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Abstrakt

Ptedlozena dizertacni prace se zabyva studiem magnetorecepce, zvlastni schopnosti
ZivoGicht vnimat magnetické pole Zemé. Uvodni teoreticka &ast shrnuje zékladni
poznatky o geomagnetickém poli, zptisobech orientace a mozné mechanismy na jejichz
zékladé by mohla magnetorecepce fungovat. Prace klade diraz predevSim na studium
ptakd a srovnava experimentélni vysledky s dal§imi zivo¢isSnymi druhy. Vénuje se také
specifickému chovani zivocichli, zvanému magneticky alignment a vliviim, které mohou
na magnetorecepci pusobit. Jako soucast prace jsou piilozeny tfi ¢lanky, jejichz vysledky
jsou prezentovany a diskutovany.

Napi. STUDIE I. sleduje roli magnetorecepce pii koordinaci letu a synchronizaci
skupinového chovani u vodniho ptactva béhem pfistani na vodni hladinu za bezvétii, kde
se magneticky sever ukdzal jako nadfazeny indikdtor sméru pro bezpecné pfistani.
STUDIE Il. zkouméd magnetorecepci jako smérovy indikator pozicniho chovani pfi
odpocinku plamenaku a pfijmu nebo hledani potravy u krkavcovitych. V obou pfipadech
bylo prokazano, ze magneticky sever je silngj$i prediktor pro spontanni orientaci

behaviordlnich projevil nez slunce a dalsi impulsy nebo signdly za urcitych podminek.

Klic¢ova slova: Magnetické pole, magnetorecepce, alignment, kompas, smér, osa



Abstract

Presented dissertation thesis with the study of magnetoreception, the special ability
of animals to perceive the magnetic field of the earth. The introductory theoretical part
summarize the basic knowledges about the geomagnetic field, the ways of orientation and
the possible mechanisms on the basis of which the magnetoreception function. The thesis
has focused on studying birds and compares experimental results with other animal
species. It also deals with the specific behavior of animals, called magnetic alignment and
the effects that can affect magnetoreception. Three articles are included as part of the
thesis, the results of which are presented and discussed.

For example STUDY I. monitors the role of magnetoreception in coordinating flight
and synchronizing group behavior in waterfowl during landing on water level without
wind, where the magnetic north has shown itself as a superior indicator of a safe landing
direction. STUDY Il. examines magnetoreception as a directional indicator of positional
behavior of resting flamingos and foraging corvids. In both cases, it has been shown that
magnetic north is a stronger predictor for spontaneous orientation of behavioral

manifestations than the sun and other impulses or signals under certain conditions.

Keywords: Magnetic field, magnetoreception, alignment, compass, direction, axis
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1. Uvod

Magnetické pole Zemé je soucasti zivotniho prostfedi. Predstavuje ochranny Stit
pted nebezpenym zéafenim od Slunce, podmiiiuje zivot na Zemi a také ho siln€ ovliviiuje.
Jde o indukované pole v urcitém prostoru okolo planety Zemé¢, které vzniklo pohybem
tekutého zemského jadra a az saha nékolik desitek tisic kilometri od planety.

Obecné je zndmo, ze existuje 5 smyslil - zrak, ich, sluch, hmat a chut’. V posledni
dob¢ jsou ovSem dokladany poznatky o tom, ze by mohl existovat smysl Sesty, tzv:
,Magnetorecepce’’. Jak nazev napovidd, jde o schopnost vnimat magnetické pole Zemé,
které je vSudypfitomné a poskytuje informace, jenZ mohou slouzit pfi nejriiznéjSich
fyziologickych procesech a orientaci.

Magnetismus byl pravdépodobné poprvé objeven v Ciné 2637 pi.n.l. (Hola, 2012),
ale zkoumani tohoto fenoménu u zivo€ichli pochazi az z druhé poloviny 19. stoleti.
Zejména v poslednich dekadach bylo provedeno mnoho védeckych vyzkumi, které
potvrdily schopnost percepce geomagnetického pole u riznych druhti Zivych organismu
od bakterii, pfes hmyz, ryby, obojzivelniky, plazy, ptaky az po savce, aby mohla byt
magnetorecepce vnimana jako dal$i mozny smysl (Vacha et Némec, 2007). V dnesni dobé
je magnetorecepce jednim z nejzkoumanéjSich témat v oblasti smyslové fyziologie a
orientace (Deutschlander et Muheim, 2010).

Zivogichtim, ktefi jsou schopni vnimat magnetické pole, poskytuje potiebnou
navigaéni informaci (Wiltschko et al., 2011). Magnetorecepce je uplathovana predevSim
tam, kde ostatni smysly pfestavaji poskytovat dostatecné informace, napt. pod zemi, za
tmy, pii zataZzené obloze atd. Zatim neni zcela jasné, zda vSichni Zivo¢ichové maji tuto
schopnost, ale je jisté, Ze se uplatiiuje u mnoha migrujicich zivocichii. Ptaci migrujici na
velké vzdalenosti patii k nejlépe prozkoumanym druhiim (Vacha et Némec, 2007).

Zkoumani magnetorecepce a magnetické orientace je pon€kud obtizné, nebot se
objevuje v soucinnosti s ostatnimi smysly, a tak vznikd mnoho teoretickych modeli a
hypotéz, které¢ ¢ekaji na svoje praktické potvrzeni. Tato dizertani prace se vénuje roli
magnetického alignmentu v kazdodennim Zivoté ptaka. Vlastni vyzkumy a jejich vysledky
Vv oblasti magnetorecepce ptakll maji vést k poznatkiim, jak takto ziskané informace ve

svém zivoté skutecné vyuzivaji.



2. Cil prace

Ptedlozena dizertacni prace je souborem védeckych praci, které jsou publikovany v
renomovanych védeckych casopisech simpakt faktorem (IF), doplnéné komentaiem.
Jednotlivé védecké prace jsou rozdeleny do jednotlivych bodi cilii prace a fazeny jsou

systematicky podle toho, jak ktery cil napliuji.
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3. Literarni prehled

3.1 Magnetické pole Zemé

Magnetické pole Zemé je dipolového charakteru, napiiklad stejné¢ jako tyCovy
magnet, kolem kterého je magnetické pole vytvaieno. Magnetické pole planety Zemé
vznikd na zaklad¢€ pohybu zemského jadra, kdy se generuji elektrické proudy indukované
ve vn¢jSim tekutém jadie (Lohmann et al., 2007). V diasledku rotace Zemé kolem své osy
se zemsky plast’ otaci rychleji nez vnitini jaddro. Zemské jadro se déli na vnitini pevnou
Cast a vnéjsi, ktera je vtekuté formé a je tvofena roztavenym zelezem a niklem.
Magneticka osa Zemé neustale meni svij thel vici ose geografické, a proto magneticky
sever a jih nesouhlasi s geografickym. Jejich odchylka je asi 11,5° a dochazi stale k jejich
posunu (Beazley, 1995).

Magnetické silocary vystupuji ze Zemé na jiznim magnetickém pélu v uhlu + 90°
vzhledem k zemskému povrchu. Vedou podél planety, kde u rovniku maji silo¢ary sklon
k povrchu 0° a na severnim magnetickém po6lu znovu vstupuji do Zemé pod uhlem - 90°.
Odchylka zemské magnetické silo¢ary od vodorovného sméru se nazyva magneticka
inklinace (Winklhofer, 2010).

Na jizni polokouli je magneticky vektor smérovan vzhiru a inklinace je definovana
jako zaporna. Naopak na severni polokouli je inklinace pozitivni, protoze magneticky
vektor zde klesa (obr. 1). Linie, které spojuji mista na mapé se stejnou inklinaci se
nazyvaji izokliny. Magneticka inklinace se postupné meéni, stejné¢ tak jako sila
geomagnetického pole (nejintenzivnéj$i na pdlech) a je unikatni pro kazdou zemépisnou
sitku. Hodnota inklinace miize poskytnout informaci o vzdalenosti od rovniku. Jeji kladna
nebo zaporna orientace (znaménko +,-) informuje o tom, zda se pozorovany ZzivocCich
nachazi na severni nebo jizni polokouli (Wiltschko et Wiltschko, 2010a).

Magnetické pole Zemé se projevuje svou nejveétsi intenzitou na polech a nejnizsi
kolem rovniku. Intenzita neboli sila se udava v jednotkach magnetické indukce - tesla (T).
Jak uvadi (Wiltschko et Wiltschko, 1996) intenzita magnetického pole dosahuje
maximalni hodnoty 60 000 nT na jiz zminénych pdlech a ma klesajici tendenci smérem
k magnetickému rovniku, kde vykazuje hodnotu okolo 30 000 nT. Geomagnetické pole
neni zcela symetrické a miize byt v nékterych mistech naruSovano obsahem riznych

materidlti nebo Castic v zemské kiife. L.ze zminit napiiklad riiznou magnetizaci matecnych



hornin (Johnsen et Lohmann, 2005). To vytvafi tzv. magnetické anomalie (mirné
kolisani magnetické inzenzity). Mistni magnetické anomalie zfidka ptekro¢i hodnotu
1000 nT (Wiltschko et Wiltschko, 1996). Linie, které spojuji mista o stejné intenzité se
oznacuji jako izodynamy neboli izogonalni linie. Magneticka intenzita se muze liSit nejen
po celé planeté, ale také v ¢ase (Winklhofer, 2010).

Magneticka deklinace udava tihlovou vzdalenost od svétového rovniku. Spojnice
mist se stejnou deklinaci se nazyvaji izogony. V anglické literatuie znaci izogony mista se
stejnym smérem vétru. [zodynamy spolu s izokliny a izogony pouzivaji na magnetickych
mapach, kde ukazuji pfedstavu o skutecném rozlozeni elementi magnetického pole Zemé.
Deformace a kolisdni magnetického pole je rovnéz zpusobeno elektricky nabitymi
Casticemi pochazejicimi ze Slunce. Tyto fluktuace mohou byt pravidelné nebo variabilni
v podob¢é magnetickych bouii (Beazley, 1995). Jak uvadi (Able, 1994) na vétSiné mist

planety Zem¢ je deklinace mensi nez 20°.

~North

northem
magnetic pole

[P\ magnetic

' equator
A\ geograph|c=
»

magnetic pole

Obr. 1: Geomagnetické pole Zemé. Severni magneticky pol (northern magnetic pole) a jizni magneticky pol
(southern magnetic pole). Osa magnetického pole a rotacni osa Zemg, sever (North) a jih (South), jsou od
sebe odklonény o 11,5°. Intenzita pole je nejsiln€jsi u magnetickych poli a nejslabsi na magnetickém

rovniku (Wiltschko et Wiltschko., 2005).



3.2 Magnetorecepce

Mnoho védci dlouho badalo nad orientaci taznych ptaki, kteii piekonavaji velké
vzdalenosti. V roce 1859 Alexander von Middendorf vyjadiil hypotézu, ze ptaci pro svou
orientaci vyuzivaji vlastnosti magnetického pole Zemé&. Kratce poté C. Viguier v roce
1862 formuloval, Ze ptaci pro orientovani vyuzivaji pfimo intenzitu magnetického pole
(Merril, 2010). V poslednich desetiletich se podafilo védeckym pracovnikiim
nashromdzdit tolik poznatki, aby mohlo byt uvazovano o magnetorecepci jako o jednom
ze smysli (Vacha et Némec, 2007).

Magnetorecepce, neboli schopnost detekovat magnetické pole, byla prokazana u
fady zivocichd. Mnoha pozorovani a opakované testy dokazuji, Ze je magnetorecepce
béZzny jev v zivocisné fiSi a to nejen u migrujicich druhii (Begall et al., 2008). Podnéty
z geomagnetického pole zpracovava nervovy systém a jedinec tak ziskava vyuzitelné
informace pro svou orientaci (Moritz et al., 2007). Jedinci vyuzivaji této schopnosti
umyslné pti migracich a homingu, nebo spontdnné v podob¢ pozi¢niho chovani (Begall et
al., 2008). Je zfejmé, Ze migrujici druhy pro svou orientaci musi nejprve urcit polohu a
nasledné nastavit svilj magneticky kompas tak, aby byli schopni dorazit do konkrétniho
cile (Kirschvink et al., 2001).

(Vacha et Némec, 2007) uvadi, Ze aby bylo pfijatelné o magnetorecepci uvazovat
jako 0 jednom ze smysl, musel by byt jednozna¢né urcen specializovany organ, ktery je
propojeny s centralnim nervovym systémem. ,,Magnetoreceptor’’, ktery by pfijimal a
prenasel informace z geomagnetického pole planety Zemé. Takovy orgédn dosud nebyl
lokalizovan. Geomagnetické pole pronika celym télem a proto ,,magnetoreceptory’’
mohou byt rozmistény kdekoliv po celém téle. Stejné tak nemusi existovat viibec.

Magnetorecepce prosla evoluénim vyvojem stejné€ jako i dalsi smysly, a to nezavisle
na zraku nebo elektrorecepci, se kterymi je Casto spojovana jako pruvodni jev jejich
vyvoje (Kirschvink et al., 2001). Napiiklad (Véacha et Némec, 2007) uvadi pro
mechanismy magnetorecepce zatim existuji tfi hlavni teorie, které jsou v soucasné dobé
pfijimany. Jedna zteorii uvazuje o vnimdni magnetického pole prostiednictvim
chemickych reakci na svétle. Dalsi dvé teorie popisuji mechanismy nezavislé na svétle.
Jedna je =zalozena na bazi elektromagnetické indukce a druhd na kooperaci

mechanoreceptorl a feromagnetickych castic.
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3.3 Informace magnetického pole
Jak uvadi (Lohman et al., 2007) magnetické pole mé charakter vektoru. Jeho

slozkami jsou celkova intenzita (H) vyjadiujici jeho energii, kde jednotkou je ampér na
metr (A/m), a inklinace, ktera udava sklon tohoto vektoru k horizontalni roving.
Geomagnetické pole poskytuje zivo¢ichim dva riizné typy informaci. Ta prvni je
smerova neboli kompasova informace, ktera je dana smérem magnetick¢ho vektoru.
Druhé informace vyplyva ze zmény celkové intenzity a thlu magnetické inklinace tvofici
gradient od magnetického polu k magnetickému rovniku. Prvni typ informace tvoii zaklad
tzv. kompasového smyslu, druhd mapového smyslu (Johnsen et Lohmann, 2005).
Nejcastéji je vyuzivan tzv. magneticky kompas, ktery poskytuje smérovou informaci a
magneticka mapa, udavajici informaci o pozici (Wiltschko et Wiltschko, 1996).
Schopnost vyuZzivat informace z geomagnetického pole je davana zejména do
souvislosti s orientaci zivo¢ichd v prostoru, predev§im u migrujicich druhd. Nejvice
prozkoumanou skupinou jsou ptaci a moiské zelvy, které migruji na velké vzdélenosti
(Wiltschko et Wiltschko, 2005). Ptaci vyuzivaji pro ureni sméru nejen informace
z geomagnetického pole, ale také se fidi polohou Slunce, hvézd nebo polarizovanym
svétlem oblohy. K urceni pfesné pozice jim napomahaji dal$i smysly, zejména sluch a
¢ich (Vacha et Némec, 2007). U zZivo€ichli bylo prokdzadno pozi¢ni chovani tzv.
magneticky alignment, kdy zivocich natd¢i osu svého téla ve sméru magnetickych
silo¢ar, pokud Vv jeho okoli nejsou zadné dalsi vyznamné rusivé elementy (Burda et al.,

1990; Wiltschko et Wiltschko, 1995; Begall et al., 2008; Hart et al., 2013b).

3.3.1 Magneticky kompas
Magneticky kompas slouzi zivo¢ichiim k uréeni sméru pomoci informaci ziskanych

z geomagnetického pole. Tento kompasovy smysl je pravdépodobné rozsifen v celé
zivocisné fiSi. Dle zplisobu zpracovani magnetické informace lze rozdélit kompasovou
orientaci na inklinacni a polaritni. Tento smysl byl poprvé prokédzan u Cervenky obecné
(Erithacus rubecula), ktera je migrujicim ptakem. V obdobi migrace byly cervenky
uzavieny v klecich, kde se instinktivné otacely do sméru, ve kterém by vylétly na sva
stanovisté¢ (Wiltschko et al., 2011). Jak uvadi (Wiltschko et al., 2007b) schopnost
magnetické orientace byla prokazana nejen u taznych ptaki, ale u druhii nemigrujicich,
napf. u kufat domacich (Gallus gallus). Magneticky kompas byl prokazan krome¢ ptakt i u

hmyzu, mékkysh, koryst a vSech tfid obratlovct (Freire et Birch, 2010).
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Inklina¢ni kompas urcuje polaritu geomagnetického pole sekundarné, ze sklonu
celkového vektoru k Zemi. Je schopen ur¢it smér magnetického vektoru, nikoliv jeho
polaritu. Zivo¢isné druhy mohou rozpoznat sklon magnetickych silogar, zdali silo¢ary
sméfuji doli nebo nahoru (smér dolti zna¢i smér k magnetickému p6lu, smér nahoru
uréuje smérovani k rovniku) (Wiltschko et Wiltschko, 2005). Zivoéich nedokaZe najit
rozdil mezi severnim a jiznim polem, ale dokaze rozlisit zdali se pohybuje od podlu
k rovniku a naopak (Wiltschko et al., 2011). Tato schopnost existuje naptf. u ptaku
(Wiltschko et Wiltschko, 1972; Wiltschko et Wiltschko, 2006), moiskych Zelv — kareta
prava (Carreta carreta), ¢olkti — Colek zelenavy (Nothopalmus viridescens) a u mnoho
druht motylt, zejména monarcha st€hovavy (Danaus plexippus) (Phillips, 1986; Light et
al., 1993; Guerra et al., 2014).

Inklina¢ni kompas byl testovan na hmyzu Vv laboratornich podminkéch. Potemnik
moucny (Tenebrio molitor) pii pokusech, kdy mezi tréninkem a testem byla oto¢ena
vertikalni slozka magnetického pole, reagoval oto¢enim preferovaného sméru o 180°. To
naznacuje vyuzivani inklina¢niho kompasu (Vacha et al., 2008c). U nékterych druht
ptakid bylo experimentalné prokazano, ze efektivni vyuziti tohoto typu kompasu je zavislé
na riznych vlnovych délkach svétla. Napf. jiz zminéna Cervenka obecna (Erithacus
rubecula) se velmi dobfe orientuje ve vinovych délkach pod hladinou 373 nm
ultrafialového zafeni i ve vlnovych délkach modrozeleného spektra. V opacném piipadé je
zna¢né dezorientovana ve svétle s vinovou délkou nad 590 nm, zatimco takovy holub
domaci (Columba livia f. domestica) nejlépe vyuziva inklina¢ni kompas béhem jasného
dne, kde vlnova délka svétla piesahuje hodnotu nad 550 nm (Wiltschko et al., 2011).
Jednou z charakteristickych vlastnosti magnetického inklina¢niho kompasu ptaku je jeho
funkénost v pomérné uzkém okné magnetické intenzity. Fluktuace mistni magnetické
intenzity o 25 — 30 % ve k dezorientaci napf. u zminéné Cervenky obecné (Erithacus
rubecula), pénice slavikové (Sylvia borin) a kura bankivského (Gallus gallus) (Wiltschko
et al., 2007Db). Jak jiz bylo zminéno, inklina¢ni kompas vyuzivaji pfedevsim ptaci, moiské
zelvy nebo colci, kdezto napt. lososi ¢i hlodavei zijici pod zemi vyuZivaji kompas

polaritni (Wiltschko et Wiltschko, 2005).
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Polaritni kompas ma schopnost rozliSovat polaritu pole a smér vektoru, obdobné
jako stielka technického kompasu. Mechanismus je zalozen na magnetitovych ¢asticich.
Zivotichové jsou schopni rozpoznat sever a jih. Vynulovani nebo pievraceni inklinace na
jeho funkci nema zadny vliv (obr. 2). Tento model kompasu vyuzivaji piredev§im
bezobratli, langusty (Wiltschko et Wiltschko., 2006), lososi (Lohmann et al., 2008) ¢i
rypos$i (Marhold et al., 1997).

Orientaci migrujicich ptakd mize narusit tzv. elektromagneticky smog, ktery se
vyskytuje v mistech, kde jsou aktivné pouzivany elektronické pfistroje. Pomoci
experimentalnich pokust s ¢ervenkou obecnou bylo prokdzéano, ze pti frekvenci 50 kHz —
5 MHz je zna¢né dezorientovana (Engels et al., 2014). V tomto vinovém pasmu napf.
vysilaji rozhlasové stanice. Aktivita Slunce v podobé slunecnich bouii je pfirozenym
zdrojem jiz zminéného elektromagnetického smogu. Pfi koronalnim vyronu hmoty je do
prostoru vrzena hmota, kterd zptsobuje tlakové narazy plasmy do magnetosféry a dochézi
tak k jejimu stlacovani. Frekvence zaznamenané pii této slune¢ni aktivité jsou 20 kHz — 7
MHz. Koronalni vyrony hmoty mohou byt i tak silné, ze zptisobi vyraznou deformaci

geomagnetického pole a tim pfipadnou ztratu orientace u zivoc¢icht (Kirschvink, 2014).
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Obr. 2: Diagnostickym testem pro stanoveni typu magnetického kompasu je reakce na experimentalni
obraceni inklinace magnetického pole. Obraceni horizontalni, ale i vertikalni slozky magnetického pole
zpusobi zménu sméru pohybu a lze se domnivat, ze jde o vyuziti inklinaéniho kompasu. (N) sever, (S) jih,
(mN) magneticky sever, (mS) magneticky jih, (H) celkova intenzita magnetického pole, (Hh) horizontalni
slozka, (Hv) vertikalni slozka, (g) gravitace, (p) smér k polim, (e) smér k rovniku (Wiltschko et Wiltschko,
2014b).
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3.3.2 Magneticka mapa
Zivogichové maji schopnost vyuZit lokalni anomalie magnetického pole nebo

celoplanetarnich gradientl, které ji slouzi jako zemépisné znacky a umoziuji jim
rozpoznat domovskou lokalitu od ostatnich. Informace o pozici z prostorového kolisani
Vintenzité¢ a inklinaci geomagnetického pole lze vyuzit k velmi piesné cilové orientaci
(Lohmann et Lohmann, 2006). Imaginarni splet’ soufadnic magnetické mapy tvoii sit’
izoklin, tedy linii, které¢ spojuji mista se stejnou magnetickou inklinaci, a sit’" izodynam,
jenz slucuji prostory o stejné intenzité¢ magnetického pole (Vacha et Némec, 2007). Aby
mohl zivocich vyuzit informace z geomagnetického pole pro svou orientaci, potfebuje
znat nejen smér, ale 1 pozici. Tato magnetickd mapa dava Zivocichim jasné informace o
jejich geografické poloze (Cain, 2005).

Pro lepsi predstavu mapového smyslu je vhodnou analogii ndmi vyuZzivany
navigaéni systém GPS (Global Position System), ktery je zalozeny na piijmu signali
z meziplanetarnich druzic. Dle (Wiltschko et Wiltschko 2005) k vytvofeni magnetické
mapy je potieba dvou odlisnych receptorti, smérového a receptoru vnimajiciho intenzitu
geomagnetického pole. Rlizné anomalie magnetického pole mohou zapficinit, ze se urcita
geografickd oblast miize stit svym gradientem pro zZivocichy na jejich cesté jedine¢nym
nezaménitelnym bodem tzv. sign post.

Vyuzivani magnetické pozi¢ni informace bylo prokdzano u mnoho riznych druhii
zivo¢ichll (Lohmann et Lohmann, 2007). Poprvé byl smysl magnetické mapy empiricky
prokézan u mlad’at moiské Zelvy karety obecné (Carreta carreta) pfi jejich migraci mezi
Floridou v U.S.A. a Evropou. Migrujici zelvy v Atlantském oceanu po dosazeni ur¢itych
mist méni svllj smér. Stejné tak se chovaji 1 jejich mlad’ata, kterda dosud v mofti jesté
nebyla. Pomoci vyzkumu bylo dokézéano, Ze migrujici motské Zelvy jsou schopny rozlisit
rizné whly inklinace a také rozeznat intenzitu magnetického pole v mistech, kde
proplouvaji (Lohmann et Lohmann, 1994). Podobna schopnost byla prokdzéna i u
langusty karibské (Panulirus argus) zijici v Karibském mofi. Ty byly odchyceny a
experimentalné vystaveny magnetickym podminkdm na vzdaleném misté od jejich
domovského stanovisté. Langusty se ihned zacaly otacet do sméru, ktery smétoval k jejich
domovim (Wiltschko et Wiltschko, 2005).

Podobnym experimentem byl prokdzén systém magnetické mapy u obojzivelnikd.
Colek zelenavy (Notophthalamus viridescens) pouziva jak magneticky kompas pii
smerovani ke biehu, tak 1 magnetickou mapu pro zjisténi geografické pozice (Fischer et

al., 2001). Béhem pokust byla jednozna¢né potvrzena pfitomnost feromagnetickych castic
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Vv téle téchto obojzivelnikt, i kdyz nebyly piesné lokalizovany (Brassart et al., 1999). Jak
uvadi (Fischer et al., 2001) rovnéz se u téchto zivocicht potvrdila vlastnost tzv. homingu,
tedy schopnost urcit smér ptivodniho stanoviste.

Schopnost vyuzivat magnetické mapy prokazali i ptaci (Fransson, 2001). Slavik
tmavy (Luscinia luscinia) je tazny ptak, ktery migruje na zimu z Evropy do Afriky. Tito
pévci byli odchyceni na jihu Svédska pro uéely zajimavého vyzkumu. Pochytani slavici
byli experimentalné specifickym parametrim odpovidajicim geomagnetickému poli jejich
zimovisté, tedy podminkam Egypta. Na tuto zménu ptaci reagovali zvySenym piijmem
potravy, a tim rostla i jejich hmotnost. Pfi kontrole byla namétfena hodnota u vyzkumné
skupiny 3,5 g télesného tuku oproti skupiné kontrolni, ktera vykazovala hodnotu 1,1 g.
Autofi experimentu tuto snahu o vytvoreni tukovych zasob vysvétluji pripravou na

vycerpavajici migracni prelet (Kullberg, 2003).

3.4 Mechanismy magnetorecepce
Jak uvadi Lohmann (2010) dikazy magnetorecepce jsou zatim zaloZeny spiSe na

vysledcich behaviordlnich testl a pozorovani. Nejcastéjsi formou testl je zména
magnetického pole a potom sledovani patficnych zmén v orientaci ¢i chovani.

Jak jiz bylo zminéno, rlizni Zivo¢ichové jsou schopni vnimat zemské magnetické
pole. Nékteré migracni druhy dokonce vyuzivaji geografické zmény v intenzité a inklinaci
magnetického pole k urc¢eni své geografické polohy. Zatim se spekuluje o tfech hlavnich
mechanismech magnetorecepce: elektromagneticka indukce, magnetitova hypotéza a
mechanismus radikalovych part (Johnsen et Lohmann, 2005) Tyto slozité mechanismy
pro detekci magnetického pole Ize rozdélit na nezévislé na svétle (elektromagneticka
indukce a magnetitovd hypotéza) a na svétle zavislé (mechanismus radikalovych pard)

(Philips et al., 2010).

3.4.1 Elektromagneticka indukce
Elektromagneticka indukce se ziejm¢e projevuje jen u nekterych moiskych druha

paryb. Vyuziva elektricky a magneticky citlivych Lorenziniho ampuli a moiské vody
jako vodivého média. Pii elektromagnetické indukci dochazi ke vzniku
elektromotorického napéti. Vodi¢ se pohybuje magnetickym polem protinajici induk¢éni
¢ary, pricemz jeden konec se nabiji kladn¢ a druhy zaporné€. Tak vznika elektromotorické
napéti. Jestli dojde k propojeni obou koncti pomoci vodivého média, vytvoii se tak

elektricky obvod, kterym probihd elektricky proud (Johnsen et Lohmann, 2005). Motska
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voda je médium s vysokou vodivosti zasluhou mnozstvi rozpusténych soli (Wiltschko et
Wiltschko, 2005). Magnetorecepce na tomto principu se ocekavd u zivocCichii vétSich
rozmérd, kteti jsou schopni rychlého pohybu a disponuji velmi citlivymi elektroreceptory.
Tyto receptory maji napi. ryby, paryby, obojzivelnici a najdeme je i u ptakopyska
podivného (Ornithorhynchus anatius) (Vacha et Némec, 2007). Moisti Zivocichové
s elektroreceptory mohou vnimat zmény v elektromotorickém napéti vyvolané pohybem
v geomagnetickém poli. Pfimy dikaz o vyuziti elektromagnetické indukce pro detekci
magnetického pole Zivoc¢ichy doposud nebyl ziskan (Wiltschko et Wiltschko, 2005).

Lorenziniho ampule jsou zvlastnim smyslovym organem, ktery tvofi sit’ kanalka.
Vypadaji jako malé Cerné teCky, ale ve skutecnosti jsou to malé otvory, které vedou do
rozsifujicich se trubicek, vyplnénych bilkovinnym obsahem (Johnsen et Lohmann, 2008).
Doposud byl tento organ zjistén u chrupavéitych ryb a paryb, zejména u Zralokd, rejnok
a chimér. Byl také vyzkouman u bichirka uhotovitého (Erpetoichthys calabricus) (Roth et
Tscharntke, 1976) a jesetert (Gibbs et Northcutt, 2004). Tento organ byl poprvé popsan
v roce 1678. Objevil ho italsky 1ékai a ichtyolog Stefano Lorenzini (Kalmijn, 1971). Od
objevu za jejich hlavni funkci byla povazovéana percepce tlaku a teploty. To, Ze slouZzi
k vnimani elektrického napéti, odhalili a vyzkumem podlozili holandsti védci Dijkgraaft a
Kalmijn az v 70. letech minulého stoleti (O"Conell et al., 2012).

Lorenziniho ampule vyustuji na hlavé Zraloku jako viditelné pory. Tyto extrémné
citlivé buiiky reaguji na sebemensi zmény elektromotorického napéti od velmi nizké
hodnoty okolo 5 pV/ cm (Murray, 1965). Vsechny zivé bytosti vytvafi elektrické pole
svalovou kontrakei a Zralok tak mtze zaregistrovat tyto impulsy pomoci téchto sensorti na
velké vzdalenosti (Fields, 2007). (Paulin, 1995) popisuje u Zralok vyuziti schopnosti
precepce elektrikromotorického napéti k orientaci. Pti klidném pohybu zralok ve vodé
pohybuje pravidelné¢ hlavou do stran. KdyZ pluje smérem k severnimu pdlu, vektor
rychlosti pohybu hlavy mé konstantni amplitudu a indukované napéti je tak ve fazi
s pohybem hlavy. Smérem k jihu je situace zcela opacna. Cela sinusoida je posunuta o
180°, ¢ili proti fazi pohybu hlavy. Pokud zralok sméfuje k vychodu, pocituje, Ze sila
signalu je dvojnasobna. Smérem k zépadu je faze opét posunuta o 180°. Diky ménicimu se
napéti v Lorenzinio ampulich tak ziskdva informace o sméru, ve kterém se pohybuje.
Vestibularni aparat zajiStuje informaci o rotani rychlosti pohybu hlavy. Centralni
nervovy systém zpracovava veskera ziskana data, umoznuje eliminovat podnéty, které
souviseji s pohybem vodni masy, a poskytuje tak parybé moznost ur¢it smér pohybu, aniz

by musel znat svou rychlost nebo intenzitu lokalniho magnetického pole.
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3.4.2 Magnetitova hypotéza
Magnetitova hypotéza je zaloZena na pfitomnosti feromagnetickych ¢astic, zejména

krystald magnetického mineralu magnetitu (Fe304) nebo sulfidu greigitu (Fe3S4)
v tkanich raznych zivocichu (Lefévre et al., 2011). Tyto mineraly pusobi jako malé
magnety a reaguji na magnetické pole v okoli (Wiltschko et Wiltschko, 2006).
Mikroskopické Castice magnetitu byly objeveny v Cichovém epitelu pod kizi (obr. 3)
horniho zobaku holuba domaciho (Columba livia f. domestica), pénice slavikové (Sylvia
borin), cervenky obecné (Erithracus rubecula), kura bankivského (Gallus gallus)
(Walcott et al., 1979; Fleissner et al., 2007), ale i v télech dalsich Zivo¢ichi, napf. u ryb
jako je losos nerka (Oncorhyncus necra) (Mann et al., 1988), pstruh duhovy
(Oncorhyncus mykiss) (Diebel et al., 2000), thot japonsky (Anquilla japonica) (Nishi,
2004), u motskych zelv (Fuentes et al., 2004), u v¢el (Desoil et al., 2005) a také u bakterii
(Yan, 2012).

Obr. 3: Vnitini ¢ast horniho zobaku holuba domaciho (Columba livia f. domestica). Bilé¢ body znazoriuji

mista, kde se patrné nalézaji krystaly magnetického mineralu magnetitu (Fleissner et al., 2003)

Bakterie (Magnetotospirullinum magnetotacticum) byly poprvé objeveny v roce
1963 Salvatorem Bellinim, kterého nasledoval svymi eperimenty Roger Blackmore. Ten
vyzkoumal, ze krystaly feromagnetickych castic ve vnitrobunééné membrané vytvaieji
fetizky, které funguji jako stielky kompasu (Yan et al., 2012). Castice jsou uloZeny
vV magnetosomech obalenych membranou v jednofetizkovych nebo i vicefetizkovych
strukturach (Hanzlik et al., 1996). Bakteriim pomahaji orientovat se ve vodnim prostiedi
pomoci silo¢ar geomagnetického pole (Blakemore, 1975). Tento jev je pojmenovan jako

magnetotaxe (Schiiler, 2008).
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Objev magnetotaktickych bakterii nabadal ke zkoumani podobnych struktur u
vySSich organismu, zejména ryb a ptaka (Walker et al., 1997). Feromagnetické Castice
byly také vyzkoumany v nosni sliznici pstruha duhového (Oncorhyncus mykiss). Byly
rozpoznany jednotlivé neurony, které reagovaly na zménu magnetického pole, ale nikoliv
na zménu sméru (Winklhofer, 2009). Interakci s geomagnetickym polem zajist'uji fetizky
magnetitu o délce 1 pum (Vacha et Némec, 2007). Magnetoreceptivni builkky maji
konektivitu s nervovym systémem prostiednictvim vybézku trojklanného nervu, ktera
kon¢i uvnitt nosni lamely (Walker et al., 1997; Diebel et al., 2000).

