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Abstrakt

Obligatni hnizdni parazitismus predstavuje alternativni reprodukéni strategii, jejimz cilem
je maximalizace biologické zdatnosti za souCasné minimalizace nakladl spojenych
s reprodukci. Paraziticky druh vsak touto cestou negativné ovliviiuje fitness svého hostitele,
¢imZ u néj vyvolava selekci protiparazitickych adaptaci, kterym se musi nasledné sam
prizplsobit formou fixace nového znaku a naopak. Soucasny stav interakce obou druhi je
proto vysledkem tzv. ,zavodl ve zbrojeni“, ke kterym dochazi vramci jejich koevoluce.
Studium paraziticko-hostitelskych interakci tak kromé snadnéjSiho pochopeni evoluc¢ni
historie, ekologie, bionomie a Zivotnich strategii sledovanych druhi poskytuje idealni
podminky k porozuméni samotnym mechanismiim evoluce.

V predlozené disertacni praci se zabyvam studiem interakce mezi obligatnim
hnizdnim parazitem kukackou obecnou (Cuculus canorus) a jeho hostitelem rehkem
zahradnim (Phoenicurus phoenicurus). Rehek zahradni je jedinym pravidelnym evropskym
hostitelem kukacky obecné, ktery hnizdni v dutinach a proto je zde hnizdni parazit vystaven
unikatnim podminkdm a selek¢nim tlaklim, které vjinych paraziticko-hostitelskych
systémech pozorovat nemizeme. Spolecné skolegy jsem zkoumal opomijené aspekty
vramci této interakce, které byly dosud obestieny rouskou spekulaci, fam (jak vyplyva
zvysledkd této prace) a nejistot. Konkrétné jsme se zamérili na zplisob kladeni vajec

kukackou do dutinovych hnizd rehki (Prispévek I), na nakladnost vychovy parazita (vCetné
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inkubace vajec) pro rehci rodice (Prispévek II, Piispévek III) a na pohnizdni interakci
vramci kukacko-reh¢iho (Prispévek IV) a knému sympatrického kukacko-pénkaviho
systému (Prispévek V).

Jako viibec prvni jsme zjistili, Ze kukacky kladou vejce do hnizdnich budek rehki
hned tfemi riznymi metodami, které se navzajem lisi nejen zplisobem a rychlosti provedeni,
ale predevsim Uspésnosti parazitace, vCetné piesnosti zacileni vejce do hnizdni kotlinky a
pravdépodobnosti jeho odmitnuti hostitelem (Prispévek I). Dale jsme vibec poprvé
prokazali, Ze vychova parazitického mladéte neni pro rehci rodice nakladnéjsi nez vychova
jejich vlastni primérné snisky (Prispévek II), coz mize byt jednou z pFi¢in pomérné
slabych protiparazitickych adaptaci rehki, které v soucasnosti pozorujeme (Prispévek III).
Rovnéz jsme jako prvni zdokumentovali, Ze neexistuje prikazny rozdil ve vysledku
pohnizdni faze napii¢ rdznym sloZzenim sniiSek a obéma interagujicimi druhy v ramci
kukacko-rehciho systému. To by mohlo vypovidat o mimoradné koevolucni stabilité tohoto
systému (Prispévek IV). Navic jsme podrobné zdokumentovali pripad velmi dobie
prosperujictho kukaé¢t¢tho mladéte v pohnizdni péli pénkavy obecné (Fringilla coelebs;
Prispévek V). Kukacko-pénkavi systém tak muZe byt potencidlné podobné vhodny pro
kukacku jako ten kukacko-rehci, ktery je ovSem dosud mnohem lépe prostudovany
(Prrispévek V).

Tato komplexni studie tak mnoha svymi vysledky bud piimo vyvraci, nebo
zcela nové metodologické pristupy jako je napriklad srovnani diisledkd parazitace na urovni
dospélych ptakd i mlad’at v ramci obou interagujicich druhd. Rovnéz pouziti velkého spektra
technického vybaveni a metodologickych procedur nabizi inspiraci a otevira nové moZznosti
pro podobné vyzkumy napti¢ raznymi paraziticko-hostitelskymi systémy, které jsou

nezbytné pro meta-analyzu dat a tak pro objektivnéjsi zhodnoceni Sirsich zaveéri.
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Abstract

Obligatory brood parasitism is an alternative reproductive strategy that aims to maximize
biological fitness while minimizing the costs associated with reproduction. The parasitic
species negatively affects host fitness, facilitating the evolution of anti-parasitic adaptations
in the host, and subsequently leading to counter-adaptations in the parasite. The long-term
interaction of the parasite and host can thus lead to the "arms race", which occurs within
their coevolution. The study of parasite-host interactions, in addition to insights into the
evolutionary history, ecology, bionomy and life strategies, provides ideal conditions for
understanding the fundamental evolutionary mechanisms.

In this dissertation, I studied interactions between an obligatory brood parasite, the
common cuckoo (Cuculus canorus) and its host, the common redstart (Phoenicurus
phoenicurus). The common redstart is the only regular European host of the common
cuckoo that breeds in cavities, and thus the brood parasite is exposed to unique conditions
and selection pressures we cannot observe in other parasite-host systems. Together with
my colleagues, | have explored neglected aspects of this interaction, which have so far been
shrouded in speculation, rumors (as the results of this dissertation suggest) and
uncertainties. Specifically, we focused on the cuckoo strategy of egg-deposition into the
redstart cavity nests (Contribution I), on the cost of raising a parasite (including egg

incubation effort) for the redstart parents (Contribution II, Contribution III) and on the
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post-fledging interaction within cuckoo-redstart (Contribution IV) and its sympatric
cuckoo-chaffinch system (Contribution V).

We were the first who documented that cuckoos deposit eggs into the redstart nest
by three distinctive modes, which differ not only in the manner and speed of execution, but
especially in the success of parasitism, including the accuracy of targeting the egg into the
nest cup and the probability of egg rejection by the host (Contribution I). Furthermore, we
have shown for the first time that raising a parasitic offspring is not more costly for the
redstart parents, than raising their own average clutch (Contribution II), which may be one
of the causes of the relatively weak anti-parasitic adaptations in the redstart that we
currently observe (Contribution III). Further, we for the first time documented that there is
no significant difference in the cuckoo and host young performance at the end of post-
fledging parental care even when controlling for the brood composition and other
characteristics. This could indicate the extraordinary coevolutionary stability of this system
(Contribution 1V). In addition, we have documented in detail the post-fledging care of the
common chaffinch (Fringilla coelebs) host about the cuckoo young ( Contribution V). We
propose that the cuckoo-chaffinch system may be potentially similarly suitable for the
cuckoo as the cuckoo-redstart system, which is, however, much better studied so far
(Contribution V).

This comprehensive study either directly refutes or modifies earlier notions of
cuckoo-host interaction. In addition, it employed new methodological approaches for both
interacting species at the level of both adult birds and chicks. Also, the use of a wide range of
technical equipment and methodological procedures offers inspiration and opens up new
possibilities for studying parasite-host interactions, which is necessary for the data meta-

analysis and thus for better understanding this fascinating field of biology.
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1. UvoD

V této disertacni praci se zabyvam z evoluéniho hlediska neobycejné zajimavou interakci
dvou ptacich druht, kterou véda oznacuje jako obligatni mezidruhovy hnizdni parazitismus.
jeden organismus Zije, ¢i profituje na tkor jiného organismu a ptisobi mu tim vice ¢i méné
vyznamnou Ujmu, ¢imZ sniZuje jeho biologickou zdatnost (fitness; Stearns 1992). Parazitické
organismy tak vytvareji jeden z nejsilnéjSich selek¢nich tlaki v prirodé, tzv. parazity
zprostredkovanou piirodni selekci (parasite-mediated natural selection), zvyhodiujici
jedince s lepsi schopnosti odolavat parazitim (Hamilton a Zuk 1982, Ridley 2003). Takto
fixované hostitelské znaky, naopak negativné ovliviiuji biologickou zdatnost parazita. Proto
znovu zasahuje prirodni vybér, ktery vyselektuje adaptace k pirekonani novych urovni
hostitelské obrany a opét tak pfenasi selek¢ni tlak na hostitele (Dawkins a Krebs 1979).

Tento reciproc¢ni selek¢ni tlak mezi parazitem a hostitelem ma proto charakter tzv.
»zavodid ve zbrojeni“ (Dawkins a Krebs 1979, Rothstein 1990) a je rovnéz oznacovan jako
antagonistickd koevoluce. Koevoluce ptedstavuje vzajemné ovlivitovani popula¢ni evoluce
mezi jednim ¢i vice druhy organismt (Ridley 2003). Koevoluci je mozné studovat na zakladé
detekce koadaptaci u cilovych druhii v souvislosti se znalosti jejich ekologie, bionomie a
predevsim jejich vzajemnych interakci. Zejména dlisledky hnizdniho parazitismu ze strany
kukacky obecné (Cuculus canorus), kde parazitické mladé prostiednictvim svych
vytlaCovacich instinkt zplisobuje zpravidla nulovy reproduké¢ni uspéch hostitele v ramci
daného hnizdniho pokusu (@ien a kol. 1995), vyvolavaji u hostitelského druhu vyrazné
protiparazitické adaptace na riznych urovnich jejich vzajemné interakce (Moksnes a kol.
2013).

Tato diserta¢ni prace popisuje interakci kukacky obecné s jejim jedinym, evropskym,
dutinovym hostitelem rehkem zahradnim (Phoenicurus phoenicurus; Sama$ a kol. 2016,
Grim a Rutila 2017). Hnizdni strategie tohoto hostitele, kterd je unikdtni napftic
pravidelnymi kukac¢¢imi hostiteli, zptisobuje vznik a tedy i moZnost studia neobvyklych
koevolucnich jevi, jako je napriklad zpisob kladeni parazitickych vajec do hnizd ukrytych
v dutinach (Prispévek I), i existence smiSenych snisek a jeji disledky pro parazita i
hostitele (Prispévky II-IV). Unikatni je rovnéZz komplexnost prezentovaného vyzkumu,
ktery mapuje interakci sledovanych druhli v ramci kompletniho reproduk¢ni cyklu od
kladeni vajec (Prispévek I) a jejich inkubace (Prispévky II a III), pres vychovu mlad’at
v hnizdé (Prispévky II a III) i béhem pohnizdni faze az po jejich osamostatnéni

(Prispéveky II-V). Vramci jednotlivych fazi interakce sledovanych druht je mimo jiné
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posuzovana Ci diskutovana funkce, efektivita a evolucni kontext prislusnych adaptaci a
protiadaptaci.

PredloZena prace proto nabizi kromé analyzy soucasného stavu interakce a celé rady
novych informaci, také jedinetny pohled do koevoluc¢ni historie studovanych druhi
(Prispévky I-IV). Navic je priloZena studie (Prispévek V) mapujici pripad pohnizdni
interakce dalsi evropské ekologické rasy kukacky obecné s pénkavou obecnou (Fringilla
coelebs). Tento hostitelsky druh na rozdil od rehka zahradniho buduje oteviena hnizda a
vramci oblasti, ktera zahrnuje nasi studijni lokalitu, byl dosud povaZovan za pouze
prileZitostného hostitele (Vikan a kol. 2010, 2011). Zahrnuti tohoto ¢lanku tak umoZiuje
komplexnéjsi posouzeni vysledkli disertacni prace a zaroven doplnuje metodologicky
pristup ke studiu pohnizdni faze kukacko-hostitelskych systémt. Ve vysledku tato prace
vyznamné dopliiuje a upresiiuje dosavadni informace a zaroven poskytuje celou radu
absolutné novych poznatkd hned o dvou sympatrickych kukacko-hostitelskych systémech.

V nasledujicich ¢astech ivodu se pokusim predstavit obligatni mezidruhovy hnizdni
parazitismus a dosavadni informace o hlavnim modelovém druhu této prace v kontextu
vysledkd prilozenych studii. Nasledné poskytnu piehled dosud zjisténych poddruhi
kukacCky obecné a nastinim problematiku vzniku a udrZovani kukaccich ekologickych ras
vzhledem k objasnéni existence unikatni kukacko-reh¢i ekologické rasy. V posledni casti
uvodu osvétlim podstatu vyjimecnosti sledované kukacko-reh¢i interakce a predstavim
dosavadni informace o jejich jednotlivych fazich, které doplnim o vysledky ptiloZenych

studii.

1.1  Obligatni mezidruhovy hnizdni parazitismus

Mezidruhovym (interspecifickym) hnizdnim parazitismem u ptakd nazyvame reprodukéni
strategii, kdy jeden druh (parazit) klade vejce do hnizd jinych druhti ptaki (hostitelt) a tim
na né prenasi naklady spojené s rodiCovskou péc¢i a zaroven potencidlné zvySuje svou
reprodukéni zdatnost (Davies 2000). Nékteri parazité tuto strategii vyuZzivaji pouze obcas a
jinak si stavi sva vlastni hnizda a normalné pecuji o své potomky. V takovém piipadé
mluvime o prilezitostném (fakultativnim) hnizdnim parazitismu, ktery je béZny predevsim u
mnohych nekrmivych (nidifugnich) druht ptakd (Trnka a Grim 2014). Pokud ale parazit
nikdy nestavi hnizdo, nepecuje o potomky a vSechna sva vejce klade do hnizd jinych druhg,
potom se jedna o obligatni (pravy) mezidruhovy hnizdni parazitismus.

Obligatni hnizdni parazité tak prenechavaji veSkeré naklady spojené s vystavbou

hnizd, inkubaci, krmenim, hygienou, obranou a celkovou pééi o mlad'ata na svych

12



hostitelskych druzich (Davies 2000). Tato strategie jim patrné umoziiuje uSetfit cast
Zivotnich sil spojenych s reprodukci a travit tak vice ¢asu krmenim, namluvami ¢i
nomadickym zpiisobem zivota (Payne 2005). To vede k produkci vétstho poctu vajec
potirebnych k zajiSténi dostate¢né reprodukéni zdatnosti a tim ke kompenzaci ztrat
se vyvinula patrné z prilezitostného mezidruhového parazitismu a ten zase s nejvétsi
pravdépodobnosti z parazitismu vnitrodruhového (intraspecifického; Wyllie 1981, Samas a
kol. 2014).

Vnitrodruhovy parazitismus je znam u nékolika set ptacich druhli a v nékterych
ptipadech se vyznacuje podobnymi aspekty jako parazitismus mezidruhovy, napft.
odebiranim hostitelskych vajec béhem parazitace (viz Prispévek I) u Spacka obecného
(Sturnus vulgaris; Lombardo a kol. 1989) ¢i vlastovky pestré (Petrochelidon pyrrhonota;
Brown a Brown 1988), nebo rozeznavanim a odmitanim parazitickych vajec (Lyon 2003) a
mlad’at (Shizuka a Lyon 2010) u lysky americké (Fulica americana).

Mezi obligatni mezidruhové hnizdni parazity radime priblizné 100 druht ptakd, coz
je asi 1 % vsech ptacich druht, dale nékteré zastupce blanoktidlého hmyzu (napt. Vespula
austriaca, Psithyrus spp. a priblizné 2 % mravencich druhti) a nékolik druht ryb (Wyllie
1981, Davies 2000). Z toho lze usuzovat, Ze vznik této reprodukeni strategie je v kontextu
evolucni historie velmi vzacny a pretrvavani parazitickych druhi v ¢ase znatné omezené.
Davies (2000) vSak predpoklada, Ze se obligatni mezidruhovy hnizdni parazitismus vyvinul
nezavisle u pri nejmensim Sesti skupin ptakd a to hned v nékolika ¢astech planety.

Obligatni mezidruhové hnizdni parazity Nového svéta reprezentuje nejméné pét
druhi vlhovcl (Molothrus spp.) z celedi vlhovcovitych (Icteridae), cisté jihoamericka
kachnice ¢ernohlava (Heteronetta atricapilla) z Celedi kachnovitych (Anatidae) a tfi druhy
zemnich kukalek (Tapera naevia a Dromococcyx spp.) z Celedi kukackovitych (Cuculidae;
Davies 2000). Mezidruhové obligdtni hnizdni parazity Starého svéta zastupuje nejméné 15
africkych druhi a dva asijské druhy medozvéstek (Indicator spp. Melichneutes spp.,
Melignomon spp. a Prodotiscus spp.) z Celedi medozvéstkovitych (Indicatoridae), 19 Ccisté
africkych druhti vdovek (Vidua spp.) zceledi vdovkovitych (Viduidae), rovnéz africky
pradelnik kukacci (Anomalospiza imberbis) z ¢eledi snovacovitych (Ploceidae) a 54 druht
kukacek (Clamator spp., Pachycoccyx audeberti, Cuculus spp., Cercococcyx spp. Cacomantis
spp., Chrysococcyx spp. Rhamphomantis megarhynchus, Surniculus spp. Caliechthrus
leucolophus, Microdynamis parva, Eudynamys scolopaceus, Urodynamis taitensis a Scythrops
novaehollandiae) z Celedi kukackovitych (Cuculidae) z nichZz se vétSina vyskytuje v Africe,

Asii a Australii a pouze tri druhy, kukacka obecna (Cuculus canorus), kukacka chocholata
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(Clamator glandarius) a kukacka Horsfieldova (Cuculus optatus) se pravidelné vyskytuji a
rozmnoZzuji v Evropé (Davies 2000, Dickinson 2003, Svensson a kol. 2012).

VSech 54 druhl parazitickych kukacek Starého svéta je zahrnuto do podceledi
kukackovi (Cuculinae) a spole¢né se tfemi parazitickymi kukackami Nového svéta
z podceledi Neomorphinae (viz vyse) tvoii priblizné 40 % ze 140 znamych kukaccich druhi
uvadénych Daviesem (2000) a 141 uvadénych Paynem (2005). Aktualnéjsi zdroje referuji
témeér 150 znamych druhi kukacek, znichz si vétSina stavi hnizda, inkubuje vejce a
vychovava sva vlastni mlad’ata (Mikulica a kol. 2017) a pouze 61 druhti uvadéji jako parazity
(Trnka a Grim 2014). Z toho miZeme usuzovat, Ze se soucasné parazitické druhy kukacek
rovnéz vyvinuly z hnizdicich predki a to nezavisle minimalné na dvou mistech nasi planety

(Davies 2000).

1.2 Kukacka obecna (Cuculus canorus Linnaeus, 1758)

Ustfednim modelovym druhem této diserta¢éni prace je mezidruhovy obligatni hnizdni
parazit kukacka obecna (Cuculus canorus) pattici do Celedi kukackovitych (Cuculidae) u niz
jsme zkoumali jeji reprodukeni strategie a adaptace vzhledem k obrannym protiadaptacim
hostitele (Prispévky I-V). V nasledujicich radcich se pokusim shrnout obecné znalosti o
naSem jediném stfedoevropském obligaitnim mezidruhovém parazitovi v kontextu s
jednotlivymi tématy, vysledky a novymi informacemi zjiSténymi v ramci této prace.

Kukacku obecnou sjejimi pribuznymi zitadu kukacek (Cuculiformes) spojuje
z anatomického hlediska kromé dlouhych kridel a ocasu predevsim specidlni stavba dolnich
koncetin (Mikulica a kol. 2017). VSichni zastupci tohoto fadu jsou vybaveni tzv. zygodaktylni
nohou (tj. noha s vratiprstem), ktera jim podobné jako u S$plhavcii usnadiuje Zivot a
predevsim sbér potravy v korunach stromt, kde se nejvice zdrzuji, a proto je fadime mezi
stromové ptaky (Mikulica a kol. 2017). Navic, jak dokumentujeme v prvnim ptiloZeném
rukopise (Prispévek I), miiZe tato adaptace usnadiiovat parazitickym druhlim pristup a
unik z velmi obtizné dosazitelnych hnizd dutinovych hostiteld. Podobnou funkci
zygodaktylnich nohou zaznamenal i Wyllie (1981) v pripadé parazitace hnizd rakosnika
obecného (Acrocephalus scirpaceus), kde kukackam umoznuje uchopeni stébel rakosu a tim i
moznost ukryti a nenapadného pohybu v blizkosti hnizd hostiteld pifimo v rakosovém
porostu.

Kukacka obecnou fadime mezi stfedné velké ptaky, v dospélosti vazi 90-130 g
(Mikulica a kol. 2017) a doriista 33 cm délky téla (Payne 2005, Mikulica a kol. 2017). Tyto

proporce byly drive povazovany =za neslucitelné s parazitaci dutinovych hnizd
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prostiednictvim primého kladeni (direct laying; Prispévek I), tedy v sedé jako jakykoliv jiny
ptak. Tuto predstavu jsme vSak spolehlivé vyvratili pfi nejmensSim v piipadé hnizdnich
budek rehki zahradnich, kde touto metodou kladlo vejce ptiblizné 25 % (n = 63) kukaccich
samic a nékteré z nich béhem této ¢innosti prokazovaly mimoradnou obratnost (Pirispévek
I). RovnéZ dlouhd a zasSpicatéla kridla s rozpétim 54-60 cm (Svensson a kol. 2012) délaji
z kukacky navzdory jeji relativni mohutnosti dobrého a obratného letce a to i na velké
vzdalenosti (Mikulica a kol. 2017). Léta s doptedu mificim zobdkem a pravidelnymi razy
kridel, kiidly vSak vétSinou mava pod vodorovnou osou téla, ¢imZ se vyrazné odliSuje od
podobné vypadajicich ptakd (Svensson a kol. 2012). Svym vyraznym pruhovanim a
celkovym vzezfenim pripomind dravce, coZ je povaZovano za soucast Batesovskych
mimikry, kterymi se mliZe chranit pied ptac¢imi predatory (Wyllie 1981), ale rovnéz klamat
ostatni ptac¢i druhy a predevsim tak sniZovat agresivitu hostiteld pii obrané hnizd béhem
parazitace (Trnka a Grim 2014, Liang a Mgller 2015).

Dospéli samci maji vZdy monoténné biidlicové Sedou vrchni ¢ast téla véetné hrudi a
bile skvrnity ocas, zato samice mohou kromé Sedé nabyvat také raznych odstinu hnédé
barvy az po kompletné rudo-hnédou (Mikulica a kol. 2017). Casto potom mluvime o
sami¢im barevném dimorfismu a rozliSujeme tak Sedou a hnédou kukaé¢i formu (Trnka a
kol. 2015, Mikulica a kol. 2017). Podle Trnky a kol. (2015) by Seda kukac¢i forma mohla
svym vzhledem napodobovat krahujce obecného (Accipiter nisus), zatimco hnédé varianty
jsou spiSe projevem pretrvavani juvenilnich znakd do dospélosti (tzv. neotenie) a mohou tak
vést kdalsimu zmateni hostitele a sniZeni intenzity jeho hnizdni obrany. Tématem
nenapadnosti kukaccich samic béhem parazitace hostitelskych hnizd se ¢aste¢né zabyvame
v prvnim rukopisu (Prispévek I), kde mimo jiné hodnotime vliv jednotlivych metod kladeni
pouzitych kukackou pii parazitaci na opousténi hnizd (nest desertion) rehky, pro které je
hlavnim podmétem k této reakci pravdépodobné spatieni kukac¢i samice v hnizdé a jeji
identifikace jako parazitické hrozby.

Kukacka obecna se zivi predevsim housenkami motylti a mir (Lepidoptera), které
mohu byt jakéhokoliv typu, tedy vcetné (nikoliv vyhradné) téch chlupatych (Wyllie 1981,
Davies 2000). Méné casto potom lovi blanokridly (Hymenoptera), dvoukiidly (Diptera) a
rovnokiidly (Orthoptera) hmyz a pavouky (Araneae). Prakticky identickou stravou jsou
krmeny dospivajici kukacky béhem pohnizdni péce pénkavy obecné (Prispévek V), coz
doklada potencidlné mimoiadnou vhodnost tohoto hostitele pro kukacku obecnou. Mezi
dalsi potvrzené slozky kukacci potravy vsak patii také polokridly (Hemiptera) hmyz, brouci
(Coleoptera) a jejich larvy, vazky a motylice (Odonata), jepice (Ephemeroptera), Skvofi
(Dermaptera), stonozky (Chilopoda) plZzi (Gastropoda), krouzkovci (Annelida) vzacnéji i

bobule, semena a pupeny rostlin (Wyllie 1981, Payne 2005).
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Jak jiz bylo zminéno vySe, vyznamnou slozku kukac¢¢i potravy tvoii chlupaté a
jedovaté housenky nékolika druhd mir, které jsou pro své obranné mechanismy ignorovany
vétSinou ptacich druhG a mohou pii premnoZeni poskozovat napt. borovicové a dubové
porosty (Mikulica a kol. 2017). Kukacky totiz dokazi pomoci zobaku a vétvi stromu
vymackat toxicky a nestravitelny obsah housencich vnitinosti pochazejici z listi rostlin
(Payne 2005). Navic se dokazi pomoci silné vystelky Zaludku ubranit i nestravitelnym a
Casto jedovatym housenc¢im chloupkim, které nakonec vyloudi ztéla v podobé vyvrzki
(Payne 2005). V nezvyklych potravnich biotopech, jako jsou napiiklad mokrady, se mohou
kukacky zivit dokonce i malymi Zabkami (Mikulica a kol. 2017) a velmi pravdépodobné i
jinymi drobnymi obratlovci (viz Grim a kol. 2017). Kukaé¢i samice také pravidelné
konzumuji ptaci vejce (Wyllie 1981, Payne 2005), coZ jsme zdokumentovali i v pripadé
dutinovych hnizd rehkd zahradnich (Prispévek I), ¢i dokonce mlad’ata mensich pévcl
(Wyllie 1981, Payne 2005, Mikulica a kol. 2017).

Kukacka obecna se v dobé hnizdéni jejich hostiteld vyskytuje napii¢ Palearktickou
oblasti od Britskych ostrovi a oblast Stredozemniho more pres Blizky vychod az po Indii,
Jihovychodni Asii, Japonsko a Kurilské ostrovy (Payne 2005). Vramci indického
subkontinentu se kukacka obecnd rozmnoZuje predevSim v oblasti Baldcistanu, severniho
Pakistanu, Himalaje a v oblasti severovychodni Indie (Grimmett a kol. 1999). Nékteré asijské
populace a poddruhy kukacky obecné pravidelné piezimuji v Indii, Jihovychodni Asii a
Africe, ale mohou se za timto ucelem vyskytovat i na Maledivach, Sri Lance, Andamanskych
ostrovech ¢i v Indonésii (Payne 2005).

Evropské populace kukacky obecné pftilétaji na svd rozmnoZovaci stanovisté
v dubnu a zdrzuji se zde zpravidla do zafi (Svensson a kol. 2012). UZ v ¢ervenci vsak mohou
prvni dospélé kukacky migrovat na vzdalenost vice nez 3000 km pies oblast Stredozemniho
moie a Sahary do zimoviSt vrozlehlé oblasti subsaharské Afriky, vcetné Jihoafrické
republiky (Payne 2005), kde také preperuji (Mikulica a kol. 2017). Mladé kukacky ziistavaji
v Evropé zpravidla o mésic déle neZ jejich biologicti rodice (Payne 2005) a jak jsme zjistili
béhem studia jejich pohnizdni faze u rehkd zahradnich (Prispévek 1V), tak se i 20 dni po
vylétnuti z hnizda vyskytuji vjeho tésné blizkosti (tj. do vzdalenosti mensi nez 800 m).
DalSich priblizné 20 dni se tyto finské (rehéi) kukacky pohybuji v oblasti do 100 km od
hnizda a teprve potom zahajuji pravou migraci na africkd zimovi$té v Angole a na tzemi
obou Konzskych republik (Vega a kol. 2016). Na zakladé vysledki satelitni telemetrie dnes
vime, Ze kukacka obecna travi migraci vétsi ¢ast kazdého roku svého zZivota (Payne 2005,
Vega a kol. 2016) a rovnézZ po zbytek Casu je neustadle v pohybu s kratkymi prestavkami na
prepereni a rozmnoZovani a radi se tak mezi potulné (nomadické) druhy (Mikulica a kol.

2017).
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Evropsti samci prilétaji z africkych zimovist koncem dubna, tedy asi o tyden diive
neZz samicky a zacinaji si hajit svd nékolik desitek ha velkd rozmnoZovaci teritoria
(Nakamura a Miyazawa 1997, Nakamura a kol. 2005) specifickym dvouslabi¢cnym (pfi
vyruseni i trojslabi¢nym) volanim (tzv. ,kukdnim“) s diirazem na prvni slabiku (Svensson a
kol. 2012). Timto hlasovym projevem zaroven 1dkaji samice, pricemZ vyhledavaji vyvySena
mista, na kterych posedavaji se svésenymi kiidly a mirné zdvizenym ocasem (Svensson a
kol. 2012). Samice si rovnéZ specifickym, rychlym, hlasitym bublavym trylkem tzv.
»probublavanim“ (Svensson a kol. 2012) vymezuji okrsky pro kladeni vajec (Mikulica a kol.
2017), které maji podobnou rozlohu jako ty saméi a Castetné se snimi prekryvaji
(Nakamura a Miyazawa 1997, Nakamura a kol. 2005). Pomérné nezvyklé chovani z hlediska
vokalnich projevi kukac¢ich samic béhem a bezprostredné po parazitaci hostitelskych
hnizd jsme zaznamenali v Prispévku I, kde také detailnéji diskutujeme funkci a mozny
strategicky vyznam téchto projevi.

Kazdy kukac¢i jedinec ma navic striktné oddélenou oblast urcenou pro
rozmnoZovani od oblasti pro hledani potravy a nocovani, které od sebe mohou byt vzdalené
i nékolik kilometrt (Nakamura a Miyazawa 1997, Nakamura a kol. 2005). Domovské okrsky
celkové plisobnosti jednotlived mohou mit ve vysledku nékolik km2 a vzajemné se
prekryvaji napri¢ obéma pohlavimi. Ztohoto divodu zde miiZe dochazet ke znacné
promiskuité, pricemz ke kopulaci dochazi zpravidla ¢asné rano a to v rdmci rozmnozovacich
okrskli samic (Nakamura a kol. 2005). V nékterych systémech proto rovnéz dochazi k
castému kladeni nékolika samic do jednoho hostitelského hnizda (Nakamura a Miyazawa
1997, Nakamura a kol. 2005, Mikulica a kol. 2017). Mira téchto prekryvid je vSak dana
hierarchii a dominanci v ramci obou pohlavi, takze néktefi jedinci prispivaji do genofondu
populace vice neZ jini (Nakamura a kol. 2005). Parazitaci jednoho hostitelského hnizda hned
nékolika kukackami, ale i existenci samicich okrski, jsme rovnéz zdokumentovali u rehkt
zahradnich, kde se navic jednotlivé samice pravdépodobné liSily v pouzivani pro né
specifického zpisobu kladeni vajec (Prispévek I).

Pro kukacc¢i samici je béhem parazitace velice dilezité, aby se trefila do spravné faze
kladeni vajec hostitelem, coZ je znacné komplikovano tim, Ze Cerstvé oplodnéné vejce mize
byt sneseno az nasledujici den a to Casto po sérii nedspésnych parazitickych pokust
odraZenych hostitelskou obranou (Chance 1922, Nakamura a kol. 2005, Payne 2005). Kdyz
totiz kukacka naklade vejce prili$ brzo, tedy do prazdného hnizda, hostitel miize snadnéji
zaznamenat hrozbu a vejce odmitnout (Davies 2000, Prispévek I). Pokud vsak vhodnou
dobu propasne a nestihne naklast pred kompletaci sniisky, mohlo by se jeji mladé vylihnout

pozdéji nez mlad’ata hostitelli, coz zpravidla znamena jeho uhynuti v disledku prilisné
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potravni konkurence, kterou uz nedokaze eliminovat svym pozdé zahajenym vytlacovacim
instinktem (Prispévky II a IV).

Z tohoto divodu samice monitoruje vhodna hnizda k parazitaci uz v dobé jejich
vystavby a to pozorovanim aktivity jednotlivych hostitelskych part ze svych oblibenych
stromd (Davies 2000, Honza a kol. 2002). Samice je tak schopna zmapovat vétSinu
hostitelskych hnizd na lokalité, z nichz ale nakonec parazituje predevsim ta nejvhodnéjsi a
nejlépe synchronizovana (Nakamura a kol. 2015). V naSem kukacko-reh¢im systému jsme
dokonce zaznamenali kladeni kukacek (5 % pripadil) do naprosto prazdnych hnizdnich
budek ¢i nedostavénych rehcich hnizd (Prispévek I), coZz mohlo byt zplisobeno pravé
momentalnim nedostatkem vhodnych hnizd pro parazitaci.

Béhem monitoringu hostitelskych hnizd mtize kukacka rovnéz regulovat pocet
hostitelskych vajec a zaroveinn doplilovat potifebné Ziviny Castecnou ¢i kompletni predaci
hostitelskych sntisek (Moksnes a kol. 2000; vlastni dosud nepublikovana data). Kukacci
samice navic béhem samotného procesu parazitace, obvykle odnese ¢i prfimo na misté
zkonzumuje jedno az dvé hostitelska vejce (Wyllie 1981, Brooke a Davies 1988, @ien a kol.
1995, Moksnes a kol. 2000, Wang a kol. 2020, Prispévek I), ¢imz patrné snizuje riziko
rozpoznani zmény poctu vajec hostitelem. Dal§im vysvétlenim miiZe byt sniZeni potravni
konkurence ze strany hostitelskych mladat (Sulc a kol. 2016), ¢ redukce budouciho
vytlaovaciho usili kukac¢étho mladéte (help to the parasitic chick hypothesis; Grim a kol.
2009b, Wang a kol. 2020). Jiny pohled na toto chovani nabizi ptileZitost doplnéni vapniku,
ktery kukacci samice potiebuje pro tvorbu velkého mnoZzstvi parazitickych vajec (free meal
hypothesis; Sulc a kol. 2016).

Nicméné Wang a kol. (2020) zaznamenali odnaseni hostitelskych vajec z hnizda
pouze u poloviny piipadd kukac¢iho kladeni, presto Ze vétSina kukacek v hnizdé hostitelovo
vejce uchopila, a proto tento jev pokladaji spiSe za vedlejsi produkt urychleni samotné
parazitace (delivery hypothesis). V dutinovych hnizdech rehkl zahradnich jsme podobné
zaznamenali, Ze pouze 19 % (n = 63) kukacek se pokusilo o odneseni jednoho hostitelova
vejce béhem vlastniho kladeni a pouze 8 % ztéchto 63 samic vtéto Cinnosti uspélo
(Prispévek I). V nasem pripadé vsak podle okolnosti jetnotlivych kladeni Slo zcela jisté o
diisledek obtiZnosti parazitace dutinového hnizda (viz Piispévek I).

Kukacka obecna nejcastéji parazituje hnizda ve stadiu jednoho ¢i dvou hostitelskych
vajec a to predevsim v odpolednich hodinach a obden (Chance 1940, Wyllie 1981, Davies a
Brooke 1988, Moksnes a kol. 2000, Wang a kol. 2020), coz jsme potvrdili i v pripadé naseho
kukacko-reh¢iho systému (Prispévek I). Samotny proces parazitace trva zpravidla nékolik
vtefin (Chance 1922, Wyllie 1981, Davis 1996, Payne 2005, Wang a kol. 2020) a to je

vyrazné méné nez doba potiebna ke sneseni vejce u vétSiny kukaccich hostitelt (tj. 20-60
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minut; Davies 2000), ktefi obvykle kladou sva vejce rano (Prispévek I). V nékterych
kukacko-hostitelskych systémech vSak miliZze byt doba parazitace prodlouZena i na nékolik
minut (Moksnes a kol. 2000, Andou a kol. 2005). RovnéZ u rehkl zahradnich jsme u
nékterych kukacéich samic zaznamenali velké komplikace béhem kladeni do dutin a tim i
nékolikanasobné delsi pobyt v hnizd€ v faddu minut, ale vyjimec¢né i desitek minut aZ jedné
hodiny (Prispévek I). Jiné samice vSak byli schopny tispésné naklast vejce a opustit hnizdo
béhem nékolika vterin, kdy vSechno zaleZelo na pouZité metodé kladeni a zaroven na
Sikovnosti konkrétni samice (Prispévek I). Co moZna nejkrats$i doba kladeni totiz snizuje
pravdépodobnost spatieni kukacky v hnizdé hostitelem a tak i riziko odmitnuti
parazitického vejce (Davies a Brooke 1988, Moksnes a Rgskaft 1989, Prispévek I).

Kukacci samice miize béhem jedné reprodukcni sezdny naklast 8-25 vajec (Chance
1940, Wyllie 1981, Davies 2000, Nakamura a kol. 2005) vzavislosti na jeji
konkurenceschopnosti a dostupnosti hnizd (Chance 1940, Nakamura a kol. 2005, Payne
2005). Nicméné Schulze-Hagen a kol. (2009) ve své dikladné revizi znalosti o kukacce
uvadéji mnohem stiizlivéjsi odhad vrozmezi 2-15 vajec, ktery odlvodnuji predevsim
klasickym primym zplisobem (direct laying; Prispévek I) do otevirenych hnizd, ale jak presné
dostava sva vejce do kotlinek, pro tento zptsob kladeni naprosto neptistupnych hnizd, bylo
dosud zcela nejasné (Wyllie 1981, Davies 2000, Payne 2005, Schulze-Hagen a kol. 2009,
Prispévek I). Pomoci videokamer v hnizdnich budkach rehkii zahradnich jsme vsak
zaznamenali hned tfi rizné metody kladeni vajec kukackou (tzv. ,projecting”, ,dropping“ a
Jdirect laying“), ¢imZ jsme definitivné potvrdili existenci a funkénost té€chto strategif
v prostredi dutinovych hnizd (Prispévek I).

Kukacka se tadi mezi tzv. ,stanovistni generalisty” (habitat generalists), jeji
ekologicka nika kopiruje potreby hostitelli a proto je také vhodnym bioindikatorem ztrat
prirozenych hnizdnich biotopi pévci (Mikulica a kol. 2017). V Evropé kukacky nejcCastéji
parazituji hnizda hostiteli v rozmezi kvétna a Cervna a kukac¢i vejce zde bylo nalezeno
v hnizdech vice nez 125 druhti pévci, z nichz je ale pravidelné parazitovana pouze mala ¢ast
(Moksnes a Rgskaft 1995a, Moksnes a kol. 2013). Prilezitostni hostitelé (viz Prispévek V)
jsou pravdépodobné vyuZivani, predevSim pokud dojde kvycerpani lokalniho zdroje
dostupnych hnizd obvyklého hostitele, pokud je konkrétni kukacci samice vychovana
neobvyklym hostitelem dané kukacc¢i ekologické rasy, nebo pokud je tento neobvykly
hostitel nejrozsirenéjSim hnizdicem v daném kukac¢c¢im teritoriu (Wyllie 1981).

