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Abstrakt

Sledovani a pozorovani volné zijicich zvitat pro ziskavani dat o misté, Case, pohybu a orientaci,
nebo typu chovani a aktivité jsou stale vice se rozvijejicim trendem v ekologii mnoha zivo¢isnych
druhti. Cilem studii je ziskavani komplexnich poznatkti vhodnych pro rozsiteni znalosti o biologii
a ekologii daného druhu nebo pro jeho management a ochranu. Vyznamnym technologickym
pokrokem je pouzivani multi-senzorové biologging technologie v kombinaci se standartnim GPS
telemetrickym systémem ve formé obojkového systémi. V ramci naseho projektu jsme vyvinuli
hybridni zafizeni vybavené vysoko frekvencnim akcelerometrem a magnetometrem s tfiosym
zdznamem dat na frekvenci 10 Hz a GPS modulem s frekvenci zaznamu pozic v intervalu 30
minut. Vyvinuté zatizeni bylo testovano pro dlouhodobé potizovani zdznamu (vice nez 1 rok) u
jedinct jelena evropského (Cervus elaphus) a prasete divokého (Sus scrofa). Hybridni technologie
byla testovana vzhledem k hmotnosti celého systému vici télesné hmotnosti sledovanych zvitat.
Vysledky prokazaly vhodnost pouziti vyvinutého zafizeni, a to bez vlivu na zmény v chovani a
pohyb sledovanych zvitat. Technologie spliiuje doporuceny 3% vahovy limit hmotnosti zafizeni
z télesné hmotnosti zvifete. Rekonstrukce detailniho pohybu oznacenych zvitat pomoci biologging
technologie prokazala vyuzivani nizsi rychlosti pohybu pii vyssi smérové diferenciaci, ve srovnani
s vyrazné rychlejsim pfimym pohybem. Dalsi vysledky prace pochézejici z biologging dat byly
zam¢eiené na spankové rytmy prasete divokého (Sus scrofa). Data prokazala negativni vliv
extrémnich klimatickych faktorti na kvalitu a frekvenci spankovych cyklu sledovanych jedincti. U
jeleni zvéfe byla pozitivné testovana schopnost navigace (tzv. homingu) do puavodnich
domovskych okrskii po fizené translokaci mimo né. Smérova orientace viici domovskému okrsku
byla vyznamna u GPS pozic, které byly ve vzdalenosti do 100 m a do 5000 m od mista vypusteéni.
Vysledky zdiraziuji znacnou fidelitu jeleni zvéte k domovskym okrskiim. Stejné vyznamny
poznatkem je testovand vhodnost pouZiti ptezimovacich obtirek pro jeleni zvét v zimnim a jarnim
obdobi s cilem redukce pohybu a energetickych vydajii, potazmo snizeni tlaku na lesni porosty.
Jeleni zvét prokdzala sniZzeni pohybové aktivity po dobu stradvenou uvnitt obirky a znacné vyssi
aktivitu pohybu pfed samotnym vypusSténim do volnosti. Publikované vysledky lze vyuzit pro
pochopeni ekologie a chovani nékolika druht zvifat, pfipadné¢ ve spojeni s ochranou a

managementem piirody a procest v ni probihajicich.

Kli¢ové slova: chovani zvitat, akcelerometr, magnetometr, detailni pohyb, navigace



Abstract

Monitoring and observing wild animals to collect data on location, time, movement and
orientation, or types of behavior and activity is an increasingly developing trend in the ecology of
many animal species. The goal of these studies is to gain comprehensive insights suitable for
expanding knowledge about the biology and ecology of a given species or for its management and
conservation. A significant technological advancement is the use of multi-sensor biologging
technology combined with standard GPS telemetry systems in the form of collar systems. As part
of our project, we developed a hybrid device equipped with a high-frequency accelerometer and a
magnetometer that records data in three axes at a frequency of 10 Hz, alongside a GPS module
that records positions at intervals of 30 minutes. The developed device was tested for long-term
data acquisition (over 1 year) on individuals of the European deer (Cervus elaphus) and wild boar
(Sus scrofa). The hybrid technology was evaluated regarding the weight of the entire system
relative to the body weight of the monitored animals. The results demonstrated the suitability of
using the developed device without influencing changes in the behavior and movement of the
monitored animals. The technology meets the recommended 3% weight limit of the device relative
to the animal's body weight. The reconstruction of detailed movement of tagged animals using
biologging technology showed a tendency for lower movement speeds with greater directional
differentiation, compared to significantly faster direct movements. Other results derived from
biologging data focused on the sleep rhythms of wild boars (Sus scrofa). The data indicated a
negative impact of extreme climatic factors on the quality and frequency of sleep cycles of the
monitored individuals. For deer, the ability to navigate (known as homing) back to their original
home ranges after managed translocation was positively tested. Directional orientation towards the
home range was significant for GPS positions within distances of up to 100 m and up to 5000 m
from the release point. The results highlight a strong fidelity of deer to their home ranges. Another
significant finding is the tested suitability of using winter enclosures for deer during the winter
and spring periods to reduce movement and energy expenditure, thereby decreasing pressure on
forest vegetation. The deer demonstrated reduced movement activity while inside the enclosure
and significantly higher movement activity prior to their release into the wild. The published
results can be utilized to understand the ecology and behavior of several animal species, as well as

in connection with nature conservation and the processes occurring within it.

Keywords: animal behavior, accelerometer, magnetometer, detailed movement, navigation
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1.Uvod

Pouzivani kontaktnich senzorii a sledovacich zatfizeni umisténych na téle zvifat méni nase
chéapani ekologie a chovani divokych zvitat (Brown et al., 2013a; Kays et al., 2015). Zatizeni
obsahujici rizné typy senzort a systémy urcujici polohu byly pouzity napti¢ Casem a prostorem
jiz u mnoha zivoc¢iSnych druhti s cilem ziskani nejriznéjSich poznatkl, a to naptiklad od
detailniho popisu lovecké strategie Selem az po rozsahla srovnavani jednotlivych typt chovéni
napfic taxony nebo jejich prostorové vyuziti napii¢ vSemi oceany (Block et al., 2011; Brown et
al., 2013a; A. M. Wilson et al., 2013a). Integrace technologie GPS s akcelerometrickymi a
magnetometrickymi daty dale zvySuje pfesnost a hloubku ziskdvanych prostorovych informaci
pro studie zaloZené na vzdaleném sledovani zvitat, coz se odrazi ve velmi rozsifeném pouZivani
GPS technologie napti¢ mnoha studiemi za posledni tfi desetileti (Kays et al., 2015). Krom¢
standartniho pouziti GPS technologie pro ziskani ¢asoprostorové informace je v soucasnosti
vyuzivédna pro zpiesnéni informace o pohybu funkce tzv. dead-reckoningu, ktera vytvari
detailni rekonstrukci wuslé trasy sledovaného zvifete pomoci synchronizace vektori
z akcelerometru a magnetometru (Gunner et al., 2021). InZenyring multi-senzorovych obojkt
(napt. GPS, akcelerometr, magnetometr) schopnych kontinualn¢ a dlouhodobé zaznamenavat
detailni a velkoobjemova data o pohybu zvitat je stale vyzvou pro vyvoj a implementaci (Cook
et al., 2017; Holton et al., 2021a; Kenward, 2000). V soucasné dob¢ je technologickou vyzvou

piedevsim vyvoj zafizeni s dlouhou dobou sledovani.

Pohyb je zakladnim principem zivocCisné fiSe, zvifata se pohybuji riznou rychlosti v jimi
zvolenych smérech tak, aby vyuzivala prostor v pribéhu casu definovanym zptisobem, o
kterém piedpokladaji, ze zlepSuje jejich pieziti nebo reprodukéni tspéch (B. K. Williams et al.,
2002). Pohyb vyzaduje energii, kterd se lisi podle velikosti zvifete (Dickinson et al., 2000).
Rychlost, kterou zvife voli pro pohyb, a tedy i spotfeba energie, kterd je mu urcena v priibéhu
Casu, zavisi na ucelu pohybu, protoZze samotny pohyb mize byt méné¢ dulezity nez behavioralni
role lokomoce (R. S. Wilson et al., 2015), kterd mlze vznikat v zdvislosti na ¢ase nebo

reprodukénim Uspéchu (Shepard et al., 2009a).

Navigace zvifat, prostorova orientace a kognitivni pamé&t’ jsou zakladni schopnosti, které
zvifatim umoziuji dosdhnout konkrétnich cildi, jako jsou zdroje potravy, lokality pro pafeni a
odpocinek, a diky tomu tak efektivné vyuzivat prostorové seskupené zdroje (Alerstam &

Bédckman, 2018a; Kashetsky et al., 2021a). Mnoho Zivoc¢isnych druhii vykazuje vérnost dané

11.



lokalité - fidelitu, to znamena, Ze se kazdou sezénu vraceji do konkrétnich mist nebo ziistavaji
ve stejné oblasti nebo kolem ni v pribéhu celého roku (Milner-Gulland et al., 2011). Zvirata,
ktera vykazuji silnou fidelitu k domovskym okrskiim, se obvykle po jakémkoliv zplisobu
pfemisténi mimo jejich domovsky aredl, vraceji na své puvodni misto - lokalitu odchytu
(Falcon-Cortés et al., 2021; Papi, 2012a). Duvody pro upiednostiovani urcitych ,,domovskych
oblasti“ mohou byt rtizné, ale ¢asto jsou spojeny s teritorialnim chovanim, anebo misty k pareni
(Crump, 1986; Lohmann et al., 2017), pfipadné¢ z divodu vytvareni domovského okrsku na
zéklad¢é paméti a prostorového vnimani okoli (Merkle et al., 2014; Van Moorter et al., 2009).
Studium prostorové aktivity a navigac¢nich schopnosti velkych savci bylo podrobeno mnohem
mens$imu poctu pfimo fizenych experimentii, pravdépodobné kvili praktickym problémtim s
jejich prfemisténim. Studie na mnoha druzich naznacuji, Ze existuji druhové specifické limity
translokacnich vzdalenosti, po jejichz piekroeni jiz zvifata nejsou schopna navigovat zpét
(Rogers, 1984; Sinsch & Kirst, 2016). Tato omezeni mohou byt spojena s naviga¢nimi podnéty
pouzivanymi pro navadeéni, coz mtize vyzadovat znalost prostiedi. Schopnosti navadéni mimo
diive navstivenou (tj. ,,zndmou*) oblast se ¢asto nazyvaji ,,prava navigace*, coZ znamena, ze
zvitata maji schopnost extrapolovat navigacni podnéty mimo svlij domovsky okrsek. Nicméné
stale neni znamo, jaké druhy smyslovych mechanismii pouzivaji velci suchozemsti savci pro
svoji navigacni schopnost. U menSich savct se vSak ukazalo, ze k orientaci lze pouzit ¢ichové
(Fischler-Ruiz et al., 2021), vizudlni (Barry Jr & Francq, 1982) a magnetické podnéty (Phillips
et al., 2013). Vé&tsi savci, jako je jelen evropsky (Cervus elaphus), mohou v zésadé pouzivat
vSechny tyto parametry, pokud jsou pii navigaci k dispozici. Zatim vSak doposud nebyly
provedeny zadné ptimé testy prislusnych navigacnich funkci. Pochopeni navadécich schopnosti
vétsSich savel je dilezité pti fizeni populaci, at’ uz pro ochranu ohrozenych zvirat nebo pro

management zvcre.

Dilezitou souc¢asti chovani je spanek. Ten je pozorovan prakticky u vSech zvitrat (Anafi et
al., 2019), je nezbytny pro zdravi, kognitivni funkce a vyvoj jedince, posiluje zdkladni imunitni
odpovédi na infekce (Besedovsky et al., 2019), podporuje produkci hormonii a metabolickou
regulaci (Manzar et al., 2015; Medic et al., 2017), a také nervové spojeni a vyvoj mozku
(Klinzing et al., 2019; Xie et al., 2013). Neni proto divu, Ze kratka doba spanku a ztrata spanku
jsou doprovazeny cetnymi Skodlivymi G¢inky na zdravi a kognitivni funkce v kratkodobém 1
dlouhodobém horizontu (Johnsson et al., 2022; Sabia et al., 2022; C. J. Wild et al., 2018). U
zvitat v laboratornich podminkach jsou casto ndsledovany delSim spankem, ktery

pravdépodobné zmiriiuje tyto nasledky (Kushida, 2004). Zatimco doposud byl spanek bran jako
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aktivita, pfinasejici zejména benefity, tak je nutné pfipomenout, ze v pribéhu spanku se zvitata
nemohou zapojit do reprodukce, rozvijet socialni vztahy a shanét potravu. Velmi dulezity je
také fakt, Ze v prubéhu spanku jsou zvifata vystavena vyssimu riziku predace (Capellini et al.,
2010a). Vzhledem k omezené plasticité spanku nelze jeho ucinky dlouhodobé opomijet
navzdory rizikiim, kterd mohou nastat v jeho pribéhu (S. S. Campbell & Tobler, 1984).
Vnitrodruhové spankové naroky jsou témét totozné, jelikoz se odvijeji od neurofyziologickych

procestt daného druhu (Capellini et al., 2008).

13.



2.Clile

Cile diserta¢ni prace jsou rozdéleny do tfech tematickych casti a jejich potradi na sebe
metodicky navazuje. Prvnim cilem préce bylo vyvinuti nové hybridni technologie pro vzdalené
sledovani voln¢ zijicich zivocichti bez lidského ovlivnéni, v¢etné testovani vlivu zafizeni na
jejich prostorovou aktivitu a piirozené typy chovani. Vyvinuté zatizeni by mélo splnovat
vhodné podminky pro kontinualni sbér dat z oznaceného jedince a nemélo by negativné ovlivnit
wellfare a wellbeing daného zvifete. Cilem je vyvinout technologii, kterd vznikne kombinaci
GPS obojku pro dlouhodobé sledovani velkych suchozemskych savcii a biologging senzoru
obsahujiciho akcelerometr a magnetometr pro zdznam vysokofrekven¢nich dat. Vyvinuté
zatizeni bude schopné snimat kontinualni data z prostorové aktivity ve volné piirodé (GPS

pozice), a také detailni data o akceleraci téla a prostorové orientaci jedince.

Na zaklad€ implementace nove vyvinuté hybridni technologie bylo cilem ovéfit funkénost
technologie pro ziskavanych dat v€etné moznosti jejich vyuziti pro studium jednotlivych typt
chovani sledovanych druhti zvéfe. Sbéru dat byl provadén u jeleni a Cerné zvéte s cilem
klasifikace chovani na zakladné vysokofrekvencnich biologging dat a prostorové orientace.
Poslednim cilem disertacni prace byla realizace fizeného experimentu s vyuzitim GSP
technologie pro stanoveni navratovych mechanismi volné Zijici zvéfe do puvodnich
domovskych okrskii a otestovani vhodnosti managementu jeleni zvéfe v pfezimovacich

obtirkach vzhledem na spotiebu energie na zakladé parametru VeDBA.
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3. Rozbor problematiky
3.1. Vyvoj, testovani a pouziti hybridnich technologii

V poslednich desetiletich byly vyvinuty senzory, které jsou urcené k aplikaci na zvirata
s cilem ziskavani dat o fyziologickych procesech, chovani, pohybu a parametrii okolniho
prostiedi. Zputsobily revoluci ve studiu ekologie zivo¢ichll u riznych taxonti (Ropert-Coudert
& Wilson, n.d.; Rutz & Hays, 2009; Wilmers et al., 2015a), Tento posun ve vyvoji byl umoznén
diky pokrokiim v technologii senzorid, evidenci a spravé dat, a také diky analytickych
technikach, které nyni podporuji teoreticky 1 aplikovany vyzkum divokych zvitat (A. Cooke et
al., 2012; Rattenborg et al., 2016; Wilmers et al., 2015b). Nutno vSak upozornit, ze s ptichodem
novych biologickych technik je vyzadovan 1 multidisciplinarni pfistup, ktery se velmi Casto
zaméiuje na riizné odborné znalosti v oblastech mimo ekologii voln¢ Zijicich Zivocicht (Kays

et al., 2022; Portugal & White, 2018a; Tuia et al., 2022; T. A. Wild et al., 2023).

3.1.1. Multi-senzorova biologging technologie

Management a ochrana volné zijicich populaci zvifat potfebuje informace o tom, kde se
vyskytuji a kde by se mohly ptipadn¢ vyskytovat (Aarts et al., 2008). Z toho davodu je
monitoring populacnich trend a vzorcii chovani klicovym aspektem v managementu volné
zijici divoké zvéte (Buckland et al., 1996). Hlavnimi faktory, které ovliviiuji vybér zivotniho
prostiedi zvéte, jsou: potravni nabidka, bezpeci a klid. Nicméné kazdému typu biotopu chybi
obvykle idedlni kombinace téchto faktori (Godvik et al., 2009). Telemetrickd GPS data ndm
tak mohou poskytovat velmi dobry zdklad pro posuzovani habitatovych preferenci a vyuziti
stanovi$té (Gavrilov et al., 2015). Kombinace technologie GPS telemetrie s dal§imi vybranymi
funkcemi je Siroce pouzivana k analyzadm habitatovych preferenci sledovanych zvitat. Zminéna
kombinace diky své rychlosti a kvalité posouzeni struktury rozsdhlého zdjmového uzemi nabizi

moznosti k pfekonani poZadavkil studii tykajicich se vybéru habitath o malém rozsahu a

velikosti (Ewald et al., 2014).

Zvitata se chovaji takovym zplisobem, kterym si podle svého behavioralniho repertoaru
vybiraji z podminek vnéjSiho a wvnitiniho prostfedi, ¢imZ se snazi o zlepSeni a jejich
celozivotniho fitness (Nathan et al., 2008). Techniky pouZivané ke studiu a kvantifikaci chovani
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zvitat jdou nad ramec pfimého pozorovani jedincti. Dochdzi tak k nariistu pouzivani rtiznych
typl zafizeni pro sledovani (napf. GPS moduly nebo "light-level logger”, coz je zafizeni
vnimajici teplotu a intenzitu svétla (Cagnacci et al., 2010; Ropert-Coudert & Wilson, 2005).
Zejména v poslednim desetileti doSlo k rozsahlému rozsifeni pouziti akcelerometrii ke
kvantifikaci metrik tykajicich se chovani (S. Watanabe et al., 2005; Yoda et al., 2001). Je tomu
tak proto, ze vétSina chovani je definovana pohyby a / nebo posturdlnimi vzorci, které Ize
kvantifikovat pomoci akcelerometrii (Nathan et al., 2012; Shepard, Wilson, Quintana, et al.,
2008a). Konkrétné ortogonalné orientované tfios¢ akcelerometry mohou poskytovat data
vysokého rozliSeni definujici orientaci biologgeru s ohledem na gravitaci (pokud neptisobi jiné
sily), a proto rozpoznaji drzeni téla (,,staticka* akcelera¢ni slozka; (Shepard, Wilson, Halsey, et
al., 2008a; Shepard, Wilson, Liebsch, et al., 2008b), stejné jako rozsah pohybu zpiisobeny
dynamickou slozkou - zrychlenim (Shepard, Wilson, Liebsch, et al., 2008b; Yoda et al., 2001).
Vysledkem je, ze se akcelerometry bézné pouzivaji a umist'uji riznymi zpisoby na zvifata.
V soucasnosti jsou uznavany jako extrémné vykonna soucast metodologie pro objasnéni

chovani zvitat (Nathan et al., 2012).

V réamci disertacni prace bude pouzita kombinace GPS telemetrie s kombinaci biologging
technologie. Termin "biologging" znamena sledovani jedince za pouziti miniaturniho senzoru
piiloZzeného na télo zvifete pro prenos udaji o pohybech, chovani a fyziologii zvifete, avSak
senzor mize zaznamenavat i informace o okolnim prostiedi. Biologging technologie podstatné
rozSifuje naSi schopnost sledovat a provadét meétfeni volné zijicich Zivocichli bez vlivu
pritomnosti ¢loveka, ktery je v piipad€ ptimého pozorovani téméi vzdy zasadni. Poskytuje nam
Sirsi zabér pro posun zékladniho i1 aplikovaného biologického vyzkumu (Rutz et al., 2009).
Krome¢ toho se ukazalo, ze dynamicky akcelerometr je také vykonny jako tzv. ,,proxy* hodnota
pro vypocet energetickych vydajt zalozenych na pohybu jedince (T. D. Clark et al., 2010; Gleiss
et al., 2011; Halsey et al., 2011; R. P. Wilson et al., 2006). Dale poskytuje i dalsi velmi cenné

informace vedouci k pochopeni behavioralnich procest (H. J. Williams et al., 2017).

AvSak ne vSechny typy chovani jsou mozné a popsatelné pomoci akcelerometru. A co je
(alignment) oznaceného zvifete. Interpretace pohybu na zéklad¢ akcelerometru muize byt také
zmatena napf. silami, které samotné zvife nevytvaii, takovy miiZze byt naptiklad pohyb vin pro
vodni ptactvo sedici na vodni hladin¢ (Halsey et al., 2011) nebo vibrace zptisobené proudénim

vzduchu okolo akcelerometru, coz vede ke zvySeni poméru signal — Sum v zaznamenanych
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datech (Ropert-Coudert & Wilson, 2005). Navic zvlastni problém nastava v ptipadé, kdyz je
rychlost sledovaného zvifete konstantni a je indukovano jen malé nebo vibec zadné zrychleni
zvite, ke kterému dochazi zejména u moiskych zivocichii a u ptaki, kteti pouzivaji tzv.
klouzavy let, pii kterém vyuzivaji vzdusné proudéni (H. J. Williams et al., 2015). Tento jev
muze vzniknout i pfi velmi pomalém pohybu riznych ¢ésti téla za konstantni rychlosti. Ac¢koliv
jsou data spojena s postojem zvitete dilezitou soucasti pomahajici definovat chovani (Shepard,
Wilson, Halsey, et al., 2008a; Shepard, Wilson, Liebsch, et al., 2008c), 1ze je obecné odvodit
pouzitim elektronického filtru ,,High-pass filter* tzv. HPF nebo pomoci funkce vyhlazeni
akceleracnich dat napt. po rychlém otoCeni geparda v pohybu nebo pii ostrém ponoru zvifete

(C. J. Clark, 2009; A. M. Wilson et al., 2013b; J. W. Wilson et al., 2013).
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Obrazek 1 - Schématicky graf popisujici rozdilnost jednotlivych typu akceleracnich pohybii v
porovndni s rychlosti u automobilu (a) a bézce (b). Cernd carkovand cara charakterizuje
prudkeé zrychleni pri nariistu rychlosti nikoliv pri stabilni rychlosti pohybu. Na druhou stranu
bézec pri cyklu chiize navysuje a snizuje svoji akceleraci i v prithehu stabilniho rychlosti. To je
zpiisobeno pohybem pohybu téla nahoru a dolhi. ((Gleiss et al., 2011)).

Mnoho z téchto problému lze vSak vyfteSit pomoci dalSich tfiosych senzori méficich
uhlovou rotaci. Jsou to zejména gyroskopy nebo magnetometry (Martin Lopez et al., 2016),
které¢ jsou casto kombinovdny s akcelerometry a zaznamenavaji udaje soubézné
s akcelerometrem na jednom méficim zatfizeni (Noda et al., 2014; R. P. Wilson et al., 2013).
Gyroskopy méti thlovou rychlost a jsou velmi citlivé na thlovou rotaci, piestoZze jsou
podmétem driftu za jednotku casu (Fong et al., 2008). Magnetometry nejsou posouvany a

mizou byt pouzity kodvozeni zarovnani (alignmentu) jedince (obecné v asociaci
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s akcelerometrem), ale produkuji signaly, které budou komplexni a slozité pro interpretaci,

protoze vystupy se lisi podle umisténi na zemi (Bidder et al., 2015a).

Magnetometry nejsou citlivé na zrychleni jakéhokoli druhu (gravita¢ni nebo dynamické), a
proto je lze tedy pouzit spolecné s akcelerometry a zlepsit tak ziskavani metrickych udaji
uzitecnych pro kvantifikaci chovani zvitrat (Martin Lopez et al., 2016; Noda et al., 2014; R. P.
Wilson et al., 2008). Soucasné pouziti téchto dvou typlu senzorii umoziuje kvantifikovat
zarovnani (alignment) zvifat v priab¢hu sledovani, coz poskytuje feSeni pro sestaveni presné
trajektorie zvitat (rekonstrukce jejich pohybu v prostoru), a to za predpokladu, pokud jsou tidaje
propojeny s vhodnym ¢asovym rozliSenim a je mozné pouZit tzv. dead-reckoning (Bidder et al.,
2015a; Bidder, Soresina, et al., 2012). Magnetometry reaguji na orientaci a intenzitu
magnetického pole analogickym zpiisobem, jako funguji akcelerometry pro detekci pohybu.
Proto je zde také potencial pouzivat magnetometry jako senzory pohybu, i kdyz jejich reakce a

charakteristiky se zasadné 1i$i od vlastnosti akcelerometrti (H. J. Williams et al., 2017).

Magnetometry byly vyvinuty z relativné necitlivych, jednoosych senzori, které méii
vzdalenost k magnetu (ta je zaloZena na sile lokalniho magnetického pole) a z triaxialnich
senzorl, které jsou schopné zaznamenavat orientaci ve vztahu k zemskému magnetickému poli
(tyto senzory se nazyvaji ,,IriMag®). V pocatku byly mono-axidlni magnetometry pouzity k
dokumentaci obecné aktivity karety obecné (Caretta caretta), a to pomoci zaznamendvani
pozice silného magnetu bez pouziti kompasu (Hochscheid & Wilson, 1999). Nasledné byly
pouzivany mono-axialni magnetometry primarn¢ k méfeni vzdalenosti mezi senzorem
umisténym na zvifeti a magnetem, ktery byl umistén na jiné, pohybujici se ¢asti téla zvitete (R.
Wilson & Liebsch, 2003; R. P. Wilson, 2002). Tento pfistup byl pouzit naptiklad pro
kvantifikaci pohybu koncetin u vodnich zivoc¢ichti (R. Wilson & Liebsch, 2003), a také pro
kvantifikaci pohybu celisti pfi pfijimani potravy a dychani u voln¢ zijicich zvirat (Ropert-
Coudert et al.,, 2002; R. P. Wilson, 2002). Kazdopadn¢, extrémni citlivost modernich
magnetometri nyni umoziuje snimani intenzity magnetického pole Zemé ve vSech tfech
prostorovych dimenzich, a proto dokaze rozpoznat tthlové zarovnani (alignment) oznaceného

jedince s presnosti 1-2° (Mitani et al., 2003; R. P. Wilson et al., 2007a).

Vzhledem k této vysoké citlivosti senzori vznikd tak novy potencidl pro vyuZiti téchto
systému k objasnéni chovani zvitat, které je zaloZeno na uhlové rotaci. Soucasny trend sméfuje
zejména k dlouhodobé&j$imu oznaceni volné Zijicich Zivoc€ichi pomoci tfiosych magnetometrd,
které zaznamenavaji tidaje o osach kazdou sekundu. Tato pfesnost velmi znané navysSuje
presnost hodnoty kvantifikujici thlové zarovnani. Ackoli k dneSnimu dni byly magnetometry
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velmi zfidka pouzivané pro studium chovéni, je velmi pozoruhodné sledovat stale Castéjsi
zminky o tomto typu senzort v odborné literatute, zejména informace o pouziti magnetometrti
ve spojeni a akcelerometry nebo gyroskopy. Tato kombinace je zminovéana zejména jako
nejlepsi nastroj pro sbér dat pouzitelnych pro funkci ,,dead-reconing® (Johnson & Tyack, 2003;
Matsumura et al., 2011; Mitani et al., 2003; Shiomi et al., 2010).

Jelikoz magnetometry a akcelerometry poskytuji velmi odlisné druhy informaci o pohybu
kvili jejich rozdilnosti zaznamendvanych dat, budoucnost bychom méli zaméfit na
synchronizované pouZzivani obou senzorll. V tomto pfipadé totiz senzory vytvateji vykonny
nastroj pro piesnou kvantifikaci riznych aspektti pohybu (H. J. Williams et al., 2017). Indexy
odvozené z akcelerometrti, které se vztahuji k energetice pohybu, jakym je napf. VeDBA,
(Qasem et al., 2012) by bylo mozné pouzit k posileni relevantnich ekvivalentli magnetometru

(napt. Gthlova rychlost) (R. P. Wilson et al., 2013)

3.1.2. VeDBA

Dynamické zrychleni téla (Dynamic body acceleration (DBA)) byva pouzivano jako
parametr uvadéjici energetické vydaje zvitat, které jsou opatfené biologgerem. Souhrnné byva
veédci pouzivano celkové zrychleni ODBA (overall dynamic body acceleration). Vektor
dynamického zrychleni téla (VeDBA) muze byt lepSim parametrem, z tohoto diivodu je nize
popsano porovnani ODBA a VeDBA jakozto parametrii pro rychlost spotfeby kysliku u lidi a
dalsich 6 druhti. V uvedené studii bylo testovano 21 lidi na bézeckém pasu, kteti béhali riznymi
rychlostmi. Po celou dobu b&hu nosili na svém téle dva biologgery — prvni byl umistén v ptimé
orientaci, druhy byl umistén v Sikmé orientaci. Po celou dobu béhu byla zaznamenavéana
spotieba kysliku (VOz). Podobné udaje byly ziskavany i1 od zvifat, ktera byla opatifena pouze
jednim biologgerem, a to v ptimém sméru. U testovanych lidi byla jak ODBA tak VeDBA
dobrymi parametry s hodnotami r* vy3§imi nez 0,88. Nicméné ODBA piedstavovala mirng,
avSak signifikantn€ vice variaci ve VO2 nez VeDBA (p < 0.03). V této studii nebyly zjistény
zadné vyznamné rozdily zaznamenané¢ho VO, mezi ODBA a VeDBA, a to i v ptipadech, kdy
bylo porovnavano umisténi biologgeru v pfimém a Sikmém sméru. V ¢asti studie zaméfené na
zvitata byly ODBA a VeDBA dobrymi parametry vznikajici z validnich vstupnich hodnot
porovnavanych vi¢i naméfenému VO,. Nicméné opét ODBA piedstavovala mirnou, avSak

signifikantné vétsi variabilitu v porovnani s VO nez VeDBA. Simultanni svalové kontrakce
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pro zajisténi stability koncetin mohou Castecné vést ke spotiebé kysliku, coz alespon ¢astecné
odpovida souctu slozek pro odvozeni DBA (dynamic body acceleration — dynamické akcelerace
téla). Nelze tedy predpokladat, ze vektorovy soucet pro odvozeni DBA bude ,,spravnym
vypoétem. Nicméné¢ ackoliv v rdmci omezeni této jednoduché studie se ODBA zda jako
nejvhodnéjsi parametry pro stanovené spotieby VOs. V neobvyklé situaci, kdy vyzkumnici
nejsou schopni zarucit alespon pfiméfené konzistentni a stabilni orientaci loggeru, by mélo byt
pouzivano parametru VeDBA pro spojovani s hodnotami VO». V uvedené studii byla surova
akcelerometrickd data pfevedena do DBA zaprvé pomoci vyhlazeni (smoothnig) kazdého
zdznamového kandlu s cilem vedoucim k odvozeni statické akcelerace (Qasem et al., 2012) (za
pouziti klouzavého priiméru) (Shepard, Wilson, Quintana, et al., 2008a). Nasledné se tato
statick4 akcelerace odecetla ze surovych dat (Gleiss et al., 2011). Tyto hodnoty pro DBA byly
posléze seCteny, aby poskytky ODBA (R. P. Wilson et al., 2006).

ODBA = |A] + |4, | + 14,

ODBA, kde Ay, Ax, AZ jsou odvozeny z dynamické akcelerace v jakémkoliv bod¢ v Case
korespondujicim s tfiosym ortogonalnim akcelerometrem nebo s jejich vektorovym souctem

(VeDBA) vychazejicim ze vztahu (Qasem et al., 2012).

VeDBA = \/ (A2 + A2 + A2)

3.1.3. Dead reckoning

Vyznam slova dead reckoning Ize ptelozit jako proces vypoctu pozice, zejména na moii, na
zéklad¢ odhadu sméru a pirekonané vzdalenosti namisto pouziti orientacnich bodii nebo
astronomickych pozorovani. Diky rozSifené nabidce senzori v chytrych telefonech lze
vestavéné akcelerometry pouZzit jako krokomér a vestavény magnetometr pro smérovani
kompasu. Pouziti dead reckoningu pro suchozemské pohyby (Pedestrian Dead Reckoning -
PDR) Ize pouzit k doplnéni jinych metod navigace podobnym zplisobem jako automobilové
navigace nebo k rozsifeni navigace do oblasti, kde nejsou dostupné jiné navigacni systémy. V
jednoduché implementaci uZzivatel drzi sviyj telefon pted sebou a kazdy krok zptisobi, ze se
pozice posune vpied o pevnou vzdalenost ve sméru méfeném kompasem. Presnost je omezena
ptesnosti senzoru, magnetickymi poruchami uvnit zafizeni a nezndmymi proménnymi, jako je

poloha pienaSeni a délka kroku. Dalsi vyzvou je odlisit chiizi od béhu a rozpoznat pohyby, jako
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je jizda na kole, chlize po schodech nebo jizda vytahem. Pied existenci telefonnich systému
existovalo mnoho vlastnich systémti PDR. Zatimco krokomér lze pouzit pouze k méfeni
linedrni uslé vzdalenosti, syst¢tmy PDR maji zabudovany magnetometr pro méfeni smeéru.
Vlastni systémy PDR mohou mit mnoho podob, véetné specidlnich bot, opaskl a hodinek, kde
byla variabilita nosné polohy minimalizovéana, aby bylo mozné 1épe vyuzit smér magnetometru.
Redlny vypocet PDR je pomérné slozity, protoze je dillezité nejen minimalizovat zakladni drift,
ale také zvladnout rizné scénafe a pohyby pii prendSeni, jakoz i hardwarové rozdily mezi

modely telefoni (Wikipedia).

Vyzkum ekologie volné zijicich zvifat stale vice vyuziva technologii GPS telemetrie
k ureni polohy zvifat. Systémy GPS vSak zaznamenavaji polohu sledovaného jedince
pferuSované a neposkytuji Zadné informace o pozicich mimo stanovenou dobu zaméteni a o
turtuozité¢ cesty mezi dvéma pozicemi. Vysokofrekvenéni GPS maji vysoké pozadavky na
energii, coz vyZaduje pouZiti velkokapacitnich baterii, které nelze pouZit pii sledovani malych
zivocichi, a u velkych savct dochazi ke zkraceni doby sledovani. Pouziti dead-reckoningu je
alternativni pfistup, ktery skyta urcity potencial, jak vyplnit mezery pii telemetrickém sledovani
zivoCicht a dodat ndm informaci o detailni poloze zvifete bez vysokych néarokd na
spotfebovanou energii. Piestoze byva metoda dead-reckoningu pouzivdna piedevSim ve
vodnim prostiedi, nebyla doposud piedlozena zadna explicitni metoda pouziti pro pozemské

druhy (Bidder et al., 2015a)

Pohyb zvitat zajima biology, protoze mimo jiné urcuje uspéch jednotliveil v ziskavani
potravnich zdrojti, vyhybani se pfed predaci, maximalizaci pifedavani vlastni fitness a fizeni
zisku energie z okoli (Baird, 1994; Stephens & Krebs, 1986; Swingland & Greenwood, 1983).
Uspéch jednotlivett modeluje populace a #idi vyvoj a rozmanitost Zivota (Nathan et al., 2008).
Pro pochopeni pohybu zvitat existuje také fada praktickych vyhod, jako je ptedpovidani dopadii
zmén ve vyuzivani pudy, kontrola invazivnich druh a druht Skidcd, ochrana ohrozenych
druhti a pfedvidani Sifeni zoondz (Dale et al., 2000; Kot et al., 1996; Patz et al., 2004; Stinner
et al., 1983). Ziskéani pozadovanych informaci o pohybu zvitat v§ak zdaleka neni zcela trividlni,
protoze mnoho ZivociSnych druhti Zije v prostiedich, kterd je brani pted tim, byt sledovéni (L.
S. Davis et al., 1996; Roper et al., 2001). Mnoho biotelemetrickych studii se timto zabyva,
protoZe vylucuji potifebu vizualniho kontaktu biolog-studovany Zivocich (S. J. Cooke et al.,
2004). Dvé metody, které se nejcastéji pouZzivaji v terestrickém prostedi pro ziskavani tdaji o
poloze zvifat, jsou VHF a GPS telemetrie (Rodgers, 2001; White & Garrott, 2012). Obé metody

vSak maji sva omezeni (Recio et al., 2011). VHF je zavedend metoda, kterd ovSem vyzaduje
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zna¢né vynalozeni energie v terénu pro implementaci vysledkt (Fancy et al., 1988), zatimco
GPS telemetrie se povazuje za ,,pfesnou” metodu (Hulbert & French, 2001), ale nachylnou ke
zkresleni podle podminek prostfedi (Dussault et al., 1999; Frair et al., 2004), zejména vlivem
vegetace (Gamo et al., 2000) nebo topografie krajiny (D’Eon et al.,, 2002). Analyza dat
ziskanych obéma metodami predpoklada ptimy pohyb mezi zamétenymi polohami (Witte &
Wilson, 2004), piesto je logické, Ze prirozeny pohyb volné Zijicich zvitat je velmi rtiznorody a
vSesmérny (Kramer & McLaughlin, 2001). Je tedy ziejmé, Ze jsou zapotiebi udaje o pohybu
zvitat v daleko presn€j$Sim métitku v prostoru i ¢ase, aby modely o pohybu zvitat mohly 1épe
odrazet skute¢nou povahu pohybu zvitat v prostoru a ¢ase (Morales et al., 2010). Ve skute¢nosti
je jedinou biotelemetrickou metodou, jejimz cilem je produkovat udaje o pohybu
suchozemskych zvifat v malém méfitku (t).> 1 Hz), metoda dead reckoning (Bramanti et al.,
1988; R. P. Wilson et al., 1991; R. P. Wilson & Wilson, 1988), kterd dokéaze rekonstruovat pohyb

jedince tak presné, Ze jej 1ze dokonce pouzit k odvozeni chovani (R. P. Wilson et al., 2007a).