Krystalky magnetitu byly taktéz objeveny u holuba domaciho (Columba livia f.
domestica), na Sesti mistech v podkozi horni poloviny zobaku inervovaném optickou vétvi
trojklanného nervu. V rozvétvenych zakoncenich neuront tzv. dendritech se podél
bunécné membrany uspotadavaji do shlukl o velikosti 1 - 2 um a jsou pojmenované jako
superparamagnetické. Vedle nich se zde objevuji desticky amorfniho Zeleza, které mohou
fungovat jako zesilovace magnetického pole (Fleissner et al., 2003). VVzhledem k tomu, ze
zelezo by mohlo byt pouze odpadnim nebo vedlejsim produktem metabolismu, pfitomnost
magnetitu v zivocisné tkani nemusi pifimo znamenat jeho vyuziti v magnetorecepci
(Johnsen et Lohmann, 2008). Inervace magnetoreceptori trojklannym nervem byla
dokazana jeho ptetnutim, holub pak nebyl schopen rozeznat anomalie magnetického pole
(Vacha et Némec, 2007).

Magnetické vlastnosti zavisi také na velikosti a tvaru ¢astic. Velké Castice obsahuji
vice domén, nejsou zahrnuty do spontanni magnetizace a proto nejsou vhodné k detekci
geomagnetického pole. Jednodoménovy magnetit je tvofen malymi mikrocasticemi, které
se projevuji jako malé stdlé magnety o velikosti asi 0,05 - 1,2 um. Maji stabilni
magneticky moment, ktery Castice otaci ve sméru indukénich ¢ar magnetického pole
Zemé¢. Vytvaii pasivni magnetickou orientaci u bakterii, ale zfeym¢ 1 aktivni, a je tak
pravdépodobné zdkladem magnetického kompasového smyslu u pstruhit a holubt
(Wiltschko et Wiltschko, 2006).

Superparamagnetické Castice jsou mensi nanokrystalky o velikosti cca 2 - 5 nm.
Jejich magneticky moment neni staly a volné se v nich otaci. Krystal sim o sob¢ je
nehybny a geomagnetické pole mé vliv pouze na polohu magnetického vektoru uvnitf
castice (Phillips et Deustschlander, 1997). Buiiky s obsahem magnetitu mizou detekovat
malé zmény geomagnetického pole. Bylo zjisténo, Ze kratké a silné magnetické impulsy
(500 uT / 5 ms) mizou ménit smér magnetizace jednodoménové ¢astice magnetitu nebo

narusit uspofadani fetizkd superparamagnetickych krystalk. Vliv pulzace na orientaci
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zivocCichu je tedy nepiimy, ale je silnym dikazem pro roli magnetitu v magnetorecepci
(Wiltschko et Wiltschko, 2005). Tento ruSivy vliv neni trvaly. Orienta¢ni chovani je po
nékolika dnech obnoveno (Winklhofer, 2009).

S vyjimkou tkan¢ =zobdku u ptdkti je dalSim moznym mistem uloZeni
magnetoreceptoru lagena vnitiniho ucha, ktera obsahuje feromagnetické slozky, jenz by
mohly stimulovat smérové selektivni receptory bunék. Tato hypotéza je podpotena
experimentem, kdy po odstranéni lageny bylo pozorovano naruSeni schopnosti orientace

ve sméru svého prirozeného tahu u migrujicich ptaka (Wu et Dickman, 2011).

3.4.3 Mechanismus radikalovych pari
Tento model magnetorecepce byl navrzeny jiz vroce 1978 a predpoklada

posloupnost na svétle zavislych chemickych reakci, pti kterych se tvoii radikdlové pary
(Ritz et al., 2002). Mechanismus radikalovych pard je hypotéza o podstaté
magnetorecepce Vv zivoCi$né fisi inspirovana jasnymi efekty barvy a intenzity svétla na
magneticky kompas zivoc€ichl. Zékladem jsou specifické smérové interakce radikalovych
part a magnetického pole patrné ve spojeni s fotoreceptory (Ritz et al., 2000). Pti dopadu
fotonu dojde k excitaci elektronu do vyssiho orbitalu a transportu elektronu jiné molekule.
Dochazi tak k tvorbé radikalového paru, ktery je znacné€ nestaly. Volné elektrony maji
bud’ opacnou rotaci nebo piejdou do souhlasné rotace (Vacha et Némec, 2007). Elektron,
ktery byl excitovany se mliZze opét vratit zpatky k darcovské molekule. To ovSem zavisi na
intenzit€¢ magnetického pole (Ritz et al., 2000). Tento mechanismus byl navrZen jako
fyzikalni zaklad inklina¢niho magnetického kompasu zavislého na svétle napt. u Colki a
ptakt (Philips et Borland, 1992). Mechanismus radikalovych part neni funkéni pii absenci
svétla nebo po oddéleni optického nervu. Magneticky kompas zalozeny na tomto
mechanismu neni citlivy na polaritu geomagnetického pole ¢i malé zmény jeho intenzity,
ale mize byt naruSen radiovymi vinami (Winklhofer, 2010).

Jestlize molekula chemické latky obsahuje orbital s jednim neparovym elektronem,
pak se jedna o radikal. Radikalovy par je tedy tvofen dvojici molekul s neparovymi
elektrony, ktery vznika napf. pii predani jednoho elektronu od donoru k akceptoru.
Radikaly tedy vznikaji oxidaci nebo redukci molekul. Neparovy elektron se vyskytuje ve
dvou spinovych stavech ( T nebo | ). Dle vzajemné orientaci spinti elektronti radikalového
paru se rozliSuji stavy na antiparalelni, neboli singletovy stav (T |) a paralelni &ili

tripletovy stav (T T). VSechny elektronové spiny maji pfidruzeny magneticky moment.
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Na vzajemnou pieménu singletového a tripletového stavu (obr. 4) muze mit vliv vnitini

nebo vnéjsi magnetické pole (Schulten et Windemuth, 1986).
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(Singlet Products) (Triplet Products)

a. b.

bird's eye

- .
- _llng___A

Obr. 4: a: Model mechanismu radikalového paru magnetorecepce. Svétlem indukovany transfer elektronu
z donorové molekuly D k akceptorové molekule A. Cervené Sipky piedstavuji spiny elektront a jejich
orientaci (singletovy stav S a tripletovy stav T). Smér pisobeni geomagnetického pole (0° nebo 40°) ma
vyznamny vliv na dynamiku zmény orientace spinu a tedy i na celkovy vysledek produkti.

b: Ptaci oko, kde se svételné paprsky promitaji na sitnici. Fotoreceptory v riznych ¢astech sitnice jsou
orientovany v riznych uhlech vici sméru magnetického vektoru. Miize se liSit i rozsah jejich ovlivnéni
geomagnetickym polem. Vysledkem by pak mohl byt vznik zrakovych obrazc okolniho magnetického

prosttedi (Wiltschko et Wiltschko, 2014b).

Radikalové pary nejcastéji vznikaji ve fotopigmentech (flavinu a chlorofylu), které
jsou soucasti radikalovych pari nebo se podileji na pfenosu excitaéni energie (Ritz et al.,
2002). Fotopigment, ktery by nejlépe odpovidal na funkci chemického magnetoreceptoru,
je v soucasnosti kryptochrom. Jde o fotorecep¢ni protein, ktery je schopen vytvaret
dostatecné dlouho fungujici radikdlovy par (Ritz et al., 2010a). Kryptochrom je pfitomen
V sitnici oka obratlovct a je citlivy na svétlo v modrozeleném spektru (Ritz et al., 2000).
Tyto fotorecepéni proteiny maji takova absorbeni spektra, kterd odpovidaji spektrim pro
vyuziti magnetického kompasu (Véacha et Némec, 2007). Experimentalné byly prokazany
u pénice slavikové (Sylvia borin), ktera migruje hlavné v noci (Mouritsen et Ritz, 2005).

Tento model predpoklada uzkou vazbu mezi fotorecepci a magnetorecepci. Pokud
by se potvrdila tato hypotéza o piitomnosti specializovanych receptorii v sitnici oka
zivocichu, efektivita pifenosu svétla by se pak liSila v riznych ¢astech sitnice podle toho,

jaké by byla poloha vektoru fotopigmenti vzhledem k magnetickému poli planety Zemé.
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Ptijimany signal by tak mohl generovat obrazce, které¢ by se jevily jako oblouky nebo
kruhy (obr. 5), a kontrast by byl zavisly na aktualni intenzit¢ magnetického pole. (Ritz et
al., 2000).

- e

Obr. 5: Vizualizace zrakového vjemu vytvoieného magnetickym polem Zemé pii pta¢im letu rovnobézné

S horizontem pfi inklinaci geomagnetického pole 68° (Ritz et al., 2000).

Provazanost chemickych reakci magnetorecepce S fotorecepci by vysvétlovala i
zmény chovani, které zivocichové vykazuji pii uplnku. Zvifata, ktera migruji v noci, pro
svou orientaci potiebuji svétlo pfisluSnych vinovych délek, aby mohli vyuzZit kompas
zaloZeny na principu radikélovych parti. Zmény geomagnetického pole by tak mohly byt
vnimany intenzivnéji v obdobi Upliku (Nishimure et Fukushima, 2009). Modulace
nepiedpoklada rozliSeni geografického severu a jihu, ale poskytne informaci o sklonu

silo¢ar a tedy i1 o pohybu na severni ¢i jizni polokouli (Ritz et al., 2000).

3.4.4 Mechanismy magnetorecepce u ptaki
Magnetickou fotorecepci podmitiuji vhodné orientované fotopigmenty do rliznych

smérh v prostoru. Sférické usporadani je diky kulovitému tvaru oka. Experimentalné bylo
zjisténo, ze ptaci, kterym bylo zakryto pravé oko, nebyli schopni orientace, ale po zakryti
levého oka se orientovali bez problémi (Wiltschko et al., 2002). U migrujicich pévct bylo
objeveno, Zze se na magnetorecepci podili pouze pravé oko a tedy i levd mozkova

hemisféra (Wiltschko et Wiltschko, 2005). Vyzkumy na jinych ptacich, konkrétné na
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kachn¢ domaci (Anas platyrhynchos f. domestica) tento jev neprokazaly, coz signalizuje,
ze laterizace magnetického kompasu mize byt omezena jen na nékteré druhy ptaki
(Freire et Birch, 2010).

Ptaci vyuzivaji dva modely magnetorecepce - magnetitovy a mechanismus
radikalovych pard. Kufata kura domaciho (Gallus gallus f. domestica) byla podrobena
vyzkumu, pfi kterém byla umrtvena horni ¢ast zobaku lokalni anestezii, kde se nalézaji
feromagnetické struktury povazované na potencionalni magnetoreceptory. Ani po tomto
zéasahu kufata neztratila orienta¢ni smysl (Wiltschko et al., 2007b).

Kompas koncipovany na fotochemickém principu vnima sklon inklinace
geomagnetického pole nikoliv polaritu. Jeho funk¢nost je vazana i na celkem uzké
rozmezi intenzity magnetického pole (Vacha et Némec, 2007). Je také citlivy na kmitocCet
o frekvencich v fddu MHz, coZ jsou radiové vilny a reakce zivoc¢ichl pti behaviordlnich
testech na tyto oscilace jsou charakteristickym identifikdtorem tohoto typu
magnetorecepce. Tyto frekvence totiz nemaji vliv na mechanismus zalozeny na

magnetitové hypotéze (Wiltschko et Wiltschko, 2005).

3.5 Strukturalni charakteristika kryptochromi
Kryptochromy se vyskytuji u rostlin 1 zivo€ichl. Jsou to flavoproteinové

fotoreceptory citlivé zejména na oblast modrého a UVA spektra svétla. Jako kofaktor
obsahuji flavin adenin dinukleotid nebo flavin mononukleotid (Cashmore et al., 1999).
V ZivociSné fiSi hraji zasadni ulohu pii vzniku a udrZzovani cirkadidnnich rytmi a
predpoklada se, ze mohou fungovat jako magnetoreceptory (Liedvogel et Mouritsen,
2010).

Molekularni vlastnosti tohoto fotoreceptoru byly poprvé objeveny u husecniku
rolniho (Arabidopsis thaliana). Pifedmétem tehdejSiho vyzkumu byl jeho mutant
s nefunkénim kryptochromem, u n¢hoz neni hypokotyl inhibitovdn modrou ¢asti
svételného spektra (Ahmad et Cashmore, 1993). U rostlin jsou kryptochromy zavislé na
modrém svétle. Maji velky vyznam pfi regulaci vyvoje a rlistu, hormondlni signalizaci,
metabolismu, fotosyntéze, stresovych reakcich, fotoperiodické iniciaci kveteni a
synchronizaci cirkadiannich rytmi s dennimi cykly svétlo - tma (Dodson et al., 2013).
Dalsi typy kryptochromi byly pozdé&ji objeveny také u dalSich druhti rostlin, bakterii,
bezobratlych zivoc¢ichll i obratloveil (Li et al., 2007; Rodgers et Hore, 2009), zejména u
mysi a Clovéka (Hsu et al., 1996).
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Vyznam kryptochromt v bunééném signalovani v zivo¢isné fisi byl poprvé popsan
u hmyzu, konkrétné¢ u octomilky obecné (Drosophila melanogaster) (Stanewsky et al.,
1998; Emery, 1998; Mazzotta et al., 2013). Vé&dci si v§imli, ze mutace v Kryptochromu
octomilky meéla za nasledek nespravnou synchronizaci cirkadianniho rytmu. Objev
interakce kryptochromu s cirkadiannimi proteiny navic potvrdily jeho funkci jako
svétlo¢ivného prostiedku synchronizace cirkadiannich hodin (Ashmore et Seghal, 2003;
Panda et al., 2003). Kryptochromy jsou schopné vytvaiet dlouho Zijici radikalové pary
S chemicky rozdilnymi singletovymi a tripletovymi stavy (Ritz et al., 2010a). Spliuji
nejlépe pozadavky kladené na magnetorecepcni molekulu mechanismu radikalovych part.
Diky jejich lokalizaci v sitnici na n¢ dopada svétlo a miize tak dojit k excitaci a tvorbé
radikalovych part. Uspotadani fotorecepéniho epitelu sitnice je sférické a diky tomu muize
byt v jeden okamzik zachycen vliv geomagnetického pole z kteréhokoliv sméru (Niefner

etal., 2011).

3.5.1 Rozdéleni kryptochromii
Kryptochromy mohou byt rozdéleny do hlavnich skupin na zadklad¢ jejich role

v cirkadiannich rytmech. Déli se tedy na rostlinné, zivocisné a Cry-DASH kryptochromy.
Rostlinné jsou citlivé na modré svétlo a UVA zafeni. Na zakladé jeho absorbce
synchronizuji cirkadianni hodiny (Somers et al., 1998).

Zivo¢i§né nemaji  zatim prokazanou piimou citlivost na svétlo. Ridi intracelularni
transkripéni vazebni smycku cirkadiannich hodin a slouZi jako potencionalni represor
transkrip¢nich faktord (Gegear et al., 2008).

Cry-DASH kryptochromy maji fotochemické a strukturalni vlastnosti podobné
fotolyazam, které jsou schopné opravit DNA, ale jejich signalni role neni jesté ptilis jasné

stanovena (Chaves et al., 2011)

Kryptochromy a fotolydzy maji podobné fotoaktivni domény. Kryptochromy oproti
fotolyazam sice ztratily schopnost opravit DNA, ale ziskaly novou funkci v signalizaci
(Liedvogel et Mouritsen, 2010). U savct nejsou kryptochromy savcéiho typu citlivé na
svétlo, ale maji zasadni vliv na funkci cirkadidannich rytmt (Kume et al., 1999). U
octomilky obecné (Drosophila melanogaster) kryptochromy hmyziho typu umozuji
svételnou synchronizaci cirkadiannich hodin a jejich rytmus muize byt ovlivnén
magnetickym polem (Yoshii et al., 2009; Fedele et al., 2014; Bazalova et al., 2016).

Zajimavosti je (obr. 6), Zze u nékterych druhii hmyzu se mohou vyskytovat pouze
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kryptochromy hmyziho typu, zatimco u jinych jen kryptochromy sav¢iho typu, nebo i oba
druhy spole¢né (Yuan et al., 2007).

Typel Typel+ 1l Typell

Obr. 6: Znazornéni tfi typu cirkadiannich systému a zapojeni kryptochromi. Vlevo: typ | kryptochrom
hmyziho typu lokalizovan v cytoplazmé charakteristicky pro octomilky a dal$i druhy hmyzu. Uprostied:
kombinace I + II typu typicky pro monarchu stéhovavého (Danaus plexippus) a dal$i druhy hmyzu. Vpravo:
typ II kryptochrom savciho typu cirkulujici mezi jadrem a cytoplazmou nalézajici se napt. u mysi, lidi i

hmyzu. Cervené linie zobrazuji inhibici a ¢erné ipky svétlem indukovanou degradaci (Close, 2014).

3.5.2 Cirkadidnni rytmy
V Zivocisné 1isi kryptochromy funguji jako hlavni komponenty cirkadidnnich hodin,

které tidi fyziologické, biochemické i behaviordlni rytmy a z pozice fotoreceptori
synchronizuji samotné cirkadidnni rytmy. Biologické cirkadianni hodiny jsou svoji
podstatou biochemicky oscilator s periodou cyklu pfiblizné 24 hodin (muze kolisat mezi
20 - 28 hodinami). Tento cyklus mliZze byt pfenastaven po vystaveni svétlu nebo jinym
signdlim prostiedi. Centrdlni oscilator nachdzejici se v mozku kontroluje cirkadianni
projevy celého organismu a zaroven periferni tkanové oscilatory. Oscilace je zplisobena
zpetnovazebnou smyckou, kterd je tvofena soustavou hodinovych transkripcnich faktort:

timeless (Tim), period (Per), clock (Clk), Bmall a zajisté kryptochromy (Cry).
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Cilem poslednich vyzkumi je vysvétleni zptisobu, jakym svétlo aktivuje Zivocisné
kryptochromy, popis jejich vlivli na cirkadidnni rytmy zivych organisml a v neposledni

fad¢ 1 ptesna role kryptochromi v magnetorecepci zivocicht (Panda et al., 2003).

3.5.3 Fotolyazové skupiny
Fotolyazy a vSechy kryptochromy sdileji vyraznou sekvencni podobnost v N-

terminalnich fotoreaktivnich doménach. Domény maji bilobarni strukturu a jsou rozdéleny
na dvé subdomény. N-termindlni subdoména PHR ma trojrozmérnou strukturu skladajici
se z péti centralnich B skladanych listd okolni a-Sroubovice. Pro kryptochromy jsou
charakteristickd C-zakonceni rliznych velikosti. U fotoly4z nejsou pfitomny. C-koncova
doména je pravdépodobné nezbytna pro fadu kryptochroml specifickych funkci. SlouZzi
k interakci s vazebnymi partnery. Cry-DASH kryptochromy tuto doménu postradaji
(Rodgers et Hore, 2009).

Uvnitt kryptochromit v PHR subdoméné neni kovalentné véazany kofaktor (flavin
adenin dinukleotid). Dal§im kofaktorem miize byt methenyltetrahydofoldt nebo pterin
slouzici jako chromofor. V blizkosti flavin adenin dinukleotidu se nachazi trojice
tryptofanovych zbytka (Trpaco, Trps7z, Trpszs), Kdy jeden je lokalizovan nejblize k flavin
adenin dinukleotidu a druhy naopak pii povrchu PHR domény. Tento fetézec tfi
aminokyselin kryptochromil (tzv. trypofanova tridda) je po absorbci svétla soucasti
intramolekularniho pfenosu elektronii k flavin adenin dinukleotidu a podili se na jeji
fotoredukci FADH- (Hoang et al., 2008). Podle ptevladajiciho modelu radidlové
magnetorecepce svétlem excitovany flavin adenin dinukleotid odebere elektron
nejbliz§imu Trp. Reakce se $ifi podél Trp fetézce az k Trp, ktery je nejblize k povrchu
kryptochromu a ten vytvofi radikdl Trp-. S FAD'™ pak spolecné vytvaii radikalovy par
(FAD", Trp-") (Weber et al., 2010).

Pfi ur¢itém redoxnim stavu flavin adenin dinukleotidu se méni konformace C-konce
kryptochromu, ktery dostava signalni stav, Ze je aktivovan. Ve tmé¢ je flavin v zakladnim
oxidované stavu. Teprve az po absorbci modrého/UV svétla dochazi k excitaci a
k fotoredukci flavinu. To vede ke vzniku FAD'". Pfi konstantnim osvétleni se flavin
adenin dinukleotid vyskytuje ve tfech redoxnich formach (FAD'~, FADH-, FADH""), které
jsou v dynamické rovnovaze a mohou se vzajemné¢ preménovat. Magnetické pole muize

posunout poméry téchto stavl a tak i miru signalizace kryptochromi (Shirdel et al., 2008).
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PIn¢ oxidovana forma chromoforu flavin adenin dinukleotidu (FAD, FADox) je
pravdépodobné inaktivni neboli nesignalni stav. Ve tmé se kumuluje ve velkém mnozstvi.
Po absorbci kratkovinného UV zatfeni a modrého svétla se flavin adenin dinukleotid
dostava do excitovaného stavu (FAD") a je zahdjen elektronovy transfer pomoci Trp triady
a vznika tak Castecné¢ redukovana forma semichinonu (FADH:, FAD") Tato forma
signalnim stavem proteinu (Miiller et Carell, 2009).

Fotony zelen¢ho svétla jsou pak FADH: absorbovany a vznika plné redukovana
inaktivni forma hydrochinonu (FADH'~, FADH>) (Solovyov et Schulten, 2009). Tato plné
redukovana forma se oxiduje na zakladni stav a cyklus se tak uzavira (obr. 7). Tato
oxidace muze probihat i pomoci oxidac¢niho ¢inidla bez pfistupu svétla. Popsany cyklus
probiha timto smérem pokud jsou elektrony vznikajicich radikalovych part v tripletovém
stavu. KdyZ jsou spiny elektront radikall v singletovém stavu, tak se pfi zpétném piesunu

elektronu z Trps24 do FADH rusi aktivni stav kryptochromu (Johnsen et al., 2007).

zelené svétlo

signalni stav

[FAD")—(FADH)—>(FADH"

maodré
svétlo tma tma

— (FADH

mnaktivni stav inaktivni stav

Obr. 7: Fotocyklus flavinu. Signalni stav kryptochromu je dan oxidaénim stavem jeho flavinového
kofaktoru FAD, ktery existuje ve tiech redoxnich formach, jenz mohou mezi sebou vzajemné prechazet
(FAD", FADH-, FADH"). FAD se akumuluje ve tm¢, modré svétlo spousti fotoredukci FAD a tvorbu
semichinonu FADH". Fotony zeleného svétla mohou byt absorbovany radikalem FADH- a vznika tak plné
redukovand forma FADH™. Ta se ve tmé& opét oxiduje do zakladni inaktivni formy FAD (Solovyov et
Schulten, 2009).

26



NiePner et al. (2013) navrhuji podobny fotocyklus flavinu, kde signalni stav
kryptochromit spojuji S jinym redoxnim stavem kofaktoru FADH™, ktery vznika
sekundarni absorbci svétla az po nezbytné¢ primérni absorbci UVA. V druhé absorbci
svétla jsou zahrnuty i delsi vinové délky, véetné Zlutého svétla. Rizné redoxni stavy flavin
adenin dinukleotidu maji odlisné absorb¢ni vlastnosti. Absorbéni kiivka pIné oxidované
formy chromoforu flavin adenin dinukleotidu FADox neukazuje témét zadnou absorbci
svétla nad 500 nm. Po delsi expozici, kdy se flavin adenin dinukleotid redukuje, se
absorbce objevuje i v oblastech zlutého svétla (obr. 8). Role zlutého svétla ve vnimani
magnetického sméru neni zatim uplné ziejma. Zda se, ze ucinek monochromatického
zlutého svétla ve druhém kroku flavinového cyklu je mozny, protoze zasoba ¢astecné
redukovaného semichinonu, ktery je nezbytny pro vznik radikalového paru (FADH", Trp-)
V tomto stavu urCitou dobu (pfiblizn€¢ 30 minut) pretrvava a béhem této doby muize byt

pusobenim Zlutého svétla ovlivnéna (Niefner et al., 2013).

‘RAD’
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FADox FADH~
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0,
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Obr. 8: Flavinovy fotocyklus kryptochromu. (Nt) N-konec, (Ct) karboxy-konec proteinu. Cerné Sipky

znazornuji na svétle nezavislou reakci (Niefner et al., 2013).
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Geomagnetické pole ovliviiuje priachod radikdlovych part redoxnim cyklem.
Magnetické pole méni orientaci spinu a podil pfemén mezi singletovymi a tripletovymi
stavy. Zatimco par v singletovém stavu se mize zpétnym transferem elektronu vratit do
vychoziho stavu bez jakékoli signalizace, par v tripletovém stavu mize pokracovat
V cyklu a dat vznik rekénim signalnim produktim. Timto zpiisobem magnetické pole méni
dobu, po kterou se kryptochrom nachézi v signalnim stavu (Rodgers et Hore, 2009).
Vzijemna pfeména mezi mezi singletovym a tripletovym stavem mulze mit vliv na
rovnovahu reakce, kterd je posunuta jednim nebo druhym smérem (Ritz et al., 2000).
Miize se tak ménit mnozstvi signalniho produktu, coz miize byt doprovazeno i zménou

odpoveédi fotoreceptoru (Solovyov et al., 2010).

3.6 Magneticky alignment

Pozi¢ni chovani neboli magneticky alignment piedstavuje reakci zivocdichli na
geomagnetické pole Zemé, kterd neni spojena s jakymkoli prostorovym cilem. Rizné
druhy Zivo¢ichti spontanné rovnaji osu svého téla ve sméru silo¢ar, nebo kolmo na n¢ jak
uvadi studie napi. (Burda et al., 1990; Vacha, 1994; Wiltschko et Wiltschko, 1995; Begall
et al., 2008; Hart et al., 2013b). Tento jev je nejvice patrny pii odpocinku, ale déje se tak i
pti ruznych aktivitach jako napfi. pfi budovani podzemnich chodeb a hnizdist' (Burda et
al., 1990), ptijmu potravy (Begall et al., 2008, 2013), lovu (Cerveny et al., 2011), orientaci
pod vodou (Hart et al., 2012), pfistani na vodni hladinu (Hart et al., 2013a), vyméSovani
(Hart et al., 2013b) nebo tniku do bezpeci (Obleser et al., 2016).

Lze se domnivat, ze ZivocCich tak Setfi energii (v ptipadé odpocCinku) nebo ziskava
v danych podminkach urcitou vyhodu. Dle postaveni téla zivo€ichi vi¢i osam
magnetickych silocar, se orientace rozliSuje na unimodalni, bimodalni a quadrimodalni.
P#i unimodalni orientaci dochazi k preferenci pouze jednoho sméru. Bimodalni charakter
orientace se projevuje dvéma prevladajicimy sméry. Jednim z diivoda kruhové bimodality
mize byt to, Ze zvifata maji ucinit volbu mezi dvéma sméry, které jsou vice ¢i méné
vyhodné. Obcas se mlize vyskytnout i quadrimodalni charakter orientace, kde postaveni
ctyt smért je od sebe vzdaleno 90°. Napft. vystaveni polarizovanému svétlu mize vést
k takovému vzoru (Batschelet, 1981). Laboratorni studie potvrdily jistou preferenci
smérovych pohybii v magnetickém poli u bakterii, hmyzu, ryb, obojzivelniki, plazi,
ptakd a savcu napt. (Burda et al., 1990; Vacha, 1994; Wiltschko et Wiltschko, 1995;
Begall et al., 2008; Hart et al., 2013b).
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3.6.1 Smérova preference u bakterii
Magnetotaxe je ukaz, kdy se bakterie obsahujici magnetitové Castice smérove

pohybuji v magnetickém poli (Yan et al., 2012). Feromagnetické Castice ve formé
mineralu magnetitu (Fe304) nebo sulfidu greigitu (Fe3S4) jsou ulozeny v magnetosomech
obalenych membranou (Lefévre et al., 2011). Magnetosomy uloZené v jednofetizkovych
nebo i vicefetizkovych strukturach funguji jako stfelky kompasu (Yan et al., 2012).
Bakteriim umoziiuji vnimat geomagnetické pole a pasivné se otdcet podél silocar
externiho magnetického pole (Blakemore, 1975). Tato orientace umoziiuje bakteriim se ve
vodnim prostiedi dostat do semi-anaerobnich zon (Begall et al., 2008). Poprvé byl tento

jev spatien u bakterie (Magnetotospirullinum magnetotacticum) (Schiiler, 2008).

3.6.2 Smérova preference u hmyzu
U hmyzu byla potvrzena Siroka skala magnetorecepcnich schopnosti. Hmyz pfi své

orientaci vyuziva sluneéniho kompasu, polarizovaného svétla, orientacnich bodd,
feromond, vibraci a gravitace. Stejné jako u ptakl 1 u hmyzu nelze vyloucit mechanismus
zalozeny na magnetitové hypotéze pro magnetickou mapu ani mechanismus radikalovych
part pro magnetickou kompasovou orientaci (Wiltschko et Wiltschko, 2006).
Mechanismus zaloZeny na magnetitu predpoklada vyuziti krystalki feromagnetickych
castic pritomnych v riznych tkanich Zivocichli (Desoil et al., 2005), zatimco mistem
svételn¢ zavislého magnetického kompasu by mohly byt fotosensitivni buiiky umisténé
v oku (Philips et al., 2010).

Pozi¢ni chovéani se vyskytuje u blanokfidlého (Hymenoptera) i dvoukitidlého
(Diptera) hmyzu (Vacha, 1994; Begall et al., 2008). Mnoho testli a experimenti bylo
provedeno na eusocidlnim hmyzu, a doposud nejvice prozkoumanym blanokiidlym
druhem je zfejmé vcela medonosna (Apis mellifera), ktera vyuziva informace
z geomagnetického pole pro svou orientaci. Existuji védecké dikazy, ze véely vyuzivaji
magnetické pole, vcetn¢ jeho pravidelnych dennich zmén v intenzité¢ a sméru nejen
k synchronizaci cirkadiannich rytmt (Lindauer et Martin, 1972), ale pro orientaci a
navigaci pfi hledani zdroji potravy, migraci, 1étani k cili, pohyb na kratké vzdalenosti
v okoli ulu atd. Dalsi formou je vychyleni dila stavby nebo vceli tanecky, u kterych
dochézi k odchylkdm ba dokonce tanec zcela ustane (De Jong, 1982). Magnetorecepce
véel byla dokazovana pomoci experimentu s miniaturnim magnetem, ktery byl umistén na
trupu vcely. Testem uspésné prosly pouze vcely, které na sobé magnet nemély (Gould et

al., 1978). Behavioralni experimenty dokazuji, ze véely jsou extrémné citlivé i na malé
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zmény v magnetickém poli (Kirschvink et al., 1997) a jsou schopné se naucit rozliSovat
vétsi 1 mensi lokalni magnetické anomalie (Kirschvink et al., 1992a). Nékteré druhy
jihoamerickych véel jako napt. (Schwarziana quadripunctata) jsou schopny vnimat také
anomalie spojené s magnetickou boufi (Esquivel et al., 2007). U v¢ely (Tetragonisca
angustula) bylo pozorovano ovlivnéni sméru letu po otofeni vertikalni slozky
magnetického pole (Esquivel et al., 2008). Magnetické podnéty mohou také slouzit
k vizualnimu urceni orientacnich bodi nebo rozliSeni mezi panoramatickymi modely napf.
v situaci, kdy vcela nemda informaci o poloze slunce (Frier et al., 1996). Zavislost
magnetorecepce na svétle u véel byla popsana jiz v roce 1984 (Leucht et al., 1984). Vyse
zminéné znaky pozi¢niho chovani vcel dokazuji schopnost magnetorecepce, i kdyz
samotny mechanismus magnetorecepce nebyl dosud uspokojivé  vysvétlen.
Pravdépodobné se jednd o kombinaci n€kolika mechanismu (Valkova et Vacha, 2012).
Magnetick4 orientace byla vypozorovana u larev druhého instaru octomilky obecné
(Drosophila melanogaster), kde larvy vykazovaly spontanni quadrimodalni orientaci pfi
osvétleni o vinové délce 365 nm (Dommer et al., 2008; Painter et al., 2013). Pfi testovani
magnetické orientace dospélct pii stejném svételném spektru bylo prokdzdno pozicni
chovani. Pfi vlnové délce svétla 500 nm byla smérovéd reakce posunuta o 90° oproti
testovanému sméru. Podobny posun byl vypozorovan u potemnika mouc¢ného (Tenebrio
molitor) (Vacha et al., 2008b) a také u obojzivelnika (Phillips et Borland, 1992; Freake et
Phillips, 2005). Na orientaci octomilek ma tedy vliv vinova délka svétla a podle vseho tak
vyuziva systém magnetorecepce zaloZzeny na mechanismu radikalovych part, jenz je
zavisly na svétle. Bylo vyzkouméno, Ze jsou octomilky schopny kompasové orientace i
v UV spektru svételného zareni (Phillips et Sayeed, 1993; Wajnberg et al., 2010) a
ukdzalo se, Ze kryptochromy jsou nezbytné pro magnetickou citlivost zavislou na svétle
(Yosii et al., 2009; Bazalova et al., 2016). Octomilky jsou skvélym modelovym
organismem z mnoha duvodu, zejména vSak proto, Ze jsou dostupné transgenni a mutantni
linie, u kterych je moznost vypnout a ménit riizné geny a fotorecepcni kaskady (Gegear et
al., 2008). Mutantni jedinci s chybé&jicim genem pro kryptochrom nejsou schopni
orientace na zakladé informaci z geomagnetického pole (Gegear et al., 2010).
Magnetickou kompasovou orientaci vyuzivaji také motyli jako napf. monarcha
st¢thovavy (Danaus plexippus) pii témét 4 000 km dlouhé migraci na sva zimovisté v
Mexiku (Etheredge et al., 1999; Mouritsen et Frost, 2002) a dale tfeba Zlut'asci, konkrétné
zlut'asek statirsky (Aphrissa statira) (Srygley et al., 2006). Severoamericky druh ¢melaka

30



(Bombus impatiens) pravdépodobné pii orientovani ve tmé vyuziva na svétle nezavislou
magnetorecepci (Chittka et al., 1999).

Behavioralni testy S potemnikem moucnym (Tenebrio molitor) potvrzuji, ze
orientace téchto brouki je zavisla nejen na pritomnosti svétla (Vacha et al., 2004), ale i na
jeho vinové délce (Vacha et al., 2008b). Pokusy s pievracenou vertikalni slozkou
magnetického pole signalizuji, ze potemnici vyuzivaji k orientaci inklina¢ni kompas
(Vacha et al., 2008c).