Obecné se jako nejvhodnéjsi hostitelé pro kukacku jevi hmyzozravi pévci, zatimco ti
semenozravi jsou povazovani za méné vhodné ¢i pfimo nevhodné (napt. Carduelinae)

z divodu sloZeni potravy, kterou krmi mlad’ata (Davies a Brooke 1989, @ien a kol. 1995).
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Nicméné nékteré anatomické a fyzikalni prekazky jako jsou napf. dutinova hnizda s prilis
malymi vchody pro Unik dospivajicich kukac¢éich mlad’at (Liang a kol. 2016; viz také oddil 3;
Prispévek I), umoziuji svym uZzivatelim (napt. Paridae) uniknout kukac¢¢imu parazitismu i
piesto, zZe by jinak mohli patfit mezi vhodné hostitele (@ien a kol. 1995, Grim a kol. 2014,
Liang a kol. 2016). Podobné jsou na tom vétsi druhy pévci, které disponuji velkymi vejci a
hlubokymi hnizdnimi Kkotlinkami (napt. Turdus spp.). Kombinace téchto vlastnosti
znemoziuje Cerstvé vylihnutym kukackdam zbavit se silné potravni konkurence v hnizdé a
zplsobuje tak jejich uhynuti (Moksnes a kol. 1991a, Grim a kol. 2011). Tyto fyzikalni
piekazky jsou vSak na rozdil od uzivani dutinovych hnizd povazovany za ptirozené a tak se
obecné predpoklada, Ze tyto vétSi druhy pévcl nikdy neprosly koevoluc¢ni interakci se
samotnym parazitem (Moksnes a kol. 1991a, @ien a kol. 1995). Kazda kukac¢ci samice totiz
parazituje pouze toho hostitele, u kterého se sama vylihla a kterym byla vychovana (Gibbs a
kol. 2000, Payne 2005).

Frekvence parazitismu se u nejbéznéjSich kukaccich hostiteld v ramci Evropy
vyznamné li§{ napii¢ jednotlivymi regiony (Wyllie 1981]. Napiiklad mezi nejcastéji
parazitované druhy v Ceské republice patii ¢ervenka obecna (Erithacus rubecula), rehek
zahradni, konipas bily (Motacilla alba), tuhyk obecny (Lanius collurio), budnic¢ek lesni
(Phylloscopus sibilatrix), pénice slavikova (Sylvia borin) a rakosnik obecny (Acrocephalus
scirpaceus; Hudec 1983). Pricemz Cervence, rehkovi a konipasovi nalezi az 70 % ze vSech
nalezenych parazitovanych hnizd (Davies 2000). Ve Finsku, tedy v oblasti zahrnujici nasi
studijni lokalitu (viz oddil 3), patfilo celkem 60 % z nalezenych parazitovanych hnizd
rehkovi zahradnimu, konipasovi bilému, pénkavé jikavci (Fringilla montifringilla),
budnickovi vétsimu (Phylloscopus trochilus) a budnickovi mensimu (Phylloscopus collybita;
Davies 2000). Témér vSichni tito hlavni hostitelé maji oteviend hnizda a hnizdi v nizké
vegetaci ¢i na zemi s vyjimkou konipast bilych hnizdicich ve vyklencich a polodutinach a
nami studovanych rehkd zahradnich (Prispévky I-IV), ktefi vyuzivaji Sirokou $kalu dutin
(viz oddil 1.2.3; Prrispévek I).

Na zakladé kombinace dat pochazejicich z pozorovani ptaki a ptacich hnizd
(birding) a ze sbirani ptacich vajec pro muzejni a védecké ucely (egg collecting) dospél
Davies (2000) k 29 nejvyznamnéjsim evropskym hostitelim kukacky obecné, kterymi jsou:
rakosnik obecny, rakosnik velky (Acrocephalus arundinaceus), rakosnik prouzkovany
(Acrocephalus schoenobaenus), rakosnik zpévny (Acrocephalus palustris) a strnad rakosni
(Emberiza schoeniclus) v mokradech; linduska lucni (Anthus pratensis), linduska lesni
(Anthus trivialis) a brambornic¢ek hnédy (Saxicola rubetra) na viesovistich; konipas bily,
konipas lu¢ni (Motacilla flava) a strnad obecny (Emberiza citrinella) v zemédélské krajiné;

tuhyk obecny, pévuska modrd (Prunella modularis), strizlik obecny (Troglodytes
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troglodytes), ¢ervenka obecna, rehek zahradni (Prispévky I-1V), lejsek Sedy (Muscicapa
striata), konopka obecnd (Linaria cannabina), zvonek zeleny (Carduelis chloris), pénkava
obecna (Fringilla coelebs; Prispévek V), pénkava jikavec, pénice slavikova, pénice
hnédokridla (Sylvia communis), pénice Cernohlava (Sylvia atricapilla), pénice pokiovni
(Sylvia curruca), pénice vlasska (Sylvia nisoria), budnicek vétsi, budnicek mensi a budnicek
lesni v prostiredi kirovin, stromti a lesnich porosti.

Samotna kukac¢i vejce jsou vzhledem k velikosti téla tohoto ptaciho druhu relativné
mala a velikosti, tvarem, zbarvenim a skvrnitosti se v diisledku koevoluce obvykle podobaji
vejcim hostitele (Davies a Brooke 1988, Alvarez 2000). Napti¢ jednotlivymi populacemi v
ramci celého kukacétho rozsifeni jsou tato vejce také vyrazné polymorfni ve svém
zakladnim zbarveni (modra, zelena, bélava, rizova, hnéda) a komplikovanosti vzort od
Cistych vajec, pres malé a fidce rozmisténé skvrnky, aZ po husté vzory a komplikované
kresby (Davies 2000, Payne 2005). Celkem 77 % kukaccich vajec nalezenych v hnizdech
evropskych pévcili v téchto faktorech vérné imitovalo hostitelska vejce (Payne 2005), coz
vedlo k podrobnéjsim vyzkumlim, na jejichz zakladé bylo rozliSeno 17-20 kukaccich
ekologickych ras (tzv. ,gentes”; Fossgy a kol. 2011, Moksnes a kol. 2013) vcetné té kukacko-
reh¢i snasejici bledé modra vejce beze skvrn (Fossgy a kol. 2016, Prispévky I-1V).
Jednotlivé kukacci ekologické rasy jsou tak adaptovany k parazitaci konkrétniho hostitele
(Moksnes a Rgskaft 1995b) ¢i malého okruhu pribuznych druhi s podobnymi vejci (Fossgy
a kol. 2011). Vyjimku v tomto schématu vsak predstavuje Asie. Naptiklad v Ciné vytvari
dutinovy hostitel rehek mongolsky (Phoenicurus auroreus) polymorfni populaci, jejiz
zastupci snasi jak modra tak i bila vejce a kukacka obecna UspésSné parazituje jedince
s obéma formami vajec presto, ze sama vytvari pouze modrou formu mimikry (Yang a kol.
2016). Naopak v Japonsku se kukac¢ti vejce zpravidla nikdy nepodobaji vejcim
parazitovanych druhti (Higuchi 1998, Nakamura a kol. 1998, Payne 2005).

Dalsi pozoruhodnou vlastnosti kukaccich vajec je silnéjsi skorapka, ktera ma navic
vyss$i hustotu a obsah uhli¢itanu vapenatého nez je obvyklé u hostitelskych druhti (Honza a
kol. 2001b). To mutze byt vysledkem adaptace proti jejich rozbiti béhem extrémné rychlého
kladeni (Soler a Martinez 2000, Prispévek I), ¢i naopak adaptace za ucelem poskozeni
nékterych hostitelskych vajec (Ellison a kol. 2019) a tim bud’ redukce pripadné konkurence
ze strany hostitelskych mlad'at, nebo zvysSeni pravdépodobnosti tUspésné inkubace
parazitického vejce a vylihnuti kukacc¢iho mladéte (Soler a Martinez 2000, Prispévky I a II).
Nevyhodou této kukacci adaptace je vSak vétsi mnozstvi energie potiebné k prolomeni silné
skorapky parazitickym mladétem béhem lihnuti (Honza a kol. 2001b). Dal$im vysvétlenim
odolnosti kukac¢ciho vejce mize byt obrana proti moznému rozklovani hostitelem (puncture

ejection; Davies a Brooke 1989). To je totizZ vedle vyhozeni vejce z hnizda (grasp ejection), i
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zastavéni vejce novym hnizdnim materidlem (egg burial; Guigueno a Sealy 2010), jednou
z nejcastéjsich forem odmitnuti parazitického vejce po jeho rozpoznani hostitelem (Davies a
Brooke 1989).

Ve vétsiné z dosud znamych kukacko-hostitelskych systémi se uUspésny kukacci
parazitismus obvykle vyznacuje nulovym reproduk¢nim uspéchem majitelli zasazené
hostitelské sntisky (Wyllie 1981). Takto enormni paraziticky tlak vede k selekci obrannych
mechanismt u hostiteli, znichZ kromé vySe uvedenych (na drovni vajec) patii také
agresivni chovani pri obrané hnizda (nest defence; Welbergen a Davies 2009) a opusténi
hnizda hostitelem (Davies a Brooke 1989; Moksnes a kol. 1991a,b, 2000, 2013; Rgskaft a
kol. 2002; Stokke a kol. 2002, Prispévek I). Agresivita proti dospélym kukackam
piredstavuje viibec prvni linii hostitelské obrany proti hnizdnimu parazitismu (Grim a Rutila
2017). Nicméné pouze u dvou druhli (fuhyk obecny, rakosnik velky) z pravidelnych
kukac¢ich hostitelii byla dosud zaznamenana schopnost kukacku skutecné zranit (Trnka a
Grim 2013) ¢&i ji dokonce usmrtit (Sulc a kol. 2020) a tak ji i fyzicky zabranit v parazitaci
hnizda. V naSem kukacko-reh¢im systému jsme zaznamenali pouze dezerci hnizd, ktera byla
s nejvétsi pravdépodobnosti spousténa spatfenim kukacky v hnizdé béhem parazitace
(Prispévek I).

Inkubacni doba kukacciho vejce se udava vrozmezi 12-14 dni (Wyllie 1981) a
uspésnost lihnuti kukacéich vajec nabyva napriklad v kukacko-rehéim systému piiblizné 80
% (n = 101; Sama$ a kol. 2016). Vzhledem ktomu, Ze jsou kukac¢li vejce Castecné
predinkubovana jiz vtéle samice a kukacka tak snasi vejce sjiz Castecné vyvinutim
embryem, tak se parazitické mladé lihne zpravidla drive nez potomci hostitel (Birkhead a
kol. 2011, viz ale Prispévek II).

Pro zdravy vyvoj kukacciho mladéte je nezbytné, aby si uzurpovalo co nejvétsi
mnoZstvi potravy prinaseného péstouny do hnizda (Sulc 2016). Proto miizeme u kukacek
pozorovat tzv. ,vytlacovaci chovani“ (eviction behaviour), které se u nich zacina projevovat
jiz nékolik hodin po jejich vylihnuti (Honza a kol. 2007). Maly parazit nasledné i nékolik dni
tlaci proti vSem predmétiim v hnizdé, kterych se dotkne zady (Honza a kol. 2007) a u vétSiny
hostitelll vytlac¢i z hnizda veSkeré jejich potomstvo (Payne 2005). To ovSem neplati
v kukacko-reh¢im systému, kde podminky dutinového hnizda ptiblizné v 20 % pripadi
zplsobuji vznik smiSenych snlisek (mixed broods; Samas a kol. 2016), ve kterych je kukacci
parazit sice znevyhodnén, ale presto miiZe prezit minimalné do osamostatnéni (Prispévky
II-1V).

Dostatek potravy kukac¢imu mladéti vtéchto podminkach zajistuje predevsim
mimotadné intenzivni Zadonéni (begging calls), které je svou frekvenci a hlasitosti (viz také

Prispévek V) obvykle srovnatelné s celou hostitelskou sniskou (Davies a kol. 1998) a jinak
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je prakticky k nerozeznani napri¢ rznymi kukacko-hostitelskymi systémy (Butchart a kol.
2003). Bezprostredné po vylihnuti se hmotnost kukacek (2,6 g, n = 16, Honza a kol. 2001b;
3,6 g, n = 70, vlastni dosud nepublikovana data) radové nelisi od hmotnosti mlad’at jejich
nejvétsSich béznych hostitelti (rakosnik velky: 2,1 g, n = 16; Honza a kol. 2001b) ani od
mlad’at rehki zahradnich (1,8 g, n = 509; vlastni dosud nepublikovana data). Hmotnost
kukacky v dobé jejiho vyvedeni z hnizda se vSak pohybuje v rozmezi 80-100 g (Payne 2005,
Prispévek I). Dospivajici kukacka je tak zpravidla Sestkrat téZzsi a mohutnéjsi nez jeji rehci
péstoun (15,3 g, n = 43; Prispévek II), ¢i dospivajici reh¢i mlade (Prispévek IV). Vychova
takto obfriho kukac¢iho mladéte je proto zenergetického a casového hlediska obecné
a Grim 2014). V pripadé kukacky obecné a rehka zahradniho jsme vsSak tento zazity
predpoklad vyvratili (Prispévky II a I1I).

Hnizdni perioda kukacky obecné trva vétSinou 17-20 dni podle hostitele a
zemeépisné Sirky (Payne 2005), pricemz pohnizdni péce probiha dalsi 2-3 tydny (Wyllie
1981, Payne 2005), coZ je v souladu s nasimi zjisténimi u rehka zahradniho (Prispévky II a
IV). Mira prezivani parazitickych mladat nabyva rGznych hodnot napii¢ rdznymi
hostitelskymi systémy (Payne 2005). Naptiklad mira pteZivani kukacek na konci pohnizdni
faze u rakosnika obecného ¢ini 22 % (n = 74 %; Wyllie 1981). Prezivani na konci hnizdni
faze u rehkl zahradnich nabyva hodnoty 83 % (n = 81; Samas a kol. 2016) a na konci
pohnizdni faze 38 % (n = 29; Prispévek IV). Nicméné Vega a kol. (2016) zaznamenali pouze
20 % (n = 5) miru prezivani kukacek v priibéhu jejich prvni podzimni migrace. Dalsi data
vSak bohuZel chybi a proto dosud nemiizeme spolehlivéji odhadnout reprodukéni tispéch
kukacky obecné u zadného dosud studovaného hostitele a tim ani predikovat vyvoj

jednotlivych populaci (Pirispévek IV).

1.2.1 Poddruhy kukacky obecné

Latinsky nazev kukacky obecné je odvozen zvyrazu pro pisen ¢i melodii (tj. canorus) a
v ramci tohoto druhu literatura rozliSuje osm poddruhti (Wyllie 1981, Payne 2005). Z nichz
Cuculus canorus subtelephonus Zarudny, 1914; Cuculus canorus johanseni von Tschusi, 1903;
Cuculus canorus bakeri Hartert, 1912; Cuculus canorus telephonus Cabanis a Heine, 1863 a
Cuculus canorus fallax Stresemann, 1930, jsou svym rozsifenim omezeny Cisté na Asijsky
kontinent a od naseho podruhu C. c. canorus se odliSuji zpravidla mensim vzristem, jinym
odstinem svrchni Casti téla a jinou $irkou a nékdy i zbarvenim tmavych prouzki na jinak

bilé spodiné téla (Payne 2005).
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Mezi podruhy s evropskym vyskytem radime Cuculus canorus bangsi Oberholser,
1919, ktery dortlistd mensi velikosti nez C. c. canorus a jadrem jeho vyskytu je predevsim
Pyrenejsky poloostrov, Blearské ostrovy, Maroko, Alzirsko a Tunisko (Payne 2005). Wyllie
(1981) wuvadi jako samostatny poddruh také tmavéji zbarvenou Cuculus canorus
kleinschmidti Schiebel, 1910, svyskytem omezenym pouze na Korsiku a Sardinii.

Poddruhem, kterym se zabyvam v této disertacni praci (Prispévky I-V) je vSak
Cuculus canorus canorus (Linnaeus, 1758), ktery se od ostatnich odliSuje predevsim
nejvétsim vzristem, tmavé popelavé Sedym zbarvenim plasté a ¢erno-bilym prouzkovanim
spodiny téla o priblizné stejné Sifce prouzkid obou barev. Tento poddruh se v ramci Evropy
vyskytuje na zapad od Pyreneji, vCetné Britskych ostrovili, Skandinavie a oblasti
Stredozemniho more. V Asii dale obyva oblast od Blizkého vychodu pres Sibii po Japonsko,
Jizni Koreu a Cinu (Payne 2005).

v v/

1.2.2 Vznik a udrZovani kukaccich ekologickych ras poddruhu C. c. canorus

Jak jsem jiz zminil vySe, vejce kukacky obecné byly v ramci Evropy nalezeny v hnizdech vice
nez 125 ptacich druhti (Moksnes a Rgskaft 1995a, Moksnes a kol. 2013), nicméné pravidelné
parazitovanych je pouze 29 znich (Davies 2000). V diisledku koevolu¢nich zavodu ve
zbrojeni mezi témito nejéastéji parazitovanymi druhy a kukackou obecnou doslo k postupné
specializaci kukac¢ich samic na konkrétni hostitele a tim kvytvoreni priblizné 20
evropskych ekologickych ras (gentes; Moksnes a kol. 2013).

Na pocatku této koevoluce mizeme predpokladat absenci, nebo nizkou uroven
obrany nové parazitovaného hostitele, tak jak to pozorujeme u nékterych soucasnych
populaci pévci, které nejsou parazitovany a s hnizdnim parazitem pravdépodobné nikdy
neptiSly vuzsi interakci (Davies a Brooke 1989, Briskie a kol. 1992, Grim a kol. 2011).
Parazitismus je uz z vlastni definice pro hostitele $kodlivy a hnizdn{ parazitismus predevsim
u naivnich hostiteli casto zpilsobuje, Ze se béhem hnizdni sezény viibec nerozmnozi (Honza
a kol. 2007, Spottiswoode a Koorevaar 2012). To vytvari enormni selek¢ni tlak na
hostitelsky druh, u kterého se tak Casem vyvine protiparazitickd obrana a to nejcastéji
v podobé rozeznavani a odmitani vajec odliSnych od jejich vlastnich (Avilés a kol. 2010,
Spottiswoode a Stevens 2010). Ptirodni vybér proto upiednostiioval parazitické jedince
snasejici co nejvice podobna (mimeticka) vejce tém hostitelskym (Sulc 2016).

Z tohoto diivodu miizeme vétSinu kukaccéich ekologickych ras rozliSit na zakladé
jejich vajec (egg-mimicry races; Gibbs a kol. 2000, Antonov a kol. 2010, Fossgy a kol. 2011),
ktera maji specifickou a konstantni podobu (Moksnes a Rgskaft 1995a, Moksnes a kol. 2013)
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a ktera vice ¢i méné dokonale imituji vejce jejich cilového hostitele ¢i izké skupiny hostiteli
(Chance 1940, Baker 1942, Moksnes a Rgskaft 1995a, Davies 2000). Riizné kukac¢i rasy se
mohou navzajem vyskytovat v sympatrii (Honza a kol. 2002; Antonov a kol. 2010, Fossgy a
kol. 2011), ale mohou byt také vyrazné geograficky separovany (Davies 2000), nebo se
vyskytuji pouze v urcitych ¢astech celkového rozsireni jejich hostitele (Stokke a kol. 20073,
Vikan a kol. 2010, Moksnes a kol. 2013). Napriklad nomadicky druh pénkava jikavec
(Fringilla montifringilla) predstavuje jednoho z nejcastéjSich hostiteli kukacky obecné ve
Finsku, zatimco jeji blizky pribuzny a usedlejsi druh (site fidelic species) pénkava obecna
(Fringilla coelebs; Prispévek V) je ve stejné oblasti parazitovany pouze sporadicky nebo
viibec (Vikan a kol. 2010, 2011; viz ale Prispévek V). Podle Avilése (2008) v jiznim Finsku,
tedy v oblasti naseho vyzkumu (viz oddil 3), koexistuje dokonce nejméné Sest rtiznych
ekologickych ras kukacky obecné a to konkrétné rehéi (Phoenicurus), pénkavi (Fringilla),
konipasi (Motacilla), lindusci (Anthus), lejs¢i (Muscicapa) a pénici (Sylvia). Nicméné kukacky
specializujici se na rehky zahradni (Phoenicurus phoenicurus) reprezentuji diky svym cisté
modrym vejcim, kterd dokonale imituji ta rehéi (Grim a Rutila 2017), jednu z nejsnaze
rozlisitelnych evropskych kukaccich ras (Moksnes a kol. 1995b).

Asi nejvice uznadvanym teoretickym predpokladem vysvétlujicim existenci kukacécéich
ekologickych ras je hypotéza preference hostitele (host preference hypothesis; Chance 1940,
Baker 1942, Nakamura a Miyazawa 1997, Davies 2000, Gibbs a kol. 2000, Fossgy a kol.
2011). Podle této teorie se mimikry kukacc¢ich vajec vyvinuly prirozenou selekci v diisledku
odmitani odliSné vypadajicich vajec hostitelem (Moksnes a kol. 2013). Tyto mimikry jsou
s nejvétsi pravdépodobnosti dale udrzovany diky tomu, Ze se geny zodpovédné za podobu
vajec nachazi kompletné a vyhradné na samic¢im pohlavnim W-chromozomu a jsou tak
dédény cisté po materské linii (Gibbs a kol. 2000, Fossgy a kol. 2016). Zbarveni a vzorovani
kukaccich vajec proto urcuje pouze sami¢i genom a ani promiskuitni parovani se samci o
Fossgy a kol. 2016). Pokud by existovala jakakoli paternalni dédi¢nost (tj. prenaSena samci)
podilejici se na fenotypu vajec, potom by se vyrazné podepsala na naruseni perfektniho
souladu mezi danou mitochondrialni linii a specifickymi adaptacemi na cilovy hostitelsky
druh (Fossgy a kol. 2016). KiiZeni kukac¢ich samic se samci napii¢ rliznymi kukaccimi
ekologickymi rasami by naopak vysvétlovalo zachovani integrity daného druhu (Marchetti a
kol. 1998, Antonov a kol. 2010, Fossgy a kol. 2011). Otazkou ovSem ziistava, na zakladé
jakych mechanismi dokazi kukac¢i samice po navratu ze zimovist identifikovat spravného
hostitele, aby jejich mimeticka vejce nepozbyla sviij ucel (Sulc 2016).

Tento problém je nejcastéji vysvétlovdn pomoci procesu tzv. vtiSténi identity

péstount (host imprinting) a tedy i celého hostitelského druhu do paméti kukaccich mlad’at,
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ktera se tak v dospélosti neomylné vraceji parazitovat stejny druh ¢i dokonce stejnou
populaci (Moksnes a kol. 2013). Pfesné okolnosti dédi¢nosti zbarveni vajec a vtisténi
hostitelského druhu vsak stale nejsou dostatecné prostudovany (Gibbs a kol. 2000; Fossgy a
kol. 2011, 2016).

Jinym vysvétlenim by mohla byt hypotéza hnizdniho stanovisté (nest site hypothesis;
Moksnes a Rgskaft 19954, viz také Honza a kol. 2001a), kde jednotlivé kukacci ekologické
rasy parazituji spiSe celé skupiny hostitelskych druhii s podobnymi vejci a podobnymi
hnizdnimi stanovisti neZ pouze jeden konkrétni druh (Moksnes a kol. 2013). Podobné
vysvétleni nabizi také hypotéza vtiSténi habitatu (habitat imprinting hypothesis; Teuschl a
kol. 1998), podle niZ si dospélé kukacky stanovuji své domovské okrsky pro kladeni vajec
v habitatech pouze podobnych tém, ve kterych se sami vylihly (Moksnes a kol. 2013). Pri
hledani vhodnych hostitelskych hnizd v daném habitatu maji proto kukacky zvysenou
pravdépodobnost parazitace druhu vjehoz hnizdé sami pfiSly na svét (Moksnes a kol
2013).

Trosku jiné vysvétleni podava hypotéza vérnosti krodnému stanovisti (natal
philopatry hypothesis; Brooke a Davies 1991), ktera naléza pric¢inu udrzovani mimikry vajec
v nahodném hledani vhodnych hnizd kukackou pfimo na jejim rodném stanovisti (Moksnes
a kol. 2013). Pro uspéch této hypotézy je nezbytné, aby se plivodni hostitelsky druh na
domovském stanovisti kukacky vyskytoval v nejvyssich hnizdnich hustotach, nebo aby byla
jeho hnizda pro kukacku nejsnaze detekovatelna. Pokud totiZ neni vétSina parazitickych
vajec nakladena do hnizda jednoho druhu, potom nemtze dochazet k dostatecné uzkému
koevoluénimu vyvoji pro vznik a udrzeni mimikry vajec (Moksnes a kol. 2013).

Vsechny tyto hypotézy byly dosud asi nejkomplexnéji studovany v ramci nékolika
navazujicich vyzkumi zahrnujicich hned nékolik kukacc¢ich hostitelti hnizdicich v tésné
sympatrii a to na jizni Moravé a v Bulharsku (Edvardsen a kol. 2001, Honza a kol. 2002,
Skjelseth a kol. 2004, Antonov a kol. 2010, Fossgy a kol. 2011). VySe uvedené hypotézy zde
byly testovany pomoci nékolika metod srovnavani vajec (Edvardsen a kol. 2001, Antonov a
kol. 2010), telemetrické metody sledovani kukacc¢ich samic (Honza a kol. 2002) a analyzou
jaderné a mitochondridlnf DNA kukac¢ich mlad’at (Skjelseth a kol. 2004, Fossgy a kol. 2011).
Hlavnim zavérem téchto praci byla podpora hypotézy vtisténi identity péstounti. Nicméné,
Moksnes a kol. (2013) poukazuji na nutnost uskutecnéni komplexni telemetrické studie,
ktera by dikladnéji ovérila, zda se kukacci mlad’'ata v dospélosti skutecné vraci parazitovat

hostitelsky druh, kterym byla sama vychovana.
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1.2.3 Kukacci ekologicka rasa snasejici modra vejce a jeji vyhradni hostitel

Rehek zahradni (Obr. 1) je jediny pravidelny dutinovy hostitel kukacky obecné v Evropé
(Grim a Rutila 2017), zaroven vsak patii mezi 29 nejvyznamnéjSich evropskych kukaccich
hostitelt (Davies 2000; viz oddil 1.2). Rehek zahradni je také povazovan za hlavniho
hostitele kukacky obecné ve Finsku (Haikola a Rutila 2008, Mikulica a kol. 2017) a rovnéz na
nasi studijni lokalité (pobliZ obce Utula v jihovychodnim Finsku; viz oddil 3) predstavuje
(Grim a kol. 2014) kukac¢iho hostitele (viz ale Prispévek V). Zdvaceti dosud
identifikovanych kukaccich ekologickych ras na evropském kontinentu (Moksnes a kol

19953, 2013; viz oddil 1.2.2) je kukacko-rehéi rasa snasejici bledé modra vejce jedinou

ekologickou rasou, kterou lze kromé podoby vajec rovnéz spolehlivé identifikovat na

zakladé genetiky (Fossgy a kol. 2016).

Obr. 1 Samec (vlevo) a samice rehka zahradniho patrici do intenzivné parazitované populace hnizdici

v okolf obce Utula v Jizni Karélii (foto: autor prace).

Dokonalé mimikry vajec a absence jejich odmitani hostitelem poukazuji na velmi
dlouhé koevolucni zavody ve zbrojeni mezi touto kukac¢i ekologickou rasou a jejim reh¢im
hostitelem (Rutila 2004). Na zakladé genetické analyzy u 197 evropskych kukaccich mlad’at
byla délka této koevoluce odhadnuta na nejméné 2,6 miliont let (Fossgy a kol. 2016). Na
pribliZzné toto obdobi byla totiZ podle pohlavnich samicich W-chromozomi a
mitochondridlni DNA stanovena existence monofyletické materské linie snasejici modra
vejce (Fossgy a kol. 2016). Mitochondrialni fylogeneze dale naznacuje ptivodni misto vzniku
modrych kukacéich vajec v Asii (Fossgy a kol. 2016, Yang a kol. 2016). Rozsireni analyzy
DNA o asijské a africké vzorky totiZ ukazalo blizkou ptibuznost jedné z mitochondrialnich
linif poddruhu Cuculus canorus canorus zahrnujici finskou kukacko-reh¢i ekologickou rasu s

asijskym poddruhem kukacky obecné (Cuculus canorus bakeri; viz oddil 1.2.1). Navic se
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ukazalo, Ze ostatni evropské kukacky, které kladou skvrnita vejce, patii do samostatné a
naprosto odliSné linie (Fossgy a kol. 2016).

Rehci zahradni krmi svd mlad’ata predevSim bezobratlymi Zivocichy, coz je
vkombinaci sjejich hojnym vyskytem a euroasijskym aredlem rozsifeni hlavnim
predpokladem pro cilovy druh kukacéi specializace (Grim a Rutila 2017). Na rozdil od
ostatnich vyznamnych hostiteld kukacky obecné se vSak rehek zahradni vyznacuje
hnizdénim v dutindch (Sama$ a kol. 2016). Druhy stouto hnizdni specializaci nejsou
povazovany za vhodné kukacci hostitele (Davies a Brooke 1989), protoZe hnizdni dutiny
Casto znemoziuji kukac¢im samicim efektivni kladeni vajec a mladym kukackdm zdarné
vylétnuti z hnizda (Grim a Rutila 2017). Hnizdni dutiny s vchodem men$im nez 5 cm
v priméru navic zpdsobuji uvéznéni a smrt Gspésné vylihnutych kukacek (Lohrl 1979).
Rehci zahradni vSak vyuZivaji rozli¢né typy zemnich nor a Stérbin, stejné jako stromovych
dutin a puklin (Obr. 2; Prispévky I a IV), vCetné téch s dostatecné velkymi vchody pro

kukacci parazitaci (von Haartman 1969). To déla rehka zahradniho mnohem zranitelnéjSim

druhem vic¢i kukacéimu parazitismu nez jiné dutinové hnizdice, ktefi jsou vérni

bezpecnéjSim dutindm s mensimi vchody (von Haartman 1981, Grim a kol. 2014, Liang a kol.

2016).

Obr. 2 Vnéjsi a vnitini pohled na prirozené stromové (nahoie) a zemni (dole) dutinové hnizdo rehka

zahradniho v Utule (viz oddil 3), pficemz zemni dutina je ispéSné parazitovana (foto: autor prace).
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Mira kukacc¢iho parazitismu (tj. pocet pripadi parazitace z celkového poctu
kontrolovanych hnizd vyzkumnikem) u rehka zahradnitho na nasi studijni lokalité v
jihovychodnim Finsku ¢ini 33 % (viz oddil 3; Samas a kol. 2016), coZ se velmi podoba
parazitické zatéZi zaznamenané na dal$ich intenzivné studovanych lokalitdch ve vychodnim
(21 %; Rutila a kol. 2002) a severnim Finsku (31 %; Thomson a kol. 2016). Takto podobna
mira parazitismu na uvedenych lokalitadch je pravdépodobné ddna homogennim hnizdnim
habitatem rehkili zahradnich ve Finsku (Grim a Rutila 2017), coZ je zpravidla otevieny
obhospodarovany jehlicnaty les s dominantnim druhem borovici lesni (Pinus sylvestris)
avelmi ridkym kerfovym a nizkym bylinnym patrem (Obr. 2, 6 a 10; Rutila a kol. 2002,
Samas a kol. 2016, Thomson a kol. 2016; Prispévky IV a V).

Z 213 kukaccich vajec, které byly zaznamenany v hnizdnich budkach rehkl na nasi
studijni lokalité v priibéhu 11 hnizdnich sezén (2006-2016), bylo pouze 36% zjisténo uvnitr
hnizdnich kotlinek (Samas a kol. 2016). Zbytek kukaccich vajec byl nalezen bud na okraji
hnizd (54 %), na zemi pod budkami (5 %), nebo v hnizdnim materidlu nedokoncéenych hnizd
(5 %; Samas a kol. 2016). Vzhledem k tomu, Ze rehci pecuji pouze o obsah hnizdni kotlinky
(Prispévky I-IV), bylo celkem 64 % potencialniho kukac¢iho potomstva odsouzeno
k zdhubé uZ od samého pocatku parazitace. Na zdkladé videonahravek bylo zjiSténo
(Prispévek I), Ze tento kukacci netspéch neni zplisoben odstranovanim parazitickych vajec
z hnizda reh¢imi rodici (Rutila a kol. 2002), tedy jak je to béZné u jinych hostiteld (Wyllie
1981, Davies 2000), nybrZ nesnazemi spojenymi s kladenim do dutinovych hnizd (Grim a
Rutila 2017, Prispévek I).

Efektivita prirozené obrany plynouci ztéto hnizdni strategie se proto jevi byt
naprosto klicovou, cemuz nasvédcuje i velmi slaba a neefektivni obrana hnizda (pouze 15 %
rehcich rodic¢d varuje a nalétava na kukac¢i atrapu ¢i na parazitujici samici; Grim a Rutila
2017, Prispévek I) a absence rozliSovani kukacc¢iho vejce a jeho odmitani formou
vyhazovani z hnizda (Rutila 2004, Samas a kol. 2016). Naopak bylo zjisténo, Ze jedinym
zplusobem odmitani kukacc¢iho vejce u rehki zahradnich je opusténi hnizda (10 %, n = 63,
Piispévek I) a to spiSe v reakci na spatieni kladouci kukac¢i samice v hnizdni dutiné (Grim
a Rutila 2017, Prispévek I), nez na zakladé detekce parazitického vejce. Rehci zahradni sice
standardné vkladaji veSkerou energii do jednoho zahnizdéni, v ptipadé hnizdni disturbance
jsou vsak schopni zahdajit novy hnizdni pokus (Grim a Rutila 2017). Samotna pritomnost
dospélé kukacky v hnizdé tak pro rehky predstavuje varovny signal a miiZze byt spoustécim
podnétem k jeho opusténi (Samas a kol. 2016, Prispévek I). NeSikovné, ¢i prilis dlouhé
kladeni vajec tak muZe zplsobit, Ze veSkera kukac¢i snaha, energie a evolu¢ni vyvoj

dokonalych mimikry prijdou vnive¢ (Prispévek I).
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Rehdi kukacky se od vétSiny jinych kukaccich ekologickych ras lisi predevsim tim, ze
nemaji skvrnita vejce (Fossgy a kol. 2016, viz ale Yang a kol. 2010). Vejce reh¢ich kukacek
jsou Cisté modra a perfektné se podobaji tém reh¢im (Obr. 6; Grim a Rutila 2017) a to bez
ohledu na rizné pristupy hodnoceni této podobnosti jako napt. lidskym zrakem (Moksnes a
kol. 1995b), spektrometrii (Igic a kol. 2012) ¢i modelovanim perspektivy ptac¢iho vidéni
(Avilés 2008). Otazkou vsak zlistava, jak se mohly vyvinout tak dokonalé mimikry kukac¢ich
vajec pres pouze primérnou miru (12 %; Hauber a kol. 2014) vyhazovani zcela
nemimetickych vajec rehky zahradnimi (Rutila 2004).

Tento paradox je vysvétlovan koevolucni historii obou interagujicich druhd, kdy je
soutasna uroven mimikry vajec spiSe vysledkem minulych Urovni vyhazovani vajec nez
soucasnym stavem hostitelské diskriminace (Davies 2000). Pokud si totiz parazit vyvinul
dokonalé mimikry uZ v minulosti, potom pokusy o vyhozeni takovychto vajec hostitelem
nutné pusobily ztraty na jeho vlastnich vejcich v diisledku obtiZného rozliSovani vajec obou
mimetickych kukaccich vajec, tak u rehkl zahradnich mohla vést knizsi fitness alel
vyhazujicich jedincl, coZ ndasledné vyustilo Kkpostupnému sniZzovani miry této
protiparazitické adaptace aZz na uroven soucCasného stavu, tedy uUplné akceptace
parazitickych vajec (Davies 2000, Avilés a kol. 2005). Nicméné obcasny vyskyt drobnych
rezavych skvrnek na nékterych rehcich vejcich (Obr. 3; viz také Fig. 16.1b v Grim a Rutila

2017) a tim se zvySujici vnitrosniiSkova variabilita, naznacuji vyvoj nové trovné rehci

Obr. 3 Nékolik dni staré kukac¢i mladé obklopené rehcimi vejci, jejichz tradicné Cisté modré zbarveni

je naruseno vyskytem drobnych rezavych skvrnek (foto: autor prace).
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V kukacko-reh¢im systému jsou vejce parazita (primeér = 13,2 dni, n = 51) a hostitele
(primér = 13,7 dni, n = 51) ve stejnych parazitovanych snliskach inkubovana po velmi
podobnou dobu (Samas$ a kol. 2016, Prispévek II), ¢imz se lisi od jinych vyznamnych
kukacko-hostitelskych systémti, kde se kuka¢¢i mlad’ata lihnou zpravidla o jeden azZ dva dny
diive nez mlad’ata hostiteld (Davies 2000, Grim a Rutila 2017). Tento pro kukacky
neobvykly jev znacné komplikuje uspéch jejich vytlacovaciho instinktu, protoze tak misto
pomérné malych hostitelskych vajec musi ¢asto vytlacovat podobné vzrostla a vzpirajici se
reh¢i mlad'ata (viz Fig. 16.1c v Grim a Rutila 2017; oddil 1.2).