Funkce dead reckoning vypocita vektor cesty pro dany Casovy interval pomoci informaci o
sméru, rychlosti a zméné ve svislé ose (R. P. Wilson, 2002). Jakmile je tohoto dosazeno, 1ze
trojrozmérnou cestu pohybu rekonstruovat integraci vSech vektora v dané sekvenci (Johnson &
Tyack, 2003; Mitani et al., 2003; Shiomi et al., 2008). Protoze data jsou zaznamenavana senzory
umisténymi na samotném bio-loggeru, jeho Uc¢innost neni ovlivnéna permisivitou prostiedi
(Dussault et al., 1999; Frair et al., 2004), coz je dulezité pro ziskani pfesnych a nezaujatych dat
(Bradshaw et al., 2004; Sims et al., 2005). Funkce dead reckoningu byla pouzita pro vypocet
pohybu vodnich druhui (R. W. Davis et al., 2001; Sato et al., 2003; Shepard, Wilson, Liebsch,
et al., 2008b; Ware et al., 2011; R. P. Wilson, 2002; R. P. Wilson et al., 1991), ale nyni bude
pouzito pro vypocet pohybu suchozemskych zivocCichi. Pouziti dead reckoningu pro pohyb
suchozemskych zvitat (Shepard et al., 2009b). To je proces, ktery je jednodussi pod vodou, kde
lze pouzit mechanické metody kviili stabilni hustoté a viskozité vody (Eckert, 2002; Hassrick
et al., 2007; Ponganis et al., 1990; Ropert-Coudert et al., 2006; Sato et al., 2003; Shepard,
Wilson, Liebsch, et al., 2008b; R. P. Wilson et al., 1993; Yoda et al., 1999, 2001). Schopnost
spolehlivé odhadnout rychlost u
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Obrazek 2 — Pohyby clovekem vedeného koné, které zacal a ukoncil svou cestu v levéem hornim
rohu obrazku. Cernd trasa = sledovanni pomoci vysokofrekvencni GPS (1 Hz) a cervend trasa
urcena pomoci Dead-Reckoningu (20Hz) bez pouziti GPS korekce. Trasa dead reckoningu
nema méritko, protoze vdalenost pohybu je odvozena od rychlosti a je zde predpoklad, Ze je
V linedrnim vztahu s hodnotou VeDBA. Co dokazuje potiebu korekce pomoci GPS technologie.
Ve ctvercich je znazornén casovy usek, kdy byl kun vedeny k pohybu v tésnych kruzich. Podle
GPS byla celkova draha koné dlouhd 10,127 km.

suchozemskych zvifat by vSak ve skutecnosti méla umoznit pfimocaré urceni dead
reckonignu piimocatejSim nez u vodnich zivocichi a u ptakt (R. P. Wilson et al., 2008), protoze
pozemsky pohyb nepodléhd posuniim zptisobenych vlivem vzdu$ného proudéni (Dall’ Antonia
et al., 1995) nebo oceanskych proudii. (Shiomi et al., 2008). Primarnim problémem pro
pozemsky dead reckoning tedy miize byt jednoduse méteni rychlosti zvifete, to by melo byt
zajisténo, jelikoz tento pfistup by mél poskytnout prostiedek ke stanoveni detailnich poloh
zvifat mezi méné Castymi lokaliza¢nimi Uidaji ziskanymi pomoci jinych prostiedkil telemetrie

(R. P. Wilson et al., 2008)
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Dynamické zrychleni méfené pomoci inercidlnich senzorG umisténych na zvifatech
poskytuje vhodné tidaje pro odhad rychlosti jedince (Bidder, Qasem, et al., 2012). Ackoliv
vztah mezi dynamickym zrychlenim a rychlosti mize byt narusen riznymi zménami (sklon,
terén) (Bidder, Soresina, et al., 2012), mozné kumulativni odchylky, jaké byly zminény (R. P.
Wilson et al., 2007b, 2008), mohou byt odstranény nebo opraveny pomoci informaci ziskanych
ze simultanni GPS telemetrie, ktera bude ve stejné dobé zaznamenavat pozice oznacené¢ho
vypocet dead reckoningu. Dal§i vyhodou je pouziti akcelerometrickych dat k definovani
urc¢itych typt chovani, které mohou byt nasledné analyzovany (Brown et al., 2013b; H. A.
Campbell et al., 2013; Shepard, Wilson, Halsey, et al., 2008a; Shepard, Wilson, Liebsch, et al.,
2008b; Shepard, Wilson, Quintana, et al., 2008b). Metoda pozemského dead reckoningu a
postup pro korekci uslych tras na ovéfené GPS polohy vSak dosud nebyly detailné popsany
(Bidder et al., 2015a). Ten samy autor ve své nové studii popisuje postup pro vyuziti dead

reckoningu suchozemské zivoCichy  pomoci nové  korekce, ktera

pro
a) = b) &, © |

d) @ e) \ f) %

Obrazek 3 - 2D cesty pohybu sledovaného cloveka pomoci a) video zaznamu, b) GPS, c¢) Dead-
Reckoning bez korekce, d) Dead-Reckoning s korekci kazdeé 2 sec, e) Dead-Reckoning s korekci
kazdych 5 sec, f) Dead-Reckoning s korekci kazdych 10 sec (Bidder et al., 2015)

spojuje data z akcelerometru, magnetometru s periodickymi daty z GPS telemetrie. Pocitani
dead reckoningu ma potencidl pro zaznamenavani pohybu suchozemskych zvifat ve velmi
detailnim méftitku. Pro ziskdni stejné Grovn€ podrobnosti pouze z GPS telemetrie by tato
telemetrickd zafizeni vyZadovala velké mnoZstvi energie a mohla by vyvolat v takto malém
métitku velké neptesnosti v zaméteni. Pfestoze se metoda dead reckoningu vyuziva pro moiské
a sladkovodni druhy, cetné metodické piekdzky omezily pouziti této fuknce na datech od
suchozemskych Zivo€ichii. Z pocatku byl odhad rychlosti pro integraci s vypoctem dead
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rekoningu pro suchozemska zvifata problematicky, ale tento problém byl do zan¢né miry
vyfeSen pouzitim akcelerometrii a novou kore¢ni metodou, kterd pouziva sekundarn¢ zaméteni
pozice. Tato technika mé potencial rozvijet naSe chdpani ekologie pohybu zvitat a informovat
o modelech pohybu, které 1épe odrazeji skute¢nou povahu vzorca zvitecich pohybi (Bidder et

al., 2015a).
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Obrdzek 4 - Korekce trasy dead reckoning pomoci GPS bodii zaznamendvanych v intervalu 30
minut. 670 metru dlouha trasa sledovaného jezevce lesniho (Meles meles) po dobu pres 200
minut.Ctverce ukazuji detailni pohyby zaznamenané pomoci dead reckoningu.

3.2. Analyza vysokofrekven¢nich dat pro studium chovani

3.2.1. Klasifikator typti chovani

Pro kvantifikaci chovani zvifat se ukdazalo, jako velmi u¢inné, pouziti akcelerometrti
umisténych v biologgerech. Tato zatfizeni byla pouzita i pro stanoveni jednotlivych typt
chovani u primatl - paviani ¢akma (Papio ursinus), prestoze se tento druh velmi intenzivné
studuje pfimym pozorovanim v terénu. V této studii bylo provedeno oznaeni volné€ Zijicich
pavianu pomoci obojki, které nesly zatfizeni obsahujici akcelerometr. Celkem bylo oznaceno

deset jedincl. Oznaceni jedinci byli nata¢eni pomoci videokamery s cilem zachytit veSkeré typy
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prirozeného chovani. Dulezitou souc¢asti byla naslednd synchronizace dat z akcelerometru a
z videa z hlediska ¢asové stopy. Na zaklad¢ jednotlivych typii chovani zachycenych na videu
byly nésledné popséany useky akcelerometrickych dat. K sestaveni modelu chovani a nésledné
aplikaci tohoto modelu na zbyla zaznamenana data bylo pouzito funkce zvané ,machine
learning®, ktera slouzi k automatickému rozpoznavani nastavenych a definovanych typi
chovani. Ve studii zaméfené na paviany se podafilo identifikovat celkem 6 typt chovani, které
nasledné rozeznal automaticky i pocitac. Téchto Sest typd chovani pokryvalo celkem 93,3 %
z celkového Casu pozorovanych paviant. Odpocinek, chize, béh a hledani potravy byly
identifikovany s vysokou pfesnosti automatického rozpoznavani chovani a ptedstavujici prvni
klasifikaci vice typt chovani z dat akcelerometru umisténého na volné Zijicim primatovi

(Fehlmann et al., 2017).

Z akcelerometrickych dat vychézel 1 Painter et al., 2016, ktery pouzival tento typ dat pro
popis tiech druhti chovani u lisky obecné (Vulpes vulpes). Ve studii byl vyvinut klasifikator typt
chovani a pfi aplikaci na ziskanych datech od jedné lisSky pracoval s ptesnosti 95,7 %. Tato
piesnost se vztahovala k useklim dat, které byly nejdiive manualné roztiidény na zakladé
potizenych videozaznamti chovani oznacenych jedincli. Metodika primarni analyzy dat byla
de-facto totozna s metodikou v prace Fehlmanna et al., (2017). V ptipad¢ pouziti tzv. zobecnéni
klasifikatoru na druhého jedince lisky obecné (Vulpes vulpes) byla presnost klasifikatoru 66,7
%, coz umoziuje pouZiti klasifikatoru na vice oznacenych jedincich a od nich ziskanych dat
(Painter et al., 2016). Dalsi klasifikator chovani byl vyvinut u ryb, konktrétné na druhu ryb
(Epinephelus akaara) z ¢eledi kanicovitych. Data byla ziskdvana opét z tiiosého akcelerometru
od biologgerem oznacenych ryb. Ty byly natdeny na videozdznam v akvariu se zamétenim
zejména na chovani pfi krmeni potravou. Studie odlisuje tii druhy pfijimani potravy vychazejici
z typu prekladaného krmiva, a tim bylo pojidani krevet, ryb a krabt. Klasifikator dokazal
rozlisit tyto typy chovani s ptesnosti 77%, 73% a 71% (Horie et al., 2017). Akcelerometricka
data definujici druhy chovani jsou zaznamenavéna i u hospodarskych zvitat. Naptiklad studie
z Velké Britanie od (Véazquez Diosdado et al., 2015) byla zamé&fena na stanoveni jednotlivych
typtt chovani a vytvofeni modelu urcujiciho tyto typy u mlééného skotu. Navrzeny model
pracoval jiZ pouze s jednou osou dat vychazejicich z akcelerometru a s daty vyvozenymi z tzv.
VeDBA hodnoty. Metodika urceni typli chovéani vychazela z kontinualniho sledovani vSech
Sesti oznacenych jedincl a zaznamu tohoto chovani. Celkem bylo zaznamenino 36 hodin
zaznamu. Ten byl pouZit k vyhodnoceni typi chovéni. Vysledky porovnavajici pfesnost modelu

vici realité¢ byly nasledujici. Pro typ lezeni 98,63%, 55% pro stani, 93,10% pro krmeni
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(Vazquez Diosdado et al., 2015). Stejna metodika stanoveni chovani byla pouzita i u lachtanii
z rodu Arctocephalus, ktefi byli opatfeni akcelerometry a byli v pribéhu této doby oznaceni
nataceni na videokamery. Studie probihala na izemi Australie v uzavienych akvariich. Zaroven
tato studie porovnava jednotlivé typy modelli pouzivanych pro automatické rozpoznavani typt
chovani na zaklad¢ akcelerometrickych dat. Na zaklad¢ vysledkii porovnani doporucuje metodu
SVM (,,Support vector machines*) (Ladds et al., 2016). Podobnad metodika byla pouzita i pii
sledovani ovci (Dohne merino) a nosorozct (Ceratotherium simus, Diceros bicornis) v jizni
africe. Pfesnost modelu, ktery zpracovaval data pouze z asového useku tfech dnl u ovci a

jednoho tydne u nosoroZzct, byla 83,4% pro ovce a 96,1% pro nosorozce (Le Roux et al., 2017).

3.2.2. Ekologie spankového chovani

Spanek je pozorovan prakticky u vSech zvitat (Anafi et al., 2019) a je nezbytnou soucasti
zivota pro jeho zdravi, kognitivni vykon a vyvoj. Dale posiluje zakladni imunitni hladinu a
imunitni odpovéd’ na piipadnou infekci organismu(Besedovsky et al., 2019), podporuje
produkci hormonti a jejich metabolickou regulaci (Manzar et al., 2015; Medic et al., 2017), a
podporuje udrzovani nervii, vyvoj mozku a kognitivni funkce (Klinzing et al., 2019; Xie et al.,
2013). Neni pochyb o tom, ze primérna kratka doba spanku a ztrata spanku jsou doprovazeny
cetnymi Skodlivymi U¢inky na zdravi a kognitivni funkce v kratkodobém i dlouhodobém
horizontu (Johnsson et al., 2022; C. J. Wild et al., 2018). Zatimco mnozstvi ditkazi prokazuje
jeho zasadni ptinosy, spanek s sebou nese také naklady na obétované ptilezitosti v jeho prubéhu,
jelikoz spici zvitata se nemohou zapojit do chovani zvysujiciho kondici, jakymi je napiiklad
potravy nebo partnerti, a také jsou v prubéhu spanku vystavena vétSimu predacnimu
riziku(Capellini et al., 2010b). Piedpoklada se vSak, Ze spanek vykazuje pouze omezenou
plasticitu, protoze na vyhody, které danym organismim fyziologicky poskytuje, nelze
dlouhodobé opomijet (S. S. Campbell & Tobler, 1984). Mezi obecny uzus patii, Ze jedinci
stejného druhu budou mit podobnou dobu a vzorec spankového chovéni, protoze jejich spanek
je regulovan stejnymi neurofyziologickymi procesy (S. S. Campbell & Tobler, 1984). Zda ma
spanek omezené variace v ramci jednotlivell i mezi nimi, je vSak nejasné, protoze tento jev byl
studovén piedevsim v laboratornim prostiedi, kde chybi omezeni doby spanku a ptinosy pro
zkraceni doby spanku. Laboratorni studie a n¢kolik existujicich studii spanku ve volné ptirodé
jsou navic velmi ¢asto omezeny malou velikosti vzorkid nebo kratkou dobou zdznamu a berou
v uvahu pouze omezeny rozsah podminek prostedi. Z tohoto diivodu nedokaZou odhadnout,

jak se spanek méni uvniti a mezi jednotlivei. Mame-li odhalit ptinos spanku pro zdravi a vyvoj
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zvitat a kvantifikovat, jak se pomér piinosii a nakladi spanku lisi mezi jednotlivci, ktefi
kontinualné zazivaji ménici se podminky prostfedi, musime studovat spanek ve volné ptirodé

po dlouhou dobu (Mortlock et al., 2024).

3.3. Pouziti novych technologii pro studium pohybu a orientace

3.3.1. Prostorova kognice

Vétsina zvitat smétuje jejich pohybovou aktivitu do jimi zndmych oblasti, které¢ nasledné
tvoti domovské okrsky. Ackoliv porozumeéni tvorby a zmén velikosti domovskych okrskt je
velmi dualezité pro zdkladni vyzkum a ochranu pfirody, objasnéni vSech faktor utvatejicich
dynamiku, velikost a tvorbu domovskych okrski je dosud nedostate¢né zodpovézena. Obecné
se ma za to, ze domovské okrsky jsou vyznamné ovliviiovany zakladnim tvarem krajiny, ve
které se dané zvife nachazi (Bevanda et al., 2015). Psychometrické studie odhaluji variabilitu,
ktera se pohybuje mezi 30 a 75 % pro rizné kognitivni procesy, a to jak u lidi, tak u zvitat. U
danc¢i zvéte zijici v rizné velkych societich byla kognitivni vykonnost skupiny ovlivnéna
faktorem tzv. kolektivni inteligence, odvozenym prostfednictvim proménnych popisujicich
hierarchickou strukturu studované populace, ktery vSak neovliviiuje individualni inteligen¢ni
kvocient Clent skupiny. Soucasné studie provadéné na zvitatech k identifikaci individualnich

rozdila v kognitivnich dovednostech jsou stale daleko od téch, které se pouzivaji u lidi (Pastrana

et al., 2022).

Je ptredpokladano, ze pii nizké populacni hustoté si jednotlivci voli stanovisté dle jejich
vlastnich preferenci a narokti, avSak s nartstajici pocetnosti populace, ktera snizuje dostupnost
zdroji na preferovaném stanovisti, vede ke vzniku konkurence a nuti nékteré jedince vyuzivat
jimi méné preferované habitaty. Pro regulaci populaci, slozeni spole€enstev a fizeni vlivi na
biodiverzitu ekosystému je velmi klicové pochopit a porozumét, jak se méni vybér stanovist’
v zavislosti na populacni hustoté¢ (Pérez-Barberia et al., 2013). Naruseni voln¢ se pasoucich
bylozravel lidskou rekreacni aktivitou mize mit vliv na vyzivu zejména kvili kompromisu,
ktery vznika ustoupenim zvéte z potravné preferovanych stanovist. K tstupu dochézi z divodu

zvéii vnimaného predaéniho rizika (Jayakody et al., 2011).
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3.3.2. Navratové strategie

Homing je schopnost zvifat najit cesti domu (Cabridge Dictionary). Homing muze byt také

popisovan jako inherentni schopnost zvifete navigovat k pivodnimu mistu pfes neznamé

oblasti. Toto misto muze byt bud domovskym okrskem, nebo mistem, kde dochazi
k rozmnozovani (Wikipedia).

Pti zadani slova homing do védecké databaze odbornych publikaci — Web of knowledge

bylo nalezeno celkem 123 171 védeckych publikaci obsahujicich slovo homing. Jelikoz je
termin homing pouZivan ve vice vyznamech, ktére nemusi byt pfimo spjaty s vySe uvedenou
definici tykajici se naSeho z4jmu, je nutné se zamétit pouze na biologickd odvétvi. Zde bylo
nalezeno celkem 746 zaznamu slova homing, a to pouze v odborné literatuie zabyvajici se

studiem chovani zivocichl. Dalsi zajimavosti byl vysledek 659 zaznamul slova homing ve
védeckych publikacich umisténych v sekci biologie.

Vyvinuti t€inného homingu, ¢imZ je ndvrat na diive zndmé misto, je zdsadni pro preziti
jakéhokoliv zvitete, které je uzpisobeno k pohybu. Zvitata provadéji homing napfi¢ razné
velikymi prostiedimi a jakymkoliv typem krajiny, a to za pouziti rtiznych typit mechanismu

senzomotorickych systémi, které byly formovany evoluci a ekologickymi podminkami.
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Obrazek 5 - Grafické znazornéni vysledkii vyhledavani ve védécké databazi slova homing v
publikovanych clancich. Cervené zvyrazneéné jsou oblasti zajmu této prdace — védy o chovani a
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Navigace zvifat, prostorova orientace a pamét’ jsou zakladni schopnosti, které zvifatim
umoziuji dosdhnout konkrétnich cili, jako jsou zdroje potravy, mista k pafeni a hnizdisteé, a
efektivné vyuzivat prostoroveé seskupené zdroje (Alerstam & Béackman, 2018b; Kashetsky et
al., 2021b). Mnoho zivocisnych druhi vykazuje vérnost viici né¢jaké lokalité, coz znamena, ze
se kazdou sezonu vraceji na urcité misto nebo se cely rok zdrzuji v okoli této oblasti (Milner-
Gulland et al., 2011). Obvykle se tato zvitata, ktera vykazuji vysokou fidelitu vi¢i dané lokalité,
vraceji na misto odchytu ihned po translokaci nebo velmi blizko mistu typickému pro jejich
stavanisté (Falcon-Cortés et al., 2021; Papi, 2012a). Existuji rizné duvody pro takové
uptednostiovani urcitych ¢asti domovskych okrski, ale velmi ¢asto jsou spojeny s teritorialnim
chovanim, s misty pafeni (Crump, 1986; Lohmann et al., 2017), nebo prostorovou paméti a
vytvafenim domovského okrsku na zakladé kognice (Merkle et al., 2014; Van Moorter et al.,

2009).

Znalost podnéti, které zvirata pouzivaji pti homingu, je jednou z hlavnich vyzev v tomto
studijnim oboru, a to zejména proto, ze mnoho z téchto podnéti nejsou pro cloveka
rozpoznatelnymi. Pfes mezidruhové rozdily, 1ze vétSinu mechanismit homingu vysvétlit pomoci
nekterych obecnych mechanismti (Mandal, 2018; Mandal et al., 2017). S nasim soucasnym
chapanim vSak mizeme poukézat na tfi zjevné podnéty homingu. Témi jsou podnéty - genetické
(neboli vrozené), smyslové a podnéty zavislé na paméti (Jander, 1975). Tyto zdroje informaci
1ze také rozd€lit na podnéty vnéjsi neboli alothetické podnéty, které zvitata ziskavaji z prostiedi
prostiednictvim smyslového vnimani (Mittelstardt & Mittelstardt, 1973), a vnitini podnéty,
které zahrnuji vrozené preference, vzpominky z paméti a idiothetické podnéty jakymi je

propriocepce (Mandal, 2018).

vvvvvv

podnétem pro zvifata se zrakem (Cronin & Bok, 2016). Navzdory rozdilim ve vnimani
vizudlnich podnéti u zvifat ziskdvaji vSechna ,,vidouci zvifata mnohem spolehlivé;si
prostorové informace prostiednictvim zraku, ktery jim umoziuje ziskdvat informaci jak z

astronomickych podnétd, tak i z okolni krajiny (Mandal, 2018).

Jiz v roce 1911 Santschi demonstroval, Ze mravenci mohou pouzivat polohu nebeskych
téles k vybéru a udrZeni urcitého sméru pohybu (Santschi, 1911). Nyni je dobfe znamo, Ze
zvitata pouzivaji rizné nebeské podnéty a télesa pro orientaci a navigaci, v zavislosti na dobg

jejich Cinnosti a dostupnosti vybranych podnéti. VSe vzdy vychéazi ze zakladni biologie
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konkrétniho druhu, zatimco no¢ni hmyz se podstatné spoléhad na velkd nebeska téla, jako je
Mésic nebo Mlé¢na draha (Dacke et al., 2013; el Jundi et al., 2015; Warrant & Dacke, 2011, 2016);
denni hmyz jako napiiklad poustni mravenci se spoléhaji spiSe na polarizované slunec¢ni svétlo
nez na polohu slunce (Marshall & Cronin, 2011; v. Frisch, 1950; Wehner, 1984; Wehner &
Miiller, 2006). Kdyz se motské zelvy vylihnou v noci, dostanou se nejrychleji do moie pohybem
smérem k ,,nejméné tmavému‘ horizontu (Lohmann & Lohmann, 1996), ktery moie obvykle
poskytuje v noci. Pokud je ale plaz uméle osvétlend, coz je docela bézné na plazich ovlivnénych
svételnym znec€isténim, namisto toho mlad’ata putuji opacnym (pro né Spatnym) smérem do

vnitrozemi.

Zvitata ale také odvozuji podnéty homingu z pevné stanovenych bodt v terénu s odliSnymi
vlastnostmi (tvar, velikost a barva). Tyto body se nazyvaji orientacni body — tzv. landmarks.
Tyto orienta¢ni body se mohou vyskytovat podél znamych cest, v okoli cile nebo na pomérné
vzdalenych mistech (napf. pohofti). Zvifata se Casto orientuji podle znamych orientacnich bodu,
tyto body jsou pro n¢ ukazatelé sméru cesty do pozadovaného cile. Zvitata si Casto stanovi
smérove vedeni od orientacnich bodi, tyto orienta¢ni body pak funguji jako ukazatele. Namisto
stanoveni sméru k orientacnimu bodu zvifata obCas pouziji tento bod jako pocatek cesty, a poté
si stanovi smér k dal§Simu referenénimu bodu smérem od bodu orienta¢niho. Tento referencni
bod je vtomto piipadé nazyvan majakem (Mandal, 2018). Hmyz velmi casto pouziva
prominentni predméty (orienta¢ni body) v okoli svého domova nebo majaky v misté sbéru
potravy (Graham et al., 2003). Hmyz pouziva znamé¢ orientacni body alespon pro Ctyfi zakladni
navigacni ucely: rozpoznavani okoli, k pafeni, pro smérovani k majakiim (napf. mistim
s potravou) a pro rozpoznani dané¢ho mista (T. S. Collett, 1996). I vzdalené vizualni podnéty
mohou slouzit pro zvitata jako majaky (Gould & Gould, 2012), naptiklad mravenci (Nicholson
et al., 1999) a vcely medonosné (Apis melifera) (Anderson, 1977; Frisch, 1967) jsou zndmé
z pouzivani téchto vzdalen¢ umisténych majaka. Zvifata mohou také ziskat prostorovy odkaz
na cil z vizualniho panoramatu okolni krajiny, ktery mtze byt tvoten blizkymi nebo vzdalenymi
orientacnimi body, a panoramatem oblohy (obrazovy profil generovany pozemskymi objekty

kontrastujicimi proti obloze) (Graham & Cheng, 2009).

Olfakce je jednou z prvnich smyslovych modalit, ktera se objevila v priibéhu evoluce a je

vvvvvv

a navigaci (Jacobs, 2012; D. A. Wilson & Stevenson, 2006). Zatimco mnoho zvifat pouziva
¢ichové podnéty produkované jimi samotnymi nebo jinymi zvifaty za timto ucelem, nékolik

zvitat miize pouzivat gradienty pachil z prostfedi (odvozenych naptiklad z atmosférickych
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stopovych plynt (Wallraff & Andreae, 2000). A také mnoho dalsich, jako jsou miry (Cardé &
Willis, 2008), korysi (Weissburg & Zimmer-Faust, 1994) a ptaci (Wallraff, 2015), pouzivaji
pachy z okolniho prostiedi, které jsou distribuovany nepravidelné ve formé pachovych
chomacku (Vickers, 2000) nebo ¢ichovych landmarkt (Steck, 2012). Takové zapachy prostiedi

jsou pro zvitata ¢ichovou krajinou (Atema, 1996).

Pohyb v prostoru zpiisobeny ¢ichovymi podnéty je dobie znamy také u socialniho hmyzu —
mravenci (Steck, 2012), véely (Frisch, 1967; Reinhard & Srinivasan, 2009). Mnoho druht
mravencti pokladd na zem tyto feromonové stezky v pribéhu navratu od zdroje potravy, po
kterych se dalsi clenové ze stejné kolonie mohou pozd¢ji vypravit k potrave, a poté zase vratit
zpét do svého hnizda (Cardé et al., 1995; Holldobler & Wilson, 1990). Tento proces je aplikovan
kazdym jedincem po vyzvednuti potravy, coZ vede k navrstveni feromonu na cestu a zpét do
svého hnizda, ¢imz se posiluje intenzita podnétu na dané cesté. Jakmile je ovSem zdroj potravy
vycerpan, prestane byt pokladan feromon na cestu, a ¢ichové podnéty tak postupné vymizi. Je
také zndmo, ze mravenci (Sturgis et al., 2011), v¢ely (Saleh et al., 2007) a vosy (Jandt et al.,
2005) oznacuji sviyj vstup do hnizda nebo okoli svého hnizda chemikaliemi vylu€ovanymi z téla
a prislusici dané kolonii. Tento zapach, jim pomaha urcit jejich vchod do hnizda a odlisit ho od
ostatnich. Jako pachové¢ orienta¢ni body se také pouzivaji pachy z okolniho ptirodniho prostredi
(Buehlmann et al., 2015; Menzel & Greggers, 2013). Zajimavé je, ze pfi vystaveni daného
jedince pachu spojeného s nékterym znamym mistem muiiZze vyvolat navigaci na toto misto.
Tento jev byl popsan zejména u vcel (Balbuena et al.,, 2012; Reinhard et al., 2004).
V soucasnosti je velmi detailné popsana olfakce u hmyzu, zejména jiz zminované stopovaci
feromony apod. AvSak u savcli nebo ptaku je tento jev vztazeny k prostorové orientaci popsan

velmi malo.

Mnoho sté¢hovavych ryb (lososovité ryby (Phillips, 1986; Putman et al., 2013), motska zelva
(Lohmann et al., 2008), ptaci a savci (Walker et al., 2002; Wiltschko & Wiltschko, 2005) a
hmyz (Dreyer et al., 2018), a plus nékterd nemigrujici zvitata (holuby (Mora et al., 2004), humr
(Boles & Lohmann, 2003), vcetné socidlntho hmyzu (Wajnberg et al., 2010), vyuZivaji
magnetické pole Zemé jako dilezity podnét orientace pomoci jejich biologického
geomagnetického kompasu. Mravenci (Banks & Srygley, 2003; Buehlmann et al., 2012) a vcely
(Frier et al., 1996; Walker & Bitterman, 1989) jsou citlivi na lokdlni anomalie v intenzité
geomagnetického pole a mohou takovéto anomalie pouZivat jako orienta¢ni body pro navigaci
v prostoru. Tyto anomalie méni orientaci Zelezitych granulek nalezenych v trofocytech, které

obklopuji abdomen téla hmyzu; to zase méni cytoskeletalni strukturu téchto bunék a vytvari
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neuralni ,,magnetosignaly* (Hsu et al., 2007). Nedavna studie ukazuje, ze geomagnetické pole
poskytuje nezbytny a dostatecny referencni systém pro orientaci kompasu u mravenct
(Fleischmann et al., 2018). Na magnetorecepci se pravdépodobné podili vice organti a télesnych
mechanismi, které obecné funguji v kombinaci s jinymi smyslovymi podnéty (Gould, 2008),

jakymi je naptiklad svétlo (Muheim et al., 2016; Phillips et al., 2010).

Zvitata se nékdy pohybuji a udrzuji stabilni postaveni téla vzhledem k podnétu. Napiiklad
postovni holubi a mnoho st¢hovavych ptakl pouziva magnetické pole Zem¢ jako referencni
bod, nicméné vSak samotny pohyb neni vzdy ve sméru od severu na jih, ale pouzivaji rizné
azimuty (Leask, 1977). Orientuji se ¢astecné¢ smérem viici relativnimu podnétu, ale ne pfimo
ku nebo od dané¢ho podnétu. Pfes své velmi Casté pouzivani neni termin orientace pokazdé
pouzivan spravné (Jander, 1975; Schone, 2014). Casto miize byt odkazovano na orientaci
jednotlivych ¢asti téla vici sobé navzdjem, nebo na orientaci celého téla v prostoru vzhledem
na ptisobeni vnéjsi a vnitinich stimulfl, stejné tak jako orientaci kompasu (Hansson & Akesson,
2014). Orientace mize byt definovdna jako mechanismus, kterym zvifata posuzuji svoji
aktualni polohu v prostoru vzhledem ke stanovenému cili (Able, 2001), coz muze zahrnovat
chovani, které aktivné kontroluje jejich umisténi v prostoru (Jander, 1963), nebo to mize byt

pouzito jako obecnéjsi termin zahrnujici také navigaci (Mandal, 2018).

Pro prostorovou orientaci se mohou zvifata spolehnout na sviij systém biologického
kompasu (napt. geomagneticky, nebesky nebo panoramaticky kompas). Vektorova navigace
a/nebo informace ziskana konspecifika (komunikace tancem hmuzu nebo pomoci feromonii).
Aby se sociadlni skupiny hmyzu spravné orientovaly pomoci jejich allothetického kompasu,
musi mit tzv. prostorovou znalost (Mandal et al., 2017; Pahl et al., 2011; Wystrach et al., 2012;
Wystrach & Graham, 2012). Aby se socialni blanokiidli hmyz stal obezndmenym
s obklopujicim okolnim prostfedim, provadéji tzv. prizkumné pohyby kolem svych hnizd. Tyto
pohyby se nazyvaji orientace a patfi mezi n¢€ napt. pruzkumné lety, které pfedchazeji pohyblim
spojenym s vyhledavdnim a pfindSenim potravy. Diky témto pohybim si vytvéfeji a
zapamatovavaji orientacni body v okolich svych hnizd a stavanist’ (Fleischmann et al., 2016,
2017; Wystrach & Graham, 2012). Je velmi zajimavé, Ze ve struktufe orientacnich
letti/pochiizek apod., byla pozorovana napadnéa podobnost napfic rliiznymi taxony jakymi, jsou

napi. hmyz, ptéci a savci (Capaldi et al., 1999).

Kognitivni mapa je mentalni reprezentaci prostoru, ve kterém si zvifata pamatuji prostorové
(a pravdépodobné 1 geometrické) vztahy napii¢ lokalitami s odkazem na relativni sméry a
vzdalenosti mezi nimi (O’Keefe, 1978; Tolman, 1948). V takové mentalni reprezentaci mohou
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znamé alothetické podnéty (orientacni body) konstruovat komplexni ramec prostorovych
referenci (M. Collett et al., 2013; Fagan et al., 2013). Ackoliv aximaticka definice kognitivni
mapy je stale pfedmétem debaty (Cheeseman et al., 2014; Cheung et al., 2014; Jacobs, 2003),
tak kognitinvi mapa zahrnuje oboji informaci — topologickou, kterd udava celkové prostorové
uspotfadani orientacnich bodi, a metrickou informaci, kterd poskytuje udaje o linearnich a
uhlovych vzdélenostech mezi orientacnimi body (Poucet, 1993). Pfitomnost takovychto
kognitivni map je naznaCovana u riznych taxont — korysi (Vannini & Cannicci, 1995), savci

(Tsoar et al., 2011) a vCely (Gould, 1986; Menzel et al., 2005).

Podobny model, ve kterém se zvifata naviguji pomoci sméru kompasu a prostorovych
vztahli mezi krajinnymi prvky a relativni polohou cile, byva nazyvana mozaikovou mapou
(Wallraff, 1974). Zvitata mohou ziskat mozaikovou mapu svého domovského okrsku pomoci
pravidelnych navstév pfislusnych lokalit, a mohou ji také rozsitovat pomoci prizkumu novych
oblasti (Gould, 2004). Mnoho zvifat se také mliZze naucit tzv alinghment, a hodnotit tak rychlost
zmény jednoho nebo vice gradienti v prostfedi takovym zpisobem, ktery jim umozni
reprezentovat prostor jako mapu dvou soufadnicového systému (zemépisnou Sitkou a délkou)
(Putman et al., 2011), Casto nazyvana jako mapa gradienti nebo mtizkova mapa. Zjistovanim
polohy na dvou soufadnicich (napf. porovnanim hodnot soufadnic neparalelnich gradienti od
aktualniho umisténi a ,,domova‘) mohou zvifata urovat svou polohu v dvourozmérném
prostoru, coz umoznuje 1 pfemisténym zvitatiim najit domov z nezndmych mist. Napiiklad je
znamo, ze zvifata hodnoti gradient olfakce a gradient magnetického pole Zemé (Buehlmann et
al., 2012; Lohmann et al., 2007) ve znamém prostoru a mimo znadmou oblast tyto hodnoty
extrapoluji (Gould, 2014; Phillips et al., 2006). Navigace s prostorovou referenci na kognitivni,
mozaikové nebo gradientni/rastrové mapy je souhrnné oznacovana jako mapami podlozena

navigace (Able, 2001; Papi, 2012b).