Behavioralnimi experimenty $§vaba amerického (Periplaneta americana) byly
zkoumany nepodminéné reakce na periodické zmény geomagnetického pole. Svabi byli
podrobeni vyzkumu v délce 90 minut s periodicky rotovanou horizontalni slozkou
geomagnetického pole o 60°. Kontrolou k tomuto testu byli zkoumani jedinci vystaveni
ptirozenému poli. Aktivita pohybu byla méfena jako pocet otocek téla testovanych
jedinci, ktefi byli vystaveni rotovanému poli a srovnavaly se s intervaly ptfed a po zédsahu
do geomagnetického pole s kontrolni skupinou $vabli. Zmény ve sméru magnetického
quadrimodalni orientaci pfi odpocinku. Téla §vabl byla rozmisténa podél hlavnich
magnetickych os ve vSech hlavnich smérech. Jedna z teorii nabizi vysvétleni, ze mize jit o
ochranu pied predatory, protoze skupina Svabi ma diky tomuto postaveni podél os
geomagnetického pole dostatecné ukotveni v prostoru nezavislé na pohybu nebo zrakové
kontrole. Toto postaveni ma vyznam piedev§sim v nezndmém prostiedi (Vacha et al.,
2010). Pozi¢ni chovani se u §vabu nevytraci ani po ablaci tykadel, coz vylucuje tykadla
jako specializovany organ pro magnetorecepci. Zatim existuje velmi malo testi reakce
hmyzu na smérovou komponentu magnetického pole (Vacha et al., 2008a).

Termiti druhu (Amitermes laurensis) orientuji sva termitist¢ vyhradné¢ bimodalné,
¢ili stavéji je podél severojizni osy. Béhem experimentalniho vyzkumu byla vybrana ctyii
hnizda, u kterych byly zakopany magnety po obou stranach. Védci pfedpokladali stavbu
termitiSté, ale jinak orientovaného nebo deformovaného. Po sedmi letech vyzkumu se
ukdazalo, Ze vlivem magnetické sily nebo postaveni magnetu vici hnizdu, zadné termitisté
na misté¢ hnizda nevyrostlo. Dokonce ani jedna ze ¢ty potenciondlnich novych kolonii
nepiezila, zatimco v piipadé Ctyt kontrolnich vzorkd, které nebyly vystaveny magnetismu,
probéhla vystavba termitisté bez problémi a vznikly 1 nové kolonie (Grigg et al., 1988). U
termita kompasového (Amitermes laurensis) a termita druhu (Nasutitermes exitiosus) byly
izolovany magnetické nanocastice z hlavy, hrudi a bficha. Nejvice ¢astic se nalezlo v hudi

a bfiSe. Analyzy prokazaly jejich biologickou funkénost (Maher, 1998). Védci nalezli
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magneticky material i v hlavé termita cvakavého (Neocapritermes opacus). Pfitomnost
organizované¢ho uskupeni magnetickych castic naznacuje funkci jakozto magnetického
senzoru (Alves et al., 2004).

Mravenci jsou také Casto zkoumanou skupinou eusocialniho hmyzu. U mravence
rezavého (Myrmica ruginodis) a mravence zahavého (Myrmica laevinodis) byl objeven
oxid zeleza (Fe203) v tykadlech v tzv. Johnstonové organu. (Volwes, 1954). Nalez
potvrzuji i vyzkumy mravenct druhu (Solenopsis substituta) (Abracado et al., 2005),
(Solenopsis interrupta) (Abracado et al., 2008) nebo (Pachycondyla marginata) (Oliveira
et al., 2012). Pfi zkoumani mravence druhu (Solenopsis invicta) nebylo nalezeno Zelezo
obsahujici magnetitové Castice u délniki, okiidlencti ani kralovny. Dutina bfisni velkych
délnikt sice obsahovala velké mnozstvi zeleza, ale nelze vyloucit, Ze se jednalo pouze o
metabolicky produkt (Slowik et Thorvilson, 1996). Zkoumano bylo i pozi¢ni chovani
mravenct v zavislosti na zménach magnetického pole. Sbérai mravence krejcika
(Oecophylla smaragdina) zménili sviij smér v zavislosti na vyvolané zméné magnetického
pole (Jander et Jander, 1998). Podobné chovani se projevilo i u mravenct druhu (Atta
colombica) pfi navratu do mravenisté (Riveros et Srygley, 2008) nebo u kolonie mravence
druhu (Pachycondyla marginata) (Leal et Oliveira, 1995). Mezi dalsi druhy mravenct, u
kterych byly provedeny experimenty Vv oblasti magnetorecepce, patii napt. mravenec lucni
(Formica substituta) (Camlitepe et al., 2005) nebo druh (Solenopsis substituta) (Wajnberg
et al., 2000).

3.6.3 Smérova preference u ryb
Prvni vyzkumy magnetorecepce ryb se pievazné tykaly migrujicich druht.

Orientace téla podél hlavnich magnetickych os béhem odpocinku bylo prokdzano u tihote
ficniho (Anquilla anquilla) (Tesch et Lelek, 1973), karase zlatého (Carassius auratus)
(Becker, 1974) pstruha duhového (Oncorhynchus mykiss) (Chew et Brown, 1989; Eder et
al. 2012;) lososa nerky (Oncorhynchus nerka) (Quinn, 1980; Mann et al., 1988) ¢i lososa
cavy¢i (Oncorhynchus tshawytscha) (Kirschvink et al., 1985) Bimodialni orientace byla
nedavno prokazana i u akvarijnich druhti jako napf. danio pruhované (Danio rerio)
(Takebe et al., 2012) nebo tilapie mozambicka (Tilapio zillii) (Shcherbakov et al., 2005).
Z hlediska magnetismu byl zkouman tunak zlutoploutvy (Thunnus albacares) (Walker,
1984), uhot japonsky (Anguilla japonica) (Nishi et Kawamura, 2005), dale z evropskych
druht ryb napi. pstruh obecny (Salmo trutta), jehoZz potér reaguje na magnetické pole

(Formicki et al. 2004a), okoun fi¢ni (Perca fluviatilis), plotice obecna (Rutilus rutilus),
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perlin ostrobiichy (Scardinius erythrophthalmus) a ouklej obecna (Alburnus alburnus), u
kterych se také prokazala schopnost vnimat magnetickou energii (Formicki et al., 2004b).

Cesti védci zkoumali kapra obecného (Cyprinus carpio), jenz je jeden z
hospodatsky nejvyznamnéjSich druhti sladkovodnich ryb v Evropé. Tato ryba je
povazovana za nemigrujici druh, ale v pfirozenych podminkich nespoutanych fek, se
mohou kapii pohybovat az nékolik stovek kilometrii (Stuart et Jones, 2006). Data byla
ziskdna z 25 mist v pfedvanocnim obdobi. Bylo potfizeno 817 snimkut z 80 kadi o priméru
120 cm a hloubce 60 cm. Fotografie byly postupné upravovany tak, aby mohl byt ziskan
vysledny vektor ptevladajiciho sméru (Hart et al., 2012). Vpust’ cCerstvé vody pro
okysliceni té v kadich by mohla vytvaret proudy, které by mohly negativné ovlivnit
vysledky (Oca et al., 2004). Proto byly vyselektovany snimky, kde by pratok proudici
vody v kadi mohl ovlivnit orientaci ryb. Statistické analyzy potvrdily (obr. 9), Ze se kapfi
srovnavaji s hlavni magnetickou osou sever - jih (Hart et al., 2012). Magneticky alignment
u ryb by se mohl jevit jako unimodalni, ale v tomto ptipadé pievladal bimodalni (Begall et
al., 2013). Studijni kad¢ byly umistény na rusnych ulicich pobliz supermarketi a ve
vecernich hodinach zde byl vliv svétla z pouli¢nich lamp. Tyto vlivy lze oznacit jako
elektromagnetické znecisténi, které mize mit negativni dopad na magnetorecepci (Burda
et al., 2009). Dopad svétla z pouli¢nich lamp se neprokazal jako rusivy element (Hart et
al., 2012).

Obr. 9: Grafické znazornéni méfeni azimutll kapra obecného (Cyprinus carpio). Vypracované Sipky podél

osy téla ryb zobrazuji orientaci kaprt ve zkoumanych kadich (Hart et al., 2012).
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3.6.4 Smérova preference u obojzivelniki
Pti vyzkumu magnetorecepce obojzivelnika byla jednoznacné prokdzéna schopnost

homingu a vytvareni magnetickych map. Nektefi védei v této souvislosti hovoii o
geomagnetickém impritingu, kdy si zivocichové jiz v prenatalnim stadiu vyvoje vtisknou
charakteristiku geomagnetického pole. VéEtSina studii se vénuje piredevSim ¢olklim a zatim
velmi malo experimentti se provedlo na bezocasé obojzivelniky (Freake et Phillips, 2005).

Vyzkumim byl nejvice podroben colek zelenavy (Notopthalmus viridescens), ktery
preferuje v klidném geomagnetickém poli axialni orientaci vychod - zépad, a to i ve tmé.
Béhem experimentalniho vyzkumu bylo magnetické pole obraceno o 180° a skupina
zkoumanych ¢olkt zareagovala synchronizaci s vektorem magnetického pole ¢ili rovnéz
oto¢enim o 180° (Schlegel, 2006). Bylo prokazano, ze tento druh colka je schopen si
vytvaiet magnetickou mapu (Sinsch, 2006). Pouziti magnetického kompasu a reakce na
magnetické pole byla také objevena u mloéika zafivého (Eurycea lucifuga) (Phillips et
Adler, 1978), ¢olka horského (Triturus alpestris) (Diego-Rasilla et al., 2005; Schlegel et
Rennen, 2007) a Colka hranatého (Lissotriton helveticus) (Diego-Rasilla et al., 2008).
Pozi¢ni chovani bylo prokazano i u macarata jeskynniho (Proteus anguinus), ktery
vykazoval bimodalni orientaci (Schlegel, 1996).

Zajimavé jsou i studie vénované vlivu magnetického pole na embryondlni vyvoj
nékterych druhd zab. Africké zaby rodu (Xenopus) byly podrobeny vyzkumu, pfi kterém
bylo sledovano miotické dé¢leni ve vajicku, které probihalo soubé&zné s vektorem
magnetického pole (Denegre et al., 1998). Drapatka vodni (Xenopus laevis) vykazuje na
svétle zavislou smérovou selektivitu vzhledem k Ghlovym zménam v inklinaci
magnetického pole jiz pfi nizké intenzité (Leucht, 1990). Pomoci experimetu, pii kterém
byl pfipevnén magnet na hlavé ropuchy obecné (Bufo bufo) a ropuchy kratkonohé
(Epidalea calamita), byla zjisténa neschopnost nalézt cestu zpét do domovské tiné
(Freake et Phillips, 2005). Vyraznou reakci na magnetické pole pii migraci ropuchy
dolozil vyzkum, kde bylo otoc¢eno magnetické pole a migrace Zab se zménila z unimodalni

na bimodalni (Landler et Gollmann, 2001).

3.6.5 Smérova preference u plazi
Plazi jsou z hlediska magnetorecepce pomémé malo prozkoumanou skupinou

zivocicht, ale i oni maji shopnost vytvareni magnetickych map a homingu (Lohmann et
Lohmann, 2012). To muze ovliviiovat i vybér mista pro kladeni vajec, nebot’ pfi

dlouhodobém vyzkumu, ktery trval 19 let se analyzovala hnizda karety obrovské (Caretta
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caretta) se dospélo k zavéru, ze drobné zmény geomagnetického pole ovliviiovaly hustotu
zelvich hnizd. Pocdet a hustota hnizdist byla vyS$i v mistech, ktera konvergovala
s vtiSténou charakteristikou geomagnetického pole, jenz karety ziskaly pfi svém vyvoji a
nasledném vylihnuti na domovské plazi (Putman et Lohmann, 2008; Brothers et Lohmann
2015). Stejnym zpiisobem se projevuje i pozicni chovani u karety obrovské tichomoiské
(Chelonia mydas agassizi) v jiznim Mexiku. Zde je lokalni geomagnetické pole ovlivnéno
vyskytem magnetickych mineralti. Pii umisténi hnizd Zzelvy vyhledavaji lokality se
stabilnim magnetickym polem a mensi velikosti magnetitovych zrn (Fuentes-Farias et al.,
2008). Dalsi vyzkumy migrujicich moiskych Zelv prokazaly shopnost urcit zemépisnou
sitku (Lohmann et Lohmann, 1994), rozliSovat riizné intenzity magnetického pole podél
migracéni trasy (Lohmann et Lohmann, 1998) a udrzovat smér pomoci geomagnetického
pole Zem¢ (Lohmann et Lohmann, 1996). Védci urc¢ili magnetorecepci a schopnost
rozliSovat rizné inklina¢ni thly za smérnici k nalezeni mista vylihnuti a tedy i mista, kde
budou klast vajicka (Lohmann et Lohmann, 1994). Magnetorecepce zavisla na svétle se
prokazala i u nejvétsi zijici zelvy kozatky velké (Dermochelys coriacea) (Lohmann et
Lohmann, 1993).

U denniho jeStéra agamy australské (Pogona vitticeps) byla experimentalné
prokdzéna schopnost magnetorecepce a zarovenn moZznost vnimat i nizké frekvence
magnetického pole. Pusobenim frekvence 6 - 8 Hz se jestéti stavéli do pozice, kterou
zaujimaji v pfitomnosti predatora (Nishimura et al., 2010). Mezi dalsi studované druhy
z hlediska magnetorecepce patii napt. gekon filipinsky (Cyrtodactylus philippinicus)
(Marek et al., 2010) nebo aligator severoamericky (Alligator mississippiensis), ktery
prokazatelnd pouzival magnetickou mapu k navratu do mista odchytu. Usp&snost se
zlepSovala s rostoucim vékem (Rodda, 1984). Ve studii Diego-Rasilla et al. (2017) byla
pozorovana jestérka Lifordova (Podarcis lifordi) a jestérka zedni (Podarcis muralis)
béhem vyhtivani na slunci. Oba druhy vykazovali bimodalni orientaci severo - jiZznim

smérem bez ohledu na polohu slunce.

3.6.6 Smérova preference u ptaki
Pii zkouméni magnetorecepce a pozi¢niho chovni byla v minulosti nejvétsi

pozornost vénovana ptaktim (Yan et Tao, 2013). Ptaci pii magnetorecepci pravdépodobné
vyuzivaji mechanismus radikélovych parti pro ziskdni smérové informace a Castice
magnetitu v horni ¢asti zobaku, pomoci kterych si optafi informace pro vytvofeni

magnetické mapy. Magneticky kompas u ptakl je inklinacni a je zalozen na mechanismu
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radikalovych pard. Jeho umisténi je pravdépodobné v oku a patiiény kryptochrom je
navrhovan jako magnetoreceptor. Kryptochrom by mohl mit i funkci fotosenzoru (Mitsui
et al.,2015), nebot’ zavislost magnetorecepce ptakd na vinové délce svétla byla prokazana
v mnoha experimentech (Muheim et al., 2002; Wiltschko et al., 2010b).

Prvnim druhem, u kterého bylo prokdzano pouzivani magnetorecepce byla ¢ervenka
obecna pti migraci. Cervenky ménily smér letu p¥i zméné magnetického pole (Wiltschko
et Wiltschko, 1972). Rovnéz behavioralni testy ukazaly, Ze orientace ptakd je zavisla na
vlnové délce a intenzité svétla. Ptaci jsou schopni se orientovat pfi vystaveni svétlu o
kratkych vylnovych délkach. U Cervenek byla testovana orientace pii svétle v rozmezi
ultrafialového spektra 370 nm az do zelené Casti spektra o vinové délce 565 nm, kdy ptaci
ptirozené preferovali severni az severo-vychodni smér. Pii testech se svétlem o vétSich
vlnovych délkach byly Cervenky vyrazné dezorientované. Je tedy zfejmé, Ze ptaci pro
magnetickou orientaci potiebuji svétlo o kratkych vlnovych délkach (Wiltschko et
Wiltschko, 1999; Wiltschko et al., 2007c¢ ).

Normalni migracni orientaci, kterou lze pozorovat v Sirokospektrém bilém, a pfi
monochromatickém zeleném, tyrkysovém a modrém svétle (obr. 10), vykazuje sezonni
zmény, kdy ptaci pii testech smétuji v podzimnim obdobi na jih a na jafe na sever

(Wiltschko et Wiltschko, 2010Db).
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Obr. 10: a: Orientace ¢ervenky obecné (Erithacus rubecula) ve svétle o riiznych vinovych délkach.

b: Preferovany smér ptakt ve svételném spektru (UV - ultrafialové, B - modré, T - tyrkysové, G - zelené,
Y - zluté, R - Cervené) pfi riznych vinovych délkach. Kazdy trojuhelnik predstavuje jednoho jedince.
Béhem experimentu byla pouzita intenzita svétla 8 x 10" fotont/s/m?, kromé ultrafialového spektra, kde

byla testovana intenzita 0,8 x 10" fotoni/s/m? (Wiltschko et Wiltschko, 2014b).
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Pti svételném spektru o nizké intenzité (6 - 8 X 10" fotonli/s/m?) ptaci vykazuji
normalni smérovou preferenci severo - Severo - vychodnim smérem pii vinovych délkach
v intervalu 424 - 565 nm. Pokud se ptakiim zvysi intenzita monochromatického osvétleni
(26 - 51 x 10" fotonli/s/m?), vykazuji potom zcela uplné jiny typ pozicniho chovani
(Wiltschko et al., 2007a). Pii né€kterych testech s vy$si intenzitou osvétleni byli ptaci
dezorientovani (Muheim et al., 2002). Ztrata orientace se vyskytla i po lokéalni anestézii
receptoril v horni ¢asti zobaku (Wiltschko et al., 2004) nebo pii plisobeni cerveného svétla
(Wiltschko et al., 1993).

Orientace v kratkych vinovych délkach svétla prestava fungovat v situaci, ve které
jsou ptaci vystaveni oscilujicimu magnetickému poli. Toto pole by mélo naruSovat
mechanismus radikalovych para. Pti experimentech s dlouhymi vilnovymi délkami svétla
behem vystaveni oscilaénimu magnetickému poli k Zddné zmén€ v pozicnim chovani
nedoslo, ale bylo zpozorovano po lokdlnim znecitlivéni horni ¢asti zobaku (Wiltschko et
al., 2004). Tyto vysledky naznacuji, ze pii osvétleni kratkymi vinovymi délkami je
funk¢ni magnetorecepéni mechanismus radikalovych parti. Zatimco za podminek, kdy
krat$i vinové délky nejsou k dispozici, ptebira funkci jiny mechanismus, pravdépodobné
magnetitovy. Dosud nebylo zcela jasn€¢ vysvétleno dezorientacni chovani ptaka
v nékterych svételnych podminkach, ale patrné by se mohlo jednat o interferenci mezi
pusobenim dvou uplné odlisnych mechanismt (Wiltschko et Wiltschko, 2010a).

V nésledujicich letech bylo zkoumani magnetorecepce podrobeno mnoho druhii
ptaku (obr. 11). Mezi dalsi zkoumané ptaky patii napf. kruhoocko stiibrné (Zosterops I.
lateralis) (Wiltschko et al., 1993), holub domaci (Columba livia f. domestica) (Hanzlik et
al., 2000; Mora et al., 2004; Wilzeck et al., 2010), slavik tmavy (Luscinia luscinia)
(Fransson et al., 2001), strnad obecny (Emberiza citrinella), vlhovec hnédohlavy
(Molothrus ater), zebiic¢ka pestra (Taeniopygia guttata) (Williams et Wild, 2001), pénice
slavikova (Sylvia borin), kur domaci (Gallus gallus f. domestica) (Fankelberg et al.,
2010), bazant obecny (Phasianus colchicus), havran polni (Corvus frugilegus), kavka
obecna (Corvus monedula) (Dvotak, 2014) , kachna divoka (Anas platyrhynchos) a dalsi

druhy nejen vodnich ptakt (Hart et al., 2013a).
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Obr. 11: Orientacni reakce v zavislosti na vinové délce svételného spektra u péti druhd zkoumanych ptaka.
Testovani jedinci vykazuji pozitivni magnetickou orientaci (+) v modrém, tyrkysovém a zeleném svétle. Ve
zlutém a Cerveném svételném spektru jsou ptaci dezorientovani (-), neboli vykazuji negativni magnetickou

orientaci (Wiltschko et Wiltschko, 2002).

Rozsiteni poznatkli v oblasti vyzkumu magnetorecepce ptaki slibuje i monitoring
ptacich vajec pfimo v hnizd¢é. Technologie umoziluje zaznamendvat vliv lokalniho
magnetického pole na orientaci vajec v hnizd¢€. Sleduje se vychyleni podélné osy vajicek a
pouzivana technika je schopna zaregistrovat i velmi malé zmény uhlt v rozmezi 1° - 2°.
Monitoring pohybu ptacich vajec v hnizd€ byl testovan zejména u moiskych ptaki jako je
napt. alkoun aleutsky (Ptychoramphus aleuticus), racek zapadni (Larus occidentalis) nebo

albatros layysansky (Phoebastria immutabilis) (Schaffer et al., 2014).

3.6.7 Smérova preference u savci
U savcu jsou v oblasti magnetorecepce nejvice zkoumanou skupinou hlodavci.

Mnoho studii se zabyva orientaci hnizd u rtiznych druht Zijicich v podzemi a jejich
excelentni orientaci. Poprvé se zacalo uvazovat o magnetickém kompasu u hlodavci pti
studiu homingu (navratu do hnizda) mysice kfovinné (Apodemus sylvaticus) (Mather et
Baker, 1980, 1981).

Pomérné dobfe prozkoumanou skupinou se stali podzemni hlodavci z celedi
ryposovitych (Bathyergidae) stypickym modelovym druhem ryposem hotentotskym
(Fucomys anselli dfive Cryptomys hottentotus), u kterého Burda et al. (1990) provedli
laboratorni testy v kruhové aréné, pfiCemz vyuzili toho, Ze tito ryposi si staveji hnido
Vv severo-vychodnim sméru. Pomoci Hemholtzovych civek posouvali magneticky sever o
180°. Po otoceni magnetického pole premistili svd hnizda a zasoby potravin adekvatné

k nové generovanému magnetickému poli. Tato studie jasné¢ dokazala, Ze tito hlodavci
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vnimaji magnetické pole. Tento pokus byl silnou inspiraci pro dal$i zkouméni a obdobné
behavioralni experimenty, kde se opét doslo ke stejnym vysledkiim (Marhold et al., 1997).
V mozku rypose byly nalezeny smérovée orientované neurony, které reaguji na magnetické
stimuly a jsou v samostatné vrstvé. Tento objev lze povazovat za dukaz specifickych
mozkovych struktur pro magnetorecepci v souladu s magnetitovou hypotézou (Némec at
al., 2001). Dalsimi experimenty se ukazaly, ze magneticky kompas rypose je na rozdil od
ptaki, ktery je zalozen na radikalovych parech, postaven na jednodoménovém magnetitu
(Wiltschko et Wiltschko, 2005; Thalau et al., 2006). Tuto domnénku potvrzuje skute¢nost,
ze pii vystaveni vysokofrekvencnimu magnetickému poli rypoS neztratil schopnost
orientace (Thalau et al., 2006), jako je tomu napiiklad u ptakt (Holland et Helm, 2013).
Vliv magnetického pole na stavbu hnizd a magnetorecepce byl také objeven u rypose
obtiho (Fukomis mechowi) a rypose stiibfitého (Heliophobius argenteocinereus), ktefi
preferuji zapadni smér. Rovnéz byla vysledovana reakce na otoceni magnetického pole
(Oliveriusova et al., 2012).

Dalsim zkoumanym podzemnim hlodavcem byl slepec egyptsky (Spalax
ehrenbergi), ktery v pfirozeném magnetickém poli vykazoval preferenci jizniho sektoru
osmiramenného labyrintu, kde byly provadény 3 pokusy. V prvnim byla hledana smérova
preference pfi stavbé hnizd, v druhém bylo zkoumano, zda objevend magnetorecepce je
zavisld na svétle a v poslednim bylo testovdno, zda slepci k orientaci pouZivaji
magnetické pole. Poto¢enim magnetického pole pomoci Helmholtzovych civek o 180 ° se
hlodavec pfemistil do severniho sektoru labyrintu kam natahal i zdsoby potravin a
uhnizdil se zde. Jejich schopnost magnetorecepce je na svétle nezavisla a k orientaci
vyuzivaji magneticky kompas (Kimchi et Terkel, 2001).

Schopnost vnimat magnetické pole byla prokazdna i u kiecka bélonohého
(Peromyscus leucopus). Jedinci byli pfemisténi do vytvofené kruhové arény a snazili se
utikat smérem ke svému hnizdu. Po oto¢eni magnetického pole kiec€ci prchali na opaénou
stranu (August et al., 1989). Dale byla zkoumana vacice krysi (Monodelphis domesticus)
(Madden et Philips, 1987), kiecek dzungarsky (Phodopus sungorus) (Deutschlander et al.,
2003), tukotuko talasky (Ctenomys talarum) (Schleich et Antinuchi, 2004) a také
V neposledni fad¢ laboratorni mys (Mus musculus varieta alba) (Muheim et al., 2006). U
laboratornich mysi byl také objeven vliv magnetického pole na vniméni bolesti. BEhem
experimentu byli jedinci ponechani hodinu denné v laboratofi s odstinénym magnetickym

polem a vykazovali snizenou citlivost na vnimani bolesti (Prato et al,. 2009, 2013).
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Pro netopyry je charakteristicky zivot a 1étani ve tmé. Netopyfi se na kratkou
vzdalenost orientuji pomoci echolokace, ale k navigaci na delsi tiseky vyuzivaji informace
z geomagnetického pole (Wang et al., 2007). Schopnost vnimat magnetické pole bylo
prokdzéno experimenty v umélém magnetickém poli, ale i1 v jejich pfirozeném prostiedi
(Holland et al., 2006). Netopyfi ve visu byli vystaveni umélému magnetickému poli, u
kterého byla zménéna vertikalni i horizontdlni slozka. Experimenty prokézaly vyuZiti
polaritniho kompasu (Wang et al., 2007). Holland et al. (2008) dospéli ke stejnému
vysledku pfi zkoumani netopyra hnédého (Eptesicus fuscus), u kterého potvrdili, Ze jeho
orientace pracuje na principu polaritniho kompasu. Rovnéz v buitkach smyslovych organti
byly objeveny c¢astice magnetitu. Tian et al. (2010) provedl experiment s migrujicimi a
nemigrujicimi druhy netopyrt. Vysledky studie prokézaly piitomnost magnetitovych
castic v mozku. Migrujici druhy mély mozky vice nasyceny magnetitem nez druhy
nemigrujici.

Hypotéza, ze netopyfi pouzivaji magneticky kompas kalibrovany zépadem slunce,
byla dale zkoumana u netopyra velkého (Myotis myotis). Magnetické manipulace pii
zépadu slunce proti sméru hodinovych rucicek meély za nésledek posun v orientaci ve
srovnani s kontrolnimi skupinami, pficemz ovlivnéni magnetického pole po zépadu slunce
nemélo zadny vliv na orientaci netopyra (Holland et al., 2010).

Schopnost magnetorecepce byla zkoumana i u velkych savcu. (Begall et al., 2008;
Burda et al., 2009; Obleser et al., 2016). Pfedmétem vyzkumu bylo pozi¢ni chovani
béhem pastvy a odpocinku srnce obecného (Capreolus capreolus), jelena lesniho (Cervus
elaphus) a tura domaciho (Bos primigenius f. taurus). Data byla ziskana pomoci
satelnitnich snimkd Google Earth. Z 308 nahodné vybranych lokalit na 6 kontinentech
bylo opatfeno 8 510 kusti dobytka, zaroven bylo mozné pozorovat i pozi¢ni chovani lesni
zvéte, pii kterém bylo zajiSt€no 2 974 dat platnych pro srnci a jeleni zvéf. VSechny tii
studie prokazaly, Ze zvifata spontanné zarovnavaji osu svého téla v severojiznim sméru
(obr. 12). Klimatické podminky, zejména vliv vétru a slunecnich paprskii se neukazaly
jako klicové faktory ovliviwjici polohu téla zvifat vici magnetické ose sever - jih. Na
zaklad¢ téchto vysledkli Begall et al. (2008) tvrdi, Ze magnetické pole ma vliv na

prostorovou orientaci skotu a sparkaté zvéte.
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Obr. 12: Axialni data, ktera znazornuji orienta¢ni chovani v8ech tii sledovanych druhii pfezvykaved v ramci
studie. A) tur domaci (Bos primigenius f. taurus), B) srnec obecny (Capreolus capreolus), C) jelen lesni
(Cervus elaphus). Modré body piedstavuji vyslednou pozici téla zvitat z kazdého monitorovaného mista.
Vysledny vektor pro vSechny lokality je vyznacen dvojitou Cernou Sipkou, jejiz délka znaéi hodnotu
vysledného vektoru. Tojuhelniky vné kruznice charakterizuji primémé vektory na jednotlivych

kontinentech (Begall et al., 2008).

Vroce 2011 Hert et al. ve své studii popfeli smérovou preferenci a schopnost
magnetorecepce U tura domaciho. Na toto téma reagovali Begall et al. (2011) novou
praci, opct potvrdili své zaveéry zroku 2008 a poukdzali na chyby v metodice pfii
vyhodnocovani dat ve studii Hert et al. (2011). Se severojizni orientaci tura doméciho pii
odpocinku souhlasi i Slaby et al. (2013). Opét pomoci aplikace Google Earth byla
analyzovana data 2 235 kust dobytka. Vedle prokézané preference orientace téla ve sméru
sever - jih autofi poukézali 1 na moznost zavislosti této preference na vzdalenosti mezi
jednotlivei. Pti vétsi hustoté stdda klesa tendence k pozicnimu chovani.

Ve studii Obleser et al. (2016) sledovali voln¢ stojici nebo pasouci se srnéi zvét,
jejichz téla byla vyrovnana pfiblizné podé¢l severojizni osy. Celkem bylo vyvoldno 188
umélych provokaci (v mnoha pfipadech z vychodu a zapadu) a sledovala se trajektorie
uniku zvifat na volné plose. Zvét prchala severnim nebo jiznim smérem, nikoliv ptimo od
hrozby pry¢. Védci dosli k zdvéru, ze vyrovnani podél severojizni osy vyjadiuje
ptipravenost k utéku podél této osy a mize pomoci k synchronizaci pohybu, soudrznosti

skupiny a také podporuje mentalni mapovani prostoru.
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Velmi zajimavé studie o pozi¢nim chovani byly vypracovany o Selméch. Vyzkumy
Cerveného et al., (2011) se zamé&fily na smérovou orientaci lisky obecné (Vulpes vulpes)
pfi myskovani. To je zpisob lovu ve vysoké travé nebo snéhu, kdy liska po lokalizaci
koftisti sluchem vyskoc¢i do vysky, aby ji mohla piekvapit. Celkem bylo monitorovano 84
volné Zijicich lisek v 65 lokalitich Ceské republiky v riiznych obdobich a &asech, aby
mohl byt eliminovén vliv svételnych a klimatickych podminek. Bylo analyzovano celkem
592 loveckych skokti z nichz bylo 74% uspésnych. Veskeré tispésné vyskoky byly konany
ve sméru magnetického severu, zatimco utoky vedené jakymkoli jinym smérem byly
neuspesné. Je pravdépodobné, ze lisSky vyuzivaji informace z magnetického pole pro
uptesnéni vzdalenosti od lovené kofisti. Pfi hledani kofisti pod sné¢hem liska lokalizuje
zvukové viny, dale postupuje proti magnetickému severu a zatto¢i v okamziku, kdy se
zvukovy vjem dostane do souladu s inklinaci magnetického pole. Vyzkum tak poprvé
nabizi moznost vyuZziti magnetického kompasu pro odhad vzdalenosti a nikoli pouze pro
orientaci.

Pozi¢ni chovani bylo zkoumano u pst. Béhem dlouholetého vyzkumu bylo
sledovano 70 pst 37 ruznych plemen. Byla monitorovana osa té€la b&hem urinace a
defekace, jakoZto ¢innosti nejméné ovlivnéné ¢lovékem. Celkem bylo nasbirano 7 473 dat
(1 893 defekace, 5 582 urinace), ktera se dale tfidila podle geomagnetickych podminek.
Z dennich magnetogrami byla ziskdna data o zménach intenzity magnetického pole a
deklinace. Pokud je magnetické pole v klidovém stavu, psi spontanné nataceji osu svého
téla ve sméru severojizni osy. Bylo prokdzano, Ze psi vnimaji magnetické pole a velmi
rychle reaguji na jeho zmény (Hart et al., 2013b).

Ve studii Cerveny et al. (2016) byla zkoumana magnetorecepce prasat divokych
(Sus scrofa) a prasat savanovych (Phacochhoerus africanus). Oba druhy byly pozorovany
pfi odpocinku nebo piijmu potravy, srozdélenim do vékovych tfid na mladata,
dospivajici a dospélé jedince. Tyto tii veékové tfidy byly rozliSeny na zakladé morfologie,
chovani a kompozice stad. Mlad’ata se vzdy vyskytovala se svou matkou a nékdy se svymi
dospivajicimi sourozenci. Dospéli, s vyjimkou chovnych samic, jsou vétSinou samotafi.
Celkem bylo naméfeno 3 463 divokych prasat (vCetné jejich zalehit) na 31 riiznych
lokalitach v Ceské republice a 1 347 prasat savanovych na 33 rozdilnych lokalitach v Sesti
africkych zemich. Oba druhy pozorovanych prasat méli tendenci se axialn€ zarovnavat
podél magnetické severojizni 0Sy S mirnym posunem smérem k vychodu (obr. 13). U

obou druhti byla zpozorovana vyznamnéjsi smerova preference u mlad’at.
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Obr. 13: Smérova preference prasat divokych a savanovych, kterd znazorfiuje prevladajici smér ptiblizné
podél magnetické severojizni osy. A) piimo pozorovana prasata divoka, B) zalehy divokych prasat,
C) pfimo pozorovana prasata savanova. Kazda protichtidna dvojice bodd v kruhu reprezentuje stiedni
axialni smér dvou stdd. Modré Sipky s dvojitou hlavou znazoriuji vysledny axialni vektor (n). Délky
vyslednych vektord (r) poskytuji méfitko stupné shlukovani v rozdé€leni vyslednych vektord. PieruSované
Cervené Cary reprezentuji 95% interval spolehlivosti a vnitini kruhy oznacuji 1% hladinu vyznamnosti

Rayleighova testu (Cerveny et al., 2016).