Zatimco v systémech s otevienymi hnizdy je kukacci mladé schopno pomérné rychle
(tj. v radu nékolika hodin) vytlacit vSechna hostitelska vejce ¢i mlad'ata ptres okraj hnizda a
zbavit se tak potencidlni potravni konkurence (Honza a kol. 2007), v rehc¢ich hnizdech (Obr.
4) v tomto smyslu selhava priblizné 20 % kukac¢ich mlad’at (Samas$ a kol. 2016, Thomson a
kol. 2016) a dochazi tak ke vzniku smiSenych sntiSek (Grim a Rutila 2017, Prispévek II-1V).
Samotny proces vytlacovani mulze byt navic prodlouZen az na dobu 7 dni od vylihnuti
parazita, coz mize zpomalit nartist hmotnosti kukacc¢iho mladéte az o 25 % (Grim a kol.
2009b). Takto nezvykle dlouha doba pretrvavani vytlacovaciho instinktu vsak muize byt

adaptaci proti strmym sténam hnizdnich kotlinek a ohrani¢enému prostoru dutinovych

hnizd rehkd, ktery Casto zplisobuje opétovny navrat vytlaceného mladéte do hnizdni

kotlinky (Grim a kol. 2009b, Grim a Rutila 2017).

Obr. 4 Vice nez tyden staré kukac¢i mladé opanujici hnizdni kotlinku poté, co se mu podarilo vytlacit

a tim odsoudit k zahubé tfi reh¢i mlad’ata a dvé rehéi vejce (foto: autor prace).
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Sdileni hnizda s reh¢imi mladaty ma tak silné negativni dopad na rist kukacek,
kdeZto na vyvin rehcich mldd’at nema tato hnizdni situace vyznamny efekt (Grim a kol.
2009a). Na druhou stranu miiZe mit vliv na selekci zdatnéjsSich a Zivotaschopnéjsich rehcich
mlad’'at (Grim a Rutila 2017), kterda dokazi prezit nejenom kukacci vytlacovaci obdobi, ale
mohou byt podobné uspésna i v dalSich usecich svého zivota (Prispévek IV). Napriklad
v nasi studii vyskocilo ze smiSenych sntsek v priiméru 2,3 (n = 10 hnizd) reh¢ich mlad’at
(Obr. 5) a zneparazitovanych hnizd primérné 5,1 (n = 27 hnizd) rehcéich potomki

(Prispévek 1V), coz odpovida i diive zaznamenanym vysledkiim (Samas a kol. 2016).

Obr. 5 Cerstvé vyvedena smiSena snii$ka tvofena jednou kukac¢kou (19 dni starou) a celkem ti‘emi
rehky zahradnimi (vSichni ve véku 18 dni; dalsi dva jsou mimo zabér). Jedna se o velmi vzacny ukaz,
protoZe reh¢i mlad'ata ze smiSenych sniiSek opoustéji hnizdo zpravidla o tyden driv nez kukacky (viz

Prispévek IV; foto: autor prace).

PrestoZe ma vytlacovaci chovani negativni dopad na rist kukac¢ich mlad’at, dovedou
kukacky kompenzovat tyto ztraty pravdépodobné pomoci intenzivnéjSiho Zadonéni o
potravu béhem jejich zbyvajicitho pobytu v hnizdé a opousti tak hnizdo v podobné kondici
jako kukac¢i mlad'ata experimentalné zbavena vytla¢ovaci povinnosti (Grima kol. 2009b,
Grim a Rutila 2017). Nicméné i vkukaCko-reh¢im systému plati extrémné slaba
konkurenceschopnost kukac¢ich mlad’at v ziskavani rodicovské péce v pritomnosti mladat
hostitelti (Rutila a kol. 2002, Grim a kol. 2009a, Grim a kol. 2011, Grim a Rutila 2017).

Kukacky ze smiSenych sniisek vykazuji o piiblizné 25 % niz$i hmotnost v dobé vyskakovani
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z hnizda nez kukacky vyristajici samostatné (Grim a kol. 2009a, Prispévek IV). Opusténi
hnizda nastava u kukacek ze smiSenych sntisek rovnéz pozdéji (o 15 % v Grim a kol. 2009a;
0 3 % v Prispévku IV) a také mira prezivani hnizdni faize miiZe byt u téchto kukacek nizsi (o
66 %) v porovnani s kukackami, kterym se podarilo vytlacit vSechna reh¢i mlad'ata (Grim a
kol. 2009a, Grim a Rutila 2017). Nicméné Samas a kol. (2016) zaznamenali u kukacek ze
smiSenych sntSek 75% miru prezivani, ktera se v této studii signifikantné neliSila od 85%
miry prezivani kukacek vyristajicich bez konkurence reh¢ich mladat.

Na rozdil od jinych kukacko-hostitelskych systémt reh¢i a kukacci mlad’ata
v hnizdech rehkli nereaguji na varovna volani (alarm call) dospélych rehkd utlumenim
zadonéni (begging) o potravu (Davies a kol. 2006). Divodem pro tento rozpor je
pravdépodobné mnohem leps$i ochrana pred predatory v dutinovém hnizdé v porovnani
s otevirenymi hnizdy jinych tradi¢nich hostiteld (Grim a Rutila 2017).

Dominantni slozky potravy, kterou reh¢i rodi¢e krmi vlastni i parazitickd mladata,
tvoii predevSsim hmyz a pavouci, ¢imZ se rehek zahradni vyznamné neliS§i od jinych
pravidelnych kukaccich hostiteli (Grim a kol. 2017; viz také oddil 1.2; Prispévek V).
Nicméné Grim a kol. (2017) zaznamenali, Ze 11 % kukacek a 5 % rehcich sntisSek bylo kromé
tradi¢ni bezobratlé slozky potravy krmeno rovnéz plody bobulovin. Pfi¢emZ ovocna slozka
v potravé kukacek byla do té doby zdokumentovana pouze u jednoho hostitele a to pévce
rySavého (Cercotrichas galactotes), ktery je castym hostitelem kukacky obecné na jihu
Pyrenejského poloostrova (Martin-Galvez a kol. 2005). Dal$i netradi¢ni sloZku potravy
predstavovaly jestérky, které byly zdokumentovany béhem krmeni u 5 % kukacek a 7 %
reh¢ich snisSek (Grim a kol. 2017). JeStérky ani Zadni dals$i obratlovci nebyli zatim
zaznamenani v potravé mlad'at v zadném jiném kukacko-hostitelském systému (Grim a kol.
2017). Kukacky, které byly krmeny témito netradi¢nimi slozkami potravy, vykazovaly o 20
% nizSi hmotnost na konci hnizdni faze a 0 20 % delsi dobu stravenou v hnizdé nez kukacky
krmené bezobratlymi zivocichy (Grim a kol. 2017). Odlisné slozky potravy vsak nemély
Zadny vliv na vyvin reh¢ich mlad'at a rovnéz neovliviiovaly uspésnost vyskoceni z hnizda u
kukacek (Grim a kol. 2017).

Kukac¢i mladata u rehkd zahradnich, kterym se podari vytlacit vSechny rehéi
potomky, obecné dosahuji vy$$i hmotnosti pti vyskoceni z hnizda (nékdy i vice nez 120 g,
Grim a kol. 2009a; Prispévek IV: priimér = 98,7 g, variacni rozpéti = 80-116, n = 19) nez u
jakéhokoli jiného kukacc¢iho hostitele (Grim 2006, Grim a Rutila 2017). To miZe byt opét
vysvétleno stabilnim prostredim dutinovych hnizd, které chrani mlad’ata pred nepfiznivym
pocasim (Grim a Rutila 2017) a zaroveni jim umoZiiuje prakticky bezrizikové prodlouZeni
hnizdni faze, coz pravidelné pozorujeme predevsim u kukacek ze smiSenych snilisek

(Prispévek IV). Nicméné 20,3 dni trvajici hnizdni perioda kukac¢ich mlad’at u rehka
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zahradniho (varia¢ni rozpéti = 16-28, n = 41 hnizd, Prispévek IV; viz také Grim a Samas
2016) spada do rozmezi (18-22 dni) uvddéného pro kukacky vramci 14 dalSich
hostitelskych druhii (Grim 2006, Grim a Samas 2016, Grim a Rutila 2017).

Na rozdil od jinych kukacko-hostitelskych systémi (napt. rakosnika obecného; viz
Wyllie 1981) jsou vSak nékteré rehci kukacky vyristajici bez rehc¢i konkurence schopné
prvniho letu (30 %, n = 23, Prispévek IV; viz také Grim a Rutila 2017) jiZ v den jejich
vyskoceni z hnizda. To lze opét vysvétlit lepSimi a stabilnéjSimi podminkami pro vyvin a
dospivani kukacek v dutinovych hnizdech rehkl v porovnani s otevienymi hnizdy jinych
hostitelli (Grim a Samas 2016). Je totiZ znamo, Ze prodlouZeni hnizdni faze vede u ptakul ke
zvySeni jejich letové kapacity (Prispévek IV). Nicméné vétSina rehcich kukacek (70 %, n =
23, Prispévek IV; viz také Grim a Rutila 2017) podobné jako u rakosnika obecného (Wyllie
1981) bezprostiedné po vyskoceni z hnizda pouze poskakuje v bylinném patfe (Grim a
Rutila 2017). Kukacky vyristajici bez rehcich konkurentli potom zacinaji 1état v priiméru
1,2 dne (variacni rozpéti = 0-5, n = 25, Prispévek IV) po vyskocené z hnizda, zatimco
kukacky ze smiSenych sniiSek poprvé vzlétnou v priméru 2,5 dne (variacni rozpéti = 2-3, n
= 4, Prispévek IV) po jeho opusténi.

Vyuziti radiotelemetrie dale pomohlo odhalit, Ze mezi jednotlivymi skupinami
mlad’at (viz oddil 3; Prispévek IV) pochazejicich zriznych hnizdnich situaci (samotné
kukacky, samotni rehci, smiSené sniisky) neexistuje vyznamny rozdil v pohnizdnim
prrezivani a v délce a priibéhu na rodicich zavislé periody v ramci pohnizdni faze (Piispévek
IV). Na rozdil od hnizdi faze (Prispévky II a IV), vSak tentokrat vykazovaly o néco kratsi
dobu pohnizdni periody kukacky (primér = 17,2, variacni rozpéti = 14-22, n = 11 hnizd)
v porovnani s vlastnimi mlad’aty rehkd (primér = 19,1, variacni rozpéti = 16-28, n = 13
hnizd, Prrispévek IV; viz také Grim a Rutila 2017). Takto kratka doba pohnizdni péce by
mohla odraZet selek¢ni tlak na eliminaci rizika predace po opusténi relativné bezpecného
dutinového hnizda (Prispévek IV). Na druhou stranu, celkova doba reh¢i péce od vylihnuti
mlad’at po jejich osamostatnéni byla priblizné o 6 dni kratsi u reh¢ich mlad’at, proto miize
byt toto zkraceni spiSe zplisobeno omezenou dobou celkového poskytovani péce rehc¢imi
rodici (Prispévek 1V).

Dalsi vysledky detailniho studia pohnizdni faze kukacko-rehéiho systému ukazaly, Ze
celkem 38 % (n = 29) kukacCich a 36 % (n = 53) rehcich mlad’at preziva pohnizdni fazi
minimalné po Uuroven jejich osamostatnéni na rodic¢ich (Prispévek 1V), coZ je vobou
pripadech pomérné vice, nez bylo zjisténo u kukacek rakosnika obecného (22 %, Wyllie
kukacek ze smiSenych sntiSek (18 %, n = 11 mlad’at) a prekvapivé také u neparazitovanych

rehki (24 %, n = 17 hnizd), zatimco celych 50 % (n = 18 mlad’at) kukacek vyristajicich bez
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reh¢i konkurence a 42 % (n = 8 hnizd) rehkl ze smiSenych snliSek prezivd minimalné do
osamostatnéni (Prispévek IV). Tyto vysledky napovidaji, Ze by pravidelny vyskyt
smiSenych sntSek v kukacko-reh¢im systému, coz je mezi kukac¢imi hostiteli naprosto
unikatni jev, mohl byt evolu¢né stabilnim prvkem pro oba interagujici druhy (Prispévky II
alv).

Radiotelemetrie rovnéz ukazala, Ze se kukacci i reh¢i mlad'ata pohybuji po celou
dobu pohnizdni péce rehcich rodic¢i nedaleko hnizd, ve kterych se vylihla (Prispévek IV).
Kukacky tak dosahly osamostatnéni v priimérné vzdalenosti 401,9 m (range = 100-807, n =
11) a reh¢f mlad'ata 425,1 m (68-1200, n = 13 hnizd) od hnizda, pficemz vétsi rozptyl
vykazovaly vzdy mladata ze smiSenych sniSek (Prispévek IV). Na zakladé satelitni
telemetrie bylo dale zjiSténo, Ze dospivajici rehci kukacky zahajuji svou prvni podzimni
migraci (primeér + SD = 14. srpna = 24 dni, n = 5) priblizné mésic po odletu svych
biologickych rodic¢i (pramér + SD = 11. Cervence = 12 dni, n = 20; Vega a kol. 2016). Po
opusténi hnizdnich stanovist nabiraly mladé kukacky v porovnani s dospélci findlni smér
migrace pomaleji a komplikovanéji (Vega a kol. 2016, Grim a Rutila 2017). Navzdory jinému
nasmérovani na pocatku migrace doletéla jedina prezivsi z mladych kukacek nezavisle na
stejné zimovisté v Angole jako viceleté kukacky (Vega a kol. 2016). Vysledky telemetrického
sledovani rehcich kukacek tak potvrzuji existenci vrozeného a na starSich generacich
nezavislého migra¢ni programu u kukacky obecné (Vega a kol. 2016).

Pouze 43% (n = 63) efektivita kladeni kukac¢ich vajec do kotlinky (Prispévek I),
19% (n = 63) vyskyt odebirani hostitelskych vajec kukackou béhem kladeni (Prispévek I) a
80% efektivita vytlacovaciho chovani (55-85% efektivita napric¢ reh¢imi populacemi; Grim a
Rutila 2017) a jeji negativni disledky pro kukacku (Prispévky II-1V), délaji z dutinové
hnizdni strategie rehkd na prvni pohled fatalni prekazku pro kukac¢i parazitismus
(vzhledem k vyskytu a efektivité téchto kukaccich ¢innosti u hostitell s otevirenymi hnizdy;
Wyllie 1981, Davies 2000). Ve skutecnosti se vSak reproduk¢ni tispéch rehcich kukacek (tzn.
pocet mlad’at vyvedenych z hnizda pripadajici na jedno snesené kukacéi vejce) znami
studované populace (0,16; Grim a Rutila 2017) presné shoduje shodnotou zjiSténou u
kukacek vyristajicich v otevirenych hnizdech rakosnika obecného (0,16; Kleven a kol. 2004).
Tento nesoulad miiZe byt opét vysvétlen vySe zminénymi vyhodami dutinového hnizda pro
kukacku a to predevsim ochranou pred rozmary pocasi a predaci v kombinaci s nizkou
urovni odmitan{ kukacéich vajec rehkem zahradnim (Grim a Rutila 2017).

Pro celkovou predstavu o vyznamu dutinové hnizdni strategie vzhledem ke
kukac¢¢imu parazitismu je vSak nezbytné srovnani dopadi parazitismu na rehka zahradniho
a na nékterého z pravidelnych hostiteli vyuzivajicich otevirena hnizda. Z neparazitované

reh¢i snlisky totiz tispésné vyskoci v priiméru 0,84 rehcich mlad’at na jedno snesené vejce
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(n = 87 hnizd), zatimco u smisené sntisky Cini tato hodnota 0,38 (n = 14 hnizd) a je tedy jen
o priblizné polovinu nizsi (Grim a Rutila 2017, viz také Samas a kol. 2016, Prispévek 1V).
Nicméné celkova reprodukéni zdatnost rehki napii¢ vSemi parazitovanymi sntiskami (tzn.
smiSené sntisky i pripady vytlaceni vSech hostitelskych mlad’at) ¢ini pouze 0,1 vylétnuvsich
reh¢ich mlad’at na snesené rehéi vejce (n = 75 hnizd; Grim a Rutila 2017). Z toto 1ze odvodit
v priméru 8,4krat vyssi reprodukcni zdatnost rehkid v neparazitovanych sntskach oproti
tém parazitovanym (Grim a Rutila 2017).

Naproti tomu u radkosnika obecného vysko¢i z neparazitovaného hnizda v priiméru
0,48 mladat (n = 206 hnizd) na snesené vejce, zatimco u parazitovanych snisek ¢ini tato
hodnota 0.05 (n = 58 hnizd; do vysledku se promitd fakt, Ze se néktera kukacci vejce
nevylihnou; @ien a kol. 1998). Proto ma priimérné neparazitované hnizdo v tomto systému
9,6krat vyssi reprodukéni zdatnost nez primeérné parazitované hnizdo (Grim a Rutila 2017).

Na zavér této kapitoly lze tedy rict, Zze ackoli je dopad dvou riiznych hnizdnich
strategii u pravidelnych kukac¢ich hostiteld na reprodukcéni uspéch kukacek prakticky
stejny, tak se mize liSit vzhledem k reproduk¢nimu tspéchu samotnych hostiteldi, coz by
mohlo spolecné s eliminaci predac¢niho tlaku piedstavovat hlavni selekéni mechanismus pro
vznik dutinové hnizdni strategie u kukacCich hostitelli (vliv obou sloZek nebyl dosud
testovan, nicméné je diskutovan v Prispévku III). Tento predpoklad potvrzuje rovnéz vyssi
mira pozorovaného parazitického tlaku (29 %) napri¢ pravidelné parazitovanymi
populacemi rehka zahradnitho (n = 8, Sama$ a kol. 2016) v porovnani s pravidelné
parazitovanymi populacemi rakosnika obecného (12%, n = 7; Stokke a kol. 2008).

Jediné dosud znamé informace o prezivani rehkd zahradnich (36 %, n = 53;
Prispévek IV) a rehcich (38%, n = 29; Prispévek IV) a rakosnicich kukacek (22 %, n = 74;
Wyllie 1981) v priibéhu pohnizdni faze navic naznacuji rozhodujici projev disledki obou
hnizdnich strategii teprve za hranicemi hnizdni faze. Tento zavér dale potvrzuji jedina
dostupnd data z podzimni migrace mladych reh¢ich kukacek, ktera ukazuji pouze 20% miru
prezivani béhem jejich cesty do Afriky (Vega a kol. 2016).

VySe uvedeny prehled informaci o kukacko-rehé¢im systému doplnény o vysledky
praci prezentovanych vramci této disertacni prace (Prispévky I-1V) vsSak celkové
poukazuje na mimofadnou koevoluéni rovnovahu této unikatni paraziticko-hostitelské

interakce.
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2 CiLE PRACE

V této disertacni praci se zabyvam dosud zcela opomijenymi dirovnémi kukacko-hostitelské
interakce jako je kladeni vajec parazitem do dutinovych hnizd, mira nakladnosti péce o
parazita pro dutinového hostitele a pohnizdni interakce kukacky obecné se dvéma finskymi

v sympatrii se vyskytujicimi hostiteli. Konkrétné jsem se zaméril na nasledujici otazky:

e Jakym zplsobem klade samice kukacky obecné vejce do hnizd chranénych v
dutinach? (Prispévek I)

e Jak moc je vychova kukacciho mladéte nakladna pro dutinového hostitele
v porovnani s péci o jeho vlastni potomKky a co z toho plyne? (Prispévky II)

e Mize nizkd uroven nakladnosti vychovy kukacctho mladéte pro rehéi rodice
vysvétlovat nizkou uroven hostitelské obrany u rehka zahradniho? (Ptispévek III)

e Jakym zplisobem probiha pohnizdni interakce kukacky obecné sjejim jedinym
pravidelnym dutinovym hostitelem a jak se do ni promita specificnost této hnizdni
strategie? (Prispévek IV)

e Jak probiha pohnizdni interakce mezi kukackou obecnou a k rehkiim sympatrickym
hostitelem budujicim oteviend hnizda a jakym zplsobem studovat pohnizdni

periodu u hnizdnich parazitG? (Prispévek V)

3 MATERIAL A METODIKA

Sbér dat pro tuto praci probihal predevsim v jihovychodnim Finsku v okoli obce Utula
(61°24'N, 28°37'E; viz Samas a kol. 2016) a to vZdy béhem hnizdni sezény rehki tedy od
kvétna do srpna v letech 2012-2016. Do terénniho vyzkumu na této lokalité jsem se zapojil
v letech 2014-2016 s cilem zaznamenat chovani kukacek béhem parazitace reh¢ich hnizd
(Prispévek I) a ziskat data ohledné pohnizdni faze kukacko-reh¢i interakce (Prispévky II-
V).

Vyzkum kukacciho kladeni (Prispévek I) byl realizovan vzdy v rozmezi kvétna a
Cervna vletech 2013-2016 a kromé Utuly (kde tento vyzkum zapocal az vroce 2014)
souCasné probihal na pfriblizné 300 km vzdalené a severnéji poloZené lokalité pobliZ
mésta Oulu (65°N, 25°50'E; viz Thomson a kol. 2016), kde pracovala finska ¢ast vyzkumného
tymu. Data pro studii ndkladnosti vychovy kukac¢ich mlad’at pro rehci péstouny (Prrispévky
II a III) byla ziskdna v rozmezi{ kvétna a srpna v letech 2012-2016 na lokalité Utula, kde
pracovala ceskd cast tymu za pomoci Jarkka Rutily. Studium kukacko-reh¢i pohnizdni

interakce (Prispévek IV) jsme realizovali vzdy od Cervna do srpna vletech 2014-2016
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pouze na lokalité Utula a rovnéz kukacko-pénkavi pohnizdni interakci (Prispévek V) jsme
zaznamenali a studovali od 18. ¢ervence do 13. srpna 2014 v Utule.

Obé studijni lokality se nachazely v obhospodarovanych borovicovych lesich
s nizkym podrostem a byly vybaveny rozsdhlou soustavu hnizdnich budek pravidelné
obsazovanych predevsim rehky zahradnimi (Obr. 6; Sama$ a kol. 2016, Thomson a kol.
2016). Obé rehci populace jsou dlouhodobé parazitovany kukackou obecnou a to s 31%
primérnou mirou parazitismu v Oulu (n = 360 hnizd vramci sedmi hnizdnich sezon;
Thomson a kol. 2016) a 33% priimérnou mirou parazitismu v Utule (n = 569 hnizd z 11
hnizdnich sezdn; Samas a kol. 2016). Rehci a kukacky jsou v Utule studovani témér 40 let
(Samas a kol. 2016) a predevsim diky tomu jsme méli k dispozici ptiblizné 350 hnizdnich

budek (podobny pocet byl vyuzit v Oulu) specialné designovanych jak pro hnizdéni rehka

zahradniho tak pro pripadnou kukacci parazitaci (Obr. 6; Prispévky I a IV).

Obr. 6 Kamera snimajici vchod a obsah hnizdni budky den po netspésném kukac¢im kladeni (kukacci
vejce je nakladeno mimo hnizdni kotlinku; obrazek vlevo) a externi pohled na typickou budku
vybavenou nahravacim systémem v typickém prostiedi lokality Utula (foto: vlevo autor prace, vpravo

Tomas Grim).

Soustavu budek jsme se rozhodli vyuzit hlavné proto, Ze najit prirozena hnizda
rehki v lesnim prostiedi, v dostatecném poctu a zaroven ve spravném stadiu pro zachyceni
nami studovanych aspekti je prakticky nemozné (viz Obr. 2; Prispévky I a IV). Nicméné
nami vyuzivané budky (Obr. 6) byly designovany tak, aby se rozmérové co mozna nejvice
podobaly prirozenym dutinam rehkl (Obr. 2; Avilés a kol. 2005). U 350 zmérenych budek
(Utula a Oulu dohromady) ¢inil primeérny vertikalni pramér vchodu 7,2 cm, vnitfni Sitka
budky méla v priiméru 11,7 cm, priimérna vnitini hloubka budky byla 13,7 cm a vyska byla

standardizovdna na 35 cm (Prispévek I). Minimalni rozmér vchodu byl navrzen tak, aby
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umoznil mladym kukackam opustit hnizdo (Grim a kol. 2009b, 2017; Samas a kol. 2016;
Prispévek I a IV). Je totiz znamo, Ze dutiny s vchodem o priméru mens$im nez 5 cm
zpravidla uvézni dospivajici kukacku uvnitr a parazitace hnizd ukrytych v téchto dutinach
tak nevyhnutelné vede k nulovému reprodukénimu dspéchu kukacek (Lohrl 1979, Rutila a
kol. 2002).

Chovani kukacCek a hostitel béhem kladeni a inkubace vajec jsme monitorovali
pomoci kontroly obsahu hnizd a video-nahravanim hnizdnich budek (Obr. 6; Prispévky I a
IT). Denni kontrola hnizd ndm také umoznila presné urceni vyvoje sntsky, vcasné odhaleni
piipadné parazitace (Prispévek I) a co nejpiresnéjsi odhad data lihnuti vajec (tento odhad
byl dale upresnovan pomoci prosvécovani vajec; Prispévek II). Pricemz vétsSina kukacc¢ich
vajec nalezenych v Utule (52 z celkovych 82) byla pirenesena do jinych hnizd v ramci studijni
lokality za ucelem dalsiho vyzkumu (Samas a kol. 2016, Grim a kol. 2017, Prispévek II).

Hnizda rehki jsme monitorovali predevSim pomoci systému infracervenych mikro-
kamer (CCD Bird Box Camera 420TVL; SpyCameraCCTV, Bristol, UK; Obr. 6). Kamery byly
propojeny s digitdlnim zdznamnikem (Wireles 2,4 GHz 1 Channel D1 Mini DVR Recorder;
SpyCamera CCTV), ktery jsme spolecné se zdrojem energie v podobé autobaterie ukryli
v plastové nadobé v zemi pod budkou (viz také Sama$ a kol. 2016, Grim a kol. 2017).
Nahravani bylo spousténo pohybem a kamery jsme vétSinou umistovali pfimo pod strop
budky, nebo do mobilnich nadstavbovych drevénych boxt (Obr. 6). Zejména nadstavbové
boxy umoznovaly snimat prakticky cely obsah budky v¢etné vchodu i hnizdn{ kotlinky (Obr.
6). V Utule jsme navic pouzivali Ctyti fotopasti k zachyceni kukacci aktivity v nejblizsim okoli
hnizdni budky (Prispévek I).

Z divodu logistické a technické narocnosti odchytu kukaccich samic v lesnim
prostiredi (Wyllie 1981, Samas a kol. 2016; osobni komunikace s J. Hajkolou) jsme podobné
jako v ostatnich ptipadech nahravani kukac¢¢iho kladeni (Chance 1922, Moksnes a kol. 2000,
Andou a kol. 2005, Wang a kol. 2020) nebyli schopni oznacit jednotlivé kukac¢i samice
zachycené pri kladeni. Misto toho jsme se pokusili kukacky rozliSit dodate¢né na zakladé
individualnich rozdila v jejich opereni a rovnéz na zakladé nékterych specifickych znaki
vjejich chovani, ale hlavné také podle Casu a lokace konkrétniho kladeni (Prispévek I).
Samice kukacky obecné totiZ kladou vejce pouze obden (Wyllie 1981, Davies 2000, Schulze-
Hagen a kol. 2009) a vétSinou v prostoroveé limitovanych arealech ptsobnosti (Wyllie 1981,
Honza a kol. 2002, Nakamura a kol. 2005). Na zdkladé téchto specifik jsme kaZdou hnizdni
sezonu odhadli 14-23 rlznych kukaccich samic zaznamenanych na videich v Utule a 11-19
v Oulu (PrispévekI).

Na zadkladé videonahravek jsme identifikovali celkem tfi rozdilné metody kukacciho

kladeni, u kterych jsme analyzovali a srovnavali predevsim jejich ispésnost (tj. procento
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vajec snesenych do hnizdni kotlinky), celkovy cas straveny kukackou v budce béhem kladeni
(duration of laying visit; tj. interval mezi usednutim do vchodu a odletem z budky) a interval
od vstupu kukacky do budky po okamzik sneseni parazitického vejce (laying latency).
Rovnéz jsme analyzovali denni dobu kladeni parazita i hostitele a aktivitu hostiteld béhem
kukacci navstévy hnizda vcetné jejich reakce na samotny parazitismus (Piispévek I). Podle
téchto a dalSich zjisténych parametri jsme nakonec jednotlivé kukac¢i strategie srovnavali a
diskutovali v Sirsim ekologicko-etologickém a koevolu¢nim kontextu (Prispévek I).

Pro ucely ziskani dat ke zhodnoceni vlivu vychovy kukac¢¢iho mladéte na zdatnost
rehCich péstounti (Prispévek II) jsme dvakrat béhem jednoho hnizdniho pokusu
odchytavali a mérili rodi¢e z neparazitovanych snlsek a rodi¢e z parazitovanych hnizd
celkem trikrat. K odchytu jsme pouzivali bud’ gilotinové pasti umisténé piimo v budkach a
ovladané ze vzdalenosti 10-80 m, nebo klasické narazové sité (Prispévek II). Oba rodice
z jednoho hnizda, se ndm podarilo opakované odchytit u 30 z celkem 64 hnizd a u zbylych
hnizd jsme ziskali data vzdy alespoil od jednoho rodic¢e. Vzhledem k niz§imu vyskytu
smiSenych snisSek (celkem osm hnizd) se nam podarilo dvakrat zmérit pouze jednoho
samce a Ctyfi samice a proto jsme pro tuto skupinu nebyli schopni provést dostatecné
spolehlivé odhady parametri. Ze 157 mlad’'at a 67 dospélych rehkii, kteri byli okrouzkovani
v prvnim roce vyzkumu (2012) se ndm podaftilo v nasledujici hnizdni sez6né zaznamenat
pouze jednoho zdospélych jedincl, coZ nam zabranilo v kvantifikaci tzv. ,budoucich
nakladt“ (future cost; projekce dopadli narocnosti vychovy mlad’at z jedné hnizdni sezény
do té nasledujici) vyplyvajicich z vychovy parazita (Prispévek II).

Reh¢i rodice jsme odchytavali ve fazi pocatku lihnuti mlad’at, nasledné desaty den od
vylihnuti prvniho mladéte a v pripadé parazitovanych sniSek jeSté osmnacty den. Tyto
intervaly umoznovaly srovnani stejnych casovych usekli u rehcich rodict i kukaccich
péstount a zaroven srovnani nakladnosti rodicovské péce pred koncem hnizdni faze (v dobé
kdy mlad’ata dosahovala ristovych asymptot) u obou skupin. Tento piistup nam umoznil
snizit riziko zmeskani posledniho méreni z diivodu predcasného vylétnuti mlad'at z hnizda
(Prispévek II). Chycené rehky jsme okrouzkovali, vzali jim krevni vzorky (20 pl krve
z kiidelni Zily), zvazili je (s presnosti na 0,1 g) a zmérili délku jejich tarzu (s presnosti 0,1
mm). Za ucelem posouzeni jejich kondice jsme pouZili standardizovany hmotnostni index
zaloZeny na télesné hmotnosti a délce tarzu (Peig a Green 2009). Ke zhodnoceni hladiny
rodicovského stresu jsme pouzili pomér heterofild a lymfocytl (dale: H/L pomér) v krevnim
vzorku. Jedna se o bézny fyziologicky ukazatel prodlouzeného stresového stavu (napft. asili
vynaloZené na krmeni mlad’at), se znamym pozitivnim vztahem mezi H/L pomérem a

urovni stresu (Davis a kol. 2008, Pirispévek II).
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Naklady na inkubaci vajec jsme odvodili z celkového poctu dni straveného touto
Cinnosti v hnizdé (incubation period length) a ziskana data jsme nasledné porovnali mezi
parazitovanymi a neparazitovanymi sndskami (tj. parasitism status). Prvni den inkubacni
periody byl stanoven jako den, kdy pribylo posledni vejce do snlsky a posledni den
inkubace byl urcen lihnutim kukacky ¢i prvniho mladéte hostitelli. Samotna uspésnost
lihnuti byla vzhledem kobcasnym pripadim odebirani vajec kukackami pri Kkladeni,
definovana jako pocet vylihnutych hostitelskych vajec vydéleny poctem skutecné
inkubovanych hostitelskych vajec a vynasobeny ¢islem 100 (Prispévek II).

Dale jsme pomoci kamer Panasonic HDC-HS80 (Obr. 10) nahravali krmné usili rehk
pecujicich o vlastni mlad’ata a téch vychovavajicich kukacku naptic celou jejich hnizdni fazi
(Prispévek II). Frekvenci krmeni jsme kvantifikovali pro 60 minutovy interval, ktery byl
zahdjen teprve po 30 minutach od instalace kamery z divodu privyknuti rehc¢ich rodi¢i na
zménu prostiedi. Kamera (Obr. 10) byla podobné jako u nahravani kukacciho kladeni
(Prispévek I) pripevnéna do mobilni direvéné nadstavbové ¢asti hnizdni budky (Obr. 6).

Naklady na inkubaci mlad’at byly kvantifikovany jako proporce ¢asu straveného
zahrivanim mlad’'at v ramci jednoho videozaznamu. Zacatek tohoto zaznamu byl stanoven
na okamzik prvniho navstiveni hnizda rodiem a jeho konec byl uréen momentalni
kapacitou baterie. Délka zaznamu se tak pohybovala v rozmezi 0,5-5 h (medidan = 2 h;
Prispévek II). Mlad'ata byla v den vylihnuti rozliSena znackou na prstech nohy pomoci
popisovace. Vazeni mlad’at (s presnosti na 0,1 g) jsme provadéli vidy po konci kazdého
videonahravani a jinak kazdé 2-3 dny od vylihnuti napii¢ celou hnizdni fazi. Reh¢i mlad’ata
byla mérena do véku 10-14 dntli podle stavu opefeni a kukacky do okamziku opusténi
hnizda. Podobné jako v prechozich studiich (Grim a kol. 2009a, Grim a Samas 2016) jsme
nezaznamenali zadny vliv manipulace s mlad’aty na nacasovani jejich vyskakovani z hnizda
(Prispévek II).

U jednotlivych sniiSek jsme rovnéz provedli odhad celkové metabolizované energie
za jeden den (daily metabolized energy; dale DME), ktery jsme vypocitali podle vzorce: DME
(k]) = 5,86 x hmotnost81, kde ,hmotnost” predstavuje specifickou hmotnost mlad’at pro
konkrétni vék (Weathers 1992). DME, jsme pomoci odhadli hmotnosti na zakladé ristovych
krivek ziskanych z namétfenych hodnot, stanovili i pro ty vékové kategorie, u kterych nam
chybéla méreni (Grim 2007). DME, vSech mlad’at z kazdé sniisky, jsme nasledné secetli pro
obdobi mezi odchyty jednotlivych rehcich rodici. Takto jsme ziskali odhad celkové
metabolizované energie (total metabolized energy, didle TME) konkrétni sniiskou jako
piimou uméru zatéze konkrétniho rodice, kterym byla tato snti$ka vychovana (Prispévek

In).
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Déle jsme za Gcelem formulovani kvantitativnich predikci spocitali mnoZstvi energie
(soucet jednotlivych DME) pro primérnou reh¢i snisku (primeér + SD = 6,1 + 1,1 rehcich
mlad’at, n = 143) a pro konkrétni hnizdni periodu: (i) 0-10 dni od vylihnuti u rehki i
kukacek a (ii) obdobi ve kterém mlad'ata dosahnou své rlstové asymptoty (0-10 dni u
rehki a 0-18 dni u kukacek). Na zakladé toho jsme odhadli, Ze béhem prvnich deseti dnti od
vylihnuti byla vychova kukacky pro rehky 0,4krat méné energeticky narocna, nez vychova
primérné rehci snlsky. Naopak péce o kukacky vobdobi dosaZeni jejich riistovych
asymptot byla odhadnuta jako 1,1krat naro¢néjsi nez péce o primeérnou rehci sntisku. Tyto
odhady jsme dale pouzili k vysvétleni zmén v kondici reh¢ich rodic¢t vzhledem k H/L
poméru a krmnému usili.

Specialné u krmného Usili jsme dodatecné predpovédéli, Ze vychova primeérné
smiSené snisky (tzn. jedné kukacky a dvou rehc¢ich mladat; viz také Prispévek IV) by méla
byt 0,5krat méné naroc¢na v prvnich deseti dnech od vylihnuti a 1,2krat naroc¢né;jsi v obdobi
dosazeni ristovych asymptot mlad’at nez v pripadé vychovy priimérné cisté rehci sntsky.
BohuZel jsme toto srovnani nemohli udélat i v ptripadé H/L poméru, protoZe se nam
nepodarilo odchytit dostatecné mnozstvi rehcich rodi¢i od smisenych sntisek. Nakonec
jsme proveérili moznou linedrni zavislost (kovarianci) mezi pohlavim rehcich rodict,
frekvenci krmeni, H/L pomérem a zménou v télesné kondici (Pirispévek II).

Posledni fazi kukacko-hostitelské interakce, na kterou jsme se vramci naSeho
vyzkumu zaméfili, bylo obdobi od vylétnuti mlad’at z hnizda po jejich osamostatnéni na
vyzkumt (Wyllie 1981, Vega a kol. 2016) rozhodli studovat do co nejvétsich detailti pomoci
radiotelemetrie a prostiednictvim co mozna nejcastéjsiho dohledavani mlad'at. Navic jsme
se na rozdil od vSech dosud uskute¢nénych telemetrickych studii pohnizdni faze u hnizdnich
parazitd (Soler a kol. 1994, 1995, 2014a,c; Vega a kol. 2016) zamérili nejen na paraziticka
ale i na hostitelska mlad’ata (Prispévek IV).

Béhem studia pohnizdni faze kukacko-rehc¢iho systému jsme vysilackami (tzv.
transmittery) vybavili a nasledné pomoci nich sledovali celkem 42 kukac¢ich mlad'at ze 41
snisek (z jedné snisky vyly vyvedeny dvé kukacky) a 159 rehéich mladat z 37 snisek
(Prispévek IV). Z divodu minimalizace vlivu sledovaciho zarizeni na fyziologii a chovani
mlad’at jsme zvolili dva typy vysilacek (Biotrack Ltd., Wareham, UK) o hmotnosti mensi nez
je doporucena maximalni hranice 5 % hmotnosti jejich nositelti (Barron a kol. 2010).
Kukacci mlad’ata jsme proto vybavili modelem PiP3 Ag393 o hmotnosti 2,1 g a dosahem 600
m a reh¢i mlad'ata modelem PicoPip Ag376 o hmotnosti 0,7 g a dosahem 300 m (Obr. 7).