3.3.3. Translokace oznacenych jedincii

Pravé navigace a navigace pomoci mapovych podkladi béhem vétSiny cest pfi homingu ma
velmi ziidka pfistup k domovskym orientaénim bodiim, které jsou umisténé v oblasti cilového
bodu. Zejména zvitata, kterd jsou pasivné premisténa, mohou také potiebovat pfimou cestu
k domovu, kterou nikdy ptfedtim neabsolvovala. Tyto zvifata Casto potiebuji navigovat a

spoléhat se pouze na informace, které maji k dispozici na velmi vzdalenych mistech. Je
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predpokladano, ze mnoho zvifat pouzitim alothetickych podnétt vytvaii komplexni prostorové
zobrazeni, které¢ jim umoziuje urcit jejich relativni polohu vzhledem k cili nebo jinému
znamému 1 neznamému mistu, a to i z novych mist (Gould, 2014). Navigace pomoci takové
prostorové reprezentace byva oznacovana jako tzv. prava (skute¢nd) navigace (Able, 2001;

Boles & Lohmann, 2003; Gould & Gould, 2012).

K homingu savct bylo publikovano jiz nékolik védeckych clankd. Napiiklad tendence
translokovanych jedinci medvéda baribala (Ursus americanus) k navraceni se na velké
vzdalenosti z nového prosttedi do svého plivodniho aredlu vedla k velmi intenzivnimu studiu
homingu u tohoto druhu. Velmi ¢asto se tak autofi zabyvali homingem u medvéda baribala
(Ursus americanus) na americkém kontinentu viz (Harger, 1970); (McCollum, 1974); (Alt,
1977); (McLaughlin et al., 1981); (Rogers, 1986). Pozitivni vztah tohoto velkého savce poskytl

nekteré velmi poucné informace o orientaci savct (Rogers, 1988).

Hawkins & Montgomery, (1969) provedl pokus na 28 jedincich jelence bé&loocasého
(Odocoileus virginianus), které premistil na vzdalenosti 25, 36 a 6 mil vzduSnou ¢arou do tfech
novych lokalit. Tyto jedinci byli po pfemisténi sledovani pomoci radiotelemetrie. Dva jedinci
z celkového poctu 28 oznacenych kust projevili homing strategii. Dospé€ld lan se vratila do
puvodni lokality po 169 dnech od piemisténi na vzdalenost 25 vzdusnych mil. Dale se po 23
dnech od premisténi na vzdalenost 6 vzdusnych mil vratila jednoletd lait do své ptivodni

lokality.

Fernando et al., (2012) provedl ve své studii translokaci 12 jedincu slona indického
(Elaphas maximus). Z celkového poctu projevili pozitivni homing chovani tii jedinci, ktefi se
vraceli do pavodni lokality, a pfitom pfekonavali vzdalenosti od 46 do 116 kilometrt. Jeden
jedinec byl celkové trikrat pfemistén do nové lokality a po kazdé se vratil do pavodniho arealu.

V této studii bylo pouZito GPS telemetrie, coZ je planovéano i1 v tomto grantu.

V tuzemské a zahranicni literatuie bylo provedeno ve vétSin€ piipadit studium homingu
velkych savci, které se zakladalo pouze na odchyceni jedince v jedné lokalité¢ a nasledné
ptemisténi do rtizné vzdalené nové lokality. Poté se sledovalo, zdali se podafi tohoto jedince
znovu odchytit v prvni lokalité, ze které byl premistén. Jen n€kolik studii pouzilo pro sledovéni
premisténych jedinct telemetrické sledovani, viz (Hawkins & Montgomery, (1969) u jelence
béloocasého (Odocoileus virginianus), a dale Fernando et al., 2012) u slonti indickych (Elephas
maximus). V tuzemské literatufe nejsou o studiu homingu u velkych savcl téméf Zadna

informace. Pokud se zaméfime na samotné druhy prasete divokého (Sus scrofa) a jelena
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evropského (Cervus elaphus), tak nebyl nalezen zadny ¢lanek tykajici se sledovani téchto druhti

pomoci GPS a biologging technologie a ptemistovani do novych lokalit.
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4. Metodika

Diserta¢ni prace je sestavena z celkem Sesti védeckych publikaci, které byly tematicky
zatazeny do tfi hlavnich okruhti. V prvni ¢asti byla metodika smétfovéana na vyvoj hybridniho
zafizeni, které bude mozné pouzivat pro prostorovou orientaci a chovani volné zijicich druhti
sparkaté zvére. Prvotnim krokem bylo vyuziti dosavadniho typu GPS obojku, ktery se
standartné vyuziva pro sledovani riznych druhé zivocichti, a v prubéhu zZivotnosti, ktera je u
zatizeni pro savce cca 700 dni, se pokusit implementovat zatizeni pro kontinualni zdznam
detailnich parametri zaméfenych na akceleraci a magnetickou orientaci senzoru, potazmo
oznacen¢ho jedince. Pro testovani vyvoje hybridni technologie, ktera se sklddala z GPS
jednotky a multi-senzorového zatizeni zvané ,,bio-logger®, bylo vybrano prase divoké (Sus
scrofa) jako vzorovy druh zvéfe pro ovéfeni funkCnosti zafizeni, validaci dat a odolnosti
hardware technologie. Nésledné byla pouZita data ziskand z hybridniho GPS-Biologging
obojku 1 od jeleni zvéfe a dalSich zivocisnych druht uvedeny v publikaci ,, Animal lifestyle

affects acceptable mass limits for attached tags* (R. P. Wilson, Rose, Gunner, et al., 2021a).

4.1. Vyvoj a testovani hybridni GPS-Biologging technologie

Pro vyvoj nového hybridniho zafizeni bylo pouzito nékolik dil¢i krokti vedoucich
k sestaveni prototypu GPS obojku nesouciho tzv. biologger. Pfi vyvoji probihalo testovani na
celkem Sesti jedincich prasete divokého (Sus scrofa), kteti byli uspani a oznaceni 2 typy obojkt
nesouci odlisn¢ umisténé zatizeni pro sbér dat. Tito jedinci byli oznaceni v aklimatiza¢ni oblrce

o rozmé&rech 38 x 46 metri a byli kontinualné sledovani pomoci kamerového systému.

Celkem byly pouzity dva tzv. multisenzorové obojky nesouci zafizeni v nasledujicim
slozeni: GPS modul typu Vertex Plus od vyrobce Vectronic Aerospace, GmbH vcetné baterie a
tzv. biologger typu ,,Thumb Daily Diary*“. Tento typ biologgeru byl vybaven tfiosym
akcelerometrem, tfiosym magnetometrem a naprogramovan pro kontinudlni zdznam dat ve
vSech osach o frekvenci 10 Hz s tloZistém na kartu typu MicroSD. Multisenzorové obojky
nesouci vySe zminované senzory byly vybaveny funkci ,.Drop-off, kterd umoZziovala
rozepnuti obojku pomoci vzdaleného ovladani a ptikazu. V tomto piipad¢ tedy nebyla nutna

imobilizace zvifete pro sundani obojku. GPS modul byl nastaveny pro zdznam pozic¢nich dat

37.



GPS o frekvenci 30 minut a zasilani zaméfenych pozic pomoci dalkového spojeni pies mobilni
sit’ se serverem pro piijem GPS pozic kazdych 8 hodin. Cely systém byl napajen jednou baterii
umisténou ve spodni ¢asti obojku s odhadovanou dobou zivotnosti 730 dnd. Vyvinuty hybridni
systém byl sestaven o celkové hmotnosti 716 g. V ramci studie byly pouzity i tzv. ,,Single-tag*
obojky, které obsahovaly pouze senzory typu ,Square Daily Diary”“ zaznamenavajici
akcelerometrickd a magnetometrickd data v tfiosém systému na frekvenci 10 Hz na zafizeni
MicroSD bez dalsiho zdznamu GPS pozic a drop-off systému obojku. Ziskana akcelerometricka
a magnetometricka data byla pouzita zaroven 1 v analyzach spolu s daty ziskanymi z hybridniho

obojku.

Celkem bylo v ramci vyzkumu oznaceno 71 dospélych jedinct (starSich dvou let nebo
vazicich vice nez 40 kg) prasete divokého (51 samic, 18 samci, 1 nevyhodnoceny). Veskera
ziskana data zahrnovala vice nez 6000 sledovacich dnti obsahujicich validni data. Na zaklad¢
dat ziskanych od Sesti jedinct v aklimatiza¢ni obtlrce byly vyvinut a nésledné na datech od
voln¢ zijicich zvirat testovan behavioralni model pro n€kolik typti chovéani. Behavioralni model
byl vyvinut na zaklad¢ akcelerometricky dat, kterd byla vhodna pro odliseni téchto typt chovani
cerné zveére — chlize, béh, krmeni, stani, odpocinek a ostatni). Na zaklad¢ videozaznamti chovani
oznacenych jedinct v aklimatizatni obiirce byla synchronizovana akcelerometrickd data
v software DDMT a tato informace byla pouzita pro tzv. ,,Machine learning®, ktery slouzi
k vytvoreni automatické detekce stejnych proménnych v zdznamu akcelerometrickych datech,
coz umoziiuje naslednou automatizace v rozpoznavani jednotlivych typ chovani a jejich

kvantifikaci v pofizenych datech.

Vhodnost pouziti biologging senzor obsahujici akcelerometr a magnetometr v kombinaci
s obojkovou GPS technologii, s vdhovym limitem celého systému do 3% télesné vahy zvitete,
byla testovana na n¢kolika dalSich druzich, jakymi byly jedinci od jelena evropského (Cervus
elaphus), koaly medvidkovité (Phascolarctos cinereus), vacice horské (Trichosurus

cunninghami), paviana anubi (Papio Anubis) a pfimorozce arabského (Oryx leucoryx).
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4.2. Pouziti nové technologie pro studium detailniho pohybu a
spankovych rezimu zvitat

Pro studium detailniho pohybu zvitat pomoci akcelerometri a magnetometri bylo vybrano
celkem pét druhti volné zijicich zvitat — prase divoké (Sus scrofa), lev africky (Panthera leo),
kamzik horsky (Rupicapra rupicapra), kozorozec horsky (Capra ibex), ovce kruhorohé (Ovis
orientalis) a koza bezoarova (Capra aegagrus). Oznaceni jedinci byli sledovani v rozmezi 15
— 250 dnii a po celou dobu byla zaznamendna akcelerometrickd a magnetometricka data o
frekvencich 10 —40 Hz. Ziskana data byla pouzita pro ur¢eni pohybovych charakteristik pomoci
funkce dead-reckoningu, ktera byla nasledné upravovéana pomoci periodicky ziskavanych GPS
pozici. Z téchto dat bylo nasledné extrahovano cca 24-50 hodin dat s drobnymi odchylkami tak,
aby se zajistilo, Ze se jedna o pohybova data. Na exportovaném datasetu byla vyhodnocena
hodnota VeDBA, ktera byla pouzita jako proxy hodnota pro rychlost, a také pro uhlovou
rychlost. Celkem bylo vyhodnoceno pies 20 000 zaznamii uhlové rychlosti zaloZzené na

parametru VeDBA od témé&f vSech sledovanych druhti zvitat.

Pro klasifikaci a kvantifikaci spankovych rezimt prasete divokého (Sus scrofa) ve volné
piirodé v zéavislosti na lidské aktivit¢ v povétrnostnich podminkach v dané lokalité bylo
sledovano celkem 28 jedinct prasete divokého (4 samci, 24 samic) ve dvou oblastech Ceské
republiky — Doupovské hory a Kostelec nad Cernymi lesy (Lesy CZU). Pomoci hybridni GPS-
Biologging technologie byli sledovani jedinci oznaceni po dobu v rozmezi 10 — 363 dnt.
Klasifikace spanku na akcelerometrickych datech byly vyhodnocena pomoci jiz diive
ziskanych akcelerometrickych dat a s nimi synchronizovanych videozaznamu z aklimatiza¢ni
obtirky (viz. Kapitola 4.1.). Pro stanoveni spanku byla pouzita kombinace zdznamu vSech tii os
z akcelerometru a parametr VeDBA. Dale byly pouzity meteorologické zdznamy o teploté a
srazkach ze stanic v danych lokalitach, a také data o navstévnosti lokalit lidmi v pribéhu
sledovani. V lokalit¢ Doupov byla navstévnost rovna nule, jelikoz je prostor omezen pro vstup
vefejnosti. V lokalité Kostelec nad Cernymi lesy (Lesy CZU) byla pouzita data z automatickych

ptistroji pro zdznam navstévnosti u turistickych tras.
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4.3. Navigacni schopnosti sledovanych jedincti jelena
evropského a distribuce energie v zavislosti na managementu
populace

Rizeny experiment translokace celkem 23 jedincti jelena evropského (Cervus elaphus) byl
realizovan u dvou populaci na uzemi Ceské republiky v lokalitach Kladska a Doupovské hory.
Celkem bylo realizovano 35 fizenych translokaci od 23 jedinct jelena evropského, ktefi byli
oznaceni pomoci GPS a biologging technologie. Ziskana GPS data v 30minutovych intervalech
byla pouzita pro vypocet relativniho azimutu mezi bodem vypusténi a jadrem domovského
okrsku. Data byla vyhodnocena pomoci testu MANOVA, a to pro vSechny relativni azimuty
z GPS pozic ve vzdalenosti 100 m, 500 m, 1 000 m a 5 000 m od lokality vypusSténi smérem

k lokalité centra domovského okrsku.

Pro studium vhodnosti pouzivani ptezimovacich obirek, jako nastroje pro management
jeleni zvéte v lesnich oblastech s cilem eliminace Skod na lesnich porostech, z hlediska wellfare
a wellbeingu byla analyzovana akcelerometricka data od 11 samic jelena evropského (Cervus
elaphus). Ziskana akcelerometricka data od jeleni zvéfe v oblasti Doupovskych hor byla
vyhodnocena pro roky 2019 a 2020, kdy byli oznaceni jedinci sledovani paraleln¢€ uvniti i vné
piezimovaci oburky v dané zimni sezon€. Ziskand akcelerometricka data poskytla hodnoty pro
ziskéani parametru VeDBA a jeho nasledné testovani pro intra-druhové variance v zavislosti na
typy prostorového managementu. Hodnoty VeDBA byly vyuzity jako proxy pro stanoveni
spotfeby energetické energie oznaCenych zvirat v pribéhu zimniho obdobi. GPS data urcila

nebo vyvratila vyuzivani pfezimovaci oblrky a prostorovou aktivitu sledované zvére.

Veskera manipulace s volné Zijici zvéfi na uzemi CR byla provadéna na zakladé
schvaleného projektu pokust s kvalifikaci a odbornou zpisobilosti na useku pokusnych zvitat
dle §15d odstavce 2 pismeno a) zakona ¢. 246/1992 Sb., na ochranu zvifat proti tyrani, v

platném znéni.
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5. Syntéza vysledkl

Diserta¢ni prace je slozena zpéti publikovanych védeckych publikaci a jednoho
submitovaného manuskriptu. Poradi autora disertacni prace v uvedenych publikacich je
nasledujici: tiikrat prvoautor (jeden ¢lanek je ve formée sdileného prvoautorstvi z diivodu stejné
vyznamnych roli prvnich dvou autort), jedenkrat druhoautor a dvakrat ¢len kolektivu autora.
Celkovy pocet pét ze Sesti védeckych publikaci byly pfijaty a publikovany ve védeckych
casopisech uvedenych na Web of Science. Jedna publikace mé statut in review. Vysledky
diserta¢ni prace jsou rozdéleny do tfech zakladnich okruhi, které jsou tematicky propojeny a
vedou ke splnéni cilii uvedenych v zadani disertacni prace. Prvni okruh vysledkt — 5.1. (Vyvoj
a testovani GPS-Biologging technologie), je zaméfen na vyvoj a testovani nového hybridniho
zatizeni obsahujici GPS telemetrii a biologging technologii. V ramci této Casti vysledkt bylo
testovana funk¢nost a vhodnost vyvinutého zatizeni a reliabilita zatizenim poskytovanych dat.
Druha ¢ast vysledkii — Vysledky 5.2. (Analyza biologging dat pro studium chovani a pohybu
zvitat) obsahuje publikace zaméfené na pouziti vyvinuté technologie pro popis a studium
pohybu a chovani oznac¢enych jedinci pomoci biologging technologie. Vysledky danych studii
vychdzeni z pouziti hybridni technologie a zaméfeni se na primarn¢ na biologging data.
Posledni, treti ¢ast vysledkl diserta¢ni prace — Vysledky 5.3. (Prostorova orientace a fidelita
zvete) obsahuji poznatky ziskané zanalyzy dat ziskanych pomoci GPS technologie a

zameienych na prostorové chovani, fidelitu velkych savcl a vyuziti energie.
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5.1. Vyvoj a testovani GPS-Biologging technologie

5.1.1. Publikace €. 1 - Development of a multi-sensor biologging collar and
analytical techniques to describe high-resolution spatial behavior in
free ranging terrestrial mammals

Prvni publikace — ,,Development of a multi-sensor biologging collar and analytical
techniques to describe high-resolution spatial behavior in free ranging terrestrial mammals.”
je zamé&fena na vyvoj hybridni technologie, které obsahuje moznost kombinace a simultanniho
sbéru dat z GPS technologie a Bio-logging technologie. V rdmci studie bylo vyvinuto vlastni
zafizeni kombinujici obé zminované technologie. Pro vyvoj a testovani hybridniho systému
bylo oznaceno a sledovéano celkem 71 volné Zijicich jedincti prasete divokého (Sus scrofa), kteti
poskytli validni data pro ovétfeni pofizenych dat a sestaveni behavioralniho modelu pro Sest
zékladnich typt chovani sledovaného druhu. Od sledovanych jedinct se podafilo ziskat témét
94 % zaznamenanych dat. Behavioralni model vytvofeny na vSech ziskanych biologging datech
dosahnul ptesnosti 85 % ve vSech Sesti typech chovéni. Piesnost vyvinut¢ého modelu byla
ovéfena pomoci redlnych zaznamii chovani, které byly klasifikovany pomoci video zaznamu
vSech uvedenych druhii chovani. Vyvinuty systém je vhodny pro sledovani suchozemskych

druht zvirat.
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Abstract

Biologging has proven to be a powerful approach to investigate diverse questions
related to movement ecology across a range of spatiotemporal scales and increas-
ingly relies on multidisciplinary expertise. However, the variety of animal-borne
equipment, coupled with little consensus regarding analytical approaches to interpret
large, complex data sets presents challenges and makes comparison between stud-
ies and study species difficult. Here, we present a combined hardware and analytical
approach for standardizing the collection, analysis, and interpretation of multisensor
biologging data. Here, we present (i) a custom-designed integrated multisensor collar
(IMSC), which was field tested on 71 free-ranging wild boar (Sus scrofa) over 2years;
(i) a machine learning behavioral classifier capable of identifying six behaviors in free-
roaming boar, validated across individuals equipped with differing collar designs; and
(iii) laboratory and field-based calibration and accuracy assessments of animal mag-
netic heading measurements derived from raw magnetometer data. The IMSC capac-
ity and durability exceeded expectations, with a 94% collar recovery rate and a 75%
cumulative data recording success rate, with a maximum logging duration of 421 days.
The behavioral classifier had an overall accuracy of 85% in identifying the six behav-
ioral classes when tested on multiple collar designs and improved to 90% when tested
on data exclusively from the IMSC. Both laboratory and field tests of magnetic com-
pass headings were in precise agreement with expectations, with overall median mag-
netic headings deviating from ground truth observations by 1.7° and 0°, respectively.
Although multisensor equipment and sophisticated analyses are now commonplace
in biologging studies, the IMSC hardware and analytical framework presented here
provide a valuable tool for biologging researchers and will facilitate standardization
of biologging data across studies. In addition, we highlight the potential of additional
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1 | INTRODUCTION

In recent decades, animal-borne sensors designed to monitor physi-
ology, behavior, movement, and environmental conditions have rev-
olutionized studies of animal ecology in diverse taxa across a range
of spatiotemporal scales (Ropert-Coudert & Wilson, 2005; Rutz &
Hays, 2009; Williams et al., 2020; Wilmers et al., 2015). This has
been made possible due to advances in sensor technology, data
management, and analytical techniques, which now underpin both
theoretical and applied research on wild animals (Cooke et al., 2012;
Rattenborg et al., 2016; Vyssotski et al., 2006; Wilmers et al., 2015).
However, the emergence of novel biologging techniques requires a
multidisciplinary approach, often relying on diverse expertise in areas
beyond wildlife ecology (Jolles, 2021; Kays et al., 2022; Portugal
& White, 2018; Tuia et al., 2022; Wild et al., 2023). Furthermore,
animal-borne electronics and data sets are increasingly tailored to a
particular study or research group, making access to, and compari-
son between, biologging studies challenging.

Triaxial accelerometers and magnetometers form the bedrock of
biologging studies and are capable of providing high-resolution data
on animal movement and orientation (Shepard et al., 2008; Williams
et al,, 2017; Wilson et al., 2008; Yoda et al., 1999). However, trans-
forming and interpreting the often large and complex data sets gen-
erated from biologgers into behaviorally and ecologically relevant
information requires expertise from disciplines beyond ethology.
For example, recent studies have applied various machine learn-
ing techniques to identify behaviors from raw accelerometer and/
or magnetometer profiles (Balasso et al., 2023; Bidder et al., 2014;
Chang et al., 2022; Dentinger et al., 2022; Painter et al., 2016; Studd
et al., 2019; Wang, 2019; Yu et al., 2021), in addition to alternative
approaches, such as template matching (Walker et al., 2015) and
user-defined algorithms for behavior (Wilson et al., 2018). The per-
formance of such models varies due to factors such as the frequency
at which data are recorded and the degree of behavioral variation
within and between the behavioral classes attempting to be identi-
fied. To date, no consensus has been reached on a single behavioral
classification technique across biologging studies, further hinder-
ing comparison between studies and species (Wang, 2019; Wilson
et al, 2018; Yu et al., 2021).

Magnetometer data, used in conjunction with accelerometers,
can enhance machine learning performance by providing addi-

tional information regarding animal body or limb orientation (Alex
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analyses available using this framework that can be adapted for use in future studies

accelerometer, behavioral classification, biologging, dead-reckoning, GPS, machine learning,
magnetic compass heading, magnetometer

Shorter et al., 2017; Brewster et al., 2021; Dickinson et al., 2021;
Sakai et al., 2019; Williams et al., 2020). In some contexts, triaxial
magnetometer data alone have been used to successfully identify
behavior in free-roaming animals (Chakravarty et al., 2019; Williams
et al.,, 2017). In addition, triaxial magnetometers are well suited to
provide magnetic heading orientation (Matsumura et al., 2011),
although extracting compass headings from raw data is not trivial
and depends on sensor calibrations and accelerometer-based tilt-
compensation corrections (Bidder et al., 2015). Unsurprisingly, cal-
ibration techniques are now commonplace in studies that report
magnetic heading measurements derived from raw magnetome-
ter data (Fannjiang et al., 2019; Gutzler & Watson Ill, 2022; Logan
et al., 2023; Martin Lopez et al., 2016; Noda et al., 2014); however,
few (Wilson et al., 2007) have provided ground truth validation of
magnetic compass accuracy and reliability across ecologically realis-
tic movement dynamics or behaviors.

Integration of GPS technology with accelerometer and mag-
netometer data has further enhanced the accuracy and depth of
spatial information in animal tracking studies and is reflected in the
widespread deployment of GPS technology across a range of animal
studies over the past three decades (Hebblewhite & Haydon, 2010;
Katzner & Arlettaz, 2020; Kays et al., 2015). Beyond its utility in pro-
viding reliable positional fixes, GPS is now used to improve the per-
formance (e.g., mitigate drift and heading error) of dead-reckoning
path reconstruction that relies on vector integration obtained
from synchronized accelerometer and magnetometer data (Gunner
et al., 2021) and further underscores the importance of assessing
the accuracy of magnetic heading measurements obtained from raw
data. Engineering multisensor collars (e.g., GPS, accelerometers,
magnetometers) capable of recording and storing large volumes of
data over months or years that comply with animal welfare stan-
dards remains an additional challenge in biologging research (Cook
etal,, 2017; Holton et al., 2021; Kenward, 2000; Wilson et al., 1986,
2021).

Here we present the development of a multisensor biologging
collar equipped with GPS and triaxial accelerometer and magnetom-
eter sensors that has been extensively tested in free-ranging wild
boar (Sus scrofa). In tandem, we have developed a method for classi-
fying ecologically relevant behaviors from raw accelerometer data in
wild boar using machine learning techniques and provide a detailed
assessment of magnetic compass performance based on raw mag-

netometer data across a range of behavioral contexts. Our findings
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suggest that both the collars and analytical techniques are robust,
adaptable, and suitable for long-term studies with terrestrial mam-
mals, and we discuss the broader applications of this work for future
wildlife research.

2 | METHODS
2.1 | Study site and subjects

Field testing of the integrated multisensor collars (IMSCs) was car-
ried out in unrestricted, natural habitats throughout the Czech
Republic. Boar were captured in corral traps, sedated using meth-
ods described below (see also Appendix S1), and fitted with the
IMSC, then released into the surrounding environment. All data
used to develop the behavioral classifier and evaluate mag-
netic compass performance were collected at a wildlife reserve
(49°57'52.7"N 14°50'14.7"E) owned by the Czech University
of Life Sciences. Inside the reserve, a semi-natural enclosure
(~38 mx ~46m), made from nonmagnetic wood fencing was used
to collect ground truth behavioral data (hereafter “behavioral en-
closure”) from six adult wild boars between October 2017 and
December 2018 (Figure S1). Boar were captured opportunisti-
cally using dart tranquilizer methods (see Appendix S1), then were
transported inside the behavioral enclosure and fitted with one of
the two biologging collar designs (see below). Four infrared game

s 30of15
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cameras (UOVision UM 565) were installed within the enclosure
(Figure S1) to record ground truth data used for behavioral classi-
fier and magnetic heading analyses (see below).

Trapping, handling, and collaring protocols were performed
in accordance with the Ethics Committee of the Ministry of the
Environment of the Czech Republic humber MZP/2019/630/361
and following ARRIVE guidelines (Percie du Sert et al., 2020). See
Appendix S1 for additional study site information.

2.2 | Biologging collar development

Two collar systems were designed in this study: “IMSCs" and
“single-tag collars” (STCs), both fitted with Wildbyte Technologies
Daily Diary data loggers (http://www.wildbytetechnologies.com/).
Loggers were equipped with triaxial accelerometers and triaxial
magnetometers (LSM303DLHC, ST Microelectronics) programmed
to record continuously at a sample rate of 10Hz across all six sensors
aligned along three orthogonal axes corresponding to the major axes
of the boars' bodies (Figure 1).

2.3 | Integrated multi-sensor collar (IMSC)

The IMSCs included a “Thumb” Daily Diary tag (18 x 14 x5 mm)
with triaxial accelerometer and magnetometer sensors (LSM9DS1,

Integrated
multi-sensor collar

FIGURE 1 Biologging collars used throughout the study. Accelerometer axes orientation is superimposed on the logger and axis polarity
indicates the acceleration value as the axis is pointed toward gravity. Note the different axis alignments between STC designs (a, b). Both the
logger position and logger orientation used in all IMSCs (c) differ from the STC logger position and orientations. Photographs of both collar
designs are shown below their respective schematics. IMSC, integrated multisensor collars; STC, single-tag collars.
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ST Microelectronics), as well as a Vertex Plus GPS collar, sched-
uled to record GPS fixes at 30-min intervals. All accelerometer
and magnetometer data was recorded and stored on a removable
32 GB MicroSD card. Collars were equipped with an integrated
“drop-off mechanism” and VHF beacon to enable collar recovery
from the field. All collar electronics were powered from a sin-
gle battery pack (4-D cell) and the total deployment weight was
716g. The Daily Diary tag was protected by a custom-designed
polyurethane housing (40mmx25mmx12mm) positioned on
the outside of the plastic collar belt. The orientation of the tag
relative to the collar, as well as the orientation of collar relative
to the animal, remained fixed for all IMSC deployments (Figure 1,
Table 1).

2.4 | Single-tag collars (STCs)

All STCs were equipped with the “Square” Daily Diary tag
(27 x26 x10mm) and recorded data to a removable 32 GB MicroSD
card. The logger was powered with a single cell 3.6V lithium bat-
tery (SAFT, LS17500CNR) and was oriented and leveled within a
12cmx 4.8 cm dia PVC-U cylindrical tube housing secured to a plas-
tic collar belt. Total STC weight was 250g. All STC housings were
positioned ventrally at the base of the animal's neck (Figure 1a,b).
However, logger orientation was rotated in one STC deployment
(Figure 1b) to test the positional robustness of the behavioral clas-
sifier (see below).

See Appendix S1 for additional information regarding collar

specifications and deployments.

2.5 | Data collection

Field testing of the IMSC involved 71 collar deployments over a 2-
year period on adult (>12months, >40kg) free-roaming wild boar
(52 females, 18 males, 1 unidentified). Collars were evaluated for
robustness, capacity, and functionality over 6001 tracking days, cu-
mulatively across all deployments.

Behavioral classifier and magnetic compass performance data
were collected from six free-roaming individuals inside the behav-
ioral enclosure. Before collaring, calibration data used for hard- and
soft-iron magnetometer corrections (Gunner et al., 2021; Williams
et al., 2017) were collected by rotating the collars through three-
dimensional space for 5min within the immediate area of the behav-
ioral enclosure. The resulting accelerometer “calibration signature”
was also used to time-sync biologging data with ground truth re-
cordings from each game camera. Upon data retrieval, raw data
files were uploaded to DDMT software (Wildbyte Technologies -
Swansea University, Singleton Park, Swansea, UK, SA2 8PP), for fur-
ther processing, including magnetometer calibrations. A summary of
data collection and performance evaluations for each collar design

is provided in Table 1.

2.6 | Behavioral classifier development

2.6.1 | Training data set construction

Triaxial (x, y, z) accelerometer data from three individuals fitted with
STCs were used to develop the behavioral classifier (Table 1). Six
broad behavioral classes (“Continuous Walk,” “Foraging,” “Resting,”
“Running,” “Standing,” and “Other”) were established using the cri-
teria listed in the Appendix S1. Behavioral classes were determined
based on a collective knowledge of Sus scrofa behavioral repertoires
within the Czech Republic are consistent with those reported in
other Suidae behavioral classification studies (Dentinger et al., 2022;
Erdtmann & Keuling, 2020; Zhang et al., 2022). Behaviors were iden-
tified using video records, and corresponding accelerometer profiles
were located by matching video timestamps with synced times-
tamps in the DDMT software. Profiles were then extracted to cre-
ate behavioral ethograms composed solely of triaxial accelerometer
data falling into one of the six behavioral classes. To facilitate future
refinement of the classifier, “Foraging,” “Running,” and “Standing”
classes were further subdivided to produce three additional,
“higher resolution” behavioral categories: “Rooting,” “Trotting,”
and “Vigilance,” respectively, resulting in a total of nine behavioral

TABLE 1 Collar design and data collection. Overview of collar design, biologger position and orientation, and data type collected (i.e.,
behavioral classifier training, testing, magnetic heading evaluation), per individual.

Collar design and data collection

Boar ID Collar design Tag position Tag orientation
B3 STC 1 A
B4 STC 1 B
B5 STC 1 A
Bé S1C 1 A
B7 STC 1 A
B30 IMSC 2 ©

Classifier training Classifier testing Magnetometer testing

Yes No No
No Yes No
Yes No No
Yes No Yes
No Yes Yes
No Yes Yes

Note: Numbers and letters listed for Tag Position and Orientation are arbitrary and indicate similarities and differences between collar designs.

Abbreviations: IMSC, integrated multisensor collar; STC, single-tag collar.
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TABLE 2 Summary of behavioral data used for classifier training.
For each behavioral class, the total duration (seconds) and total
observations (i.e., 4-s training windows) are shown, as well as the
class proportion (%). A total of 14.96 h of training data were used
for classifier development and proportions reflect those of the test
set. The expanded suite of “higher resolution” behavioral classes
are italicized and nested within the respective parent class (i.e.,
669 of the “Forage” observations were subclassified as “Root,”
representing 5% of all training observations).

Classifier training: behavioral class summary

Total duration Total

Behavioral class (s) observations %
Rest 25,380 6345 471
Forage 10,404 2601 193
Root (2676) (669) (5.0)
Walk 5780 1445 10.7
Stand 6672 1668 12.4
Vigilance (472) (118) (0.9)
Run 4168 1042 77
Trot (2556) (639) (4.8)
Other 1440 360 2.7
Total 53,844 13,461 100.0

classes. The higher-resolution behavioral classes were collapsed into
their parent classes for initial classifier evaluation.

Each marked behavioral epoch was subdivided into 4-s non-
overlapping windows to generate baseline observations for
classifier training (i.e., entities to be classified following feature
extraction). The 4-s observation window was chosen in consid-
eration of two factors: the shortest-duration behavior desirable
to detect and the minimum acceptable detection latency. In total,
there were 13,461 training observations (14.96 hours of marked
data), with the following breakdown of observations and train-
ing percentage for the six “core” behavioral classes: “Continuous
Walk” (1445, 11%), “Foraging” (2601, 19%), “Resting” (6345, 47%),
“Running” (1042, 8%), “Standing” (1668, 12%), and “Other"” (360,
3%) (Table 2, Table S1). Training data for the “higher resolution”
behavioral subclasses are provided in Table 2, Table S1. The pro-
portions of observations used to train the behavioral classifier
were selected a priori to reflect the frequencies of these behav-
ioral classes thought to occur in natural contexts (VS, MJ personal
observations). The training data set was constructed from three
individuals (B3, B6 male; B5, female), all fitted with STCs with
identical tag orientations (Figure 1a, Table 1).

2.6.2 | Feature extraction

Eighteen features were extracted from each 4-s raw-data obser-
vation window. These features were the estimated “signal power”
in each of four frequency bands (0-2.5Hz, 2.5-5Hz, 5-7.5Hz, and

7.5-10 Hz; four features), the signal median (one feature), and the

s 50f15
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signal variance (one feature), for each of the three accelerometer
axes. The power features were derived from the Welch method
of power spectral density estimation (2s windows with 1s over-
lap, 64-point Discrete Fourier Transforms), by integrating the
output in the designated frequency ranges. All features guaran-
teed to be nonnegative (i.e., all except the median features) were
log-transformed to a decibel-proportional scale prior to further
processing. Finally, features were z-scored and principal compo-
nent analysis was performed, retaining a number of components
required to preserve 95% of the total data variance (eight com-
ponents). The resultant 13,461 x8 matrix served as the training
data for a 5-nearest neighbor classifier with cityblock distance
as the metric (Hastie et al., 2009). A k-NN classifier was chosen
for its ability to represent highly nonlinear decision boundaries,
based on the demonstrated success of similar methods in prior
biologging studies (Bidder et al., 2014; Painter et al., 2016; Sur
et al., 2017). The number of neighbors and distance metric were
chosen by grid-search optimization on a small holdout data set
(Hastie et al., 2009).

2.6.3 | Behavioral classifier evaluation

Performance of the behavioral classifier was evaluated using con-
tinuous accelerometer recordings collected from three individuals
(B4, B7, and B30) not used in classifier training (Table 1). Prior to
evaluation, behaviors were verified using ground truth video record-
ings and corresponding accelerometer profiles were identified as de-
scribed above. Because the tag orientation was not identical across
training and test boar (Figure 1, Table 1), test data x, y, and z accelera-
tion vectors at every time step were multiplied by the 3D rotation
matrix required to map them to the coordinate frame used for train-
ing data. After 18-dimensional feature extraction, test data observa-
tions were transformed using the training data mean and standard
deviation vectors before being projected onto the 8-dimensional
principal component space of the training data for classification.
Initial test data classifications were made at every possible time step
using a 4-s symmetric, noncausal sliding window.