Vliv magnetického pole Zemé je zkouman i u ¢lovéka. Pritomnost biogenniho
magnetitu byla potvrzena v tkanich lidského téla (Kirschvink et al., 1992b). U lidi byl
nalezen kryptochrom, coz potvrzuje domnénku o schopnosti magnetorecepce zavislé na
svétle (Foley et al., 2011). S lidmi byl proveden pokus, pti kterém méli zavazané oci a
byli schopni se orientovat dle magnetického pole. Po umisténi magnetu na hlavu byli
jedinci dezorientovani (Baker 1980). Tyto zavéry se netispésné pokouseli ovéfit Gould et
Able (1981), Fildes et al. (1984) a Westby et Pertridge (1986). Prozatim nebyl podan

zadny presvédcivy dikkaz o schopnosti lidi vnimat magnetické pole (Foley et al., 2011).
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3.7 RusSivé elementy magnetorecepce

3.7.1 Radiofrekven¢ni pole
Posledni vyzkumy dokazuji, Ze zivoCichové jsou velmi citlivi na slaba

radiofrekvencéni pole. Podnétnd prace vznikla pfi studiu vlivu elektrosmogu na
magnetorecepci ptaki, kdyz se védecky tym danského biologa Henrika Mouritzena snazil
zopakovat jiz nekolikrat provedeny experiment s Cervenkami. Teprve az po odstinéni
vyzkumné laboratofe od elektromagnetického zafeni pomoci hlinikového plechu a
uzemnéni, orientacni chovani ¢ervenek se opét projevilo. Védci zjistili, ze ptaky nejvice
rusi frekvence vin viaddu kHz - MHz. To odpovidad stfednim radiovym vlndm a
elektromagnetickému poli, které produkuji bézné elektrické spottebice (Engels et al.,
2014). Jedna se o magnetické pole, které je mnohem slabsi, nez je geomagnetické pole
Zemé. Informace magnetického pole ale nejsou to jediné na co ptaci spoléhaji.
V piipadech kdy je geomagnetické pole naruseno napt. magnetickymi boufemi, ptaci jsou
schopni svlij kompas vypnout a spoléhaji pravdépodobné na ostatni smysly. Na zaklade
téchto experimentli se projevuje prvni zndmy vliv radiofrekvencniho pole, na ktery jsou
zivoCichové schopni reagovat. Otdzkou vSak zistavd, zda naruSeni magnetorecepce
zpusobuje zivo¢ichim i jiné komplikace, nez jsou v souvislosti S orientaci v prostoru.

V nékolika studiich zposlednich let bylo experimentaln€¢ prokazano, Ze
radiofrekvenéni pole vrozsahu MHz ru§i magnetickou orientaci zalozenou na
mechanismu radikalovych pard. Tento efekt byl testovan v pokusech kromé Cervenky
obecné také s kurem bankivskym (Wiltschko et al., 2014a), pénici slavikovou (Kavokin et
al., 2014) a zebtickou pestrou (Keary et al., 2009).

Pro vliv slabého radiofrekvencniho pole existuje hypotéza, ze intenferuje
S pfirozenymi oscilacemi mezi spinovymi stavy radikali a mtize ovlivnit pfeménu mezi
singletovymi a tripletovymi stavy. Experimentalni testy s Cervenkami, které byly
vystaveny pre-expozici vysokofrekvencniho pole (1.3 MHz) ukazji jasnou orientaci
V migracnim sméru. Tento experiment jasn€ dokazuje, ze radiofrekvencni pole ma vliv po
dobu jeho putisobeni, bez trvalého poskozeni recepéniho mechanismu (Wiltschko et al.,
2014a). Vysledky Wiltschkovy védecké skupiny ukazuji, ze prahova intenzita, pii které se
objevuji rusivé ucinky radiofrekvenéniho pole je zavisla na na frekvenci a nejnizsi G€inna
hodnota byla nalezena v blizkosti Lamorovy frekvence. To napovida o rezonancnich
mechanismech odpovidajicich predikcim vztahujicim se velmi selektivné pouze na

mechanismus radikalovych part.
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Na druhé¢ stran¢, jiné experimenty s migrujicimi ptaky prokazaly, ze i v pfitomnosti
Sirokospektrého elektromagnetického smogu nejsou ptaci schopni pouzivat sviij
magneticky kompas. Zda se tedy, ze ruSivy vliv radiofrekven¢niho pole neni omezen
pouze na uzké frekvencni pasmo (Engels et al., 2014).

Radiofrekvencni pole vede k rusivému ucinku pouze v ptipad¢, kdyz je aplikovéano
vur€itém uhlu k magnetickému vektoru. Je-li aplikovano paralelné s magnetickym
vektorem, nemd zadny uclinek a ptaci vykazuji smérovani v oekavaném migra¢nim
sméru, stejn¢ jako kontrolni skupiny testovanych ptakd. Toto zjisténi je v souladu s teorii
o radikalovych parech postradajicich velmi jemné interakce (Ritz, 2011). Radiofrekvencni

pole tedy pusobi velice specificky a s rozdilnymi efekty (Thalau et al., 2005).

3.7.2 Vedeni vysokého napéti
Schopnost magnetorecepce muze byt naruSena pusobenim extrémné nizkych

frekvenci geomagnetickych poli napt. vedenim vysokého napéti. Z analyzy dat vyplynulo,
7ze ve vzdalenosti do 150 m od dratd vysokého napéti dobytek nevykazoval zadnou
smérovou preferenci a byl zcela ndhodné rozmistén. S rostoucim odstupem od vedeni
vysokého napéti vliv nizkych frekvenci klesd. Po prekonani urc¢ité vzdalenosti se zvirata
opét spontanné nataceji ve sméru severojizni osy (Burda et al., 2009; Begall et al., 2013).
Zdravotni u¢inky magnetickych poli s extrémné nizkou frekvenci (50 - 60 Hz) byly
Siroce zkoumany. Napf. ve studii Kolbabova et al. (2015) byl pifi pokusech s mladymi
telaty v magnetickém poli o frekvenci 50 Hz zjistén vliv na tvorbu melatoninu. Vysledky
tak naznacuji, Ze expozice takovému prostiedi miiZe narusit cirkadianni rytmy a sniZzit

produkci melatoninu v krvi a tim podpofit rakovinogenezi.

3.7.3 Monochromatické osvétleni o vyssi intenzité
Pfi osvétleni o nizké intenzité (6 - 8 x 10™ fotont/s/m?) ptaci vykazuji prakticky

normalni smérovou preferenci severo-severo-vychodnim smérem (pii vilnovych délkach
424 - 565 nm). Jestlize se testovanym ptakim zvysi intenzita monochromatického
osvétleni (26 - 51 x 10" fotonii/s/m>2), projevuji se pak Gplné jingym typem chovéani. Pfi
vlnovych délkach 424 a 565 nm vykazuji ptaci bimodalni charakter orientace (vychodo-
zapadni), pti 510 nm severo-severo-zapadni orientaci a pii 590 nm nevykazovali opét
zadnou vyznamnou orientaci. Pfi nékterych experimentech s vyssi intenzitou osvétleni
testovani ptaci zareagovali dezorientaci (Wiltschko et Wiltschko, 2005; Wiltschko et al.,
2007a).
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3.7.4 UV osvétleni o vyssi intenzité
Pii nizké intenzit¢ UV osvétleni vykazuji ptaci normalni migracni orientaci. Pii

zvyseni intenzity je tato orientace pozménéna a ptaci se orientuji spiSe vychodo-zapadnim

smérem (Wiltschko et al., 2007a).

3.7.5 Preexpozice dlouhovinnému svétlu a tmé
Dalsi zmény orienta¢niho chovani byly pozorovany pii Cerveném osvétleni, které

v§ak lezi mimo absorbéni oblast zakladniho stavu flavin adenin dinukleotidu. Cervenky
byly vystaveny cCervenému svétlu po dobu 60 minut pred experimentdlnim testem.
Preexpozice vede k orientaci v jejich normalnim sezénnim migra¢nim sméru. Tento typ
chovani vSak podle autorli neni normélni kompasovou orientaci. Je také pozorovan po
preexpozici ve tmé, ale neni pozorovan po vystaveni zlutému svétlu. Orientace
pozorovand pifi monochromatickém Zzlutém a Cerveném osvétleni po preexpozici témto
vlnovym délkdm nevykazuje zddné zmény mezi sezonnim orientaénim chovanim na jate a
na podzim. Inverze vertikalni slozky nevedla k néjaké vyznamné zméné v behavioralnim
projevu. Vystaveni oscilacnimu poli nemé¢lo Zzadny vliv, zatimco anestézie receptori
Vv horni ¢asti zobaku zpusobila dezorientaci. Tento typ orientacniho chovéani vykazuje
podobnost s tvz. ,,fixed-direction’’, tedy orientaci pozorovanou v extrémnich svételnych
podminkach. Autofi dospéli kzavéru, ze je pravdépodobné zprostiedkovava
magnetitovymi Casticemi V horni ¢asti zobakil spiSe, nez reakcemi radikalovych para

(Wiltschko et al., 2004; Wiltschko et Wiltschko, 2005; Wiltschko et al., 2010Db).

3.7.6 Vystaveni oscilujicimu magnetickému poli
Orientace v kratkych vinovych délkach svétla piestava fungovat tehdy, jsou-li ptaci

vystaveni oscilujicimu magnetickému poli v rozsahu MHz. Toto pole by mélo narusovat
mechanismus radikalovych pard - viz. kapitola 3.7.1. Pii testech s dlouhymi vInovymi
délkami svétla pfi vystaveni oscilaénimu radiofrekvenénimu poli k zddnym zménadm
v chovani nedoslo, ale bylo pozorovano po lokalni anestézii horni ¢asti zobaku (Wiltschko
et al., 2004). Tato data naznacuji, Ze pifi osvétleni kratkymi vlnovymi délkami je funcni
mechanismus magnetorecepce zaloZzeny na tvorbé radikdlovych par, zatimco za
podminek absence kratkych vinovych délek piepird funkci zcela jiny typ mechanismu
(pravdépodobné magnetitovy). Zatim nebylo podrobné vysvétleno dezorienta¢ni chovani
ptakt v nékterych svételnych podminkéch, ale zfejmé by se mohlo jednat o interferenci
mezi pusobenim dvou zcela rodilnych mechanismii magnetorecepce (Wiltschko et

Wiltschko, 2010a)
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4. Metodika

Pro prace majici rtizny cil a sledujici rtizné druhy ptaka s rozdilnymi zivotnimi
naroky a pfi odlisSnych behavioralnich projevech, je obtizné¢ formulovat univerzalni
metodiku. Proto jsou konkrétni metodiky uvedeny v kazdém clanku ve vysledkové Casti
piedlozené prace a jsou svym zpiusobem originalni. Je vSak nékolik spolecnych bodd,
které kazda metodika musi spliiovat. Podkapitoly 4.1. - 4.3. vysvétluji vyznam spravného

vybéru lokalit, ziskani a zpracovani dat a jejich nasledné vyhodnoceni.

4.1 Vybér lokalit monitoringu
V ptipadé laboratornich experimentii je vybér stanovisté casto komplikovany.

Pokusna aréna nebo bludist¢ musi byt totiz v misté, kde nepisobi radiofrekvencni a
elektromagnetické disturbance. To pfedstavuje ve méstech a zelezobetonovych budovach
svodni a elektrickou instalaci a mnoha elektrickymi a elektronickymi pfistroji v okoli
mnohdy zna¢ny problém. Laboratot nebo pokusnd mistnost musi byt navic odstinéna i od
dalsich vlivii jako napf. svételny Ci tepelny gradient a zdroj hluku, které by mohly
monitorovanym zivo€ichiim poskytovat smérové informace a mit tak negativni vliv na
vysledky vyzkumu. Experimentdlni pokusy se pak provadéji v elektromagnetickych
civkach (napt. Hemholtzova ¢i Merritova) a arénach, které musi byt postaveny
Z nemagnetického materiélu.

V ptipadé monitorovani volné zijicich zivocichu v pfirodé¢ musime rovnéz brat v
uvahu faktory, které magnetické pole resp. magnetorecepci mohou naruSovat (napf.
elektromagneticky smog, radiové frekvence, pfitomnost elektrick¢ého vedeni, elektrickych
ohradniki a wvysilacl, Zeleznych materidli a konstrukei, letadel, automobilt, vliv
antropogenni ¢innosti atd.) nebo piekryvat (vitr, dést, teplota, slunecni zateni, svahovity
terén, motivace, pritomnost jinych zvitrat atd.). VSechny takové parametry je zapotiebi
sledovat, méfit a protokolovat. Samoziejmosti je i protokolace soufadnic lokality,
habitatu, pozorovatele, data a ¢asu pozorovani pro piipadné dohledani meteorologickych
dat a zejména udajii o magnetickém pocasi, jeZ jsou poskytovany geomagnetickymi

observatofemi a na internetu jsou vefejné piistupné.
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4.2 Ziskani dat

Data byla ziskdvana nékolika zplsoby. Nejjednodussi byl odeCet smérit os tél
zivoCichi pfimo v terénu. Data se zaznamenavala do terénniho zépisniku a néasledné byla
prepsana do tabulek programu Microsoft Excel. Tyto zaznamy ale mohou byt zatizeny
chybou méfice. Chyba v odectu dat z kompasu vSak muize byt max. do 10°, coz nehraje
zéasadni roli pro nasledné vyhodnoceni.

Problémem pfii pozorovani volné Zzijicich zivoc€ichii v piirod¢ je, Ze Casto nezndme
motivaci monitorované¢ho jedince, a ze zde pusobi celd fada nekontrolovatelnych
endogennich a exogennich podminek, kter¢é mohou pozi¢ni orientaci Zivocicha ovlivnit a
pfipadny magneticky alignment maskovat. Reenim je studium velkého vzorku
monitorovanych jedincti. Vychazime z toho, Ze motivacni a environmentalni faktory jsou
V Case a prostoru stochasticky rozlozeny. To znamend, Ze piisobi ndhodné vSemi sméry a
tvoti tak pouze Sum, ktery lze statisticky odbourat, zatimco ptiisobeni magnetického pole
je v Case a prostoru stejné a jeho vliv se tak ve velkém vzorku s¢ita. Dal$im problémem je,
7e je potieba monitorovat co nejvice jedinct na rtiznych mistech a v riizném case, aby se
vyloucily pseudoreplikace.

Problémem muze byt i mozna zaujatost pozorovatele, resp. ze vidi to, co ocekava.
Tato chyba zifejmé néni zdaleka tak podstatna, zvlasté v ptipad¢ zdznamu a zpracovani
velkého mnozstvi dat, pfesto v zajmu objektivizace je tieba ji uvazovat. Vyloucit ji Ize
napf. slepym vyhodnocovanim alignmentu, kdy se vyhodnocuji fotografické nebo video

z4dznamy a hodnotitel nevi, kde je magneticky sever.

4.3 Vyhodnoceni dat

K vyhodnoceni ziskanych dat byl nejCastéji pouzivan program pro kruhovou
statistiku Oriana 4 (Kovach Computing). Statistické vysledky byvaji ilustrovany
v grafech rtizného typu, nejcastéji v kruhovych diagramech se zobrazenymi body na vnéjsi
kruznici, které znazorfiuji jednotlivce nebo skupiny jedincl, nasmérované v namétenych
smérech. Sipka vychazejici ze stfedu diagramu, znizorfiuje smér a délku primérmého
vektoru. Vnitini kruh odpovida 1% nebo 5% hladiné vyznamnosti (p) Rayleighova testu, a
pokud stfedova Sipka piekroci hranici tohoto vnitiniho kruhu, je vysledek na dané hladiné
statisticky signifikantni.

Jestlize data maji unimodalni charakter, pouZiva se angularni vyhodnoceni, které

znazorni pirevladajici smér piedniho konce téla (tzv. ,,heading’’) zméfenych jedinct.

48



V piipad¢ bimodalni povahy dat, se pouzije axidlni, které zobrazuje ptevladajici osu téla

(bez ohledu na heading) zméfenych jedinct (obr. 14). Quadrimodalni charakter nebyl ve

studiich, jez jsou pfedmétem této dizertacni prace, zjiSténa.

Angular Axial

270

90 270

90

180 180

Obr. 14: Ukazka kruhovych diagrami (vlevo angularni vyhodnoceni, vpravo axialni vyhodnoceni)

ziskanych dat.
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5. Vysledky

5.1 Preference pristani ve sméru kompasu u vodnich ptaki

Pristavani je nejnaroCnéjsi cast letu. Ptaci musi vizualn€ kontrolovat rychlost,
vzdalenost k cili a sklon sestupu. Navic pokud leti v hejnech musi své pfistani koordinovat
tak, aby nedoslo ke kolizi. Spolehlivym ukazatelem sméru pristani je vitr. Z hlediska
acrodynamiky ptaci pristavaji zpravidla proti vétru. Otazkou je, dle ¢eho ptaci orientuji
piistani za bezvétii. Celkem bylo provedeno 3 338 méieni 14 druhi ptakt na 30 rtznych
lokalitach v osmi zemich.

Bylo zjisténo, ze preferovany smér pfistani, nezavisle na sméru odkud ptaci
priletéli, je podél magnetické severojizni osy. Byl analyzovéan vliv ro¢niho obdobi, denni
doba (a tim i poloha slunce), stav pocasi (slune¢no vs zatazeno), mirny vanek, lokalita,
zemépisna $itka a magneticka deklinace u 2 431 divokych kachen (Anas platyrhynchos) a
nebyl prokdzan zadny systematicky tc€inek téchto faktori na preferovany smér pfistani.
Bylo objeveno, ze magneticky sever byl lepsi indikator sméru pro ptistani nez zemépisny

sever (viz. priloha ¢. 1).

HART, V.; MALKEMPER, E. P.; KUSTA, T.; BEGALL, S.; NOVAKOVA, P.; HANZAL, V_;
PLESKAC, L.; JEZEK, M.; POLICHT, R.; HUSINEC, V.; CERVENY, J.; BURDA, H.
Directional Compass Preference for Landing in Water Birds. Frontiers in Zoology. 2013a. ro¢. 10.
. 1.s.38.
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5.2 Podporuje smérovy indikator a magneticky kompas plamenaky pri
sledovani slunce ?

Zvitata prizpusobuji osu svého téla vzhledem k riznym podnétim (napf. pozici
slunce, sméru vétru, magnetickému poli) a signdlu (informujiciho o zdroji zdjmu)
v ruznych souvislostech chovani. Existence magnetického alignmentu naznacuje
schopnost rozpoznat takové podnéty nebo signaly a jeho studie mulze osvétlit
mechanismus jeho vnimani. Globalni podnéty (poloha slunce, magnetické pole) mizou
poskytnout smérovy odkaz (indikator) pro organizaci kongitivni mapy nebo koordinované
vzlety. Existence spole¢ného smérového ukazatele mize byt dalezitd zejména u ptaka
zijicich ve velkych koloniich, které brani manévrovatelnosti. Celkem bylo zaznamenano
34 322 jedinct 4 druhl plamendkt na 18 lokalitich v osmi zemich. Méfeni probihalo
Vv zoologickych zahradach a ve volné ptirod¢ v riznych ro€nich obdobich a dennich
dobach. Pfedmétem monitoringu bylo zarovnani osy téla plamenakd.

Plamenaci v Evropé vykazovali vyraznou preferenci zarovnavani jiznim smérem pfi
vSech zaznamenanych stacionarnich aktivitdch (péce, odpocinek, stani), zatimco jedinci
z Keni smétovali k severu. Naopak rozlozeni télnich zarovnani pii lokomocnich aktivitach
(chtize, brodéni, krmeni) bylo ndhodné. Béhem zatazeného pocasi, obzvlast' v rannich
hodinach, byl magneticky jih nebo sever lep$im indikatorem sméru nez slunce (Viz.

pfiloha ¢. 2).

NOVAKOVA, P.; KORANOVA, D.; BEGALL, S.; MALKEMPER, E. P.; PLESKAC, L.;
CAPEK, F.; CERVENY, J.: HART, V.; HARTOVA, V.: HUSINEC, V.: BURDA, H. Direction
indicator and magnetic compass-aided tracking of the sun by flamingos? Folia Zoologica (in

press).
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5.3 Prostorova orientace krkavcovitych pri hledani potravy je v souladu
se spontannimi reakcemi magnetického alignmentu zpozorovaného u
riznych volné Zijicich obratlovci

Spontanni magnetické usporadani, ve kterém zivocich nebo skupina zvirat sladi
svou osu téla v pevné stanovenou orientaci vzhledem k geomagnetickému poli, bylo
pozorovano u ruznych obratlovei. Ackoliv podle vSeho je prostorové chovani
vSudypfitomné, adaptivni vyznam a senzorické mechanismy spontanniho magnetického
uspofadani ziistavaji nejasné. Zde je uveden dalsi piiklad spontanni magnetické orientace
pti hledani potravy u krkavcovitych (Corvidae), dobfe znamého a geograficky rozsifeného
taxonu. Celkem bylo zmonitorovano 2 362 ptakt 5 druhi krkavcovitych na 15 rtznych
lokalitach ve tfech zemich.

V souladu s pfedchozimi studiemi magnetické orientace vykazuji krkavcoviti
axialni vyrovnani odpovidajici magnetické ose sever-jih. Kdyz byla data analyzovana
s ohledem na pozici slunecniho azimutu, bylo zjisténo mnohem slabsi shlukovani nez
prumérnd stfedni hodnota, coz naznacuje, Ze magnetické pole je siln¢jSim indikatorem

sméru v porovnani s nebeskymi impulsy (viz. ptiloha €. 3).

PLESKAC, L.; HART, V.; NOVAKOVA, P.; PAINTER, M. Spatial orientation of foraging
Corvids is consistent with spontaneous magnetic alignment responses observed in a variety of

free-roaming vertebrates. Folia Zoologica (in press).
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6. Diskuze

Skupinové zijici zivoCichové musi vyuzivat impulsy nebo signaly nesouci stejnou
smérovou orientaci (tzv. ,,direction indicator’’), aby synchronizovali sviij pohyb,
nenarazeli do sebe nebo si vzajemné nektizili trajektorii pohybu, udrzovali soudrznost
skupiny atd.

U vodniho ptactva bylo zjisténo, ze pti dosedu na vodni hladinu vzrista ptesnost
alignmentu v severojizni ose s rostouci velikosti skupiny. V dané praci byly diskutovany i
alternativy ¢i komplementdrni vysvétleni této zavislosti s moznosti ptesnéjSiho sméru
métfeni dosedu vice jedincl neZ je tomu v piipad€ jednordzového méteni jednotlivce.
Takovato metodickd chyba by mohla vysvétlit vétsi ¢i mensi rozptyl (smérodatnou
odchylku a délku primérného vektoru) méfeni (Cili skuteény nalez), neméla by vsak vést
k systematickému uhlovému posunu vysledného vektoru. U praci, které se zabyvaji
orientaci zivo¢ichll ve volném prostoru, je velmi dilezité, aby byl vyloucen vliv vétru,
poloha slunce, teréni svahovitost atd. (viz. vys$e). V naSich vyzkumech jsme si téchto
faktori védomi. Zasadné se neprovadi monitorovani zivocichii na svahu, v blizkosti
komunikaci, automobiltl, elektrického vedeni (pokud to ovSem charakter vyzkumu pfimo
nevyzaduje). Rovnéz se neméfi jedinci, ktefi zjistili nasi ptitomnost. Protokoluje se druh
aktivity zivocCichli, lokalita, biotop, datum, ¢as a stav pocasi (slunecno, polojasno,
oblacno, zatazeno, deStivo atd.). Monitoring se provadi za bezvétii az slabého vétru
(stupent 3 Beaufortovy stupnice). V piipadé¢ méteni za siln€jSiho vétru se zaznamenava i
smér a sila vétru pomoci anemometru. V1iv polohy slunce byl testovan nepiimo tim, ze
byl zvlast analyzovan alignment zivocichli za riznych podminek pocasi, v riznych
meésicich a predev§im v riizné denni dobé€. VIiv sméru a sily vétru byl analyzovan, pokud
tyto parametry byly méfeny (viz. vyse). Jinak se vychazelo z toho, Ze bylo bezvétii anebo
mirny vanek az slaby vitr, jehoz smér se ale v prostoru a Case stochasticky méni a pokud
by se zvifata jeho smérem fidila, zvétSoval by tento faktor pouze Sum a tim i rozptyl
zaznamu (ve statistické analyze by zkracoval délku vektoru), ale systematicky by se
nescital a primérny smér vektoru neposouval.

Slune¢ni (solarni) kompas ¢i kalibrace magnetického kompasu sluncem jsou
prokazany napt. u vcel (viz. napi. Dovey et al., 2013), ptakt (viz. napf. Schmidt-Koenig,
1990; Budzynski et al., 2000) dokonce i u netopyri (Holland et al., 2010). Solarni kompas
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magneticky kompas, a navic jeho pouziti je omezeno pocasim, denni dobou a biotopem.
Lze tedy usoudit, ze vyuziti magnetického pole je vhodnéjsi a jednodussi feSeni pro
stereotypni pfistavani, inikové reakce ¢i obecné pro synchronizaci a koordinaci pohybu
skupin v kazdodennim Zivoté zvifat. V prospéch magnetického kompasu, vyuzivaného pro
dosedani kachen na vodni hladinu, jak popisuje prace Hart et al., (2013a), jsou navic dvé
dalsi zjisténi.

Preference smérového pristavani se nezménila v prubéhu dne, ani v priabéhu roku,
ani nebyla rozdilna napt. mezi Finskem a Itélii, kde je relativni pozice slunce odlisna. Pii
zamraCeném a mlhavém pocasi se ptaci pii dosedech orientovali stale velmi pfesné a
dokonce byl naméfen o néco nizsi rozptyl ve smérech dosedajicich ptakli na vodni
hladinu. Je tfeba také zdiraznit, Ze ptipadné zjisténi, ze pozicni orientace Zivocichil byla
ovlivnéna sluncem, vétrem, terénni svahovitosti atd. vice nez magnetickym polem nijak
nefalzifikuje hypotézu magnetického alignmentu. Z definice jakéhokoli (a tedy i
magnetického) alignmentu totiz vyplyva, ze dany alignment se projevi az tehdy, kdyz neni
ptislusny vliv maskovan jinymi, pro daného zivoc¢icha v daném behavioralnim kontextu,
bylo zajimavé v dal$im vyzkumu také analyzovat tyto dal$i mozné faktory a zjistit jejich
prahové hodnoty, napt. od jaké sily vétru, od jakého sklonu svahu atd. za¢ne byt tento
faktor nadfazen magnetickému alignmentu.

Zatimco preference pro pfistani vodniho ptactva podél severojizni zemské osy je
nespornd, skuteCnou vyzvou je vysvétlit biologicky vyznam této orientace, ktery je ale
dosud stale v rovin€ hypotéz. Jisté ale je, Ze magnetorecepce u kachen byla prokazany jiz
autory Freire et al. (2012), tedy neni pochyb, Ze kachny umi vnimat a vyuZzivat magnetické
pole Zemé. Zajimavé je potvrzeni existence spoleéného preferovaného sméru, ktery byl jiz
diive u ptakl (a mezi nimi zvlasté u kachen) popsan, a ktery pfitom nesouvisi se smérem
tahu.

Autofti téchto pozorovani, Matthews (1961) a Thake (1981), mluvi o tzv. nesmyslné
orientaci (nonsense orientation). Thake (1981) spekuluje, Ze tento upfednostiiovany
spole¢ny smér muze usnadnit tvorbu hejna v unikovém kontextu. Vysledky prace Hart et
al. (2013a) ukazuji, ze existence jednoho referencniho sméru a jeho dodrzovani, nemusi
byt vyhodou jen pii vzletu ¢i jiném spolecném tUniku, ale 1 pfi dosedani, kde miize

vvvvvv

byt (na zékladé parsimonie) preferovano, nelze ignorovat ani dalsi hypotézy, které nejsou
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ale nutn¢ alternativni a vysvétluji také diillezitost magnetického alignmentu pii pristavani.
Jde o hypotézu magnetického dalkoméru a magnetického inklinoméru, které jsou
inspirovany teoretickym uvazovanim Johna Phillipse (zejména Phillips et al., 2010) a byly
vysvétleny v pracech Cerveny et al. (2011) a Hart et al. (2013a).

Nabizi se alternativa, ze sitnice oka v magnetorecepci slouzi jako sklonomér pro
odhad a kontrolu thlu sestupu (Ritz et al., 2000). Zmény ve vertikalni roviné mohou byt
vizualné kontrolovany pomoci tthlu mezi Spickou zobdku a horizontem. Nicméné, protoze
tyto dva body lezi ve dvou rtiznych rovinach ostrosti, nemohou byt zaméteny soucasné a
jejich porovnani neni pro ptaka optimalni. Pokud, jak pfedpoklada hypotéza, ptaci vnimaji
magnetické pole jako vzor vizualni modulace, mohou zjistit magneticky vzrusenou oblast
sitnice korespondujici s optimalnim thlem sestupu za piedpokladu, ze hlava si udrzuje
konstatni thel k horizontu (ktery muze byt realizovan umisténim obrazu horizontu
Vv oblasti nejvyssi ostrosti vidéni). V souladu stim by ptak musel ziskat specificky a
konstantni vztah téchto dvou vzrusenych oblasti na sitnici s cilem zajistit optimalni
pristani. Vyuziti takového ,,sitnicového magnetického inklinometru’” by vysvétlovalo,
pro€ ptaci béhem pfiistavani udrzuji hlavu pomérné rovné (Green et al., 1992).

Na zéklad¢€ vysledkli vyzkumu plamendkl je zde navrh, Ze magneticky alignment
kalibrovany solarnim alignmentem nebo solarni alignment kompenzovan a korigovan
magnetickym alignmentem v zataZenych podminkach pocasi a za bezvétii by mohl slouzit
jako smérovy indikator. Toto pozi¢ni chovani by mohl byt projev pfipravenosti
plamenaka vzlétnout v daném sméru v piipadé nahlého vyruSeni hejna. V tomto ptipadé
by se tedy jednalo o tzv. ,,nesmyslnou orientaci’’ Cili o silnou tendenci létat jednim
smérem, ktera nesouvisi s jakoukoli navadéci schopnosti (Matthews, 1961). Thake (1981)
popsal tento jev v kontextu unikového chovani a tvrdi, Zze ptaci, kteti preferuji orientaci
jsou dostatecné& podobni ptakiim kolem nich, aby umoznili hejnu stat ve vyhodé nad ptaky,
jejichz preferovani sméru je obtizné. Nutno poznamenat, Ze hypotéza o indikatoru sméru
,nesmyslné orientace’> se nesnazi konkurovat skomplexnimi modely vysvétlujici
koordinované synchronizované pohyby a zmény sméru v rojich hmyzu a hejnech ryb nebo
ptakt napt. (Couzin et al., 2005; Buhl et al., 2006; Katz et al., 2011). Smérovy ukazatel
plati v situacich, kdy je manévrovatelnost omezena (napft. u vétsich a téz§ich ptak béhem
vzletu nebo pfistani) nebo pii zrakové kontrole (,,co délad mij soused’’) je n&jaka prekazka
(napf. pfi soucasném vzletu z pozic ukrytych v hustém porostu). Je zde predpoklad, ze
existuje hierarchie impulst, které slouzi jako smeérové indikatory také v souvislosti

S hierarchii efektivnosti smysli, které je registruji a nasledné zpracovavaji. Z hlediska
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aerodynamickych diavodi je nejucinnéjsi indikator sméru pro vzlet a ptistani smér vétru.
Neni-li vitr k dispozici, slunce muze jednozna¢né poslouzit jako smérovy ukazatel.
Magnetorecepce je pravdépodobné smysl, ktery ma niz$i hodnost v hierarchii smysla a je
aktivni pouze v piipadech, kdy vnimani dalSich dominantnéjSich smyslti neni mozné.
Pokud magnetorecepce byla zalozena na mechanismu radikélovych part a zorné pole bylo
modifikovano pomoci magnetického pole zprostfedkovanim vzoru v sitnici oka (Solovyov
et al., 2010), nabizi se spekulace, Ze za slune¢ného pocasi slunecni svétlo mize maskovat
nebo zatemnit takovy vzor. Bylo by jisté zajimavé studovat télesnou orientaci spicich
plamenakii v noci béhem zatazené oblohy a za narusenych magnetickych poli, at’ uz kvtli
geomagnetickym boufim (Hart et al., 2010b) nebo vlivu elektromagnetického smogu
(Engels et al., 2014).

Axidlni usporddani krkavcovitych béhem piijmu potravy podél magnetické
severojizni osy je v souladu s pifedchozimi studiemi. Prekvapivé nebyla nalezena zadna
interakce mezi magnetickym uspotfadanim ptakt a velikosti hejna nebo mezi denni dobou
a orientaci vhledem k pozici slune¢niho azimutu, jak by se ocekavalo. Tyto udaje
poskytuji prvni piiklad spontdnni magnetické orientace u krkavcovitych a vzhledem
k jejich vSudyptitomnému geografickému rozlozeni polu s jejich pozoruhodnou
inteligenci (Emery et al., 2004) by mohli hrat vyznamnou roli pii charakterizaci
senzorickych mechanismi a funkéniho vyznamu.

Zatimco adaptivni vyznam spontanni magnetické orientace nebyl doposud
identifikovan, bylo navrzeno n¢kolik teorii. Jak navrhuje Phillips et al., (2010) magnetické
pole, vSudypfitomné a globalni signaly mtzou poskytovat koordina¢ni ramec, ktery
pomiize zjednodusit slozité komplexni neurdlni zpracovani spocivajici v prostorovém
poznavani ¢i orientaci, nebo by mohl poskytnout stabilni odkaz, se kterym budou
zakotveny integracni systémy, které jsou nachylné na akumulaci chyb, a proto se stavaji
nespolehlivé pii dalkové navigaci bez pevného odkazu na ,kompas’’(Cheung et al.,
2008). Spontanni magneticka orientace byla také navrzena pro koordinaci pohybu
eusocialnich zivocichl Zijicich ve skupindch nebo hejnech pfi pfistani ptdkd na vodni
hladinu nebo pfi unikovém chovani voln¢ zijici lesni zvete (Hart et al., 2013a; Obleser et
al., 2016). Autofi téchto studii narhuji, ze magnetické pole poskytuje referencni ramec,
pomoci néhoz 1ze odhadnout trajektori letu béhem pfistani na vodni hladinu a podporovat
soudrznost stad pii necekanych unikovych odezvach, pfi nichz mize dochéazet ke

koordinaci chovani skupiny, kde se zvySuje pravdépodobnost individualniho pfeziti.
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U pfijmu nebo hledani potravy krkavcovitymi je jednou z moznosti, jak bylo
popsano ve studii Phillips et al., (2010) je, ze ,,magneticky soufadny ramec’’ muze ptispét
k organizaci prostorového chovani tim, ze umisti sousedni mista biotopu do registru a
poskytne tak zdklady pro kongitivni mapy. Podobné¢ jako funk¢éni vyznam navrhovany pro
spontanni magnetickou orientaci pozorovany u pasoucich se kopytnikii (Begall et al.,
2008), magnetické uspotradani béhem piijmu potravy u krkavcovitych mize poskytnout
referenéni ramec pro efektivitu orientace a ucinnost krmeni ve velkych polich
homogenizovaného ptirozeného prostiedi bez vymezujicich prostorovych vlastnosti nebo
mize pomoci kodovat relativni umisténi krmnich policek v registru.