Vysilacky jsme pomoci akrylatového rychleschnouciho lepidla pripeviiovali na

zastrizena a acetonem odmasténa zadova pera (Diemer a kol. 2014). Upevnéni transmittert
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jsme zaroven pojistili pouzitim bavinénych ¢i nylonovych smycek pretazenych pres kiidla
(Anders a kol. 1997, Hill a kol. 1999). Vysilacky jsme instalovali 2-3 dny pred odhadovanym
datem vylétnuti mlad'at z hnizda (Samas a kol. 2016) tak, abychom zadné mladé nezmeskali
a zaroven aby méla mlad'ata dostatek c¢asu si na zarizeni zvyknout (Soler a kol. 2014a).

Béhem fixace transmittert jsme mladd’ata rovnéz méfili (viz dale) a okrouzkovali ¢iselnymi i

vavs

barevnymi krouzKky pro snadnéjsi vnitrosntiSkovou i mezisntiskovou identifikaci (Obr. 7).

Obr. 7 Umisténi dvou typt vysilacek od firmy Biotrack na mlad'atech obou interagujicich druhi. Bily
Stitek (slouzici k urceni presného casu vyskoceni reh¢tho mladéte z hnizda pomoci videozaznamu)

byl z rehciho transmitteru odstranén v ramci prvniho méreni po opusténi hnizda (foto: autor prace).

Celkem u 63 hnizd se nam pomoci CCTV kamerového systému (Obr. 6) a
individualniho znaceni rehéich mladat (Obr. 7; viz také Porkert & Spinka 2004) podatilo
zdokumentovat moment vyskoceni jednotlivych mlad'at z hnizda a tak urcit presné datum
pocatku jejich pohnizdni faze (Prispévek IV). Od piredpokladaného data vyvedeni mlad’at
z hnizda jsme provadéli jejich kontrolu nejméné jednou denné. Mlad'ata jsme zacali sledovat
hned, jak jsme zaznamenali jejich absenci v hnizdé a pokracovali jsme denné, dokud byl
mozny jejich odchyt pro ucely méreni. Kradiotelemetrii (radio-tracking) jednotlivych
mlad'at jsme pouZili mobilni tfiprvkovou anténu (Lintec flexible three-element Yagi)
piipojenou na 4 MHz pfijimac Sika (Biotrack Ltd.; PrispévKky II, IV a V). Poté co mlad’ata
zaCala obstojné létat, jsme pokracovali v monitoringu kazdy tifeti den az do jejich
osamostatnéni, predace ¢i uhynuti. Nasledujici parametry jsem z divodu konzistence
provedeni jednotlivych tikoni a piesnosti méieni zaznamenaval pouze ja.

Jakmile jsem béhem radiotelemetrie zpozoroval sledované mlade, uloZil jsem vzdy
jeho GPS pozici pomoci mobilni aplikace Locus Map Version 2.10.1 (s piresnosti 2-6 m) jako
pivodni bod jeho vyskytu (original point). Prostrednictvim této aplikace jsem nasledné

urcoval aktualni vzdalenost mladéte od hnizda (nest distance; tj. vzdalenost v metrech mezi
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ptvodnim bodem vyskytu a hnizdem) a denni rozptylovou vzdalenost (daily dispersal
distance; tj. vzdalenost mezi plivodnimi body vyskytu v ramci po sobé jdoucich dni). Po
ulozeni GPS jsem zacal opatrné pristupovat k mladéti. Pokud bylo mladé vyplaseno mou
pritomnosti ¢i pokusem o odchyceni a bylo jiz schopno létat, zaznamenal jsem vzdy délku
jeho letu (fleeing distance; mérenou v metrech) z ptivodniho bodu vyskytu (Hanley a kol.
2015). Dale jsem u téchto mlad'at zaznamenaval pocet jednotlivych prelétnuti za jednu
hodinu (number of flights per hour; tj. pocet ptelétnuti béhem hodinového pozorovani
z Ukrytu vytvoreného kamuflazni siti za udrzeni nepretrzitého vizualniho kontaktu
s mladétem; Soler a kol. 1994). U odchycenych mlad'at jsem métil jejich hmotnost pomoci
digitalni vahy s presnosti na 0,1 g, délku kridla za pouziti ornitologického pravitka (podle
Fig. 4.4 v Sutherland a kol. 2004) s presnosti na 1 mm a délku tarzu prostrednictvim
posuvného digitalniho méridla (podle Fig. 4.5a v Sutherland a kol. 2004) s ptresnosti na 0,1
mm. Mlad'ata jsme povazovali za samostatnd (Obr. 8) teprve vokamziku, kdyZz jsme
zaznamenali absenci jejich zadonéni (Davies 2000) soucasné s absenci krmeni ze strany

rodicti (Woodward 1983) a absenci varovného volani rodi¢ti (Prispévky IV a V).

Obr. 8 Kukac¢i mladé vyfocené v dobé osamostatiiovani na rehéich péstounech, tedy priblizné 38 dni

od vylihnuti a 18 dni od vyskoceni z hnizda (foto: autor prace).

Krmeni mladat béhem pohnizdni faze jsme pozorovali pomoci dalekohledii a
kamuflaZe a to ze vzdalenosti, kterd zaleZela na strukture vegetace konkrétniho stanovisté
(obvykle 10-20 m). Frekvenci krmeni jsme v 65 % pripadli zaznamenavali po dobu 60
minut a jinak v rozmezi 30-90 minut nebo do ztraty vizuadlniho kontaktu s pozorovanym

mladétem (Prispévek II).
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V priibéhu radiotelemetrie jsme také zaznamenali rozdélovani sniiSek reh¢imi rodici
(brood division) béhem pohnizdni faze. Nejsnaze pozorovatelny byl tento jev u smiSenych
sntsSek, kde jeden zrodict vzdy nasledoval drive vylétnuvsi rehci ¢ast sntisky a druhy
pecoval pouze o kukacku. U pohnizdni faze jsme proto museli rozlisit hned Ctyri skupiny
mlad’at. Skupina samotnych kukacek (solitary cuckoos, n= 31 kukacek/sniisek) zahrnovala
kukac¢i mlad’ata, kterym se podarilo usmrtit veskeré reh¢i potomstvo a tak vyristala zcela
osamocené. Termin smiSené kukacky (mixed cuckoos, n = 11 kukacek z 10 snisek)
predstavoval kukacéi jedince, ktefi byli méné uspésni ve vytlacovani a tak byli nuceni
vyristat spolu s jednim ¢i nékolika reh¢imi mlad’aty (mixed redstarts, primér + SE = 2,3 +
0,3 rehcich mlad’at na sntisku, n = 22 reh¢ich mlad’at z 10 snisek; Prispévek IV). Do této
skupiny jsme zaradili také dvé kukac¢i mlad'ata, kterd prirozené vyrostla vedle sebe bez
rehc¢ich ,sourozenci“ v dvojnasobné parazitovaném hnizdé (Obr. 9). U této snlsky jsme
totiz predpokladali podobnou vzajemnou konkurenci mlad’at jako u klasického kukacko-
rehciho slozeni (viz Prispévek II). Posledni skupinu tvorili samotni rehci (solitary redstarts,
pramér + SE = 5,1 + 0,3 reh¢ich mlad’at na sndsku, n = 137 reh¢ich mlad’at z 27 snisek;

Prispévek IV), ktei{ vyristali v neparazitovanych hnizdech a tedy bez kukac¢i piritomnosti.

Vv

Obr. 9 Dvé kukac¢i mlad'ata zachycend pred koncem hnizdni faze. Tato hnizdni situace vznikla

v dlisledku prirozené dvojndsobné parazitace rehé¢iho hnizda. Obé mlad'ata byla uspésné vyvedena
z hnizda a nasledné vychovavana kazda jednim rehc¢im rodicem. Obé kukacky vsak byly predovany

jesté pred dosazenim samostatnosti (foto: autor prace).
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Pro porovnani vyvoje téchto ctyr skupin jsme stanovili celkem pét kontrolnich
urovni (five pre-determined situations) v pribéhu pohnizdni faze z nichz dvé odpovidaly
stézejnim bodlm ve vyvoji mlad'at (den vyskoceni z hnizda, den prvniho letu) a zbylé tri
predstavovaly moZné vysledky pohnizdni periody (den predace, den vyhladovéni a den
dosazeni samostatnosti; Prispévek IV). U kazdé urovné jsme kromé méreni fyzickych
(hmotnost, délka kridla a tarzu) a behavioralnich parametri (vzdalenost od hnizda, denni
rozptyl, délka letu, pocet prelétnuti) zaznamenali také pocet dni od vylihnuti mlad’at (age
from hatching; den vylihnuti = 0) a pocet dni od jejich vyskoceni z hnizda (age from fledging;
den opusténi hnizda = 0; Prispévek IV).

Naméfené pohnizdni parametry jsme nasledné porovnali mezi vSemi skupinami
mlad’at (tam kde to bylo relevantni) prostrednictvim dvou hlavnich analyz. V prvni analyze
jsme srovnavali zmény parametrli v ramci postupnych méteni v priibéhu pohnizdni faze a
ve druhé analyze jsme porovnavali pouze parametry namérené v ramci péti zajmovych
kontrolnich arovni (den vyskoceni z hnizda, den prvniho letu, den predace, den vyhladovéni
a den dosaZeni samostatnosti; Prispévek IV). Veskeré analyzy uvedené v Prispévcich I-1V
byly provedeny prostrednictvim programu R 3.5.0 (R Core Team 2018) a STATISTICA 13
(TIBCO Software Inc. 2018).

Béhem dohledavani mlad’at vramci studia pohnizdni interakce mezi kukacCkou
obecnou a rehkem zahradnim (Prispévek IV) jsme 18. cervence 2014 nahodou objevili
mladé kukacky, které bylo navstévovano a krmeno samcem pénkavy obecné (Prispévek V).
Kukacka sedéla priblizné 0,5 m nad zemi na 4 m vysokém smrku uprostied vzrostlého
borovicového lesa (61°22'N, 28°32'E; Prispévek V). Kukacka jesté nebyla schopna letu,
proto jsme ji snadno chytili a opatftili krouzkem Finské ornitologické spolecnosti stejné jako
v pripadé sympatrickych rehcich kukacek (Prispévek IV). Nasledné jsme odebrali vzorek
krve (15 pL) z ktidelni Zily a uloZili ho do 96% roztoku ethanolu k pozdéjSi determinaci
pohlavi (podle Griffiths a kol. 1998) a prislusné kukac¢i ekologické rasy (Davies 2000)
pomoci COI markeru (podle Fossgy a kol. 2016).

Mezi 18. a 23. cervencem 2014 se nam podarilo kukacku jednou denné odchytit a
zmétit. Konkrétné jsme mérili hmotnost (digitalni vahou s presnosti na 0,1 g), délku kridla
(s presnosti na 1 mm podle Fig. 4.4 v Sutherland a kol. 2004), délku tarzu (maximalni délku
tarzu s presnosti na 0,01 mm podle Fig. 4.5a v Sutherland a kol. 2004), délku zobaku
(méfeno od Spicky zobaku knejvzdalenéjSimu bodu koZnitho zdhybu v jeho koutku
s presnosti na 0,01 mm; podle Grim a Honza 2001) a Sifrku zobaku (méiena vzdalenost mezi
koznimi zahyby obou koutkli zobaku s piesnosti na 0,01 mm; podle Grim a Honza 2001;

Prispévek V).
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Za ucelem minimalizace ruSeni péstouna pri krmeni a zaznamenani komplexniho
chovani obou aktéri béhem tohoto procesu, jsme pripevnili digitdlni HD videokameru
(Panasonic HDC-HS80EP) ke kmeni vhodného stromu tak, aby zabirala kukacku a jeji
nejblizsi okoli. Kamera byla ptipevnéna ke stromu pomoci mobilni dfevéné nadstavbové
¢asti budky a to v pribliZzné deseti metrové vzdalenosti od kukac¢étho mladéte (Obr. 10).
Videonahravani probihalo od 18. do 26. cervence 2014 vzdy po dobu priblizné 5 hodin

v ramci kazdého dne. Z videonahravek jsme ziskali frekvenci krmen{ jako pocet jednotlivych

zakrmeni za hodinu (podle Soler a kol. 2014a) a slozeni hmyzi potravy na tUrovni radi (viz

Grim a kol. 2014; Prispévek V).

Obr. 10 Kamera snimajici frekvenci krmeni kukacciho mladéte hostitelem nastavena tak, aby alespon

Vv

hodinu zabirala kukac¢¢i mladé sedici na smrku uprostied snimku (foto: autor prace).

Pomoci analyzy kukacé¢iho volani v databazi Xeno-canto (www.xeno-canto.org) jsme
dale vytvorili dva odliSné sonogramy pro kukacéi Zadonéni za nepritomnosti pénkaviho
samce (XC347199) a naopak v jeho pritomnosti (XC347200; Prispévek V).

Pohyb kukacky jsme sledovali pomoci radiotelemetrie za pouziti naprosto stejného
vybaveni a metodologickych postupi jako v pripadé rehc¢ich kukacek (viz vyse; Prispévek
IV a V). RovnéZ jednotlivé lokace kukac¢tho mladéte jsme ukladali pomoci GPS a mobilni
aplikace Locus Map Version 2.10.1. za ucelem méreni denniho rozptylu (daily movement

distances). Dale jsme zaznamenavali vysku a typ kukac¢iho dkrytu (vZdy se jednalo o strom)

a vysku pozice kukacky nad zemi s presnosti na 0,5 m. V pripadé Ze jsme kukacku vyplasili
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z jeji pozice, tak jsme rovnéz zaznamenali zplisob jejiho pohybu (poskakovani/let), pripadné
i délku letu (s presnosti na 1 m) a pocet jednotlivych preleti. JelikoZ jsme neznali skute¢ny
den vyskoceni kukacky z hnizda, tak jsme urcili den jejiho objeveni jako den 0 pohnizdni
faze. Kukacku jsme sledovali denné az de jejiho osamostatnéni (Prispévky IV a V), které
nastalo 2. srpna 2014 a potom jeSté nasledujicich deset dni aZ do naSeho drive
naplanovaného odjezdu z lokality. VeSkeré analyzy dat byly v Prispévku V provedeny

pomoci programu STATISTICA 12 (StatSoft Inc. 2013).

4 SHRNUTI JEDNOTLIVYCH PRIiSPEVKU

Vzhledem ktomu, Ze jsem se spolu se svymi kolegy zabyval prakticky kompletnim
reprodukénim cyklem v ramci kukacko-hostitelského systému, jsou i jednotlivé prispévky
fazeny chronologicky podle jejich hlavniho zaméreni. Prispévek I proto resi problematiku
kladeni vajec kukackou do dutinovych hnizd. Prispévek II se zabyva piedevsim nakladnosti
inkubace vajec a vychovy mlad’at v parazitovanych i neparazitovanych sniskach pro rehci
rodice. Prispévek III dale rozvadi a diskutuje vysledky a zavéry piedchoziho prispévku.
Piispévek IV nasledné mapuje pohnizdni fazi kukacCko-reh¢i interakce a Prispévek

V sleduje pohnizdni interakci v ramci kukacko-pénkaviho systému.

4.1 Jakym zptisobem Kklade samice kukacky obecné vejce do hnizd

chranénych v dutinach? (Prispévek I)

Jedinym dosud znamym zpisobem kladeni vajec napii¢ vesSkerym ptacim spektrem, bylo
tzv. ,piimé kladeni“ (direct laying) béhem kterého samice sedi primo v hnizdni kotlince (del
Hoyo a kol. 2020). Nalezy kukaccich vajec v dutinovych hnizdech chranénych ptili§ malymi
vchody ¢i priliS malymi vnitinimi prostory vzhledem k velikosti parazita, ovSem tento
zpusob kladeni zdanlivé vylucovaly (Baker 1942, Wyllie 1981). Prirodovédci si tento jev
vysvétlovali pouzitim alternativnich strategii kladeni parazitickych vajec, mezi které
nejcastéji radili vloZeni vejce do dutiny pomoci zobaku (beaking), vyvrhnuti vejce do dutiny
po jeho predeslém spolknuti (regurgitating), vytlaceni vejce z kloaky béhem tiepotani pred
vchodem do dutiny (fluttering), upusténi vejce z kloaky béhem sezeni ve vchodu do dutiny
(dropping) ¢i vystieleni vejce z kloaky rovnéz béhem sezeni ve vchodu do dutiny (projecting;

viz Extended Data Table 1 v Prispévku I).
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Ztéchto alternativnich strategiibylo dosud nejpopularnéjsi a drive Siroce
ptijimanou metodou vkladani kukac¢iho vejce do hnizda zobakem (tj. beaking; Baker 1942,
Wyllie 1981, Davies 2000, Schulze-Hagen a kol. 2009). Presvédceni prirodovédci o
pouzivani téchto strategii kukackami ovSem vychdzelo pouze =z hnizdnich kontrol
Ci nepiesnych interpretaci ¢asto ndhodnych a letmych pozorovani (Chance 1940, Baker
1942, Wyllie 1981, Schulze-Hagen a kol. 2009). Rovnéz variabilita v pozici kukac¢ich vajec
bezprostredné po parazitaci (tj. v kotlince, mimo kotlinku, pod hnizdni budkou), diive
zdokumentovana vnasem kukacko-reh¢im systému pomoci hnizdnich kontrol,
nasvédcovala bud pouzivani nékteré alternativni metody kladeni, nebo rizné udrovni
dovednosti kukac¢ich samic (Rutila a kol. 2002, Samas a kol. 2016, Thomson a kol. 2016).

K objasnéni tohoto rébusu jsme se rozhodli nahravat hnizda rehkii zahradnich
(Phoenicurus phoenicurus) v obdobi kladeni vajec pomoci videokamer. Tato metoda se totiZ
ukazala jako velice efektivni u kukaccich hostitelti budujicich oteviena hnizda, kde byla ve
vSech ptipadech zjiSténa pouze metoda pifimého kladeni (Chance 1922, Moksnes a kol.
2000, Andou a kol. 2005, Wang a kol. 2020). Se stejnym vysledkem ptekvapivé dopadlo i
nahravani uzavienych kupolovitych hnizd hostiteli dalsich kukaccich druht, které rovnéz
pouZzivaly pouze strategii pfimého kladeni (Brooker a kol. 1988, Briskie 2007, Gloag a kol.
2014, Soler a kol. 2014b).

Jedind mirné odlisnd metoda kladeni vajec byla nedavno natoCena u dvou druhi
vlhovci: vlhovce hnédohlavého (Molothrus ater) a vlhovce modrolesklého (M. bonariensis);
kteti kladli vejce jak do otevirenych hnizd nékolika rtznych hostitelti, tak v pripadé vlhovce
modrolesklého i do hnizdnich budek stiizlik(i zahradnich (Troglodytes aedon). Toto kladeni
probihalo v podobé upusténi vejce z kloaky ze zhruba Sesti centimetrové vysky nad dnem
hnizdni kotlinky (Ellison a kol. 2019), coZ se podobalo do té doby hypotetické kukacci
strategii ,dropping” (Extended Data Table 1 v Prispévku I). Tato vlhov¢i metoda kladeni
vsak stale nevysvétlovala parazitaci hnizd ukrytych v pro kukacku nepiistupnych dutinach,
protoZe i zde vlhovci ve vSech pripadech stali pfimo v hnizdé hostitele (Ellison a kol. 2019).
Vzhledem k ptiblizné dvojnasobné velikosti téla kukacky obecné (viz také oddil 1.2) oproti
obéma druhim vlhovct (Ellison a kol. 2019), vSak byl v naSem kukacko-reh¢im systému
vétsi predpoklad pro zdokumentovani nékteré z metod kladeni ptimo z vchodu hnizdni
budky (viz Extended Data Table 1 v Prispévku I). K tomuto ucelu jsme pouZili specialni
kamery umisténé ve vytipovanych hnizdnich budkach rehki zahradnich a to v priibéhu ctyr
hnizdnich sezén na dvou 400 km vzajemné vzdalenych lokalitich (viz oddil 3; Methods
v Prispévku I).

Celkem jsme takto monitorovali 255 rehéich hnizd v nichZ se nam podarilo natocit

vivs
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pro nas byl zaznam 17 pripadi vystreleni vejce z kloaky (projecting; Extended Data Table 1
v Prispévku I) piimo ze vchodu hnizdni budky, za soucasné korekce jeho sméru pomoci
dvou prednich prstl zygodaktylnich nohou, s cilem zasdhnout hnizdni kotlinku. V okamziku
vystieleni vejce kukacky zaujimaly postoj, pii némz bylo jejich télo kromé hlavy kompletné
vystréeno ven z budky (tzv. bow out position).

Druhou metodu reprezentovalo celkem 30 piipadi upusténi vejce z Kkloaky
(dropping ; Extended Data Table 1 v Prispévku I) a to rovnéz pti sezeni ve vchodu. Tato
metoda se vSak od predchozi liSila postojem kukacek v okamziku kladeni, kdy byly kladouci
samice naklonény co nejvice do vnitiniho prostoru budky (bow in position) a vejce tak pouze
upustily kolmo pod sebe.

Treti metodu predstavovalo 16 pripadi primého kladeni (direct laying; Extended
Data Table 1 v Prispévku I), kdy kukacka vnikla do budky a po nakladeni vejce se musela
pracné a casto svelkymi problémy otocit o 180°. Béhem 12 téchto primych kladeni se
kukacci samice pokusila odebrat jedno reh¢i vejce pomoci zobdku a vyletét s nim ven
z budky, coz se ji nakonec podarilo pouze v péti pripadech. Obecné se zpiisob primého
kladeni velmi podobal drive zaznamenanému kukac¢¢imu chovani u hostitel s otevirenymi
hnizdy (Chance 1922, Moksnes a kol. 2000, Andou a kol. 2005).

Jednotlivé metody kladeni se kromé zpilsobu samotného provedeni liSily svou
uspésnosti, tedy proporci vajec snesenych primo do hnizdni kotlinky (laying success). Vejce

snesena mimo kotlinku jsou totiZ rehéimi rodici ignorovana a nemaji Sanci se vylihnout (viz

vvvvvv

vvvvvv

bylo vystreleni vejce ze vchodu budky s celkem deviti vejci ze 17 (53 %) umisténymi
v hnizdni kotlince. Nejméné uspéSnou metodou bylo tedy upusténi vejce ze vchodu budky,
kdy pouze tfi z 30 (10 %) vajec skoncily v hnizdni kotlince rehki (Supplementary Results v
PrispévkuI).

Jednotlivé strategie se dale liSily po¢tem pripadd, kdy kukacky uvizly v budkach po
nakladeni vejce (upusténi vejce: 4 pripady; primé kladeni: 3 pripady; vystieleni vejce: 0
pripadii), ¢imz vznikl rozdil mezi jinak podobnou délkou celkové aktivity v hnizdni budce
(duration of laying visit; viz oddil 3; Methods v Prispévku I). VCetné pripadi uviznuti
v budce bylo nejrychlejsi metodou vystreleni vejce (median = 38 s, n = 17) nasledované
upusténim vejce (55 s, n = 30) a primym kladenim (74 s, n = 16; Extended Data Table 2 v
Prispévku I). Vystreleni vejce vSak disponovalo nejkratSim casem i po odstranéni pripadi
uviznuti v budkach a bylo také jedinou metodou kladeni, kterd dokonale eliminovala toto
riziko. Pokud jsme ovSem porovnavali dobu od usednuti kukacky do vchodu budky po

samotné sneseni vejce (latency to egg-deposition; viz oddil 3; Methods v Prispévku I),

50



potom bylo nejkratSiho primérného ¢asu dosaZzeno pomoci piimého kladeni (medidn =17 s,
n = 16), nasledovaného vystrelenim vejce (29 s, n = 17) a upusténim vejce (37 s, n = 30;
Extended Data Table 2 v Prispévku I). Toto zjiSténi spolecné s nejvétSi Uspésnosti
v pokladani vajec do kotlinek, poukazovalo na primé kladeni, jako na technicky nejméné
naroc¢nou metodu prinejmensim po okamzik nakladeni vejce.

Primé Kkladeni vSak zaroven disponovalo nejdelsi primérnou (74 s) i maximalni
dobou (4300 s, n = 16; Extended Data Table 2 v Prispévku I) stravenou parazitem v hnizdé,
coZ je obecné spojovano s nejvétSim rizikem opusténi hnizda hostiteli (Davies a Brooke
1988, Moksnes a kol. 2000, Samas a kol. 2016). Tento predpoklad se skutecné potvrdil,
protoZe vSech Sest ptipadi dezerce hnizd (tj. 10 % z 63 kukaccich kladeni) béhem 24 hodin
po parazitaci pripadalo na pét primych kladeni a na jedno upusténi vejce. Zkombinovanim
uspésnosti kladeni a miry dezerce hnizd jsme ziskali 63% pravdépodobnost dspésného
vylihnuti kukac¢iho vejce u primého kladeni (n = 16), 53% pravdépodobnost u vystreleni
vejce (n=17) a pouze 7% pravdépodobnost u upusténi vejce (n = 30).

Vzhledem k tomu, Ze jsme dale nezjistili Zadny vliv jednotlivych strategii na rist
mlad’at v hnizdé ani na jejich pohnizdni parametry (Extended Data Fig. 2 v Prispévku I), tak
muizeme piedpokladat nejvyssi reprodukéni zdatnost u primého kladeni, o néco nizsi
zdatnost u metody vystreleni vejce, avSak velmi nizkou zdatnost u metody upusténi vejce.
Proto se pomérné vysoké procentudlni zastoupeni (48 % z 63 kladeni) metody upusténi
vejce vnaSich budkach zda byt velmi prekvapivé a pravdépodobné odrazi probihajici
koevolu¢ni zménu, ¢i vyssi reprodukeni zdatnost a efektivitu této metody v podminkach
ptirozenych dutinovych hnizd.

Strategii vystreleni vejce z kloaky jsme jako viibec prvni zdokumentovali nejen pro
tiidu ptakd, ale dosud nebyla pravdépodobné znama u Zadného prislusnika blanatych
vejcorodych zZivocichl. Navic jsme dokazali, Ze se podobné jako v piipadé primého kladeni
jedna o progresivni metodu kladeni vajec, ktera zvySuje reprodukéni zdatnost parazita.
V prostiedi velice rozmanitych a ¢asto i pro kukacku obtiZznéji dosazitelnych prirozenych
dutin (v porovnani snasSimi budkami) predstavuje tato metoda kladeni pravdépodobné
univerzalni a z evolu¢nfho hlediska nejmladsi proti-adaptaci k prekondni nejvyznamné;jsi
linie reh¢i obrany, tedy dutinového hnizda.

Z dalsich hypotetickych metod parazitace dutinovych hnizd (viz Extended Data
Table 1 v Prispévku I) jsme potvrdili strategii upusténi vejce. Tato metoda se sice zda byt
velmi neefektivni v hnizdnich budkach, ale mize byt mnohem 1c¢innéjsi ve stromovych
dutindch ¢i rtznych jinych Stérbinach suzs$imi dny, které jsou casto vyuzivany rehky
zahradnimi v pfirozenych podminkach (viz oddil 1.2.3; Methods v Prispévku I). Rovnéz se

miiZe jednat o prechodnou metodu mezi primym kladenim a vystielenim vejce, kterou tak
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mohou pouzivat piedevsSim mladsi ¢i méné zkuSené kukacc¢i samice. Pristi studie na toto
téma by se proto méla zamétit na dokonalejsi identifikaci jednotlivych kukac¢ich samic
naptiklad pomoci analyzy jaderné a mitochondridlni DNA kukaccich mlad’at vylihnutych
z nakladenych vajec napti¢ jednotlivymi metodami kladeni (viz Skjelseth a kol. 2004, Fossgy
a kol. 2011).

Pfimé kladeni, tedy tfeti ndmi zaznamenand strategie kladeni kukacc¢ich vajec do
hnizdnich budek rehkd, jsme shledali jako nejefektivnéjsi vzhledem k uspésnosti parazitace
a celkové reproduk¢ni zdatnosti parazita, ale zaroven jako strategii zvySujici riziko opusténi
hnizda hostitelem a riziko zranéni ¢i dokonce uviznuti a nasledného uhynuti samotné
parazitujici samice.

Nase vysledky demonstruji stadium kladeni vajec jako prostor pro intenzivni
koevoluéni zavody ve zbrojeni mezi parazity a jejich hostiteli. NasSe vysledky dale potvrzuji
dutinovou hnizdni strategii rehkli zahradnich jako jejich hlavni adaptaci proti kukac¢imu
parazitismu. Budouci zaméfeni na vyzkum kladeni paraziti do prirozenych hnizd
dutinovych hostitelli naptic¢ riznymi paraziticko-hostitelskymi systémy ma proto potencial

k objasnéni drive necekané dynamiky paraziticko-hostitelské koevoluce.

4.2 Jak moc je vychova kukacciho mladéte nakladna pro dutinového

7

hostitele v porovnani spéci o jeho vlastni potomky a co ztoho plyne?

(Prispévek II)

Strategie hnizdniho parazitismu umoznuje parazitim vyhnout se rodicovskym povinnostem
na ukor svych hostiteld (Davies 2000), u kterych naopak vyvolava tuplnou ¢i ¢astecnou
ztratu potomstva a fyziologicky nakladnou péci o nepribuzného jedince (viz také oddil 1.1).
Vycisleni téchto nakladli napri¢ kompletni péstounskou péci, tedy od inkubace vejce aZ po
osamostatnéni parazita, je kliCové pro pochopeni selek¢nich tlakli piisobicich na evoluci
proti-parazitické obrany u hostitele. Hostitelé nékterych mezidruhovych hnizdnich parazitt
napriklad Casto prichazi o ¢ast snlisky, nebo dokonce o vSechny potomKy, ktefi jsou zabiti
bud’ parazitickou samici pri kladeni (Wyllie 1981), nebo vytlaceni (Grim a kol. 2009b),
usoupeieni (Kilner a kol. 2004), ¢i primo zabiti (Spottiswoode a Koorevaar 2012)
parazitickym mladétem (tzn. lost progeny cost). OvSem hostitelé vSech hnizdnich parazitd,
at' uz mezidruhovych (Soler 1990) ¢i vnitrodruhovych (Samas a kol. 2014) jsou navic nuceni
doslova promrhat €ast Zivotnich sil a ¢asu péci o geneticky nepribuzna mlad'ata na tukor
Sireni svych vlastnich genti, coz vede k dodatecnym Ujmam ne jejich celkové biologické

zdatnosti (fitness; viz oddily 1 a 1.1).
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Naklady hostitelt spojené skukac¢im parazitismem obvykle zahrnuji jak ztratu
vlastniho potomstva (lost progeny costs; Wyllie 1981, Kilner a kol. 2004, Grim a kol. 2009b,
Spottiswoode a Koorevaar 2012) tak investici do vychovy parazita (rearing costs). Naklady
spojené svychovou parazita mohou byt dale Clenény na tzv. bezprostiedni naklady
(immediate costs), jako je zvySena naroCnost péce o parazita v porovnani s prirozenou
urovni péce o vlastni potomky (Hauber a Montenegro 2002, Mark a Rubenstein 2013) a na
tzv. budouci naklady (future costs). Pricemz budouci ndklady zahrnuji niZs$i potencial
investic do budouci reprodukce (Hauber 2006), sniZenou schopnost piezivani dospélct
(Hoover a Reetz 2006) ¢i snizenou schopnost prezivani vlastnich mlad’at béhem pohnizdni
faze (Payne a Payne 1998). Na zakladé teoretickych modeld i empirickych studii zde byl
piredpoklad, Ze vSechny tyto naklady spojené s kuka¢cim parazitismem jsou pro hostitele
vyss$i nez v pripadé prirozené péce o vlastni sntisku (Davies 2000, Stokke a kol. 2007b).

Uspésna parazitace kukackou obecnou znamena pro jeji hostitele zpravidla ztratu
vSech potomki zinfikované snlisky a nasledné prevzeti nakladli spojenych s vychovou
parazitického mladéte (Wyllie 1981, Davies 2000; viz také oddil 1.2). Jen nékolik malo studif
se vSak zabyvalo kvantifikaci bezprostiednich (Wyllie 1981, Moksnes a kol. 2000, Samas a
kol. 2016) a budoucich hostitelskych nakladi (Kolecek a kol. 2015) vyplyvajicich z péce o
tohoto parazita. Navic, vSechny tyto studie kvantifikovaly bezprostiedni naklady
nekompletné a to pouze se zamérenim na fazi mladat v hnizdé a tedy s naprostym
opomenutim pohnizdni periody. Pro teoretické modely je vSak nezbytné pocitat
s kompletnimi bezprostiednimi naklady parazitismu, bez kterych nelze realisticky
modelovat a predikovat koevolu¢ni dynamiku (Cressler a kol. 2016).

Z tohoto divodu jsme se jako vibec prvni zamérili na méreni a kvantifikaci
bezprostiednich nakladti vychovy kukaccich mlad’at pro rehéi péstouny napii¢ vSemi
vyvojovymi stadii. Vysledky jsme nasledné porovnali s ndkladnosti vychovy vlastnich
rehcich potomki. Pro vyhodnoceni kazdého vyvojového stadia jsme pritom vyuzili hned
nékolik zatéZzovych parametr, jmenovité: inkubacni, zahrivaci a krmné usili, délku
rodicovské péce, télesnou kondici rodicli, a heterofilni/lymfocytovy pomér jako indikator
urovné rodicovského stresu (viz oddil 3; Materials and Methods v Prispévku II).

Pro parazitované snlsky, jsme na zakladé dosud znamych informaci predikovali
delsi inkubacni dobu vajec (Thomson a kol. 1998), delsi dobu pobytu mlad’at v hnizdé (Grim
a Samas 2016), mensi procento vylihlych mlad’at (hatching success; Rutila a kol. 2002) a
mensi procento mlad’at opoustéjicich hnizdo (fledging success; Samas a kol. 2016). V pripadé
hnizdni faze, jsme byli schopni stanovit pomérné piesné predikce na zikladé alometrickych
vztahl mezi ristovymi parametry a energetickymi procesy ptakt (viz oddil 3; Materials and

Methods v Prispévku II). Na druhou stranu jsme neméli Zadné indicie pro pohnizdni fazi,
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protoZe ani jedna z dosud publikovanych studii zamérujicich se na toto stadium u kukacek
neposkytla Zzadna data pro mlad'ata hostiteld (Wyllie 1981).

Inkuba¢ni doba rehcich vajec byla dle predpokladu o pll dne kratsi
v neparazitovanych sntskach (prtimeér + SE = 13,3 £ 0,1 dni, n = 67 snlSek) nez v téch
parazitovanych (13,9 # 0,1 dni, n = 50). Podobné jako v jinych kukacko-hostitelskych
systémech (Schulz-Hagen et al. 2009), byla inkubac¢ni doba v ramci parazitované sntisky
kratsi u kukacéiho vejce (13,2 + 0,2 dni, n = 50 vajec) neZ u rehcich vajec (13,7 + 0,2 dni, n =
50 sniiSek) a to priblizné o ptl dne. Procento vylihnutych rehcich vajec bylo rovnéz dle
piredpokladu o 20 % vyssi v neparazitovanych sntiskach (n = 106 snliSek) nez ve sniskach
parazitovanych (n = 100 sniisek; viz Table 1 v Pirispévku II).

Béhem prvnich deseti dni vychovy mlad’at nebyl zadny rozdil ve zméné kondice
(hmotnosti; viz Figure 1a v Prispévku II) mezi rodic¢i vychovavajicimi samotnou kukacku
(solitary cuckoo) a rodici pecujicimi o Cisté reh¢i sntisku (redstart brood; priimér + SD = 6,1 +
1,1 reh¢ich mlad'at, n = 143 hnizd). Pfesto jsme zjistili prikazné vétsi pokles v kondici samic
nez u samcu (Figure 1a v Prispévku II). U obou pohlavi jsme také zaznamenali podobnou
mirl vzestupu stresovych ukazateld (H/L poméru; Figure 1b v Prispévku II). Nicméné u
rodicli pecujicich o Cisté reh¢i mladata jsme zaznamenali vysSi stres nez u téch
vychovavajicich kukacci mladé (Figure 1b v Prispévku II). Pokud jsme ovSem srovnali celou
hnizdni fazi mlad'at (tj. prvnich 10 dni rehc¢tho a 18 dni kukac¢iho Zivota) potom jsme
nezjistili Zddny rozdil ve stresovych ukazatelich mezi rodi¢i vychovavajicimi rehky a témi
ktefi pecovali o kukac¢i mladé (Table 1 v Prispévku II).

Analyza frekvence krmeni v prvnich deseti dnech po vylihnuti ukazala, Ze je ¢isté
reh¢i sntiSka krmena témér dvakrat Castéji (primeér + SE = 14,9 + 0,7 krmeni h-1) nez
samotné kukacci mladeé (8,4 + 0,4 krmeni h-1). Frekvence krmeni u smiSenych sntsek (mixed
brood; 10,9 * 0,8 krmeni h-1) vychazela mezi hodnoty obou vyse uvedenych skupin, pticemz
se prikazné neliSila ani od jedné z nich. Ve srovnani celé hnizdni faze mlad’at byly cisté rehci
snlsky krmeny piiblizné jeden a ptl krat Castéji (primeér + SE = 16,8 + 0,6 krmeni h-1) nez
obé zbyvajici skupiny (tj. smiSené snisky: 11,8 + 0,7 krmeni h-1; samotna kukacka: 11,5 #
0,4 krmeni h-1), mezi nimiz opét nebyl signifikantni rozdil (pro velikosti jednotlivych vzorki
viz Figure 2 a Table 1 v Prispévku II).