2.6.4 | Postprocessing

Initial classifications were smoothed with a nonlinear filter; specifi-
cally, the class at each time step was replaced with the modal class of
a 1-s forward-looking window. This filtering step resulted in a set of
candidate's behavioral events, each delimited by a starting and end-
ing time, which were then subject to two predetermined heuristic
criteria to yield the final set of classifications. The first was that each
candidate behavioral event was required to be of a minimum dura-
tion: “Foraging” (5s; “Rooting” 3s), “Resting” (120s), “Running” (3s;
“Trotting” 3s), “Standing” (2s; “Vigilance" 25), and “Other” (1s). Any
candidate event not meeting its minimum duration, which was used

only in postprocessing, was reassigned to the next most likely class
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for which the duration criterion could be met. Class likelihoods were
determined using the relative class proportions among the five near-
est training set-neighbors corresponding to each time step in the
candidate event. Class proportions were summed across time steps
and sorted to produce a rank-ordered likelihood for the classes.
Candidate events for which this procedure failed to yield a valid al-
ternate class assignment were merged with the subsequent event.

The second heuristic was that any candidate “Standing” event
flanked by “Resting” activity was reassigned to the “Resting” class.
Specifically, this reassignment was made if the majority of a 120s
window on either side of the candidate “Standing” event was classi-
fied as “Resting.”

2.7 | Magnetometer data

To assess magnetic compass heading accuracy and reliability,
magnetometer data were collected from four collars under two
conditions: a controlled laboratory environment (hereafter, “lab
evaluation”) designed to test the precision of the magnetometer and
from three free-roaming boar inside the behavioral enclosure (here-
after, “field test”) (Table 1).

During the lab evaluation, the tag was leveled and centered
inside an electromagnetic enclosure containing four Helmholtz's
coils used to manipulate the strength and alignment of an experi-
mentally generated magnetic field. Two orthogonally aligned coils
were used to cancel the residual horizontal component of the Earth's
magnetic field (+/- 0.1%) and to adjust the vertical component of
the magnetic field to match that of an Earth strength vertical field
(~45,000 nT). Two inner orthogonally aligned coils were used to
generate Earth-strength magnetic fields (total strength ~50,000 nT)
that could be rotated into alignment into one of four cardinal com-
pass alignments corresponding to topographic North, South, East,
and West (Kirschvink, 1992). The tag was oriented such that one
end of the x-axis was aligned toward topographic North which was
then defined as the “heading direction” in DDMT for analysis. Tag
orientation remained static, whereas the horizontal component of
the magnetic field was rotated by 90° increments into alignment
with each of the four cardinal compass directions for a period of 10s
in each alignment. Magnetic heading measurements calculated by
DDMT were plotted relative to the four expected cardinal compass
directions using the gghistogram function in the R package ggpubr
(Kassambara, 2020).

Field tests of magnetometer performance were carried out con-
currently with data collected for the behavioral classifier within the
behavioral enclosure on three free-roaming individuals (Table 1).
Video recordings were used to estimate ground truth magnetic
headings and a spatial array of “magnetic landmarks” were installed
within the camera's field of view to provide known magnetic ref-
erences to better estimate magnetic headings of focal subjects.
Magnetic landmarks were either nonmagnetic cables tethered be-
tween trees or the nonmagnetic fence-line forming the behavioral

enclosure (Figure S1). A total of 45 independent behavioral epochs

from all core behavioral classes (excluding “other”), totaling 5:27
(min:s), were selected to test the precision of the magnetic head-
ing data. Heading predictions were made by two investigators not
involved in data collection and blind to all raw magnetometer data.
Using only video records, investigators predicted boar magnetic
heading using the available magnetic landmarks described above.
For each prediction, the average magnetic heading was estimated
over the duration of the behavioral segment identified. When in-
vestigator predictions differed by less than 20° (n=40), they were
averaged to establish the final magnetic heading, whereas when pre-
dictions differed by more than 20° (n=5), investigators determined a
final prediction after reevaluating the recording together. A third in-
vestigator blind to the magnetic predictions extracted the magnetic
heading data from DDMT which was later compared to investigator

predictions.

3 | RESULTS

3.1 | IMSC field performance: Durability,
capacity, and lifetime

Between 2019 and 2022, 67 of the 71 total collars (~94%) deployed
on free-ranging boar were recovered and data recording durations
ranged from 9 to 421 days. The remaining four collars (~6%) expe-
rienced an unknown GPS malfunction and remain unrecovered. Of
the 67 collars retrieved, 51 (76%) were fully functional and no appre-
ciable damage was noted, whereas 11 (16%) exhibited mechanical
damage likely due to physical stresses associated with boar behavior,
and the remaining 5 collars (7%) failed prematurely due to an unex-
pected electrical fault. Of the fully functional subset, 35 (69%) col-
lars recorded data until retrieval, whereas 9 collars (18%) recorded
data for >50% of the deployment period and the remaining 7 collars
(14%) recorded data for <50% of deployment period. Overall, free-
ranging boar equipped with IMSCs were tracked for 6001 days and a
total of 4547 days of biologging data were recorded, corresponding
to 75% of the cumulative deployment duration.

3.2 | Behavioral classifier

Classifier performance was evaluated using accelerometer data from
2100 independent ground truth behavioral epochs (i.e., independent
behaviors falling into one of the six behavioral classes) across three
individuals, totaling 08:28:15 (HH:mm:ss) of data (Table 3, Table S1).
Classifier performance was evaluated on an event-by-event basis
(i.e., per 0.1s sample). Overall behavioral classifier performance was
85.1% across all behaviors from all three individuals (Table 4) and
includes data from the STC and IMSC designs with different tag
positions and orientations. Of the five behavioral classes of inter-
est (i.e., excluding “Other” which was composed of heterogeneous
behaviors only identified by the classifier when a behavior did not

fall into any of the five core behavioral categories), the likelihood
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that any given prediction matched the ground truth class label (i.e.,
precision), ranged from 77.1% (“Walking” and “Standing”) to 96.5%
(“Resting”) (Table 4). Classifier recall, thatis, the proportion of behav-
ioral epochs correctly identified by the classifier, ranged from 74.7%
(“Running”) to 91.8% (“Resting”) (Table 4). Classifier performance
was consistent between the three deployments, ranging from 83.5%
(B4) to 89.9% (B30), and surprisingly, the collar with the highest per-
formance (B30, IMSC) was least similar in design (i.e., tag position
and orientation) to those used to train the classifier (Table 5). All pos-
sible pairs of the eight principal components used to identify the six
behavioral classes are plotted, along with histograms corresponding

TABLE 3 Classifier testing data. Summary of accelerometer data
used to test behavioral classifier performance in three individuals
not used for classifier training. The total duration (s) and total
number of independent behaviors per class (Epochs) as well as their
proportions (%) in classifier testing are listed. The expanded suite
of “higher resolution” behavioral classes are italicized and nested
within their respective parent class, as in Table 2.

Behavioral classifier testing data

Duration Epochs

Behavioral Class Sum (s) % Total %
Rest 11,008 36.1 67 3.2
Forage 7436 244 343 16.3

Rooting (1562) (5.1) (98) (4.7)
Walk 4129 13.5 459 21.9
Stand 4590 154 685 32.6

Vigilance (439) (1.4) (106) (5.0)
Run 1827 6.0 157 7.5

Trot (647) (2.1) (106) (5.0
Other 1505 4.9 389 18.5
Total 30,495 100 2100 100

_Wl LEYm

to each component in isolation, to illustrate the collective and rela-

tive contribution of the principal components toward class separa-
bility (Figure 2). Precision and recall metrics were substantially lower
when tested on the three expanded behavioral classes, reflecting
their similar acceleration profiles relative to their respective parent
classes. However, overall classifier performance remained robust,
with an accuracy of 78.4%, although there was larger variation in
performance between collar designs when tested on the expanded
classes (Table 6).

3.3 | Magnetic heading: Lab evaluation

Following the calibration procedures described above, the me-
dian magnetic heading measurements calculated by DDMT were
in agreement with each of the experimentally generated magnetic
field alignments: N=2.99°, $=179.16°, East=88.21°, W=268.66°
(Figure 3), with an overall median heading error of 1.7° relative to
expected.

34 | Magnetic heading: Field test

Across all 45 magnetic heading samples, the median discrepancy
between DDMT magnetic compass heading measurements and
ground truth predictions was 0° (Cl: -3.1° and 6.9°) (Figure 4b).
Median bootstrapped 95% confidence intervals relative to predic-
tions were calculated using the function boot from the boot pack-
age (Canty & Ripley, 2020). Discrepancy between DDMT heading
and corresponding ground truth prediction ranged from -30° to
21° (Figure 4b). As shown in Figure 4a, the distribution of compass
headings obtained was evenly distributed across all possible mag-
netic heading alignments, and the error in the DDMT magnetic com-
pass heading measurements compared to predictions was uniform

TABLE 4 Behavioral classifier performance. Confusion matrix showing behavioral classifier accuracy tested on three individuals across

six behavioral classes. Classifier predictions are listed on the left column and ground truth classes are listed across the second-to-last

row. Values within the matrix represent the total number of events for each predicted class (rows) and for each ground truth observation
(columns), where an event corresponds to one acceleration data point recorded by the logger. Light green-shaded cells inside the matrix
represent classifier predictions that match ground truth observations. The likelihood that the classifier prediction matches that of the ground
truth observation for each behavior class is represented by the Precision column shown on the right. The proportion of events in each class
identified by the classifier is represented by Recall shown across the bottom row. Lighter to darker shades of green in Precision and Recall

cells indicate lower to higher classification performance, respectively.

Predicti Behavioral classifier confusion matrix
Walk 36,851 2883 (o]
Other 2758 9863 15
Rest 39 253 101,077
Forage 962 1090 (0]
Run 167 788 0
Stand 508 174 8987
Truth Walk Other Rest
Recall (%) B s

Precision (%)
5514 472 2064 B
5606 1580 3881 216
0 0 3379
62,545 2361 995
35 13,649 173
656 209 35,409
Forage Run

Stand
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TABLE 5 Behavioral classifier performance summary. Precision and recall percentages are shown for all six behavioral classes, partitioned
by individual, as well as overall classifier accuracy (%) per individual.

Behavioral classifier performance summary

B4 B7 B30
Behavioral class Precision (%) Recall (%) Precision (%) Recall (%) Precision (%) Recall (%)
Walk 77.8 86.4 74.2 91.2 871 85.6
Other 34.1 58.0 537 72.3 4.3 174
Rest 93.5 85.6 98.3 95.0 98.6 100.0
Forage 96.1 88.6 62.9 391 94.6 96.2
Run 92.3 78.4 94.1 75.2 75.0 60.2
Stand 58.7 724 85.9 83.0 95.3 67.3
Overall accuracy (%) 83.5 84.2 89.9

Cont Walk
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FIGURE 2 Matrix showing plots of all possible pairs of the 8 principal components (PCs) that were used in behavioral classification.
Points correspond to training observations (n=13,461 in each plot) and are colored according to behavioral class. Numbering columns and
rows each from 1 to 8, respectively, beginning at the top left corner of the matrix, the column number corresponds to the PC plotted on
the horizontal axis and the row number to the PC plotted on the vertical axis. For example, the plot in row 3, column 2 has the second PC
plotted on the horizontal axis and the third PC plotted on the vertical axis. The plots along the diagonal are histograms, colored by class, for
each of the 8 PCs. (Plots mirrored across the diagonal show the same two PCs with the axes swapped.)
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TABLE 6 Expanded classifier performance. Confusion matrix showing behavioral classifier accuracy tested on three individuals across the
expanded suite of nine behavioral classes. Table format is identical to that shown in Table 4.

Predicti Behavioral classifier ion matrix Precision (%)
Walk 36,851 2883 0 4643 871 172 300 1885 179
Other 2758 9863 15 3959 1647 601 979 3334 547
Rest 39 253 101,077 0 0] 0 0 3330 49
Forage 170 587 0 42,458 4415 1 0 457 478
Root 792 503 0 7061 8611 2360 0 55, 5
Run 0 129 0 35 0 7164 109 15 0
Trott 167 659 0 0 0 1306 5070 119 39
Stand 434 117 8372 585 64 203 2 27,766 2980
Vigilance 74 57 615 7 0] 0 4 4547 116
Truth Walk Other Rest Forage Root Run Trot Stand Vigilance

recalon  [[8981 ess [IIBE80 723 ss2 7 74 s 26

(a) (b) 88.21
)
10.01 10.0 :
1
1
|
7.54 7.54 i
|
S S 7 !
|
|
2,51 25 i ‘
0.0 3 0.0 “ H
350 355 0 5 10 80 85 90 95 100
DDMT magnetic heading (°) DDMT magnetic heading (°)
(© 179.16 (@ 268.66
1 1
10.0 | 10.0 |
1 1
1
1
l
7.51 7.5 1
€ b=
3 5.01 3 50
(&) (&)
2.54 25
0.0 ' 0.0 '
170 175 180 185 190 260 265 270 275 280
DDMT magnetic heading (°) DDMT magnetic heading (°)

FIGURE 3 Lab test of triaxial magnetometer data used to calculate magnetic heading measurements after calibration in DDMT software.
Histograms plot the total count of 100 samples (10 Hzx 105) recorded in each magnetic field alignment (i.e., mN=topoN, E, S, W), relative
to magnetic heading bearings calculated in DDMT after performing magnetometer calibration procedures. Plots (a-d) correspond to
experimentally generated Earth-strength magnetic fields aligned at North (0°), East (90°), South (180°), West (270°), respectively. Median
values for each magnetic field alignment are shown in red.
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FIGURE 4 Results from the magnetometer field test collected from free-roaming individuals equipped with STC and IMSC designs. A
total of 45 samples were evaluated and compared to ground-truth predictions of magnetic heading. (a) Histogram of the overall distribution
of magnetic compass measurements produced by DDMT shows that samples were obtained from the range of possible compass directions.
(b) The discrepancy between DDMT magnetic compass measurements and ground-truth recordings, that is, DDMT magnetic heading output
error (median error=0°, black dashed line; bootstrapped 95% Cl: -3.1° and 6.9°). (c) The error produced by DDMT was uniform across the
range of possible magnetic compass headings. IMSC, integrated multisensor collars; STC, single-tag collars.

TABLE 7 Magnetic heading field test. Summary and results of ground truth magnetic compass headings. The proportion of time

(% Duration) and the proportion of epochs from each behavioral class (% Epochs) used to ground truth the magnetic headings are

listed, partitioned by individual. Combined data from all individuals tested, per behavioral class, are shown. Median magnetic heading
measurements calculated by DDMT, relative to ground truth predications are shown per behavioral class and partitioned by individual. In
cases with a negative () median value, the corresponding magnetic compass heading is shown in parentheses.

B6 B7 B30 Combined
% % % % % Total % Total % Median heading
Behavioral class % duration epochs  duration epochs  duration epochs  duration epochs Rel GT prediction
Rest 0 0 0 0 1 2 1 2 -8°(352°)
Forage 30 22 10 9 16 11 55 42 -6°(354°)
Walk 1 2 6 9 3 7 10 18 0°
Stand 5 74 17 13 11 16 33 36 -0.5(359.5°)
Run 0 0 1 2 0 0 1 2 9°
Total 35 31 34 33 31 36 100 100 n/a
Median Heading Rel -0.5°(359.5°) 0° -6°(354°) 0°
GT Prediction
(i.e., error was unbiased across the range of magnetic directions) 4 | DISCUSSION

as indicated by the manova model previously described in Landler
et al. (2022) (model results: intercept: approx. F=0.65, p=.53, error
proportion: approx. F=0.79, p=.46) (Figure 4c). The “error propor-
tion” was calculated as the angular deviation between the DDMT
measurement and the ground truth prediction divided by the total
angular deviation. The cosine and sine of the magnetic heading in
radians were used as the response variables and the error propor-
tion as a linear covariate. The intercept of this model was used to
test for a significant departure from uniformity (Landler et al., 2022).
Importantly, the accuracy of magnetic compass headings was con-
sistent across all three individuals evaluated (Table 7), fitted with dif-
ferent collar designs, biologger positions, and orientations (Figure 1,
Table 1), as well as across all behavioral classes, including behaviors
characterized by large acceleration amplitudes and variation (e.g.,

“Foraging,” “Walking,” “Running”).

Animal-borne telemetry systems have emerged as a powerful tool
to further characterize animal movement, behavior, and ecology.
The availability of reliable collar systems equipped with a range of
sensor technologies adaptable across multiple studies and species
is valuable for several reasons, including that it eliminates the need
to develop and test novel equipment, and that data sets collected
from a standardized system may catalyze additional collaboration,
data sharing, and advance progress in analytical techniques.2 The
IMSC developed here, equipped with triaxial accelerometer and
magnetometer sensors, GPS technology, as well as a variety of addi-
tional sensors not used in the current study, has proven to be highly
reliable under the harsh demands imposed by wild boar under natu-
ral contexts. Across the 71 IMSC deployments, 94% of the collars

were recovered resulting in biologging data recorded across 75% of
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the cumulative deployment duration. While the maximum record-
ing duration was an impressive 421days for one deployment, the
majority of IMSCs (72%) were terminated prematurely due to hunt-
ing or automobile collisions, which does not reflect collar capacity.
In a separate study, 36 IMSCs identical to those described above
were deployed on free-ranging red deer (Cervus elaphus) and had an
average and maximum data recording duration of 203 and 529 days,
respectively. Given the standardization, durability, and functionality
of the IMSC, these collars are well suited for long-term studies in ter-
restrial mammals, and we hope they will be adopted for use in future
biologging studies.

Concurrent with the IMSC development, we have built a behav-
ioral classifier capable of identifying ecologically relevant behav-
iors from six behavioral classes in wild boar. The classifier had an
overall performance of 85% and, of the five core classes (i.e., ex-
cluding “Other”), “Resting” was identified with the highest precision,
and “Standing” had the lowest precision, most often misclassified
as “Resting”, likely due to the similar acceleration profiles between
resting and standing behaviors. Classification recall performance
was highest in “Resting” and lowest in “Running.” The majority of
undetected “Runs” were misclassified as “Forage,” a class that in-
cludes “Rooting” characterized by large and variable x-axis accelera-
tion amplitudes, like those associated with “Running” accelerometer
profiles. Importantly, the test data set for core and expanded behav-
ioral classes reflected the proportions of behaviors used in classifier
training, which in turn, approximated the overall behavioral reper-
toire of wild boar in natural contexts. This proportionality helps to
mitigate performance biases caused by over- or underrepresented
behaviors and better reflects true overall classification perfor-
mance. The decision to use a k-NN classifier was based on classifica-
tion performance reported in previous biologging literature (Bidder
et al., 2014; Painter et al., 2016; Sur et al., 2017), coupled with the
nonlinearity of its decision boundaries (Hastie et al., 2009), however,
further optimization across classifiers and of hyperparameters could
potentially yield performance improvements that can be empirically
characterized in future studies.

The classifier exhibited the best overall performance (89.9%
accuracy) when tested with data collected from the IMSC, despite
being trained on data exclusively from STCs, suggesting that the
classifier has an inherent plasticity and is capable of classifying be-
haviors from biologging tags attached in various orientations and
positions. As expected, classifier performance on the expanded
suite of behavioral classes was not as robust, largely due to the
similarities between the parent class and higher resolution classes.
To explore this further, we build upon the framework detailed in
Wilson et al. (2018) using DDMT's Behavior Builder and Time Series
functions in an attempt to distinguish between behavioral classes
with similaracceleration profiles, suchas “Standing” and “Vigilance”
behaviors. Applying these postclassification techniques to a sub-
set of our current dataset drastically improved “Vigilance” result-
ing in >50% precision and recall metrics (see Figure S1). Although
encouraging, a more detailed investigation using larger data sets

across multiple behaviors will be needed. Furthermore, we expect
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that a similar improvement in classification performance could
also be achieved in the preprocessing stages of classifier develop-
ment by creating new features that capture subtle differences in
accelerometer signatures between similar classes, like those iden-
tified between “Standing” and “Vigilance” behaviors.

The classifier was trained and tested solely from triaxial accel-
erometer data, an important a priori consideration. Because spatial
features of the behavioral enclosure remained consistent through-
out the study (e.g., location of water source and feeding area, shaded
areas used as bedding sites), including locations and viewing angles
of the cameras used to collect ground truth videos, it was important
to exclude magnetometer data from classifier training and testing,
as behaviors under these circumstances cannot be assumed to be
randomly oriented. For example, in our study, “Resting” alignment
was biased due to limited shaded areas in the enclosure. Had magne-
tometer data been included in the behavioral analysis, the classifier
would likely identify “Resting” using biased magnetometer data that
have no relevance beyond the confines of the behavioral enclosure
and would result in false positive classifications that artificially in-
flate precision and recall metrics. We acknowledge that magnetom-
eter data can be valuable for behavioral identification under certain
contexts (Chakravarty et al., 2019; Williams et al., 2017); however, it
remains unclear if studies that incorporate magnetometer data into
machine learning analyses could be predisposed to such biases, as
the relative contribution of magnetometer data used for behavioral
identification is rarely provided.

Nonetheless, triaxial magnetometer data can provide a wealth of
opportunities for exploring movement ecology in greater detail, such
as dead-reckoning analyses (Gunner et al., 2020) and studies of mag-
netic alignment (Begall et al., 2013; Cerveny et al., 2017). Given the
salience of magnetometer data in biologging research, it is surprising
that few studies have validated the precision of magnetic compass
headings calculated from raw triaxial magnetometer data (but see
Wilson et al., 2007). Therefore, we provide a detailed characterization
of magnetic heading measurements under laboratory and natural con-
texts with magnetometer sensors mounted in different positions and
orientations. Magnetic headings calculated by DDMT were consistent
with ground truth predictions, with an overall median deviation from
expected of 1.7° and 0° in the laboratory and field test, respectively.
These data confirm that the magnetometer calibrations (i.e., soft- and
hard-iron corrections) and tilt-compensation algorithms applied in
DDMT are well suited for extracting high-frequency magnetic com-
pass bearings from raw magnetometer data.

Importantly, the field test carried out on free-roaming boar in-
cluded magnetic measurements that were obtained from the core be-
havioral classes. “Running” had the largest average deviation relative
to expected (9°) and may be due to the large variation in acceleration
amplitudes that introduce “noise” into accelerometer-dependent tilt-
compensation calculations and/or the (in)ability of observers to accu-
rately predict magnetic alignment from more spatially erratic behavioral
classes, such as “Running.” Unintuitively, however, magnetic headings
obtained from “Resting” behavior, characterized by little-to-no varia-

tion in acceleration profile, also had a relatively high deviation from
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FIGURE 5 Example of dead-reckoning path reconstruction in a free-ranging wild boar equipped with the IMSC. Behaviors were first
identified from continuous accelerometer data using the behavioral classifier and were then uploaded to DDMT. User-defined speed
coefficients were assigned to each behavioral class which was then integrated with time-synced magnetic heading data to reconstruct
movement traces between GPS fixes, which anchored the tack to the landscape. Right inset shows a detailed track segment that avoids
obvious environemental boundaries and physical barriers, highlighting the added value of dead-reckoning analyses compared to using GPS
data alone and lends further credibility to the precision of the dead-reckoning methodology used in this study.

expected (8°) and was likely due to an obstructed view of the animal's
head alignment caused by a dense canopy covering the bedding area
where boar would exclusively rest. It is noteworthy that magnetic
compass performance remained accurate across all core behaviors (ex-
cluding “Other”, which was not assessed), and compass performance
was evaluated across a representative range of all possible magnetic
directions (i.e., 0°-359°). This is the first study to our knowledge that
has provided a detailed characterization of magnetic compass perfor-
mance in free-roaming animals using ground truth data.

Of particular interest is the implementation of dead-reckoning to
reconstruct high-resolution movement traces in free-roaming mam-
mals. As a proof-of-concept, we take advantage of three important
elements made possible by the IMSC presented in the current study:
(i) the behavioral classifier capable of identifying ecologically rele-
vant behaviors in free-roaming boar, (i) a reliable stream of mag-
netic heading data recorded at subsecond intervals, and (i) GPS
fixes recorded at 30-min intervals. Dead-reckoning relies on vector
integration, where vectors depend on speed (or distance traveled)
and heading estimates derived from raw biologging data (for details,
see Bidder et al.,, 2015; Gunner et al., 2021). Deriving speed from
biologging data is notoriously difficult (Cade et al., 2018), and pre-
vious work has assigned speed coefficients to manually labeled be-
havioral classes to estimate vector lengths for dead-reckoning path
reconstruction (Bidder et al., 2015). We build upon this approach
by using machine learning to identify behavioral classes from large
volumes of continuous biologging data, which were then assigned
speed coefficients based on ground truth observations. Coupling
our behavioral classification techniques with the accuracy of our
verified magnetic heading data yielded high-resolution track re-

construction that was further refined by “anchoring” tracks to the

landscape using time-synced GPS fixes (Figure 5). The tortuosity of
the reconstructed track in Figure 5 that explicitly avoids environ-
mental boundaries and physical obstacles highlights the precision
of these methods compared to using GPS data alone and offers a
powerful approach to investigate movement ecology over multiple
spatiotemporal scales.

Although the emergence of biologging techniques has revolu-
tionized studies of animal ecology, a growing set of challenges ac-
companies these technologies, requiring multidisciplinary expertise.
The IMSCs developed here, coupled with a robust behavioral clas-
sifier and a detailed verification of magnetic heading performance,
provide a commercially available system that can be adopted and
adapted for future studies on terrestrial mammals.
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ENDNOTES

1If no subsequent event was available - only possible at the end of a file
- the candidate event was discarded as unclassifiable. A small number
of time steps at the beginning of each file were similarly discarded, since
a fixed amount of time must accumulate before the classifier can make
its first decision. Such edge-effects have negligible impact on classifier
evaluation.

2We do not imply that the field of animal-borne telemetry and biologging
is not collaborative, and indeed, would argue the opposite. However,
we suggest that increased overlap between methodologies may en-
courage further collaboration and promote the growth of this emerging
discipline.
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5.1.2. Publikace €. 2 - Animal lifestyle affects acceptable mass limits for
attached tags.

Druhym c¢lankem tohoto okruhii vysledkl je publikace — ,, Animal lifestyle affects
acceptable mass limits for attached tags, “, ktera je zaméfena na biologging data zaznamenana
pomoci senzori na standartnich obojcich pro sledovani obratlovcd. Studie se zaméfila na
poznatek, ze zafizeni umisténa na zvifat pro rizné typy vyzkumui a sledovani by neméla
piesdhnout 3% hmotnosti sledovaného jedince. Z potizenych biologging napti¢ deseti druhy
obratlovcl vyplyva, Ze tato hodnota by méla byt sniZzena v zavislosti na atletice zvifena na
hodnoty 1.6% - 2.98% hmotnosti nesené¢ho zafizeni. Testovana zafizeni, kterd spliovala
zékladni parametr 3% vahy télesné hmotnosti se pi1 pohybu sledovaného jedince projevovala
vahou, ktera dosahovala hodnoty 4-19% télesné hmotnosti jedince. V extrémnich pfipadé bylo
zaznamenano ovlivnéni jedince hodnotou zafizeni na trovni 54% télesné hmotnosti. Tyto
poznatky méni pohled na dosavadni piistup k pouzivani sledovacich zafizeni pro studium

chovani a pohybu obratlovci.
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Animal-attached devices have transformed our understanding of vertebrate
ecology. To minimize any associated harm, researchers have long advocated
that tag masses should not exceed 3% of carrier body mass. However, this
ignores tag forces resulting from animal movement. Using data from
Author for correspondence: collar-attached accelerometers on 10 diverse free-ranging terrestrial species
from koalas to cheetahs, we detail a tag-based acceleration method to clarify
acceptable tag mass limits. We quantify animal athleticism in terms of frac-
tions of animal movement time devoted to different collar-recorded
accelerations and convert those accelerations to forces (acceleration x tag
mass) to allow derivation of any defined force limits for specified fractions
of any animal’s active time. Specifying that tags should exert forces that
are less than 3% of the gravitational force exerted on the animal’s body for
95% of the time led to corrected tag masses that should constitute between
1.6% and 2.98% of carrier mass, depending on athleticism. Strikingly, in
four carnivore species encompassing two orders of magnitude in mass (ca
2-200 kg), forces exerted by 3%’ tags were equivalent to 4-19% of carrier
body mass during moving, with a maximum of 54% in a hunting cheetah.
This fundamentally changes how acceptable tag mass limits should be deter-
mined by ethics bodies, irrespective of the force and time limits specified.

tag mass
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1. Introduction

. o The use of animal-attached devices is transforming our understanding of wild
Electronic supplementary material is available animal ecology and behaviour [1,2]. Indeed, tags containing multiple sensors
online at https://doi.org/10.6084/m9.figshare.
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and position-determining systems have been used across
scales of time and space to measure everything from the extra-
ordinary details of high performance hunts in cheetahs [3], to
vast cross-taxon comparisons of animal behaviour and space-
use over whole oceans (e.g. [1,4]). A critical proviso is, how-
ever, that such devices do affect survival or change the
behaviour of their carriers, for both animal welfare issues as
well as for scientific rigor [5]. Defining acceptable device
loads for animals is critical because even diminishingly
small tags can cause detriment. For example, Saraux et al. [6]
showed that the addition of flipper rings to penguins can
affect their populations, with adults having a survival rate
16% lower than untagged conspecifics and producing 39%
fewer chicks, presumed to be because of the tags increasing
the drag force in these fast-swimming birds. Performance is
relevant in this case because drag-dependent energy expendi-
ture to swim increases with the cube of the speed [7].
Although consideration of the physics of drag has been
shown to be a powerful framework with which to understand
tag detriment in aquatic animals (e.g. [8,9]), drag is negligible
in terrestrial (though not aerial) systems even though tag det-
riment in terrestrial animals has been widely reported and is
multi-facetted [10]. Reported issues range from minor behav-
ioural changes [11] through skin-, subcutaneous- and muscle
damage with ulceration [12,13] to reduced movement speed
[14] and dramatically increased mortality [15]. As with drag,
we advocate that a force-based framework is necessary to
help understand such detriment. Indeed, force is implicit in
ethics-based recommendations for acceptable tag loads
because, for example, a central tenet is that animal tag mass
should never exceed 3% or 5% of the animal-carrier body
mass [16], this being based on early observations that tags
weighing less than 5% of animal body masses apparently
caused no change in behaviour [17]. Importantly though,
there are now numerous studies that have reported highly
variable impacts of animals carrying tags of masses less than
the 3-5% limit [18-21] for reasons that are not always clear
[20-22]. Implicit in this limit is that consequences, most par-
ticularly the physical forces experienced by animals owing to
tags, are similarly limited. This cannot be true because
Newton showed that mass, force and acceleration are linked
via F =ma, so animal performance, specifically their accelera-
tion, will affect the tag forces applied to the carriers. Tag
forces on the animal carrier can therefore be assessed by
measuring acceleration experienced by the tag as the animal
moves. Specifically, reference to Newton’s force/mass accelera-
tion formulation shows that any time the tag acceleration
exceeds 1g¢ (corresponding to Earth’s gravity), the carrier
animal will be subject to correspondingly higher tag-derived
forces. We note here though, that this necessitates gathering
on-animal data because simple consideration of acceleration
from rigid-non-living bodies is inappropriate for living
systems composed of multiple interacting segments [23].
Here, we examine the forces exerted by collar-mounted tags
onmoving animals. We investigate four species within the order
Carnivora in detail; lions Panthera leo, European badgers Meles
meles, pine martens Martes martes and a cheetah Acinonyx jubatus
(with body masses roughly spanning 2-200 kg) equipped with
accelerometers undertaking their normal activities in the wild
for 1-21 days. In particular, because gait is known to affect accel-
eration in body-mounted tags [24] we examined how walking,
trotting and bounding affected the forces imposed on the ani-
mals by the tags. We also equipped six other species of
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mammal from diverse animal families (a cercopithecid, a phas-
colarctid, a phalagerid, a bovid, a cervid and a suid) with
different lifestyles with accelerometers in situ for periods
between 7 and 168 days to examine the general patterns of
forces they exhibited and compared them to the carnivores.

Because the act of travelling is known to produce particularly
high forces [25], we also carried out controlled trials with 12 dom-
estic dogs Canis familiaris (245 kg) equipped with the same tags
moving at defined speeds to investigate how movement speed,
body mass and tag mass interact to affect tag forces.

We document how the forces imposed by the collars chan-
ged with activity across all these species and conditions. Based
on this, we propose a method based on acceleration data that
allows researchers to define the breadth of forces exerted by
tags on animals and their relative frequency of occurrence.
We show how this information can then be used to derive
appropriately force-based acceptable limits for tag masses,
recognizing the effect of animal lifestyle and athleticism.

2. Material and methods

(a) Tag deployments on free-ranging species

We selected four species of free-living carnivores for detailed
analysis, exemplifying about two orders of magnitude of mass;
10 lions Panthera leo (mean mass ca 152 kg), one cheetah Acinonyx
jubatus (mass ca 41 kg), 10 badgers Meles meles (mean mass ca
9.1 kg) and five pine martens Martes martes (mean mass 1.9 kg),
and fitted them with collar-mounted tri-axial accelerometers
(‘Daily Diaries—Wildbyte Technologies (http://www.wildbyte-
technologies.com/); measurement range 0-16g (resolution
0.49 mg), recording frequency 40 Hz), all of which constituted
less than 3% of the mass of the animal carriers (electronic
supplementary material, table S1). Owing to the weighting of
the loggers, and more particularly their associated batteries,
the units and sensors were positioned on the underside of the
collar although during movement the collars could rotate,
which could occasionally, temporarily bring the measuring
system off the ventral position. After being equipped, the ani-
mals roamed freely, behaving normally, for periods ranging
between 3 and 21 days before the devices were recovered.

In addition to these, we also deployed collar-mounted acceler-
ometers constituting less than 3% of the carrier mass (electronic
supplementary material, table S1) on six select free-ranging
animal species. We chose these species by capitalizing on
available data from animals equipped with high temporal resol-
ution acceleration tags on collars from different mammal families
with varying lifestyles for comparison with the carnivores. The
species and lifestyles were: a savannah-dwelling monkey—the
olive baboon Papio Anubis (mean mass 15 kg, 1 =5); an arboreal
herbivorous marsupial—the koala Phascolarctos cinereus (mean
mass 10.3 kg, 11 = 5); a nocturnal, semi-arboreal, herbivorous mar-
supial—the mountain brushtail possum Trichosurus cunninghami
(mean mass 3.2 kg, n =5); a grass-eating, desert-dwelling bovid—
the Arabian oryx Oryx leucoryx (mean mass 74 kg, n=>5); a grass-
eating, wood- and moor-dwelling cervid—the red deer Cervus ela-
phus (mean mass 135 kg, n = 5); and a forest-dwelling, omnivorous
pig—the wild boar Sus scrofa (mean mass 67 kg, n = 5). Extensive
details on species-specific tagging procedures are included in the
electronic supplementary material.

(b) Trials with domestic dogs

Twelve domestic dogs (Canis lupus domesticus) of seven different
breed combinations and three main body types (small, racers and
northern breeds), ranging 2-45kg in body mass (electronic
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supplementary material, table S2), were volunteered by their
owners and the Royal Society for the Prevention of Cruelty to
Animals (RSPCA) Llys Nini Wildlife Centre (Penllergaer,
Wales) to take part in this study. Dog body masses were obtained
from the most recent measurements taken by a veterinarian, or
the RSPCA, and we measured body length, forelimb length
and hindlimb length to the nearest cm. Two leather dog collars
(short and long) of the same width were used to cover the
range in dog neck size. Combinations of pre-prepared lead
plates (up to 10 cm in length) and varying in mass (25, 35, 45,
50, 100, 150 and 175 g) were fashioned into collar loads equival-
ent to 1, 2 and 3% of each carrier dog’s body mass. The lead
plates were stacked, the longest of them (for the greatest
masses) being bent to replicate a 10 cm section of the collar cir-
cumference and attached securely to the ventral collar along
their full-length using Tesa® tape. A tri-axial accelerometer and
its supporting battery (3.2 V lithium ion) were taped securely
to the load. The tag and battery combined weighed 11.9 g and,
in the absence of any additional load, were considered negligible
in mass and used as a control (0% carrier body mass). All trials
were approved by the Swansea University Animal Welfare
Ethical Review Body (ethical approval number IP-1617-21D).

Each dog was encouraged to traverse along a 25 m stretch of
level, short-cut grass at slow (walk/amble), moderate (pace/trot)
and fast (canter/gallop) speeds (because gait affects acceleration
signatures substantially [24]) wearing collar-tags equivalent to 0,
1, 2 and 3% of their body mass (12 gait and tag mass combi-
nations) and trial order was randomized. Posts were spaced
every 5m along the track. A stopwatch was used to record the
time taken (to the nearest s) for a dog to travel 20 m in order
to calculate an average speed of travel (m s™).