Soucasna studie dopliiuje rostouci seznam volné zijicich zZivoc€ichi, u kterych je
prokazana spontanni magnetickd orientace, nicméné je ziejmé, Zze budou potieba dalsi
studie Kk identifikaci funk¢éniho vyznamu a senzorickych mechanismt zprostfedkujicich
spontanni magnetickou orientaci. Krkavcoviti, Siroce roz§ifeny a pozoruhodné¢ inteligentni
ptaci taxon, by mohl hrat klicovou roli pfi poskytnuti ndhledu do adaptivniho vyznamu,
ktery je zdkladem magnetické orientace. Naptiklad experimenty V terénu nebo
laboratornich podminkach by mohly byt navrZeny tak, aby testovaly, zda magnetické
impulsy zvySuji efektivitu pfijmu potravy nebo krmeni. Vzhledem k jejich inteligenci
muzou byt vhodni pro studium magnetorecepce zahrnujici vycvikoveé paradigmy (naucené
magnetické reakce), které by mohly byt pouzity pro dals§i charakterizaci biofyzikéalnich

mechanismd, jenz jsou zékladem magnetického vnimani.
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7. Zavér

Ptedlozena dizertacni prace se zabyva studiem vliv magnetického pole Zemé na
ruzné druhy zivoCichl, zejména pak ptakti a piedstavuje nové poznatky o smyslové
ekologii vybranych druhii obratlovcti. Tyto poznatky lze vyhledové pouzit pro zlepSeni
managementu zvéie a divokych zviat. Je nesporné, ze pro efektivni fizeni populaci volné
zijicich Zivocicht a pro ziskani kompletniho a komplexniho obrazu o jejich pohybu a
ekologii, musime mit detailni znalosti jejich biologie, v¢etné jejich smyslovych
schopnosti. Vyuziti nasSich poznatk v lesnické zoologii a myslivosti je zatim, jako u
kazdého teprve se rozvijejiciho zakladniho vyzkumu, spekulativni. Lze si vSak naptiklad
predstavit cilené vyvésovani ptacich budek pro urcité druhy ptakd na urcitych druzich
stromll v konkrétnich smérech, planovéani a vystavba ptacich voliér, farem, bazantnic atd.
S ur¢itou geometrii a v ur¢itém smeéru.

S rostouci infrastrukturou se zvySuje i mortalita zivo¢ichtl, zejména pak lesni zvére.
Té by se dalo zabranit nebo se ji snazit maximaln¢ eliminovat napf. planovanim a
vystavbou zelenych mostl (pfechodl pro zvér pres délnice) prednostné v severojizni ose,
¢ili v usecich, kde je dalnice zkonstruovana ve smétu vychod-zapad. Stejna mySlenka by
se dala prakticky vyuzit u podchodi silni¢nich komunikaci pro mensi chranéné nebo
ohroZzené obratlovce. Vysledky vyzkumu by se daly déale vyuzit napt. pro planovani a
vystavbu farem, staji, ohrad, krmelct, pro cilené budovani mysliveckych posedl v urcitém
sméru, nahanky konané ur¢itym smérem atd.

Cilem zékladniho vyzkumu ale nikdy neni a nema byt poskytnuti ndvodu na
praktické teSeni n¢jakého problému, proto také toto nebylo mym hlavnim zdmérem.
Aplikovany vyzkum hledd navody a inspiraci na feSeni problémi a zakizek praxe
V poznatcich zékladniho vyzkumu. Pevné vétim, ze ¢im vétsi zdsobu takovych poznatkil
budeme mit k dispozici, tim vice inspiraci v ni aplikovany vyzkum nalezne. Toto ukazuje
historie naSeho poznani ve vSech oblastech pfirodnich a Iékaiskych véd a d€jiny smyslové

ekologie obecné a vyzkumu magnetorecepce obzvlaste.

58



8. Pouzita literatura

ABLE, K. P. Magnetic orientation and magnetoreception in birds. Progress in Neurobiology.
1994. ro¢. 42. ¢. 4. s. 449-473.

ABRACADO, L.; ESQUIELD. M.; WAINBERG, E. Magnetic Material in Head, Thorax, and
Abdomen of Solenopsis Substituta Ants: a Ferromagnetic Resonance Study. Journal of Magnetic
Resonance. 2005. ro¢. 175. €. 2. s. 309-316.

ABRACADO, L.; ESQUIELD. M.; WAINBERG, E. Oriented Magnetic Material in Head and
Antennae of Solenopsis interrupta Ant. Journal of Magnetism and Magnetic Materials. 2008. ro¢.
320. €. 14. s. 204-206.

AHMAD, M.; CASHMORE A.R. Hy4 gene of A. thaliana encodes a protein with characteristics
of a blue-light photoreceptor. Nature. 1993. ¢. 366. s. 162-66.

ALVES, O. C.; WAINBERG, E.; OLIVEIRA, J. F.; ESQUIVEL, D. M. Magnetic Material
Arrangement in Oriented Termites: a Magnetic Resonance Study. Journal of Magnetic Resonance.
2004. roc. 168. C. 2. s. 246-251.

ASHMORE L. J.; SEHGAL A. A fly's eye view of circadian entrainment. J. Biol. Rhythms. 2003.
¢. 18.5.206-216.

AUGUST, P. V.; AYVAZIN, S. G.; ANDERSON, J. G. T. Magnetic Orientation in a Small
Mammal, Peromyscus leucopus. Journal of Mammalogy. 1989. ro¢. 70. ¢. 1. s. 1-9.

BAKER, R. R. Goal Orientation by Blindfolded Humans After Long Distance Displacement:
Possible Involvement of a Magnetic Sense. Science. 1980. ro¢. 210. ¢. 4469. s. 555-557.

BATSCHELET, E. Circulat Statistic in Biology. Academic Press. London. 1981. s. 372.

BAZALOVA, O.; KVICALOVA, M.; VALKOVA, T.; SLABY, P.; BARTOS, P.; NETUSIL, R.;
TOMANOVA, K.; BRAEUNIG, P.; LEE, H. J; SAUMAN, |; DAMULEWICZ, M.
PROVAZNIK, J.; POKORNY, R.; DOLEZEL, D.; VACHA, M. Cryptochrome 2 mediates
directional magnetoreception in corkroaches. Proc. Nat. Acas. Sci. USA. 2016. ro¢. 113. ¢. 6. s.
1660-1665.

BEAZLEY, M. Anatomie Zemé&. Albatros. Praha. 1995. s. 122.

BECKER, G. Einfluss des Magnetfelds auf das Richtungsverhalten von Goldfischen. Naturwiss.
1974. ¢. 61. s. 220-221.

BEGALL, S.; CERVENY, J.; NEEF, J.; VOJTECH, O.; BURDA, H. Magnetic alignment in
grazing and resting cattle and deer. Proceedings of the National Academy of Sciences. USA. 2008.
ro€. 105. €. 36. s. 13451-13455.

BEGALL, S.; BURDA, H.; CERVENY, J.; GERTER, O.; NEEF-WEISSE, J.; NEMEC, P.
Further Support for the Alignment of Cattle Along Magnetic Field Lines: Reply to Hert et al.
Journal of Comparative Physiology. 2011. ro¢. 197. ¢. 12. s. 1127-1133.

BEGALL, S.; MALKEMPER, E.P.; CERVENY, J.. NEMEC, P.; BURDA, H. Magnetic

alignment in mammals and other animals. Mammalian Biology - Zeitschrift fiir Sdugetierkunde.
2013. ro¢. 78. ¢. 1. s. 10-20.

59


http://www.sciencedirect.com/science/journal/16165047
http://www.sciencedirect.com/science/journal/16165047/78/1

BLAKEMORE, R. Magnetotactic bacteria. Science. 1975. ro¢. 190. ¢. 4212. s. 377-379.

BUCHER, E.H; ECHEVARRIA, A.L; JURI, M.D; CHANI, J.M. Long-term survey of Chilean
flamingo breeding colonies on Mar Chiquita Lake, Cordoba, Argentina. Waterbirds. 2000. ¢. 23. s.
114-118.

BRASSART, J.; KIRSCHVINK, J.; PHILLIPS, J.B.; BORLAND, S. C. Ferromagnetic material in
the eastern red-spotted newt notophthalmus viridescens. The Journal of Experimental Biology.
1999. ¢. 202. s. 3155-3160.

BROTHERS, J. R.; LOHMANN, K. J. Evidence for Geomagnetic Imprinting and Magnetic
Navigation in the Natal Homing of Sea Turtles. Current Biology. 2015. ro¢. 25. &. 3. s. 392-396.

BUDZYNSKI, C. A.; DYER, F. C.; BINGMAN, V. P. Partial experience with the arc of the sun is
sufficient for all-day sun compass orientation in homing pigeons, (Columba livia) J. Exp. Biol.
2000. 203: 2341-2348.

BUHL, J.; SUMPTER, D. J. T.; COUZIN, I. D.; HALE, J. J.; DESPLAND, E.; MILLER, E. R;;
SIMPSON, S. J. From order to disorder in marching locusts. Science. 2006. 312: 1402-1406.

BURDA, H.; MARHOLD, S.; WESTENBERGER, T.; WILTSCHKO, R.; WILTSCHKO, W.
Magnetic Compass Orientation in the Subterranean Rodent Cryptomys hottentotus (Bathyergidae).
Experientia. 1990. ro¢. 46. ¢. 5. 5.528-530.

BURDA, H.; BEGALL, S.; CERVENY, J.; NEEF, J.; NEMEC, P. Extremely low-frequency
electromagnetic fields disrupt magnetic alignment of ruminants. Proc Natl Acad Sci. USA. 20009.
106: 5708-5713.

CAIN, S. D. Magnetic Orientation and Navigation in Marine Turtles, Lobsters, and Molluscs:
Concepts and Conundrums. Integrative and Comparative Biology. 2005. ro¢. 45. ¢. 3. s.

CAMLITEPE, Y.; AKSQOY, V.; UREN, N.; YILMAZ, A.; BECENEN, I. An Experimental
Analysis on the Magnetic Field Sensitivity of the Black-Meadow Ant Formica pratensis Retzius
(Hymenoptera: Formicidae). Acta biologica Hungarica. 2005. ro¢. 56. ¢. 3-4. s. 215-224.

CASHMORE A. R.; JARILLO J. A.; WU Y. J,; LIU, D. Cryptochromes: blue light receptors
forplants and animals. Science. 1999. 284: 760-765.

CLOSE, J.P. The compass within the clock - Part 1: The hypothesis of magnetic fields as
secondary zeitgebers to the circadian systém - logical and scientific objections. Hypothesis. 2014.
12 (1).

COLDING, E. A.; PITCHFORD, J. W.; SIMPSON, S.D. Group navigation and the "many-wrongs
principle™ in models of animal movement. Ecology. 2007, 8: 1864-1870.

COUZIN, I. D.; KRAUSE, J.; FRANKS, N. R.; LEVIN, S. A. Effective leadership and decision-
making in animal groups on the move. Nature. 2005, 433: 513-516.

CERVENY, J.; BEGALL, S.; KOUBEK, P.; NOVAKOVA, P.; BURDA, H. Directional
preference may enhance hunting accuracy in foraging foxes. Biology Letters. 2011. ro¢. 7. €. 3. s.
355-357.

CERVENY, J.; BURDA, H.; JEZEK, M.; KUSTA, T.; HUSINEC, V.; NOVAKOVA, P.; HART,

V.; HARTOVA, V.; BEGALL, S.; MALKEPER, E. P. Magnetic alignment in warthogs
(Phacochoerus africanus) and wild boar (Sus scrofa). Mammal Review. 2016. ro¢. 47. ¢. 1. s. 1-5.

60



DENEGRE, J. M.; VALLES, J. M.; LIN, K.; JORDAN, W. B.; MOWRY, K. L. Cleavage planes
in frog eggs are altered by strong magnetic fields. Proceedings of the National Academy of
Sciences. 1998. ro€. 95. ¢. 25. s. 14729-14732.

DE JONG, D. The orientation of comb-building by honeybees. Department of entomoloy. Cornell
University. Ithaca. New York. USA. J. Comp. Phyisiol. 1982. 147:495-501.

DESOIL, M.; GILLIS, P.; GOSSUIN, Y.; PNAKHURST, Q. A.; HAUTOT, D. 2005. Definitive
identification of magnetite nanoparticles in the abdomen of the honeybee Apis mellifera. Journal
of Physics. Conference Series. 17: 45-49.

DEUTSCHLANDER, M. E.; FREAK, M. J.; BORLAND, S. CH.; PHILLIPS, J. B.; MADDEN,
R. C.; ANDERSON, L. E.; WILSON, B. W. Learned Magnetic Compass Orientation by the
Siberian Hamster, Phodopus sungorus. Animal Behaviour. 2003. ro¢. 65. ¢. 4. s. 779-786.

DEUTSCHLANDER, M. E.; MUHEIM, R. Magnetic Orientation In Migratory Songbirds.
Encyclopedia of Animal Behavior. 2010. ro¢. 2. s. 314-323.

DIEBEL, C. E.; PROKSCH, R.; GREEN, C. R.; NEILSON, P.; WALKER, M. M. Magnetite
defines a vertebrate magnetoreceptor. Nature. 2000. 20: 299-302.

DIEGO-RASILLA, F. J.; LUENGO, R. M.; PHILLIPS, J. B. Magnetic Compass Mediates
Nocturnal Homing by the Alpine Newt, Triturus alpestris. Behavioral Ecology and Sociobiology.
2005. roc. 58. €. 4. s. 361-365.

DIEGO-RASILLA, F. J..; MELLADO, V. P.; CEMBRANOS, A. P. Spontaneous magnetic
alignment behaviour in free-living lizards. The Science of Nature. 2017. ro¢. 104. s. 13.

DODSON C. A.; HORE, P. J.; WALLACE, M. I. A radical sense of direction: signaling and
mechanism in magnetoreception. Trends Biochem. Sci. 2013.

DOMMER, D. H.; GAZZOLO, P. J.; PAINTER, M. S.; PHILIPS, J. B. Magnetic compass
orientation by larval Drosophila melanogaster. Journal of insect physiology. 2008. 54: 719-726.

DOVEY, K. M.; KEMFORT, J.R.; TOWNE, W. F. The depth of the honeybee’s backup sun-
compass systems. J. Exp. Biol. 216: 2129-2139.

DVORAK, M. Magnetorecepce ptéki. Diplomovd prdce. Fakulta lesnicka a dievaiska, Ceska
zemédelska univerzita v Praze. 2014. s. 64.

EDER, S. H. K.; CADIOU, H.; MUHAMAD, A.; MCNAUGHTON, P. A.; KIRSCHVINK, J. L;
WINKLHOFER, M. Magnetic Characterization of Isolated Candidate Vertebrate Magnetoreceptor
Cells. Proceedings of the National Academy of Science of the United States of America. 2012. roc.
109. ¢. 30.

EMERY, P.; SO, W. V.; KANEKO, M.; HALL, J. C.; ROSBASH, M. CRY, a Drosophila clock
and light-regulated cryptochrome, is a major contributor to circadian rhythm resetting and
photosensitivity. Cell. 1998. 95: 669-679.

EMERY, N. J.; CLAYTON, N. S. The mentality of crows: convergent evolution of intelligence in
corvids and apes. Science. 2004. 306(5703): 1903-1907.

61



ENGELS, S.; SCHNEIDER, N. L.; LEFELDT, N. L.; HEIN, CH. M.; ZAPKA, M.; MICHALIK,
A.; ELBERS, D.; KITTEL, A.; HORE, P. J.; MOURITSEN, H. Anthropogenic electromagnetic
noise disrupts magnetic compass orientation in a migratory bird. Nature. 2014. ro¢. 509. ¢. 7500 s.
353-356.

ETHEREDGE, J. A.; PEREZ, S. M.; TAYLOR, O. R.; JANDER, R. Monarch butterflies (Danaus
plexippus L.) use a magnetic compass for navigation. PNAS. 1999. 96: 13845-13846.

ESQUIVEL, D. M. S.; WAINBERG, E.; NASCIMENTO, F. S.; PINHO, M. B.; LINS DE
BARROS, H. G. P.; EIZEMBERG, R. Do geomagnetic storms change the behaviour of the
stingless bee guirucu (Schwarziana quadripunctata)? Naturwissenchaften. 2007. 94: 139-142.

ESQUIVEL, D. M. S.; ACOSTA-AVALOS, D.; SABAGH, L. T.; CORREIA, A. A. C;
BARBOSA M.A.; WAIJNBERG E. Nest-exiting flight angles of stingless bee Tetragonisca
angustula: magnetic field effects. In RIN 08: Orientation and navigation: birds, humans and other
animals. London, UK: Royal Institute of Navigation. 2008.

FALKENBERG, G.; FLEISSNER, G.; SCHUCHARDT, K.; KEUHBACHER, M.; THALAU, P;
MOURITSEN, H.; HEYERS, D.;, WELLENREUTHER, G.; FLEISSNER, G. Auvian
Magnetoreception: Elaborate Iron Mineral Containing Dendrites in the Upper Beak Seem to Be a
Common Feature of Birds. PLoS ONE. 2010. ro¢. 5. ¢. 2. s. 9231.

FEDELE, G.; EDWARDS, M. D.; BHUTANI, S.; HARES, J. M.; MURBACH, M.; GREEN,
E.W.; DISSEL, S.; HASTINGS, M. H.; ROSATO, E.; KYRIACOU, C. P. Genetic analysis of
circadian responses to low frequency electromagnetic fields in Drosophila melanogaster. PLOS
Genet 10. 2014.

FIELDS, R. D. The Shark's Electric Sense, An astonishingly sensitive detector of electric fields
helps sharks zero in on prey. Scientific American 2. 2007. s. 75-81.

FILDES, B. N.; O'LOUGHLIN, B. J.; BRADSHAW, J. L.; EWENS, W. J. Human Orientation
with Restricted Sensory Information: no Evidence for Magnetic Sensitivity. Perception. 1984. ro¢.
13. ¢. 3. 5. 229-236.

FISCHER, J.,H.; FREAKE, M. J.; BORLAND, S. C.; PHILLIPS, J. B. Evidence for the use of
magnetic map information by an amphibian. Animal Behaviour. 2001. ro¢. 62. ¢. 1. s. 1-10.

FLEISSNER, G. et al. Ultrastructural analysis of a putative magnetoreceptor in the beak of
homing pigeons. The Journal of Comparative Neurology. 2003. ro¢. 458. ¢. 4. s. 350-360.

FLEISSNER G., STAHL B., THALAU P., FALKENBERG G., FLEISSNER G. A novel concept
of Femineral based magnetoreception: Histological and physicochemical data from the upper beak
of homing pigeons. Naturwissenschaften. 2007. 94: 631-642.

FOLEY, L. E.; GEGEAR, R. J.; REPPERT, S. M. Human Cryptochrome Exhibits Light-
Dependent Magnetosensitivity. Nature Communications. 2011. ro¢. 2. ¢. 356.

FORMICKI, K.; SADOWSKI, M.; TANSKI, A.; KORZELECKA-ORKISZ, A.; WINNICKI, A.
Behaviour of Trout (Salmo trutta L.) Larvae and Fry in a Constant Magnetic Field. Journal of
Applied Ichthyology. 2004a. roc¢. 20. ¢. 4. s. 290-294.

FORMICKI, K.; SADOWSKI, M.; TANSKI, A.; WINNICKI, A. Effects of Magnetic Fields on
Fyke Net Performance. Journal of Applied Ichthyology. 2004b. ro¢. 20. €. 5. s. 402-406.

62


http://faculty.bennington.edu/~sherman/the%20ocean%20project/shark's%20electric%20sense.pdf

FRANSSON, T.; JAKOBSSON, S.; JOHANSSON, P.; KULLBERG, C.; LIND, J.; VALLIN, A.
Bird migration: Magnetic cues trigger extensive refuelling. Nature. 2001. 414: 35-36

FREAKE, M. J.; PHILLIPS, J. B. Light-dependent shift in bullfrog tadpole magnetic compass
orientation, evidence for a common magnetoreception mechanism in anuran and urodeles
amphibians. Department of Biological Sciences, Virginia Tech, Blacksburg, VA 24061, USA,
Ethology. 2005. 111: 241-254.

FREIRE, R.; BIRCH, T. E. Conditioning to magnetic direction in the Pekin duck (Anas
platyrhynchos domestica). Journal of Experimental Biology. 2010. ro¢. 213. €. 20. s. 3423-3426.

FREIRE, R.; DUNSTON, E., FOWLER, E. M.; MCKENZIE, G. L.; QUINN, C. T;
MICHELSEN, J. Conditioned response to a magnetic anomaly in the Peking duck (Anas
platyrhynchos domestica) involves the trigeminal nerve. J. Exp. Biol. 2012. 215: 2399-2404.

FRIER, H. J.; EDWARDS, E.; SMITH, C.; NEALE, S.; COLLET, T. S. Magnetic compass cues
and visual pattern learning in honeybees. J. Exp. Biol. 1996. 199: 1353-1361.

FUENTES, A.; URRUTIA-FUCUGAUCHI, J.; GARDUNO, V.; SANCHEZ, J.; RIZZI A.
Magnetite in black sea turtles (Chelonia agassizi). American Geophysical Union. Fall Meeting.
2004. abstract #B21B-0884.

FUENTES-FARIAS, A. L.; URRUTIA-FUCUGAUCHI, J.; GUTIERREZ-OSPINA, G.; PEREZ-
CRUZ, L.; GAR-DUNO-MONROY, V. H. Magnetic features of marine black turtle natal beaches
and implications for nest selection. Geofis. Intl. 2008. ro¢. 47. ¢. 4. s. 311-318.

GIBBS, M. A,; NORTHCUTT, R. G. Development of the lateral line system in the shovelnose
sturgeon. Brain Behav Evol. 2004. 64 (2): 70-84.

GEGEAR, R. J.; CASSELMAN, A.; WADDELL, S.; REPPERT, S. M. Cryptochrome mediate
light dependent magnetosensitivity in Drosophila. Nature. 2008. 454: 367-550.

GOULD, J. L.; ABLE, K. P. Human homing: An elusive phenomenon. Science. 1981. ro¢. 212. ¢.
4498. s. 1061-1063.

GREEN, P. R. ; Davies, M. N. O.; THORPE, P. H. Head orientation in pigeons during landing
flight. Vision Res. 1992. 32: 2229-2234.

GRIGG, G.; JACKYLN, P.; TAPLIN, L. Effects on buried magnets on colonies of Amitermes
spp.building magnetig mound in notther Australia. Physiological Entomology. 1988. ¢. 13.s.
285-289.

GUERRA P. A.; GEGEAR R. J.; REPPERT S. M. A magnetic compass aids monarch butterfly
migration. Nature Communications. 2014. 5: 4164.

HANZLIK, M.; WINKLHOFER M.; PETERSEN N. Spatial arrangement of chains of
magnetosomes in magnetotactic bakteria. Earth and Planetary Science Letters. 1996. ro¢. 145. ¢.
4.s.125-134.

HANZL{K, M.; HEUNEMANN, CH.. HOLTKAMP-ROTZLER, E.; WINKLHOFER, M.;

PETERSEN, N.; FLEISSNER, G. Superparamagnetic Magnetite in the Upper Beak Tissue og
Mohing Pigeons. BioMetals. 2000. ¢. 13. s. 325-331.

63



HART, V.; KUSTA, T.; NEMEC, P.; BLAHOVA, V.; JEZEK, M.; NOVAKOVA, P.; BEGALL,
S.; CERVENY, J.; HANZAL, V.; MALKEMPER, E. P.; STIPEK, K.; VOLE, CH.; BURDA, H.;
ROMAN, G. Magnetic Alignment in Carps: Evidence from the Czech Christmas Fish Market.
PLOS ONE. 2012. rog. 7. &. 12. 5. 1-7

HART, V.; MALKEMPER, E. P.; KUSTA, T.; BEGALL, S.; NOVAKOVA, P.; HANZAL, V.;
PLESKAC, L.; JEZEK, M.; POLICHT, R.; HUSINEC, V.; CERVENY, J.; BURDA, H.
Directional Compass Preference for Landing in Water Birds. Frontiers in Zoology. 2013a. ro¢. 10.
& 1.s.38.

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. Dogs are Sensitive to Small Variations of the Earth’s Magnetic Field. Frontiers in Zoology.
2013b. ro¢. 10. &. 1. s. 80.

HERT, J.; JELINEK, L.; PEKAREK, L.; PAVLICEK, A. No Alignment of Cattle Along
Geomagnetic Field Lines Found. Journal of Comparative Physiology A. 2011. ro¢. 197. &. 6. s.
677-682.

HOANG, N.; SCHLEICHER, E.; KACPRZAK, S.; BOULY, J.; PICOT, M.; WU, W.; BERNDT,
A.; WOLF, E,; BITTL, R.; AHMAD, M. Human and Drosophila cryptochromes are light
activated by flavin photoreduction in living cells. PLoS Biol. 2008. ¢. 6. s. 160.

HOLA, M. Interakce architektury a geomagnetického pole. Disertaéni prace. Vysoké uceni
technické v Brne. 2012. s. 161.

HOLLAND, R. A,; THORUP, K.; VONHOF, M. J.; COCHRAN, W. W.; WIKELSKI, M. Bat
Orientation Using Earth’s Magnetic Field. Nature. 2006. ro¢. 444. ¢. 7. s. 702.

HOLLAND, R. A.; KIRSCHVINK, J. L.; DOAK, T. G.; WIKELSKI, M. Bats Use Magnetite to
Detect the Earth’s Magnetic Field. PLOS ONE. 2008. ro¢. 3. ¢. 2. s. 1-6.

HOLLAND, R. A.; BORISSOV, I.; SIEMERS, B. M. A nocturnal mammal, the greater mouse-
eared bat, calibrates a magnetic compass by the sun. Proc. Natl. Acad. Sci. USA. 2010. 107: 6941-
6945.

HOLLAND, R. A;; HELM, B. A Strong Magnetic Pulse Affects the Precision of Departure
Direction of Naturally Migrating Adult but not Juvenile Birds. Journal of the Royal Society
Interface. 2013. roc¢. 10. ¢. 81.s. 20121047.

HSU, D. S; ZHA,O. X.; ZHAO, S.; KAZANTSEV, A.; WANG, R. P. et al., Putative human blue-
light photoreceptors hCRY1 and hCRY2 are flavoproteins. Biochemistry. 1996. 35: 13871-13877.

CHAVES, I.; POKORNY, R.; BYRDIN, M.; HOANG, N.; RITZ, T.; BRETTEL, K.; ESSEN,
L.O.; VAN DER HORST, G. T. J.; BATSCHAUET, A.; AHMAD, M. The Cryptochromes: Blue
Light Photoreceptors in Plants and Animals. Annual Review of Plant Biology. 2011. 62: 335-364.

CHEUNG, A.; ZHANG. S.; STICKER. C.; SRINIVASAN. M. V. Animal navigation: general
properties of directed walks. Biological Cybernetics. 2008. 99(3): 197-217.

CHEW, G. L.; BROWN, G. E. Orientation of rainbow trout (Salmo gairdneri) in normal and null
magnetic fields. Can J Zool. 1989. 67: 641-643.

CHITTKA, L.; WILLIAMS, N. M.; RASMUSSEN, H.; THOMSON, J. D. Navigation without
vision: bumblebee orientation in complete darkness. Proc. R. Soc. Lond. 1999. 266: 45-50.

64



JANDER, R.; JANDER, U. The Light and Magnetic Compass of the Weaver Ant, Oecophylla
smaragdina (Hymenoptera: Formicidae). Ethology. 1998. ro¢. 104. ¢. 9. s. 743-748.

JOHNSEN, S.; LOHMANN, K. J. The physics and neurobiology of magnetoreception. Nature
Reviews. Neuroscience. 2005. 6: 703-712.

JOHNSEN, S.; MATTERN, E.; RITZ, T. Light-dependent magnetoreception: quantum catches
and opponency mechanisms of possible photosensitive molecules. J. Exp. Biol. 2007. ¢. 201. s.
3171-3178.

JOHNSEN, S.; LOHMANN, K. J. Magnetoreception in animals. Phys. Today. 2008. ro¢. 61. ¢. 3.
s. 29-35.

JOHNSON, A.R. Movements of greater flamingos (Phoenicopterus ruber roseus) in the Western
Palearctic. Rev Ecol. 1989. 44:75-94.

KALMIUIJIN, A. J. The Electric Sense of Sharks and Rays. Journal of Experimental Biology. 1971.
¢. 55.s.371-383.

KATZ, Y.; TUNSTROM, K.; IOANNOU, C.C.; HUEPE, C.; COUZIN, I.D. Inferring the
structure and dynamics of interactions in schooling fish. Proc. Natl. Acad. Sci. USA. 2011.
108:18720-18725.

KAVOKIN, K.; CHERNESTOV, N.; PAKOMOV, A.; BOJARINOVA, J.; KOBYLKOV, D,
NAMOZOL, B. Magnetic orientation in garden warblers (Sylvia borin) under 1.4 MHz
radiofrequency field. J.R. Coc. Interface 11. 2014. 20140541

KEARY, N.; RUPLO, T.; VOSS, J.; THALAU, P.; WILTSCHKO, R.; WILTSCHKO, W;
BISCHOF, H.J. Oscillating magnetic field disturb magnetic orientation in zebra finches
(Taeniopygia guttata). Frontiers in Zoology. 2009. ¢. 6. s. 25.

KIMCHI, T.; TERKEL, J. Magnetic Compass Orientation in the Blind Mole Rat Spalax
ehrenbergi. Journal of Experimental Biology. 2001. ro¢. 204. ¢. 4. s. 751-758.

KIRSCHVINK, J. L.; WALKER, M. M.; CHANG, S-B. R.; DIZON, A. E.; PETERSON, K. A.
Chains of Single-Domain Magnetite Particles in Chinook Salmon, Oncorhynchus tshawytscha.
Journal of Comparative Physiology A. 1985. ro¢. 157. s. 375-381.

KIRSCHVINK, J. L.; KUWAIJIMA, T.; UENO, S.; KIRSCHVINK, S. J.; DIAZ-RICCI, J. C;
MORALES, A.; BARWIG, S.; QUINN, K. Discrimination of low-frequency magnetic fields by
honeybees: Biophysics and experimental tests. In: Sensory Transduction (eds. D.P. Corey & S.D.
Roper). Society of General Physiologists, 45th Annual Symposium, Rockefeller University Press,
New York. 1992a. s. 225-240

KIRSCHVINK, J. L.; KOBAYASHI-KIRSCHVINK, A.; DIAZ-RICCI, J. C.; KIRSCHVINK, S.
J. Magnetite in Human Tissues: a Mechanism for the Biological Effects of Weak ELF Magnetic
Fields. Bioelectromagnetics. 1992b. ro¢. 13. ¢. 1. s. 101-113.

KIRSCHVINK, J. L.; PADMANABHA, S.; BOYCE, C. K.; OGLESBY, J. Measurements of the
threshold sensitivity of honeybees to weak, extremely low-frequency magnetic fields. J. Exp.Biol.
1997. 200: 1363-1368.

KIRSCHVINK, J. L. Sensory biology: Radio waves zap the biomagnetic compass. Nature. 2014.
ro¢. 509. ¢. 7500. s. 296-297.

65



KOLBABOVA, T.; MALKEMPER, E.; BARTOS, L.; VANDERSTRAETEN, J.; TURCANI, M.;
BURDA, H. Effect of exposure to extremely low frequency magnetic fields on melatonin levels in
calves is seasonally dependent. Scientific Reports. 2015. ro¢. 2015. ¢. 5. s. 1-9. ISSN: 2045-2322.

KULLBERG, C.; LIND, J.; FRANSSON, T.; JAKOBSSON, S.; VALLIN A. Magnetic cues and
time of season affect fuel deposition in migratory thrush nightingales (Luscinia luscinia) Proc. Biol.
Sci. 2003. Feb. 22; 270 (1513): 373-8.

KUME, K.; ZYLKA, M. J.; SRIRAM, S.; SHEARMAN, L. P.; WEAVER, D. R.; JIN, X.W.;
MAYWOOD, E. S.; HASTINGS, M. H.; REPPERT, S. M. mCRY1 and mCRY2 are essentials
components of the negative limb the circadian clock feedback loop. Cell. 1998. 98: 193-205.

LANDLER, L.; GOLLMANN, G. Magnetic Orientation of the Common Toad: Establishing an
Arena Approach for Adult Anurans. Frontiers in Zoology. 2011. ro¢. 8. €. 6. s. 1-9.

LEAL, I. R.; OLIVEIRA, P. S. Behavioral Ecology of the Neotropical Termite-Hunting ant
Pachycondyla (Termitopone) Marginata: Colony Founding, Group-Raiding and Migratory
Patterns. Behavioral Ecology and Sociobiology. 1995. ro¢. 37. s. 373-383.

LEFEVRE, C. T.; MENGUY, N.; ABREU, F.; LINS, U.; POSFAI, M.; PROZOROV, T.;
PIGNOL, D.; FRANKEL, R.B.; BAZYLINSKI, D. A. A Cultured Greigite-Producing
Magnetotactic Bacterium in a Novel Group of Sulfate-Reducing Bacteria. Science. 2011. ro¢. 334.
¢. 6063.s. 1720-1723.

LEUCHT, T. Responses to light under varying magnetic conditions in the honeybee, Apis
mellifera. J. Comp. Physiol. A. 1984. 154: 865-870.

LEUCHT, T. Interactions of Light and Gravity Reception With Magnetic Fields in Xenopus
laevis. Journal of Experimental Biology. 1990. ¢. 148. s. 325-334.

LI, Q. H.; YANG, H. Q. Cryptochrome signaling in plants. Photochem. Photobiol. 2007. 83: 94-
101.

LIGHT, P.; SALOMON, M.; LOHMANN, K. J. Geomagnetic orientation of loggerhead sea
turtles: evidence for an inclination compass. J. Exp. Biol. 1993. 182: 1-10.

LIEDVOGEL, M.; MOURITSEN, H. Cryptochromes - a potential magnetoreceptor: What do we
know and what do we want to know? J. R. Soc. Interface 7. 2010. s. 147-162.

LINDAUER, M.; MARTIN, H. Magnetic effects on dancing bees. In Animal orientation and
navigation (eds S. R. Galler, K. Schmidt-Koenig, G. J. Jacobs & R. E. Belleville). Washington
DC: US Government Printing Office. 1972.

LOHMANN, K. J; LOHMANN C. M. F. A Light-Independent Magnetic Compass in the
Leatherback Sea Turtle. The Biological Bulletin. 1993. ro¢. 185. ¢. 1. s. 149-151.

LOHMANN, K. J.; LOHMANN, C. M. F. Detection of magnetic inclination angle by sea turtles: a
possible mechanism for determining latitude. Journal of Experimental Biology. 1994. ro¢. 194. s.
23-32.

LOHMANN, K. J.; LOHMANN C. M. F. Detection of Magnetic Field Intensity by Sea Turtles.
Nature. 1996. ro¢. 380. s. 59-61.