Primérnd hodnota celkové metabolizované energie sntiskou (TME; viz oddil 3;
Materials and Methods v Prispévku II) byla vSak u smiSenych sniisek o priblizné 600 k]
vysSi (prameér + SE = 3289 + 127 k], n =13) neZ u ¢isté rehcich (2673 + 103 k], n =39) a
kukaccich sntsek (2644 + 55 k], n =32), které se navzajem neliSily. Reh¢i samice také travily
0 20 % méné Casu zahrivanim cisté rehcich snlSek (primér + SE = 33,4 + 2,9 %) nez

zahtivanim samotnych kukacek (52,0 * 1,6 %) a smiSenych sniisek (52,0 + 3,6 %), kde se
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procento potiebného casu vzajemné neliSilo (Figure 3 v Prispévku II). Reh¢i pary které
pecovaly o parazitovana hnizda, tedy o samotné kukacky (pramér + SE = 20,1 + 0,3 dni, n =
55 snlisek) a smiSené sntsky (20,1 + 0,7 dni, n = 15 snlsek) byly nuceny prodlouzit svou
hnizdni péci priblizné o 6 dni v porovnani s rodici neparazitovanych snisek, které opoustély
hnizda 13,8 + 0,1 dni (primeér # SE, n = 97 snliSek) po vylihnuti (Table 1 v Prispévku II).

Pocet rehcich mlad'at, které uspésné opustily hnizdo, byl priblizné o 45 % vyssi
v neparazitovanych sntiskach (primér + SE = 90,9 + 2,2 %, n = 112 sniiSek) nez ve sntiskach
smiSenych (44,3 * 33,8 %, n = 15 snisek; viz Table 1 v Prispévku II). Po opusténi hnizda
byla jednotliva reh¢i mlad’ata z neparazitovanych hnizd krmena signifikantné méné casto
(primér + SE = 8,8 + 0,4 krmeni h-1, n = 54 vzorkil z 35 mlad'at z 15 snlsSek) nez samotné
kukacky (12,9 + 0,8 krmeni h-1, n = 76 vzorki z 27 mlad’at z 27 hnizd), ale podobné casto
jako kukacky (11,9 + 2,9 krmeni h-1, n = 8 vzork z Sesti mlad’at z Sesti hnizd)a rehci ze
smiSenych sntsek (10,1 + 0,8 krmeni h-1, n = 7 vzorki ze sedmi mladat ze Ctyi hnizd). Délka
zavislosti na rodi¢ich po opusténi hnizda se statisticky neliSila napfi¢ vSemi ctyfmi
skupinami mlad’at s niz§imi hodnotami u samotnych kukacek (priamér + SE = 16,8 + 0,7 dni,
n = 9 mlad'at z deviti sniiSek) a samotnych rehkt (solitary redstarts; 18,7 + 0,5 dni, n = 14
mlad’at z deviti sntiSek) a vys$simi hodnotami u kukacek (mixed cuckoos; 19,0 + 3,0 dni, n = 2
mlad’ata ze dvou sntiSek) a rehki ze smiSenych sniSek (mixed redstarts; 19,6 £ 2,2 dni,n =5
mlad’at ze Ctyt sntisek).

Navzdory tradicnim predpokladim (Davies 2000) nebyla vychova samotného
parazitického mladéte spojena s celkové vysSimi fyziologickymi ¢i fyzickymi naklady
péstounti nad ramec prirozené trovné dané usilim potiFebnym Kk vychové jejich vlastni
neparazitované sniisky. Naopak nékteré hnizdni ukazatele rodicovského usili (napt. krmné
usili a hladina stresovych ukazatel(i) byly dokonce vyznamné vyssi pri vychové vlastnich
mlad’at rehkli nez samotnych kukacek. Konkrétné u krmného usili tento trend platil i
v porovnani se smiSenymi snliskami, kde kukacka sdilela hnizdo s nékolika rehcimi
mlad’aty. Tento jev se dal vysvétlit jediné tim, Ze ani kukacka v podminkach smiSené sntisky
nepredstavovala pro rehci rodice vétsi zatéz, nez hostitelskd mlad'ata, ktera se ji samotné
podarilo vytlacit. Parazitovani rehci tak mohou mit po hnizdni sezéné paradoxné vyssi
pravdépodobnost preziti a dspéSné budouci reprodukce, neZ rodice, ktefi byli nuceni
investovat vice sil do neparazitované sniisky.

V souladu s pfedpoklady znamenala piitomnost kukac¢¢itho mladéte v reh¢im hnizdé
mensi pocet vylihnutych a hnizdo ispésné opoustéjicich rehcich mlad'at, vétsi asili potrebné
na zahfivini mlddat a pét dni rodicovské péce navic v pribéhu kompletniho
rozmnoZovaciho cyklu. Na druhou stranu jsme nezaznamenali Zddné rozdily v kondici nebo

vurovni fyziologického stresu mezi reh¢imi rodi¢i vychovavajicimi cisté rehci sntisky,
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smisené snisky a samotné kukacky v pribéhu hnizdni faze, coZ je v rozporu s dosavadnimi
poznatky (Hauber a Montenegro 2002, Mark a Rubenstein 2013). Tento jev byl
pravdépodobné zpisoben nizsi frekvenci krmeni (priblizné o 2/3) u kukac¢iho mladéte
v porovnani s hostitelskou sntiSkou o stejné hmotnosti, coZ je v naprostém kontrastu se
znalostmi z jinych hostitelsko-parazitickych systémia (Hoover a Reetz 2006). Kukacky ve
smisenych sntiskach byly krmeny podobné casto jako samotné kukacky, coz potvrzuje
hypotéze o vyuzivani mlad’at hostiteld k zintenzivnéni péstounské péce v kukacko-reh¢im
systému (viz Kilner a kol. 2004).

Béhem pohnizdni faze obdrZela kukacka priblizné o 34 % vice krmnych davek za
hodinu nez jedno rehci mladé. Vzhledem k tomu, Ze kukacci mladé v pritbéhu pohnizdni faze
béZzné vazi priblizné Sestkrat vic neZ reh¢i potomek (viz Figure 1 v Grim a kol. 2017;
Prispévek IV), se tento rozdil zda byt zanedbatelny. Z neparazitovaného rehc¢iho hnizda
navic v priméru vylétne priblizné Sest mlad’at (Samas a kol. 2016), cozZ nasvédcuje mnohem
vétSimu celkovému krmnému Usili neZ béhem pohnizdni péce o jedinou kukacku. Samotné
kukacc¢i mladé dosahlo nezavislosti na dospélych rehcich priblizné o dva dny drive po
vyskoceni z hnizda neZ jejich vlastni potomci, pri¢emz si ale vyZadalo Sest dni péce v hnizdé
navic.

Relativné nizké bezprostiedni ndklady spojené s vychovou parazita by mohly také
Castelné vysvétlovat nizkou Uroveil dosud znamé hostitelovy obrany v nasem paraziticko-
hostitelském systému, ktery se jinak vyznacCuje neobvykle vysokou frekvenci parazitismu
(Samas a kol. 2016). Pravé z diivodu objasnéni podobnych nesrovnalosti mohou byt takto
komplexni a dosud opomijené studie naprosto nezbytné pro porozuméni koevolucni

dynamiky paraziticko-hostitelskych systémi.

4.3 Miize nizka uroven nakladnosti vychovy kukac¢céiho mladéte pro rehéi
rodice vysvétlovat nizkou uroven hostitelské obrany u rehka zahradniho?

(Prispévek III)

Hlavnim obsahem tohoto prispévku je reakce na c¢ldnek Yanga a kol. (2019), ktery
zpochybnoval jeden z naSich vedlejSich zavért uvedenych v praci o nakladnosti vychovy
kukacky obecné pro rehky zahradni (Prispévek II). Podle Yanga a kol. (2019) miZe
podobna uroven bezprostrednich nakladl na vychovu kukacky a hostitelskych mlad’at jen
stézi vysvétlovat nizkou uUroven protiparazitické obrany u hostitelt (viz Prispévek II),

protoZe neni dostatecné vyznamnym cinitelem pro ovlivnéni evoluce hostitelské obrany.
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Yang a kol. (2019) argumentovali predevSim tim, Ze jednotlivi kukackou
parazitovani hostitelé neptispivaji svymi geny do nasledujicich generaci. UZ jenom tento jev
podle nich vytvari dostatec¢né silny seleké¢ni tlak na hostitele, zatimco nadmérna rodicovska
péce o parazitické mlddé miize jen stézi ovlivnit vyvoj protiparazitickych adaptaci u
hostitel. Yang a kol. (2019) dale uvedli, Ze i kdyby neexistovaly zadné bezprostiedni
naklady na vychovu kukaccich mlad'at, tak by parazitismus sam o sobé mél byt dostatecnym
podnétem pro vyvoj protiparazitické obrany u hostitelt.

V této nasi reakci samoziejmé plné souhlasime s tim, Ze ztrata potomstva vytvari
nejsilnéjsi selekéni tlak pro vyvoj protiparazitické obrany u hostitele. RovnéZ souhlasime
stvrzenim, Ze ztrdta potomkli je sama o sobé dostatecnym podnétem pro vyvoj
protiparazitickych adaptaci u hostitell i pres potencidlni absenci bezprostrednich nakladt
spojenych s vychovou parazita (Yang a kol. 2019). V naSem ptlivodnim ¢lanku (Prispévek II)
ovSem tyto véci nezpochybiniujeme a dokonce je viibec nefeSime ani nezminujeme. Navic
zadny z argumentd, které Yang a kol. (2019) predlozili, nevyvraci na$ pivodni zavér, Ze se
na vyvoji hostitelské obrany miiZe podilet vicero faktord, tedy i rizné formy nakladnosti
kukacciho parazitismu pro hostitele.

Nase ptvodni zavéry (Prispévek II) navic potvrzuje skuteCnost, Ze se ztrata
potomstva v disledku kukac¢iho parazitismu (tzv. lost progeny cost; tj. hlavni argument v
Yang a kol. 2019) vyskytuje v prakticky totozné mife (tj. kukac¢¢i mladé usmrti vSechna
ostatni mladata) u vSech pravidelnych hostiteli kukacky obecné (Davies 2000) s
jedinou vyjimkou a to pravé nami studovaného rehka zahradniho (Prispévek II). Takto
stejnorodé naklady zplisobené totoZnou ztratou potomstva proto jednoduse nemohou
vysvétlit ohromnou variabilitu v protiparazitické obrané napri¢ kukaccimi hostiteli. Misto
toho zde podrobnéji rozebirame, Ze pravé vicero sloZek ndkladnosti parazitismu (tj. nikoli
pouze ztrata potomkl) muze hrat roli vevoluci protiparazitické obrany hostiteli a
zplsobovat tak jeji rliznou intenzitu.

Yang a kol. (2019) dale predpokladali, Ze vSichni parazitovani rehci musi nutné prijit
o vSechny své potomky a tim o mozZnost predat své geny do dalSich generaci. Tim ovSem
zcela ignorovali fakt, Ze hnizdni strategie rehkl vyznamné snizuje negativni dopad
(virulence) kukacciho parazitismu na tohoto hostitele. Jak nase (Prispévky II) tak i dalsi
studie (Rutila a kol. 2002, Grim a Rutila 2017) totizZ ukazuji, Ze mnoho kukacek neni schopno
vytlacit vSechna reh¢i mlad’ata z hnizda. Tato mlad’ata jsou schopna vyrtst po boku kukacky
v tzv. smiSenych sniskach (mixed broods) a ispésné vylétnout z hnizda navzdory kukacéimu
parazitismu (Rutila a kol. 2002, Grim a Rutila 2017). Kukac¢i mladd’'ata ve smiSenych

sxz

sntskach naopak ¢asto nepteziji ani hnizdni fazi (Grim a Rutila 2017).
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V této praci rovnéz zpochybniujeme argumenty Yanga a kol. (2019) ohledné srovnani
parazitického a preda¢niho tlaku a jejich vlivu na vyvoj hostitelské obrany. Také
vysvétluyjeme pro¢ je srovnani nakladnosti vychovy (tj. rearing cost) vlastnich a
neptibuznych mlad'at relevantni pro hodnoceni celkové nakladnosti parazitismu a jaky ma
tato nakladnost vliv na vyslednou zdatnost hostiteli. Zabyvame se zde také vyznamem
jediné znamé aktivni obrany rehkl proti kukackam v podobé opousténi hnizd (tj. nest
desertion) vzhledem k jednotlivym sloZkam celkové nakladnosti parazitismu.

Vysledkem nasi obhajoby je tedy konstatovani, Ze variabilni troven protiparazitické
obrany napii¢ pravidelnymi hostitelskymi druhy (kromé rehka zahradniho; Grim a Rutila
2017) i jejich populacemi nemiiZe byt vysvétlena pouze zamezenim prenosu hostitelskych
gent (Yang a kol. 2019) a to z diivodu jednotné ztraty veskerého potomstva (Davies 2000).
Dal$im naS$im nejzdsadnéjsim argumentem je neobjektivnost nadiazovani nékterych
disledkid parazitismu nad jinymi. Relativné rizna vaha jednotlivych slozek (napf. ztrata
potomstva vs. ndkladnost vychovy parazita) celkové nakladnosti parazitismu neznamena, Ze
bez ohledu na rozdil v selek¢nim tlaku, kterym jednotlivé slozky plsobi.

Na zavér souhlasime s navrhem Yanga a kol. (2019), Ze k vysvétleni rtizné Urovné
protiparazitické obrany u hostiteli je v budoucnu potifeba zahrnout vnitrodruhové i
mezidruhové srovnani naklad na vychovu parazita napii¢ riiznymi populacemi. Teprve
takto komplexni srovnavaci studie by mohly odhalit, zda a do jaké miry jsou naklady

spojené s kukac¢c¢im parazitismem korelovany s irovni protiparazitické obrany u hostiteld.

4.4 Jakym zpilisobem probiha pohnizdni interakce kukacky obecné s jejim
jedinym pravidelnym dutinovym hostitelem a jak se do ni promita specificnost

této hnizdni strategie? (Prispévek IV)

V tomto prispévku jsme se zamérili na detailni studium pohnizdni periody v ramci kukacko-
hostitelské interakce. Pohnizdni faze predstavuje posledni etapu rodicovské péce (Anders a
kol. 1997, Griiebler a Naef-Daenzer 2010, Cox a kol. 2014) a jeji vysledek je tak klicovy pro
celkovou reprodukéni a populacni produktivitu (Anders a kol. 1997). Navzdory jeji
potencialni dilezitosti se vSak z vyzkumného hlediska jednd o mimoradné opomijenou fazi
kukacko-hostitelské interakce (Davies 2000, Mikulica a kol. 2017). Studiem pohnizdni
periody kukacky obecné se dosud zabyvaly pouze tti prace (Wyllie 1981, Vega a kol. 2016,
Prispévek V). Nicméné vSechny tri studie byly zaméfeny Cisté na potomky parazita a

poskytovaly jen nékolik zakladnich informaci, jako je vék mlad’at pii prvnim letu, mira
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prezivani mlad’at, délka pohnizdni faze apod. (Wyllie 1981, Vega a kol. 2016, Prispévek V).
Ani jedna z téchto tri praci vSak neposkytla Zadna data pro vlastni mlad'ata hostiteld.

Z tohoto diivodu jsme se pomoci radiotelemetrie pokusili ziskat viibec prvni detailni
informace o pohnizdni interakci kukacky obecné a jejiho hostitele a rovnéz prvni plné
srovnatelna data pro parazitickd i hostitelskd mlad’ata. Bez kvantifikace reprodukéniho
vysledku na konci pohnizdni faze a piirozené trovné rodicovského usili v podobé péce o
vlastni mlad’'ata je totiZ nemoZné urcit ndkladnost celkové péce o parazita (Rasmussen a
Sealy 2006, Prispévek II). Mira této celkové zatéze vyvolava odpovidajici selek¢ni tlak na
vyvoj obrannych mechanismi u hostitele a je tak klicem k pochopeni paraziticko-hostitelské
koevoluce (Takasu a kol. 1993, Davies 2000, Soler 2017).

Podobné jako v predchozich studiich naSeho paraziticko-hostitelského systému
(Rutila a kol. 2002, Grim a kol. 2009b, Samas a kol. 2016, Thomson a kol. 2016; Prispévek
IT) jsme vyuzili unikatni variabilitu ve sloZeni rehc¢ich snisek. Tato variabilita nAm umoznila
porovnat kukac¢i a reh¢i mlad'ata vyristajici samostatné (tj. v ,solitary broods“; n = 58
snlsek), jako samotné kukacky (,solitary cuckoos; n = 31 kukac¢ich mlad’at z 31 snlisek) a
jako samotni rehci (,solitary redstarts“; n = 137 rehcich mlad'at z 27 sntisek), s mlad’aty
vychovavanymi spolecné ve smiSenych sntiskach (tj. v ,mixed broods“; n = 10 sniisek), které
jsme oznacily jako ,mixed cuckoos (n = 11 kukaccich mladat z 10 snasek) a ,mixed
redstarts” (n = 22 reh¢ich mlad’at z 10 sniisek; viz oddil 3; Methods v Prispévku IV).

Na zakladé poznatki ze studia hnizdni periody kukacko-rehc¢iho systému (Rutila a
kol. 2002, Grim a kol. 2009b, Samas a kol. 2016, Thomson a kol. 2016, Grima a kol. 2017),
bylo nas$im hlavnim ptedpokladem pro pohnizdni fazi znevyhodnéni mladat (tj. horsi
kondice a niz§i mira prezivani) ze smiSenych snlSek oproti mladatim vyrlstajicim
oddélené. Z diivodu odlisné fyziologie a anatomie obou interagujicich druhti (Grim a kol.
2017) jsme dale predpokladali, znevyhodnéni kukacéich mlad'at v porovnani s vlastnimi
mlad’'aty rehk@ béhem pohnizdni faze. Rovnéz jsme brali v ivahu mozZnost diskriminace
kukaccich mlad'at ve smiSenych sntiskach reh¢imi rodic¢i na zakladé jejich znacné odliSného
vzhledu od rehcich potomkil v priibéhu pohnizdni faze. K tomuto predpokladu nas vedly
zavéry nékterych praci zalozenych na jinych paraziticko-hostitelskych systémech (Fraga
1998; De Marsico a kol. 2012, 2017).

Tyto hypotézy jsme testovali pomoci srovnani péti fyziologickych (vék od vylihnuti,
vék od vyskoceni z hnizda, hmotnost, délka kridla a délka tarzu) a ¢tyr behavioralnich
parametri (vzdalenost od hnizda, denni rozptyl, délka letu, pocet preletli za hodinu)
zmérenych v pritbéhu pohnizdni faze a v péti referencnich bodech vyvoje mlad’at (vyskoceni
z hnizda, prvni let, predace, vyhladovéni, osamostatnéni; viz Tabulka 1). U vSech Ctyt skupin

mlad’at jsme rovnéz provedli srovnani miry predace, vyhladovéni a preziti. Celkem jsme tak
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porovnali 29 parametri odrazejicich pohnizdni vyvoj ctyir skupin mlad’at pochazejicich ze
tii riznych hnizdnich situaci vznikajicich v rdmci kukacko-reh¢i interakce (viz oddil 3;
Methods v Pirispévku IV).

Kukac¢i mlad’ata vyristajici ve smiSenych sntskach prekvapivé vyskocila z hnizda
v podobném véku, tedy v podobném poctu dni od vylihnuti (primér + SE = 21,2 + 0,8 dni, n
= 11 mlad’at), jako kukacky vyristajici bez konkurence dalSich mlad’at (20,1 + 0,3 dni, n = 31
mlad’at; Tabulka 1; Figure 5 v Prispévku IV). Samotné kukacky vSak podle predpokladu
disponovaly v den vyskoceni z hnizda vyssi hmotnosti, delSimi kiidly, vétsi délkou tarzu a
zacali létat vniz§im véku nez kukacky ze smiSenych sntSek (Tabulka 1; Figure 5
v Prispévku IV). Nicméné dalsich 25 parametri mérenych v péti stéZejnich urovnich a také
v pribéhu pohnizdni faze se mezi samostatné vychovanymi kukackami a kukackami ze
smiSenych snlisek signifikantné neliSilo (Tabulka 1; Figure 1-5 v Prrispévku IV). Kukacky ze
smiSenych sntSek tak dokazaly v pribéhu pohnizdni faze kompenzovat nasledky pro né
nepriznivé hnizdni periody a v dobé osamostatiiovani se jiz od samotnych kukacek neliSily
v zddném z mérenych parametri (Tabulka 1; Figure 5 v Prispévku IV). Z tohoto diivodu
miiZeme zamitnout hypotézu pohnizdni diskriminace kukac¢ich mlad’at ve smiSenych
sntskach reh¢imi péstouny.

Reh¢i mlad'ata vyristajici samostatné v neparazitovanych sntiSkach se v zadném
z méfenych parametrd, s vyjimkou zacatku létani v niz§im véku (primeér + SE = 15,9 + 0,5
dni, n = 23 snlsek), vyznamné neliSila od rehc¢ich mlad’at ze smiSenych snisek (vék v den
prvniho letu: 18,1 + 0,8 dni, n = 9 snlsek; Tabulka 1; Figure 5 v Prispévku IV). Rehci ze
smiSenych sniiSek tak dosahli osamostatnéni s podobnymi parametry jako rehci, jejichz
hnizda nebyla parazitovana (Tabulka 1; Figure 1-5 v Prispévku IV).

Samotné kukacky vyskocily z hnizda, zacaly 1état a dosahly samostatnosti pozdéji od
vylihnuti nez rehci z neparazitovanych hnizd (Tabulka 1; Figure 5 v Prispévku IV). Nicméné
pocet dnd od vyskoceni z hnizda se v dobé osamostatnéni mezi obéma skupinami nelisil
(Tabulka 1; Figure 5 v Prispévku IV). Podobné i kukacky ze smiSenych sntiSek vyskocily
z hnizda, zacaly 1état a dosahly samostatnosti pozdéji od vylihnuti nez rehci ze stejného typu
snisek (Tabulka 1; Figure 5 v Prispévku IV). Nicméné pocet dni od vyskoceni z hnizda se u
téchto skupin nelisil ani v dobé prvniho letu ani pfi osamostatnéni (Tabulka 1; Figure 5
v Prispévku IV). Mezi jednotlivymi skupinami jsme prekvapivé nezaznamenali signifikantni
rozdil vmife predace, vyhladovéni a v celkové mire preziti (Tabulka 1; Figure 5
v Prispévku IV). Na zakladé vSech téchto zjisténi lze konstatovat, Ze pravidelny vyskyt
smiSenych snisek vtomto paraziticko-hostitelském systému, ktery je napti¢ kukaccimi
hostiteli naprosto unikatni, miiZe byt evolu¢né stabilnim jevem jak pro reh¢i hostitele tak

pro kukacku (viz také Prispévek II).
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Schopnost kukacek ze smiSenych snliSek kompenzovat béhem pohnizdni faze
fyziologické a pohybové nedostatky, které je znevyhodnuji pfedevsim v prvnich tfech dnech
po opusténi hnizda, mize byt vysvétlena rozdélovanim sntiSek reh¢imi rodici, coz jsme
v nasi reh¢i populaci zaznamenali jako naprosto bézny jev. Po rozdéleni ptivodné smiSenych
snlsek, ke kterému zpravidla dochazi pti vyskoceni reh¢ich mlad’at z hnizda (reh¢i mlad’ata
vyskakuji priblizné o tyden drive nez kukacky; Tabulka 1; Figure 5 v Prispévku IV), totiz
kukacka prijima veSkerou potravu od svého vyhradniho pecovatele, coZ se zda byt pro ni
vyhodné. Naopak rehci ze smiSenych snisSek, kterym se povedlo prezit vytlacovani
kukackou (primér # SE = 2,3 * 0,3 rehc¢ich mlad’at na smiSenou snisku, n = 22 mlad'at z 10
snlisek; Methods v Prispévku 1V), vyskocili zhnizda v prekvapivé podobné kondici
(Tabulka 1; Figure 5 v Prispévku IV) jako rehci z neparazitovanych hnizd (primér + SE =
5,1 £ 0,3 rehcich mlad'at na sntisku, n = 137 mlad'at z 27 snliSek; Methods v Prispévku IV).
Rehci mladé v primérné smiSené sniliSce totiz vyrista pouze s jednim reh¢im sourozencem
a s kukackou, ktera je béhem hnizdni faze velmi slabym konkurentem (Prispévek II). Proto
se zda byt pravdépodobné, Ze reh¢i mladé ve smiSenych sntskach prijima podobné ci
dokonce vétsi mnozstvi potravy nez rehek vyristajici s dalSimi ¢tyimi reh¢imi konkurenty
v primeérné neparazitované sniisce (viz také Prispévek II).

Tato prace podava prvni opravdu detailni nahled na pohnizdni periodu vramci
vSech dosud realizovanych studif zabyvajicich se kukacko-hostitelskymi systémy (viz Wyllie
1981, Vega a kol. 2016, Prispévek V). Na zakladé porovnatelnych dat vzhledem k témto
studiim jsme zjistili, ze kukacky v reh¢im systému mohou byt vystaveny mensi hrozbé
predace nez kukacky vychované u rakosnikli obecnych (viz Table 32 ve Wyllie 1981) a to
z diivodu prodlouzeného pobytu v chranéném dutinovém hnizdé a podobné ¢i dokonce
RovnéZ jsme uptesnili zavéry vyzkumu Vegy a kol. (2016), ktery predpokladal
osamostatiiovani kukacek na rehcich rodicich ve vzdalenosti vice nez 20 km od hnizda. Nase
vysledky ukazuji maximalni vzdalenost od hnizda v délce 655 m u samotnych kukacek a 807
m u smiSenych kukacek pri dosaZeni samostatnosti na stejném hostiteli (viz také Tabulka 1).
Tato studie rovnéz odhalila, Ze navzdory o tyden krat$i hnizdni periodé u rehkii nez u
kukacek, maji oba druhy ptekvapivé podobnou délku pohnizdni faze (Tabulka 1; Figure 5
v Prispévku IV). Samotné kukacky dokonce dosahly osamostatnéni o dva dny drive od
vyskocCeni z hnizda nez samotni rehci (Tabulka 1; Figure 5 v Prispévku IV). To dokazuje
bud’ dokonalou adaptaci kukacek proti riziku predace po opusténi bezpec¢ného hnizda rehki
(Samas a kol. 2016), ve kterém travi vice ¢asu nez kukacky v jinych systémech (viz Wyllie
1981), nebo adaptaci na pomérné kratkou a tudiZz limitovanou péc¢i o mlad’ata u tohoto

hostitele (Grim a Rutila 2017).
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Miry predace, vyhladovéni a preziti se v naSem systému prekvapivé neliSily mezi
jednotlivymi skupinami mladat. Pouze 14 % z 29 kukac¢ich mlad’at (s ovéfenym osudem;
viz Methods v Prispévku IV), uhynulo vduisledku vyhladovéni, coZ potvrzuje rehky
zahradni jako velmi vhodné kukac¢i hostitele (Grim a kol. 2017) rovnéz vzhledem k
vysledklim péstounské péce béhem pohnizdni periody. Podobné pouze 17 % z53
hostitelskych mlad’at (s ovérenym osudem) vyhladovélo béhem pohnizdni faze. NasSe
vysledky proto potvrzuji drivéjsi zjiSténi, Ze predace (nikoli vyhladovéni) je primarnim
ptivodcem mortality mlad’at béhem pohnizdni faze u pévci (Sullivan 1989, Yackel-Adams a
kol. 2006). V na$i studii bylo totiZ dalSich 48 % kukacek predovano a tak pouze 38 %
kukacek preZilo do osamostatnéni (n = 29 mlad'at). CoZ se prakticky shoduje s 36% mirou
pirezivani u vlastnich mlad’at rehki v této studii (n = 53 mlad’at) a jedna se o podstatné vétsi
uspésSnost prezivani, neZ jakou zaznamenal Wyllie (1981) u kukacek vychovavanych
rakosniky obecnymi (tj. 22 %, n = 74 mlad’at). Mira pohnizdniho preZivani pod 40 % miZe
vSak vkombinaci snizkym mezisezénnim prezivanim zplsobovat vyznamné poklesy
populace (Cox a kol. 2014). Napriklad Vega a kol. (2016) zjistili u samotnych kukacek
vychovavanych u rehkli pouze 20% miru prezivani mezi osamostatnénim a doletem na
zimovisté. Stejné tak se mize vliv kompenzacniho ristu negativné projevit na zdatnosti
kukacek ze smiSenych snlSek az teprve v jejich pozdéjsSim véku (Metcalfe & Monaghan
2001).

K ovéreni takovychto moZnosti je zapotirebi dalSich telemetrickych studii kukacko-
rehdi interakce za hranicemi pohnizdni periody. Absence podobné komplexnich praci jako je
ta nase bohuZel neumoZiiuje srovnani napfi¢ paraziticko-hostitelskymi systémy. Proto by
bylo uZitecné presmeérovat Cast extrémni pozornosti vénované studiu hnizdni periody u
hnizdnich parazitti a jejich hostiteld také na prakticky nezndmou pohnizdni fazi a to

piredevsim v kontextu koevoluc¢nich zavodi ve zbrojeni.

Tabulka 1 Srovnani 27 parametri (primér + SE), méfenych v péti referencnich bodech vyvoje
mlad’at v pribéhu pohnizdni faze, mezi samotnymi kukackami (“solitary cuckoo”, n = 31 mlad’at),
smiSenymi kukackami (“mixed cuckoo”, n = 11 mlad’at), samotnymi rehky (“solitary redstart”, n = 27
snlsek) a smiSenymi rehKky (“mixed redstart”, n = 10 sntsek). Srovnani hodnot mezi jednotlivymi
skupinami mlad’at bylo provedeno pomoci Tukeyova testu (post-hoc Tukey test) a jeho vysledky jsou
znazornény prostiednictvim pismen (viz horni indexy: a, b, c, d), kde je referencni droven
“samotnych rehkl” vZdy oznacena pismenem “a”. Miry predace, vyhladovéni a preziti u rehcich
skupin jsou rovnéz pocitany jako primeéry na sndsku. Pro vysvétleni terminti a metodologickych

detailii viz Methods v Prispévku IV.
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Parametr Samotné/i Smisené/i

Kukacky n Rehci n Kukacky n Rehci n
Vyskoceni z hnizda
Vék od vylihnuti (dny) 20.1+£0.3> 31 133022 27 21.2+08> 11 15.0+0.8= 10
Hmotnost (g) 98.7£2.5¢ 19 155+0.22 20 75.1+6.3b 5 15.8+0.32 7
Délka kridla (mm) 1346 £2.0c 19 545+£0.8 20 122.6 +3.3> 5 52.2+2.32 7
Délka tarzu (mm) 27.1+0.2¢ 19 244022 20 26.0 £0.1b 5 24.0+0.32 7
Prvni let
Vék od vylihnuti (dny) 21.1+0.3¢ 25 159+052 23 24.2 £ 1.0d 5 18.1+0.8° 9
Vék od vyskoceni z 1.2+£0.2> 25 252042 23 2.6 £ 0.7 5 3.7 £ 0.8 9
hnizda (dny)
Ulétnuta vzdalenost (m) 41.2+55> 20 13.6+1.62 20 20.0 £ 5.4 4 12.7 + 1.72b 9
Vzdalenost od hnizda 60.1+£85> 25 117.3+13.12= 23 77.0 £ 23.5a 5 112.0 + 16.12 9
(m)
Hmotnost (g) 95.4+2.7> 14 154 +0.22 16 89.5b 1 15.4 + 0.4 8
Délka kridla (mm) 1369 +1.9> 14 60.8+1.32 16 140.0b 1 63.0 £2.02 8
Délka rarzu (mm) 274+0.20 14 243+0.12 16 26.3b 1 24.3+0.22 8
Predace
Vék od vylihnuti (dny) 239+14a 7 22015 11 277+23 7 231+29 4
Vék od vyskoceni z 4.0+1.42 7 84+13 11 59+1.92 7 9.3 +2.72 4
hnizda (dny)
Vzdalenost od hnizda 500.7 £ 276.52 7 263.5%67.00 11 665.0 £ 249.02 7 352.4+£93.02 4
(m)
Mira predace (%) 38.9¢ 18 50.72 17 63.62 11 31.32 8
Vyhladovéni
Vék od vylihnuti (dny) 31.5+05 2 214+342 5 200100 2 23.0+2.00 2
Vék od vyskoceni z 7.0 £4.02 2 7.6 £3.22 5 1.5+1.52 2 6.0 +5.02 2
hnizda (dny)
Vzdalenost od hnizda 139.5 +39.52 2 73.4 +14.02 5 71.5+52.54 2 104.0 = 33.02 2
(m)
Hmotnost (g) 52.8+09.1b 2 10.5+0.82 5 63.7 £2.9b 2 14.8 +1.22 2
Délka kridla (mm) 164.0 + 11.00 2 64.4 + 4,22 125.5+ 0.5 2 56.5+15.52 2
Délka tarzu (mm) 25.7+0.12 2 24.1+0.62 4 25.6 £0.32 2 23.2+0.32 2
Mira vyhladovéni (%) 1112 18 2080 17 18.22 11 24.92 8
Osamostatnéni
Vék od vylihnuti (dny) 368+0.6> 9 328+06° 8 39515 2 326+222 5
Vék od vyskoceni z 16.8 +0.72 9 189+ 0.62 8 19.0 + 3.02 2 19.5 £ 2.22 5
hnizda (dny)
Ulétnuta vzdalenost (m) 37.5+£494 8 229 %424 7 40.02 1 25.0 £2.22 5
Vzdalenost od hnizda 3343 +57.22 9 367.8%62.22 8 706.0 +101.02 2 516.9 + 198.62 5
(m)
Mira preziti (%) 50.02 18 28.52 17 18.22 11 43.82 8
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4.5 Jak probiha pohnizdni interakce mezi kukackou obecnou a k rehkiim
sympatrickym hostitelem budujicim otevirena hnizda a jakym zpiisobem

studovat pohnizdni periodu u hnizdnich paraziti? (Prispévek V)

Vtéto studii jsme se na zdkladé detailntho pozorovani doplnéného o molekularni,
radiotelemetrickou, video- a audio-vizualni techniku pokusili co mozna nejkomplexnéji
popsat chovani mladéte kukacky obecné (Cuculus canorus) v péstounské péci samce
pénkavy obecné (Fringilla coelebs) v pribéhu pohnizdni periody. Za soucasného stavu
znalosti pohnizdni faze u hnizdnich paraziti a jejich hostiteld totiz i takto ojedinéla
pozorovani mohou vyznamné prispét k naSemu porozuméni kukacko-hostitelské koevoluce
(viz Seel a Davis 1981, Knysh 2000, Grim 2008a).

Na zadkladé excelentni schopnosti rozliSovat a odmitat kukacci vejce existuje
predpoklad intenzivni koevoluce mezi kukackou obecnou a jejimi pénkavimi hostiteli (Braa
a kol. 1992, Moksnes a Rgskaft 1995a, Stokke a kol. 2004, Vikan a kol. 2011). Na urovni
mlad’at bylo popsano témér 100 pripadi pritomnosti parazita u pénkaviho hostitele béhem
hnizdni i pohnizdni periody s vyskytem od Ruska ptfes Velkou Britanii az po Ceskou
republiku (Sir 1883; Richter 1933; Kroutil 1965; Promptov 1941; Malchevsky 1960, 1987;
Seel a Davis 1981; Knysh 2000). VSechny tyto pripady ovSem predstavuji pouze strohé
zaznamy jednotlivych pozorovani a neposkytuji zadné dalsi informace o biologii kukacky
obecné.

Kukacc¢i mladé jsme nalezli az béhem pohnizdni faze tudiz jsme nebyli schopni
dohledat plivodné parazitované hnizdo a pravdépodobného hostitele jsme tak nejdiive
urcili na zakladé pozorovani. Presto, Ze jsme jako opatrovnika kukacky uz v den jejiho
nalezu (tj. 18. Cervence 2014) identifikovali samce pénkavy obecné, tak nebylo zcela jisté, ke
kterému kukac¢imu poddruhu, respektive ke které ekologické rase mladé patii. Nicméné
dodatecna analyza jaderné DNA urcila prislusnost kukacciho mladéte ke kladu Cuculus c.
canorus/C. saturatus a jelikoz je vyskyt kukacky prostiedni (C. saturatus) striktné omezen
na jihovychodni Asii, mohli jsme kukac¢i mladé bezpecné zaradit do evropského poddruhu
kukacky obecné (Cuculus c. canorus; viz oddil 1.2.1). Analyza jaderné DNA ndm rovnéz
umoZnila urcit saméi pohlavi mladéte. Analyza mitochondridlni DNA ndasledné vyloucila
moznou prislusnost kukac¢ciho mladéte ke kukacko-reh¢i rase snasejici modra vejce, tedy k
jediné dosud znamé ekologické rase, kterou lze spolehlivé identifikovat na zakladé genetiky
(Fossgy a kol. 2016).

Toto zjiSténi definitivné potvrdilo na$ predpoklad, Ze kukac¢i mlddé nemohlo

Vv s

pravidelného (Grim a kol. 2014) kukacciho hostitele na nasi lokalité a nemohlo tak byt
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pouze adoptovano pénkavim samcem. Podle naSich zjisténi je tato studie viibec prvni praci
kde byla potencialni adopce vyloucena na zakladé fylogenetické identifikace parazitického
mladéte (viz Sealy a Lorenzana 1997). NaSe dal$i nahodné pozorovani pohnizdni péce
pénkavy obecné o kukaCku obecnou vroce 2016 by mohlo navzdory obecnym
predpokladiim (viz oddil 1.2.2) naznacovat, Ze se jednd o vyznamného a mozna i
pravidelného hostitele kukacky obecné piinejmensim v oblasti nasi studijni lokality.

Béhem prvniho tydne pozorovani, kdy jsme byli schopni kukacku denné chytit a
méfrit (viz oddil 3; Methods v Prispévku V), klesla jeji hmotnost ze 73,2 na 66,1 g, tedy
priblizné o 10 % (primér + SD = 68,7 + 2,85 g, n = 6). Naopak u délky kiidla jsme
zaznamenali 16% narulst ze 122 na 142 mm (primér = SD = 132,7 + 7,95 mm, n = 6). Délka
tarzu, stejné jako Sirka a délka zobaku se s pribyvajicim vékem signifikantné neménili.
Pénkavi samec krmil kukacku primeérné Sestkrat za hodinu (primér + SD = 6,0 + 4,0 krmeni
h-1, n = 29 h) po celou dobu naseho sledovani. Pomoci statické kamery a videonahravani
chovani kukac¢iho mladéte (viz oddil 3; Methods v Prispévku V) jsme zjistili, Ze se
pénkavou poskytovana potrava sklada piredevsim z hmyzich larev (viz Table 1 v Prispévku
V) a ze se kukacka také cCasto sama prikrmuje liSejnikem (n = 21 piripadi), ktery ozobava
z vétvi stroml. Nejhojnéji zaznamenanou slozkou potravy byly v této studii larvy motyli
(Lepidoptera) a blanokridlych (Hamenoptera), coz plné odpovida zjisténim z vyzkumu
potravniho slozeni pohnizdni faze kukacko-rehc¢iho systému provedeného na stejné lokalité
(Grim a kol. 2017). NaSe pozorovani samo-prikrmovani kukacky lisejnikem (tedy
nezivocisSnou potravou) dosud jesté nebylo zdokumentovano.