(c) Data processing

In all cases of animals equipped with accelerometers, the three
channels of raw acceleration data were converted to a single
metric by calculating the vectorial sum of the acceleration follow-

ing Vect sum = /(a2 +a2 +a2), where a is the instantaneous

acceleration and the subscripts denote the different (orthogonally
placed) acceleration axes. We chose to use the Vect sum rather
than dynamic body acceleration (DBA) metrics [26] because
DBA values do not represent peak accelerations owing to the
gravity-based component being removed [27]. The specifics of
the surge, heave and sway accelerations were not considered sep-
arately owing to some collar roll. In the case of the free-living
carnivores, we examined how travel gait affected the Vect sum
by plotting the cumulative frequency distribution from each
species during periods of walking, trotting and bounding.

For the domestic dogs, we selected the maximum four peak
accelerations in the Vect sum from the gait waveforms using the
peak analysis tool in ORIGINLAB (2020) to examine them as a func-
tion of average speed, gait, body mass and tag mass as a
percentage of carrier body mass. We standardized the use of
four peaks because at the highest speeds some dogs only had
four full waveforms during the test stretch. The relative forces
(% body mass) exerted by the tags on their animal carriers were
calculated using F=ma, where m is the mass of the tag plus
collar as a percentage of carrier mass and a is the acceleration (g).

(d) Tag-based acceleration method

Finally, in a full cross-species comparison of the free-living
animals, we plotted the cumulative frequency distribution of
the Vect sum from each species during periods when they
were active (by excluding periods where the acceleration signals
were constant) to define the vector sum of the acceleration at
species-specific 95% and 99% limits.
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(e) Statistical analyses

Linear mixed-effects models were conducted in R (v. 4.0.3, [28])
within the Ime4” package (v. 1.1-26) in order to investigate how
the period between acceleration peaks, gait and body mass influ-
enced peak accelerations across four species of wild carnivores,
and separately in domestic dogs. Additionally, we investigated
how travel speed (covariate), body mass (covariate), collar mass
as a percentage of carrier body mass (fixed factor with four
levels) and gait (fixed factor with three levels for slow, moderate
and fast gaits) influenced peak accelerations and consequent
forces exerted by the tags. Dog identity was included as a
random factor in all models to account for repeated measures. All
potential interaction effects were first investigated and a step-wise
back-deletion of non-significant interaction terms was conducted.
Standard model diagnostics were conducted in order to ensure
that model assumptions were met (examining quantile-quantile
plots and plotting the residuals against fitted values) and data
transformations were conducted in order to meet assumptions
where appropriate. The F statistic and marginal and conditional
R? were determined using the ‘car (3.0-5)" and ‘MuMIn (1.46.6)
packages, respectively. Coefficients for best-fit lines in the figures
were extracted from the final outputs of the models.

3. Results
(a) Changing acceleration according to activity in
carnivores

Accelerometer data for periods when our carnivores tra-
velled, displayed clear peaks in the waveforms with
measurable frequency and, summarized as a frequency distri-
bution of the vectorial sum of the three orthogonal axes,
showed tri-modal distributions except for the pine martens
which were mono-modal. Following [29] and examination
of videos of the study animals engaged in travelling using
different gaits with measurable step frequency, we could
ascertain that these corresponded to walking, trotting and
bounding (e.g. figure 1, which also tallied with our direct
and filmed observations of the domestic dogs below); these
were further exemplified by variation in the amplitude in
this acceleration metric (figure 2). Cumulative frequencies
of all acceleration values showed increasing acceleration
from walking through trotting to bounding and typically
had a roughly logarithmic-type curve for all gaits and ani-
mals (figure 1). The percentage time during which the tags
carried by the carnivores had acceleration exceeding 1g¢
during specified activity, varied between a mean minimum
of 31% for walking badgers to 88% for bounding cheetahs
(electronic supplementary material, table S3). Furthermore,
while differences in species acceleration distributions were
not readily apparent for their walking gaits, the percentage
time during which acceleration was in excess of 1 ¢ was great-
est during bounding, with cheetahs showing the highest
values in this category (green line with circles in figure 1).
Mean peak accelerations per stride across species varied
between 1.37 ¢ (s.d. 0.05) and 6.25 ¢ (s.d. 0.79) for walking
and bounding cheetahs, respectively (electronic supplemen-
tary material, table S4). The maximum recorded value was
18.1 g in a cheetah assumed to be chasing prey.

Across the four species, gait was the main factor dictating
peak acceleration (figure 2) and there were no significant
effects of body mass, nor period between peaks (linear
mixed-effects model: log period: F; 519=0.01, p=0.908; gait:
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Figure 1. Acceleration signatures vary according to gait and lifestyle. Left-hand panels: acceleration signatures recorded by collar-mounted tags on a lion according
to activity. The red areas show when the acceleration exceeded that of gravity (note the changing scales with gait). Right-hand panels: cumulative frequency of all
acceleration values for four free-living carnivores according to gait. Note that the pine martens never walked or trotted. (Online version in colour.)

F> 205 =1083.07, p <0.0001; body mass: F; 19=3.00; p =0.100;
electronic supplementary material, table S5). The period
between acceleration peaks was greater for larger species
during slower gaits, but not for bounding (a linear mixed-
effects model demonstrated a significant interaction effect
between body mass and gait: F,509=3.00, p<0.0001;
electronic supplementary material, table S5).

There was also appreciable variation in the vectorial sum
of the acceleration within gaits and between sexes, as
exemplified by prey chases by lions. Here, mean peak accel-
eration per stride across females and males increased from
about 3 g at the outset to a maximum of about 3.8 ¢ before
decreasing again (figure 3). However, female peak accelera-
tion was approximately 1g higher than males for the
duration of the chase (figure 3). Given that females and
males were wearing tags that amounted to 0.72% and
1.02% of their mean body masses, respectively (electronic
supplementary material, table S1), this translates to tag-
dependent forces corresponding to greater than 2% and
greater than 4% of the gravitational force exerted on the ani-
mal’s body masses, respectively (figure 3). In the case of the
cheetah, which showed the highest peak vectorial accelera-
tion sum of our study animals, a 3% tag would impose
forces equivalent to 54% of the gravitational force exerted
on the animal’s body at this time.
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In dogs, stride peak accelerations increased linearly with
travel speed (electronic supplementary material, figure S2),
but at greater rates with increasing relative tag mass (there
was a significant interaction effect between travel speed and
tag per cent body mass: Fss0077=4.34, p=0.004; electronic
supplementary material, table S6). There was also a signifi-
cant interaction effect between gait and tag per cent body
mass on stride peak accelerations (Fg 40557 =4.34, p=0.0002;
electronic supplementary material, table S6). Peak tag accel-
erations ranged from 4 to 18 ¢ during fast category (canter/
gallop) trials in dogs wearing collar tags equivalent to 3%
of their body mass (electronic supplementary material,
figure S3). In this scenario, movement of the tag relative to
the body (flapping/swinging) was exacerbated and, as a con-
sequence, the force exerted by the tags ranged from 20-50%
of the gravitational force exerted on the carrier animal’s
body mass (electronic supplementary material, figure S4).

Stride peak accelerations were largely invariant with
body mass (Fy 10,12 = 3.51, p=0.090; electronic supplementary
material, table S6) across dog breeds for any given gait (elec-
tronic supplementary material, figure S3). Consequently, the
peak forces exerted by the tags were directly proportional
to tag mass and body mass. Accordingly, relative tag forces
(percentage of the gravitational force exerted on the carrier
animal’s body mass) were independent of carrier body
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Figure 2. Body mass and stride period do not dictate peak tag acceleration.
Distributions of peak amplitudes of (the vectorial sum of) accelerations and
stride periods for four free-living carnivores (see symbols, with mean masses
of ca. 2 kg, 9 kg, 41 kg and 152 kg for the pine martens, badgers, cheetah
and lions, respectively) travelling using different assumed gaits (colours). Each
individual point shows a mean from a duration of activity greater than 5 s
from a single individual. See also the electronic supplementary material,
figure S1 for similar data from domestic dogs. (Online version in colour.)

mass (electronic supplementary material, table S6 and
figure S4).

(b) Using accelerometry to derive an over-arching

tag-force rule

Although travelling is a major component across species,
animal activity across all behaviours contributes to the accel-
eration, and therefore the tag force profiles, that animals
experience. We produced cumulative frequency curves of
the vectorial sum of the acceleration (cf. figure 1) for all 10
study species for periods when animals were considered
active and these all showed a characteristic sigmoid pattern
(figure 4a). These relationships were displaced further to
the right as higher acceleration activities accounted for an
increasing proportion of any animal’s time (figure 4a). In
order to have a scientifically robust acceptable threshold to
limit the forces produced by a tag on an animal carrier, we
suggest a tag-based acceleration method; that researchers
should derive a similar cumulative acceleration profile for
their study species and use a minimum of the 95% limits
on the plot (although higher limits may be more appropri-
ate). Assuming, in the case of our study animals, that these
limits were intended to cater for a tag that should exert
forces that are less than 3% of the gravitational force exerted
on the animal’s body, this limit would lead to corrected tag
masses constituting between 1.6% and 2.98% of our study
animals’ masses (figure 4b). We note, however, that even
these corrected tag masses would effectively exceed the 3%
rule conditions for one-twentieth of the animals’ active
periods: the difference between the 95% and 99% thresholds
for our study species indicates the extent of the force develop-
ment for this period with some, such as the koalas, showing
virtually no difference, whereas badgers, baboons and mar-
tens  exhibited substantial differences (figure 4b).
Importantly though, this method would allow researchers
to define any tag force thresholds, not just 3%, and the
times these were exceeded by the animal, not just 95%.

63.

4. Discussion

The subject of detriment caused by tags on animals is com-
plex because the general term ‘detriment’ has many facets
[20], not least because the tag itself may cause the animal
to move in an atypical manner, which may change how a
device would affect an animal that did not respond to the
device. One direct aspect that exemplifies this is, for example,
measurable physical harm to the animal, such as pressure
sores [12], the severity of which might be expected to
depend on movement patterns. However, physical harm
can also effectively occur if tagged animals or their offspring
cannot balance energy budgets owing to compromised fora-
ging stemming from tag interference [6,30,31]. Often, this is
simply a result of higher movement costs or reduced per-
formance in tagged animals as they travel [18]. This also
means though, that precise limb kinematics may be different
in travelling tagged animals, and this will affect acceleration
signals recorded by animal-attached tags, which is relevant
to a study such as ours. So, measurement affects performance
[32] and we must bear this caveat in mind when we advocate
that our tag data represent the norm of untagged animals.
Against this, however, we can and should use proper phys-
ical frameworks to assess tag detriment because this is
precisely what our tagged animals experience, whether
their movement is normal’” or not, because we have specifi-
cally equipped them with the source of detriment. Indeed,
this is the fundamental premise behind our work although
the issue of what untagged animals may experience remains
problematic [5].

A rigid vehicle accelerating in a straight-line only experi-
ences acceleration in the longitudinal axis. By contrast, the
multiple limb-propelled motion of an animal with a flexible
body produces complex three-dimensional trunk accelera-
tions owing to the changing limb accelerations [23] caused
by multiple muscle groups that ultimately transfer mechan-
ical energy and affect shock absorption [33], and the
mechanical work conducted within each stride [34]. Ulti-
mately, the magnitude of trunk accelerations depends on
the combined acceleration of the limbs, and the masses of
those limbs (cf. [23]). Thus, animals engaging in high per-
formance activities are expected to produce high body
accelerations, and have physiological and anatomical adap-
tations to enhance performance, such as fast twitch muscles
[35], and tendons designed for greater storage and release
[36], which will increase this. Through all these complexities,
tags mounted on the trunk of an animal result in greater
forces being imposed that scale linearly with the acceleration
of the tag and its mass. Consideration of animal lifestyle then,
can already inform prospective tag users of the likely scale-up
of the tag forces beyond the 1 g normally considered for tag
detriment because force=mass x acceleration, the repercus-
sions of which are discussed below in terms of potential
detriment. Consequently, the 3-5% mass limits for slow-
moving animals, such as sloths (Bradipodidae) or koalas
(Phascolarctidae) (figure 4), seem most appropriate, though
this does not mean that tags will not affect the animals.
Against this, the 3-5% mass limits may be less appropriate
for pursuit predators, such as wild dogs (Lycaon pictus), reg-
ularly jumping animals like kangaroos (Macropodidae) or
martens (Mustelidae) (figure 4) and rutting ungulates (Ungu-
lata). Beyond that, in our small sample of carnivores at least,
which nonetheless covers about two orders of magnitude in
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Figure 3. Hunting lions experience maximum tag forces mid-chase and show substantial inter-sex differences. Box and whisker plots (bold horizontal bars show
means, hoxes inter-quartile ranges (IQR) and whiskers 1.5 X IQR) of the: (a) vectorial sum of the acceleration peaks per bound (cf. figure 1), and (b) the tag-based
forces exerted as a percentage of the gravitational force exerted on the animal’s body (because our tag constituted 1.02% and 0.72% of the female and male body
weights, respectively, see the electronic supplementary material, table S1) for lions chasing prey as a function of the percentage progression into the chase (con-
sidered to have started when bounding began). Red (upper) and blue (lower) lines show grand means for five females and five males, respectively. The maximum
acceleration was 15.1 g, which would equate to a 3% tag exerting a force equivalent to 45.3% of the gravitational force exerted on the animal’s body. (Online

version in colour.)

mass, it seems that peak acceleration associated with gait
varies little with mass, although larger animals have longer
stride periods (figure 2, cf. [37]). If these animals were to
carry tags constituting 3% of their normal body mass, mean
peak forces imposed by the tags would constitute ca 4.5%,
6% and 12% of the gravitational forces exerted on the ani-
mals’ bodies for walking, trotting and bounding gaits at
frequencies of between 1.6 and 4 times per second (for walk-
ing lions and trotting badgers, respectively; figure 2;
electronic supplementary material, table S4). We also note
how minor differences in sex-dependent tag masses coupled
with differences in performance affect the forces imposed by
the tags, as exemplified by the lions (figure 3) and how,
were the tags in this study to constitute 3% of the animals’
masses, the tag-based forces would scale up accordingly.
Against all this, we recognize two important trends: (i) that
as animals get larger, deployed tags on them are likely to
be a smaller fraction of their mass anyway; but that
(i) despite miniaturization advances in tag technology,
researchers continue to deploy systems that are around the
3-5% mass limit on smaller animals [21].

Importantly, tag attachment is relevant in translating the
acceleration experienced by the animal’s trunk into tag-
dependent forces acting on the animal, with collars predicted
to be particularly problematic. A tag that couples tightly with
its carrier’s trunk, such as one attached with tape to a bird
[38] or glue to a marine mammal [39], experiences accelera-
tion that closely matches that of its substrate, so it exerts
forces at a site where most of the animal’s mass lies. By con-
trast, a device on a looser-fitting collar of a moving tetrapod
not only exerts forces on the (less massive) head and neck
areas, rather than the animal’s trunk, but the tag also oscil-
lates between essentially two states: one is analogous to
‘freefall’, which occurs between pulses of animal trunk
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acceleration in the stride cycle which project the collar in a
particular direction owing to its inertia and lack of a tight
couple with the neck. The collar is therefore subject to
peaks in acceleration when it interacts with the animal’s
neck, causing greater collar acceleration than would be the
case if it were tightly attached to the animal’s body (cf.
peaks in figure 1). This explains why Dickinson et al. [40]
reported that acceleration signatures from collar-mounted
tags deployed on (speed-controlled) goats Capra aegagrus
became increasingly variable with increasing collar looseness,
and is analogous to the concerns related to injuries sustained
by people in vehicles depending on seatbelt tightness [41].
Partial answers to minimizing such problems may involve
having padded collars that should reduce acceleration
peaks, making sure that the tags themselves project mini-
mally beyond the outer surface of the collar and having
wider collars to reduce the pressure.

Having identified how animal movement changes the 3%
tag rule, it is more problematic to understand how the
identified forces translate into detriment. Within a general
tag detriment framework, heavier tags require that animals
perform more work (J) during movement because work
done = force x distance, which helps clarify why the
additional forces from a tag, on top of the animal weight,
should relate to energy expenditure (cf. [42]). However,
with respect to load carrying, how various tri-axial accelera-
tion metrics such as DBA [26] relate to force and energy
needs further research [43]. A prime effect of vectorially
summed acceleration is that higher associated forces (because
mass is constant) and smaller contact areas will lead to higher
pressure at the tag-animal interface because pressure = force/
area. This can affect anything from fur/feather wear [44] to
changing the underlying tissue [45] and, as would be pre-
dicted, is notably prominent in species wearing thin collars
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Figure 4. Defining tag mass limits based on cumulative time spent experiencing tag forces. Panel (a) shows the mean cumulative frequency (bars = s.d.) of the
vectorial sum of the acceleration for two arboreal animals with very different athleticisms: five koalas (black line concentrated around 1 g) and five pine martens
(blue line with much greater spread around 1 g). The 95% limit is shown by the dashed (green) line. Panel (b) shows these two species points (and the 99% limits
in red triangles) adjacent to a broader species list highlighting variation in lifestyles. Assuming that a tag should only exert a force amounting to 3% of the
gravitational force exerted on the carrier animal’s body, the translation of these species-specific acceleration limits can be used to correct tag masses to be an
appropriate percentage of the carrier animal mass (blue axis on the right). (Online version in colour.)

(e.g. howler monkeys Alouatta palliatai, where 31% of animals
wearing ball-chain radio-collars constituting just 1.2% of their
mass sustained severe damage extending into the subcu-
taneous neck tissue and muscle [12]). However, pressure-
dependent detriment will also depend on the proportion
and length of time to which an animal is exposed to excessive
forces, with animals that spend large proportions of their
time travelling, such as wild dogs, being particularly
susceptible [46].

Perhaps more esoteric, is the extent to which the inertia of
a variable force-exerting tag ‘distracts’ its wearer, aside from
the physical issues of load-bearing by animals, and in this
context, peak forces per stride are liable to be critical. The
tag mass as a percentage of carrier mass did not affect the
gait-specific speeds selected by the domestic dogs in this
study. However, it remains to be seen the extent to which a
typical 30 kg cheetah wearing a collar that is 3% of its body
mass, and therefore experiencing an additional force equival-
ent to up to 16 kg during every bound of a prey pursuit,
might have its hunting capacity compromised. We note that
the survival of such animals is believed to be especially sen-
sitive to the proportion of successful hunts (cf. [47]), which
calls for critical evaluation of performance between tag-
wearing and unequipped animals, or animals equipped
with tags of different masses (cf. [32]).

In the meantime, our suggested approach of setting tag
mass limits based on the overall (corrected) forces being
less than 3% of the gravitational force exerted on the animal’s
body for 95% of the active time should go some way to get-
ting a more realistic assessment of the potential for detriment.
Where researchers adopting this approach do not have
appropriate acceleration data for their study animal, they
could use a surrogate species, perhaps from an online data-
base. Such a resource should define the length of time that
study animals were equipped to derive the acceleration fre-
quency distribution because animal activities (and therefore
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the acceleration signals associated with them) occur variously
over time. For this, longer periods are obviously better, but a
pragmatic approach might be to plot cumulative frequencies
of the vectorial sum of the acceleration as a function of
recording time to see how they change or tend towards a
stable value as the monitoring period increases. In this, we
note that seasonal variation in animal behaviours, such as
occurs in rutting ungulates, have potential to affect the distri-
bution substantially, emphasizing the importance of
considering the context under which the data were gathered.

Importantly, we do not advocate the 3% rule as such, but
recognize that it has been widely adopted and could serve
as a useful starting point with which to consider tag detriment
if calculated as we have suggested here. In this, cognizance
should also be given to the extent of tag forces for periods
above the 95% threshold because, where these are excessive,
it may be appropriate to use a 99% threshold or higher to
derive appropriate tag masses. Notably though, even 99%
limits do not highlight the high tag forces developed during
prey pursuits exhibited by the cheetah. We suggest that the
solution to this lies in more detailed consideration of the ani-
mal’s lifestyle; in particular, identifying survival-critical
behaviours with exceptionally high accelerations. Such periods
may persuade ethics bodies to raise their thresholds still
further. Underpinning this will be ongoing miniaturization,
where tags benefit from the sensor revolution in human wear-
ables, which will undoubtedly percolate through to animal
applications: advanced smart phones have greater than 10 sen-
sors, along with significant memory and data transmission
capabilities, and typically weigh 150-200 g or about 0.2% of
average human body mass, although human wearables benefit
from regular contact with charging systems while many wild-
life tag applications are projected for long-term deployments
(e.g. [48]) that either necessitate correspondingly large batteries
or autonomous charging systems, both of which increase the
mass of tags [49].
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Finally, consideration of the acceleration-based forces gen-
erated by animal-attached tags does not cover all forms of
detriment because other forces are at play, such as greater
drag in swimming- and flying species (cf. [6]), and more eso-
teric elements, such as device colour, that affect animal
behaviour [50]. However, our framework should take the cur-
rent ‘one-size-fits-all' basic 3% rule into an arena where
quantitative assessment of acceleration can be compared to
the myriad of tag-influenced behaviours recognized by the
community to link animal lifestyle to putative detriment.
Most importantly, these considerations should give ethics
bodies a more useful rule of thumb than is currently the
case and enable us to develop systems that minimize force-
based tag effects, to the benefit of both animals and the
science that their studies underpin.
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5.2. Analyza biologging dat pro studium chovani a pohybu
zvirat

5.2.1. Publikace €. 3 - Sleep in the wild: the importance of individual effects
and environmental conditions on sleep behaviour in wild boar

Tato oblast vysledkll je zaméfena na poznatky vychazejici z data, kterd byla potizena
pomoci biologging technologie a vychazeji z akcelerometrickych a magnetometrickych dat.
Informace prohlubuji poznatky o detailnim chovani a pohybu volné Zijicich zvifat. Prvni
publikace — ,,Sleep in the wild: the importance of individual effects and environmental
conditions on sleep behaviour in wild boar. “ popisuje pomoci ziskanych akcelerometrickych
dat z biologgingu zmény spankového rezimu u prasat divokych (Sus scrofa) na uzemi Ceské
republiky. Vysledky prokazaly snizeni doby spanky v pribéhu teplych dnti, a naopak lepsi a
dlouhodobé;jsi spanek v pribéhu dnii s vyssi vzdusnou vlhkosti, vy$S§imi sraZkami a snéhovou
pokryvkou. Takto dlouhodoba a podrobna studie spanku divokych zvifat poskytuje cenné
informace o inter a intra-individudlni rozmanitosti spanku. Vzhledem k hlavni roli spanku pro
zdravi jedinct jsou vysledky cennou informaci a naznacuji, ze klimatické vykyvy a zmény
mohou negativné ovlivnit spanek a potazmo i zdravi divokych zvifat, které jsou aktivni

v prib¢hu noci.
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Sleep serves vital physiological functions, yet how sleep in wild animals is
influenced by environmental conditions is poorly understood. Here we
use high-resolution biologgers to investigate sleep in wild animals over eco-
logically relevant time scales and quantify variability between individuals
under changing conditions. We developed a robust classification for acceler-
ometer data and measured multiple dimensions of sleep in the wild boar
(Sus scrofa) over an annual cycle. In support of the hypothesis that environ-
mental conditions determine thermoregulatory challenges, which regulate
sleep, we show that sleep quantity, efficiency and quality are reduced on
warmer days, sleep is less fragmented in longer and more humid days,
while greater snow cover and rainfall promote sleep quality. Importantly,
this longest and most detailed analysis of sleep in wild animals to date
reveals large inter- and intra-individual variation. Specifically, short-sleepers
sleep up to 46% less than long-sleepers but do not compensate for their short
sleep through greater plasticity or quality, suggesting they may pay higher
costs of sleep deprivation. Given the major role of sleep in health, our results
suggest that global warming and the associated increase in extreme climatic
events are likely to negatively impact sleep, and consequently health, in
wildlife, particularly in nocturnal animals.

1. Introduction

Sleep is observed in virtually all animals [1]; it is essential for health, cognitive
performance and development, boosting baseline immune levels and immune
response to infection [2], promoting hormone production and metabolic regu-
lation [3,4], and supporting neural maintenance, brain development and
cognitive functions [5,6]. It is, therefore, not surprising that average short
sleep times and sleep loss are accompanied by numerous detrimental effects
on health and cognition in the short and long term [7-9], and, in the laboratory,
are often followed by longer sleep which likely mitigates these costs [10]. While
a wealth of evidence demonstrates its vital benefits, sleep also entails opportu-
nity costs because sleeping animals cannot engage in fitness enhancing
behaviours, like foraging or finding mates, and are exposed to greater predation
risk [11]. However, sleep is believed to exhibit limited plasticity because
the benefits it provides cannot be forgone for long [12]. Likewise, members
of the same species are expected to have similar sleep times and patterns as

© 2024 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License  http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
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their sleep is regulated by the same neurophysiological processes [12]. Whether sleep has limited variation within and between
individuals is, however, unclear since it has been studied primarily in the laboratory where constraints on sleep time and benefits
for reducing sleep time are absent. Furthermore, laboratory studies and the few existing sleep studies in the wild are often con-
strained by small sample sizes or short recording durations and consider a limited range of environmental conditions;
therefore, they cannot estimate how sleep varies within and between individuals. If we are to unravel the contributions that
sleep brings to the health and development of animals and quantify how the sleep benefits-costs balance differs among individ-
uals experiencing changing conditions, we need to study sleep in the wild for long time periods. Using cutting-edge, minimally
invasive biologgers, we investigated how environmental conditions influenced the quantity, efficiency, and quality of sleep within
and between individuals in a wild population of wild boars (Sus scrofa) over the annual cycle.

Sleep time and patterns differ remarkably among species as a result of natural selection [11,13,14], but little is known about
intraspecific variation in sleep and its causes and implications. While there is ample evidence that individuals within a species
differ consistently and predictably in many behaviours [15], individual differences in sleep behaviour have not yet been investi-
gated in wild animals. In humans, inter-individual differences in sleep time and patterns are well known to exist, but the
magnitude of these differences is rarely quantified [16] and, importantly, it is unclear whether they reflect cultural and societal
differences or natural variation [17]. Nonetheless, individuals that sleep less than average develop neurological disorders later
in life, suggesting chronic short sleep durations entail long-term costs [8,9]. Similarly, whether individuals can adjust their
sleep to changing conditions is poorly understood. While there is evidence of sleep loss in a handful of species, such as during
large scale movement, or reproduction [18-20], previous studies are typically limited to short recording periods involving few
individuals. This is problematic because wild populations experience a range of changing environmental conditions over the
daily and annual cycle, and investigating these effects on sleep will permit us to quantify its plasticity over time.

In the laboratory, ambient temperature is a major driver of sleep quantity and quality [21]. As the first stage of deep sleep in
mammals is characterized by low, constant body temperature, a cool ambient temperature promotes its onset, efficiency (reduced
fragmentation into multiple sleep bouts), quality (longer sleep bouts) and overall daily duration [21]. Conversely, the thermoregu-
latory challenge presented by high temperature reduces sleep time, increases sleep fragmentation and compromises sleep quality
in favour of behaviours that help thermoregulation [21,22]. As a result, ambient temperature is finely controlled in laboratory
studies in humans and animals [21]. Altogether, this suggests that daily and seasonal changes in temperature should impact
sleep in wild animals; accordingly, the few studies conducted under natural conditions find that cooler temperatures promote
sleep [22-25]. Nevertheless, because these studies were conducted for few days/weeks, the subjects experienced only a narrow
range of temperatures.

In the wild, animals are exposed to many other environmental conditions, such as humidity, rain, snow and light, that change
throughout the day and across the year. These can mitigate or exacerbate the influence of temperature, but to date have been
mostly neglected. For example, humidity makes thermoregulation more difficult by reducing the efficiency of evaporative cooling
[26]. Thus, high humidity could compound the effects of higher temperatures on sleep, reducing duration and increasing fragmen-
tation [21,26]. Conversely, rainfall and snow may promote sleep, by providing evaporative cooling or increasing the thermal value
of bedding sites respectively.

Finally, light regulates the circadian rhythm in most mammals; hence day length controls when and how long to sleep [27]. For
example, longer day lengths reduce, while shorter day lengths increase, sleep duration in humans [28]. Other light sources such as
moonlight may also interfere with sleep regulation. Consistently, greater illumination from moonlight increases sleep duration in
gibbons (Hylobates sp.) and humans, although not in baboons (Papio anubis) [24,25,29]. In the wild, sleep timing and duration
should thus fluctuate with changing day lengths and moonlight, where longer days reduce sleep in diurnal species and increase
sleep in nocturnal species. In addition, circadian type may influence the duration of sleep; for example, nocturnally active primate
species sleep longer than diurnally active ones [30]. However, whether plasticity in circadian type affects sleep quantity, efficiency
and quality is currently unknown. Furthermore, sleep in wild animals may be affected by human disturbance [31], particularly in
nocturnally active species and by predation risk [13,32].

In this study, we investigate how changing environmental conditions influence sleep behaviour over the annual cycle in wild
boar (Sus scrofa). Wild boar are a generalist species that exhibits considerable behavioural plasticity [33]; thus, it is a good model for
investigating the plasticity of sleep under natural conditions. Studying sleep in wild animals has been difficult because of its elu-
sive nature, and lack of reliable and minimally invasive recording equipment; thus some studies have used invasive recording
equipment requiring surgery and capture-recapture methods. This approach is likely to be stressful for most wild animals and
likely leads to inaccurate estimates because stress affects sleep [10,34]. Recent advances in minimally invasive biologging technol-
ogy and analytical methods offer a promising solution to these problems: they allow accurate recording of behaviours and without
direct observations over long time periods [35,36]. Importantly, laboratory studies with electroencephalogram on sleep in pigs, the
domesticated relatives of wild boar, provide detailed information on which to base the classification of sleep with biologgers in this
species [37-40].

Using multi-sensor biologgers that allow discrimination of complex behaviour in wild animals [36], we estimated total daily
sleep time (TST, hours), which is an appropriate ecological estimate of sleep quantity in animals [11,13]. Moreover, unlike most
previous studies in wild animals, we also considered sleep efficiency and quality to gain an ecologically meaningful and compre-
hensive assessment of sleep. The number of bouts over which TST occurs (sleep fragmentation/consolidation) reflects efficiency,
since individuals that frequently wake up spend more time in transitional stages and less time in restorative deep sleep [11,41].
Like sleep deprivation, greater fragmentation is associated with negative effects on physiology and cognition [41,42]. Finally,
the duration of the longest sleep bout in a 24 h period indicates sleep quality as deep sleep always follows lighter sleep stages
in any mammal species thus far studied; hence the duration of the longest bout represents the best opportunity for an individual
to accrue the benefits of deep sleep [11,41]. Consistent with this, sleep bouts following sleep deprivation are longer and deeper [10].
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We also investigated to what extent individuals differ in sleep quantity, efficiency and quality and in their plasticity over time, and
how these three aspects of sleep covary. We therefore asked whether individuals sleeping less exhibit greater variance (i.e. plas-
ticity) in TST, higher sleep quality or lower sleep fragmentation that could help them mitigate the detrimental effects of an average
shorter sleep time and sleep deprivation. We tested the predictions that TST is reduced, the number of sleep bouts is higher, and
the duration of the longest sleep bout is shorter when ambient temperature and humidity are higher. Conversely, we expected that
greater rainfall and snow depth increase TST, reduce the number of sleep bouts, and increase the duration of the longest bout.
Finally, we predicted that, in a mostly nocturnally active species like wild boar, longer day length increases TST, reduces the
number of sleep bouts, and increases the duration of the longest bout, while greater moonlight should increase the number of
sleep bouts, reduce TST and the duration of the longest bout. Because activity period can be plastic [43] especially in generalist
species [33], and nocturnally active species sleep longer [30], we account for timing of sleep within the 24 h on all three sleep
measures. Wild boars are active primarily during darkness [44,45] and therefore we expect them to concentrate their sleep
during daylight. Because boar also adjust their activity levels with changing environmental conditions [45,46] we predict that indi-
viduals concentrating sleep during light hours sleep longer than those that acquire some of their sleep during darkness. Lastly, we
predict that TST and the duration of the longest bout decrease, while fragmentation increases, with disturbance by more human
visitors [31] and the presence of wolves.

2. Methods

(a) Study sites and animals

Data collection took place between 5 May 2019 and 1 December 2021 (941 days) in two areas, Kostelec (49.96 N, 14.78 E) and Doupov
(50.24 N, 13.12 E), in the Czech Republic (electronic supplementary material, figure S1). Kostelec is a forested suburban area near
Prague open to the public, while Doupov is characterized by mixed forest and hills, closed to the public with military and forestry
access only. Wolves established a pack at Doupov in December 2020 while Kostelec has no wolves.

We employed traps to capture, immobilize, and fit 28 wild boars with customized Vertex Plus collars (Vectronic Aerospace GmbH,
Berlin, Germany), carrying Daily Diaries (DD; Wildbyte Technologies Inc, Swansea, UK). Of this sample, 4 were male and 24 were female,
all in reproductive age. While we have clear evidence of successful reproduction during the study period for some of these females, it is
very likely that most, if not all, females reproduced since 95% of female boars older than seven months in the Czech population are repro-
ducing [47]. The duration of recording time differed among individuals from 10 to 363 days (mean 89 days, total of 2424 days; electronic
supplementary material, figure S3).

Under the same ethics permit, a captive wild boar was fitted with an identical biologging collar to those used in the wild individuals
for two months. Video recordings of behaviour were collected so that the data derived from the biologger could be validated
against observed behaviours. This animal was housed in a wildlife enclosure (approx 1km? covered by mixed forest in Bohumile
(Czech Republic), owned and managed by the CZU.

(b) Classification of sleep

The Daily Diary (DD) [36] is an inertial measurement unit (IMU) containing multiple sensors, including tri-axial accelerometers that
capture acceleration data quantified in units of ‘g’ (1g=9.81 m s™>) across a range of +16¢ and varying in frequency from low (10 Hz)
to high (100 Hz), as set by the user (here set to 20 Hz). This allows DDs to detect a range of movement and behaviour, from subtle to
vigorous, as acceleration is measured in three dimensions [48]. When the device is at rest, such as when an animal is asleep, the total
force exerted on all three axes sums to approximately 1g (the effect of gravity), thus allowing the inference of posture based on the
known, calibrated orientation of the device. While accelerometers and other biologging sensors are growing more popular generally
[35], and can be used to study sleep in the wild [49], a naive application of metrics derived from biologgers risks conflating wakeful
rest and sleep. Thus, we built a robust classification of sleep with DD based on laboratory studies in domestic pigs that provide a detailed
description of sleep postures and sleep estimates quantified with electroencephalogram.

During sleep individuals enter a state of quiescence in a species-specific posture and require a stronger stimulus to elicit a response
compared to awake individuals [1] but, unlike torpor and hibernation, return rapidly to a waking state [1]. Pigs sleep in either lateral or
sternal recumbency with the head on the ground [38-40], accompanied by rapid loss of muscle tone at sleep onset [38]. Posture was
derived from raw acceleration by calculating static acceleration; this isolates the gravitational component from dynamic acceleration (accel-
eration resulting from movement alone). Static acceleration was estimated using a 2 s running mean filter [50] applied to the raw 20 Hz
data. Body pitch and roll angles were then derived from static acceleration using the arcsine of the surge (forward-backward) and sway
(left-right) axis [48]. Sternal recumbency with head-down was defined as (pitch <0°) and (roll >—-15° and <+15°), while lateral recum-
bency was defined as (roll <-15° and >+15°). Sustained lack of movement, the other key behavioural cue for sleep, was identified
using the dynamic acceleration (i.e. produced by movement only). This was calculated by subtracting static acceleration from raw accel-
eration on each axis (Ax, Ay, Az). We used a metric combining dynamic acceleration on all three axes, vectorial dynamic body acceleration
(VeDBA), calculated as

VeDBA = /A2 + A2+ A2,

where A3, A7, A? are the dynamic components of each of the three axes of acceleration [51]. Smoothed VeDBA was then calculated over a
2 s smoothing window of raw VeDBA (20 Hz). Employing VeDBA allowed us to distinguish between the animal’s active and inactive
states at a high resolution. We set a threshold for movement in sleep postures to 0.2 VeDBA such that sleep bouts ended if this threshold
was crossed but allowed for minor movements, such as those due to postural adjustment during sleep. Finally, given that domestic pigs
in recumbent posture require 4-5 min to transition from wakefulness to sleep [37,38], we discarded the initial 5 min of each sleep bout.
Our classification thus distinguishes sleep from wakeful rest using behavioural markers for sleep (figure 1; electronic supplementary
material, figure S4).
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Figure 1. Example of DD data showing changes in smoothed roll, pitch and VeDBA values, corresponding to relevant behavioural types (separated by vertical red
lines), to identify the onset of sleep. (a) General active behaviours such as movement and foraging; (b) sternal recumbency for the period of drowsiness/transitional
stage; and (c) an individual is classified as asleep if it remains in sternal recumbency for longer than 5 min with little to no movement.