LOHMANN, K. J.; LOHMANN C. M. F. Migratory Guidance Mechanisms in Marine Turtles.
Journal of Avian Biology. 1998. ro¢. 28. s. 585-596.

66


http://www.ncbi.nlm.nih.gov/pubmed/12639316
http://www.ncbi.nlm.nih.gov/pubmed/12639316

LOHMANN, K. J.; LOHMANN, C.M.F. Sea turtles, lobsters, and oceanic magnetc maps. Mar.
Freshw. Behav. Physiol. 2006. 39: 49-64.

LOHMANN K.J., LOHMANN C.M.F., PUTMAN N.F. Magnetic maps in animals: nature’s GPS.
J. Exp. Biol. 2007. 210: 3697-3705.

LOHMANN, K. J.; PUTMAN, N. F.; LOHMANN, C. M. F. Geomagnetic imprinting: A unifying
hypotesis of a long distance natal homing in salmon and sea turtles. Proc. Natl. Acad. Sci. 2008.
105 (49): 19096-101.

LOHMANN, K. J. Animal behaviour: Magnetic-field perception. Nature. 2010. 464: 1140-1142.

LOHMANN, K. J.; LOHMANN, C. M. F. The Magnetic Map of Hatchling Loggerhead Sea
Turtles. Current Opinion in Neurobiology. 2012. ro¢. 22. €. 2. s. 336-342.

MADDEN, R. C.; PHILLIPS, J. B. An Attempt to Demonstrate Magnetic Compass Orientation in
Two Species of Mammals. Animal Learning and Behaviour. 1987. ro¢. 15. ¢. 2. s. 130-134.

MAHER, B. A. Magnetite Biomineralization in Termites. Proceedings: Biological Sciences. 1998.
ro¢. 265. €. 1397. s. 733-737.

MANN, S.; SPARKS, N. H. C.; WALKER M. M.; KIRSCHVINK, J. L. Ultrastructure,
morphology and organization of biogenic magnetite from sockeyes salmon, Oncorhynchus nerka:
Implications for magnetoreception. J. Exp. Biol. 1988. 140: 35-49.

MARHOLD, S.; WILTSCHKO, W.; BURDA, H. A magnetic polarity compass for direction
fading in a subterranean mammal. Naturwissenschaften. 1997. 84: 421-42.

MAREK, C.; BISSANTZ, N.; CURIO, E.; SIEGERT, A.; TACUD, B.; ZIGGEL, D. Spatial
Orientation of the Philippine Bent-Toed Gecko (Cyrtodactylus philippinicus) in Relation to its
Home Range. Salamandra. 2010. ro¢. 46. ¢. 2. s. 93-97.

MATHER, J. G.; BAKER, R. R. A demonstration of navigation by small rodents using an
orientation cage. Nature. 1980. ro¢. 284. ¢. 5753. s. 259-262.

MATHER, J. G.; BAKER, R. R. Magnetic sense of direction in woodmice for route-based
navigation. Nature. 1981. ro¢. 291. ¢. 5811. s. 152-155.

MATTHEWS, G. V. T. 'Nonsense' orientation in Mallard Anas platyrhynchos, and its relation to
experiments on bird navigation. Ibis. 1961. 103: 211-230.

MAZZOTTA, G.; ROSSI, A.; LEONARDI, E.; MASON, M.; BERTOLUCCI, C.; CACCIN, L.;
SPALAORE, B.; MARTIN, A. J.; SCHLICHTING, M.; GREBLER, R.; HELFRICH/FORSTER,
C.; MAMMI, S.; COSTA, R.; TOSATTO, S. C. Fly cryptochrome and the visual system. Proc.
Natl. Acad. Sci. USA. 2013. 110 (15): 6163-8.

MERRIL, T. R. Our magnetic Earth. The Science of geomagnetism. Chicago: University of
Chicago Press. 2010. s. 261.

MITSUI, H.; MAEDA, T.; YAMAGUCHI, CH.; TSUJI, Y.; SAFARI, R.; KUBO, Y.; OKANO
K.; OKANO, T. Overexpresion in yast, photocycle, and in vitro structural change of an avian
putative magnetoreceptor cryptochrome 4. Biochemistry. 2015. ro¢. 54. ¢. 10. s. 1908-17.

MORA, C. V.; DAVISON, M.; WILD, J. M.; WALKER, M. M. Magnetoreception and its
Trigeminal Mediation in the Homing Pigeon. Nature. 2004. ro¢. 432. s. 508-511.

67



MORITZ, R. E.; BURDA, H.; BEGALL, S.; NEMEC, P. Subterranean rodents: News from
underground. Berlin: Springer. 2007. s. 161-174.

MOURITSEN, H.; FROST, B. J. Virtual Migration in Tethered Flying Monarch Butterflies
Reveals Their Orientation Mechanisms. Proceedings of the National Academy of Science of the
United States of America. 2002. ro¢. 99. ¢. 15. s. 10162-10166.

MOURITSEN, H.; RITZ, T. Magnetoreception and its use in bird navigation. Curr. Opin.
Neurobiol. 2005. 15: 406-414.

MUHEIM, R.; BACKMAN, J.; AKESSON S. Magnetic compass orientation in European robins
is dependent on both wavelength and intensity of light. J. Exp. Biol. 2002. 205: 3845-3856.

MUHEIM, R.; EDGAR, N. M.; SLOAN, K. A.; PHILLIPS, J. B. Magnetic Compass Orientation
in C57BL/6J Mice. Learning and Behavior. 2006. ro¢. 34. ¢. 4. s. 366-373.

MULLER, M.; CARELL, T. Structural biology of DNA photolyases and cryptochromes. Curr.
Opin. Struc. Biol. 2009. ¢. 19. s. 227-285.

MURRAY, R. W. Electroreceptor mechanisms: the relation of impulse frequency to stimulus
strengt and responses to pulsed stimuli in the ampullae of Lorenzini of elasmobranchs. The
Journal of Physiology. 1965. ro¢. 180. ¢. 3. 592-606.

NEMEC, P.; ALTMANN, J.; BURDA, H.; OLESCHLAGER, H. H. A. Neuroanatomy of
Magnetoreception: The Superior Colliculus Involved in Magnetic Orientation in a Mammal.
Science. 2001. ro¢. 294. &. 5541. s. 366-368.

NIEBNER, CH.; DENZAU, S.; GROSS, J. CH.; PEICHL, L.; BISCHOF, H. J.; FLEISSNER, G.;
WILTSCHKO, W.; WILTSCHKO, R. Avian Ultraviolet/Violet Cones ldentified as Probably
Magnetoreceptors, PLOS ONE. 2011.

NIEBNER, CH.; DENZAU, S.; STAPPUT, K.; AHMAD, M.; PIECHL, L.; WILTSCHKO, W.;
WILTSCHKO, R. Magnetoreception: activated cryptochrome l1a concurs with magnetic
orientation in birds. J.R. Soc. Interface. 2013. 10:20130638

NISHI, T. Magnetic sense in the Japanese eel, Anguilla japonica, as determined by conditioning
and electrocardiography. Journal of Experimental Biology. 2004. ro¢. 207. ¢. 17. s. 2965-2970.

NISHI, T.; KAWAMURA, G. Anguilla japonicais already magnetosensitive at the glass eel
phase. J Fish Biol. 2005. 67: 1213-1224.

NISHIMURA, T., FUKUSHIMA, M. Why animals respond to the full moon: Magnetic
hypothesis. Bioscience Hypotheses. 2009. ro¢. 2. €. 6. s. 399-401.

NISHIMURA, T.; OKANO, H.; TADA, H.; NISHIMURA, E.; SUGIMOTO, K.; MOHRI, K;
FUKUSHIMA, M. Lizards respond to an extremely low-frequency electromagnetic field. Journal
of Experimental Biology. 2010. ro¢. 213. ¢. 12. s. 1985-1990.

NOVAKOVA, P.; KORANOVA, D.; BEGALL, S.; MALKEMPER, E. P.; PLESKAC, L.;
CAPEK, F.; CERVENY, I.;: HART, V.; HARTOVA, V.: HUSINEC, V.: BURDA, H. Direction
indicator and magnetic compass-aided tracking of the sun by flamingos? Folia Zoologica (in
press).

68



Cv)BLESER’, P.; HART, V.; MALKEMPER, E. P.; BEGALL, S.; HOLA, M.; PAINTER, M.;
CERVENY, J.; BURDA, H. Compass-controlled escape behavior in roe deer. Behav. Ecol.
Sociobiol. 2016. ro¢. 70. ¢. 8. s. 1345-1355.

O’CONNELL, P. C.; STROUD, M. E.; HE, P. The emerging field of electrosensory and
semiochemical shark repellents: Mechanisms of detection, overview of past studies, and future
directions. Ocean & Coastal Management. 2012. s. 1-10.

OLIVEIRA, J. F.; WAINBERG, E.; ESQUIVEL, D. M. S.; WEINKAUF, S.; WINKLHOFER,
M.; HANZLIK, M. Ant Antennae: are They Sites fot Magnetoreception? Journal of the Royal
Society. 2012. ro¢. 7. €. 42. s. 143-152.

OLIVERIUSOVA, L.; NEMEC, P.; KRALOVA, Z.; SEDLACEK, F. Magnetic Compass
Orientation in Two Strictly Subterranean Rodents: Learned or Species-Specific Innate Directional
Preference? Journal of Experimental Biology. 2012. ro¢. 215. €. 20. s. 3649-3654.

PAINTER, M. S.; SOMMER, D. H.; ALTIZER, W. W.; MUHEIM, R.; PHILIPS, J. B.
Spontaneous magnetic orientation in larval Drosophila shares properties with learned magnetic
compass response in adult flies and mice. J.Exp.Biol. 2013. 216: 1307-1316.

PANDA, S.; HOGENESCH, J. B.; KAY, S. A. Circadian light input in plants, flies and mammals.
Novartis Found Symp. 2003. 253: 73-82.

PAULIN, M. G. Academic Press Limited Electroreception and the Compass Sense of Sharks.
Department of Zoology. University of Otago. New Zealand. J. theor. Biol. 1995. 174: 325-339.

PHILLIPS, J. B.; ADLER, K. Directional and Discriminatory Responses of Salamanders to Weak
Magnetic Fields. Proceedings in Life Science. 1978. s. 325-333.

PHILLIPS, J. B. Two magnetoreceptor pathways in a migratory salamander. Science. 1986. 233:
142-144.

PHILLIPS, J. B.; BORLAND, S. C. Wavelength specific effect of light on magnetic compas
orientation of the eastern red-spotted newt, Notophtalmus viridescens. Ethol. Ecol. Evol. 1992.
4:33-42.

PHILLIPS, J. B.; SAYEED, O. Wavelength-dependent effects of light on magnetic compass
orientation in Drosophila melanogaster. J. Comp. Physiol. A. 1993.172: 303-308.

PHILLIPS, J. B.; DEUTSCHLANDER, M. E. Magnetoreception in terrestrial vertebrates:
implications for possible mechanisms of EMF interaction with biological systems. In the
melatonin hypothesis: electric power and the risk of breast cancer. Battelle Press Columbus. Ohio.
1997.s. 111-172.

PHILLIPS, J. B.; JORGE, P. E.; MUHEIM, R. Light-dependent magnetic compass orientation in
amphibians and insects: candidate receptors and candidate molecular mechanism. J. R. Soc.
Interface. 2010. s 241-256.

PLESKAC, L.; HART, V.; NOVAKOVA, P.; PAINTER, M. Spatial orientation of foraging

Corvids is consistent with spontaneous magnetic alignment responses observed in a variety of
free-roaming vertebrates. Folia Zoologica (in press).

69



PRATO, F. S.; DESJARDINS-HOLMES, D.; KEENLISIDE, L. D.; MCKAY, J. C,;
ROBERTSON, J. A.; THOMAS, A. W. Light Alters Nociceptive Effects of Magnetic Field
Shielding in Mice: Intensity and Wavelength Considerations. Journal of Royal Society Interface.
2009. ro¢. 6. ¢. 30. s. 17-28.

PRATO, F. S.; DESJARDINS-HOLMES, D.; KEENLISIDE, L. D.; DEMOOR, J. M.
ROBERTSON, J. A.; THOMAS, A. W. Magnetoreception in Laboratory Mice: Sensitivity to
Extremelylow-Frequency Fields Exceeds 33 nT at 30 Hz. Journal of Royal Society Interface.
2013. ro¢. 10. s. 20121046.

PUTMAN, N. F.; LOHMANN, K. J. Compatibility of magnetic imprinting and secular variation.
Current Biology. 2008. ro¢. 18. ¢&. 14. 5.596-597.

QUINN, T. P. Evidence for celestial and magnetic compass orientation in lake migrating sockeye
salmon fry. J. Comp. Physiol. A. 1980. 137: 243-248.
RITZ, T.; ADEM, S.; SCHULTEN, K. A model for photoreceptor-baesd magnetoreception in
birds. Biophysical Journal. 2000. ro¢. 78. s. 707-718.

RITZ, T.; DOMMER, D. H.; PHILLIPS, J. B. Shedding Light on Vertebrate Magnetoreception.
Neuron. 2002. roc. 34. ¢. 4. s. 503-506.

RITZ, T.;, AHMAD, M.; MOURITSEN, H.; WILTSCHKO, R.; WILTSCHKO, W. 2010.
Photoreceptor-based magnetoreception: optimal design of receptor molecules, cells, and neuronal
processing. J.R. Soc. Interface. 7: 135-146.

RITZ, T. Quantum Effects in Chemistry and Biology. Procedia Chemistry. 2011. 3: 262-275.

RIVEROS, A. J.; SRYGLEY, R. B. Do Leafcutter Ants, Atta colombica, Orient Their Path-
Integrated Home Vector with a Magnetic Compass? Animal Behaviour. 2008. ro¢. 75. ¢. 4. s.
1273-1281.

RODGERS, C. T.; HORE, P. Chemical magnetoreception in birds: the radical pair mechanism.
Proc. Natl Acad. Sci. USA. 2009. 106: 353-360.

ROTH, A.; TSCHARNTKE, H. Ultrastructure of the ampullary electroreceptors in lungfish and
Brachiopterygii. Cell Tissue Res. 1976. ro¢. 173. ¢. 1. s. 95-108.

SHAFFER, S. A.; CLATTERBUCK, C. A.; KELSEY, E. C.; NAIMAN, A. D.; YOUNG, L. C;;
VANDERWERF, E. A.; WARZYBOK, E. A.; BRADLEY, R.; JAHNCKE, J.; BOWER, G. C.
As the Egg Turns: Monitoring Egg Attendance Behavior in Wild Birds Using Novel Data Logging
Technology. PLOS ONE. 2014. ro¢. 9. ¢. 6.

SHIRDEL, J.; ZIRAK, P.; PENZKOFER, A.; BREITKREUZ, H.; WOLF, E. Absorption and
fluorescence spectroscopic characterisation of the cicradian blue-light photoreceptor
cryptpochrome from Drosophila melanogaster (dCry). Chem. Phys. 2008. ¢. 352. s. 35-37.

SHCHERBAKOV, D.; WINKLHOFER, M.; PETERSON, N.; STEIDLE, J.; HILBIG, R.
Magnetosensation in zebrafish. Curr. Biol. 2005. 15: 161-162.

SCHLEGEL P. Behavioral evidence and possible physical and physiological mechanisms for

earth magnetic orientation in the European Blind Cave Salamander, Proteus anguinus. Mémoires
de Biospéologie. 1996. 23: 5-16.

70



SCHLEGEL, P. A. Spontaneous preferences for magnetic compass direction in the American
red-spotted newt, Notophthalmus viridescens (Salamandridae, Urodela). Journal of Ethology.
2006. ro¢. 25. ¢. 2. 5. 177-184.

SCHLEGEL, P. A.; RENNER, H. Innate Preference for Magnetic Compass Direction in the
Alpine Newt, Triturus alpestris (Salamandridae, Urodela.) Journal of Ethology. 2007. ro¢. 25. €.
2.s.185-193.

SCHMIDT-KOENIG, K. The sun compass. Experientia. 1990. 46: 336-342.

SCHULER, D. Genetics and cell biology of magnetosome formation in magnetotactic bacteria.
FEMS Microbiology reviews. 2008. ro¢. 32. ¢. 4. s. 654-672.

SCHULTEN, K.; WINDEMUTH, A. Model for a physiological magnetic compass. In Biophysical
Effects of Steady Magnetic Fields (ed. G. Maret, N. Boccara and J. Kiepenheuer). Berlin.
Heidelberg. New York: Springer-Verlag. 1986. s. 99-106.

SINSCH, U. Orientation and Navigation in Amphibia. Marine and Freshwater Behaviour
Physiology. 2006. ro¢. 39. ¢. 1. s. 65-71.

SLABY, P.; TOMANOVA, K.; VACHA, M. Cattle on Pastures do Align Along the North-South
AXxis, but the Alignment Depends on Herd Density. Journal of Comparative Physiology A. 2013.
ro¢. 199. ¢. 8. s. 695-701.

SLOWIK, T. J.; THORVILSON, G. Localization of Subcuticular Iron-Containing Tissue in the
Red Imported Fire Ant. Southwestern Entomologist. 1996. ro¢. 21. €. 3. s. 247-253.

SOLOVYOQV, I. A;; SCHULTEN, K. Magnetoreception through cryptochrome may involve
supeoxide. Biophysical Journal. 2009. ¢. 96. s. 4804-4813.

SOLOVYOQV, I. A;; MOURITSEN, H.; SCHULTEN, K. Acuity of a Cryptochrome and Vision-
Based Magnetoreception System. Biophys J. 2010. 99: 40-49.

SOMERS, D. E.; DELVIN, P. F.; KAY, S. A. Phytochromes and cryptochromes in the
entrainment of the Arabidopsis circadian clock. Science. 1998. 282: 1488-1490.

SRYGLEY, R. B.; DUDLEY, R.; OLIVEIRA, E. G.; RIVERQOS, A. J. Experimental evidence for
a magnetic sense in Neotropical migrating butterflies (Lepidoptera: Pieridae). Anim. Behav. 2006.
71:183-191.

STANEWSKY, R.; KANEKO, M.; EMERY, P.; BERETTA, B.; WAGER-SMITH, K. The cryb
mutation identifies cryptochrome as a circadian photoreceptor in Drosophila. Cell. 1998. 95: 681-
692.

STUART, I. G.; JONES, M. J. Movement of common carp, Cyprinus carpio, in a regulated
lowland Australian river implications for management. Fish Manag. Ecol. 2006. 13: 213-2109.

TAKEBE, A.; FURUTANI, T.; WADA, T.; KOINUMA, M.; KUBO, Y. Zebrafish respond to the
geomagnetic field by bimodal and group-dependent orientation. Sci. Reports. 2012. 2: 727.

TESCH, F.; LELEK, A. Directional behaviour of transplanted stationary and migratory forms of
the eel, Anguilla anguilla, in a circular tank. Neth. J. Sea Res. 1973. 7: 46-52.

THAKE, M. A. Nonsense orientation: an adaptation for flocking during predation? Ibis. 1981.
123: 47-248.

71



THALAU, P.; RITZ, T.; STAPPUT, K.; WILTSCHKO, R..; WILTSCHKO, W. Magnetic
compass orientation of migratory birds in the presence of a 1.315 MHz oscillating field.
Naturwissenschaffen. 2005. 92: 86-90.

THALAU, P.; RITZ, T.; BURDA, H.; WEGNER, R. E.; WILTSCHKO, R. The Magnetic
Compass Mechanism of Birds and Rodents are Based on Different Physical Principles. Journal of
the Royal Society Interface. 2006. ro¢. 3. €. 9. s. 583-587.

TIAN, L.; LIN, W.; ZHANG, S.; PAN, Y. Bat Head Contains Soft Magnetic Particles: Evidence
From Magnetism. Bioelectromagnetics. 2010. ro¢. 31. s. 499-503.

VACHA, M. Kompas zvifat a co o ném vime. Vesmir. 1994. ro¢. 73. s. 249-251.

VACHA, M.; SOUKOPOVA, H. Magnetic orientation in the mealworm beetle Tenebrio and the
effect of light. J. Exp. Biol. 2004. 207: 1241-1248.

VACHA, M. 2006. Laboratory behavioural assay of insect magnetoreception: magnetosensitivity
of Periplaneta americana. J. Exp. Biol. 2006. 209: 3882-3886.

VACHA, M.; NEMEC, P. Kompas a mapa: Orientace v geomagnetickem poli. Vesmir. 2007.
roC. 86. €. 4. s. 224-228.

VACHA, M.; PUZOVA, T.. DRSTKOVA, D. Ablation of antennae does not disrupt
magnetoreceptive behavioural reaction of the Ameri¢an cockroach to periodically rotated
geomagnetic field. Neuroscience Letters. 2008a. 435: 103-107.

VACHA, M.; PUZOVA, T.; DRSTKOVA, D. Effect of light wavelength spectrum on magnetic
compass orientation in Tenebrio molitor. J. Comp. Physiol. A. 2008b. 194: 853-8509.

VACHA, M.; DRSTKOVA, D.; PUZOVA, T. Tenebrio beetles use magnetic inclination compass.
Naturwissenschaften. 2008c. 95: 761-765.

VACHA M.; KVICALOVA, M.; PUZOVA T. American cockroaches prefer four cardinal
geomagnetic positions at rest. Behaviour. 2010. 147: 425-440.

VALKOVA, T.; VACHA, M. How do honeybees use their magnetic compass? Can they see the
North?. Bulletin of Entomological Research. 2012. ro¢. 102. ¢. 4. s. 461-467.

VOWLES, D. M. The Orientation of Ants Il. Orientation to Light, Gravity and Polarized Light.
Journal of Experimental Biology. 1954. ro¢. 31. s. 356-357.

WALKER, M. M. Learned magnetic discrimination in yellowfin tuna, Thunnus albacares. J.
Comp. Physiol. A. 1984. 155: 673-679.

WAJINBERG, E.; ACTOSA-AVALOS, D.; EL-JAICK, L. J.; ABRACADO, L.; COELHO, J. L,;
BAKUZIS, A. F.; MORAIS, P. C.; ESQUIELD. M. Electron Paramagnetic Resonance Study of
the Migratory Ant Pachycondyla marginata Abdomens. Biophysical Journal. 2000. ro¢. 78. €. 2. s.
1018-1023.

WAJINBERG, E.; ACTOSA-AVALOQS, D.; ALVES, 0. C.; OLIVEIRA, J. F.; SRYGLEY, R. B;
ESQUIVEL, D. M. Magnetoreception in Eusocial Insect: an Update. Journal of the Royal Society.
2010. ro¢. 7. ¢. 2. s. 207-225.

WALKER, M. M,; DIEBEL, C. E.; HAUGH, C. V.; PANKHURST, P. M.; MONTGOMERY J.
C. Structure and function of the vertebrate magnetic sense. Nature. 1997. 390: 371-376.

72



WALCOTT, C.; GOULD, J.L.; KIRSCHVINK, J.L. Pigeons have magnets. Science. 1979. 205:
1027-1028.

WANG, Y.; PAN, Y.; PARSONS, S.; WALKER, M.; ZHANG, S. Bats Responds to Polarity of a
Magnetic Field. Proceedings of the Royal Society B. 2007. ro¢. 274. ¢. 1627. s. 290-2905.

WEBER, S.; BISKUP, T.; OKAFUII, A.; MARINO, A. R.; BERTHOLD, T.; LINK, G,
HITOMI, K.; GETZHOFF, E. D.; SCHLEICHER, E.; NORRIS, J. R. Origin of light-induced
spin-corelated radical pairs in cryptochrome. J. Phys. Chem. 2010. ¢ 18. s. 114-145.

WESTBY, G. W.; PERTRIDGE, K. J. Human Homing: Still no Evidence Despite Geomagnetic
Controls. Journal of Experimental Biology. 1986. ro¢ 120. s. 325-331.

WILLIAMS, M. N.; WILD, J. M. Trigeminally Innervated Iron-Containing Structures in the Beak
of Homing Pigeons, and Other Birds. Brain Research. 2001. ro¢. 889. ¢&. 1. s. 243-246.

WINKLHOFER, M.; DYLDA, E.; THALAU, P.; WILTSCHKO, W.; WILTSCHKO, R. Avian
magnetic compass can be tuned to anomalously low magnetic intensities. Proceedings of the
Royal Society B. 2013. 280: 20130853.

WINKLHOFER, M. The physics of geomagnetic-field transduction in animals. Transactions on
magnetics. 2009. 45: 5259-5265.

WINKLHOFER, M. Magnetoreception. Journal of the Royal Society Interface. 2010. ¢. 7. s. 131-
134.

WILTSCHKO, W.; WILTSCHKO, R. Magnetic compass of European robins. Science. 1972. 176:
62-64

WILTSCHKO, W.; MUNRO, U.; FORD, H.; WILTSCHKO, R. Red light disrupts magnetic
orientation of migratory birds. Nature. 1993. 364: 525-527.

WILTSCHKO, W.; WILTSCHKO, R. Magnetic orientation in animals. Zoophysiology. 1995. ro¢.
33.s.293.

WILTSCHKO, W.; WILTSCHKO, R. Magnetic orientation in birds. Journal of Experimental
Biology. 1996. ¢. 199. s. 29-38.

WILTSCHKO, W.; WILTSCHKO, R. The effect of yellow and blue light on magnetic compass
orientation in European robins Erithacus rubecula. J. Comp. Physiol. A. 1999. 184: 295-299.

WILTSCHKO, W.; WILTSCHKO, R. Magnetic compass orientation in birds and its physiological
basis. Naturwissenschaften. 2002. 89:445-452.

WILTSCHKO, W.; MOLLER, A.; GESSON, M.; NOLL, C.; WILTSCHKO, R. Light-dependent
magnetoreception in burds: analysis of the behaviour under red light after pre-exposure to red
light. J. Exp. Biol. 2004. 207:1193-1202.

WILTSCHKO, W.; WILTSCHKO, R. Magnetic orientation and magnetoreception in Birds and
other animals. J Comp Physiol A. 2005. 191: 675- 693.

WILTSCHKO, R.; WILTSCHKO, W. Magnetoreception. BioEssays. 2006. 28: 157-168.

73



WILTSCHKO, R.; STAPPUT, K.; BISCHOF, H. J.; WILTSCHKO, W.. Light-dependent
magnetoreception in birds: Increasing intensities of monochromatic light changes the nature of the
response. Frontier in Zoology . 2007a . 4:5.

WILTSCHKO, W.; FREIRE, R.; MUNRO, U.; RITZ, T.; ROGERS, L.; THALAU, P.;
WILTSCHKO, R. The magnetic compass of domestic chickens, Gallus gallus. Journal of
Experimental Biology. 2007b. ro¢. 210. €. 13. s. 2300-2310.

WILTSCHKO, R.; STAPPUT, K.; RITZ, T.; THALAU, P.; WILTSCHKO, W. Magnetoreception
in birds: different physical processes for two types of directional responses. HFSP J. 2007c. 1: 41-
48.

WILTSCHKO, R.; WILTSCHKO, W. Avian Navigation. The Auk. 2009. ro¢. 126. ¢. 4. s. 717-
743.

WILTSCHKO, R.; WILTSCHKO, W. Avian magnetic compass: Its functional properties and
physical basis. Current Zoology. 2010a. 56: 265-276.

WILTSCHKO, R.; STAPPUT, K.; THALAU, P.; WILTSCHKO, W. Directional orientation of
birds by the magnetic field under different light conditions. J. R. Soc. Interface 7. 2010b. s. 163-
177.

WILTSCHKO, W.; WILTSCHKO, R.; RITZ, T. The mechanism of the avian magnetic compass.
Procedia Chemistry. 2011. ro¢. 3. €. 1. 5. 276-284.

WILTSCHKO, R.; THALAU, P.; GEHRING, D.; NIEBNER, CH.; RITZ, T.; WILTSCHKO, W.
Magnetoreception in birds: the effect of radio-frequency fields. J. R. Soc. Interface. 2014a. 12:
1103.

WILTSCHKO, R.; WILTSCHKO, W. Sensing Magnetic Directions in Birds: Radical Pair
Processes Involving Cryptochrome. Biosensors. 2014b. 4: 221-242.

WILZECK, CH.; WILTSCHKO, W.; GUUNTURKUN, O.; WILTSCHKO, R.; PRIOR, H.
Lateralization of Magnetic Compass Orientation in Pigeons. Journal of Royal Society Interface.
2010. roc. 7. s. 235-240.

WU, L.Q.; DICKMAN, J.D. Magnetoreception in an avian brain in part mediated by inner ear
lagena. Current Biology. 2011. ro¢. 21. ¢. 5. 418-423.

YAN, L.; ZHANG, S.; CHEN, P.; LIU, H.; YIN, H.; LI, H. Magnetotactic bacteria,
magnetosomes and their application. Microbiological Research. 2012. ro¢. 167. ¢. 9. s. 77-102.

YAN, L.; TAO, S. Avian Magnetoreception Model Realized by Coupling Magnetite-based
Mechanism with Radical-pair-based Mechanism. Chinese Physics B. 2013. ro¢. 22. ¢. 4. s.1-8.

YOSHII, T.; AHMAD, M.; HELFRICH-FORSTER, C. Cryptochrome mediates light-dependent
magnetosensitivity of Drosophila’s circadian clock. PLOS Biol. 2009. ¢.7.

YUAN, Q., METTERVILLE, D.; BRISCOE, A. D.; REPPERT, S. M. 2007. Insect

Cryptochromes: Gene Duplication and Loss Define Diverse Ways to Construct Insect Circadiann
Clocks. Mol. Biol. Evol. 2007. ro¢. 24. ¢. 4. s. 948-955.

74



9. Prilohy

9.1 Priloha ¢. 1

Hart et al Frontiers in Zoology 2013, 10:38
httpy/www frontiersinzoology.com/content/10/1/38

FRONTIERS IN ZOOLOGY

RESEARCH Open Access

Directional compass preference for landing in
water birds

Vlastimil Hart', Erich Pascal Malkemper'z, Tomnas Kusta', Sabine Begall'ﬂ Petra Novakova ', Viadimir Hanzal',
Lukaé Pleskac’, Milo Jezek', Richard Policht!, Vaclav Husinec!, Jaroslav Cerveny' and Hynek Burda'*"

Abstract

Introduction: Landing flight in birds is dermanding on visual control of velocity, distance to target, and slope of
descent. Birds flying in flocks must also keep a common course of landing in order to avoid collisions. Whereas the
wind direction may provide a cue for landing, the nature of the landing direction indicator under windless
conditions has been unknown. We recorded and analysed landing directions of 3,338 flocks in 14 species of water
birds in eight countries.

Results: We show that the preferred landing direction, independently of the direction from which the birds have
arrived, is along the north-south axis. We analysed the effect of the time of the year, time of the day (and thus sun
position), weather (sunny versus owvercast), light breeze, locality, latitude, and magnetic declination in 2,431 flocks of

direction indicator.

mallards (Anas platyrhynchos) and found no systematic effect of these factors upon the preferred direction of
landing. We found that magnetic North was a better predictor for landing direction than geographic North.
Conclusions: In absence of any other common denominator determining the landing direction, the alignment
with the magnetic field lines seems to be the most plausible if not the only explanation for the directional landing
preference under windless and overcast conditions and we suggest that the magnetic field thus provides a landing

Keywords: Bird flight, Water birds, Magnetoreception, Magnetic orientation, Sun compass, Flight control

J

Introduction

Landing is the most challenging and complex part of
flight in both, aircraft and birds. Birds must visually con-
trol velocity, distance to the target and slope of descent.
Birds flying in flocks must also coordinate their landing
flight in order to avoid collisions with their neighbours.
This is of particular importance in larger water birds
(such as geese and ducks) which have longer braking
distances when landing on water surface, when man-
oeuvring possibilities are constrained. The birds may
synchronize the landing direction in that they all copy
the direction of the leading bird. Not all flocks have,
however, a defined leader, and the birds land often sim-

ultaneously, in an extended formation, rather than
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() BioMed Central

sequentially, in a row (own observations). Furthermore,
every bird must strictly keep the common course of
landing and must not deviate from it and cross the land-
ing trajectory of any other bird. Whereas the landing
course of an aircraft is dictated by air-traffic controllers
and the "landing direction indicators” on airports, the
birds have to "agree upon” a common directional cue. It
should be noted that water birds often circle above the
water before landing (probably as a mean of "security
control"), and the landing direction usually does not cor-
respond to the direction from which the birds have ar-
rived. A reliable landing direction indicator is the wind
and landing against the wind is also aerodynamically im-
portant. The problem is, however, which cue could serve
as a landing direction indicator if there is no wind or
only a gentle breeze. The position of the sun might be
theoretically also used as a landing direction indicator,
yet this cue is not always available. Given that birds use
magnetic compass orientation and navigation for keep-
ing the migration course and for homing [1-3] and given

© 3013 Hart et al; licensee BioMed Central Ltd. This is an Open Access artide distributed under the terms of the Creative
Cammans Attribution License (it areativecommans.ong/licenses’ty/2 0), which permits unnestricted use, distribution, and
repraduction in any medium, pravided the ariginal wark is propery cited.
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the fact that magnetic field provides a reliable, globally
and at all times available orientation cue, we suggest that
the magnetic field lines may serve also as a landing dir-
ection indicator. To test this hypothesis we measured
the direction of landing of birds on water surface. The
question was, whether under windless conditions the
direction of landing is random or whether a certain
compass direction of landing s preferred as predicted by
the "landing direction magnetic indicator hypothesis".

Results

Thirteen of the observed 14 bird species showed
bimodally distributed landing directions which were
significantly different from random distribution (Table 1).
The grand mean vector of all species was highly significant
and corresponded well with the geomagnetic north-south
axis (p=23°183"+ 3" (mean vector orientation angle; 95%
confidence interval), r = 0.986 (mean vector length), Ray-
leigh test: n=14, p=836x 107, Z = 13.616; second order
(weighted) statistics: WMV: 3°/183°, r =0.649, Hotelling
test: n =14, p = 1.82 x 10°%, F = 31.005; Figure 1).

Flight phases

While during arrival the mallards showed at best a slight
preference for a southeast-northwest direction, during
the preparation and landing phases they clearly preferred
the north-south axis. The preference for north-south
was highly significant for both of the last phases but the
vector length r was increased in the final landing stage
(arrival: p=62°/242"+7", r=011, n=2393, p< 1072,
Z = 29.206; preparation: u = §/188° £ 1°, r = 0.567, n = 2,285,
p<10'%, Z =733848; landing: p=9"/189"+ 1°, r= 0575,
N = 2431, p< 102, Z = 802.861; Figure 2).

Table 1 Axial headings of landing in 14 species of birds
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Flock size

Even though just single data points were recorded for
each flock independent of its size, a possible influence of
the size of the flocks on landing direction was analysed.
The mean flock size of mallards was 5+ 7 (SD). The sig-
nificant north-south preference during preparation and
landing was found to be independent of flock size, but
the circular standard deviation of the headings during
landing decreased with increasing flock size (Pearson
correlation, R” = 0961, p =0.002). The accuracy of the
landings was thus found to be highest in larger flocks
compared to singly or pairwise flying birds.