Dale jsme zjistili, Ze v pripad€ neptitomnosti pénkaviho samce vydavala kukacka tzv.
absen¢ni Zadonéni (host-absent begging call; Sicha a kol. 2007) o délce trvani 0,1 sa
frekvenci 4-8 kHz pii opakovani 1 volani/s (Figure la v Prispévku V). V piitomnosti
pénkaviho samce kukacka prokazatelné zménila strukturu volani na standardni Zadonéni
(Grim 2008a) o délce trvani 0,1-0.2 sa o frekvenci 5-15 kHz pii opakovani 2 volani/s
(Figure 1b v Prispévku V). Rovnéz jsme zaznamenali, Ze béhem krmeni kukac¢i mladé v 68
% pripadl (n = 144) mavalo tim kridlem, které bylo ve sméru k prilétajicimu péstounovi.
Jednalo se o tzv. asymetrického mavani kridly v rdmci Zadonéni o potravu (asymmetrical
wing-shake begging; Grim 2008b). Ve zbylych 32 % pripadd (n = 144) se pénkavi samec
priblizoval ke kukaéce zepredu a ta na to reagovala konstantnim mavanim obou kiidel
(Figure 2 v Prrispévku V).

Kukacku jsme poprvé vidéli letét Sesty den po jejim objeveni, kdy jsme ji vyplasili z 3
m vysokého smrku, na kterém sedéla v ptiblizné metrové vySce. Tento smrk se nachazel
pouze 40 m od kukacéi pozice z predchoziho dne, nicméné kukacka po vyplaSeni dokazala

uletét dokonce vétsi vzdalenost (cca 50 m). Pomoci radiotelemetrie jsme zaznamenali denni
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dispersal kukac¢iho mladéte v rozmezi 0-650 m (primeér + SD = 127,5 + 195,4 m, n = 14)
primér = 127,5 m, n = 14), ktery se signifikantné zvétSoval s vékem. Kukacka dosahla
samostatnosti na pénkavim samci patnacty den (2. srpna) od jejtho objeveni a vybaveni
transmitterem, ale jeji sledovani jsme ukoncili aZ o 10 dni pozdéji (viz oddil 3; Methods v
Prispévku IV). Vyska stromi (primér = SD = 9,2 + 5,0 m, n = 15), které si kukacka vybirala
za ukryt, se zvySovala s vékem mladéte. Vyska kukaccich pozic (priimér + SD=4,5+4,1m, n
= 15) v ramci vyuzivanych stromi pozitivné korelovala jak s vékem mladéte, tak i s vySkou
jednotlivych ukrytl. S vékem také pozitivné korelovala délka letu kukacky (primeér + SD =
61,4 £+ 47,1 m, n = 7), nicméné pocet kukaccich prelétnuti béhem jednotlivych pozorovani
(primér £ SD = 3,6 + 1,8 prelétnuti, n = 7) zistal priblizné konstantni po celou dobu jejiho
sledovani.

Pfesto, Ze se pénkava obecnd fadi mezi druhy snejdokonalejSi schopnosti
1883; Richter 1933; Kroutil 1965; Promptov 1941; Malchevsky 1960, 1987; Seel a Davis
1981; Knysh 2000) potvrzuji, Ze je jinak velmi vhodnym hostitelem tohoto parazita, pro
kterého neni problém vychovat kukacku do jejiho osamostatnéni. Navic jsme v tomto
manuskriptu zdokumentovali jev pozdéji potvrzeny u kukacko-rehétho systému (viz
Prispévek IV), tedy rozdélovani sntisSek rodi¢i na pocatku pohnizdni faze, kdy se jeden
z hostitelli stard vzdy pouze o kukacku. Na zakladé poznatkl ze studia jinych kukacko-
hostitelskych systémi (Wyllie 1981, Grim a Samas 2016, Prispévek IV) zde byl ptredpoklad,
Ze jsme kukacku objevili v podobném véku, v jakém kukacky standardné opoustéji otevirena
hnizda. Kukacka dosahla osamostatnéni na pé€nkavim péstounovi patnacty den po jejim
objeveni. Podobnou délku (16 dni; table 32 ve Wyllie 1981) zavislosti na péstounech béhem
pohnizdni faze zdokumentoval rovnéz Wyllie (1981).

Pfesto, Ze je tato studie postavena pouze na pozorovani jediného mladéte, Zadna
Komplexnost naSeho pristupu spociva konkrétné v zahrnuti klasického pozorovani,
molekularni analyzy genetické prislusnosti, videonahravani krmeni péstounem a Zadonéni,
analyzy Zadonéni pomoci sonogramt, analyzy sloZeni potravy, radiotelemetrie a analyzy
pohybu, a vyhodnoceni riistovych parametri kukac¢ciho mladéte béhem pohnizdni faze. Tato
metodologicky proveditelné ziskat velice detailni data o pohnizdni fazi kukacky obecné.
Podobné komplexni studie naptic rliznymi paraziticko-hostitelskymi systémy by tak mohly
umoznit potfebnou meta-analyzu a tim vyrazné posunout nase védomosti o koevoluc¢nich

zavodech ve zbrojeni.
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5 ZAVER

V disertacni praci jsem se zabyval mezidruhovym hnizdnim parazitismem u ptaki a
konkrétné interakci kukacky obecné se dvéma navzijem sympatrickymi a zhlediska
protiparazitickych adaptaci velmi odliSnymi hostiteli. Pfedev$im se jednalo o studium
kukac¢i interakce sjejim pravidelnym hostitelem rehkem zahradnim, ktery se vyznacuje
vtomto kontextu unikdtni dutinovou hnizdni strategii, nizkou urovni aktivni
protiparazitické obrany a neobvykle vysokou mirou parazitismu. Tomuto hostitelskému
systému jsem se se svymi kolegy vénoval napti¢ kompletnim reproduk¢nim cyklem. V ramci
jednotlivych fazi tohoto cyklu, jsme se zaméftili na klicové a casto neznamé ¢i sporné otazky,
jejichZz objasnénim (Prispévky I-IV) jsme vyrazné napomohli k pochopeni mechanizmi
hostitelsko-parazitické koevoluce.

Dale jsme studovali pripad pohnizdni pécfe pénkavy obecné o nami ndhodné
nalezené kukacci mlade (Prispévek V). Pomoci Sirokého spektra metodologickych pristupti
jsme zjistili, Ze jsou oteviend hnizda tohoto v rdmci nasi studijni lokality prilezitostného
hostitele parazitovana odliSnou kukac¢i ekologickou rasou, nez v pripadé rehki zahradnich.
Navic jsme zaznamenali, Ze kukaC¢i mladé u tohoto prilezitostného hostitele mize
prosperovat podobné, jako u nejvyznamnéjSiho finského hostitele kukacky obecné rehka
zahradniho.

V Prispévku I jsme zdokumentovali tii rtizné strategie kladeni vajec kukackou
obecnou do dutinovych hnizd rehkii zahradnich, z toho dva zptlisoby kukacciho kladeni byly
dosud uvadény pouze v hypotetické roviné a teprve vtéto studii byly vibec poprvé
zdokumentovany pomoci videotechniky. Strategii vystieleni vejce z kloaky jsme navic jako
prvni zdokumentovali nejen pro tfidu ptak, ale dosud nebyla znama u zadného ptislusnika
blanatych vejcorodych Zivocichi. Navic jsme dokazali, Ze se podobné jako v piipadé
pfimého kladeni jedna o progresivni metodu kladeni vajec, kterd zvysuje fitness parazita.
Jednotlivé metody kladeni se totiz navzajem lisily v nékolika dulezitych aspektech
ovliviiujicich celkovou uUspéSnost parazitace a tak i parazitovu a hostitelovu reprodukéni
zdatnost. Ve vysledku tak dutinovd hnizdni strategie rehkii predstavuje spiSe nez
maladaptaci vzhledem k preda¢nimu tlaku, velmi G¢innou protiparazitickou adaptaci, ktera
tak tlumi projev ostatnich forem obrany znamych u jinych kukaccich hostitelt.

Prispévek II demonstruje, Ze vychova kukac¢itho mladéte nemusi byt pro hostitele
nutné nakladnéjsi neZ vychova vlastnich mlad’at a zpochybnuje tak toto obecné tradované
dogma. Studie navic ukazuje, Ze vychova parazita je v ramci specifického kukacko-rehciho
systému v nékterych aspektech dokonce méné naroc¢na nez péce o jejich vlastni primérnou

snlsku. Ani péce o smiSenou sntisku neni ve vétsiné zkoumanych aspektii pro rehci rodice
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vivs

spojené svychovou parazita by tak mohly c¢asteéné vysvétlovat nizkou uroven
protiparazitické obrany u rehka zahradniho i relativni koevolu¢ni stabilitu tohoto
paraziticko-hostitelského systému.

V Prispévku III predevsim feSime a odpovidame na kritiku jednoho z vedlejsich
zaverl naseho predeslého prispévku (Prispévek II). Hlavnim argumentem této kritiky bylo,
Ze samotna ztrata veSkerého potomstva vytvari urcujici selekéni tlak pro vyvoj
protiparazitické obrany hostitele a Ze podobna droven bezprostiednich nakladi na vychovu
kukacky a hostitelskych mlad’at miiZe jen stézi vysvétlovat nizkou droven této obrany.
Hlavnim argumentem na$i obhajoby (Prispévek III) je, Ze kdyby méla byt urcujicim
faktorem urovné hostitelské obrany jednotna ztrata veSkerého potomstva, potom bychom
nemohli pozorovat vysokou variabilitu v intenzité protiparazitické obrany napii¢ riznymi
hostiteli a jejich populacemi. Tim také potvrzujeme nas ptvodni zaveér, Ze se na vyvoji
hostitelské obrany miize podilet vicero slozek celkové nakladnosti kukac¢iho parazitismu a
to bez ohledu na rozdil v jejich relativnim selek¢nim tlaku.

Prispévek IV podava prvni detailni informace o pribéhu pohnizdni faze z hlediska
parazitickych i hostitelskych mlad’at v ramci vSech dosud provedenych studii zabyvajicich
se kukacko-hostitelskymi systémy. Vysledky této studie navic vyvratily dosavadni
piresvédceni o znevyhodnéni mlad'at pochazejicich ze smiSenych sniisek béhem pohnizdni
faze v kukacko-reh¢im systému. Navzdory rozdilim v nékterych parametrech na pocatku
pohnizdni faze nebyl mezi mlad'aty z jednotlivych typl sntsek zadny priikazny rozdil ve
srovnavanych parametrech, véetné miry prezivani, v dobé jejich osamostatnéni na rehéich
rodicich. Pravidelny vyskyt smiSenych snliSek v hnizdech rehka zahradniho proto mtze byt
evolucné stabilnim jevem pro oba interagujici druhy.

Piispévek V sleduje pohnizdni chovani a vyvoj kukacciho mladéte v péci samce
pénkavy obecné. Pénkava obecnd se vramci nasi studijni lokality fadi mezi druhy pouze
ptileZitostné parazitované kukackou obecnou. Pozorovani intenzity krmeni, analyza sloZeni
prinaSené potravy, riistu a chovani mladéte navzdory tomu ukazuji, Ze je v mnoha ohledech
velmi vhodnym hostitelem tohoto parazita, pro kterého neni problém vychovat kukacku az
do jejtho osamostatnéni. Navic jsme vtomto manuskriptu zdokumentovali jev pozdéji
potvrzeny u kukacko-rehc¢iho systému (viz Prispévek IV), tedy rozdélovani snisek rodici na
pocatku pohnizdni faze, kdy jeden z hostitelli vzdy pecuje pouze o kukacku. Tato prace tak
podobné jako predchozi prispévek predstavuje zmetodologického hlediska dosud
nejkomplexnéjsi studii pohnizdni faze vramci kukacko-hostitelskych systémii. Podobné

komplexni studie napti¢ riiznymi paraziticko-hostitelskymi systémy by tak mohly umoznit
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potiebnou meta-analyzu dat a tim vyrazné posunout nase védomosti o koevolucnich

zavodech ve zbrojen{ za hranici hnizdni periody.
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Prispévek I

Cuckoos exploit cavity-nesting hosts with alternative egg-laying strategies
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Kukacka obecna (Cuculus canorus) zachycena pomoci fotopasti a mikrokamer p¥i uzivani tfi riznych
metod kladeni vajec béhem parazitace dutinovych hnizd rehka zahradniho (Phoenicurus
phoenicurus). Metoda primého kladeni (direct laying; nahote), upusténi vejce (dropping; uprostied) a

vystreleni vejce (projecting; dole) je zde zobrazena v okamziku vytlaceni vejce z kloaky.
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Almost all birds lay eggs directly into their own nests'. Avian obligate brood
parasites, in contrast, never build nests, but deposit their eggs into host nests’. How
exactly they achieve this has been one of the most discussed topics in natural history
for centuries®®. Here we explored for the first time a host-parasite system where
alternative egg-deposition modes to direct egg laying were hypothesized (see
Extended Data Table 1), We video-recorded alternative laying behaviour in the
common cuckoo Cuculus canorus when parasitizing nests of its regular cavity-
nesting host, the common redstart Phoenicurus phoenicurus’. About a quarter of
cuckoos used the projecting strategy, when the female protruded her cloaca to the
nest cavity while perching at the entrance and shot the egg which “flew” into the
nest. This laying behaviour, unique among Amniotes, enhanced parasite’s fitness
and may represent a pivotal adaptation in parasite-host co-evolution. About a half of
females passively dropped their eggs from the cavity entrance with a great majority
of eggs missing the nest cup. Such inefficient laying strategy may represent an
intermediate evolutionary stage between egg-deposition modes. The remainder of
cuckoos laying directly into the nest cup proved to be the most effective mode but

was associated with higher risk of nest desertion and getting stuck inside the cavity.



After centuries of speculations we provide the first direct evidence that parasitic
cuckoos use alternative egg-deposition modes and quantify fitness of alternative
laying modes.

The peculiar lifestyle of parasitic birds, especially of common cuckoos (hereafter
“cuckoos”) has elicited vivid speculation about how exactly the cuckoo manages to
deposit its egg into host nests® °. In particular, findings of cuckoo eggs in nests seemingly
inaccessible for large body-sized cuckoos have confused naturalists®. In his classic
treatment, Baker® stated: “From the time of Pliny, Aristotle, and other classical authors,
the earliest ornithologists were all of the opinion that the cuckoo generally, if not always,
laid its eggs upon the ground ... and then transferred them to the [host] nests ...”.
Literature describes six hypothesized laying modes for the parasitic cuckoos: beaking,
regurgitating, fluttering, dropping, projecting and direct laying (see Extended Data
Table 1).

Early debate about cuckoo laying modes was based on circumstantial eye-

2,5,6

witnessed evidence™™”. Such observations are unreliable because parasitic cuckoos

510712 4n contrast to the >20 minutes in

typically lay very quickly, in only a few seconds
their passerine hosts'’. Host nests are also often well concealed; for a human observer
hidden nearby, it is challenging (open-cup nests) or impossible (hole nests) to see what
laying procedure the cuckoo uses™*'*.

Currently, only direct video-recording has the potential to resolve mysteries about
cuckoo laying behaviour’. Indeed, the first and most famous documentation of the cuckoo
laying procedure is provided by one of the oldest (1921) natural history films recorded .
However, even these recordings'’ are inconclusive because close inspection of the
footage (own observations) still does not resolve whether the cuckoo laid directly or
regurgitated the egg. In addition, all recordings of cuckoo and other parasitic species’

11,12,14,16,17

laying events were made mostly on open-cup nesting host species or on species

: 18-21
using domed nests'®

. To revive the question that has long confused naturalists: how do
cuckoos deposit eggs into less accessible nests?

We focused on common redstarts (Phoenicurus phoenicurus; hereafter “redstarts”)
parasitized by the “redstart-cuckoo”, a cuckoo gens that specialises on redstarts and lays
uniquely plain blue eggs®. The redstart is the only documented regular host of the cuckoo
that does not build open cup nests, but breeds in cavities®. Therefore, it provides the most

suitable system available for testing the existence of alternative egg-deposition strategies

that have been debated for centuries (Extended Data Table 1).
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We collected data in Finland from the two nest box populations ca. 400 km apart,

2
one near Utula®?

and another at Oulu®, during the breeding seasons 2013-2016 (see
Methods). In total, we recorded 63 (40 in Utula and 23 in Oulu) cuckoo laying events
from 255 monitored redstart nests. The majority of cuckoo laying events (70%) happened
when the host clutch contained 1-3 eggs (Extended Data Fig. 1) and there was no overlap
in laying times of the day (Extended Data Fig. 3), between hosts (mean + SE: 5:56 + 0:09
[hours:minutes], n = 58) and cuckoos (18:03 + 0:16, n = 63). When the cuckoo was about
to lay, she landed at the nest box entrance, looked alternately inside and outside the nest
box (Supplementary Videos 1, 2, 4, 5, 7-9) before starting the act of laying. Then,
females used one of the three distinct egg-deposition modes.

Females laying via projecting (n = 17, Utula: nine cases, Oulu: eight cases; Fig.
1, Fig. 2a; Supplementary Videos 1-4) laid while perched at the nest box entrance. The
cuckoo female first leaned into the nest box and except the head bowed the rest of her
body out from the box. Then she protruded her cloaca to the nest entrance, but not beyond
its inner edge, and shot the egg. Just before the shot, the cuckoo attempted to correct the
egg fall trajectory with the two forward-pointing toes of her zygodactyl feet (Fig.1, Fig.
2a; Supplementary Videos 1-3). Nine out of 17 laying events were successful, i.e., the
cuckoo egg ended up inside the nest cup (Supplementary Videos 1-3). In the eight
unsuccessful cases the egg ended on the nest rim (Supplementary Video 4). In three out of
17 projecting events, the cuckoo could not see the nest cup and did not use her feet to
correct egg fall trajectory (her head was outside of the nest box; Supplementary Video 4).
All but one successfully projected cuckoo eggs typically landed onto the nest rim few
centimetres from the front wall and subsequently rolled or ricocheted into the nest cup
(Supplementary Videos 1, 3). The one remaining successfully projected egg landed
directly into the nest cup and cracked two host eggs (Supplementary Video 2). Except this
case, only one cuckoo egg and no host eggs cracked in another nest box (none of these
two nests were deserted).

Females laying via dropping (n = 30, Utula: 16 cases, Oulu: 14 cases; Fig. 2b;
Supplementary Videos 5-7) also laid while perched at the nest entrance. The cuckoo
female typically leaned into the nest box, bowed large part of her body (except of wings
and tail) in, and tried to protrude the cloaca as far as possible into the nest box.
Subsequently, she attempted to drop the egg into the nest box. Female’s position during
dropping prevented the use of her feet to correct egg fall trajectory (Fig. 2b;
Supplementary Videos 5-7). Dropped eggs ended outside the nest cup (25 cases;

3



Supplementary Video 5), inside the nest cup (three cases; Supplementary Video 6) or
outside the box on the ground (two cases; Supplementary Video 7). Thus, only three of 30
droppings were successful (all the eggs of both species were undamaged).

Females depositing eggs via direct laying (n = 16, Utula: 15 cases, Oulu: one
case; Fig. 2c; Supplementary Videos 8—10) proceeded inside the nest box and plunged
headfirst into the nest cup. Almost all direct laying events were successful (15 out of 16;
Supplementary Videos 8, 9), only one failed (Supplementary Video 10). Twelve out of
the 16 females, grasped one host egg, laid their own and tried to leave the nest box with
the host egg in their beaks; only five of these 12 cuckoos succeeded in egg removal
(Supplementary Video 8). In the remaining seven cases the cuckoos struggled to turn
around inside and exit the nest boxes, either dropping (n = 4, Supplementary Video 9),
breaking (n = 2) or swallowing (n = 1) the host eggs (all the other eggs remained
undamaged).

The cuckoos laying directly into the nest cup often had difficulties exiting the nest
boxes (Supplementary Videos 9, 10). Three cuckoos even got trapped inside the boxes for
six, 40 and 71 minutes after laying. In addition, four females that laid using the dropping
mode “slipped” into the nest box from the entrance after laying and only managed to exit
the box after four, seven, eight and 28 minutes. None of the projecting cuckoos entered
“fell inside” the nest box. As a result, the overall duration of laying visits (i.e. from
appearing of the cuckoo in entrance to leaving the nest box) in direct laying (median + SD
=73.5+ 1171.9 seconds, n = 16) did not statistically differ from dropping (54.5 + 313.5,
n = 30; Mann—Whitney U-test; Uj30 = 222, p = 0.69) and had a tendency to be longer
than projecting (38.0 = 31.7, n = 17; U617 = 83.5, p = 0.06; Fig. 3; Extended Data Table
2). When the seven extraordinary long laying visits were omitted, the visit duration were
similar between the direct laying (40.0 + 50.8 seconds, n = 13) and dropping (46.0 = 57.9
seconds, n = 26; Welch's t2715 = —0.12, p = 0.90), and between dropping and projecting
(38.0 = 31.7 seconds, n = 17; Welch's ts904 = 1.73, p = 0.09; Fig. 3; Extended Data Table
2). Thus, in addition to the generally shortest duration, projecting was the only mode
which prevented the cuckoos getting stuck in the nest boxes.

In contrast, the latency to egg-deposition (i.e. from appearing of the cuckoo in the
nest entrance to noticing the cuckoo egg laid) was shorter during direct laying (16.5 +9.4
seconds, n = 16) than for dropping (37.0 £ 47.6 seconds, n = 30; Welch's t33; = —3.76, p <
0.001) or projecting (29.0 + 31.2 seconds, n = 17; Welch's tj9; = —2.48, p = 0.02), but did
not differ between dropping and projecting (Welch's t439 = 1.23, p = 0.22; Extended Data
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Table 2, Fig. 3). This suggested direct laying as less technically demanding mode at least
for to the moment of egg-deposition, than both entrance layings.

In overall, cuckoo laying success (proportion of eggs that landed in the host nest
cup) was higher in direct laying (94%, n = 16) compared to projecting (53%, n = 17,
GLM: Bumode directLaying = 2.59 + 1.14, ¥* = 7.68, p = 0.006) and also higher in projecting
compared to dropping (10%, n = 30; GLM: Bwmode projecting = 2.32 + 0.78, x2 =1039,p =
0.001, Supplementary Results). Direct laying strategy also ensured event of shortest
latency to egg-deposition (6 seconds), but the shortest duration of laying visit happened in
one of the projectings (8 seconds; Extended Data Table 2). Similarly to longest overall
duration of laying visits, direct laying was associated with the most prolonged stay (4300
seconds; Extended Data Table 2) and thus with highest risk of nest desertion by host

9,16,24 - - - - -
»>7" and in extreme circumstances even with the risk of starving to death (pers.

parents
obs.).

Indeed, in six out of 63 (10%) cuckoo laying events redstarts deserted the nest
within 24 hours and five of these events were direct layings and one was dropping. Also
all three cases with confirmed host presence out of six desertion events within 24 hours
were direct layings. Desertion rates thus differed by the cuckoo laying location (direct
laying 31%, n = 16; entrance laying 2%, n = 47; GLM: fLayingLocation_inside = 3.33 +
1.23, y2 = 10.97, p = 0.001, Supplementary Results), but were similar between dropping
(3%, n = 30) and projecting (0%, n = 17; Fisher's exact test p = 1.00).

Finally, combining the laying success and desertion rates translated into similar
cuckoo hatching success in direct laying (63% of laid eggs) and projecting (53%), but
much lower in dropping (7%). Given that we found no differences of the egg-laying
strategy on cuckoo chicks’ growth and fledging parameters (Extended Data Fig. 2), the
parasite fitness has been highest for direct laying, being closely followed by projecting,
but very low for dropping. Thus, the high prevalence of dropping (48%, n = 63) seems to
be surprising and may reflect an ongoing evolutionary change or different dropping
fitness prospect under natural condition.

For the first time in birds and even in oviparous amniotes, we documented
projecting as an existing and similar to direct laying as fitness enhancing egg-deposition
procedure. Contrary to traditional hypotheses in the literature, we obtained no evidence
for beaking, regurgitating or fluttering egg-deposition modes. Instead, we confirmed
dropping as an existing, but rather ineffective laying mode in nest boxes. Direct laying,

the third egg-deposition mode we documented, has been the most effective in laying
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success but at the same time a risky strategy increasing probability of nest desertion and
being possibly dangerous even to the cuckoo female.

25,26
d=>

It has been suggested that redstarts originally nested on the groun and later

72327 This suggests direct

reduced strong parasitism pressure by nesting in ground cavities
laying as the ancestral laying mode (see also Methods). Thus preference of tree hollows
or crevices of redstarts for nesting could have been counter-adaptation to direct laying,
which denied cuckoos the possibility to enter (or turn inside) the nest cavity. Such nesting
strategy may have caused selection on cuckoos to evolve dropping as a modified direct
laying mode (dropping behaviourally resembles the “getting inside” stage of some direct
laying events, see Supplementary Video 10). Dropping can potentially prove efficient in
these holes, because width of their nest cup rims is usually smaller®® compared to those in
our nest boxes (Methods). Dropping likely further evolved to projecting as a response to
redstarts' use of deeper cavities with nest cups located further from entrances. Therefore,
the projecting seems to be an universal and novel cuckoo counter-adaptation against a
host cavity-nesting defence strategy. Finally, the use of tree cavities, with the entrances
small enough to prevent cuckoo offspring fledge (see Methods) likely represents the latest
step in redstart defence as it is also hypothesised in some other potential cuckoo hosts>’.
Similarly to another recent study'’ (see Supplementary Discussion) our results
demonstrate the egg-laying stage as the phase of intensive co-evolutionary arms race
between the parasites and their hosts. Our results further confirmed cavity-nesting of
redstarts as their main antiparasite adaptation’. Future focus on individuality (personality)
of laying cuckoo females and cuckoo egg-deposition modes in natural redstart cavities
and in other parasite-host systems has therefore the potential to reveal previously

unexpected dynamics of parasite-host co-evolution.



Figure 1 Projected cuckoo egg in flight.
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Figure 2 Screenshots of three laying moments of the three distinctive egg-deposition
modes used by at least two different cuckoos (based on laying dates) recorded in the same
nest box (Utula site, nest box N8: vertical entrance diameter = 7.4 cm, horizontal entrance
diameter = 7.2 cm, nest box width = 12.9 cm, nest box depth = 12.9 cm, nest box height =
35 cm): (a) Projecting (14. 6. 2016, 18 h 9 min), (b) Dropping (19. 6. 2015, 17 h 29 min),
(¢) Direct laying (20. 6. 2015, 17 h 7 min). In each screenshot, the egg is squeezed or
dropped from cloaca and is visible on the screen in case of (a) and (b) respectively, or
specific sound and body movement of laying moment is recognizable from video in case

of (¢) (see Methods).
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Figure 3 Nest box visit duration by cuckoos parasitizing host redstarts. In the panel,
“visit” = whole period the cuckoo stayed at the nest from arrival till departure. To present
all the data, including seven prolonged visits (three for direct laying and four for

dropping), we used logarithmic scale. “Laying” = latency from arrival till the moment of

egg laying.
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METHODS

Study population and area. We collected data in Finnish pine forests in two study
populations ca. 400 km apart: in Oulu (65°N, 25°50'E)® and in Utula (61°24°N,
28°37'E)’* . We followed cuckoo egg laying by checking redstart nest contents (2013—
2016 in both sites) and by video-recording nests (2013—2016 in Oulu and 2014-2016 in
Utula) during the breeding seasons.

Similarly to all previous studies of brood parasite-host interactions, including

video-recording of the cuckoo-laying behaviour'"'*!*!¢

the cuckoos were not individually
marked due to logistical and technical difficulties of cuckoo female mist-netting™, which
is especially difficult in a forest environment (J. Haikola pers. comm.). Nevertheless,
based on plumage differences'® and phenotypic similarities (see Supplementary Video 9)

of filmed females and patterns of laying in space (cuckoo females lay in spatially limited
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5303 " and time (cuckoos lay on alternate days 0nly2’5’6) we estimate 14-23

home ranges
different cuckoo females laying in Utula and 11-19 in Oulu for every breeding season
separately. It is impossible to make estimation between years because of moulting” .
Video-recording in natural cavities is near impossible: redstarts are secretive
during the egg laying period making natural nest cavities extremely difficult to find**, and
the irregular shape and often various material strength of natural cavities would make
camera placement challenging without damaging the cavity. Therefore, similarly to other
studies (e.g., De Marsico et al.**) we studied host nest box populations.
Nest box design. Nest boxes at which we recorded cuckoo laying events were similar to
natural cavities typically used by redstarts’* and slightly varied in their dimensions:
vertical diameter of round entrance 6.2-8.5 cm (mean 7.2 cm, n = 350), width (inside
measure) 8.5-13.0 cm (11.7 cm, n = 350), depth (inside) 10.0-17.0 cm (13.7 cm, n =
350), height 35 cm (n = 350), bottom area 85.0-221.0 cm® (162.2 cm?, n = 350). The nest

8,9,32

box entrances were designed to facilitate cuckoo chick fledging™ . This is very

important because the smallest cavity entrance for the cuckoo chick to fledge from is

known to be 5.0 cm”**

(see also Supplementary Discussion). Thus laying into any smaller
entrances would bias our estimates of both laying and reproductive success.

Our conclusions are not biased in favour of previously unrecorded projecting or
dropping because entrance sizes are even smaller in natural redstart tree cavities (mean
5.3 cm, range 4.4-6.5 cm, n = 8, R.L.T. previously unpublished data), or generally in
cavities made by the most abundant cavity excavator in the study areas, the great spotted
woodpecker (Dendrocopos major), mean 4.9 cm, range 3.8-6.3 cm™.

In contrast, the nest boxes had smaller dimensions than successfully parasitized
natural ground cavities used by redstarts (vertical entrance diameter 6.0—11.0 cm,
horizontal entrance diameter 11-12 cm, inside width 20-25 cm, inside depth 15-25 cm,
inside height 10-13 cm, n = 2) which we found at Utula site during the study (see also
Kysuéan et al.’®). Therefore, similarly to our nest boxes, these natural ground cavities
could have been parasitized by all three egg-deposition modes.

Video-recording. We recorded redstart nests during the complete egg laying period with
motion-activated infrared microcameras (CCD Bird Box Camera 420TVL;
SpyCameraCCTYV, Bristol, UK) located inside nest boxes and connected to digital video-
recorders (Wireless 2.4 GHz 1 Channel D1 Mini DVR Recorder; SpyCameraCCTV)

hidden in boxes below the nest box and powered by car baterries’”". The microcameras

were focused mostly on the nest box entrance and were possible, also on the nest cup. In
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addition to the nest box cameras we also used four external trail cameras in the Utula site
to record activities around nest boxes (as was logistically possible); we managed to record
eight laying events synchronously from inside and also from the outside view
(Supplementary Videos 5, 7, 8).

Data analysis. We describe the cuckoo behaviour during laying and document laying
success, i.e., whether the cuckoo egg ended inside or outside the host nest cup. Cuckoo

7,8,9,23

eggs laid outside the nest cup are never retrieved by hosts into the nest cup and are

always ignored under natural conditions. In the present study we moved such eggs into

. . 8,9,35,36
other nests to address different research questions™”

. Further, we report duration of
cuckoo visits and cuckoo laying latency. We quantified the duration of laying “visit” as
the time from a cuckoo's arrival to the nest box entrance (i.e., cuckoo touched the
entrance) to her departure (the end of her physical contact with entrance), and the
“laying” latency as the time from a cuckoo's arrival to the nest box entrance to the
moment she deposited her egg (i.e., the egg was visible on screen, or specific laying body
movement of cuckoo female was recognizable).

We also present laying times of cuckoos and hosts (see Extended Data Figure 3).
Laying time of host redstarts (n = 58) and cuckoos (n = 63) was determined from
continuous video-recordings inside nest boxes (some redstart laying timing were not
detectable due to camera placement). Data for redstarts include laying on the same day
when the cuckoo laid in the same nest (n = 40) or next day (when camera was set on the
day when cuckoo laid and we missed host laying on that day’s morning, n = 16) or
previous day (when the redstart did not lay the same or following day, n = 2). At two
other nests the redstarts deserted, and at three nests the camera was removed immediately
after the cuckoo laid and we had not recorded the host laying the day before.

Finally, we describe host activity during cuckoo laying. The presence and activity
of hosts was assessed either from visual detection of redstarts on the footage or
acoustically (the hosts always loudly alarm call when their nest is disturbed, own pers.
obs.). Due to technical problems of some cameras we have not audio records for five out
of 63 laying events, but we have simultaneous recordings from external trail cameras for
two of these cases and documentation of first host post-parasitism inspection in nest box
after more than an hour for other three cases. However, our desertion rate of 10% is
similar to the 13% desertion rate which was previously documented for another Finnish
nest box population’ . Therefore, we suggest that our desertion rate was not

underestimated.
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of

U-

Results are presented as median + SD (unless stated otherwise). For comparisons
visit duration among particular laying modes, we used nonparametric Mann—Whitney

tests, because of seven prolonged laying events (outliers) contained in this data set. In

comparisons where these extraordinary long laying visits are omitted or in comparisons of

latency to egg laying (where we detected no outliers), we used parametric Welch's t-test.

For assessment of the laying success, desertion rates, camera presence and nest box

design effects of particular laying modes, we used GLM (see Supplementary Methods,

Results and Tables) or Fisher's exact test (one-tailed). All analyses were conducted with

R 3.5.0°” or STATISTICA 13,
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Extended Data Figure 1 Number of cuckoo laying events (n = 63) into the host nests

with different clutch size (number of host eggs present in nest during cuckoo laying).
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inside nest cup) by three distinctive laying modes: direct laying (n = 8), dropping (n = 2),
projecting (n =5).
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Extended Data Figure 3 Laying time of host redstarts (n = 58) and cuckoos (n = 63) as
determined from continuous video-recordings inside nest boxes. The difference between
sample sizes is caused by camera placement timing (as explained in Methods). Data for
redstarts include laying on the same day when the cuckoo laid in the same nest (n = 40) or
next day (when camera was set on the day when cuckoo laid and we missed host laying
on that day morning, n = 16) or previous day (when host did not laid at the same and next

day, n = 2).

Extended Data Table 1 Distinctive modes of egg-laying by parasitic cuckoos into the
host nests according to the literature. Historically, the prevailing opinion was that cuckoos
deposit eggs by beaking. A similar broadly accepted mode was regurgitating.
Documented parasitism in fragile hanging nests where the cuckoos presumably cannot get
a stable foothold inspired fluttering. When laying to cavity nests, the cuckoos were
supposed to lay their eggs by dropping (i.c., laying from entrance with body bowed in) or
projecting (i.e., laying from entrance with body bowed out). Finally, although being
questioned in case of cavities with too small entrances, cuckoos could lay their eggs just

like any other bird by direct laying.
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Mode

Description

References

Beaking

Regurgitating

Fluttering

Dropping

Projecting

Direct laying

Cuckoo lays her egg on the ground,
grasps it with her beak, flies to the host
nest where sits and inserts it into the nest
cup.

Cuckoo lays her egg on the ground,
swallows it, stores it in her oesophagus,
flies to the host nest and regurgitates her
egg into the nest cup.

Cuckoo lays her egg in fragile hanging
nest while hovering in front of the nest
entrance, making as much use as possible
of the support given by the nest and then
project an egg or put it with her bill into
the nest cup.

Cuckoo lays her egg in the cavity simply
by placing her cloaca at the entrance and
dropping the egg into the nest.

Cuckoo lays her egg in the cavity too
small for the cuckoo to enter, by pressing
the cloaca as close as possible to the
entrance while clinging to some external
support and in correct position projecting
the egg in direction of nest cup.

Cuckoo female deposits her egg directly
into the nest cup while sitting on the nest
cup.

Bechstein (1791)*’; Naumann
(1826)*; Buckland et al. (1859)"';
Sir (1883)*; Rey (1894)*; Baker
(1913)*, (1923)*, (1942)%;
Chance (1922)", (1940);
Claudon (1955)*; Harrison
(1969)"; Wyllie (1981)°; Brooker
et al. (1988)'%; Davies (2000);
Briskie (2007)"’; Schulze-Hagen
et al. (2009)°

Mudie (1835)*; Meiklejohn
(1900)*; Chance (1940)*; Wyllie
(1981)°; Davies (2000)*; Schulze-
Hagen et al. (2009)°

Baker (1942)*; Wyllie (1981)°

Liversidge (1969)°’; Dunn
(1985)*"; Davies (2000)*; Rutila et
al. (2002); Kriiger (2011)*

Chance (1940)"; Baker (1942)’;
Wyllie (1981)°; Davies (2000)%;
Payne (2005)>’; Schulze-Hagen et
al. (2009)°

Orphal (1805)**; Naumann
(1826)*; Walter (1876)°; Sir
(1883)**; Chance (1922)",
(1923)%°, (1940)*; Baker (1942)*;
Harrison (1969)"7; Wyllie (1981)°;
Brooker et al. (1988)'®; Davies
(2000)*; Moksnes et al. (2000)'’;
Andou et al. (2005)"'; Payne
(2005)*; Briskie (2007)";
Schulze-Hagen et al. (2009)°;
Soler et al. (2014)*!
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Extended Data Table 2 Duration (seconds) of cuckoos' activities (median, range) in

common redstart nests during egg laying. Projecting = laying from entrance with body

bowed out. Dropping = laying from entrance with body bowed in. Direct laying = inside

nest box and nest cup. “Visit” = whole period the cuckoo stayed at the nest box from her

arrival to the entrance till departure. “Laying” = latency from arrival to the nest box

entrance to the moment and egg was deposited. Length of “Visit” strongly varied

depending on the mode of cuckoo female departure: some females departed directly

through the nest entrance (immediate departure) whereas other females fell inside the box

after dropping or attempted to depart in wrong directions or struggled to turn around after

direct laying and became trapped inside the nest boxes (prolonged departure).