To assess the accuracy of our posture classification, behavioural observations of the captive boar were collected opportunistically with
a handheld camera (Sony HDR-CX625). Footage of the individual in lateral and sternal recumbency was time-matched to the acceleration
data. As our criteria for identification of sleep bouts filtered out any periods shorter than 5 min, we adjusted the time threshold to the
duration of the shortest bout of recumbency in these videos (i.e. 31 s), allowing shorter periods to be included in accuracy testing.
In total, 38.8 min of video were used, of which 11.4 min of recumbent postures and 27.4 min of other behaviours. Accuracy metrics
were scored at 1s resolution. Our classification distinguished lateral and sternal recumbency with an accuracy of 98% and specificity
of 97% (electronic supplementary material, table S1).

From the biologger data we estimated the following sleep parameters for every 24 h: TST (hours); number of sleep bouts; duration of
the longest sleep bout (minutes). In addition, following a commonly used approach to categorize diurnality, nocturnality and cathemer-
ality in animal behaviour [43], we calculated the distribution of sleep (DS) as percentage of time slept between sunrise and sunset out of
total daily sleep time. We discarded the first and last day of recording for each animal as these were incomplete 24 h periods.

(¢) Environmental data

Hourly weather data were taken from the Jevany (Kostelec, 49.96 N, 14.80 E) and Kyelska Spa (Doupov, 50.26 N, 13.02 E) weather stations
(www.visualcrossing.com). Daily means were computed for ambient temperature (°C); snow depth (cm); and relative humidity (the
amount of water vapour present in the air compared to the maximum amount possible for a given temperature, as a percentage, %). Pre-
cipitation (mm) was quantified as the total daily rainfall. Day length (hours) was estimated as hours of light from sunrise to sunset. Moon
phase was coded as a continuous variable ranging from new moon (dark; 0) to full moon (bright; 1). Based on [44], we adjusted the values
for moon phase to account for cloud cover that reduces night brightness. We thus calculated a ‘cloud-adjusted moon phase’ by computing
the percentage cloud cover as a percentage of the moon phase, and subtracting this from moon phase value. Electronic supplementary
material, table S2, reports the range of environmental conditions recorded over the study period. We controlled for the potential
impact of wolves on sleep with a binary predictor. We coded as ‘wolf presence’ at Doupov from December 2020 onwards, and coded
Doupov prior to this date and Kostolec as ‘wolf absence’. We controlled for the possible influence of human presence on sleep [31] by
including as a fixed effect the total daily number of visitors recorded with an automated counter (Mobile multi, Eco-Compteur) [52] at
Kostelec. The number of visitors at Doupov was coded 0, as this area is closed to the public.

(d) Statistical analysis

We used double-hierarchical generalized linear mixed-effects models (DHGLMS) to assess how wild boar altered their sleep in relation to
changing environmental conditions [53]. Specifically, we modelled the changes in the mean of the three sleep measures (TST, number of
sleep bouts, duration of the longest sleep bout) and their variance (sigma (6) component) in a Bayesian framework with the R package
‘brms’ [54,55], and the Stan open source modelling platform [56]. Unlike standard linear mixed-effects models, DHGLMs can handle non-
heterogeneous residual errors, allowing a more accurate assessment of fixed effects when the duration of recording time differs between
individuals, as in our study (electronic supplementary material, figure S2) [57].

Prior to analyses, the duration of the longest sleep bout was log-transformed and all fixed effects were centred and scaled to improve
model fitting. We assigned Gaussian distributions to response variables. Our data were hierarchically structured, thereby measures of
sleep were nested inside individual ID. Therefore, we included ID as a random effect for both the mean and variance (sigma) component
of each model to determine inter- and intra-individual variation in the three sleep measures, i.e. differences between individuals in sleep
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characteristics and in their plasticity, respectively. Thus, for each sleep parameter this model structure allows us to quantify the population n

mean and variance over the study period through the intercept (mean) and variance (sigma) fixed effects, and to quantify inter-individual
differences in mean and variance (i.e. individual plasticity) through the intercept and variance (sigma) of the ID random effects respect-
ively. We also estimated the correlation between the mean and variance of the random effect ID to investigate whether individuals with
higher mean value of the sleep parameters also exhibited greater or lower variance (i.e. plasticity) in that sleep parameter. Finally, we
included an autoregression term of order 1, applied to each individual, to control for temporal autocorrelation.

Environmental conditions, human visitation, wolf presence, DS, area, sex and year were treated as fixed effects, and we included
month of the year to account for seasonal changes not captured by environmental predictors. We used a second-order polynomial
term to capture possible nonlinear effects of high and low temperatures, and the distribution of sleep across 24 h, on sleep. Further,
because the effect of ‘month’ is cyclical (e.g. where month 12 is more similar to month 1 than month 6), we used a second-order poly-
nomial term applied both as a fixed effect and a random slope term in the model formula. Widely applicable information criterion
(WAIC) confirmed that models fitted with the random slope for month provided a better fit to the data than an intercept-only model
(AWAIC > 7 indicates a superior model fit).

We ran models using Markov chain Monte Carlo (MCMC) with weakly informative, normally distributed priors for the fixed effects
with a mean of 0 and variance of 100. We assigned weakly informative, scaled t-distributed priors with 3 degrees of freedom to the
random effects (individual-level variation) and error terms in both components of the models [58]. We ran chains of 15000 iterations
with a burn-in of 1000 iterations for the three models, sampling every 15th iteration. Visual inspection of the traces in the resulting
posterior distributions showed adequate mixing and convergence. The Gelman—Rubin convergence statistic (Rhat) confirmed convergence
as values were equal to 1 for all parameters [59]. Effective sample size (ESS) for all estimated parameters over 1000 confirmed that
the posterior distributions had negligible levels of autocorrelation (electronic supplementary material, tables 52-54). Models were run
in triplicate and converged on similar solutions.

All fixed effects were first entered simultaneously in a starting maximal model. We reduced the maximal model by eliminating the
least meaningful fixed effect, starting from quadratic terms if not meaningful, and re-ran the model, repeating the procedure until only
meaningful predictors remained in a minimal statistically justifiable model (reduced model [50]). Fixed effects predictors and the corre-
lation between mean and variance of the ID random effects were considered meaningful if the percentage of the posterior distribution
crossing zero in the opposite direction of effect was less than 5 (percentage across-zero: P, [49]). In the DHGLM, random effects estimates
are constrained to be greater than zero as they are calculated on a log scale, making P, unsuitable for assessment of effects. Therefore for
random effects we considered a posterior distribution shifted away from zero, and the 95% CI not abutting zero, as evidence for a mean-
ingful effect. Finally, we investigated whether, at the population and individual level, a greater TST also resulted in more sleep bouts per
day and increased duration of the longest bout per day. To this end, we ran two mixed-effects models in the same Bayesian modelling
framework, with TST as the response and number of bouts per day or duration of the longest bout per day as predictor, using normally
distributed priors with a mean of zero and variance of 10000. We included a random slope (ID slope) for the predictor with a random
effect for individual (ID intercept), an intercept-only random effect for year, and an autocorrelation structure of order 1 applied at the
individual level. The model also estimated correlations between individual random slope (ID slope) and individual intercept (ID intercept)
at the population level, to investigate whether individuals with a higher or lower mean TST showed a bigger or smaller change in TST
with bouts per day or duration of the longest bout per day.

3. Results

For each model, we report below the median and credible intervals of the posterior distributions of meaningful effects within
brackets; results for the maximal and reduced models are in the electronic supplementary material, tables S3-58; S10-S11.

(a) Sleep quantity: total sleep time (hours per day)

Boars slept primarily during daylight, although some individuals slept also during darkness (electronic supplementary material,
figure S5), and there were no days of total sleep deprivation (electronic supplementary material, figure S5). From a maximal model
with all predictors (electronic supplementary material, table S6), the reduced model found a quadratic effect for both temperature
(temperature: —21.73 [-29.81, —19.67]; temperature® 8.17 [2.11, 14.31]; figure 2a,j; electronic supplementary material, table S3) and
the distribution of sleep over 24 h (DS: —24.02 [-30.43, —17.04]; DS* —24.61 [~29.40, —19.67]; figure 2a,g; electronic supplementary
material, table S3). Thus, TST was shorter when some sleep occurred during darkness and at higher temperatures (figure 2g,7). The
model estimated that boars slept for 10.43 h per day across the year, ranging from an average of 10.14 h in summer (June-August)
and an average of 12.22 h in winter (November-February). However, the random effects for between-individual variation revealed
differences in their mean TST (2.39 [1.84, 3.29]; electronic supplementary material, table S3; figure 2d), as the model estimates
varied from 6.81 h for the shortest sleeping individual to 14.94 h for the longest sleeping individual (electronic supplementary
material, table S9). Individual boars also differed in the variance in TST (0.21 [0.15, 0.31]; electronic supplementary material,
table S3; figure 2d), with estimates ranging from 1.09 to 3.20 h across individuals (electronic supplementary material, table S9).
These values thus ranged across individuals from a minimum 12.86% to a maximum of 37.39% of TST (electronic supplementary
material, table S9). There was no correlation between mean TST and variance in TST at the individual level (0.08 [-0.34, 0.47];
electronic supplementary material, table S3; figure 2d), indicating that short-sleepers did not exhibit greater or lower variance
in TST than long-sleepers.

(b) Sleep efficiency: number of sleep bouts per day (sleep fragmentation/consolidation)

From a maximal model with all predictors (electronic supplementary material, table S7), the reduced model identified a curvilinear
effect of the distribution of sleep over 24 h (DS: —20.49 [-36.21, —4.65]; DS* —47.98 [-60.45, —35.25]; figure 2b,h; electronic sup-
plementary material, table S4). The model also indicated that the number of sleep bouts increased linearly with warmer
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Figure 2. Reduced model results for total sleep time (TST, blue), number of bouts per day (red) and duration of the longest sleep bout per day (yellow). (a—c) The
posterior distributions for the fixed effects, with dashed line denoting 0. (d—f) Posterior distributions of the random effects for inter-individual differences in the
mean (ID intercept) and variance (ID sigma) of the sleep parameter and their correlation (ID intercept approx. ID sigma). (g—) Nonlinear predicted effects of the
distribution of sleep over 24 h (DS) and temperature. The summary reports the direction of effect for environmental variables and the general direction of effect for
nonlinear DS (denoted with ), and evidence of individual variation from the individual effects.
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temperature (1.54 [0.74, 2.38]) and longer days (1.92 [1.02, 2.79]), but decreased with greater humidity (-0.85 [-1.27, —0.41]; -

figure 2b; electronic supplementary material, table 54). Finally, sleep was less fragmented in 2020 (=12.40 [-15.08, —9.64]) and
2021 (-=11.56 [-16.69, —6.52]; figure 2b; electronic supplementary material, table S4) compared to 2019.

The model estimated that, on average, boars slept in 24.44 bouts per day across the year, ranging from a minimum of 17.49 in
winter to a maximum of 25.21 in summer. The random effects revealed that individuals differed in the mean number of sleep bouts
(10.67 [7.97, 15.02]; electronic supplementary material, table S4; figure 2¢), which ranged across individuals from a minimum of
13.58 bouts per day for the boar sleeping more efficiently to a maximum 35.27 bouts per day for the individual exhibiting the
greatest sleep fragmentation. Model estimates for individual boar also differed in the variance in the number of sleep bouts
(0.15 [0.10, 0.23]; electronic supplementary material, table S4; figure 2¢), with model estimates varying from 4.56 to 13.91
bouts per day across individuals. There was a positive correlation between mean number of sleep bouts per day and variance
in the number of sleep bouts per day at the individual level (0.42 [-0.01, 0.74]; electronic supplementary material, table S4;
figure 2¢), indicating that boar sleeping in more bouts also exhibited higher variance in the number of bouts.

(c) Sleep quality: duration of the longest sleep bout

From a maximal model with all predictors (electronic supplementary material, table S8), the reduced model for duration of the
longest bout identified a weak curvilinear effects of temperature (temperature: —4.84 [-6.67, —3.03]; temperature® 2.59
[1.58, 3.59]; electronic supplementary material, table S5; figure 2c,i) and the distribution of sleep over 24 h (DS: 0.20 [-1.11,
1.49]; DS* —1.33 [-2.25, —0.41]; electronic supplementary material, table S5; figure 2¢,k) such that the longest bout was shorter
when some sleep occurred during darkness and lower temperatures. The model also found that the duration of the longest
bout was shorter with longer day length (—0.06 [-0.10, —0.03]) but increased with greater snow depth (0.02 [0.00, 0.04]) and pre-
cipitation (0.03 [0.01, 0.04]; electronic supplementary material, table S5; figure 2c). Finally, the duration of the longest bout
was shorter in 2020 (-0.26 [-0.35, —0.18]) and 2021 (-0.62 [-0.70, —0.51]) than 2019, and in 2021 compared to 2020 (electronic
supplementary material, table S5; figure 2c).

The model estimated that, on average, the longest sleep bout lasted for 2.10 h across the year, ranging from a minimum of 1.99
in summer and a maximum of 2.83 in winter. The random effects of the model showed that individual boar differed in the esti-
mated mean duration of the longest sleep bout (0.09 [0.05, 0.14]; electronic supplementary material, table S5; figure 2f) and in the
variance of the longest bout duration (0.16 [0.11, 0.23]), with model estimates ranging from 1.36 to 1.81 h per day across individuals
(electronic supplementary material, table S5; figure 2f). Finally, there was a positive correlation between mean duration and var-
iance in the longest bout at individual level (-0.49 [-0.87, 0.09]; electronic supplementary material, table S5; figure 2f), indicating
that boars with greater duration for the longest sleep bout exhibited higher variance in its duration.

(d) Relationships between sleep parameters

At the population level, TST and the number of bouts per day were unrelated (0.02 [-0.02, 0.05]; electronic supplementary
material, table S10); thus, TST did not increase with more sleeping bouts but individuals varied in their slope between TST
and the number of bouts per day (0.08 [0.05, 0.11]; electronic supplementary material, table $10). Furthermore, there was a negative
correlation between the random intercept (ID intercept) and random slope (ID slope) for number of bouts per day, indicating that
boars with greater TST were more likely to have a negative relationship between mean TST and number of bouts per day, while
those with lower TST were more likely to show a positive relationship (—0.73 [-0.88, —0.44]; electronic supplementary material,
table S10, figure S7a).

At the population level, greater TST was associated with increased duration of longest bout per day (0.68 [0.36, 1.03]; electronic
supplementary material, table S11), hence when the duration of the longest bout increased so did total daily sleep time. Individuals
varied in this relationship with some showing a greater slope for TST with duration of longest bout than others (0.67 [0.39, 1.03];
electronic supplementary material, table S11, figure S7b). There was also a strong negative correlation between mean TST and the
slope between TST and the duration of the longest bout, indicating that individuals with a lower mean TST showed a stronger
increase in TST as sleep quality increased (-0.77 [-0.91, —0.37]; electronic supplementary material, table S11).

4. Discussion

Sleep is vital, yet how it varies within and between individuals, and responds to changing environmental conditions over time
remains an open question. Recent studies have started to use minimally invasive, accelerometer-based measurements of sleep
in wild animals to improve understanding of the ecology of sleep [25]. Here, in the longest and most detailed analysis of
sleep in wild animals to date, we show that boars slept on average for 10.43 h per day in 24.40 bouts, with the longest bout lasting
on average 2.10 h, but, contrary to expectations [12] individual wild boars differed markedly in the mean sleep quantity (TST),
efficiency (sleep fragmentation/consolidation as the number of sleep bouts per day), quality (duration of the longest bout per
day), and in their variance, i.e. plasticity. Sleep responded plastically to changes in environmental conditions that influence ther-
moregulation. Specifically, total daily sleep time was approximately 17% shorter, more fragmented, and of poorer quality in hot,
summer days, potentially leading to sleep deprivation. Conversely, rainfall and snow favoured higher sleep quality. Thus, contrary
to the idea that sleep is inflexible and consistent between individuals [12], we demonstrate that sleep differs between individuals
and responds plastically and predictably to changing environmental conditions. Since sleep is an essential self-maintenance pro-
cess, these results suggest that individuals differ in the amount of benefit gained from sleeping, and in their ability to mitigate the
costs associated with sleep deprivation.
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Our analytic approach reveals a complex diversity in sleep between and within individuals that has not been previously quan-
tified in nonhuman animals and highlights the importance of considering multiple dimensions of sleep. We expected that
individuals consistently sleeping less could try and mitigate the costs of their average shorter sleep through greater plasticity
(i.e. variance) in TST, higher sleep quality (longest bout duration) and/or greater efficiency (fewer sleep bouts per day). We
find that boars differ in sleep quantity (TST individual mean) and its plasticity (TST individual variance), with short sleepers sleep-
ing up to 46% less per day than long sleepers. Contrary to our expectations, short-sleeping individuals do not show greater
plasticity in sleep quantity relative to long-sleeping individuals, nor do they enjoy higher sleep quality given that sleep quantity
and quality increase with one another. Therefore, short-sleeping individuals do not compensate for their short sleep by increased
plasticity or quality. Boar also differ in sleep fragmentation; individuals sleeping less efficiently distribute sleep in over twice as
many bouts as those sleeping more efficiently and show higher plasticity in fragmentation suggesting that they likely attempt to
compensate their poorer sleep by increasing the number of bouts. However, sleeping in more bouts does not systematically lead to
longer TST, as sleep quantity and fragmentation are unrelated. Specifically, we find that only few individuals can increase TST by
sleeping in more bouts, others reduce TST with more bouts presumably by increasing sleep depth, while in most boar TST does
not vary with the number of sleep bouts (electronic supplementary material, figure S7). Considering that wild baboons fail to exhi-
bit compensatory sleep rebound after a poor night's sleep [25], altogether our results suggest that individuals sleeping consistently
less, or less efficiently, are likely to gain fewer benefits of sleep and may pay higher costs when sleep deprived.

We propose that the plasticity of sleep may vary across species in relation to their ecology. Our findings show that sleep in wild
boar aligns with the general behavioural flexibility and adaptability documented for this species [33,60,61]. We thus expect similar
levels of sleep inter- and intra-individual variation in cathemeral species, longer-sleeping species such as in many predators [11],
and those exhibiting greater behavioural plasticity. However, species that sleep little in the laboratory, such as artiodactyls
and perissodactyls [13,38], are likely at the physiological minimum for sleep in mammals, and may show lower inter- and
intra-individual differences, and plasticity. Quantifying sleep variation within and across species will help evaluate to what
extent globally increasing environmental changes, such as land change use, climate change and other anthropogenic stressors,
impact on the key benefits that wild animals accrue from sleeping. Estimating time spent in each of the two mammalian sleep
stages, REM (rapid-eye-movement) and NREM (non-REM) sleep, will permit improved investigation of costs and benefits of
each sleep stage [13,30]. However, distinguishing REM and NREM sleep is currently an intractable problem for long-term, mini-
mally invasive monitoring of wildlife. High-resolution accelerometery represents a promising step towards this goal, as shown in
this study, and future developments in sensor technology and analysis might help detect physiological parameters associated with
sleep stages (e.g. body temperature, heart and breathing rate).

Ambient temperature and light affect sleep quantity, fragmentation and quality in the laboratory [27,62]; thus, they are con-
sidered important mediators of sleep behaviour. However, how multiple environmental conditions influence sleep in the wild
has not been investigated. Weather and light levels are also known to influence activity patterns in wild boar; for example,
higher temperatures during the night and low moonlight favour nocturnal activity [44,45,63]. Likewise, our study reveals that
the broad range of environmental conditions that wild animals face over time also affects sleep in more complex ways than antici-
pated. Consistent with the hypothesis that higher temperatures impair sleep [21,26], we find that sleep is shorter, more fragmented
and of lower quality at higher temperature. Unexpectedly, though, higher humidity leads to greater sleep consolidation into fewer
bouts. Conversely, precipitation and snow which are expected to favour thermoregulation and sleep, increase sleep quality.
Contrary to predictions that light promotes sleep in nocturnal species, sleep in wild boar is more fragmented and of lower quality
during longer days, but unaffected by our cloud-adjusted measure of moon phase. Therefore, winter favours sleep since lower
temperature and snow likely enhance the thermal value of bed sites [62,64], and snow increases the energetic cost of travelling
[46]. Conversely, sleep is shorter, fragmented and of poorer quality in summer which is the reproductive season for temperate
species. Since female mammals with dependent offspring trade off sleep for parental care in captivity [18,20], our results suggest
that hot and humid summer days may exacerbate the detrimental effects of sleep loss in reproducing females. Reproduction and
thermoregulation may also help explain why individuals that sleep more during the night sleep less overall. Because piglets sleep
in short, frequent bouts [40] and are likely more challenged by high temperatures than adults [65], we suggest that lactating
females might shift sleep during darkness in response to offspring needs. Consistent with this suggestion, sleeping patterns
and circadian rhythm of neonates are still developing during early life [66], and during the farrowing season female boars increase
diurnal activity leading to a polyphasic activity pattern [67]. Given the vital role of sleep for health [4], we propose that compro-
mised sleep in reproducing individuals likely contributes to explaining some costs of reproduction, such as compromised
immunity, lower survival and reduced future reproductive investment [68,69].

We did not detect any influence of the arrival of wolves and human visitation on sleep in wild boar. However, this is likely due
to the fact that changes in sleep due to predation risk or human disturbance occur are brief and occur at very short temporal scales
[31,32]. Thus, to assess whether predation risk affects sleep in wild animals, targeted studies with high resolution data at short
temporal scales are needed, for example with data on where and when predators move relative to prey, and where and when pre-
dation events occur. Likewise, behavioural responses to short-lived changes in human activity are difficult to detect and are often
context-dependent, thus only fine-scale approaches can reveal these effects [31,70].

Given the essential benefits of sleep [2], we propose that sleep can be viewed as a behaviour favouring self-maintenance and sur-
vival; furthermore, the variation among individuals may be explained by models such as the extended pace-of-life syndrome theory
(ePOLS) [10,71]. According to ePOLS, individual differences in behavioural and physiological traits covary with life-history traits.
Therefore, ‘fast-living’ individuals are expected to grow quickly, invest more in reproduction and less in self-maintenance,
and ultimately die younger. At the opposite extreme, ‘slow-living” individuals should grow slowly, invest more resources in self--
maintenance than reproduction, and live longer. Thus, shorter sleep may represent a facet of the ‘fast’ living strategy where sleep
is reduced in favour of behaviours that enhance reproductive investment. Consistent with this suggestion, individual differences
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in TST in fruit flies (Drosophila melanogaster) are genetically determined and shorter-sleeping flies die younger [72]. Given that sleep
loss comes at substantial costs [10], we expect that individuals with shorter and more fragmented TST exhibit traits such as reduced
immunocompetence, and may be particularly affected by sleep deprivation, for example impaired cognitive abilities like decision
making (e.g. response time to approaching predators, navigation). We thus anticipate that short-sleeping individuals
within species show correlated tendencies with traits such as growth rate and reproductive behaviour.

To conclude, our study further demonstrates that high-resolution biologgers can be used to investigate sleep in wild animals
[49] over ecologically relevant time scales. This approach reveals meaningful and unpredicted inter- and intra-individual differ-
ences in daily sleep quantity and efficiency that likely have important implications for health, cognitive abilities, and response
to natural and anthropogenic stressors in wildlife. In contrast to views that sleep has limited plasticity [11,73], our study demon-
strates that sleep in the wild is shaped by changing environmental conditions that affect thermoregulation in more complex ways
than anticipated. Importantly, sleep is shorter, more fragmented and of lower quality in warmer temperatures, leading to a
reduction of sleep time by 17% in summer. Given the major role that sleep plays in health [2,41], global warming and the associ-
ated increase in extreme climatic events are likely to impact sleep, and consequently health, in wildlife, particularly in nocturnal
animals in unpredictable ways. Such detrimental effects may be further exacerbated if wild animals are exposed to anthropogenic
stressors that disrupt sleep.
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5.2.2. Publikace €. 4 - Path tortuosity changes the transport cost paradigm
in terrestrial animals

Druha publikace této ¢asti vysledkd je zaméfena na studium pohybu Sesti druhti
suchozemskych zvifat sledovanych pomoci biologging technologie. Analyza dat poskytla
vysledky, které prokazuji, Ze sledovani jedinci obecné snizili jejich rychlost pohybu a
zvysili pocet stranovych zmén pohybu v pfesunu z jedné lokality na jinou, a to za ucelem
snizeni celkové energie pohybu. Tyto vysledky jsou zcela protichidné pro teorii, ktera
popisuje zvySenou rychlost suchozemskych zvitat pti pfesunu mezi lokalitami za G¢elem
uspory energie. AvSak vysledky poukazuji na vysvétleni, pro¢ jsou méfené rychlosti pohybu

divokych savct odlisné od vysledkii namétenych v laboratotich.
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Ecography The time that animals spcnd travc”ing at various spccds and the tortuosity of their
44: 1524—1532, 2021 movement paths are two of the many things that affect space-use by animals. In this,
doiz 10.1111/ecog.05850 high turn rates are predicted to be energetically costly, especially at high travel speeds,
which implies that animals should modulate their speed according to path character-

Subject Editor: istics. When animals move so as to maximize distance and minimize metabolic energy
Michael Ray Kearney cxpcnditurc, ti’)cy travel most cﬂicicntly at the spccd that gives them a minimum cost
Editor-in-Chief: Miguel Aratjo of transport (COT, ), a well-defined point for animals that move entirely in fluid
Accepted 13 July 2021 media. Theoretical considerations show though, that land animals should travel at

their maximum speed to minimize COT, which they do not, instead travelling at
walking pace. So, to what extent does COT,, depend on speed and turn rate and
how might this relate to movement paths? We measured oxygen consumption in
humans walking along paths with varied tortuosity at defined speeds to demonstrate
that the energetic costs of negotiating these paths increase disproportionately with
both speed and angular velocity. This resulted in the COT, occurring at very low
speeds, and these COT,, speeds reduced with increased path tortuosity and angular
velocity. Logged movement data from six free-ranging terrestrial species underpinned
this because all individuals turned with greater angular velocity the slower their travel
spccds across their full spccd range. It seems, therefore, that land animals may strive to
achieve minimum movement costs by reducing speed with increasing path variability,
providing one of many possible explanations as to why speed is much lower than cur-
rently predicted based on lab measurements of mammalian locomotor performance.

Keywords: angular velocity, energy landscape, minimum cost of transport, movement
paths, preferred walking speed, track tortuosity
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Introduction

Movement is a fundamental tenet of the animal kingdom,
with animals moving at varying speeds in chosen directions
to use space over time in defined ways that is presumed to
enhance their survival and lifetime reproductive success
(Williams et al. 2002). Movement requires energy, which
varies according to the speed of the animal (Dickinson et al.
2000). The spced that an animal selects for movement, and
therefore the energy designated to it over time, depends on the
purpose of the movement because locomotor efficiency may
be less important than the behavioural role of locomotion
(Wilson et al. 2015) which may depend on a variety of cur-
rencies including time or reproductive success (Shepard et al.
2009). There are three primary reasons for this: 1) animals
may move at any spccd, including their maximum, to evade
predators or capture prey (Williams et al. 2014), to maximize
net rate of acquisition of food energy (Wilson et al. 2002)
or to provide young with food at an appropriate rate for
their growth (Shepard et al. 2009); 2) animals may move at
a spced that minimizes power costs (a concept that is primar-
ily applicable for ﬂying animals) (Tucker 1973). In addition,
3) animals may move at a spccd that minimizes the cost of
transport (COT , speed), maximizing the distance travelled
per unit of energy (Tucker 1970, Watanabe et al. 2011). This
last paradigm (Taylor et al. 1970) is particularly important
because most travel is assumed to be under strong selection
pressure for animals to maximize output while minimizing
input, which occurs at COT,,, (Langman et al. 2012, van der
Hoop et al. 2014). The COT,, speed is well defined for any
instance where power for movement increases with speed at a
greater than linear rate, such as in aquatic and volant animals.
Indeed, wild animals moving cntirciy in fluid media gcncra.lly
travel at these speeds (Pennycuick et al. 2013) although there
are exceptions, for instance when birds are minimizing power
alone or when saving time is a more important currency than
saving energy (Hedenstrom and Alerstam 1996). However,
most terrestrial animals have a linear relationship between
power and speed (Tayior et al. 1970, 1982) and therefore,
because COT is derived i)y dividing the power by the spccd,
COT in these animals will always decrease with increasing
speed. In short, the lowest theoretical costs of transport in
terrestrial animals should occur at their maximum speeds
(but see Hoyt and Taylor 1981, Daley et al. 2016). Yet
these are not the speeds at which animals normally travel as
they move through their environment in natural contexts
(Schooley et al. 1996). Although the probability of accident
and injury increases at very high speeds (Wynn et al. 2015),
which is a clear reason to avoid them unless there is a com-
pelling motive to sprint (e.g. in cursorial predators and their
prey (Wilson et al. 2018)), there is currently no energy-based
explanation as to why land animals travel through their envi-
ronments at their normal chosen speeds.

Based on recent studies that found that the costs asso-
ciated with turning are substantial (Wilson et al. 2013,
McNarry et al. 2017), we hypothesized that track tortuos-
ity should therefore alter the speed of COT,,, in terrestrial

animals. To test this, we set up experiments to gain empiri-
Cﬂl data on hOW SPCCd ﬂnd angui;u‘ VC]OCity in }lumans rClthC
to energy expenditure and thereby to the cost of transport.
At the same time, we equipped six species of free-living
animal with tags that allowed us to study animal speed in
tandem with angular velocity to see how our physiological
findings translated into patterns of movement in the natural
environment.

Material and methods

Participants

Twenty able-bodied male participants (mean + SD: age
30 = 8 years; body mass 75.6 + 11.2 kg; stature 1.78 + 0.06 m;
body mass index: 24.0 + 3.2 kg m™) gave their writ-
ten informed consent to volunteer for this study. Stature
(Holtain, Crymych, UK) was measured to the nearest
0.01 m and body mass (Seca, Germany) to the nearest 0.01 kg,

Trials

Participants walked at four different spccds (0.69, 0.97, 1.25
and 1.53 m s™!) and four turn angle extents (0, 90, 135 and
180°), giving a total of sixteen speed and angle combinations.
Separate walking tracks were marked onto a flat-surfaced
sports lab floor using tape for each angle of interest. Each
track alternated between 5 m straight lines and turns with
cquai numbers of left and right turns (0°: a 25 m straight
line with markers every 5 m; 90°: two squares sharing one
5m straight; 135°: two cight—angled star polygons sharing
a 5 m straight; 180° a 5 m straight). Participants’ average
walking speed was controlled using a metronome at either
8,12, 150r 18 bpm. Participants walked barefooted, carried
out only step-turns (not spin-turns), and reached a corner
(or 5 m mark) on each metronome beat (i.e. travelled 5 m
between beats). Walking conditions were block-randomized
by turning angle: all speed trials for a given angle were con-
ducted before moving on to the next angle, but average travel
speed and the sequence in which the angle conditions were
comp]ctcd by each participant were randomized and coun-
terbalanced. Each walking condition lasted 3 min to allow
achievement of a metabolic steady state, and each condition
was separated with 3-min of quiet seated rest.

Respirometry

A portable and wireless breath-by-breath respirometry system
(MetaMax 3B-R2, Cortex, Biophysik, Leipzig, Germany)
was used to measure rates of oxygen consumption (VO,, |
min~! kg‘l, see the Supporting information for an example
trace) and carbon dioxide production (VCO,, | min~' kg™).
The system (1.4 kg) was attached to each participant using a
harness with the weight OFbattcry and sensors (infrared anal-
yser and electrochemical cell for CO, and O, measurements,

respectively) equally divided between the left and right sides
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of the chest. Volume of inspired/expired gas was measured
using a bidirectional digital turbine fitted within a mask
(Hans Rudolph 7450 Series V2) from which a sample ofgas
was extracted via a 60 cm sampling tube for gas analysis. Prior
to each trial, reference gases were used to calibrate the O, and
CO, analysers and the turbine volume transducer was cali-
brated using a 3 | syringe (Hans Rudolph, Kansas City, MO).
VO, and VCO, were calculated using continuous measure-
ments of F,O, and F,CO, and the Haldane transformation.
Metasoft 3 software ver. 3.7.0 SR2 was used to monitor
traces during trials and export data. Respiratory exchange
ratios (VCO,:VO,) and their thermal equivalents taken from
(Brody 1945) were used to convert VO, to metabolic power
(P W kg™). The cost of transport (] kg™ m™') was calcu-
lated by dividing P, by average travel speed (m s™').

met

Identifying angular velocity from turns

All participants were equipped with a lower back, mid-line
mounted ‘Daily Diary’ tag (Wilson et al. 2008) recording
tri-axial (orthogonal) acceleration and magnetic field inten-
sity at 40 Hz. Post-experiment, all magnetic field data were
plotted on a tri-axial spherical plot of magnetic field inten-
sity (m-sphere; see Williams et al. 2017 for details). While
participants walking in straight-lines led to litcle variation
in tri-axial plotted position on the m-sphere, those that exe-
cuted turns resulted in rapid movement of points across the
m-sphere surface which clearly showed at which points turns
began and ended so that turn duration could be derived.
Maximum resolution for this was 1/40th second. The dura-
tion of turns was determined for five turns per individual per
speed and turn angle combination.

Derivation of costs

Metabolic measurements for the 0° trials were corrected for
the costs of 180° turns that were necessary at the end of every
25 m of straight—]ine walking. In order to calculate the cost
of transport for straight line walking, a series of calculations
were undertaken. Firstly, the time taken, ¢, to travel one length
(either 5 m or 25 m) and execute one turn for any given track
was calculated as distance travelled divided by speed, dlv. The
total mass-specific cost of walking one length and executing
one turn was then calculated as the time taken X P__ (P ).

met met

Thetotal mass-spcciﬁc cost ofwalking in astraight line for20 m

Table 1. Details of tag deployments on free living animals.

was then calculated by subtracting the mass-specific cost of
walking 5 m+ 1 turn in 180° trials from 25 m+ 1 turn in the
0° trials; 7 =P, |.»s — P, .].5 The total mass-specific
cost of walking in a straight line for 20 m was then divided by
20 in order to derive the total mass-specific cost of transport
(J kg™ m™"). Turn costs for any given speed and angle com-
bination were calculated by subtmcting 5 X the cost of trans-
port for straight-line walking from the total mass-specific cost
of walking 5 m and executing one turn. Each participant’s
turn costs were divided by their mean turn durations in order
to calculate turn power (W kg™'). Costs of transport were
determined by dividing power by speed and the minima for
the various speeds were derived from the best fit curves.

Animal tagging

Five wild mammal species (African lions Pathera leo, chamois
Rupiuzpm rupicapra, ibex Capm ibex, mouflon Ovis orientalis
and wild boar Sus .rcroﬁz) and one domestic mammal (domestic
goat Capra aegagrus), which was allowed to range freely, were
fitted with collar-mounted GPS-enabled ‘Daily Diary’ tags
(Wilson et al. 2008) recording tri-axial magnetic field inten-
sity and tri-axial acceleration at 10-40 Hz (see species—speciﬁc
details in Table 1). Tags were left in place for between 15 and
> 250 days before being retrieved. Downloaded data were
treated to determine movement patterns using dead-reckon-
ing as described in Bidder et al. (2015), correcting for drift
using the periodic GPS positions (Bidder et al. 2015). From
these data, a random period (24-50 h) was isolated from each
individual, with some variation in durations to ensure that
appreciable movement had taken place. For these periods, the
vectorial dynamic body acceleration (VeDBA), a good proxy
for speed (Bidder et al. 20124, b), was calculated according to
Qasem et al. (2012) as well as the angular velocity over one
second at approximately 10 s intervals so as to give ca 20 000
angular velocity-VeDBA pairs per individual. Data from five
individuals for all species were used in this manner except for
the mouflon, where only four animals were used.