Flock size in autumn (September-November) was sig-
nificantly larger than in spring (March-May; Shapiro-Wilk
normality test: p < 0.05; Mann-Whitney U-test, mean au-
tumn: 8.6 + 8.9, mean spring: 1.8 + 1.5; p < 0.001).

Interestingly, a positive correlation between the mallard
flock size and the eastward deflection of the mean landing
direction from the magnetic north-south axis was also re-
vealed (Pearson correlation, R* = 0.952, p=0003).

Countries, localities, and observers

No systematic differences were found between the
headings of landing mallards at the different localities as
well as between the datasets of different observers.
However, there were significant differences between the
data sets of the different countries regarding mean
vectors as well as distributions even when sample size
was normalized (multisample Watson-Williams F-test;
F=7238, p=113 x 107, multisample Mardia-Watson-
Wheeler test, W =292709, p< 10"2). Interestingly,
while the mallards in all countries of the eastern hemi-
sphere preferred a NE-SW landing axis, the only group
from the western hemisphere (Nanaimo, Canada)

Species n my (axial) Circular SD r p
Alopochen aegyptiacus 189 175%/355% 28 063 <001
Angs penelope 9 TNET 16% 0858 < 001
Anas platyrhynchos 2431 9°/185° 30° 0575 <00
Anser gnser 16 &°/186% 5 Q805 050 >p=0.10
Aythya fering 155 Be/188° 31 0558 <00
Cygnus olor 15 3%/183° 28* 0616 <00
Dendrocygna viduata 30 4°/184% 28° 0625 <0Mm
Larus canus 107 6%/186% 14% 0885 <001
Larus rdibundus ne 19°/199¢ 447 030 < 0
Mergelius albelius 33 3°183% i a5 < 0
Mergus menganser z 55185 17 0846 <001
Nettapus auritus 14 176°/356" 23* 0723 < 0o
Vanelius armatus 3 17774357 25° Q608 <0M
Vanellus coronatus a5 179°/359° e 0543 <001

n refers to the number of recordings (flocks), my: mean vector with respect to magnetic North, r vector length, p: probability value of Rayleigh statistics.
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270 90 270 a0

a 180 b 180

Figure 1 Circular diagrams of the mean headings of landing water birds of all s pecies investigated demonstrating the preference for
landings along the north-south axis. (a) Raw data plot Each pair of dots (located on oppasite sites within the unit circle) represents the
direction of the second order bimodal mean vector cakculated from the animals’ directional headings of one species (see Methods). The double-
headed arrow indicates the grand mean axial vector calculated over all spedies. The inner circle marks the 5% significance level of the Rayleigh
test. (b) Scatter plot summarizing statistics weighted by the length of the mean vectors of different spedies. The position of each pair of dots
within the circle represents bath the direction and the length of the bimodal mean vector of one species. The double-headed arrow indicates
the weighted grand mean axial vector calculated over all species means.

A

i

showed a deflection towards the NW-SE axis (Figure 3).  significantly different from the distribution of wind
The mean direction of the landings in western Canada  directions (Mardia-Watson-Wheeler test: W = 30.483,
was significantly different from the mean landing direc-  p =24 x 107), We can conclude that direction of breeze
tions in all other countries (p < 0.01; pairwise Watson-  had no major influence on the landing directions.
Williams F-test, Table 2).
Sun position

Wind Statistical differences were found between the landing
As expected, wind was found to influence the landing  directions on cloudy (overcast) vs. sunny days with less
directions but the significant preference for the north-  scattered data under overcast conditions (n =554 for
south axis was retained under all wind directions. (Note, each group; Mardia-Watson-Wheeler test; W = 40.825,
however that we recorded only under breeze not under p = 1.36 x 10¥; Figure 4). The position of the sun on
stronger wind conditions). A weak positive correlation sunny days was weakly correlated to the direction of
between the wind directions and the angular directions landing (circular-circular correlation coefficient r= 0.012,
of landing indicated the birds preference for landing p <0.05). However, the distribution of the mallard an-
against the wind (circular-circular correlation coefficient,  gular landing directions differed significantly from the
n =736, r=0.006, p<0.05). However, the distribution distribution of sun positions (Mardia-Watson-Wheeler
of the mallard angular landing directions was highly test: W =383.436, p <10™%). Thus, we conclude that

-

[} 1] ]
270 %‘Y % 2w - - %0
180 180 180
8  4=13cbservanons b 4 = 16 observations G 4=t4ocbservatons
Figure 2 Circular diagrams of the headings of mallards during different stages of the landing approach: (a) arrival (b) preparation (c)
landing. The mean vector of each phase is indicated by a double-headed arrow. Each triangle in (a), (b), (c) represents 21, 31,and 27 single
| measu rements, respectively. The inner cirde indicates the 5% significance level of the Rayleigh test.
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270 90

180

Figure 3 Circular diagram of the weighted mean headings of
landing mallards observed in different countries. Populations
from the eastern hemisphere (blue amows) show NE-SW axis
preferences while the only population from the western hemisphere
(Canada, red amow) exhibited a NW-SE landing preference

A

sun position had just minor influence on landing
directions.

Time of day

The landing directions of the mallards were significantly
different between midday (10 am till 3 pm) and all
other times of the day both with respect to the mean
vector as well as the distribution (n =282 for each
group; multisample Watson-Williams F-test; F = 8.215,
p=2.07x 10 multisample Mardia-Watson-Wheeler
test, W = 59.803, p=4.93 x 10""). Landings during midday
showed a higher deflection towards east and had a larger
r-value as well as a smaller circular standard deviation

Page 4 of 10

(n =282 for each group; midday: p=16"+3" r=08;
mean of all other daytimes: p=7° +4°, r =0.552).

Season

Landing directions did also differ between the different
seasons of the year (multisample Watson-Williams F-test;
F =12.743, p = 2.91 x 10°%; multisample Mardia-Watson-
Wheeler test, W = 106.287, p < 107%). The majority of
measurements was conducted in spring (March — May)
and autumn (September — November). Landing directions
were less scattered and on average more deflected to
east in autumn compared to spring (n = 1,040 for each
group; spring p=7"/187"%2° r=0467; autumn: p = 12°/
192° 4 17, r = 0.702; Watson-Williams F-test; F = 15.666,
p =781 x 10°% Mardia-Watson-Wheeler test, W = 225.377,
p <10™%; Figure 5).

Magnetic declination

The magnetic declination (angular difference between
magnetic North and geographic North) at the studied lo-
calities varied between 3°-4° (Czech Rep., Italy, Poland)
to 15°-17° (in western Canada and southern Botswana).
The difference between the mean heading (mp) of the
water birds and magnetic North (mN) was significantly
smaller than the difference between the mean heading
(gn) and geographic North (gN) calculated for each
country separately (one-tailed paired t-test, |delta (mN,
mp) |: 8.3°+4.3% |delta (gN, gp)|: 14.9°+ 3.7 p < 0.001,
Table 2). Delta refers to the smallest angle between mN
and mp (and gN and gy, respectively).

Measurement accuracy

The difference between the assessed and actual direc-
tions (A) was on average 1° (circular SD =16°, r= 0.963,
n=3,184, p< 102, see Figure 6). (Note that although
each of the eight persons should have made 400 trials,
some of the observers did not catch the relatively high

270 a0

@ a=tobsorvations 180

Figure 4 Circular diagrams of the headings of landing mallards (n=554 for each group) under different weather conditions: (a) clear

sky (b) overcast. The mean vector in each condition is indicated by the double-headed arrow. Each triangle in (a) and (b) represents 7 and 9

meaasuraments, respectively. The inner cirdle indicates the 5% significance level of the Rayleigh tast. The same results were obtained when we
LuM the whole sample; the balanced subsamples with a sample size of n =554 were chosen for better illustration.
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78



Hart et al Frontiers in Zoology 2013, 10:38
httpy//www frontiersinzoology.com/content/10/1/38

Page 5 of 10

27 aq

& =8 cbservavons 150

Figure 5 Circular diagrams of the headings of landing mallards (n=1,040 for each group) during different seasons: (a) spring (b)
autumn. The mean vector of each season is indicated by the double-headed arrow. Each triangle in (a) and (b) represents 12 and 16
measuremerts, respectively. The inner dircle indicates the 5% significance level of the Rayleigh test. The same results were obtained when we
used the whole sample; balanced subsamples with a sample size of n= 1,040 were chosen for better illustration.

270 20

b 4 =9 observations A0

rate and missed some records). The performance (ie.
accuracy of recording) was highly uniform - and there
were no significant differences between particular trials
(i.e. observers did not get tired and less accurate, and
they also did not get more accurate in the course of the
experiment). There were also no significant differences
in performance of particular observers, although the
most experienced observers (Hart and Kusta, who also
collected more than 50% of the data) showed an assess-
ment accuracy with a smaller error (9.7° and 10.7° circu-
lar SD, respectively) than less experienced observers
(the worst performance was characterized by A =09
circular SD =20° r=0.939, p<10™% n=400; ie stil
highly accurate).

Discussion

The recordings of landing water birds made by different
observers, at different localities, at different times of the
year and at different times of the day revealed a signifi-
cant deviation from random distribution with a prefer-
ence for landing along the approximate north-south

axis. This phenomenon raises the following questions: 1)
how reliable and how accurate are the field measure-
ments, 2) what is the variance in the observed landing
directional preference, 3) what are the cues determining
the directional preference, 4) what is its function and
adaptive meaning?

1. Accuracy and reliability of the field measurements

The assessment of the heading of subjects made by the
observers at 100 m distance was surprisingly highly ac-
curate and unbiased. The circular standard deviation
(10°-15%) representing the recording (subjective) error
should actually be subtracted from the observed circular
standard deviation (about 30" in the mallard), so that we
may assume that the real (objective) preference for land-
ing direction was even maore pronounced than our ob-
servation could have revealed. It should be stressed that
the difference between the real heading of subjects and
the observers’ estimation was zero for all observers. It
should also be noted that the task to record movement
direction of a person across 5 m at a distance of 100 m

Table 2 Magnetic Morth versus geographic North as reference for the preferred heading direction (p) during landing
on water surface in the mallard (or diverse other species of water birds in the case of Botswana)

Country Magnetic declination MNumber of flocks Mean vector (mN) mpy  Mean vector (gN) gp  |Delta (mN, mp)| |Delta (g, gu)|
Botswana | -8° 04 356%176° 34471647 4 12¢
Botswana Il -15% 85 o180 34551657 [ 15°
Carada 17 136 35471747 e [ 1
Czech Rep. 3 1,095 ey 10°190° e 107
Estonia i 168 1451547 2195201 147 21
Finland i 218 189" 17157 o 17
Italy 3* 354 o Bg” e o 12
Poland 4 381 139193° e 13° 17

Mean magnetic declination (angular difference between geographic North and magnetic North) is given for each loality. gp and my denote the axial mean
vectors (given as X000} with reference to magnetic Morth (mN) and geographic North (gN), respectively. All mean values are highly significant (Rayleigh test,
p < 0000000001, 0.462 < r< 0.848). Delta refers to the smallest angle between mN and mp (and gN and gy, respectively).
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Figure 6 Results of the test of accuracy of field measurements

(i.e. estimation of direction) of eight observers. The given

angular values refer to difference between the real and the
estimated values.

-

without binoculars is much more difficult than recording
landing direction of birds on water surface using binocu-
lars. Observing a duck even at a distance of 100 m with
binoculars with magnification factor 10 is comparable to
observing the duck at a distance of 10 m without bin-
oculars. Since the field of view is narrower if looking
through the binoculars, the observer can better focus
upon the subject. Also the trail on the water left by the
landing duck provides more time to the observer to
make accurate directional estimation. All observers are
field zoologists highly experienced in observing through
binoculars and reading a compass.

2. Variance in the heading during landing

The "accuracy” of the landings (ie. the least scatter
around the mean vector) was the highest in larger flocks
compared to singly or pairwise flying birds. This may be
due to the fact that the landing direction reproduced by
several birds can be better and more accurately recorded
by the observer than a single landing event. Yet, this
may be due also to the higher necessity of synchronizing
the direction (and thus subordinating the own direction
to the "prescribed” common one) in larger flocks in
order to avoid collisions, or to correct own navigational
errors across the group (the so-called "many wrongs
principle”, f. [4]).

NNE-SSW deflection of the preferred (landing) axis
from the “ideal” N-S axis, observed in Europe & a
phenomenon which we encounter also in magnetic
alignment of diverse other animal species in diverse be-
havioural contexts: in the grazing and resting cattle, red
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deer, and roe deer [5-8], hunting foxes [9] or schooling
carps [10]. Interestingly, while the mallards in all coun-
tries of the easten hemisphere preferred a NNE-SSW
landing axis, the mallards from western Canada and
water birds form southern Botswana, ie. from regions
with high absolute declination) showed a deflection to-
wards the NW-SE axis. Since these data were recorded
only by two single observers, we cannot exclude that the
shift represents an observer's effect, although it is un-
likely since one-sided biases did not occur in a single of
the eight participants of our test of measurement accur-
acy. Furthermore it is of interest that the study of aerial
images in Google Earth also revealed a NN'W-55E de-
flection in alignment of cattle in the western hemisphere
[5.8]. Currently, we have no explanation for this
phenomenon which surely deserves further examination.

Landing directions were less scattered around the
mean in autumn compared to spring. While the mallards
in spring were already breeding they were migrating or
preparing to migrate in autumn. However, the autumn
recordings also involved larger flocks than spring re-
cordings, so that the observed difference in accuracy
may be the effect of flock size (as discussed above) ra-
ther than that of the season.

3. Cues determining north-south heading

Under windless conditions the birds can orientate
according to the actual sun position, by means of a sun
compass, or using a magnetic compass. Many birds can
keep a course relative to the sun and compensate for
temporal changes of the sun's azimuth. Orientation
according to this sun compass [cf. eg. 11,12] has been
demonstrated in the context of migratory navigation or
homing. A sun compass requires more complex sensory
and cognitive abilities than a simple magnetic compass,
so that we consider alignment with the magnetic field
lines to be a more suitable solution for a simple stereo-
typic non-goal oriented task like keeping a steady land-
ing course. Of course, nature may follow other strategies
than predicted by human logics. Three findings are,
however, in favour of the magnetic compass: Firstly, the
directional landing preference did not change through-
out the year and between e.g. northern Italy and Finland,
although the relative position of the sun was markedly
different between these countries and between seasons.
Secondly, under cloudy and foggy conditions, the north-
south-landing preference was highly significant (and ac-
tually displayed a somewhat lower scatter than under
sunny conditions, see Figure 4B) indicating that a puta-
tive magnetic compass plays an important role but may
be overrun by orientation with respect to the sun if it is
visible. Thirdly, we show that in all the studied localities,
magnetic North was a better predictor for heading dur-
ing landing than geographic North.

80



Hart et al Frontiers in Zoology 2013, 10:38
httpy/www frontiersinzoology.com/content/10/1/38

4. Why do the birds prefer a common landing direction?
While the preference for landing of water birds along the
north-south compass axis is undisputable, the real chal-
lenge is to explain the biological significance of this orien-
tation behaviour. We suggest that magnetoreception plays
a role in the control and steering of synchronous landing
in one direction, Le. that the magnetic field direction
provides a landing direction indicator as suggested in
the introduction. The fact that magnetoreception has
recently been shown in mallards, strengthens this
hypothesis [13,14].

The existence of a common preferred direction (the
so-called nonsense orientation) which is exhibited by
birds (and among them particularly in the mallard) on
release and which does not appear to be related to the
migration or homing direction was reported earlier
[15,16]). We agree with [16] that this common direction
may facilitate flock formation in an escape context. It is
apparent that a jointly preferred direction may not only
enable flocking during take-off but also, and maybe
more importantly, during landing. The fact that also sin-
gle birds land in the jointly preferred compass direction
does not falsify the hypothesis that the function of keep-
ing the common direction is actually to avoid landing
collisions. We may assume that any inborn directional
preference will be kept instantly irrespective of the ac-
tual flock size.

Further, not necessarily alternative, yet in any case a
speculative explanation is that retinal magnetoreception
(sensu [17]) serves as an inclinometer to estimate and
control the angle of descents. Changes in the vertical
plane can be visually controlled using the angle between
e.g. the tip of the bill and the horizon. However, since
these two references lie in two different focal planes,
they cannot be focussed simultaneously and their com-
parison is thus not optimal for the bird If, as hypothe-
sized, birds perceive the magnetic field as a pattern of
visual modulation, they might learmn which magnetically
excited area on the retina corresponds to the optimal
angle of descent, provided that the head is kept at a con-
stant angle to the horizon (which may be realized by pla-
cing the image of the horizon in the area of highest
visual acuity). Accordingly, the bird would just have to
obtain a specific and constant relationship of the two
excited areas on the retina to ensure an optimal touch-
down. The usage of such a "retinal magnetic inclinom-
eter” would thus explain why birds keep their heads
relatively straight during landing (cf. [18]).

Indeed, the head position in landing mallard ducks
measured (as an angle between the line connecting eye
and tip of the beak and the horizon=90°) on photos
available on the internet revealed a significantly uniform
orientation (n=91, p=-25°, SD=7", r=0.993, p< 1012,
see Figure 7 and Table 3).

Page 7 of 10

Touchdown

180

Figure 7 Head position of mallard ducks in the four phases of
landing flight as estimated from photos available in internet.
LN

Conclusions

Our study revealed that water birds landing on the water
surface under windless conditions prefer to land roughly
along the geomagnetic north-south axis, irrespective of
the direction of arrival. In absence of any other common
denominator determining the landing direction, alignment
with the magnetic field lines seems to be the most plaus-
ible if not the only explanation for the directional landing
preference, and we suggest that the magnetic field thus
provides a "landing direction indicator”. The preference of
a common landing trajectory may be of significance to
prevent collisions, particularly in larger birds with longer
braking distances and which fly in pairs or flocks. Wind
may be also preferred as a landing direction indicator be-
cause of aerodynamic reasons. Sun position (and sun com-
pass as a course keeping mechanisms) cannot be excluded
as a landing direction indicator if sun is visible, yet mag-
netic North is a better predictor of the landing direction
than geographic North. Another hypothesis for the ob-
served phenomenon assumes that in the preferred north-
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Table 3 Head position of mallard ducks in the four phases of landing flight as estimated from photos available in the

internet

Approach | Approach Il Gearing Touchdown
MNumber of obsenvations 12 14 38 7
Mean vector (u) 118 nwr 15 ng
Length of mean vector (1) 0551 0553 0954 0995
Circular standard deviation iy ™ &* 5¢
Rayleigh test (p) 250107 < 10" 79% 107 167 10°

The mean vector p refers to the smallest angle between the line connecting the eye and the tip of the beak and the horizon (907).

south direction birds can use radical-pair-based magneto-
receptors located in the retina to assess and control the
slope (inclination) of landing. To test this hypothesis, re-
cordings (using high-speed cameras) of the landing suc-
cess, length of the braking trail, slope of landing, angle of
the head etc. in localities with different inclination and
magnetic field strength will be needed.

Table 4 List of localities and their magnetic field parameters

Methods

The directions of 3,338 landing approaches of birds of
14 different species were measured at 30 different water
bodies in eight countries by nine independent observers
(Tables 4, 5). The vast majority of the landings occurred
on standing water bodies; less than 3% of the data is re-
lated to landings on land or on rivers. Since more than

Country Locality Latitude Longitude Inclination Declination Intensity (uT)

H v T
Botswana Chobe Kasane 17°4917.14% 25075112 -58 -7 16 -% 30
Botswana Sawuti| 1873612895 247042027 -55 h:] 15 -6 30
Botswana Sawuti 1 18391690 24035171 -59 R 15 -6 30
Botswana Ngungungu 18°41'4573% 24030254 -59 R 15 -6 30
Botswana Gaborone 243004 84 25560047 -63 -15 13 -5 28
Carada Manaimo 45°101537'N 12358"18.14'W 70 17 19 51 55
Czech Rep. Kladno S00741 BTN 1408"17.08°E 66 3 20 45 49
Czech Rep. Mahelnice 45°45'50 28'N 16°57'24 48" 66 4 20 45 49
Czech Rep. Kunmatice-Sebemk S0°004049N 1472934 77°E 66 3 20 45 45
Czech Rep. Litomys- ucni 45°513886'N 16°17°49.05°E 66 4 20 45 45
Czech Rep. Kunovska tabule 49D1'2388'N 17°25'49.18°E a5 4 20 44 49
Czech Rep. Tezebni jerern 4500'355'N 17°24'79.50°E 65 4 20 44 45
Czech Rep. Tisow 453044 60N 13°49'34 06°E 65 3 20 44 45
Czech Rep. Daobra vule 450617 88N 14451644 65 3 20 44 45
Czech Rep. Skutek 49DE35B4N 14°45"10.09°E a5 3 20 44 49
Czech Rep. Libaluv rybnik 4510397 1'N 14%41'01.64°E 65 3 20 44 45
Czech Rep. Velky Horys 453023 48'N 13°49'50.84°E 65 3 20 44 45
Czech Rep. Bukovec 49303501°N 13°49'51.29°E 65 3 20 44 45
Czech Rep. Podtisovsky 493041 BTN 13°49'2807°E a5 3 20 44 49
Czech Rep. Miynsky 4531'0954'N 13°48'54.17°E 65 3 20 44 45
Estonia Mannikuste 582307 29N 2385313 72 7 16 45 51
Finland Vesijarv 617052652'N 252307 29°E 74 : 14 50 52
Germarny Bonn 50°42'4636'N 070841 57E 66 1 20 44 49
Italy Valle Cavanata 45°43'0887'N 13282139 62 3 22 42 47
Poland Milicz (4 Sites) 51323090°N 17°19'5721°E a7 4 19 45 45

H, Horizontal; ¥, Viertical; T, Total magnetic field intensity. Values calaulated by httpe/Avww. ngdenoaagov/geomag-web/.
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Table 5 Survey of sampling and the list of recorded species

Species N flocks N specimens Countries N localities N half-day sessions Observer

Alopochen aegyptiacus 189 189 RE 1 4 Hus

Anas penelope o1 646 FIN 1 1 Har, Kus

Anas platyrhynchos 2431 12,235 CDN,CZ, D, |, EST, AN, PL 25 70 Han, Har, Kus, Mal, Nowv, Pat, Ple, Pol
Anser anser 16 26 0, PL 2 4 Mal, Har, Kus

Aythya fering 155 200 PL 3 4 Har, Kus

Cygnus alor 15 12 EST, FIN, PL 3 3 Har, Kus

Dendrocygna viduata 30 932 RB 3 3 Hus

Larus canus 107 214 FIN 1 2 Har, Kus

Larus rdibundus IRE] 13 [, EST, PL, 3 4 Har, Kus, Mal

Mergelius albelius 33 68 FIN 1 2 Har, Kus

Mergus menganser 22 45 FIN 1 2 Har, Kus

Nettapus auritus 14 14 RE 1 4 Hus

Vanellus armatus 31 31 RB 2 1 Hus

Vanellus coronatus 85 85 RB 1 2 Hus

Total: 14 species 3,338 14,824 8 30 78 9

N, Mumber; CON, Canada; CZ, Czech Republic D, Germany; EST, Estonia; FIN, Finland; [, Italy; PL, Poland; RB, Botswana; Han, Hanzal; Har, Hart; Hus, Husinec;

Kus, Kudta; Mal, Malkemper;, Nov, Novakovd; Pat, Patockovd; Ple, Pleskad; Pol, Policht.

70% of the observations were done on the mallard (wild
duck, Anas platyritynchos, n=2,431) this species was
chosen for a detailed analysis. The mallard was observed
at 25 localities in seven different countries by eight dif-
ferent observers (Table 4).

Sampling

The flying directions (heading) of water birds prior to
landing on a water surface were observed directly or by
means of binoculars at a distance of 20-100 m. The
compass directions were estimated to the nearest 5° by
means of hand held compasses. We recorded compass
directions (as corresponding to heading of the birds) at
three different stages of the flight whenever possible: ar-
rival, preparation for landing, and landing. Arrival was
defined as the observed heading when the birds were
first sighted. Preparation was defined as the compass
direction during the last phase of the landing approach.
The landing direction was recorded when touching the
water surface.

In addition to the headings the following parameters
were recorded for every observation: (1) species (2) flock
size (3) weather conditions (4) time and date (5) direc-
tion of the observer towards the animals. It should be
noted at this point that all the birds of a flock fly in syn-
chrony - and the angular deviations of particular birds
from the common direction are less than the recording
error made by the observer. Therefore a single compass
value was estimated for arrival, preparing, and landing of
each flock regardless of its actual size.

Wind strength was measured with a digital hand held
anemometer (Technoline EA 3000). The observations

were made under conditions with wind strengths of
maximal 54 m/s. Of all the recordings (n=3,338), 70%
were made under calm conditions (wind speed 0-0.2 m/s),
11% under light air (0.3-1.5 m/s), 9% under light breeze
(1.6-3.3 m/s), 10% under gentle breeze (3.4-5.4 m/s).

Control of the recording accuracy

To check the inter-observer reliability and repeatability
of the assessment of heading directions we tested the
measurement accuracy of observers. They were asked to
determine the direction of movement of a person who
walked along a straight line within a circle (radius 5 m)
at a distance of 100 m to the observer. The observers
did not use binoculars for this task. The person moved
within each trial in 50 different exactly defined direc-
tions (always starting from the middle of the circle) fol-
lowing a randomized protocol that the observers did not
know. The eight observers were distributed along the
circle on eight cardinal positions and changed their posi-
tions after each trial, so that each observer made
altogether 400 assessments (in eight trials from eight dif-
ferent positions). Eventually the assessments of the ob-
servers were compared with the real heading directions,
and the angular deviations were calculated.

Data analysis

Circular statistics were carried out with Oriana 4.01
(Kovach Computing). Mean vectors were calculated for
the headings of birds at different localities, of different
species, during different seasons, under different weather
conditions, for different observers, and at different times

of the day. Single data points were recorded for each
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flock of birds and these headings were used for the ana-
lysis. Doubling the angles was used to convert angular
data in axial ones prior to statistical analysis.

First order (Rayleigh test) and second order (Hotelling
test) statistics were employed to test the headings for
significant deviations from random distribution. Possible
correlations were investigated using circular-circular cor-
relations or Pearson statistics (Microsoft Excel). We used
the t-test to compare mean flock sizes at different sea-
sons. Whenever sample sizes differed significantly be-
tween different conditions, they were normalized to n or
subsamples were taken for comparisons. Differences be-
tween the mean headings and distributions between
groups (spedies, localities, etc.) were tested for signifi-
cance with the Watson-Williams F-test and Mardia-
Woatson-Wheeler test, respectively. Circular diagrams
were plotted in Oriana 4.01.
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Abstract. Animals use to align their body axis with respect to different cues (e.g. sun position, wind direction, magnetic field
lines) and signals (informing about source of interest) in diverse behavioural contexts. Existence of alignment indicates
ability to sense such cues or signals and its study can enlighten the mechanism of their sensing. Global cues (sun position,
magnetic field) might provide a directional reference (direction/heading indicator) for organization of the mental map and/or
for coordinated take-off. The existence of a common direction indicator may be of importance especially in birds living in
large colonies and having impeded maneuverability. We measured the direction of the body axis (alignment) in flamingos of
four species at 18 localities in zoological gardens and in the wild in altogether eight countries during different seasons of the
year and at different times of the day. The measurements were taken from photographs in a blinded way. Flamingos in
Europe showed a significant preference to align towards South during all recorded stationary activities (grooming, resting,
standing) while those from Kenya tended to head towards North. On the contrary, the distribution of body alignments during
locomotor activities (walking, wading, feeding) was random. Under overcast weather, and especially in the morning hours,
magnetic South or North were better predictors of heading than sun position. We interpret our findings as evidence for a
magnetic alignment in flamingos (depending on the weather condition) and suggest that its main function might be seen in
information rather than in energy interaction. Under windless conditions, sun position and magnetic field may provide a
common reference direction, i.e. a direction indicator. Visual cues (if available) and vision are in birds probably more
dominant in spatial orientation than magnetic cues and magnetoreception. Magnetoreception might be “switched on”, when
visual sensing of relevant cues is impeded.

Key words: Phoenicopteridae, magnetoreception, magnetic alignment, sun compass

Introduction

Alignment, i.e. the preferred body orientation with respect to given environmental cues (e.g.
solar position, wind or water currents) or certain signals (communicative, alert or prey),
occurs in animals of diverse taxa in different behavioural contexts and is familiar to nature
observers. It brings energetic benefits, helps to acquire information or to avoid sensory noise
(overstimulation). Its study has a heuristic potential because its expression is evidence for
purposive (unconscious or conscious) behaviour and, above all, also for physiological
capacity to sense the respective cues or signals (Begall et al. 2013). For group-living animals,
a congruent alignment might facilitate e.g. coordinated keeping the course during group
landings (Hart et al. 2013a) or the escape from a predator (Hart et al. 2012, Obleser et al.
2016) and it might serve the calibration and reading of the cognitive map of space (e.g. Collett
& Baron 1994, Hart et al. 2013b). Concordantly with the idea of a common direction indicator
(heading indicator) synchronising group movement, (magnetic) alignment was more
pronounced in groups than in solitary individuals (Hart et al. 2012, Hart et al. 20133, b,
Cerveny et al. 2016).
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Birds of many species across many taxa congregate in huge groups (colonies, flocks,
swarms). While the advantages of group living (e.g. breeding, foraging, migration) have been
widely discussed in textbooks of behavioural ecology, the emerging problems of living in
groups have attracted less attention of scholars. Apart from the apparent problem of
competition for resources, a main problem is the synchronisation of movement to avoid
collisions during different activities, and especially during take-off and landing. For example,
landing (especially) on water is problematic for heavier birds with longer braking distances as
it is not possible to actively change the course of the last phase of landing (“landing roll”) to
avoid an imminent collision. A recent study (Hart et al. 2013a) addressed the necessity for
flocks of water fowl to have a common direction indicator for landing on water under
windless conditions and suggested that the geomagnetic field lines can provide such a cue.

* Corresponding Author

Here, we test the hypothesis that flamingos possess a common direction indicator. Flamingos
are, because of several reasons, unique for such testing. They belong to the largest birds living
in huge dense colonies that can amount to more than 20000 individuals (Bucher et al. 2000).
They permanently live in these colonies, i.e. not only during the breeding season. They are
widely distributed in tropical and subtropical regions between latitudes 34° S and 46° N
(Cramp & Simmons 1977). Besides that they are popular birds kept in most zoological
gardens across the world. Most flamingos are migratory; some populations undertake
journeys of 3000-4000 kilometres or more, whilst others are sedentary and show a high level
of philopatry (Johnson 1989). Flamingos are good flyers, but due to their large body size they
need long distances for taking off and “landing roll”. Given their abundance and the density
of their colonies, a common reference direction indicator to synchronise their activities seems
to be a necessity.

To test the hypothesis that flamingos exhibit preferences for a certain magnetic compass
direction, a phenomenon which would indicate magnetoreception, we measured the body
alignment during feeding, walking, standing, resting, and comfort behaviour in four flamingo
species. We hypothesized that under windless conditions, the distribution of the recorded
body directions (headings) is not random (i.e. a certain compass direction is preferred).

Material and Methods

Sampling

Altogether 413 high-resolution photographs representing 34322 snapshots of individual birds
(including repeated measures of the same individuals at different times and partly at different
places) belonging to four flamingo species (lesser flamingo Phoeniconaias minor, American
flamingo Phoenicopterus ruber, Chilean flamingo Phoenicopterus chilensis and greater
flamingo Phoenicopterus roseus) were taken between July 2005 and January 2015, during
different months and at different times of day at 18 localities in eight countries (Table 1).
Locality, species, date, time, weather (sunny or partly cloudy versus overcast or rainy), and
the direction, measured by a hand-held compass, and in some cases also by an integrated
camera compass, in which the photo was taken were recorded for each photograph. Most
daytimes were represented (as apparent from represented solar azimuths, Fig. 1-3).

Data analysis and statistics

The pictures were analysed by three members of our team (D. Kotanova, F. Capek,
L.Pleskac), who were blinded for the true direction in which the photos were taken. They
measured the directional bearings on the screen with respect to the top of the photograph
(being set as 0°) of all birds that could be clearly recognized. For each measured flamingo its
activity was assigned to one of the following activities: stationary (resting, standing,
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grooming) or locomotor (walking and feeding) (cf. Fig. 1 and 2 for typical silhouettes). The
coded photographs were analysed with Microsoft PowerPoint in a three-step procedure (cf.
supplementary material Fig. S1). First, arrows were drawn along the median body axes of
every bird visible in the photograph (the arrow direction was marked by the head position)
and each activity category was analysed separately. Secondly, the underlying photograph was
removed and replaced by a compass rosette divided radially into 36 ten-degree segments. The
compass rosette was oval-transformed to compensate for the perspective distortion of the
photographs. Thirdly, each arrow was moved to the centre of the rosette and its azimuthal
direction was determined by the nearest 10° mark. Subsequently, the topographic bearings
were back-transformed to true magnetic bearings (= magnetic alignment) and subsequently
also with respect to solar azimuth (= solar alignment) by a researcher (P. Novakova), who
knew the true compass bearing of the respective photographs.

Circular statistics were carried out with Oriana 4.02 (Kovach Computing). Since birds in one
group or flock are, with respect to their directionality, not independent units, we calculated
means over all the bearings of flamingos showing the same behavioural pattern on each
photograph. From the mean vectors for each photograph a grand mean vector was calculated
for each flock at a given place and given time. Note that each photograph/flock records a
unique situation differing from that recorded in another photograph/another flock in at least
one, mostly in several of the following parameters: locality and site, date, time of the day,
and/or weather. Furthermore, photographs were taken from different compass azimuths. In
most photographs, most flamingos were resting, standing, or grooming (stationary
behaviours), only about 14 % (in Kenya) and about 26 % (in Europe) of the flamingos were
assigned as performing locomotor activities.

From means for each unique situation (photograph) we calculated separate grand means for
Kenya, diverse European localities, and Europe, for stationary and locomotor activities,
overcast and sunny conditions, for a.m. and p.m. periods in diverse respective combinations.
First order statistics (Rayleigh test) were employed to test for significant deviations from
random distribution.

We related the bearings with respect to magnetic North (= 0°) and to the sun azimuth (= 0°).
The sun azimuth for each locality and given time was calculated according to the NOAA solar
position calculator (http://www.esrl.noaa.gov/gmd/grad/solcalc/azel.ntml). Circular diagrams
were plotted in Oriana 4.02. We calculated mean alignment vectors for am. and p.m. sun
azimuths separately. For graphical illustration only more significant results of either angular
or axial analyses were selected.