Cuckoo activity N Visit (seconds) N Laying (seconds)
Projecting 17 38 (8-112) 17 29 (7-107)
- outside nest cup 8 33 (11-112) 8 25.5(10-107)
- inside nest cup 9 47 (8-105) 9 33 (7-99)
Dropping 30 54.5(10-1698) 30 37 (7-183)

- immediate departure 26 46 (10-200) 26 35.5 (7-183)

- prolonged departure 4 453 (268-1698) 4 48 (36-60)
- outside nest box 2 146 (113-179) 2 121 (102-140)
- inside nest box, outside nest cup 25 50 (14-1698) 25 36 (7-183)

- immediate departure 21 46 (14-200) 21 28 (7-183)

- prolonged departure 4 453 (268-1698) 4 48 (36-60)
- inside nest box, inside nest cup 3 46 (10-111) 3 37 (7-43)
Entrance laying (dropping + projecting) 47 46 (8-1698) 47 34 (7-183)

- immediate departure 43 45 (8-200) 43 33 (7-183)

- prolonged departure 4 453 (268-1698) 4 48 (36-60)
Direct laying 16 73.5(17-4300) 16 16.5 (6-36)

- immediate departure 13 40 (17-179) 13 19 (6-36)

- prolonged departure 3 2416 (369-4300) 3 14 (12-31)
Without egg removal 4 167 (76-2416) 4 30 (25-36)

- immediate departure 3 155 (76-179) 3 29 (25-36)

- prolonged departure 1 2416 1 31
With egg removal - unsuccessful 5 85 (20—4300) 5 10 (6-26)

- immediate departure 4 54 (20-86) 4 9.5 (6-26)

- prolonged departure 1 4300 1 14
With egg removal - successful 7 39 (17-369) 7 14 (8-28)
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- immediate departure 6 39 (17-71) 6 16.5 (8-28)

- prolonged departure 1 369 1 12

All laying events 63 46 (8-4300) 63 28 (6-183)
- immediate departure 56 45 (8-200) 56 26 (6-183)
- prolonged departure 7 482 (268-4300) 7 36 (12-60)

- host absent 53 50 (8-1698) 53 29 (6-183)
- immediate departure 48 46 (8-200) 48 27 (6-183)
- prolonged departure 5 424 (268-1698) 5 47 (12-60)

- host present 10  38.5(10-4300) 10 23.5(7-37)
- immediate departure 8 33.5(10-76) 8 23.5(7-37)
- prolonged departure 2 3358 (2416-4300) 2 22.5(14-31)

Supplementary Methods

GLM analysis

We analyzed data collected on cuckoo laying behaviour for the period 2013-2016 in Oulu
and 2014-2016 in Utula (total n = 330 laying events of which 63 were video-recorded).
We used generalized linear models (GLM) with binomial error distribution and logit link
function when analyzing binary response variables of cuckoo laying location (from
entrance vs inside nest box), mode (from entrance by projecting vs dropping), success
(cuckoo egg inside nest cup vs outside nest cup) and nest desertion by hosts within 24h
after parasitism (yes or no). For the response of cuckoo laying location and mode we
included predictors of “entrance diameter” (mm; continuous), ‘“nest box bottom area”
(cm’; continuous), “cuckoo laying date” (ordinal day number; continuous)
(Supplementary Table 1). For the response of cuckoo laying success with all data
included, we added predictors “camera presence” (yes or no; binary) to those mentioned
above, and for the response of video-recorded cuckoo laying success only we added “host
presence” during cuckoo laying (yes or no; binary) and “cuckoo laying mode”
(projecting, dropping, entering; categorical) (Supplementary Table 2). The analysis of
laying success for video-recorded cuckoo laying comprised only entrance layings
(dropping and projecting) because almost all cuckoo entered nest box and laid inside were
successful (cuckoo egg ended inside nest cup). For the response of nest desertion by hosts
we included predictors of “host presence” during cuckoo laying (yes or no; binary),
“cuckoo visit duration” (seconds; continuous), “cuckoo laying location” (from entrance or

inside nest box; binary), “host clutch size” at the time of parasitism (continuous), “host
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first egg laid” (ordinal day number; continuous) and its quadratic term to test for potential
non-linear seasonal trend (Supplementary Table 3). We fitted models for response of nest
desertion by both including (n = 63) and excluding (n = 56) laying events with cuckoos
being trapped for prolonged time inside the nest boxes. We could not test the effect of
camera presence on the specific cuckoo laying modes, because we did not know the
laying mode for the nests where we did not have a camera. However, if camera presence
affected the laying mode choice, it would be expected that also the laying success differed
relative to the camera presence, because laying success clearly varied between the laying
modes. The analysis of cuckoo laying success in relation to camera presence therefore
also provides an indirect test of camera presence on cuckoo laying mode.

In all models, we centred continuous variables on their means (laying dates by
mean within each year and study site). We checked for potential multicollinearity using
variance inflation factors which was satisfactory for all predictors (all VIFs < 3.0)’’. We
ran all possible models for a given set of variables (starting by full model) and used AIC,
to rank the models. We report the outputs of the full and final (with the lowest AIC,)
models. Overdispersion level in the final models (ratio of residual deviance to residual
degrees of freedom) was less than 1.28 for all final models indicating acceptable levels of

overdispersion.

Supplementary Results

Cuckoos parasitized redstart nests mainly during the host egg-laying stage (61 out of 63
cuckoo layings). One host nest was parasitized in pre-laying stage (one day before the
host laid its first egg), and one in incubation stage (one day after the sixth host egg was
laid; Extended Fig. 3). Eleven of 63 parasitized and video-recorded redstart nests were
parasitized twice and four nests three times. However, the previously laid cuckoo eggs
(one egg in all instances) were present in host nests only during six cuckoo laying events
(other previously laid eggs were moved into other nests for other study projects). Host
clutch size did not differ between nests where cuckoo attempted egg removal (mean = SE
= 2.8 £ 0.5, n = 12) and where it did not (2.8 + 0.2, n = 51; Welch's tj¢3 = —0.17, p =
0.87). During the egg removal attempts (direct laying in all cases), the cuckoo females

always tried to remove only one redstart egg (n = 12).
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Cuckoo laying location was positively related to entrance diameter (direct laying
inside the nest box was more frequent in nest boxes with wider entrances) and negatively
to nest box area (direct laying more frequent in smaller nest boxes; Supplementary Table
1). When laying from the entrance, egg-deposition mode was negatively associated with
laying date (projecting more frequent in early season) but was not influenced by nest box
design (Supplementary Table 1). Furthermore, at three nest boxes, two different females
always parasitized the same nest box each using different egg-deposition modes, both
direct and entrance laying (both projecting and dropping). Since cuckoos are relatively
large in comparison to nest box (or natural cavity) dimensions, it is reasonable that direct
laying is more frequent in cavities with larger entrance hole, but surprisingly direct laying
was also more frequent in smaller (by bottom area) nest boxes. However, although direct
laying was observed more often in nest boxes with wider entrance diameter, it was also
recorded in nest boxes with small (7.0 cm) entrance diameter. These results suggest that
nest box design did not limit cuckoo laying behaviour.

Cuckoo laying success based on all data was higher at nest boxes with wider
entrance diameter and smaller bottom area and was not affected by camera presence
(Supplementary Table 2). The results remained qualitatively identical if those cuckoo
eggs that dropped outside the nest box to the ground (n = 2) were omitted (results not
shown). The behaviour of cuckoos at nest boxes implied that they ignored the cameras.
Cuckoo females focused their attention on nest cup and/or watched out for potential
attacks by hosts (i.e. leaned back and stared outside the box); they did not look up to the
roof where the cameras were attached. Laying success of cuckoos laying from the nest
box entrance was significantly influenced by the laying mode; projecting was more
successful than dropping (Supplementary Table 2).

Nest desertion by redstarts increased when cuckoos laid inside the nest box
compared to laying from the entrance (Supplementary Table 3). Excluding records of
cuckoos trapped in nest box did not change the conclusions (Supplementary Table 3).
However, when including trapped cuckoos, hosts were more likely to be present (yes or
no; binary response) the longer the duration of cuckoo presence (GLMuost presence ~ visit
durations Pisit duration = 0.001, SE = 0.0006, X2 =4.847, p = 0.028) and when the cuckoo was
laying inside the nest box (GLMupost presence ~ laying locations BLayingLocation_inside = 1.864, SE =
0.735, x> = 6.602, p = 0.010). Although the cuckoo laying location appeared to have the
strongest effect on redstart nest desertion, also host presence and cuckoo visit duration

tended to explain redstart nest desertion rates: GLMuest desertion ~host presences PHostP present =
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1.966, SE=0.911, x> =4.351, p = 0.037; GLMest desertion ~ visit durations Puisit duration = 0.0008,
SE = 0.0005, y * = 3.245, p = 0.072. However, if the laying events with cuckoos trapped
in the nest boxes are excluded, hosts were less likely to be present the longer the laying
visit (GLMuost presence ~ visit duration, Puisit duration = —0.025, SE = 0.016, x* =4.258, p =0.039)
but still tended to be more likely present when cuckoo was laying inside the nest box
(GLM iost presence ~ laying locations PLayingLocation_inside = 1.466, SE = 0.798, 3> = 3.270, p = 0.071).
Hosts tended to desert nest more likely when being present during cuckoo laying
(GLMuest desertion ~host presences PHostP present = 2.037, SE = 1.090, 2 =3.195, p = 0.074), but
probability of desertion was not affected by cuckoo visit duration (GLMpest desertion ~ visit

durations Puisit duration = —0.015, SE=0.017, x> = 1.117, p = 0.291).

Supplementary Tables

Supplementary Table 1 Effects of nest box characteristics and laying date on cuckoo
laying location (entrance vs inside nest box) and laying mode (projecting vs dropping).
We show statistics and parameter estimates from both the full models and final reduced
models (as recommended by Forstmeier & Schielzeth®®). One case of direct laying

(location inside) was omitted due to missing nest box design data.

2

Response variable N  Model Parameter Estimate  SE X p-value
Laying location 62 Full Intercept -1.405  0.364
LayingDate 0.015 0.046 0.108  0.743
EntranceDiam 1.822 0.811 5.512  0.019
BoxArea -0.079  0.036 5.572  0.018
Final  Intercept —1.405 0.364
EntranceDiam 1.935 0.740 7.422  0.006
BoxArea -0.079  0.036 5.485 0.019
Laying mode at 47 Full Intercept -0.703  0.345
entrance LayingDate —0.069 0.046 2.404  0.121
EntranceDiam —-1.304 1.174 1429  0.232
BoxArea -0.029  0.033 0.825 0.364
Final  Intercept —0.639 0.324
LayingDate —0.085  0.044 4.089 0.043

Supplementary Table 2 Effects of nest box characteristics, laying date, cuckoo laying
mode and presence of camera or host on cuckoo laying success (cuckoo egg inside vs
outside nest cup). We calculated cuckoo laying success separately for (i) all data and (ii)

only for video recorded cuckoo layings from nest box entrance. We show statistics and
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parameter estimates from both the full models and final reduced models (as recommended

by Forstmeier & Schielzeth®).

2

Response variable N Model Parameter Estimate  SE % p-value
Laying success 330 Full Intercept -0.880  0.142
(all data) Camera_yes 0.367 0.292 1.557 0.212
LayingDate -0.002  0.012  0.040 0.842
EntranceDiam 1.010 0336 9.073 0.003
BoxArea -0.018 0.006 7.841 0.005
Final  Intercept —-0.795 0.122
EntranceDiam 1.073 0321 11.270 <0.001
BoxArea -0.017  0.006 7.607 0.006
Laying success, 47 Full Intercept -2.523 0.726
(only video Mode project 2.650 0942 10.404 0.001
recorded entrance LayingDate 0.032 0.059  0.292 0.589
layings)
EntranceDiam 0.185 1.185  0.024 0.877
BoxArea 0.030 0.040 0.578 0.447
HostP_present 1.482 1.270  1.336 0.248
Final  Intercept -2.197  0.609

Mode_project 2.315 0.779 10.389  0.001

Supplementary Table 3 Model statistics of the full and final models in the analyses of

redstart nest desertion rates.

2

Response variable N  Model Parameter Estimate SE % p-value
Nest Desertion, 63 Full Intercept —4.003 1.301
incl. trapped HostP_present 1.310  1.387  0.901 0.343
cuckoos VisitDuration <0.001 0.001  0.538 0.463
LayingLocation_inside 2957 1338  6.526 0.011
HostClutchSize 0442 0340 1.773 0.183
HostLayingDate 0.029  0.072  0.172 0.679
HostLayingDate’ —0.008 0.011  0.545 0.460
Final  Intercept —4.156 1.118
LayingLocation inside ~ 3.331  1.233 10.968  0.001
HostClutchSize 0470  0.323 2237  0.135
Nest Desertion, 56 Full Intercept —4.513  1.517
excl. trapped HostP_present 1.144 1303 0.781 0.377
cuckoos VisitDuration -0.014 0.023  0.466 0.495
LayingLocation_inside 2,677 1392 4471 0.035
HostClutchSize 0339 0369 0.884 0.347
HostLayingDate 0.012  0.080 0.024 0.877
HostLayingDate® -0.001 0.011  0.003 0.958
Final  Intercept -3.738 1.012

LayingLocation inside  2.534  1.207  5.275 0.022
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Supplementary Discussion

We present the first direct evidence for a projecting laying mode, which was never before
reported in any Amniote species. Common cuckoos used projecting and dropping laying
modes to access host nests in cavity nest sites. The only evidence for alternative modes
was speculative and circumstantial (inferred from the nest design), but these ideas were
compatible with alternative explanations (Introduction). Whether cuckoos lay directly or
bring their eggs by beak, or in the gullet, or project or drop them with protrusible cloaca
was a subject of heated debates among naturalists for centuries®°. All previous studies

that video-recorded cuckoo laying'"'*!'*!¢

concurred that common cuckoos lay directly
into host nest cups, but all three studies examined parasitism of open-cup nesting host
species and therefore, by design, omitted the chance of recording the projecting and
dropping modes. In contrast, our study provides the first clear evidence that cavity-
nesting hosts, such as redstarts, force cuckoos to adopt alternative egg-deposition modes.

In the 1920's E. Chance made a bet with another giant of brood parasitism
research S. Baker that “it will eventually be found and proved that all cuckoos deposit
their eggs direct from the oviduct into nests of their dupes™®. Now, a century later our
data suggest that E. Chance won the bet. Contrary to claims in historical literature
(Introduction), we found no evidence for beaking, regurgitation or fluttering even though
at least some of these laying modes would increase cuckoo fitness: in our study
populations 68% cuckoo eggs were mislaid outside nest cups or even nest boxes (n =
358). Beak or regurgitation deposition should be feasible for cuckoos because the direct
distance from the bottom of the entrance hole to the closest part of the nest cup was 10.9
+ 0.2 cm (mean + SE; only parasitized nests in 2013-2016: n = 227) and cuckoo females
have an average body length of 33 cm™. Indeed, our videos provided direct evidence that
cuckoo females are able to reach the nest cup with their beak while sitting in the nest
entrance (n = 10, distance: mean + SE = 9.9 + 0.7 cm; Supplementary Video 8).

The redstart is a host that does not recognize cuckoo eggs or the odd-looking
cuckoo chicks”**’. Nevertheless, cavity-nesting by redstarts poses a severe obstacle for
the cuckoo and the majority of parasitism attempts fail, mainly due to low laying

7-9 o . 17923
success’ ~ or cohabitation between redstart and cuckoo chicks ™

. The three laying
modes clearly differed in laying success: direct laying provided highest laying success

(94%), while projecting (53%) was clearly more successful than dropping (10%).
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Comparing between study areas, we noticed higher laying success in Utula (53%,
n = 40) than in Oulu (26%, n = 23; Fisher's exact test p = 0.037, n = 63). This was
confirmed by the overall laying success difference (i.e., non-recorded cases included; see
Methods) between both sites (Utula: 43%, n = 122; Oulu: 26%, n = 236; Fisher's exact
test, p = 0.0006, n = 358). Due to similar proportions of projecting (Utula: 23%, n = 40;
Oulu: 35%, n = 23; Fisher's exact test p = 0.222, n = 63) and dropping (Utula: 40%, n =
40; Oulu: 61%, n = 23; Fisher's exact test p = 0.091, n = 63) and similar laying success of
projecting (Utula: 56%, n = 9; Oulu: 50%, n = §; Fisher's exact test p =0.601, n = 17) and
dropping (Utula: 13%, n = 16; Oulu: 7%, n = 14; Fisher's exact test p = 0.552, n = 30) at
both sites, such discrepancy could be attributable to the fact that direct laying (i.e., the
most successful mode, see above) was recorded mostly in Utula (94%, n = 16).

We did not find any obvious reason for this, because nest box design or camera
presence did not limit the cuckoo laying mode or laying success (see Supplementary
Results). In addition, long-term overall laying success data (i.e., non-recorded cases
included; see Methods) from Utula (n = 213 layings from 11 breeding seasons: 2006—
2016) showed that 36% eggs were laid in the nest cup, 54% on the nest rim, 5% were
dumped on incomplete nests and 5% were mislaid outside the box and found on the
ground’. Thus, 64% of laid cuckoo eggs were doomed. In contrast, in Oulu (n = 268 from
nine breeding seasons: 2002, 2003, 2005, 2011-2016), only 27% of eggs were laid in the
nest cup (Fisher's exact test, p = 0.024) and the rest were doomed in the same ways (65%,
4%, 4% respectively) as in Utula®. Therefore, the overall long-term laying success data
between both sites likely confirmed differences in cuckoo laying behaviour (i.e., the
extent of direct laying use) and thus also suggested differences in co-evolutionary or
environmental pressures between both populations. This needs to be further tested.

Cuckoos using direct laying often struggled to move inside the cavity which
resulted in failed egg removal attempts (see second and third parts of Supplementary
Video 9; Extended Data Table 2) and even in getting trapped inside the cavity for
prolonged periods. Also cuckoos laying by dropping risked falling into the cavity and
getting trapped, whereas the projecting females did not. As a result, the overall visit
durations were longest in direct laying and shortest in projecting. This suggests that both
laying locations have their pros and cons. Entrance laying reduces risks of being trapped
in the box for prolonged periods but at the costs of decreased laying success (especially
due to dropping and sometimes due to projecting). In contrast, entering the nest box

shortened latency to lay and increased laying success but at the cost of sometimes
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prolonged stay inside the nest box. These trade-offs fundamentally shape different fitness
pay-offs of these alternative strategies.

Longer visit duration increased the probability of hosts observing the laying
cuckoo at the nest which has been shown to increase egg rejection/nest desertion by

16,24

hosts ™. The risk of detection by hosts is also thought to be the selective force behind

the evolution of very quick egg laying by the parasitic cuckoos; claimed to be the fastest

160 Moksnes et al.'® however reported that cuckoo laying in

laying birds (<10 seconds)
reed warblers' (Acrocephalus scirpaceus) nests took four times longer (total visit
duration, mean = 41 seconds). Remarkably, redstart cuckoos even spent substantially
longer time at host nests (mean = 212 seconds, n = 63 laying events).

Hosts were certainly present during ten of 63 (16%) cuckoo laying events (two
projecting, two dropping and six direct layings; from these only two direct layings were
prolonged; Extended Data Table 2; Supplementary Videos 3, 4, 6, 8). Redstarts visibly
mobbed the cuckoo at four nests (Supplementary Video 8) and their presence was
confirmed acoustically at another four nests (Supplementary Videos 4, 6). In one case the
cuckoo successfully projected the egg directly into the nest cup, even though the redstart
female was sitting on it (Supplementary Video 3; the nest was not deserted), and in
another similar case the cuckoo entered the nest box, even though the redstart female was
sitting on the nest cup, frightened her away and laid directly in to the nest cup (nest was
deserted after 14 hours).

The duration of cuckoo visits when a host individual was present (see Methods;
Supplementary Videos 3, 4, 8) during laying (n = 10), was 38.5 + 1470.6 (median + SD)
seconds compared to 50.0 + 242.8 seconds when no host individuals were present (n =
53; Mann—Whitney U-test; Ujps3 = 219, p = 0.40; Extended Data Table 2). The longer,
but statistically non-significantly, visits in host presence could be explained by a higher
probability of nest visit by hosts during the prolonged stays of cuckoos. Indeed, after
excluding the events when cuckoos were trapped inside nest boxes, the visit duration of
laying cuckoos was shorter when a host was present (median = SD = 33.5 + 20.6 seconds,
n = §) than absent (46.0 £ 51.9, n = 48; Welch's tys45=—3.11, p = 0.005; Extended Data
Table 2). This could be explained by mobbing behaviour and alarm calling of redstarts,
which forced cuckoos to shortened prospecting part of laying visits and accelerated entire

11,16

activity, as was documented on other cuckoo-host systems ", irrespective of used laying

mode (see Supplementary Videos 4, 6, §).
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Nevertheless, seeing the cuckoo inside the nest is likely a stronger stimulus for
host nest desertion decision than entrance egg-deposition (Supplementary Table 3).
Cuckoo visit duration had a non-significant tendency to be higher when laying inside the
nest box (median + SD = 73.5 + 1171.9 seconds) compared to laying from the entrance
(46.0 £ 255.3; Mann-Whitney U-test; Uje47 = 305.5, p = 0.27; Extended Data Table 2).
Contrary, after excluding the events when cuckoos were trapped inside nest boxes, the
visit duration of laying cuckoos had non-significant tendency to be shorter when laying
inside the nest box (median = SD = 40.0 + 50.8 seconds, n = 13) compared to laying from
the entrance (45.0 = 50.2, n = 43; Welch's tj9 63 = —0.45, p = 0.66; Extended Data Table
2). Therefore the risk of getting stuck inside the cavity underlines direct laying as the less
suitable mode for the nest desertion avoidance and contrary projecting as the most
advanced counter-adaptation. Projecting with its less invasive approach the best mimics
the harmless nest prospecting behaviour (see Supplementary Video 3) which is common
in great tits (Parus major) or in pied flycatchers (Ficedula hypoleuca) in our study sites
(own observations).

Once the laying was initiated, a host presence did not affect cuckoo female egg-
deposition mode (e.g., see Supplementary Video 4). However, the overall egg-deposition
success of 80% (n = 10 laying events) when hosts were present significantly differed
from 36% (n = 53) when hosts were absent (Fisher's exact test, p = 0.012). This
corresponded to the fact that six of ten laying events in host presence were done by more
time demanding, but in this case 100% successful direct layings.

Redstarts do not harm cuckoos physically; from this perspective there is a little
selection on cuckoos to lay faster. Nevertheless, the redstart is a host species that fails to

recognize cuckoo eggs’ >

, and therefore may rely on cuckoo presence at the nest to
make decisions about nest desertion®™. Our study supports this hypothesis, because
redstarts deserted three nests out of ten video recorded cases within the day after host-
cuckoo interaction whereas only three nests out of 53 were deserted within the day after
cuckoo laying without host presence. Further, we observed no overlap in laying times
(daytime hour) between redstarts and cuckoos and most cuckoos laid during the late
afternoon (Extended Data Fig. 3). Therefore, our results supported cuckoos' secretive
egg-laying behaviour hypothesis' "',

Nevertheless, we noticed significantly earlier laying times in Utula (61°24°N,
28°37'E; median = 17:50 [hours:minutes], range = 10:17-20:35, n = 40) compared to

Oulu (65°N, 25°50'E; median = 18:41, range = 14:43-22:45, n = 23; Welch's t49.0 = 2.35,
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p = 0.02). Such discrepancy could be caused by different latitudes and thus by difference
in sunset at both sites, which are ca. 400 km apart (see Methods). However, Utula and
Oulu laying times seems to be similar to those noticed by Moksnes et al.'® in reed
warblers' nests (median = 18:09, range = 14:39-20:00, n = 14) in Czech Republic
(48°47'N, 16°49'E). In contrast, Andou et al.'' documented earlier laying times for

cuckoo parasitism in azure-winged magpies' (Cyanopica cyana; median = 17:13, range =
12:51-18:55, n = 48) and great reed warblers' (Acrocephalus arundinaceus; median =
16:11, range = 11:58-18:22, n = 8) nests in Japan (36°38'N, 138°16'E) and suggested
variation in defence intensity of different host species as the main reason for such
difference in cuckoo laying times. Nevertheless, we studied only one host species and the
latitudinal differences between both our sites are negligible in comparison with studies

. 11,16
mentioned above

. Therefore, the laying times discrepancy is likely caused by another
population specific reason, which remains to be tested.

Further, we noticed and most likely first recorded a strange “rattling” call in
cuckoos when they were disturbed (see Supplementary Video 4) or mobbed (see
Supplementary Video 8) by redstarts while laying in nest boxes. Further we recorded
longer versions of this call (see Supplementary Video 6) when the cuckoo females flew
out from the parasitized nests immediately after two droppings (one successful) and six

direct layings (all successful). This call was apparently different from “mewing”*’

or
“bubbling”>**' calls which has been previously described in literature.

The mewing call by a cuckoo female has been recorded when she is watching
prospective host nests or prior to laying in host presence™. The bubbling call has been
mainly explained as a tool for males' attraction, but it has also been documented after
egg-robbery and egg-laying, or even on migration in Africa**>'°. Chance® stated that:
“bubbling call immediately after egg-laying could be explained as a jubilation of well and
truly performed action, just as the domestic hen cackles after laying”. Contrary, Davis'’
explained the triumphant bubbling call after laying as a message to the cuckoo males
about female's laying success and thus likely about the quality of her genes. Recently,
York and Davies®' stated this conspicuous call as hawk-like “chuckle” that may aim to
increase the success of parasitism by diverting host parents attention away from the clutch
and towards their own safety and results in lower rejection probability of a foreign egg.

The much quieter rattling call which we recorded seems to be in all cases the

“wah-wah” call, which has been already described by Chance* and Wyllie’ in stressful

situations for both cuckoo sexes. However, we first documented this vocal expression as a
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triumphant cuckoo call after egg-deposition (see Supplementary Video 8), which could
also manifest physical release after escape from cavity hardships. Finally, the absolute
cuckoo silence (i.e., secretive behaviour) during all our projecting records and the use of
the much quieter wah-wah than bubbling call in overall two of 30 droppings and six of 17
direct laying records exactly followed the ratio of prolonged stay risk among the egg-
deposition modes. This underlines projecting as the most suitable mode for the nest
desertion avoidance.

We observed frequencies of direct laying (25% of laying events) and projecting
(27%) which were consistent with the relative fitness prospects. Direct laying in addition
provided cuckoos as the only mode the significant opportunity for reduction of host
clutches, which could help cuckoo offspring to hatch and survive'®. In few studied host

species the cuckoo removed or ate on average 1.5 host eggs per laying®>'***

(but see
Wang et al.'?). Contrary, only one fifth of cuckoos removed a host egg in our study
populations and always only one egg per laying (see Supplementary Videos 8, 9). This
correlated with the occurrence of different laying modes, because no cuckoo removed
host egg(s) when laying by projecting or dropping. However, the least invasive and for
cuckoo safest egg projecting technique in sense of the risk of getting stuck (obvious from
Supplementary Videos 1-3, 6, 8, 9), could provide wider range of host cavity nests
accessible® (see also Methods) than other two modes.

Nevertheless, the high prevalence (48%) of the least successful (10%) and thus the
least fitness enhancing dropping mode is surprising. Thus, the relative frequencies of
laying modes may reflect an ongoing evolutionary change. Alternatively, taking into
account the possible effect of experiences gained during the individual cuckoo life,
dropping may be used mainly by young inexperienced females. These females could
normally use the most effective direct laying mode in case of more accessible nests (e.g.,
natural ground cavities; see Methods), but they are discouraged from entering the nest
boxes by their narrow and mostly deep inner space (Methods). Therefore, the recorded
direct laying events could be used by cuckoos with more experiences with our nest boxes
or with similarly narrow cavities in general. Contrary, the projecting mode seems to
represent specific adaptation for laying into the narrower and deeper cavities (e.g., tree
holes) which are unreachable by both direct laying and dropping (this hypothesis remains
to be tested). Thus projecting could be the next step in the evolutionary trajectory of

cuckoo laying modes that further exceeds the fitness benefits of some cuckoos.
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Ellison et al.'” recently video-recorded 39 egg-laying events from elevated
position (similar to dropping, but not to projecting) in two cowbirds species (i.e.,
Molothrus ater and M. bonariensis), which rapidly (5-10 s) dropped their eggs in 36
cases into three open-cup nesting hosts' nests and in three cases to cavity-nesting house
wrens' (Troglodytes aedon) nests from height of 4-8 cm. Similarly to our study, they also
used nest boxes in case of cavity-nesting host, but cowbirds dropped their eggs only after
entering inside nest boxes and while standing on the nest rim or even in the nest cup. Also
the body posture of cowbirds and cuckoos differed while dropping the eggs, but this
could be caused by different anatomy of both species (e.g., see very similar posture to our
dropping in cuckoo laying directly into reed warblers' nest®”).

Ellison et al.'” proposed that dropping position selected for high eggshell strength
in cowbirds and thus for reduction of competition with host nestling by damaging of their
eggs during laying. However, they provided plausible information only about one cracked
host egg'’. Similarly, Liversidge™ described that Jacobin cuckoo (Clamator jacobinus)
often laid their eggs by dropping into cape bulbul (Pycnonotus capensis) open-cup nests
and Kriiger’* further noticed that the Jacobin cuckoo egg damaged one bulbul egg in 50%
of laying events. Kriiger’> suggested this egg-deposition behaviour as often the only way
to lay despite the fierce aggression of bulbuls against Jacobin cuckoos. Soler and
Martinez® estimated that great spotted cuckoos (Clamator glandarius) also deposited
their eggs in approximately 50% of cases by dropping from a nest rim to magpie (Pica
pica) nests and in this way always damaged at least one host egg. This was refuted 14
years later by a video recording, which proved that great spotted cuckoos always lay
directly while sitting in the nests and magpie eggs are damaged by cuckoo pottering (i.e.,
mix up and jostle) and pecking behaviour®'. Such a finding supports video recording as
the only reliable method for identifying the laying modes (see the main text). However,
already Soler and Martinez® concluded thick shell of cuckoo egg and its ability to crack
host eggs during dropping as adaptation to rapid cuckoo laying, which was probably
forced by much stronger selection of the host detection avoidance®***®. Rapid laying is
more likely adaptive because it at least reduces the chance of host attacks® (which can be

667 "the possibility of attracting predators™® and the

24,65

fatal for the parasite laying female
likelihood of parasitic-egg rejection

In our study, the average height of all measured droppings was 10.6 cm (range =
4.0-15.5 cm, n = 24) above the nest rim level and average nest cup depth in these nests

was additional 4.4 cm (n = 20). Therefore, the cavity-nesting of redstarts forced cuckoos
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to drop eggs from the highest positions of all parasite-host systems studied so far (see
above). In addition, only three of 30 droppings successfully targeted nest cups and thus
hit the host eggs (Supplementary Video 6). Despite the average vertical distance of 9.5
cm (n = 2; we have no measurements for one of the nests) from the nest entrance to the
nest rim and the average nest cup depth of 4.8 cm (n = 2) none of the three cuckoo eggs,
nor the host eggs (mean = 2.3 eggs, n = 3), cracked during these three droppings.
Therefore, the cavity-nesting of redstarts, besides reducing the laying success and
increasing the probability of nest desertion (see above), also prevents host egg-
damaging'’ and thus contradicts both previously hypothesized benefits of dropping
behaviour for parasites, i.e., the reduction of nestling competition and enhancement of
hatching success®. Contrary, the resistance of host eggs in our successful dropping events
could suggest another co-evolutionary arms race at level of the eggshell thickness
between redstarts and cuckoos, but this needs to be further tested.

Only one cuckoo egg in one nest (height over nest rim = 8.0 cm; no data for nest
cup depth which, however, is not highly variable; host clutch size = 2 eggs) and two host
eggs in another nest (height over nest rim = 9.0 cm; nest cup depth = 4.5 cm; host clutch
size = 3 eggs; Supplementary Video 2) cracked during successful projecting events. The
cuckoo egg was most likely cracked when it hit the back nest box wall due to large
amount of kinetic energy produced by the projecting event (deduced from video). On the
contrary, when the other projected cuckoo egg fell directly onto the two host eggs, their
damaging was probably inevitable (see Supplementary Video 2). In the remaining seven
successful projectings was the kinetic energy reduced by cuckoo egg first impact on the
nest rim. The average height of all measured projectings was 9.0 cm (range = 6.0—13.0
cm, n = 15) above the nest rim level and average nest cup depth in these nests was other
4.5 cm (n = 13). Thus, placement of redstart nest cups within the cavities in relation to the
cavity entrance could affect both laying success and host egg-damaging'”®, but both
these predictions need to be further tested.

Baker® described the findings of cuckoo (Cuculus canorus bakeri) eggs even in
very extreme cavities (e.g., Baker’ pp. 31: 5.0 cm wide horizontal tunnel with distance
from entrance to nest cup of 23 c¢cm and cavity entrance diameter of 3.81 cm) of pied
bushchat (Saxicola caprata burmanicus) host™. In such conditions, even the hypothetical
beaking mode would be challenging. Despite this and based on his own observations,
Baker’ inclined to the projecting mode use by cuckoo in these cases. However, the

smallest cavity entrance for the cuckoo chick to fledged from is known to be 5.0 cm’
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(see also Methods). Thus laying into any smaller entrances cannot result in any viable
parasite progeny. This could partly explain an alternate leaned in and bow out movements
of our video-recorded cuckoos prior all the laying events as if the females were testing
whether the entrances were large enough for their offspring to fledge.

From video recordings and based on indirect methods (see Methods), we obtained
no indications that one cuckoo female used different laying modes in time or in different
designed nest boxes. One cuckoo female (identified by distinctive plumage and
behavioural traits) used exactly the same direct laying mode three times during one year
(Supplementary Video 9), suggesting a fixed individual laying strategy. In addition, we
recorded at least two different females (identified by plumage traits and timing of laying)
using different laying modes in the same nest box and year in four cases (see Fig. 2).
These data clearly confirm that nest box design did not bias our estimates of laying modes
and parameters. Confirming whether cuckoo laying mode reflects behavioural plasticity,
experience and/or genetic inheritance remains to be tested. The future studies on this topic
should therefore focus on better identification of individual cuckoo females, for example
by analyzing the nuclear and mitochondrial DNA of cuckoo chicks (e.g., see Skjelseth et
al.®® Fossoy et al.”) hatched from the eggs laid across particular recorded egg-deposition
modes.

In contrast to prevalent beliefs in older literature (see Extended Data Table 1), our
data do not provide any support for the other hypothesized alternative egg-deposition
modes. Therefore, especially the most popular beaking mode remains confirmed so far
only in one species, the conspecific brood parasite cliff swallow (Petrochelidon

pyrrhonota)™’.
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Supplementary Video Legends

Supplementary Video 1: This video shows a cuckoo laying while perched at the nest

box entrance with its body bowed out from the nest box (i.e., projecting). The projected

egg firstly fell onto the nest rim and subsequently rolled inside the redstart’s nest cup (i.e.,

successful egg-deposition). The real activity duration of the cuckoo was shortened by 14

seconds; we removed the prospecting part. Neither the cuckoo nor host eggs were damage

and all the eggs hatched and the cuckoo fledged. In addition to three redstart eggs in the

nest cup, an additional redstart egg can be seen near the front wall of the nest box; this
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host egg was dropped by a previous cuckoo female that laid inside this nest by direct

laying and tried to remove this host egg unsuccessfully.

Supplementary Video 2: This video shows a cuckoo laying while perched at the nest
box entrance with its body bowed out of the nest box (i.e., projecting). The projected egg
fell directly onto the host clutch from the height of 12 centimetres (i.e., successful egg-
deposition). The duration of the cuckoo activity was not shortened. Two host eggs
cracked during this laying event (determined by a nest check), thus another cuckoo egg
which was successfully dropped two days earlier by another cuckoo and one host egg
remained undamaged. The redstart female later laid an additional three eggs. Both

cuckoos hatched, evicted all redstart eggs and successfully fledged.

Supplementary Video 3: This video shows a cuckoo laying while perched at the nest
box entrance with its body bowed out of the nest box (i.e., projecting). The projected egg
firstly fell onto the nest rim and subsequently rolled into the nest cup (i.e., successful egg-
deposition) despite the redstart female sitting on the nest cup and incubating seven
redstart eggs. The duration of the cuckoo activity was not shortened. This nest was not
deserted by the redstarts (despite female’s presence during the cuckoo laying) and the

redstart female laid one more egg.

Supplementary Video 4: This video shows a cuckoo laying while perched at the nest
box entrance with its body bowed out of the nest box (i.e., projecting) in the presence of a
host redstart outside the nest box. The redstart loudly alarm called and probably also
physically attacked the cuckoo (based on the cuckoo reactions and especially vocal
responses) while she was preparing to lay from entrance. The distracted cuckoo did not
use its toes to properly direct its egg and did not keep its head inside the nest box until the
end of laying and the egg thus ended outside the nest cup (i.e., umsuccessful egg-
deposition). The real activity duration of the cuckoo was shortened by 14 seconds; we
removed the prospecting part. This nest was not deserted by redstarts, despite their

presence during cuckoo laying.

Supplementary Video 5 This video shows the simultaneous laying event of a cuckoo
while perched at the nest box entrance with its body bowed into the nest box (i.e.,
dropping), both from outside (trail camera) and inside (nest box camera). Cuckoo
dropped the egg onto the nest rim a few centimetres from the front wall (i.e., unsuccessful

egg-deposition). The cuckoo egg was not incubated by host and never hatched. The real
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activity duration of the cuckoo was shortened by 15 seconds; we removed the prospecting

part.

Supplementary Video 6: This video shows a cuckoo laying while perched at the nest box
entrance with its body bowed into the nest box (i.e., dropping). Cuckoo dropped the egg
from the height of 13 centimetres directly onto host clutch containing four redstart eggs
and all eggs remained undamaged (i.e., successful egg-deposition). This is the second
fastest laying activity (10 seconds) and second fastest latency to egg-laying (7 seconds)
duration of all our recorded laying events (n = 63). The real activity duration of the
cuckoo was not shortened. This nest was not deserted by redstarts, despite their presence
at the end of the cuckoo laying. The cuckoo hatched, evicted all redstart nest mates and

successfully fledged.