Statistical analyses

Linear mixed-effects models (Ime4 package (ver. 1.1-26) in
R Studio ver. 4.0.3) were conducted in order to investigate
the relationship between angular velocity and average travel
speed with difFering anglc extent; angu]ar vcl()city with anglc

Body Tag Tag weight as Deployment
Species No. Study area mass (kg) weight (g) % body weight Deployment period length (days)
Panthera leo 5 Kalahari, S. Africa 62-66.5 1240-1330 <2 February 2019 18-21
Rupicapra 5  Les Bauges, France 39.82 450 1.13 June 2017-May 2018 > 250
rupicapra
Capra ibex 5  Belledonne, France 28.8 450 0.64 April 2017-March 2018 > 250
Ovis gmelini 4 Caroux-Espinouse, France 50 450 0.90 May 2017-April 2018 > 250
Sus scrofa 5  Kostelec, Czech republic  6.15-10.63 850 0.8-1.3 May-Oct 2019 30-120
Capra 5  Les Bauges, France 39.84 510 1.28 August-September 2017 29
aegagrus
1526
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extent at different speeds, mass-specific metabolic parameters
and spccd with different anglc extent; and mass-speciﬁc met-
abolic parameters with angular velocity at different speeds or
angle extent. Participant identity was included in the models
as a random factor. The F statistic and marginal and con-
ditional R? were determined using the car (ver. 3.0-5) and
‘MuMIn (ver. 1.43.6) packages, respectively.

Results

Empirical data from humans show how increasing track
tortuosity reduces the minimum cost of transport speed
to a slow walk

Our calculations of power-use by participants walking vari-
ously angled courses showed a significant interaction effect

between walking speed and turn angle on total mass-specific
metabolic power (sper:d2 X angle category, F=101.81, p <
0.001), with the rate of increase in power for a given increase
in travel speed increasing disproportionately with turn angle
(Fig. 1a, Table 2). Accordingly, there was a significant inter-
action effect between walking speed and turn angle on the
total mass-specific cost of transport (speed® X angle category,
F=59.13, p < 0.001) (Fig. 1b, Table 2). The cost of trans-
port curve showed distinct minima for paths incorporating
turns, becoming more U-shaped, and with COT shifting
to progressively lower walking speeds with increasing turn
angle (Fig. 1b).

3-D plots of the interrelationship between metabolic
power or the cost of transport with speed and angular velocity
demonstrate how power increased disproportionately with
increasing angular velocity, which resulted in clear COT

that did not occur at the higher walking speeds. Rather,
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Figure 1. Metabolic measurements versus average travel speed or both travel speed and angular velocity for 20 human participants walking
tracks with turns of varied extent. (A) Mean (+ SE) total mass-specific power and (B) mean (+ SE) total mass-specific cost of transport for
straight movement (blue), 90° turns every 5 m (orange), 135° turns every 5 m (grey) and a 180° turns every 5 m (yellow). Quadratic curves
were fitted using the coefficients of the outputs of linear mixed-effects models (Table 1). Arrows show COT,  speeds. (C) and (D) are 3D

plots of the same data including angular velocity as a covariate. The accelerating power costs of higher angular velocities produce cost of

transit minima (highlighted in red) where any turning occurs and these minima occur at lower speeds with higher angular velocities.
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Figure 2. Incidence of angular velocity against dynamic body acceleration (DBA) — a linear proxy for travel speed — in six free-living ter-
restrial species. The lion data shows an inset that clarifies the relationship between DBA and speed for this species, these animals being
equipped with GPS recording at 1 Hz. Each point shows a value taken at ca 10 s intervals over a length of time that corresponds to about
20 000 points for each individual (n=5 per species except for the mouflon where n=4, with individuals depicted by different colors — the
predominance of purple simply reflects data from the last individual graphed by the package). Note how all distributions show decreasing
angular velocities with increasing speed across all speed ranges, starting with the slowest.

minimum costs of transport occurred at lower walking speeds
when angular velocities were high (Fig. 1c—d).

Simi]arly, signiﬁcant effects of interaction terms were
found for the quadratic relationships between speed and
cost per turn (] kg™!, speed’ X angle category, F=37.98,
p < 0.001) and turn power (W kg™', speed” X angle category,
F=066.87, p < 0.001) with the rate of increase of power with
speed becoming greater as angle increased (Table 2).

Wild animal data support the idea that preferred
travel speed decreases with increasing angular
velocity

In free-ranging wild mammal species (African lions Pathera
leo, chamois Capra rubt’mpm, ibex Capra ibex, mouflon Ouvis
orientalis, wild boar Sus scroﬁz) and one domestic animal (the
goat Capra aegagrus), all individuals tended to travel relatively

86.

slowly, but they predominantly engaged in the highest angu-
lar velocities at the lowest travel speeds (using dynamic
body acceleration as a proxy for speed (Bidder et al. 2012b))
decreasing angular velocities in their turns as their travel
speeds increased (Fig. 2). The incidence of turning behavior
was apparent in examples of the free-living animal movement
data when resolved at sub-second level, which showed inten-
sive and extensive turning behavior, even when movement

paths appeared directed ar larger scales (Fig. 3).

Discussion

There have been extensive studies of the relationship
between terrestrial animal speed and power, the vast major-
ity of which have been conducted on a treadmill to show
that power increases linearly with speed (Taylor et al. 1970).
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While fundamental, this highly controlled scenario does not
simulate the situation found in nature where variability in,
for example, topography and surface penetrability of the
environment will also affect power to travel (Shepard et al.
2013) and thereby the cost of transport. Interestingly, in a
recent study of how scaling affects costs in animals moving
on inclines, Halsey and White (2017) present data that show
clear minima in costs of transport with slope (although the
effect of speed is not detailed). This, therefore, already points
to an important effect of how the environment is expected
to structure selection of animal spccd for energetically opti-
mum movement. But beyond this, animals may turn to avoid
energetically onerous landscape features such as inclines
(Shepard et al. 2013) and, for this and for many other rea-
sons, they turn frequently, as our Fig. 3 shows. Previous
works have indicated that turns are energetically costly
(Wilson et al. 2013, McNarry et al. 2017) but, due to their
experimental protocol, these authors could not define how
the costs of transport relate to angular velocity and speed,
nor that angular velocity could have created clear minima in
costs of transport at such low speeds. The extraordinary mag-
nitude of the increase in power costs with increasing angular
vclocity and spccd is, in part, cxplaincd l)y animals having to
develop forces to counteract the centripetal force incurred in
the turn, given by; F=m X ¢*/r, where m is the mass, v, the
velocity and 7 the radius of the turn. Thus, some of the energy
used for turning has to be used in developing lateral forces.
However, acute turns will also require some forces opposing

1530

the drive force, manifesting as deceleration followed by cor-
rective acceleration for straight-line travel after a turn. This
will occur even at low speeds, which explains the sharp dtop
offin angular vclocity in turns, even at low spccd.s in our wild
animals (Fig. 2), and the minimum cost of transport occur-
ring at such low walking speeds of humans during 180° turns
(Fig. 1). Indeed, application of the COT,, travel speeds for
straight line paths in humans to our scenario with 180° turns
would incur a predicted increase of 13% in travel costs above
the angle-specific COT ; (cf. Fig. 1b). We note that the spe-
cifics of the power- and COT values for humans, with their
bipedal inverted pendulum locomotion (Kuo et al. 2005), are
unlikely to translate directly to quadrupeds, particularly given
the variation in locomotory morphologies within this group
(Steudel 1990, Pontzer 2007) but the physical principles are
the same so the general patterns observed for humans should
be apparent in wild animals to a greater or lesser degree.

'The high power associated with turns translates into well-
defined minima in the costs of transport for defined speeds
and angular velocities (Fig. 1d). This means that an overall
optimum speed for a wild animal, moving to minimize trans-
port costs, will depend on the frequency and extent of turns.
These will depend on a large number of turn elicitors that
confer benefit to the animal if it turns. These, in turn, will
range from barriers, including localized ones such as trees/
shrubs (Schooley et al. 1996), or navigating through differ-
ential energy landscapes (Shepard et al. 2013), through to

acquisition strategies for food, such as arca-restricted search
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(Walsh 1996), or mates (Bau and Carde 2015). Indeed, we
suggest that the incidence of turning behavior in wild ani-
mals has been underestimated, not least because we have little
capacity to resolve it at the scale necessary to be energetically
meaningful, even using GPS technology (Hulbert and French
2001). A notable exception is with inertial/dead-reckoned
data (Bidder et al. 2015), which show that animal paths can
consist of extensive and intensive turning behavior (Fig. 3).

Variation in the environment or in animal behavior would
also lead us to expect animals to vary travel speed accordingly,
even intra-specifically, reflecting different motivations for
speed selection (Wilson et al. 2015), which is consistent with
the animal data we present here (Fig. 3). Clearly, although
such data may not always agree with animals actually using
COT,,, for a number of reasons (Wilson et al. 2015), the
interplay of speed and angular velocity, and the huge effect
that they have on movement energetics, points to the impor-
tance of both in modulating trajectories according to func-
tion. Indeed, future treatises that attempt to link this with
the multiple other factors that affect the energy costs of travel
(e.g. the energy landscape (Shepard et al. 2013)) may find
that we can explain animal speed- and turn velocity-selection
more satisfactorily than we can at present.

Our treatment is simplistic for a number of reasons. Not
least, we only consider power and COT metrics as bi-dimen-
sional when they will be affected by multiple properties of
the environment that modulate power use, such as slope and
surface penetrability (Shepard et al. 2013). This will be fur-
ther complicated by gait changes (Dawson and Taylor 1973,
Maloiy et al. 2009, Nudds et al. 2011, Watson et al. 2011,
Granatosky et al. 2018). This work nevertheless demonstrates
the profound effect that turns have on cost of transport for
terrestrial animals using humans as a model, although we
expect the principle to be the same for flying and aquatic
animals. If we are to progress with models purporting to help
us understand animal trajectories through varying environ-
mental space from an energetic, and ultimatcly behavioral,
perspective though, we will have to acceprt that small things
such as acute corners can sometimes make big differences in
understanding the details and elicitors of movement trajecto-

ries (Schick et al. 2008).
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5.3. Prostorova orientace a fidelita zvére

5.3.1. Publikace €. 5 — A GPS assisted translocation experiment to study
the homing behaviour of red deer

Posledni cast vysledki obsahuje poznatky o prostorové orientaci samic jelena
evropského (Cervus elaphus) pii fizené translokaci jedinci do nového prostiedi a jejich
nasledné chovani. V rdmci experimentu bylo provedeno celkem 35 ftizenych translokaci
Vv pribchu dvou let s vysledkem celkem 31 UspéSnych navrati do pivodniho domovského
okrsku v ¢asovém od 1.23-100 dni od vypusténi v nové lokalité. Translokace byly provadény
na vzdalenost cca 11 km od mista imobilizace. Vysledky ukazaly tfi fdze homing zaloZeny na
délce a orientaci pohybu v zavislosti na Case. Studie prokdzala porovnatelné schopnosti

homingu u jeleni zvéfe jako u ostatnich drithu zvifat, které byly pozorovany jiz v minulosti.
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OPEN A GPS assisted translocation

experiment to study the homing
behavior of red deer

Vaclav Silovsky®?, Lukas Landler®?“, Monika Faltusova®?, Luca Borger®?, Hynek Burda™?,
Mark Holton?, Ondrej Lagner*, Erich Pascal Malkemper®?®, Astrid Olejarz®?,

Magdalena SpieRberger(?, Adam Vachal* & Milos Jezek ®?

Many animals return to their home areas (i.e., *homing’) after translocation to sites further away. Such
translocations have traditionally been used in behavioral ecology to understand the orientation and
migration behavior of animals. The movement itself can then be followed by marking and recapturing
animals or by tracking, for example, using GPS systems. Most detailed studies investigating this
behavior have been conducted in smaller vertebrates (e.g., birds, amphibians, and mice), whereas
information on larger mammals, such as red deer, is sparse. We conducted GPS-assisted translocation
experiments with red deer at two sites in the Czech Republic. Individuals were translocated over

a distance of approximately 11 km and their home journey was tracked. Circular statistics were

used to test for significant homeward orientation at distances of 100, 500, 1000, and 5000 m from
the release site. In addition, we applied Lavielle trajectory segmentation to identify the different
phases of homing behavior. Thirty-one out of 35 translocations resulted in successful homing, with a
median time of 4.75 days (range 1.23-100 days). Animals were significantly oriented towards home
immediately after release and again when they came closer to home; however, they did not show a
significant orientation at the distances in between. We were able to identify three homing phases,

an initial ‘exploratory phase’, followed by a‘*homing phase’ which sometimes was again followed

by an ‘arrival phase’. The *homing phase’ was characterized by the straightest paths and fastest
movements. However, the variation between translocation events was considerable. We showed good
homing abilities of red deer after translocation. Our results demonstrate the feasibility of conducting
experiments with environmental manipulations (e.g., to impede the use of sensory cues) close to

the release site. The homing behavior of red deer is comparable to that of other species, and might
represent general homing behavior patterns in animals. Follow-up studies should further dissect and
investigate the drivers of the individual variations observed and try to identify the sensory cues used
during homing.

Keywords Mammal navigation, Satellite tracking, Cervus elaphus, Czech Republic, Spatial orientation

Animal navigation, spatial cognition, and memory are essential abilities that allow animals to reach specific
destinations, such as food resources, mating grounds, and nesting sites, and exploit spatially clustered resources
efficiently’”. Many species display site fidelity, that is, they return to specific locations every season or stay in
the same general area year around’. Typically, animals that show site fidelity return to their approximate capture
location after translocation to a site outside their typical residence®’. The reason for such a preference for certain
‘home areas’ can be manifold, but is often associated with territorial behavior and/or mating sites (for example®”)
or spatial learning and memory-based home range formation®’. The return behavior to such specific sites is
called ‘homing’ and has been extensively studied in smaller terrestrial vertebrate species such as birds'*!! and,
to a lesser extent, amphibians'?, mice'*'*, rabbits'®'”, bats'®, and dogs'®. Large terrestrial mammals also show
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good homing abilities™, and some perform seasonal migrations (for example?'). However, spatial movements
of large non-migratory mammals have been subjected to far fewer experimental/manipulative investigations,
probably due to practical issues with their translocation.

Studies across many species suggest that there are species-specific limits of translocation distances beyond
which animals are no longer able to navigate back*”*. These limitations might be associated with the naviga-
tional cues used for homing, which might require familiarity with the environment. Homing abilities outside the
previously visited (i.e. familiar’) area are often termed ‘true navigation, meaning that the animals can extrapo-
late the navigation cues beyond their home range. It is unknown what kinds of sensory mechanisms large ter-
restrial mammals use for their navigation performance. However, in smaller mammals it has been shown that
olfactory”, visual* and magnetic cues”® can be used for orientation. In principle, larger mammals, such as the
red deer (Cervus elaphus), can use all of these cues, if available. However, no direct tests of the cues involved
have yet been performed.

Understanding the homing abilities of larger mammals is important when managing populations, either for
the protection of endangered animals or for game management. For instance, bears are sometimes relocated to
avoid conflict with human settlements, which is considered a better alternative to sacrificing animals*. However,
such efforts are unsuccessful if individuals return to their home sites. Bears can find their way home from up to
100 km?®, which is likely an especially well-developed homing ability for large terrestrial mammals. For white-
tailed deer (Odocoileus virginianus), studies on homing performance showed frequent settlement of the animals
in an area approximately 30 km from the release site?’. For instance, in a study in Illinois of 28 translocated
individuals (distance 10-58 km), only two returned home”. Such studies usually rely on mark-recapture or radio
telemetry, while advancements in remote sensing allow detailed movement monitoring of animals over long
periods due to GPS-assisted tracking. Translocation studies with red deer are still missing, although they show
high site fidelity for their home ranges, regardless of whether they show seasonal migration between home ranges
or whether they remain resident in an area during the year’*, High site fidelity could lead to issues when man-
aging populations because translocations that may be intended to resettle animals can fail if they show homing.
In contrast, well-developed homing abilities may provide us with a study system that can be used to investigate
navigational cues in larger mammals. This might reveal similarities and differences in cue use and integration
based on the scale of migration, for example, a few hundred meters for mice or a few kilometers for deer.

In the current study, we performed translocation experiments with GPS-monitored red deer, followed by
detailed analyses of the homing performance and tracks. We show overall consistent and fast homing behavior,
with most animals returning within days from a 10 km distance.

Methods

Study site and species

Translocation experiments with red deer (Cervus elaphus) were conducted on two different populations in 2019,
2020, and 2021 in the Czech Republic (Fig. 1) at two different locations in West Bohemia. The first was in the
Doupov Mountains, a military training site that is closed to the public and used only for military training, game
species hunting, and forestry. This area spans 331 km?”. The second location was Kladska, which is situated in
the west and consists of a semi-natural coniferous forest. The total area is 140 km? and forest stands are used for
timber production and recreation. Stable deer populations are present at both locations and both are managed
by hunting. In total, we translocated 23 individuals at least once (15 animals in Doupov and eight animals in
Kladska). Thirteen animals were translocated a second time and two animals were translocated a third time. Two
animals were excluded from the analysis: one was killed by wolfs one day after translocation, and for another one
the tracking device was malfunctioning. One animal was male, and the others were adult females. Translocations
took place during early spring from February to April, which is the spring season without large-scale movements,
while the rutting season starts in mid-September and continues until mid-October.

Translocation procedure

Animals were anesthetized using a mixture of Ketamine and Xylazine (3 ml per 100 kg of body mass). The con-
centrations of ketamine and xylazine were 50 mg/ml and 250 mg/ml, respectively. The animals were then secured
in a wooden transport box on the trailer behind a pick-up truck and driven to the release sites (11.9+1.8 km
distance), which were either approximately towards the north (n=4+2), south (n=15+7), or west (n=8) of
the capture location and 12 km away. All individuals were transported in a wooden box developed for animal
transport. The wooden box used for transport included ventilation holes in the lower part of the construction.
The animals were unable to see the outside of the box during transport. The translocation time was less than
90 min. The animals were released from the box after translocation and visually checked by the veterinary staff.
All individuals left the box without injury, and none needed an antidote.

GPS tracking

Red deer individuals were tracked using GPS Vertex Plus collars (Vectronic Aerospace GmbH) (Fig. 2). The total
mass of the collars was 750 g, and their lifetime was approximately 1 year. The collar mass was < 3% of the animal’s
body mass *°. GPS data were retrieved via GSM every 8 h and stored on servers. The frequency of GPS fixes was
set to 30 min intervals and the collars included a VHF drop-off mechanism (Vectronic Aerospace GmbH) for
non-invasive collar release after the end of the project or before the end of the battery lifetime.

Track analysis
For the aim of this study, we defined all animals that reached or crossed a circle of 1 km radius around their
capture location within 180 days after translocation as “homed successfully” and animals that did not reach
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Figure 1. Map with all release sites and respective goals (homes) in Location Kladska (A) and Doupov (B)*.

this criterion as “did not home”. This does not necessarily mean that animals defined as “did not home” did not
home at alater time point.

For all animals (“all together”, “homed successfully” and “did not home”) we calculated the homeward bear-
ings at a distance of (at least) 100 m, 500 m, 1 km and 5 km from the release location. The bearings were calcu-
lated as the angle of the vector between the release location and the closest GPS fix after individuals crossed the
respective distance mark. For this analysis, we used the recently described MANOVA approach®. We used the
animals’ ID as a random error term (intercept) in the mixed-effects MANOVA model to account for the repeated
testing of individuals (we only applied this approach to distributions with at least five bearings). This approach
was used to circumvent non-independence issues caused by animal retesting. Our aim was to test whether
animals orient more strongly towards home with increasing distance from the release location. The idea behind
this analysis was that a deer might, at first, disperse in a random direction when released after re-orienting itself
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Figure 2. Translocated female red deer (Animal ID 105) were equipped with a GPS collar.

and then following a homeward direction. Circular plots were generated using the wrapper function presented
in Pail et al.”!, which is based on the plot.circular function from the circular package in R?.

To analyze the different homing segments for all deer that homed successfully, we used the approach described
by Lavielle™*, using the function lavielle.ltraj from the R package adehabitatLT*. In this approach, a track is
partitioned using a contrast function, in which we set the minimum length of a segment to four, used four as the
maximum possible segments, and set the type of segmentation to “mean’, following the suggestions by Calenge®.
We then applied the chooseseg function to determine the optimum number of segments for individual tracks. In
the final step, we applied the findpath function to divide the tracks into the suggested segments; this was only
done if more than one segment was suggested from the chooseseg function. For each segment in each track we
calculated the average speed, straightness (as the standardized vector length ‘r’) and proportion of entire track.
We also correlated the number of days required for homing with the number of trajectory segments using the
cor. test function.

Ethical approval

Red deer trapping was implemented in accordance with the decision of the Ethics Committee of the Ministry of
the Environment of the Czech Republic (number MZP/2019/630/361). This study was conducted in compliance
with the recommendations of the ARRIVE guidelines. The trapping and handling protocol was approved by the
ethics committee of the Ministry of the Environment of the Czech Republic, and we confirm that the experiment
was performed in accordance with the relevant guidelines and regulations.

Results

Ofall deer translocations 89% (31 of 35) ended with successful homing, i.e., returned back to the capture location
in a vicinity of a 1 km radius within 180 days (see Supplementary Information: Overview_Table_S1.pdf, tracks
can be found in Tracks_All_animals.pdf and Tracks_homed.pdf supplementary files). Of the four translocations
without homing, two were individuals that had been translocated the second time. Of all individuals, 19 homed
at least once, and two did not.

The median homing time was 4.75 days (range 1.23-100 days) (Fig. 3).

The initial orientation (100 m) of deer that homed successfully was significantly directed towards the home
direction (Fig. 4, MANOVA tables in Supplementary Information: MANOVA _results_tables.pdf). The subse-
quent orientations at distances of 500 m and 1 km from the release site were randomly oriented, whereas at a
distance of 5 km, the animals were again oriented towards home. As only four releases were included in the
analyses that did not include home, we did not perform a statistical analysis. However, the general patterns,
especially for the initial homeward trend, appeared comparable to those of the animals that did home. When
taken together, the orientation at a distance of 500 m showed a weakly significant homeward vector (Fig. 4B).

The segmentation algorithm resulted in 10 trajectories that were not split up (i.e., one segment for the entire
track, herein assigned to segment 1), 10 trajectories were split into two segments (assigned to segments 1 and
2), and 11 were split into three segments (Fig. 5). None was split into four segments (the highest segmentation
possible in our analysis). The general trend for the trajectories showed that the animals had lower average speed
and straightness in segment 1 than in segment 2, and lower values in segment 3 (Fig. 5). In contrast, the relative
proportion of segments (i.e., the relative proportion of each segment on the entire trajectory) showed the opposite
trend (lower proportion in segment 2 than in segments 1 and 3). The two animals with directly opposite trends
consisted of only two segments, suggesting that they might belong to segments 2 and 3 compared with the other
animals (i.e., missing segment 1). Our results show a possible separation in three phases of homing, which could
be classified as an initial exploration of the release site, a faster homing phase, and a (possible) exploration close
to the home site, until our criteria of a 1 km radius around the release site were met. The number of days the
animals needed home was significantly negatively correlated with the number of segments (Pearson’s product-
moment correlation: —0.45, t= — 2.7195, df =29, p-value =0.011); that is, animals that needed longer were more
likely to be classified into fewer segments using our segmentation algorithm.
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Figure 3. The frequency distribution of deer homing times (in days) is shown in a histogram. The median
homing time (4.75 days) is indicated by a red dashed vertical line.

Discussion

Our study showed the excellent homing abilities of red deer when translocated by approximately 11 km. This is
surprising, as the selected release sites may be beyond the home ranges of the investigated deer, suggesting that
the individuals likely navigated homewards from a novel location. Interestingly, the initial orientation at the
release sites was significantly oriented towards the animals’ homes. This may suggest good navigational capabili-
ties, potentially based on a global map cue, such as a magnetic or olfactory internal map***, Alternatively, deer
may have a very large area of familiarity and used familiar landmarks (e.g., visual cues) to orient towards home
or perceived some salient visual or olfactory cues directly from the home area. While we cannot exclude the
possibility that deer path-integrated the way back to their home location, using the information they memorized
during the translocation, this is highly unlikely. They were anesthetized during at least part of the translocation
and could not see out of the transport box while being transported at higher speeds that they usually experience.

After this initial orientation, the animals appeared to explore their release areas before starting their journey
home. This is again exemplified by the highly significant homeward orientation at a distance of 5 km from the
release site. Overall, the homing abilities of red deer appear to be better than those of white-tailed deer, at least
according to the available literature, where the latter species failed to return from comparable distances in many
cases (c.f.20).

Despite considerable variation, homeward navigation contains repeatable features among some individuals.
There often was a first ‘exploratory phase’ immediately after release which is recognizable by its more irregular
and slower movement. The animals then started the homing phase, and these trajectories were characterized by
straight and fast movements. Close to home, there often was a final ‘arrival phase’ where the animals are again
moving slower and less straight. Typically, the homing phases are shorter than those of the other two (first and
third segments). Two animals did not show the initial exploration phase and started immediately with the homing
phase, and 10 animals did not show discrete phases according to our classification algorithm. The arrival phase
appeared in 11 of the animals and might only be entered when the animals miss the goal or if they assume they
have reached ‘home’ The longer the animals needed to reach home, the fewer phases the classification algorithm
detected. This is possibly because they never entered the homing phase and slowly wandered towards home,
never transitioning into a fast and straight movement.

Interestingly, our results are comparable to pigeon homing analyses, which also showed an initial phase with
an individual variable duration and a homing phase with steeply increased steadiness (i.e., straightness)*. This
suggests a common mechanism underlying the navigational process, presumably related to the cues used for
homing, as well as the individuals’ motivational state. In pigeons, studies have shown the importance of the hip-
pocampus in navigational tasks**-*2, a brain structure that is also important in mammal navigation**. It is very
likely that further investigation would find comparable neuronal processes underlying these strikingly similar
behavioral patterns.

It would be highly interesting to gain further insights into the specific behavior of the animals during the
identified homing phases. Furthermore, exploring what happens when they do not home could provide insights
into the navigation cues that deer use. For instance, electromagnetic anomalies, obscured sun (cloud cover), or
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Figure 4. The bearings relative to the goal direction at a radius of 100 m (A,E,I), 500 m (B,EJ), 1000 m
(C,G,K), and 5000 m (D,H,L) around the release location for all trials (purple dots, A-D), trials where animals
homed successfully (black dots, E-H), and trials where they did not home (red dots, I-L). The mean vectors
are shown as solid lines with arrowheads, whereas the length corresponds to the r-value of the mean vector.
Bootstrap confidence intervals (dashed lines) around the means were calculated for significant distributions
according to the MANOVA approach (for all distributions with a minimum sample size of five).

wind from directions other than home (lacking home odors) could interfere with homing abilities and either
delay homing or impede homing during the time interval we considered homing. Manipulating the sensory
environments of the release sites could be an option for discerning the sensory mechanisms used for homing
(e.g., radio-frequency noise to disrupt the magnetic sense (c.f.'*)). This is possible because the initial orientation
of the animals corresponded well with their direction towards home. In conclusion, we provide evidence for
the excellent homing abilities of red deer, which fits well with the homing behavior found in other animals (e.g.,
well-studied pigeons). Further studies regarding sensory cues and behavioral switches along the route would be
a fruitful endeavor for the future.
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Figure 5. 'The trajectory segments based on the Lavielle segmentation (Segment 1 to Segment 3, labeled S1 to
$3) compared the average speed (A), straightness of the tracks (using the standardized vector length r, B), and
relative proportion of the segments in comparison to the overall trajectories (C).

Data availability
The datasets used and analyzed during the current study are available from the corresponding author upon
reasonable request.
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5.3.2. Publikace ¢. 6 — Impact of winter enclosures on energy expenditure
and movement acivity of european red deer

Posledni védeckou publikaci této disertacni prace je studie zaméfena na vyhodnoceni
vhodnosti managementu pfezimovacich obtirek pro jeleni zvét v oblastech stfedni Evropy.
Vysledky pochazeji z biologging data ziskanych pomoci vyse zminované hybridni technologie,
kdy byla pouzita akcelerometricka data z obojku umisténych na jedincich jelena evropského
(Cervus elaphus) v oblasti Doupovskych hor. V pribéhu dvou let doslo k zisku dat od
oznaCenych jedincii, ktefi alesponn Cast zimniho a jarniho obdobi travili uvnitf sezonni
pfezimovaci oburky. V porovnani s daty od jedincti mimo piezimovaci oblrky v témze obdobi
doslo signifikantnim zménam ve spotiebé energie, ktera byla definovana pomoci parametru
VeDBA (Vectoral Dynamic Body Acceleration). Poznatky studie pfinasi nahled na vhodnost
managementu jeleni zvéfe v pfezimovacich oburkach v oblastech s moznym rizikem vzniku

Skod na lesni hospodaiskych porostech.
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Abstract

The management of red deer enclosures, combined with supplementary feeding, can reduce
the energy expenditure of confined animals. These enclosed individuals minimize their spatio-
temporal movement and energy usage during their time inside the winter enclosure compared
to those living in free range during the same period. The datasets used in this study were
based on biologging technology. All measured animals (n=11) were equipped with GPS
collars and Daily Dairy sensors to record Vectorial Dynamic Body Acceleration (VeDBA).
The study revealed differences in the daily summary and daily mean of VeDBA parameters
between enclosed and free-living animals in the study area. Energy expenditure was similar
for both groups only at the moment of winter enclosure release. After the enclosure was
opened, the released individuals increased their movement and energy expenditure. The use of
winter enclosures for red deer management can reduce animal movement and minimize

potential damage to young forest stands and seedlings. The opening of the winter enclosure
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must be synchronized with the availability of natural food resources in the locality. The
management of winter enclosures should be carried out with a system of supplementary

feeding inside.

Key words

winter enclosure, spatio-temporal activity, movement ecology, Cervus elaphus, red deer

Introduction

In recent decades, Europe has experienced an increase in both the abundance and
geographical range of ungulate game populations (Carpio et al., 2021; Heurich et al., 2015;
Valente et al., 2020; van Beeck Calkoen et al., 2023). This growth is attributed to climate and
environmental changes, and the limited presence of large carnivores has left ungulate
populations primarily regulated by food availability and hunting (Heurich et al., 2015; Kuijper
et al., 2013; Martin et al., 2020). Hunting has become a major method for managing these
populations, but its effectiveness varies based on effort, legislation, and hunting philosophies
(Bischof et al., 2012; Heurich et al., 2015; Jarnemo & Wikenros, 2014; Linnell et al., 2020;
Most et al., 2015). The management of deer populations in European forests presents a
complex challenge, balancing ecological integrity with conservation and human interests.
This usually relates to the state of the environment and especially to the economic damages
caused to forests. Their management then includes many activities, which usually relate to
supplementary feeding or hunting. In connection with red deer, so-called winter enclosures
are often used. In Europe, this is a common practice based on enclosing wild animals in
fenced areas of relatively small size (units, max. lower tens of hectares), where the animals
are dependent only on food provided by humans. Enclosures are usually closed from the
beginning of January to the end of April, i.e., during the period of the most frequent forest
damage. This activity likely significantly affects their spatial and behavioral ecology by
determining resource allocation and movement barriers. In protected areas, they prevent forest
damage and support biodiversity conservation during critical seasons (Riesch et al., 2019). In
hunting areas, the management supports population productivity, winter survival, density, and
trophy quality (Carpio et al., 2021; Putman et al., 2004). One key aspect of this challenge is
understanding the energy requirements and spatial activity patterns of deer across different

seasons (Apollonio et al., 2017).
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European red deer (Cervus elaphus), especially in winter and spring, exhibit a variety of
spatial activities and energy requirements due to changes in environmental conditions and
resource availability (Berger et al., 2002; Luccarini et al., 2006; Nahlik et al., 2009). Winter
represents a significant energy restriction as deer have to move in the snow, face low
temperatures, and cope with reduced forage quality and accessibility. In contrast, spring
increases deer activity as they exploit the abundance of new vegetation and improved weather
conditions (Bobek et al., 2016; Mysterud et al., 2001). Forage availability and distribution
influence home range sizes due to climate change (Bobek et al., 2016; Van Beest et al., 2011),
predator presence, or hunting season (Jarnemo & Wikenros, 2014). Other factors affecting
home range size include age, sex, migratory strategies, supplemental feeding, and human
disturbance (Borger et al., 2006; Luccarini et al., 2006; Mysterud et al., 2001; Reinecke et al.,
2014). Red deer show significant variation in home range sizes across Europe (Jan F. Kamler
et al., 2008), up to over 5000 ha seasonally (Nahlik et al., 2009), and to over 7000 ha annually
(Zlatanova et al., 2019) depending on body mass due to higher metabolic needs (Makarieva et
al., 2005; McNab, 1963). Spatial movement tends to be lower in resource-rich habitats, where

nutritional gains are high, and travel costs are low (Borger et al., 2008).

Therefore, supplementary feeding can modify red deer spatial behavior, leading to smaller
home ranges and changes in foraging habits and migrations (Felton et al., 2022; Jerina, 2012;
Putman et al., 2004). Moreover, intensive feeding strategies mainly cause deer to establish
home ranges near feeding sites, an effect intensified when natural resources are limited. This

local aggregation increases pathogen transmission risks (Sorensen et al., 2014).

High deer densities lead to over-browsing, negatively affecting forest regeneration and
biodiversity (Carpio et al., 2021; Cermak et al., 2004; Linnell et al., 2020; Valente et al.,
2020). The effect of deer on woodland vegetation has resulted in significant changes in forest
stand structure, composition, and stability (Gill & Beardall, 2001). The most known impact of
red deer damage is browsing on young trees, which changes the stand structure and species
composition and affects woodland development (Cermék et al., 2004; Cukor et al., 2022;
Felton et al., 2022). Additionally, bark stripping is another severe damage that directly
impacts the radial growth and productivity of affected forest stands (Cukor et al., 2019; Vacek
et al., 2020).

Current advances in biologging technology and analytical methods provide an optimal

solution for the precise recording of animal behaviors in the wild. These tools allow for non-
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invasive, long-term monitoring without the need for direct observations (Wilson et al., 2014).
Biologging devices, such as GPS collars with accelerometers and magnetometers, enable
continuous monitoring of animal movement and behavior, providing high-resolution data on
spatial use and activity levels (Kirchner et al., 2023; Nathan et al., 2012; Williams et al.,
2020).

In this study, we employ such technology to monitor the movement and energy expenditure of
red deer, with a specific focus on the VeDBA (Vectorial Dynamic Body Acceleration)
parameter (Wilson et al., 2019). Calculation works with raw acceleration excluding the

gravitational component; VeDBA = Ax2+Ay2+Az2

where Ax, Ay, Az are the dynamic components of each acceleration axis (Williams et al.,
2020). This metric offers a detailed quantification of energy expenditure through the
measurement of animal acceleration, providing a proxy for movement intensity and overall
activity (Qasem et al., 2012; Wilson et al., 2014). Energy expenditure is a useful tool to
measure the cost of specific activities that have a direct impact on fitness and natural

selection, such as foraging, sleep, or movement (Gallagher et al., 2017; Qasem et al., 2012).

This study addresses a fundamental question: does the confinement of deer into seasonal

enclosures reduce their movement and consequently their energy expenditure?

Material and methods

Study site and species

European red deer (Cervus elaphus), especially in winter and spring, exhibit a variety of
spatial activities and energy requirements due to changes in environmental conditions and
resource availability (Berger et al., 2002; Luccarini et al., 2006; Nahlik et al., 2009). Winter
represents a significant energy restriction as deer have to move in the snow, face low
temperatures and cope with reduced forage quality and accessibility. In opposition, spring
increases deer activity as they exploit the abundance of new vegetation and improve weather
conditions (Bobek et al., 2016; Mysterud et al., 2001). Forage availability and distribution
influence home range sizes due to climate change (Bobek et al., 2016; Van Beest et al., 2011),
predator presence, or hunting season (Jarnemo & Wikenros, 2014). Also, other factors affect
home range size including age, sex, migratory strategies, supplemental feeding, and human
disturbance (Borger et al., 2006; Luccarini et al., 2006; Mysterud et al., 2001; Reinecke et al.,

2014). Red deer show significant variation in home range sizes across Europe (Jan F. Kamler
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et al., 2008), up to over 5000 ha seasonally (Nahlik et al., 2009), and to over 7000 ha annually
(Zlatanova et al., 2019) depending on body mass due to higher metabolic needs (Makarieva et
al., 2005; McNab, 1963). Spatial movement tends to be lower in resource-rich habitats, where

nutritional gains are high, and travel costs are low (Borger et al., 2008).