Results

Circular statistics based on average means for particular activities at particular photographs
showed significant alignment of flamingos’ heading approximately southwards or along the
North-South axis in Europe and northwards in Kenya during stationary behaviours (Table 2,
4, Fig. 1 and 3), but less significant orientation during locomotion (walking and feeding;
Table 3, 4, Fig. 2 and 3). The alignment was more prominent during overcast than during
sunny conditions and during overcast conditions it was highly significant in the morning
hours. Generally, alignment deviated in the course of the day less from the N-S axis than it
deviated from the actual sun azimuth. There was no correlation between the direction in
which a photograph was taken and the mean heading of birds measured on that particular
photograph (r = —0.003 for angular data and r = —0.0966 for axial data). Under the overcast
conditions flamingos seemed to track the course of the sun and to head towards it. However,
the deviation angle of the mean alignment axis from the North-South axis during stationary
activities was markedly smaller (on average 20°) than that from the sun azimuth (on average
40°).
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Discussion

Technical considerations

The question to be answered is whether the findings could have been influenced by the
method of sampling and measurement. We argue against this possibility.

Although errors in estimating the angular value of body direction of birds which are not
aligned exactly parallel or perpendicular to the direction of photographing cannot be excluded
due to distorted perspective of the picture, this kind of errors would result in rather
quadrimodal distribution of values, due to parallel and perpendicular directions acting as
value attractors. Since all the directions of photographs were represented in our sample, a
random distribution of bearings would be a possible result of too rough measurements from
photographs. There would be no reason, why one particular axis should be preferred. In fact,
all the directions of photographs, when analysed separately provided the same result:
flamingos aligned their body axis roughly along the N-S axis during resting (Table 2, Fig. 1
and 3). Thus the error of measurement represents noise (scatter of values) but is not
systematically cumulative to one attractor value.

It should be further noted that the researchers who measured the directions of the flamingos
did not know the true direction of the photo and the measurements were thus blind. Besides
that, should our observation be only an artifact of accuracy there would not be a difference
between stationary and locomotor activities as all birds on the photo are “fixed” and thus
“stationary”.

Although some bird individuals (especially those photographed in zoos) were measured
several times, the records were done at different times, at different places, under different
weather conditions and during different activities. Thus, the repeated recordings do not
represent pseudoreplication within the context of our hypothesis that flamingos express either
solar alignment (expected: changes of alignment at different times of the day at the same
locality, and congruent changes at different localities at the same sun position) or magnetic
alignment (expected: no differences between mean vectors for localities and times of the day).
Accordingly, means of individual bearings of birds in one group (flock) were calculated for
each locality, each activity, each weather condition, and diverse solar azimuths (times of the
day) separately and in combinations. Recognizing and assigning behaviour to one of the given
locomotor and stationary categories is in flamingos easy and unequivocal (cf. silhouettes at
the Fig. 1 and 2).

Results

The non-random alignment of birds can be generally explained by three factors: wind
direction, sun position and magnetic field. All these factors can potentially serve also as
direction indicators. We exclude wind direction as a common global denominator since all our
observations were made under windless conditions.

Since locomotion is goal-oriented, any sun or magnetic alignment might be masked by the
respective motivation. Sun (or magnetic) alignment seems to have in flamingos rather an
information than a thermoregulatory function. Flamingos track the sun and “look into it”
rather than being perpendicularly oriented towards it (e.g. for sun basking).

Interpretation and conclusions

We suggest that magnetic alignment calibrated by solar alignment or solar alignment
compensated and corrected by magnetic alignment under overcast conditions might serve
(under windless conditions) as a “direction (heading) indicator”. This alignment might be an
expression of the flamingos’ readiness to take off in a given direction, e.g. if the flock was
suddenly surprised. In this case, it would be thus the basis of the so-called nonsense
orientation, i.e. a strong tendency to fly in one direction, unrelated to any homing ability
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(Matthews 1961). Thake (1981) explained this phenomenon in the context of escape
behaviour, arguing that “birds whose preferred orientations are sufficiently similar to those of
birds around them to allow flocking to occur have an advantage over birds whose preferred
orientations make flocking difficult”. Magnetic field and/or solar azimuth may also provide a
reference direction to arrange the mental map (cf. Collett & Baron 1994). (It is easier to rotate
the body than to perform a mental rotation of the spatial map — similarly we turn our paper
map so that the north points upwards or forwards and we align accordingly, and similarly
dogs seem to align when marking their territories and memorizing the marked places, Hart et
al. 2013b). It should be pointed out that the hypothesis of direction indicator (nonsense
orientation) does not try to compete with complex models explaining coordinated
synchronized movement and direction changes in swarms and flocks of insects, fish or birds
(Couzin et al. 2005, Buhl et al. 2006, Katz et al. 2011). A direction indicator applies in
situations when the manoeuvrability is limited (e.g. in heavier birds and/or during landing or
take-off) and or when the sight control (“what does my neighbour do”) is impeded (e.g.
during a simultaneous take-off from positions hidden in dense vegetation or of animals
distributed over a large-scale area).

We assume that there is hierarchy in cues which serve as direction indicators related also to
hierarchy in efficacy of senses which register and process them. Because of aerodynamic
reasons, the most efficient direction indicator for take-off or landing should be wind direction.
If there is no wind, sun may provide an unequivocal direction indicator. Magnetoreception is
probably a sense which has a lower rank in hierarchy of senses and is attended to, only in a
novel environment and after cues perceived by other more dominant senses are not available
or their sensing is impeded. Under sunny days continuous visual monitoring of the actual sun
position is arguably easier and faster than monitoring of any cardinal magnetic direction by
magnetic sense. This might be the reason why under overcast conditions, when sun position
could not be visually determined, more flamingos were trying to “get into the line” with the
magnetic field “in order to be ready”. Still unclear is, however, why this alignment was more
prominent in the morning hours (a.m.) than in the afternoon and evening (p.m.).

It would be surely of interest to study body orientation of flamingos at night, under disturbed
magnetic fields, either due to geomagnetic storms (cf. Hart et al. 2013b) or due to
electromagnetic pollution (cf. Engels et al. 2014), and, of course, to analyse actual directions
of take-offs and landings (cf. Hart et al. 2013a).
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Supplementary online material
Fig. S1. Analysis of coded photographs with Microsoft PowerPoint in a three-step procedure.
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Fig. 1. Alignment of flamingos with respect to the magnetic North during stationary activities (resting and comfort behaviour) in
Europe under sunny (upper row) and overcast (lower row) weather conditions in the morning (left column) and afternoon (right
column). Each pair of opposite blue dots within the outer circle represents the mean axial vector for one particular locality based
on mean vectors of flocks photographed at the given locality at different times within the given daytime period. The double-
headed arrow indicates the grand mean axial vector (u) calculated over all axial 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. The mean solar azimuths (and thus also times of the day) represented in each sample
are represented by orange dots outside the outer circle. The red line represents the grand mean of solar azimuths and thus also
expected mean vector of alignments if the birds were heading towards the sun. See Table 2 for statistics.
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Fig. 2. Alignment of flamingos with respect to the magnetic North during locomotor activities (resting and comfort behaviour) in
Europe under sunny (upper row) and overcast (lower row) weather conditions in the morning (left column) and afternoon (right
column). Each pair of opposite blue dots within the outer circle represents the mean axial vector for one particular locality based
on mean vectors of flocks photographed at the given locality at different times within the given daytime period. The double-
headed arrow indicates the grand mean axial vector (u) calculated over all axial 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. The mean solar azimuths (and thus also times of the day) represented in each sample
are represented by orange dots outside the outer circle. The red line represents the grand mean of solar azimuths and thus also
expected mean vector of alignments if the birds were heading towards the sun. See Table 3 for statistics.

stationary behaviour

e

Fig. 3. Alignment of flamingos with respect to the magnetic North during stationary behaviours (resting, grooming, upper row)
and locomotor activities (resting and comfort behaviour, lower row) in Kenya under overcast weather conditions in the morning
(sun azimuth, represented by the orange dot outside the outer circle of 45°, left column), early afternoon (sun azimuth 320°,
middle column) and late afternoon (sun azimuth 290°, right column). Blue dots within the outer circle represent the mean
angular (in the case of sun azimuths 45° and 290°) or axial (pairs of opposite dots in the case of sun azimuth 320°) vector for
one particular flock photographed at different days within the given daytime period. The (double-headed) arrow indicates the
grand mean angular (axial) vector (u) calculated over all angular or axial 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. The red line represents the expected mean vector of alignments if the birds were heading towards
the sun. See Table 4 for statistics.
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Fig. 4. Map of Lake Bogoria, Kenya (source Wikipedia) with shown positions of localities at the northern and western shore
where photographs of flamingos for measurement were taken. Note that although Lake Bogoria is situated at geographic
equator, the geomagnetic equator runs almost 1000 km northwards. Circular graphs show alignment of flamingos with respect
to the magnetic North during stationary behaviours (resting, grooming, upper row) at the northern shore (above right) and at the
western shore (below left). Blue dots within the outer circle represent the mean angular vector for one particular flock
photographed at different daytime periods. The arrow indicates the grand mean angular vector (u) calculated over all angular
means. The length of the mean vector (r) provides a measure of the degree of clustering in the distribution of the mean vectors.
The inner circle marks the 0.05 level of significance border of the Rayleigh test. See frame for statistics.
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Table 1. Localities and sample sizes of sampled flamingos.

Stationary activities
number of

Locomotor activities
number of measured

Total number

Country Locality Latitude Longitude measured photos photos of measured
(birds) (birds) photos (birds)
sunny overcast  sunny overcast

. 0.245611 36.10091 134 127 134

Kenya Lake Bogoria oN 70 E 0 (24004) 0 (3808) (27812)

Czech . o 50.43449 15.79943

Republic Dvir Kralové Zoo 3°N 9 E 3(37) 0 3(14) 0 3(51)

Czech . 49.39654 15.59922

Republic Jihlava Zoo 6° N 3°E 3(79) 7 (116) 3(18) 5(35) 10 (248)

Czech . 50.77789 15.08033

Republic Liberec Zoo 4N s 3(30) 4 (75) 3(13) 4(9) 7 (127)

Czech 49.04240 14.42177

Republic Ohrada Zoo 6° N 4°E 9(144) 24(488) 6 (20) 20 (145) 33 (797)

Czech y 49.76384 13.36502

Republic Plzeii Zoo 6° N 7ok 12 (37) 8(94) 2(11) 5 (20) 20 (162)

Czech Prague Zoo — Locality 50.11571 14.40907

Republic I 7o N 8 E 12 (365) 27 (867) 8(50) 22 (242) 39 (1524)

Czech Prague Zoo — Locality 50.11607 14.40717

Republic . 50N 90 E 10(298) 13(313) 11(106) 11(119) 23(836)

Rhéne Delta, 43.53012 5.048250
France Camargue 1° N oE 30(601) O 26(254) O 30 (855)
51.47359 7.469867
Germany Dortmund Zoo 20N oE 0 12 (56) 0 10 (17) 12 (73)
51.43549 6.809691
Germany Duisburg Zoo 4N °oE 12 (97) 11 (70) 12 (19) 10(21) 23 (207)
51.42872 6.988961
Germany Gruga-Park Essen 70 N oE 0 9 (29) 0 9 (46) 9 (75)
- . 50.42529 3.580848
Great Britain ~ Paignton Zoo 6° N oW 6 (24) 19@372) 2(7) 18 (68) 25 (471)
47.51994 19.08070
Hungary Budapest Zoo 6° N 2°F 0 4 (99) 0 4 (80) 4 (179)
37.17876 7.385807
Spain Isla Canela 1°N oW 1(4) 11 (62) 1(17) 8 (109) 12 (192)
. . . 37.24090 6.997423
Spain Marismas del Odiel 8 N oW 21(372) 0 21(153) O 21 (525)
. 37.00103 6.389730
Spain Coto Donana 4N oW 0 3(24) 0 0 3 (24)
4754777 7.578777

Switzerland Basel Zoo 3°N °E 0 5 (107) 0 5 (57) 5 (164)

Sum Europe 17 localities 122 157 98 131 279
(2088)  (2772) (682) (968) (6510)

Sum: 18 localities 122 291 98 258 413

8 countries (2088)  (26776)  (682) (4776) (34322)
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Table 2. Circular statistics for axial bearings in flamingos displaying stationary activities (standing, resting, grooming), for
localities in Europe, and separately for overcast and sunny weather and morning and afternoon hours. Magnetic alignment
refers to bearing respective to the magnetic North (= 0°); solar alignment refers to bearings respective to the actual sun position
(= 0°) calculated for the given locality, date and time of observation. It is apparent that mean vectors counted for magnetic
alignment deviate for about 15° from the North-South axis, those for solar alignment deviate for about 30° from the respective
sun azimuth. See Fig. 1 for illustration.

Weather overcast sunny

Time morning afternoon morning afternoon

(solar azimuths) (70°-170°) (180°-270°) (70°-170°) (180°-270°)

Number of observations

means of localities/ flocks/birds 13/74/1546 13/83/1226 10/71/1209 10/51/879

Alignment magnetic  solar magnetic  solar magnetic  solar magnetic  solar
Mean vector (p) 164°/344°  29°/209°  16°/196°  155°/335° 8°/188°  41°/221° 14°/191°  154°/334°
Length of mean vector (r) 0.602 0.453 0.455 0.553 0.250 0.336 0.507 0.336
Circular standard deviation 29° 36° 36° 31° 48° 42° 33° 42°

95 % Confidence interval (—/+) for p  147°-181° 4°-54° 351°-41°  136°-174° 269°-107° 354°-87°  349°-39°  108°-201°
99 % Confidence interval (—/+) for p  141°-186° 356°-61°  344°-49°  130°-180° 238°-138° 340°-102° 341°-47° 93°-215°
Rayleigh test (2) 4.710 2.669 2.687 3.970 0.625 1.129 2.574 1.130
Rayleigh test (p) 0.007 0.067 0.065 0.016 0.547 0.332 0.073 0.331

Table 3. Circular statistics for axial bearings in flamingos displaying locomotor activities (walking, wading, feeding), for localities
in Europe, and separately for overcast and sunny weather and morning and afternoon hours. Magnetic alignment refers to
bearing respective to the magnetic North (= 0°); solar alignment refers to bearings respective to the actual sun position (= 0°)
calculated for the given locality, date and time of observation. It is apparent that mean vectors counted for magnetic alignment
and solar alignment deviate on average for about 40° from the North-South axis or from the respective sun azimuth respectively.

See Fig. 2 for illustration.

Weather overcast sunny

Time morning afternoon morning afternoon

(solar azimuths) (70°-170°) (180°-270°) (70°-170°) (180°-270°)

Number of observations 11/62/456 13/69/512 8/50/430 10/39/252

means of localities/ flocks/birds

Alignment magnetic solar magnetic solar magnetic solar magnetic solar
Mean vector () 131°/311° 105°/285°  47°/227° 9°/189° 29°/209° 106°/286°  30°/210° 170°/350°
Length of mean vector (r) 0.223 0.179 0.385 0.401 0.246 0.526 0.367 0.250
Circular standard deviation 50° 53° 40° 39° 48° 32° 41° 48°

95 % Confidence interval (—/+) for p 3440-277°  FERExE 16°-78° 339°-38° 63°-356° 79°-133° 350°-70° 71°-269°
99 % Confidence interval (—/+) for u 208°-324°  Fkxxk 6°-88° 330°-48° 320°-99° 71°-142° 337°-82° 39°-300°
Rayleigh test (Z) 0.547 0.354 1.928 2.09 0.484 2.217 1.347 0.624
Rayleigh test (p) 0.59 0.711 0.146 0.123 0.631 0.107 0.266 0.547

Table 4. Circular statistics for angular or axial bearings (results with higher respective significance are presented) with respect to
the magnetic North (= 0°) in flamingos displaying stationary (standing, resting, grooming) or locomotor activities (walking,
wading, feeding) observed at Lake Bogoria in Kenya. Note that all observations in Kenya were made under overcast conditions,
separately in the morning (sun azimuth 45°), in the early and late afternoon (sun azimuths 320° and 290° respectively). See Fig.

3 for illustration.

Type of behaviour stationary locomotor

Solar azimuth 45° 320° 290° 45° 320° 290°
Data type Angles Axial Angles Angles Axial Angles
Number of observations 28/1524  53/12039  53/9541  23/101 51/2074  53/1633
means of flocks/birds

Mean vector (1) 340° 118°/298° 353° 19° 87°/267° 56°
Length of mean vector (r) 0.677 0.369 0.434 0.376 0.197 0.258
Circular standard deviation 51° 40° 74° 80° 52° 94°

95 % Confidence interval (—/+) for p 321°-359° 104°-133° 329°-17° 336°-61° 59°-115° 14°-97°
99 % Confidence interval (—/+) for p 315°-5° 100°-137° 322°-24° 323°-74° 50°-124° 1°-110°
Rayleigh test (Z) 12.814 7.205 9.999 3.257 1.977 3.517
Rayleigh test (p) 6.09 x 107 7.43x10"  455x10° 0.037 0.139 0.030
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Spatial orientation of foraging Corvids consistent with spontaneous magnetic alignment

responses observed in a vanety of free-roaming vertebrates

Abstract:

Spontaneous magnetic alignment, in which an amimal or group of animals, aligns their body axis
in a fixed onentation relative to the geomagnetic field has been observed across a vanety of
vertebrates. Although a seemingly ubiquitous spatial behavior, the adaptive significance and
sensory machanisms undertying spontanecus magnetic alignment remain unclear. Here we
report another example of spontaneous alignment orientation during feeding behaviors from five
Corvid species, a well-known and geographically widespread taxon. Consistent with previous
observational studies of magnetic alignment in free-roaming vertebrates, Convids exhibit robust
axial alignment corresponding with the north-south magnetic axis. When the data was analyzed
with respect to sun azimuth position, much weaker clustenng around the distnbution mean was
found, suggesting that the magnetic field is a stronger predictor of alignment behavior compared
to celestial cues. The magnetic alignment behavior exhibited by foraging crows reported here is
consistent with previous hypotheses regarding the biological relevance of spontaneous
magnetic alignment. Clearly, an experimental approach in future studies is needed to help shed
light on the functional relevance and biophysical mechanisms mediating spontanecus magnetic
alignment in free-roaming animals. Given their widespread distribution, coupled with their
cognitive apfitude and behawioral plasticity, Conveds may offer unigue advantages for field-based

and laboratory studies of magnetoreception.

Introduction:
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While the functional significance and sensory pathways underlying many forms of spatial
behawvior, including leng-distance navigation, migration, and local-scale wayfinding, have been
identified, the biophysical mechanisms and adaptive relevance of spontaneous alignment are
miuch less clear (Begall et al. 2013), but see (Hetem et al. 2011). Spontanecus magnetic
alignment (SMA), in which an animal or group of animals aligns their body axis along the
magnetic ~north-south axis, has been documented in observational studies of several classes
of vertebrates (Begall et al. 2013, Malkemper et al. 2016, Obleser et al. 2016, Cerveny et al.
2017). Although manipulative experiments confirming direct involvement of magnetic cues
underlying SMA have been difficult to implement in field studies, magnetic alignment responses,
compared to alignment behavior relative to other available cues, e.g. sun position, slope, wind
direction, etc_, show overwhelming consistency across disparate taxa exhibiting a vanety of
behawviors, providing strong support for the involvement of magnetic cues underlying these
spatial responses. Furthermore, nest building assays involving rodents (Burda et al. 1990,
Oliveriusova et al. 2014, Malkemper et al. 2015) and laboratory studies of invertebrates
(Roonwal 1958, Wehner et al. 1970, Martin et al. 1977, Vacha et al. 2010, Painter et al. 2013),
both have confirmed the involvement of magnetic cues mediating SMA, although the behaviors

and enentation relative to magnetic cues differ from these shown in cbservational studies.

Although the adaptive significance of SMA remains enigmatic, previous studies have suggested
that magnetic alignment may play a fundamental role in structunng and organizing indirmdual
spatial responses or in eusocial animals where coordination of group movement is necessary
(Phillips et al. 2010). For example, evidence from honeybees suggests that the reliance on
magnetic cues may help structure spatial behavior when approaching a novel environment,
possibly standardizing vantage points for retinotopic maps (Collett et al. 1994). Evidence for
coordinated magnetic spatial behaviors have also been shown in flocks of waterfowl duning

behaviorally complex water landings (Hart et al. 2013) and in the coordinated escape responses
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of wild roe deer (Obleser et al. 2016). Furthermore, passive behaviors, such as grazing cattle,
resting or sleeping red deer, roe deer, and wild boar, and stationary behaviors of flamingos all
exhibit SMA along the ~north-south magnetic axis, and are consistent with previous forms of
SMA shown in other wild vertebrates (see Begall et al. 2013 for review).

Here we provide additional support for SMA from five Convid species observed in 15 localities
across three countries. These data show highly clustered axial alignment along the ~north-south
magnetic axis, and are consistent with previous observational studies of spontaneous magnetic
alignment. Although additional observational studies of SMA may only add to a growing list of
species thought to exhibit SMA, the expression of magnetic alignment in Conads provides
several advantages and exciting opportunities for future studies designed to characterize the
sensory mechanisms and functional significance underlying SMA behaviors. For example,
members of the Corvus family are geographically widespread, found across Morth and Central
America, Europe, Asia, and Australia, and parts of South America, and therefore, highly
accessible for behavioral studies. Also, Convids are considered to be a highly inteligent genus
(Emery et al. 2004) and could offer advantages in laboratory studies of magnetoreception, for
example, for training or conditioning assays paired with magnetic stimuli. Therefore, we hope
that these data not only provide additional support for SMA in a new avian taxon, but also offer
new opportunities for future research to help elucidate the remaining questions surrounding this

seemingly widespread, yet surpnsingly mystenous behavioral phenomenon.

Material and Methods:

Digital photographs of free-living corvids were taken by four trained observers in 15 separate
locations across three countries (Czech Republic, ltaly, and Canada) from April 2011 to
September 2015. All photographs analyzed were of birds feeding, defined as an individual with
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its head pointed downwards and the beak touching the ground, during daylight hours, typically
under calm and overcast skies, without precipitation. A total of five Convid species (Convus
frugilequs, Corvus monedula, Corvus corone, Corvus comix, and Corvus caurnus), were
analyzed. Photographs were taken at different times of year, different times of day, in different
geographic alignments relative to the bird and/or flock (as measured by a handheld compass by
the observer), and in different semi-urbanized habitat types (e.g. maintained lawns, agricultural
fields, recreational areas). The time, location, flock size, weather conditions, magnetic direction
in which the photograph was taken relative to the flock, and habitat type were recorded for each

photograph.

All digital photographs were then uploaded to Microsoft PowerPoint to derive the magnetic
alignment of indradual birds. All measurements of feeding alignment were treated as axial data.
Once the photograph was uploaded, digital lines were overlaid on the long-axis of each
individual within the photograph, representing the axial alignment of each bird. The photograph
was then removed and replaced with a digital ‘compass rosette’ designed to compensate for
angular distortions of each photograph (i.e. compass rosette was adapted for each photograph).
The compass rosette was divided radially into 36 ten degree bins, and used to obtain axal
beanngs from each digital line at 10° resolution. See (Novakova et al. 2017) for similar sampling

and analysis mathods.

Measurements of species within the same flock were considered dependent, and therefore, the
axial mean for each flock, (or the axial bearing for an individual in the few cases when a
photograph captured only one bird) was calculated relative to geomagnetic Morth and relative to
the sun azimuth position. Sun azimuth directions corresponding to the time of measurement and
location were obiained from the NOAA website hitps:/fwww esrl.noaa gov/igmd/arad/solcalc/.
Photographs were considered independent if they were taken on separate days, at different

locations, or of different species. When photographs were taken on the same day, at the same
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locality, and of the same species, photographs were considered independent only if the flock
size changed by =10 individuals from the previous photograph, and/for at least 10 min had
elapsed since the last photograph was taken.

Statistical Analysis: All data were analyzed using the circular statistics program Oriana 4.02
(Kovach Computing) and Microsoft Excel. First-order statistics were calculated from
independent measurements and pooled relative to magnetic North and relative to the sun’s
azimuth. Second-order statistics which assigns a weight to each mean bearing (0 - 1.0)
representing the degree of clustering around the group mean were also calculated (Batschelet
1961). However, mean bearings containing less than five individuals were excluded from
second-order analysis to prevent small flock sizes, typically charactenzed by artificially large r-

values, from biasing the overall distnbution.

Mean beanings were also plotted as a function of flock size relative to magnetic north and as a
function of time of day relative to sun azimuth position. Axial bearings for each scatter plot were
transformed into the absolute deviation from the north-south axis or absolute dewiation from the
sun azimuth axis, resulting in distnbutions that range from 0° - 90°, reflecting the minimum and

maximum deviation from each axis. Linear regressions were calculated for each scatter plot.

Eesults:

A total of 2362 individual Conids from five different species, were cbserved and measured
while feeding. As descnbed in the Methods, data from individual birds are not considered
independent when photographs were taken of the same species at the same time and in the
same location, and therefore mean bearings from each species were calculated, resulting in a

total of 105 independent measurements. First-order analysis shows three of the five Corvid
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species exhibited highly significant axial alignment corresponding to the north-south magnetic
axs (Fig 1, Table 1). Corvus corone also exhibited a north-south axial magnetic alignment, but
failed to reach statistical significance, whereas C. cornix showed no alignment preference. The
combined axial alignment of all five species shows robust onentation along the north-south
magnetic axis (Fig 1). To determine if the number of birds within a flock influenced magnetic
onentation, independent bearings were analyzed as a function of flock size (Fig 3). As shown in
Fig 3, the linear regression (* = 0.011) suggests that there is no relationship between magnetic

onentation and flock size.

In contrast to magnetic alignment, only two species exhibited significant orientation relative to
the sun’'s azimuth (Table 1). The combined orientation from all five species reached the p = 0.05
significance level, however shows considerably more scatter in the mean beanngs relative to
the sun, which is reflected in the smaller r-value indicating a weak degree of clustering around
the distnbution mean (Fig 2, Table 1). However, it's possible that the pooled alignment relative
to the sun over the course of the entire day could mask a more specific temporal pattern of sun
alignment. Therefore, axial alignment relative to the sun was analyzed as a function of time of
day (Fig 4). As shown in Fig 4, no relationship between time of day and alignment relative to
sun was found (r* < 0.001).

Second-order statistics were also calculated relative to magnetic North and relative to the sun's
azimuth from independent group mean bearings (Table 2). Unlike the first-order statistics
discussed above, second-order analyses also ‘weight’ each measurement by taking into
account the strength of response (r-value) for each mean bearing. However, in order to prevent
small flock sizes, typically having inflated r-values, from biasing the overall distribution, all mean
beanngs containing less than five individual birds (n = 32) were excluded from second-order
analysis. This resulted in a total of 73 independent mean bearings from four Carvid species (all

photographs from C. corone were taken of flocks with less than five individuals, and were
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therefore excluded from second-order analysis). Both the magnetic alignment and alignment
relative to the sun show significant axial clustenng (Table 2). Consistent with the first-order
analysis, all species analyzed using second-order statistics showed significant orientation
relative to the magnetic field and the overall distribution resulted in a higher r-value compared to

alignment relative to sun azimuth position.
Discussion:

Here, we raport robust axial alignment preferences in five Cornvid species comesponding with the
magnetic ~north-south axs while feeding, consistent with previous observational studies of
SMA in free-roaming vertebrates (Begall et al. 2013, Cerveny et al. 2017, Novakova et al.

2017). First- and second-order statistics revealed more tightly clustered mean onentations
relative to the magnetic axis than to sun azimuth position, suggesting that magnetic cues
mediate feeding alignment responses in Convids. Furthermore, no relationships were found
between magnetic alignment and flock size, or between the time of day and onentation relative
to the sun's azimuth. These data provide the first example of SMA in Convids, and given their
ubiquitous geographical distribution coupled with their remarkable intelligence (Emery et al.
2004), Connds could play a critical role in charactenzing the sensory mechanisms and the

functional significance underlying SMA in free-roaming vertebrates.

Although cbservational studies of SMA have been criticized for lacking experimental power,
subject to observer bias, and involve relatively simple measurement techniques, they do provide
insight inte the spatial behawior of free-roaming animals in their natural environment, allow
observers to collect large amounts of data, and don't require the specialized equipment and
facilities typically associated with laboratory studies of animal behavior (Begall et al. 2013). In
the current study, observer bias would not be expected to “artificially’ produce consistent
alignment responses, as the relative alignment of field measurements (i.e. photographs) with

respect to individual or groups of birds vaned across all observations. And therefore, any other
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potential systematic bias in analysis technigues (e.g. emor in the digital compass rosette), would
not be additive, but rather would be expected to cancel out across the total distribution of
measurements (Hart et al. 2012, Obleser et al. 2016, éewenw;r et al. 2017, Novakova et al.
2017). Lastly, any bias from observations and/or analysis techniques would not be specific to
analyses pooled relative to the magnetic field, and therefore any bias should also be evident in
the distnbutions pooled relative to the sun. However, the first-order analysis clearly shows a
robust relationship between alignment relative to the magnetic field, whereas alignment relative
to the sun's ammuth, although statistically significant, shows considerably more scatter around

the distnbution mean.

While the adaptive significance of SMA has yet fo be identified, several possibilities have been
proposed. As suggested by Phillips et al. 2010 (Phillips et al. 2010), the magnetic field, an
omnipresent and global cue, may provide coordinate frame helping to simplify the complex
neural processing underlying spatial cognition, or could provide a stable reference with which to
anchor path integration systems that are prone to the accumulation of errors, and therefore
become unreliable over long-distance navigation without a fixed ‘compass’ reference (Cheung
et al. 2008). Spontaneous magnetic alignment has also been proposed to coordinate the
movement of eusocial animals living in groups or flocks. For example, SMA has been observed
in landing waterfowl and in the escape behaviors of free-roaming roe deer (Hart et al. 2013,
Obleser et al. 2016). The authors of these studies propose that the magnetic field provides a
reference frame with which to estimate the trajectory of water landings and promotes herd

cohesiveness during unexpected escape responses, respectively.

Here we show that SMA is expressed in feeding Convids. One possibility, as discussed in
(Phillips et al. 2010), is that a ‘'magnetic coordinate frame’ could help to organize spatial
behaviors by placing adjacent patches of habitat into register, providing the basis of a cognitive
map. Similar to the functional significance proposed for SMA cbserved in grazing ungulates
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(Begall et al. 2008), magnetic alignment in feeding Convids may provide a reference frame to
effectively and efficiently forage in large patches of homoegenized habitat devoid of salient
spatial features, and/or may help to encode the relative locations of foraging patches into

register.

The current study adds to a growing list of free-roaming animals shown to exhibit SMA,
however, future studies are clearly needed to identify the functional significance and sensory
mechanisms mediating SMA. Given their widespread distribution, coupled with their cognitive
aptitude, Convids could play a key role in providing insight into the adaptive significance
underlying magnetic alignment. For example, field or laboratory experiments could be designed
to test if magnetic cues increase Convid foraging efficiency. Furthermore, Corvids may be well-
suited for studies of magnetoreception involving training paradigms (i.e. learned magnetic
responses) which could be used to further characterize the biophysical mechanisms underlying

magnetic sensing.
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Figure 1. Axial orientation from five Corvid species exhibiting feeding behavior pooled relative to
magnetic North (‘mN~). Each set of bearings represent an independent axial measurement.
Black double-headed arrow represents the mean axial alignment of the distribution and the

arrow length represents the strength of clustering around the distribution mean. The inner black
circle represents the p = 0.05 significance level for the first-order Rayleigh test of uniformity.
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Figure 2. Axial orientation from five Corvid species exhibiting feeding behavior pooled relative to
sun position ('Sun’). Each set of bearings represent an independent axial measurement. Black
double-headed amrow represents the mean axial alignment of the distribution and the arrow
length represents the strength of clustering around the distribution mean. The inner black circle
represents the p = 0.05 significance level for the first-order Rayleigh test of uniformity.
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Figure 3. Scatter plot showing the deviation of mean magnetic alignment as a function of flock
size. Axial data was transformed to show only the absolute deviation from the nerth-south
magnetic axis (0°). Therefore, only one bearing per measurement is graphed. All bearings
represent the mean deviation from independent measurements. Linear regression is also shown
(dotted black line), indicating no significant relationship between flock size and magnetic
alignment.
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Figure 3. Scatter plot showing the deviation of alignment relative to the sun as a function of time
of day. Axial data was transformed to show only the absolute deviation from the sun’s azimuth
(0°). Therefore, only one bearing per measurement is graphed. All beanings represent the mean
deviation from independent measurements. Linear regression is also shown (dotted black line),
indicating no significant relationship between the time of day and alignment relative to the sun.

Table 1. First order statistics for five species of free-roaming Conads during observations of
feeding. Statistics are pooled relative to geomagnetic north and relative to the sun azimuth
position. All data are treated as axial orientation, and statistics are calculated using independent
measurements. A Rayleigh test was performed to determine if the data are distinguishable from
random at the p = 0.05 significance level. Combined statistics for all five species are provided

on the bottom row.

Axial Alignment Relative to mN Axial Alingment Relative to Sun Azimuth
- i Mean Individuals Mean Rayleigh p Maan Rayl=igh p]
opecies Bearings (n) inj Alingment ralus walue] Alimgment raslue walus)
C. frugilegus 41 1420/ 4" 0.81 <0.0001 - 0.81 <0.0001
C. moneduwa 47 387 2 0.65 <0.0001 a7 0.08 0.68
C. corons 8 16 19+ 0.58 0.08 138- 0.47 0.17
C. comix 2 46 103" D.18 096§ 22 0.04 0.84
C. caunnus 7 483 178 0.9 =0.001 125+ 0.77 0.0
Combined 105 23682 3" 0.70 <1x107 32" 0.17 0.05
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Table 2. Second order statistics for five species of free-roaming Convids during observations of
feeding. Statfistics are pooled relative to geomagnetic north and relative to the sun azimuth
position. All data are treated as axial crientation. Analyses were performed using independent
measurements, and mean beanngs containing less than five individual birds (n=32) were
excluded from second order analysis to prevent biasing the weighted means from small flock
sizes. A Hotelling’s one sample test was performed to determine if the ellipse derived from the
weighted mean vectors overlaps with the circle’s center at the p=0.05 significance level.
Combined statistics for all five species are provided on the bottom row.

Axial Alignment Relative to mN Axial Alignment Relative to Sun

) Mean| Mean Hotelling's p Mean Hotelling's p-
Species Bearings (nf  Alingment ralus walus]  Alingment ralus value
C. frugilegus £ & 051 =0.0001 367 0.46 =0.0001
C. monedula 32 3 0.36 < 0001 51 0.13] 0.3
C. corone [l - - - - - -
C. comix 2 a1 0.12 <0000 163" 0.09) n'a
C. caurinus 7 176" 0.32 0.02 12¥ 0.25 <=0.0005
Combined 73 4* 041 <=1x10" 39 023 <0.0005
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