Therefore, supplementary feeding can modify red deer spatial behaviour, leading to smaller
home ranges and changes in foraging habits and migrations (Felton et al., 2022; Jerina, 2012;
Putman et al., 2004). Moreover, intensive feeding strategies mainly cause deer to establish
home ranges near feeding sites, an effect intensified when natural resources are limited. This

local aggregation increases pathogen transmission risks (Sorensen et al., 2014).

High deer densities lead to over-browsing, negatively affecting forest regeneration and
biodiversity (Carpio et al., 2021; Cermak et al., 2004; Linnell et al., 2020; Valente et al.,
2020). The effect of deer on woodland vegetation has resulted in significant changes in forest
stand structure, composition, and stability (Gill & Beardall, 2001). The most known impact of
red deer damage is browsing on young trees, which changes the stand structure and species
composition and affects woodland development (éermék et al., 2004; Cukor et al., 2022;
Felton et al., 2022). Also, bark striping is another severe damage that directly impacts the
radial growth and productivity of affected forest stands (Cukor et al., 2019; Vacek et al.,
2020).

Current advances in biologging technology and analytical methods provide an optimal
solution for the precise recording of animal behaviours in the wild. These tools allow for non-
invasive, long-term monitoring without the need for direct observations (Wilson et al., 2014).
Biologging devices, such as GPS collars with accelerometers and magnetometers, enable
continuous monitoring of animal movement and behaviour, providing high-resolution data on
spatial use and activity levels (Kirchner et al., 2023; Nathan et al., 2012; Williams et al.,
2020).

In this study, we employ such technology to monitor the movement and energy expenditure of
red deer, with a specific focus on the VeDBA (Vectorial Dynamic Body Acceleration)
parameter (Wilson et al., 2019). Calculation works with raw acceleration excluding
gravitational component; VeDBA = m where Ax, Ay, Az are the dynamic
components of each acceleration axis (Williams et al., 2020). This metric offers a detailed

quantification of energy expenditure through the measurement of animal acceleration,
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providing a proxy for movement intensity and overall activity (Qasem et al., 2012; Wilson et
al., 2014). Energy expenditure is a useful tool to measure the cost of specific activities that
have a direct impact on fitness and natural selection, such as foraging, sleep or movement

(Gallagher et al., 2017; Qasem et al., 2012).

This study addresses a fundamental question: does the confinement of deer into seasonal

enclosures reduce their movement and consequently their energy expenditure?

Material and methods

Study site and species

The red deer (Cervus elaphus) enclosure management were conducted in the years 2019, 2020
and 2021 in the Czech Republic (Table 1). This study was realized in a state military training
site which is closed for public and used only for military training, game species hunting and
forestry. This location is situated at the Doupov and the area includes 331 km?. The red deer
populations are managed by hunting for decades and the populations is stable. We chose 11
individuals in two seasons during the years 2019 and 2020 for this experiment and collected
the spatial and movement data about. We used the winter enclosure (area 20 hectares) for this
experiment. The winter enclosure is fenced area including pasture, bushes, forest stands and
supplementary feeding sites inside. The enclosure is usually closed and managed by
supplementary feeding since beginning of January until the end of April. The red deer
individuals are able to jump inside the enclosure based on their decision during the managed
season thru the one-way-entrance, but they are not able to go out until the managed opening

time.
Collaring

The immobilization for tagging were done by using the mixture of Ketamine and Xylazine
then the individuals were tagged by GPS collar including the biologging sensor and battery.
Animals handling was realized in accordance with the decision of the ethics committee of the
Ministry of the Environment of the Czech Republic number MZP/2019/630/361 which

approved the procedures.
Data recording and tracking

We observed the red deer individuals by using GPS Vertex Plus collars (Vectronic Aerospace
GmbH). The total weight of the collar was 750g and the lifetime was app. 1 year. The collar

mass was lower than 3% of the animal’s body mass (Wilson 2021). The biologging data were
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191  recorded onboard SD cards with 16GB capacity. These data were downloaded after one year
192  of observations when the animal was re-collared by the new GPS collar and new biologging
193  tag. Once we had the collar back with one-year dataset we downloaded the biologging data.

194  We also collected the GPS data in interval of 30 minutes during the observation period. The

195  GPS data were updated remotely online on the server as a package of 8 hours-dataset.

196  Based on the GPS data we described the period when the individual was situated inside the
197  winter enclosure and when the individual was released (direct management release) or

198  escaped (not direct management release). We marked the time sequences inside the

199  biologging data and used the information about spatial status as a factor for following

200 analyses. In total we have data of 11 individuals and for 5 of them we were able to collect
201  second season of tracking. The data of 8 individuals were recorded when the animals was
202  inside the winter enclosure. The 3 individuals did not come inside the winter enclosure but
203  were in close distance around. For all animals we have spatial and movement data from free
204  range period. The 2 of 5 individuals were recorded two times inside the winter enclosure in
205 the second year (Table 1). The winter enclosure was closed from 4/1/2019 until 29/4/2019 and
206  from 28/1/2020 until 30/4/2020.

207  Table 1. Overview of collared red deer individuals

Animal ID Time period Data status Sex Year
107 01/04/2020 — 30/06/2020  Inside F 2020
120 04/04/2020 — 30/06/2020  Inside F 2020
117 12/03/2020 — 30/06/2020  Inside F 2020
115 22/03/2020 — 07/04/2020  Outside F 2020
108 28/03/2020 — 30/06/2020  Inside F 2020
137 26/04/2020 — 30/06/2020  Inside F 2020
135 20/03/2020 — 30/06/2020  Inside F 2020
133 26/04/2020 — 30/06/2020  Inside F 2020
104 21/04/2020 — 30/06/2020  Outside F 2020
96 02/04/2020 — 30/06/2020  Outside F 2020
151 30/03/2019 — 30/06/2019  Outside F 2019
120 02/04/2019 — 30/06/2019  Outside F 2019
117 27/03/2019 — 30/06/2019  Outside F 2019
115 27/03/2019 — 30/06/2019  Outside F 2019

106.
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108 31/03/2019 —30/06/2019  Inside F 2019
107 28/03/2019 —30/06/2019  Inside F 2019

Data analyses

The biologging data were analyzed by daily summary of VeDBA values to evaluate the
overall daily activity over 24 hours and by VeDBA sums in 60-minute intervals to assess
activity in different parts of the day. The data were tested for normality, and differences were
subsequently tested using one-way ANOVA followed by Tukey’s post-hoc test to determine
differences between individual groups. A t-test was used to evaluate differences between two
groups where applicable. The data were processed using Statistica, MS Excel, and R Studio.
The ggPlot package was used for data visualization. For data comparison, we used the control
period method (Bil et al., 2018), where the control period was the time after the animals were
released from the winter enclosure. Additionally, animals permanently living outside the

winter enclosure were used as a control group.
Results

Total Daily Energy Expenditure

When comparing the total daily sum of VeDBA between animals that lived inside the winter
enclosure and those outside (Fig. 1), a statistically significant difference was found only in
March (t=6.181; p=0.000). During this period, the activity of animals in the winter enclosure
was significantly lower compared to those living in the wild. The average VeDBA value for
animals outside the winter enclosure was 4,473 + 496, while for those inside the enclosure it
was 107,615 = 11,807. In April, the activity of both groups of animals equalized, and there
was no statistical difference between them. The average VeDBA sum for animals in the wild
in April was 114,679 + 20,075, while for those in the enclosure it was 108,101 £ 35,905.
However, the data variability for animals in the winter enclosure was very high, both in
March and especially in April. The daily maximum VeDBA values for both groups in April
were similar (13,341 and 13,703, respectively), but the minimum values for animals in the
winter enclosure (43,238) were significantly lower compared to those living in the wild
(min=93,042). The higher variability in the total daily VeDBA values for animals in the
enclosure is also confirmed by the quartiles, which are almost twice as high as those for

animals living in the wild (see Fig. 1). After the release of individuals from the winter
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enclosure, the daily energy sums were almost identical, and there were no differences between
the two groups, with average daily VeDBA sums ranging from 94,414 + 15,104 to 97,763 +
13,353. When comparing the total daily VeDBA sum across individual months, April was
statistically significantly different (36.893; p=0.000) from other months for animals living in
the wild throughout the observation period, unlike animals from the winter enclosure, where
their total daily activity differed statistically each month, with the highest again in April
(F=20.415; p=0.000).
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Fig.1. Daily sum of VeDBA for the animals which did not visit the winter encloser during
March and April (OUTSIDE ENCLOSER) and for those who visited the encloser and were
closed inside during March and April (INSIDE ENCLOSURE). Boxplots show the median
values (middle bar in rectangles), upper and lower quartiles (length of rectangles), and

maximum and minimum values (whiskers).

Some of the animals escaped from the winter enclosure during the period it was closed, and
their activity significantly increased after leaving the enclosure, both in March and April (Fig.
2). This differs from the animals that remained inside and those that lived in the wild (March:

F=44.415; p=0.000; April: F=4.897; p=0.007).
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Fig.2. Daily sum of VeDBA for the animals which escaped from winter encloser during
March and April (OUT); were closed inside (IN) and lived outside all the time). Boxplots
show the mean values (middle bar in rectangles), standard error (length of rectangles), and

95% confidence intervals values (whiskers).

It appears that the period of release from the winter enclosure represents a significant moment
for the animals. When evaluating the activity 15 days before and 15 days after the release, the
activity 3 days before the release differed significantly from all other days (F=3.947,
p=0.001). The VeDBA values increased significantly during these three days and returned to

normal immediately after the release from the winter enclosure (Fig. 3).
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Fig. 3 Daily sum of VeDBA for the animals 15 days before (-5 to -1, 1 step= 3 days) and 15
days after releasing from encloser (1 to 5) - red line and control group which were the same
period outside (blue line) . Boxplots show the mean values (middle bar in rectangles),

standard error (length of rectangles), and 95% confidence intervals values (whiskers)

Daily Activity Pattern

The daily activity pattern of individuals in the winter enclosure shows no deviations from the
daily activity pattern of deer living in the wild (Fig. 4). The peak activity occurs at sunrise and
sunset. The lowest activity is shortly after midnight and then during the midday hours.
Activity then gradually increases, reaching its peak during sunset. In March, it is evident that
the highest activity is observed in individuals that left the winter enclosure, followed by those
living in the wild, and the lowest activity is seen in individuals confined to the winter

enclosure.
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Fig. 4 Hourly Sum of VeDBA during the day (24 hours) in different months.

Discussion

The activity of red deer throughout the year (seasons) and also during the day (24-hour cycle)
has most often been evaluated using movement data, specifically based on the distance
traveled during individual time intervals (Pépin et al., 2009; Georgii, 1980; Copes et al., 2017;
Nahlik et al., 2009; Papon et al., 2013), or using activity sensors that measure activity over
longer periods (Ensing et al., 2014; Lottker et al., 2009; Sunde et al., 2009). In recent years,
high-speed accelerometers have been increasingly used to estimate energy expenditure — the
so-called VeDBA (Goncalves et al., 2024; Benoit et al., 2020; Mortlock et al., 2024).
Estimating activity based on locomotion (i.e., distance traveled) is still the most common tool
for evaluating activity. It is based on the assumption that locomotion causes a significant

12

111.



298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331

increase in energy expenditure and is much more energetically demanding than other types of
behavior (Hudson, 1985). Therefore, most studies based on GPS telemetry report activity as
the distance traveled between two GPS points. In this context, we hypothesized that
individuals confined to the winter enclosure would have significantly lower energy
expenditure than those living in the wild, primarily due to their limited movement. This
hypothesis was confirmed for March but not for April. This likely relates to the increasing
temperatures, which cause increased activity in cervids (Kamler et al., 2007). This is also
confirmed by the research of Pépin et al. (2006), which showed increasing activity during
spring and summer in captive red deer hinds, and by Reimoser et al., who confirmed
increased heart activity from April to July, likely related to pregnancy and care for offspring.
This suggests that increased energy expenditure is indeed dependent on general seasonal
changes in the environment, and the confinement of wild animals in the winter enclosure does
not significantly affect these processes.

We also expected that the daily activity pattern of animals confined to the winter enclosure
would change significantly. Red deer living in the wild most often exhibit a circadian rthythm
of activity, which is usually caused by anthropogenic pressure (Ensing et al., 2014; Vazquez
et al., 2019; Hazlerigg and Tyler, 2019). This is confirmed by a study from the Bialowieza
Forest, where anthropogenic disturbance is minimal, and deer exhibited this rhythm only in
winter, unlike the rest of the year (Kamler et al., 2007). In our study, the daily rhythm of
individuals confined to the winter enclosure did not change and was consistent with the daily
rhythm of deer in the wild. It is therefore evident that deer confined to the winter enclosure
retain their daily cycles observed in the wild, and that confinement does not significantly
reduce their wariness — i.e., their activity remains minimal during the day. The fact that the
daily rhythm and behavior do not change significantly after confinement could be evidence of
high welfare, indicating that wild animals do not suffer from being confined to the winter
enclosure.

We observed a change in behavior only shortly before the individuals were released back into
the wild. There was a significant increase in activity and thus energy expenditure in the last
three days before release. This increase in activity just before release could be an indicator of
how to maintain high welfare and could serve as a tool for determining when to release the
animals back into the wild. According to a series of interviews with workers who care for
animals in winter enclosures, the timing of release back into the wild is variable, and they
usually recognize when the confined animals “want to go out” by observing changes in

behavior, such as running around the fence and being significantly more restless than before.
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It is therefore evident that their field observations and experience are based on real behavioral
changes, which we confirmed. Therefore, long-term observation of individuals in winter
enclosures is important for their welfare and maintaining natural rhythms as wild animals.
The increase in activity could be one of the indicators of when it is necessary to release the

animals.

Conclusion

Our study demonstrated that red deer within winter enclosures exhibited significantly lower
energy expenditure and reduced movement compared to those in free range, particularly in
March. The average VeDBA values for deer inside the enclosures were substantially lower
than those for free-ranging deer, indicating reduced activity levels. This suggests that the
confinement within enclosures, combined with supplementary feeding, effectively limits the

deer’s need to move extensively in search of food, thereby conserving their energy.

However, this difference in energy expenditure diminished in April as temperatures rose,
suggesting that seasonal changes influence deer activity regardless of enclosure status. The
increased temperatures likely lead to higher metabolic rates and greater activity as deer

prepare for the more active spring and summer months.

Additionally, deer released from the enclosures showed a marked increase in activity and
energy expenditure just before and after release. This spike in VeDBA values highlights the
importance of timing the release to coincide with the availability of natural food resources.
Proper timing ensures that the deer can transition smoothly back to free-ranging conditions
without experiencing undue stress or energy deficits, which is crucial for their welfare and for

minimizing potential damage to forest vegetation.

The use of winter enclosures, combined with supplementary feeding, effectively reduces deer
movement and potential damage to young forest stands and seedlings during periods of low
natural food availability. By concentrating deer in specific areas and providing consistent food
sources, the enclosures help mitigate the negative impacts of over-browsing and bark

stripping on forest regeneration.
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Synchronizing the opening of enclosures with the availability of natural food resources is
crucial for maintaining deer welfare and minimizing their impact on the environment. This
approach not only supports the health and well-being of the deer but also protects forest

ecosystems from excessive damage during critical periods of growth and recovery.

Overall, our findings suggest that winter enclosure management, when properly timed and
supplemented with adequate feeding, can be an effective strategy for balancing the needs of
wildlife conservation and forest management. Future research should continue to explore the
long-term impacts of such management practices on both deer populations and forest health to

refine and optimize these strategies further.
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Figure 7. Female red deer with GPS collar.

Figure 8. Detail of the used GPS collar including biologging sensor.
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Figure legends:

Table 1. Overview of collared red deer individuals

Figure 1 — Box plot of Daily mean VeDBA values of all individuals inside = 1 and outside= 0

of the enclosure

Figure 2 — Box plot of Daily Sum VeDBA values of all individuals inside = 1 and outside= 0

of the enclosure

Figure 3 — Box plot of Daily sum VeDBA values of all individuals inside = 1 and outside= 0

of the enclosure classified by months.

Figure 4 — Box plot of Daily mean VeDBA values of all individuals inside = 1 and outside= 0

of the enclosure classified by months.

Figure 5 — Box plot of Sum VeDBA values of all individuals inside = 1 and outside= 0 of the

enclosure classified by hours.

Figure 6 — Box plot of Mean VeDBA values of all individuals inside = 1 and outside= 0 of

the enclosure classified by hours.
Figure 7. Female red deer with GPS collar.

Figure 8. Detail of the used GPS collar
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6. Diskuse
6.1. Hybridni GPS-Biologging technologie

Biotelemetrické systémy pro studium pohybu a chovani ozna¢enych zvifat se ukazaly jako
velmi vykonny nastroj pro detailni klasifikaci jednotlivych typt chovani, rekonstrukci pohybu
ve vysokém rozliSeni a ekologii danych druhd. Ziskani technologie zalozené na systému
obojku, ktera umoznuje vybavenost pomoci citlivych senzort, a Ize nastavit jeji pouZiti pro
nékolik zivocisnych druht a pro riznorodé studie, je cenné zjisténi z né¢kolika divodu, véetné
toho, ze neni nutné vyvijet druhové specifickd zatfizeni a testovat jejich pouzitelnost a presnost
ziskanych dat pro kazdy typ studie. Vyvinuté hybridni zatizeni obsahujici GPS systému, tfiosy
akcelerometr a magnetometr slouzi ke sbéru standardizovanych dat a mize byt vyuzito napfic
sirokou Skalou zivodichi a vyzkum na nich provadénych (Bidder et al., 2015b). Vliv
sledovaciho zafizeni na oznaceného jedince muze mit n€kolik podob. Ovlivnén muize byt
ptirozeny pohyb zvitete vlivem atypického pohybu sledovaciho zatizeni, coZ miiZe vést k chybé
zaznamu dat, které budou fadn¢ zaznamenana, ale z nestandartniho pohybu jedince (Bodey et
al., 2018). Jednim z piimych aspektt, ktery toto tvrzeni doklada, je napiiklad zvyseny krevni
tlak u sledovanych jedincu. Dalsi fyzicka ijma u oznacenych zvifat mize nastat, pokud jsou
mezi oznacenymi jedinci dospéli nebo potomci v piimé vazb¢ na rodiCe, kteti musi vynalozit
vys$si usili ke shanéni potravy a vyrovnani energetickych narokt pramenicich z interference
sledovacich zatizeni (Pakanen et al., 2020; Saraux et al., 2011; R. P. Wilson et al., 2015). Toto
je velmi ¢asto jednoduchym divodem zaznamenanych zvySenych energetickych narokd na
pohyb nebo naopak snizeného vykonu oznacenych zvifat (Gessaman & Nagy, 1988). Na
zéklad¢ publikovanych vysledkt je doporuceno pouzivani u pomalu se pohybujicich zivocicht,
jakou jsou naptiklad lenochodi nebo koaly, sledovaci zatizeni o hmotnosti 3 — 5% télesné
hmotnosti jedince. Naproti tomu muZze byt 3 — 5% hmotnostni limit pro sledovaci zafizeni méné
vhodny pro rtizné typy predatort z fadu Selem, skdkava zvitata jako jsou klokani poptipadé
kuny nebo samci kopytnikd v pribchu fije. Naproti témto poznatkd byly v ramci studie
rozpoznany dva dulezité trendy — S rostouci velikosti zvifete je klesajici trend v procentech
poméru vahy zafizeni a znaeného jedincem, avSak druhym trendem je stale trvajici oznacovani
malych zivocichl pomoci zafizeni, ktera jsou na hodnoté 3 — 5% jejich télesné hmotnosti,
navzdory tomu, Ze jsou mozné technologie vyuZiti podstatné menSich zatfizeni (Portugal &
White, 2018b). Na zaklad¢ stale se rozvijejici miniaturizace zatizeni, ktera se vyvijeji zejména

Vv zafizenich urcenych pro noseni u lidi, dochazi i k revoluci senzorti pro pouziti na zviratech.
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Naptiklad lidmi pouzivané chytré telefony obsahuji vice nez 10 riznych senzorti schopnych
zaznamu do interni paméti zatizeni pfipadné pomoci pfimému pienosu dat na jina tloziste, a
zaroven dosahuji svoji pramérnou vahou 150 — 200 g ptiblizné 0.2% hmotnosti lidského téla.
Bohuzel nevyhodou téchto lidmi pouzivanych zatizeni vyzaduji velmi ¢asty kontakt se zdrojem
na dobiti energie, zatimco u zvifat je tento krok feseny pouzitim baterii nebo nabijecimi systémy

(Holton et al., 2021b; Pennisi, 2011).

6.2. Pouziti multi-senzorové technologie pro studium detailniho
pochybu a chovani zvirat

Vysledky disertaéni prace potvrzuji vhodnost pouziti biologging senzorii s vysokym
rozliSenim pro vyzkum spanku u divokych zvitat v relevantni ¢asové ose (Y. Y. Watanabe &
Rutz, 2022). Tento zptsob sledovani odhaluje vyznamné a nepiedvidatelné inter a intra-
individualni rozdily v mnozstvi a kvalit¢ kazdodenniho spanku, které pravdépodobné maji
velké dopady na zdravi, kognitivni schopnosti a odezvu na pfirozené a antropogenni stresové
faktory ve volné piirodé. Na rozdil od nazort, Ze spanek ma omezenou plasticitu (Capellini et
al., 2010b; Tobler, 1995), vysledky diserta¢ni prace zalozené na datech z bilogging senzori
ukazuji, Ze spanek je tvofen ménicimi se podminkami prostiedi, které ovliviiuji hlavné
termoregulaci komplexnéjsimi zptsoby, nez se piedpokladalo. Dulezitym poznatkem diserta¢ni
prace je, ze spanek sledovanych zvirat je kratSi, roztfisténéjsi a méné kvalitni pii vysSich
teplotach, coz vedlo ke zkraceni spanku v letnim obdobi o 17 %. Vzhledem ke zminované
dulezité roli spanku v zivoté jedinci je pro jejich zdravi (Besedovsky et al., 2019; Kushida,
2004), globalni oteplovani a zména klimatu s narustem extrémnich vykyva teplot
pravdépodobné ovlivni spanek, potazmo zdravi volné Zzijicich zvifat nepfedvidatelnym
zpusobem, a to zejména nocni zivocichy, jakym je v kulturn€ osidlené krajiné stiedni Evropy 1
prase divoké (Sus scrofa). Tyto skodlivé G¢inky mohou byt prohloubeny vlivem stresovych

faktord zpiisobovanych lidskou aktivitou narusujici spanek zvitat ve volné ptirode¢.

Zaroven tato technologie miiZze byt pouZita vhodné ke stanoveni spotfebované energie a
rychlosti pohybu. V minulosti byly provedeny rozsahlé studie vztahu mezi rychlosti a spotiebou
energie u suchozemskych zvifat, z nichz velka vétSina byla provedena laboratorné na bézicim
pasu, aby se ukazalo, ze vykon roste linearné s rychlosti (Taylor et al., 1970). Prestoze je tento

zpiisob méteni velmi dobfe kontrolovatelny, tak bohuZzel nesimuluje realnou situaci ve volné
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ptirod¢, kdy variabilita topografie povrchu a prostupnost terénem zna¢né ovlivni silu, a tudiz i
samotny vykon pro pohyb (Shepard et al., 2013). Publikované vysledky v disertani praci
prokazuji zna¢ny vliv smérovych obrati v pohybu — trajektorii suchozemskych zvifat na
vynalozenou energii. Na zaklad¢ vysledkt je predikovdano podobné chovani a vysledky u
Iétajicich a vodnich zivocichd. Pokud chceme dale vyvijet modely, které nam maji pomoci
porozumét trajektoriim zvifat v prostiedi, kde se kontinualné¢ méni environmentalni podminky,
a také energetické a behavioralni hodnoty, budeme si muset uvédomit, ze detaily pohybu, jako
jsou naptiklad otoc¢ky a drobné zmény sméru, mohou nékdy zpisobit velké rozdily v pochopeni

pohybovych vzorcu zvitat (Schick et al., 2008).

6.3. Navratove strategie a habitatové preference

Publikované vysledky prokazaly vynikajici navigacni schopnosti jelena evropského
(Cervus elaphus) pii fizené translokaci (pfiblizné 0 11 km mimo domovsky okrsek). Vychazime
Z toho, Ze vybrana mista vypusténi jsou mimo domovské okrsky zkoumanych jelent, coz
naznacuje, ze jedinci pravdépodobné navigovali domil z GpIn€ nového mista. Je zajimavé, ze
pocatecni smérova orientace v mistech vypousténi, byla vyrazn¢ orientovana smérem na
domovské okrsky. To miZe naznaCovat velmi dobré navigacni schopnosti, zalozené
potencialné na globalni mapové paméti, v kombinaci s magnetickou orientaci nebo ¢ichovou
kognitivni mapou (Freake et al., 2006; Gagliardo, 2013). Je pozoruhodné, Ze vysledky
disertacni prace jsou srovnatelné s analyzami u homingu holubd, které také ukazaly pocatecni
fazi s individualné proménnou délkou trvani, a také dalsi fazi navadeéni se strmé zvysujici
ustalenosti pohybu (pfimocarosti homingu) (Schiffner et al., 2018). Toto poznani naznacuje
vyskyt podobného mechanismu, ktery je zdkladem navigaéniho procesu, a pravdépodobné
souvisi s podnéty pouzivanymi pro navigaci, stejné jako motivacni stav jednotlivcd. U holubi
studie prokazaly zna¢nou dulezitost hipokampu v navigaénich ukonech (Bingman et al., 1988;
Bingman & Mench, 1990; Gagliardo et al., 1996), coz je mozkova struktura, kterd je také
dulezita pii navigaci savcu (Poulter et al., 2018). Je velmi pravdépodobné, Ze dalsi vyzkum by
nasel srovnatelné neurologické procesy, které jsou zékladem téchto vyznamné podobnych typt

navigac¢niho chovani, potazmo homingu.
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7. Z:aver a doporuceni pro praxi

Vyzkum a studium prostorové aktivity, samotného pohybu a jednotlivych typi chovani
zvitat je zaloZzeny na datech ziskanych ze standartn¢ vyuzivanych sledovacich zafizeni rtiznych
podob. Tato zafizeni dokazou parcidlné zaznamenavat urcity typ hodnot, které slouzi k dil¢im
analyzam bud’to pohybu nebo chovani. Hybridni GPS-Biologging technologie vyvinutd v ramci
diserta¢ni prace (Painter et al., 2024) poskytuje unikatni feSeni pro dlouhodoby sbér dat
vyuZitelnych pro vétSinu typu studii suchozemskych zvitat. Technologie poskytuje moZnost
zdznamu vysokofrekvenc¢nich dat ze dvou senzorii (akcelerometr a magnetometr) a nasledné
piesné umisténi v prostoru pomoci informace o poloze GPS. Hybridni technologie projevila
vhodnost pouziti pro testované druhy zvéte, jakymi byly jelen evropsky (Cervus elaphus) a
prase divoké (Sus scrofa). Technologie byla testovana a aplikovana pro sledovani vice druhti
zvitat, nicméné tyto dva vysSe zminéné byly dale intenzivnéji popisovany v disertacni préaci.
Vyvinuty hybridni obojek spliiuje vahové kritérium, kdy pii pouziti na jeleni a Cerné zvéfi
dosahuje se svoji hmotnosti vCetné¢ baterie 3% télesné hmotnosti zvifete, coz je obecné
uznavany limit pro sledovaci zafizeni umistovana na téla zivo¢ichu (R. P. Wilson, Rose,
Gunner, et al., 2021b). Dodrzeni parametru 3% télesné hmotnosti sledované¢ho zvifete
prokazuje vhodnost a pouzitelnost hybridniho zafizeni pro studium detailnich funkci pohybu a
chovani, jelikoz oznaceni jedinci by méli prokazovat standartni chovani a sledovaci zatizeni by
pro n¢ nemélo byt limitujici. Samoziejme neni mozné vyloucit vliv sledovaci zafizeni na
fyziologické a behavioralni reakce zvirete, ale obecné¢ by takto lehka zafizeni neméla
zpusobovat signifikantni vliv. Pouze pouziti vhodnych zatizeni, ktera nenarusuji a minimalné
¢i nulové ovlivituji chovani sledovanych zvifat, ndam mohou poskytnout validni data pro

studium a pochopeni behavioralnich reakci a prostorové aktivity zvirat.

Cas, ktery zvifata travi pohybem pii riznych rychlostech a riiznorodé trajektorii pohybu, je
jeden z dalSich parametrli, které ovliviluji vyuziti daného prostoru zvifaty a distribuci jejich
energie (R. P. Wilson, Rose, Metcalfe, et al., 2021). Teoreticky se pfedpoklada, ze vysoka
rychlost otdCeni bude energeticky ndkladna, zejména pii vysokych rychlostech pohybu. To
znamena, Ze zvitata by méla upravovat svou rychlost podle charakteristiky drahy pohybu. KdyZz
se zvifata pohybuji tak, aby maximalizovala vzdalenost, kterou urazi a minimalizovala vydej
metabolické energie, cestuji nejucinngji takovou rychlosti, kterd jim poskytuje minimalni
naklady na pfesun, coz je dobfe definovany bod pro zvitata, kterd se pohybuji ale vyhradné ve

vodé¢. Teoretické ivahy vSak ukazuji, ze suchozemska zvitata by méla cestovat svou maximalni

126.



rychlosti, aby se minimalizovaly ndklady na piesun, coz nedé€laji, misto toho se ptfesouvaji
tempem bézné chize. Vysledky prace ukazuji, ze suchozemska zvifata se mohou snazit
dosahnout minimalnich ndkladi na pohyb snizovanim rychlosti se zvySujici se variabilitou
dréhy, coz poskytuje jedno z mnoha moznych vysvétleni, pro¢ je rychlost pohybu
suchozemskych zvifat mnohem niz$i, nez se v soucasnosti piedpovida na zaklad¢ laboratornich

méteni lokomoc¢ni vykonnosti savct.

DalSim aspektem, ktery byl zaméten na konkrétni typ chovani, a ptinesl vyznamné poznatky
o chovani cerné zvéte, je spanek. Vysledky studie vchazejici z dat vysokofrekvencniho
akcelerometru umisténého na Cerné zvéfi prokazaly silnou interakci mezi spankovymi cykly
(frekvenci, délkou) ve vztahu na teplotu vzduchu a lidskou aktivitu v blizkém okoli oznacenych
jedinct. Cerna zvéf, ktera se vyskytuje na uzemi stiedni Evropy ve znaéné populaéni hustoté
se dokéze velmi dobte prizplsobit zvySené lidské aktivité v jejim bezprostiednim okoli a nebere
lidskou aktivitu jako hrozbu. Zatimco spankova reakce ¢erné zvéte na dny s vysokou teplotou
vzduchu byla v rdmci studie popsana za znacné negativni, a to ve smyslu roztfisténi spankovych
cykli a jejich zkraceni v pribéhu téchto dnli. Lze tedy ptedpokladat, Ze s probihajici
klimatickou zménou mohou nastat fyziologické zmény u Cerné zvéie v disledku nedostatku
spanku vlivem teplého klimatu. Zfejma je moznost adaptace na ménice se klima, nicméné
dynamika zmén klimatu je znacné rychlejsi, nez mohou byt zmény fyziologickych funkci

vcetné spanku a jeho kvality.

Fidelita zvifat k danému tzemnimu celku je zndma u spousty zivoc¢iSnych druhi. Tato
vlastnost je velmi dulezitou informaci v ptipad¢, Ze dany zivocisny druh je cilem jakéhokoliv
typu lidského managementu (lesni hospodaistvi, zeméd€lstvi, krajino-tvorba, vodni
hospodaistvi apod.) nebo jim mize byt pfimo ¢ neptimo ovlivnén. Jeleni zvéf na uzemi Ceské
republiky se vyskytuje na vyznamné Cast zejména lesni plochy, coz piinasi rizné typy interakeci.
Vlivem poznatkl z vysledki disertaéni prace je prokézano, Ze i po fizené translokaci jedinct
jelena evropského na vzdalenosti kolem 11 km od jejich domovského okrsku se mohou tito
jedinci vratit do ptivodniho domovského okrsku. Tento poznatek pifinasi velmi duleZitou
informaci vzhledem k managementu populaci jeleni zvéfe, kterd prokézala schopnosti
homingu, navratu do ptivodni domovského aredlu, a tudiz i znacnou fidelitu k prostiedi a
societé, ve které se nachéazela pred translokaci. Jakékoliv zasahy do prostfedi, ve kterém se
jeleni zv&f nachazi by méli brat v potaz interakci, kterd mize nastat vlivem toho, Ze se jeleni

zvef z dané lokality nemusi stdhnout a vymizet, ale naopak ji miZe vice preferovat. To vSak
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muize zpohledu lidského managementu v krajiné pfindSet negativni interakci z lidského

pohledu na véc.

Vysledky disertacni prace pifinaseji novou a ovérenou sledovaci technologii, kterou Ize
pouzit pro dlouhodobé sledovani zejména suchozemskych zvitat a studovat jejich prostorovou
aktivitu, chovani a ekologii. Dil¢i vysledky prace vychazeji ze SirSiho pouziti vyvinuté
hybridnich technologie a zobrazuji moznosti studii a vyzkumu véetné jejich vysledkt. Pouze
validné¢ zaznamenana data z pohybu a chovani zvifat ndAm mohou deklarovat odpovédi na
stanovené hypotézy. Diky poznani standartniho chovani zvitat a jeho ptipadnych zmén na rizné
podnéty mizeme detailn€ji pochopit ptirodni procesy a na zdklad¢ tohoto pochopeni pak
stanovit pravidla vhodného typu lidského managementu, at’ uz pro samotné populace nebo pro
enviromentalni prostfedi. Bez validné ziskanych a vyhodnocenych dat, kterd pochazi
z nestresovanych a neovlivnénych zvifat nejsme schopni adekvatné nastavit jakakoliv
managementova opatieni a vSe provedené mohou byt jen domnénky s vyssi pravdépodobnosti

chybovosti.
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9.Seznam obrazki a graft

Obrazek 1 - Schématicky graf popisujici rozdilnost jednotlivych typa akceleracnich
pohybii v porovnani s rychlosti u automobilu (a) a béZce (b). Cerna ¢arkovana &ara
charakterizuje prudké zrychleni pri naristu rychlosti nikoliv pri stabilni rychlosti
pohybu. Na druhou stranu béZec p¥i cyklu chiize navySuje a sniZuje svoji akceleraci
i v priibéhu stabilniho rychlosti. To je zptisobeno pohybem pohybu téla nahoru a doli.
((Gleiss et al., 20TT))......eeiiiiiieiiiiiiiiiii e e e e e e r e e e e e e e e e naneeees 17

Obrazek 2 — Pohyby ¢lovékem vedeného koné, které zacal a ukoncil svou cestu v levém
hornim rohu obrazku. Cerna trasa = sledovanni pomoci vysokofrekvenéni GPS (1
Hz) a Cervena trasa urcena pomoci Dead-Reckoningu (20Hz) bez pouziti GPS
korekce. Trasa dead reckoningu nema méritko, protoze vdalenost pohybu je
odvozena od rychlosti a je zde predpoklad, Ze je v linearnim vztahu s hodnotou
VeDBA. Co dokazuje potiebu korekce pomoci GPS technologie. Ve ¢tvercich je
znazornén casovy usek, kdy byl kun vedeny k pohybu v tésnych kruzich. Podle GPS
byla celkova draha koné dlouha 10,127 Km.............ccccooiiiiiiiiiiecccc 23

Obrazek 3 - 2D cesty pohybu sledovaného ¢lovéka pomoci a) video zaznamu, b) GPS, c¢)
Dead-Reckoning bez korekce, d) Dead-Reckoning s korekci kazdé 2 sec, e) Dead-
Reckoning s korekci kazdych S sec, f) Dead-Reckoning s korekci kazdych 10 sec
(Bidder et al, 2015) .....ooiiiiiiiii et nrrees 24

Obrazek 4 - Korekce trasy dead reckoning pomoci GPS bodu zaznamenavanych v
intervalu 30 minut. 670 metri dlouha trasa sledovaného jezevce lesniho (Meles meles)
po dobu pies 200 minut.Ctverce ukazuji detailni pohyby zaznamenané pomoci dead
FECKOMITIGUL ...ttt 25

Obrazek 5 - Grafické znazornéni vysledki vyhledavani ve védécké databazi slova homing
v publikovanych ¢&lancich. Cervené zvyraznéné jsou oblasti zajmu této prace — védy
o chovani a biologie. (zdroj — Web of knowledge) .................cccccovviiiiiiiiiii i, 29
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