Supplementary Video 7: This video simultaneously shows a cuckoo laying while
perched at the nest box entrance with its body bowed into the nest box (i.e., dropping),
from outside (trail camera) and inside (nest box camera). Cuckoo dropped the egg outside
the nest box (i.e., mislaying) due to incorrect posture. Based on her movements, the
female laid at 13:27:05 and the egg fell on the ground where it was found by a researcher
3.5 hours later. Note that time given by trail camera had shifted timing by ca. 3 minutes
(i.e., the correct timing is shown on the inside camera screen). The real activity duration
of the cuckoo was shortened by one minute and 13 seconds and thus we edited the video

in three places.

Supplementary Video 8: This video simultaneously shows a cuckoo laying while sat at
the nest cup (i.e., direct laying) after she entered into the nest box, from outside (trail
camera) and inside (nest box camera). The cuckoo was mobbed by the redstart female,
but ignored its attacks, laid undisturbed into the nest cup (i.e., successful direct laying)
and removed one redstart egg during laying (i.e., accomplished egg removal). The real
activity duration of the cuckoo was shortened by eight seconds due to synchronizing of
both records (outside and inside) and thus we edited the video in two places. This nest

was not deserted by redstarts, despite their presence during the laying.

Supplementary Video 9: This video shows a cuckoo laying into three nearby nest boxes
(ca. 300 metres apart each other) by the same laying procedure within five days in 2014.
The female always plunged inside the nest cup after brief prospecting period at the nest

box entrance, always immediately grasped one host egg, laid her egg inside the nest cup
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(i.e., successful direct laying), several times moved from side to side and always turned
around counter-clockwise. The cuckoo differed in its removal success of a redstart egg; in
nest box H4 she carried the egg in her beak far from the nest box, in nest box H19 she
dropped the egg from her beak just outside the nest box entrance and in nest box H50 she
dropped the egg on the nest rim. Note that date and time given by camera from nest box
H4 are incorrect (the correct laying date was 19.6.2014 and correct start time of cuckoo
activity was 18:13:51). All three cuckoo activity durations were shortened by 12, 40 and

63 seconds, respectively.

Supplementary Video 10: This video shows a cuckoo laying while sat at the nest cup
(i.e., direct laying) after she clumsily entered the nest box, but the egg ended on the nest
rim (i.e., unsuccessful direct laying). The cuckoo did not try to remove any redstart egg,
had difficulties to turn around in the nest box after egg-deposition and was stuck inside
the nest box for two minutes and 30 seconds after egg-deposition. This was the only case
of direct laying when cuckoo egg ended outside the nest cup. The real activity duration of
the cuckoo was shortened by two minutes and 26 seconds and thus we edited the video at

seven places.
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Prispévek I1

Rearing a virulent common cuckoo is not extra costly for its only cavity-

nesting host

14 dni stara kukacka (vpravo) sdilejici hnizdo se tfemi tfinactidennimi reh¢imi mlad’aty (vybavenymi
transmittery) za dohledu kamery, pomoci niZ jsme vtomto staddiu sledovali predev$im intenzitu
krmenf a pfesnou dobu opusténi hnizda jednotlivymi mlad’aty. Reh¢i mlad'ata byla vyvedena z hnizda
ve véku 14 (dobry letec - chybi méreni), 15 (16,2 g) a 16 dni (16,5 g) a prvni z nich Gspésné dosahlo
osamostatnéni na rodicich (u dal$iho jsme ztratili signal transmitteru a tfeti bylo predovano deset dn{
po vyvedeni z hnizda). Kukacka vyskocila ve Spatné kondici (66,6 g; viz oddil 1.2) ve véku 21 dni a
v den vyvedeni z hnizda jsem ji nasel uhynulou ve vzdalenosti sedmi metri od hnizdni budky (foto:

autor prace).
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Virulent brood parasites refrain from arduous parental care, often kill host
progeny and inflict rearing costs upon their hosts. Quantifying the magni-
tude of such costs across the whole period of care (from incubation
through to parasite fledgling independence) is essential for understanding
the selection pressures on hosts to evolve antiparasitic defences. Despite
the central importance of such costs for our understanding of coevolutionary
dynamics, they have not yet been comprehensively quantified in any host of
any avian brood parasite. We quantified parasite-rearing costs in common
redstarts Phoenicurus phoenicurus raising either parasitic common cuckoo
Cuculus canorus or their own chicks throughout the complete breeding
cycle, and used multiple cost parameters for each breeding stage: incubation,
brooding and feeding effort; length of parental/host care; parent/host body
condition; and heterophil /lymphocyte ratio (stress-level indicator). Contrary
to traditional assumptions, rearing the parasite per se was not associated
with overall higher physiological or physical costs to hosts above the natural
levels imposed by efforts to rear their own progeny. The low parasite-rearing
costs imposed on hosts may, in part, explain the low levels of known host
counter-defences in this unusually frequently parasitized cuckoo host.

1. Introduction

Avian brood parasites avoid parenthood by laying their eggs into foreign nests
[1]. Hosts targeted by brood parasites suffer multiple kinds of costs. Some hosts
of interspecific parasites lose some or all of their progeny, which are killed by
laying parasite females [2], or directly killed [3], evicted [4] or outcompeted [5]
by parasite offspring (hereafter: lost progeny cost). By contrast, all hosts of both
interspecific [6] and conspecific [7] parasites misdirect their care to genetically
unrelated individuals, leading to additional fitness losses. From the life-history
perspective, there are two types of misdirected rearing costs. These include
immediate costs such as the degree of care for the parasite increased above
the natural care for their own offspring [8,9] and future costs such as the
host’s reduced potential to invest into the future reproduction [10], diminished
host’s survival [11] or decreased survival of the host’s own fledged offspring
[12]. Both theoretical models and empirical studies assume that these costs
are substantial (supernormal) for hosts [1,13,14].

However, there is a lack of empirical studies quantifying immediate or
future costs of being parasitized thus creating a gap between theory and
evidence. For instance, in one of the otherwise most studied brood parasites,
the common cuckoo Cuculus canorus (hereafter: cuckoo), only a few studies
have quantified immediate [2,15-17] or future costs [18]. Furthermore, all
studies quantified immediate costs incompletely—they focused only on a part
of the breeding period (e.g. the nestling period), leaving the costs of other
parts (e.g. the fledgling period) unquantified. Overall, it is crucial for theoretical

© 2018 The Author(s) Published by the Royal Society. Al rights reserved.
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models to take into account quantitative estimates of complete
immediate costs of parasitism to allow for realistic modelling
and prediction of coevolutionary dynamics [19].

Here, we studied the costs of rearing the cuckoo for the
common redstart Phoenicurus phoenicurus (hereafter: redstart),
the only cavity-nesting host regularly parasitized by this
brood parasite [16,20]. This host—parasite system shares
some common characteristics with other cuckoo—host systems
[1,2]. The egg colour of the cuckoo that primarily parasitizes
redstarts (hereafter: redstart-cuckoo) is similar to that of its
host (egg mimicry): [21], a cuckoo nestling is distinctly heavier
(approx. six times) than a host nestling or adult [22] and
cuckoo hatchlings evict host progeny [4], thus decreasing the
host fitness approximately 8.4 times: this decrease is similar
to other hosts [23]. This system also exhibits some unique fea-
tures: redstart-cuckoos typically do not remove a host egg
when laying [23], cavity nests impede successful eviction of
the host’s progeny and the cuckoo is sometimes forced to
grow alongside redstarts (hereafter: mixed brood). Despite all
the obstacles the cuckoo faces [24], the redstart-cuckoo—host
system has persisted over two million years [25] and various
redstart populations currently experience consistently high
parasitism rates (approx. 30% in parasitized populations: [16]).

For the first time, we measured and quantified the
immediate costs of raising a cuckoo across all developmental
stages. However, we did not manage to quantify future costs
(see Material and methods). For parasitized broods, we pre-
dicted longer incubation [26] and nestling periods [22], and
lower success at hatching [27] and fledging for the host
nestlings [16]. For the nestling stage, we formulated exact
quantitative predictions according to allometric relationships
among avian growth parameters and avian energetics (see
Material and methods). We were unable to formulate any
specific predictions for the fledgling stage, because neither
of the two published studies about the cuckoo fledgling
stage reported any data on host fledglings [2,28].

2. Material and methods

(a) Study area and experimental procedures

Fieldwork was conducted at Ruokolahti (61°24’ N, 28°37' E),
Finland, May—-August 2012-2016. We used 350 nest-boxes
designed for redstarts [16]. During the laying and incubation
stages, we checked nests daily to determine clutch size and
parasitism status, and to estimate hatching dates by candling.
The majority of cuckoo eggs (52 out of total n = 82) were cross-
fostered (see electronic supplementary material for justification
and details).

(b) Parental fitness

In 2012-2014, we sought to catch redstart adults twice in non-
parasitized broods and three times in parasitized broods within
a single breeding attempt (see figure 1 for sample sizes). We
repeatedly caught both parental sexes at the same nest in 30
out of 64 nests and only one of the sexes in the remaining
nests. Owing to a low occurrence of mixed broods (n = 8), we
successfully captured only one male and four females twice,
and thus we could not estimate parental parameters for the
mixed brood treatment. Out of 157 nestlings and 67 adults
ringed in the first year of the study, only one adult returned to
the study area in the next breeding season; this prevented us
from quantifying future costs.

We caught most adults on hatching day (0 = hatching day of n

the first chick in the brood; median = 0, range 0-2 days) and for
a second time on day 10 post-hatch (median = 10, range 10-12;
own or cuckoo) or on day 18 post-hatch (median = 18, range
16-19; cuckoo only because redstarts fledge at 14 days old). If
the first catching attempt was unsuccessful, we caught parents
1-2 days later. We set the timing of catching for the two com-
parative periods (10 and 18 days intervals) because we aimed
to control for (i) temporal exposure (the same length of time)
and (ii) comparison of the total cost of care per nestling period
(i.e. when chicks reach their growth asymptote). We caught
parents about 3 days before the expected fledging date to
decrease the risk of missing earlier fledging broods.

Adults were primarily caught during the afternoon
(median = 3 p.m., inter-quartile range = 5 h, n = 310 catchings).
We caught birds at the nest-box by a guillotine-type trap oper-
ated wirelessly from 10 to 80 m away or by mist-netting. The
trap was made of metal with dimensions to fit inside the nest-box
(fig. 2b in [16]). After the redstart entered the focal nest-box, we
sent a wireless signal to trap and the plastic rectangle blocked the
entrance hole. Immediately after we caught the bird, we pro-
cessed it to avoid any spurious variation in measured
parameters due to varying time since capture.

We banded the adult with a numbered aluminium ring, took
a blood sample (see below) and measured its body mass (digital
scale, precision 0.1 g) and tarsus length (digital calliper, precision
0.1 mm). To assess parental body condition, we used the scaled
mass index based on body mass and tarsus length according to
the study of Peig & Green [30]. To assess parental stress level,
we used the heterophil-to-lymphocyte ratio (hereafter: H/L
ratio) as a common physiological indicator of a prolonged
stress (e.g. parental feeding effort), with a known positive
relationship between the H/L ratio and stress [31]. We used a
syringe to take 20 pl of blood from the under-wing vein to
make a blood smear within the first few minutes after capture.
Two experienced researchers (referred to in the acknowledge-
ments section) counted the number of heterophils and
lymphocytes (to produce the H/L ratio) later in the laboratory.
Repeatability of heterophil and lymphocyte counts between
observers was high (r ~ 0.80, n = 20 smears).

(c) Video-recording

We recorded host parental feeding effort and brooding effort
using Panasonic HDC-HS80 camcorders on nests with 0-14-
day-old redstart nestlings and 0-25-day-old cuckoo nestlings,
covering the full length of the nestling period for both species.
The camcorder was placed at the top of the nest-box attached
to a wooden box extension (fig. 2b in [16]). To quantify feeding
rates, we counted a 60min feeding period 30 min after the
recording began to allow for habituation of host parents to the
camcorder. Brooding effort was quantified as the proportion of
time spent brooding during the recording session. Each session
started with the first nest visitation by parents and lasted
0.5-5h (median = 2 h) until the end of recording. Because the
length of brooding bouts varied greatly, we decided to record
sequences for as long as possible, to get samples which would
be more representative and less biased due to random events
(e.g. self-feeding off-bout or disturbance by weather or forest ani-
mals). The length of recordings varied because some recordings
were limited by inclement weather or for logistical reasons.

(d) Chick growth

Each chick was individually marked on the hatching day with a
non-toxic marker. Chicks were weighed (digital scale, precision
0.1 g), but where applicable (see below), it was always after the
video-recording was finished. All chicks were measured every
2-3 days from hatching day throughout the nestling period.
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Figure 1. Difference between the second and first catchings (raw mean =+ s.e., following [29]) in parental (a) body mass and (b) H/L ratio when raising their own
redstart brood (white bars) in the first 10 days post-hatch and cuckoo nestling (black bars) in the first 10 days (cuckoo 10 d) and 18 days (cuckoo 18 d) post-hatch.
‘Host all includes all redstart broods while ‘host average’ includes only average broods with six nestlings. Sample sizes (number of broods) are given above (a) or

within bars (b).

Redstart chicks were measured until the age of 10-14 days and
cuckoo chicks until they fledged as handling does not trigger
premature fledging [22,32].

To estimate the energy metabolized by each brood, daily
metabolized energy (DME) was calculated according to the
formula DME(K]) = 5.86 x mass"®! (‘mass’ is a specific nestling’s
mass at the particular age [33]). For days without mass measure-
ments, DME was estimated using mass predictions from a
growth curve calculated from the available mass measurements
(following [34]). We summed DMEs of all nestlings in each
brood according to the exact number of days between captures
of the particular parent. Hereafter, individual total metabolized
energy (individual TME) refers to metabolized energy calculated
for a particular brood reared by a particular host parent.

To formulate quantitative predictions, we quantified energy
budgets (summed DMEs) per an average brood size (mean =+
s.d. = 6.1 £+ 1.1 redstart nestlings, n = 143 broods in our study
population) and specific nestling periods: (i) the same period
for both cuckoos and redstarts (0—10 days post-hatch) and (ii)
the period in which nestlings reach their growth asymptote
(0-10 days in redstarts and 0-18 days in cuckoos). Specifically,
in the first 10 days post-hatch, rearing the cuckoo was estimated
to be on average 0.4 times less demanding than rearing an aver-
age redstart brood. Rearing nestlings to the stage where they
reach the growth asymptote was estimated to be on average 1.1

times more demanding for hosts rearing the cuckoo compared
to their own average brood. We applied these exact predictions
on changes in adult body condition, H/L ratio and feeding
effort. Specifically for feeding effort, we additionally predicted
that rearing an average mixed brood (one cuckoo plus two
redstart nestlings) should be 0.5 less and 1.2 more times demand-
ing than rearing an average redstart brood in the first 10 days
post-hatch and to the stage where they reach the growth asymp-
tote, respectively (we did not manage to catch enough host
parents to perform this comparison for adult body condition
and H/L ratio). We also examined covariation among sex-
specific host feeding frequencies, adult body condition changes
and H/L ratio changes.

(e) Radio-tracking

Radio-tracking started immediately after any of the nestlings
fledged using a portable 4 MHz Sika receiver with a hand-held
Lintec flexible three-element Yagi antenna (138 MHz) from Bio-
track Ltd. A wing loop (figure-of-eight) backpack harness
made of a cotton-nylon elastic string [35] was used to attach
the transmitters to cuckoos (model PiP3 Ag393, 2.1 g) and red-
starts (PicoPip Ag376, 0.7 g). Fledglings were radio-tracked
daily until they started to fly and then followed at least every
third day until independence or death (predation or starvation).
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Fledglings reached independence if they stopped begging [36]
and adults ceased feeding [37] and producing alarm calls
towards the researcher or any other potential threat [28]. We
visually confirmed the status for all independent fledglings.

To quantify feeding effort of parents during the post-fledging
period, nestlings were located via radio-tracking and the feeding
of fledglings by redstart parents was observed using binoculars
from a hide (distance depended on the habitat structure). Feedings
were typically recorded for 60min (in 65% of cases, range
30-90 min) or until visual contact with the focal fledgling(s) was
lost. Within each brood, some redstart fledglings were not
followed due to disappearance for unknown reasons. For example,
out of 159 fledglings, 28% lost signal (i.e. we did not receive any
signal from the transmitter) and 35% lost transmitter (ie. we
found an undamaged transmitter without a fledgling suggesting
that the fledgling lost the transmitter). Moreover, in mixed broods,
one of the parents followed only the cuckoo while the other only
the redstart(s) fledglings (brood division). This precluded the use
of the treatments ‘redstart brood’, ‘mixed brood” and ‘solitary
cuckoo’ as in other analyses and instead a single ‘redstart’ from a
non-parasitized brood was compared with a single ‘mixed redstart’,
‘mixed cuckoo” and ‘solitary cuckoo’ in the post-fledging analyses.

(f) Statistical analyses
(i) Egg stage

Comparison of incubation effort (i.e. period length; continuous;
in days) between parasitized and non-parasitized clutches
(i.e. parasitism status; cuckoo egg present or not) was analysed
by a linear model with additional predictors of ordinal date of
starting incubation (continuous; 1 =1 January), final clutch size
at the start of incubation (continuous; for parasitized clutches, the
cuckoo egg was included) and interaction of parasitism status
with clutch size. For the incubation period, day 1 was defined as
the day when the female laid the last egg and the final day was
the hatching day of either the cuckoo or the first host nestling(s).

A logistic binomial regression was used to analyse the effects
of cuckoo parasitism on the hatching success of host eggs using
the same set of predictors as for the analyses of incubation effort
(parasitism status, date of starting incubation, final clutch size
and the interaction of parasitism status with clutch size). Hatch-
ability was traditionally defined as the percentage of eggs
surviving to the time of hatching that produced a chick [38].
Applying this definition in a non-parasitized nest is straightfor-
ward. However, in about every fifth parasitized nest, the
cuckoo female removed a host egg (and thus such eggs had no
chance to develop and hatch [16]). To avoid confounding the
hatchability estimates with egg removal, we defined hatchability
as the number of host eggs that hatched divided by the number
of host eggs incubated (i.e. not removed by a female cuckoo or
destroyed for other reasons) x 100.

(ii) Nestling stage

We first calculated Pearson’s correlation coefficients with
95% asymptotic confidence intervals to assess the relationship
between the studied variables of body condition, H/L ratio
and feeding frequency separately for each parental sex and
nestling species. Our measures of costs did not correlate with
each other (electronic supplementary material, figure S1) and
each provided independent information, and thus they were
analysed separately.

During the first 10 days post-hatch, the effect of nestling
species (categorical; redstarts versus cuckoo) and parental sex
(categorical; male versus female) on the change in parental
body condition and H/L ratio (both dependent variables with
a normal distribution) was tested. We employed linear models
with identity link. Response variables were calculated as the
difference scores within measurements [29]. Additional

predictors included the number of days that had elapsed n

between the first and second capture (continuous; range 7-12
days), the date of the first capture (continuous; 1 =1 January),
final clutch size (continuous; only redstart eggs counted as a
proxy of hosts” original reproductive investment), individual
TME (continuous; in kilojoules), initial parental body condition
(continuous; parental body condition at first catching) and initial
H/L ratio (continuous; only in models with H/L ratio as the
response variable). Potential collinearity among the covariates
was satisfactory, and variance inflation factors were less than
two for all predictors [39]. Two-way interactions included nest-
ling species with parental sex, nestling species with individual
TME, nestling species with clutch size and parental sex with
initial parental body condition.

The above analyses were re-ran for parents rearing the
cuckoo and redstart nestlings for almost the full nesting period
(i.e. 18 and 10 days, respectively). Full models contained the
same set of predictors as above. The models were also recalcu-
lated with the response of change in body condition
(computed as the scaled mass index) substituted for change in
body mass (raw body mass at first capture minus the mass at
next capture) to test the robustness of our results (see Results
and electronic supplementary material).

Next, parental feeding effort (feedings h™') between nests
with a solitary cuckoo (1 = 338 feeding hours in 63 nests, age
0-22 days, excluding a few greater than 22-day-old cuckoos
due to less than three recordings per a day of age), a mixed
brood (n = 124 h in 17 nests, age 0-22 days) or redstart nestlings
(n=210h in 70 nests, age 0-14 days) were compared using
generalized linear mixed models with a negative binomial distri-
bution and a log link. To account for multiple video-recordings
of the same nests at different ages, we employed random slope
mixed-effect models with nest ID’ as random intercepts and
‘brood age’ as random slopes. The full model included the
response variable of feedings per hour (counts) and predictors
of nestling species (binary; cuckoo or redstart), brood mass (con-
tinuous; mass of all nestlings in nest), time of day (continuous;
hour) and the interaction of nestling species with brood mass.
To compare feeding effort directly with the prediction (see Intro-
duction), we further recalculated the above specified model with
redstart and cuckoo nestlings for the time-standardized period
(first 10 days post-hatch) and extracted covariate-adjusted
means of feeding frequencies.

We estimated total energy metabolized by cuckoo nestlings
and redstart broods (sum of all redstart nestlings in a nest)
until fledging as total metabolizable energy (TME) in kilojoules
according to the formula TME (k]) = 6.65 x MO8 5 1371 where
M is the fledging mass in grams and tg is the nestling period
in days (see equation (8) in [33]).

Brooding effort was analysed using a linear model. The
response variable (proportion of time spent by brooding) was
predicted by nestling species (categorical; redstarts versus
cuckoo), average diurnal temperature on the day of recording
(continuous; °C), brood age (continuous; days from hatching),
daytime (continuous; hour) and its squared term to test for
nonlinear trends. We included the random effect of nest ID’ to
account for multiple video-recordings of the same nests.

(iii) Fledgling stage

The effect of cuckoo parasitism on fledging success was analysed
using a logistic binomial regression. The response variable
(fledging success) was predicted by the presence of a cuckoo
hatchling in the nest (present or absent), the date that incubation
commenced (continuous; 1 = 1 January) and the final clutch size
at the start of incubation (continuous). Fledging success was
quantified as the percentage of hatchlings that fledged [40].
This definition was easily applicable to non-parasitized nests
but parasitized nests were influenced by a cuckoo eviction

0LZL8LOT :S8T § 205 Y 0id  biorbuiysiigndfranosiesorqdsi


http://rspb.royalsocietypublishing.org/

Downloaded from http://rspb.royalsocietypublishing.org/ on October 25, 2018

behaviour. Some host eggs failed to hatch and hatchlings failed
to fledge because they were evicted by the cuckoo nestling.
Therefore, we defined fledging success as the number of host
chicks that fledged (successfully left the nest) divided by the
number of hatchlings x 100.

We compared parental feeding effort (feedingsh ')
between fledgling species during the post-fledging period
(0-14 days after leaving nest), using the same model structure
as for the nestling stage, but the predictor of brood mass
(not measured) and the interaction term were dropped. As
explained above, we compared a solitary and mixed cuckoo
with a single redstart fledgling (not brood as we did for nest-
ling stage). Both full and final model outputs are presented in
the electronic supplementary material [41]. The final models
were selected using backward elimination of non-significant
terms [42]. First, we sequentially examined the significance of
predictors and kept the predictors of main interest (nestling
species and parental sex) in the models regardless of their sig-
nificance. All predictors in the statistical models were centred
around their mean to make biologically interpretable main
effects when involved in interactions. We always checked the
assumption of normality of residual errors, linearity of effect
and homogeneity of variances by visual inspection in models
with identity link [42].

All analyses were conducted in R v. 3.4.3 [43] using R pack-
age Ime4 v. 1.1-15 [44]. Potential collinearity of predictors was
assessed with R package car v. 2.1-6 [45]. Results are shown
as raw means + s.e. unless stated otherwise.

3. Results
(a) Egg stage

The incubation period of redstart eggs was about half a day
shorter in non-parasitized (covariate-adjusted mean 13.3 +
0.1, n = 67; day 1 = the day the last host egg was laid) than in
parasitized clutches (13.9 + 0.1, n = 50; X2 =8.76, p=0.003;
table 1), controlling for significant predictors of date in breeding
season and clutch size. The incubation period decreased with
advancing date in breeding season ( X* = 11.70, p = 0.001; incu-
bation period = 13.4(+0.1) + 0.3(+0.2) x parasitized clutch —
0.2(£+0.1) x clutch size — 0.03(+0.008) x date).

The incubation period of the cuckoo egg (13.2 + 0.2, n =
50) was shorter than that of the redstart eggs in the same
clutch (13.7 £+ 0.2, n = 50; paired t-test, t49 = 3.48, p = 0.001).
The hatching success of redstart eggs was higher in non-para-
sitized (93.6 + 1.1%, n =106 broods) than parasitized nests
(73.3 + 2.5%, n = 100 broods; x* = 116.55, p < 0.0001; table 1).

(b) Nestling stage

First, change in the parental body condition did not differ
when rearing a redstart brood or a cuckoo nestling during
the first 10 days post-hatch (y*=0.13, p = 0.72; figure 1a;
electronic supplementary material, table Sla). Females
decreased their body condition significantly more than
males (x*=28.48, p <0.0001; electronic supplementary
material, table Sla). The results remained similar when we
used change in parental body mass instead of the response
variable change in parental body condition (electronic sup-
plementary material, table S3a). Both females and males
increased their H/L ratio (i.e. increased stress) at a similar
rate (x> = 2.37, p = 0.12; figure 1b; electronic supplementary
material, table S1b). Parents rearing redstart broods increased
their H/L ratio more than those rearing a cuckoo nestling

(x*=6.33, p=0.01; figure 1b; electronic supplementary [ 5 |

material, table S1b). Parents with initially higher H/L ratios
showed less increase during rearing of any nestling species
(x> =10.52, p = 0.001).

Second, during the full nestling period (i.e. the first 10
days of redstart and 18 days of cuckoo nestling life), patterns
remained the same as reported above for change in parental
body condition during the standardized 10-day post-hatch
period (table 1; electronic supplementary material, table
S2a). Again, the same conclusions were reached when we
replaced the response variable of change in parental body
condition with the change in parental body mass (electronic
supplementary material, table S3b). Parents rearing nestlings
for the full nestling period increased their H/L ratios simi-
larly when rearing a cuckoo or redstart brood (x> =0.35, p
=0.55; figure 1b and table 1; electronic supplementary
material, table S2b). Again, parents with initially higher
H/L ratios showed less increase during rearing of any nest-
ling species (x*=6.34, p=0.01; electronic supplementary
material, table S2b).

Analyses of feeding frequencies (controlling for brood
mass) showed that during the period of the first 10 days
post-hatch, redstart broods (14.9 + 0.7 feeds h™1) were fed
more often than a solitary cuckoo nestling (8.4 + 0.4; Tukey’s
post hoc test: z = 2.83, p = 0.01) but similar to a mixed brood
(10.9 £ 0.8; z=0.89, p = 0.65) (figure 2). Mixed broods were
fed at similar frequencies to a solitary cuckoo (z=1.40, p =
0.34) (figure 2). For the full nestling period, redstart broods
of 2—8 nestlings were, on average, fed at higher frequencies
(16.8 + 0.6 feeds h™1) than both a solitary cuckoo nestling
(11.5 £ 0.4; Tukey’s test: z=7.05, p < 0.0001) and a mixed
brood (11.8 + 0.7; z = 4.36, p < 0.0001) (figure 2 and table 1;
electronic supplementary material, table S4a). Again, the
mixed broods and solitary cuckoos were fed at similar rates
(z=10.49, p=0.87). Average redstart broods of six nestlings
were fed with higher frequency (17.9 + 1.2 feeds h™ ') than a
single cuckoo nestling (electronic supplementary material,
table S4b).

The average TME for a redstart brood (2673 + 103 k], n = 39
nests) was similar to that of a solitary cuckoo (2644 + 55, n = 32;
Tukey’s test: t = 0.24, p = 0.97). A mixed brood (3289 + 127,
n=13) had higher TME compared with both a redstart
brood (t =3.75, p < 0.0001) and a solitary cuckoo (t = 3.83,
p < 0.0001; table 1). Redstart females spent significantly less
time at the nest for brooding of redstarts (mean + s.e.:
33.4 + 2.9%) compared with a solitary cuckoo (52.0 + 1.6%;
Tukey’s test: z=8.36, p<0.0001) and mixed broods
(52.0 + 3.6%; z=>5.45, p<0.0001) (figure 3). However,
mixed broods and solitary cuckoos were brooded similarly
(z=10.17, p = 0.98) (figure 3). We controlled for a significant
decreasing effect of brood age (x* = 233.65, p < 0.0001) and
quadratic trend of daytime (nestlings were brooded less
during midday; x*=4.05, p=0.04). The non-significant
effect of day temperature (p = 0.12) was dropped from the
final model. Cuckoo and redstart nestlings were brooded at
maximum until day 11 and 12 post-hatch, respectively. Red-
starts raising solitary cuckoos (20.1 £+ 0.3 days, n = 55) and
mixed broods (20.1 + 0.7, n = 15) prolonged their parental
effort for about a week during the nestling stage compared
with those raising redstart broods (13.8 + 0.1, n=97;
Tukey’s test: t = 22.08 and 13.52, p < 0.0001; table 1). Nest-
ling periods were similar for solitary cuckoos and mixed
broods (t = 0.09, p = 0.99; table 1).
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Figure 2. Feedings per hour (raw means + s.e.) delivered to a solitary
cuckoo, mixed broods of a cuckoo with redstarts and redstart broods (2—8 nest-
lings) during the nestling stage. Mean sample size per nest per day is 14 (range
8-35) for solitary cuckoo and redstart broods, and 5 (range 1-12) for
mixed broods.
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Figure 3. Brooding effort (raw means =+ s.e.) by redstart females in relation to
chick age. Average sample size (number of nests day) was 13 (range 7—23).

(c) Fledgling stage

Fledging success of redstart nestlings was higher from
non-parasitized broods (90.9 + 2.2%, n =112 broods) than
from mixed broods (44.3 + 33.8%, n =15; )(2 =305.30, p <
0.0001; table 1).

After fledging, a single redstart from a non-parasitized brood
(8.8 + 0.4 feeds h™!, n = 54 samples from 35 nestlings from 15
nests) was fed less often than a solitary cuckoo (129 +
0.8 feedsh™!, n =76 samples from 27 cuckoos; Tukey’s test: z
=279, p=0.03) but similar to a mixed cuckoo (119 +
29feedsh™!, n=8 samples from six cuckoos; z=0.84, p=
0.83) and a single mixed redstart (10.1 + 0.8 feeds h'l,n=7
samples from seven nestlings from four nests; z=0.17, p=
0.99). Non-significant effects of time of day (p = 0.51) and ordinal
date (p = 0.68) were dropped from the final model.

The duration of dependence on host parents after fledging
was similar between a single redstart from a non-parasitized
brood (18.7 + 0.5 days, n = 14 fledglings from nine broods), a
solitary cuckoo (16.8 + 0.7 days, n = 9; ANOVA, Tukey’s test:
t=1.66, p = 0.35), a mixed cuckoo (19.0 + 3.0 days, n = 2;
t=10.14, p = 0.99) and a single mixed redstart (19.6 + 2.2
days, n =5 fledglings from four nests; t = 0.62, p = 0.92).

4. Discussion

The fundamental brood parasite—host coevolutionary para-
digm assumes that host care for the parasite is dramatically

more costly than care for their own progeny [1]. Our quanti-

tative estimates of costs across the complete period of host care
for the parasite challenge this paradigm by showing that
parental care by one of the major cuckoo hosts, the redstart,
is not more costly when invested into the parasitic cuckoo
rather than their own offspring. Counterintuitively, some of
the multiple parental care parameters were even lower for
the parasite than for a host progeny. This conclusion holds
even for mixed broods, where the cuckoo shares the nest
with host nestling(s). This might be because a single cuckoo
nestling in a mixed brood does not (over)compensate the
needs (feeding, brooding, etc.) of the host nestlings that it
evicted. Paradoxically, the presence of the parasite thus
might increase host survival and future reproduction
via life-history trade-offs between current and future repro-
duction. This exciting scenario provides an impetus for
future studies.

(a) Quantitative predictions versus estimated costs

As predicted, the presence of a parasitic cuckoo nestling in a
redstart nest was associated with decreased hatching and
fledging success of host progeny (see also [16]), more brood-
ing effort and five extra days of care during the complete
breeding cycle. However, parental body condition or physio-
logical stress did not differ between parents raising their own
brood, a mixed brood (predicted to be 1.2 times more costly)
and solitary parasitic nestling (predicted to be 1.1 times more
costly) when compared across the full nestling period (see
also [8,9]). This was probably because parents reduced their
feeding effort for cuckoo nestlings to about two-thirds of
the feeding effort for a host brood of similar weight, which
contrasts with findings from other host—parasite systems
[11] (but see [8,9]). Cuckoos in mixed broods were fed at simi-
lar frequencies to solitary cuckoos; this confirms previous
conclusions [16,23,27,32] that redstart-cuckoo nestlings do
not use the host’s own young to attract more fosterer care
(cf. [B]).

During the post-fledging stage, the cuckoo received
approximately 34% more feeds per hour than a single redstart
fledgling, but such a difference does not reflect the fact that
the cuckoo fledgling is about six times heavier than a single
redstart fledgling (fig. 1 in [24]). It is also very likely that
parents usually feed more than one redstart fledgling because
non-parasitized nests usually fledge 5.7 redstarts [16]. How-
ever, unlike parental effort indicators of body condition and
H/L ratio, feeding frequency is only a proxy indicator as it
may not reflect the true load size [46]. Still, redstarts feed
nestlings, both their own and parasitic, with similar prey
types which does not suggest any differences in prey or
load size [24] (note that prey size differences in diet delivered
to own versus cuckoo nestlings covary with diet composition
differences [47]). Surprisingly, cuckoo fledglings reached
independence 2 days earlier than redstarts, while they
required seven extra days of parenting during the nestling
stage. These results cannot be compared with others because
no study so far has studied these parameters in both host and
parasite fledglings.

(b) Estimating different types of costs

Costs of parasitism entail both lost progeny costs [2—5] and
rearing costs; the latter type of costs can be separated into
immediate costs (physiological and physical [8,9]) and
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future costs (survival and future fecundity [10-12]; see Intro-
duction). Estimating lost progeny costs is easy because each
egg, nestling and fledgling represents a unit. Therefore,
fitness can be indirectly measured as, for instance, the
number of fledged chicks per egg laid; comparing such
measures between parasitized and non-parasitized nests pro-
vides a quantitative estimate of lost progeny costs [23]. For
example, an average parasitized redstart brood has 8.4
times lower fitness than an average non-parasitized brood
[23].

Estimating overall rearing costs is not that straightfor-
ward. This is because different measures of costs are
suitable and measurable at different developmental stages.
For example, there are no brooding costs during the fledgling
stage and costs of feeding unrelated nestlings obviously
cannot apply during the incubation stage; this precludes a
meaningful overall estimate of rearing costs. Theoretically,
physiological costs (like H/L ratio) could be estimated for
any developmental stage; practically, this was not feasible
in our study system because redstarts always desert a nest
when captured during the egg-laying period.

For redstarts that lose all their offspring due to cuckoo
eviction, the costs of rearing the cuckoo might seem irrele-
vant. The rearing costs would only become important if
they affected host future reproduction [11]. Indeed, such a
pattern was found, for example, in a tropical parasite host
system: increased investment into current reproduction
while parasitized by the striped cuckoo Tapera naevia was
associated with the host’s (the rufous-and-white wren Thryo-
philus rufalbus) delayed re-nesting and a reduced probability
of nesting in the next breeding season [9] (but see [8,10,12]).
In the common cuckoo, only a single published study has
examined the effect of rearing the cuckoo on the host’s
future reproduction: female great reed warblers Acrocephalus
arundinaceus that reared a cuckoo survived less than non-
parasitized females [18]. However, for the great reed warbler,
there is currently no estimate of immediate costs. By contrast,
for the redstarts we have estimates of immediate costs but no
estimates of future costs. This calls for more studies in this
surprisingly neglected research area.

A recent interspecific comparative study [48] showed that
lost progeny costs explain interspecific variation in host resist-
ance (egg rejection rates). Future studies should therefore
focus on estimating rearing costs (table 1) across various host
species—this will allow for interspecific comparative studies
to elucidate whether and how varying immediate and future
rearing costs explain varying host defences across species
additional to lost progeny costs [48].

() Maintenance of the redstart-cuckoo system

Cuckoo parasitism decreased redstarts’ hatching and fledging
success only slightly compared with other cuckoo hosts which
experience almost nil breeding success (because the cuckoo
chick usually evicts all host progeny in open-nesting hosts
[2,17]). Lower cuckoo virulence observed in redstarts can be
attributed to their different breeding strategy—the redstart is
the only regular cavity breeding cuckoo host [23]. Only a
third of cuckoo eggs end up inside the nest cup after cuckoo
laying attempts [23,27]. Even after successful parasitism,
cuckoo nestlings often struggle to evict host eggs and chicks
[4]. Such hindrances, not present in open-nesting hosts
[2,17], decrease the cuckoo’s chances of eliminating host

progeny. Indeed, cuckoo nestlings grow alongside redstart
chicks more often than in any other host species [32].

Despite these cumulative effects, the redstart—cuckoo
host—parasite system has persisted for more than 2.5 Myr
[25]. Low parasite success [16] combined with low costs for
redstart hosts (this study) might explain low to absent
levels of redstart antiparasitic behaviour against all parasite
developmental stages (i.e. adult cuckoos, their eggs, nestlings
and fledglings) across the many studied populations
[16,20,23,27]. Negligible antiparasitic defences would other-
wise be hard to explain in a host that suffers parasitism
rates that are unusually high among cuckoo hosts (consist-
ently approx. 30% in parasitized populations [16],
compared with typically less than 15% in most parasitized
populations of the most common cuckoo host [49]). The sur-
prisingly low immediate costs to breeding redstarts that we
quantified in this study, combined with perfect mimicry in
redstart-cuckoo eggs [23] and the absence of second breeding
attempts in redstarts [23], might thus constrain the evolution
of antiparasitic behaviour and help cuckoos to maintain this
host—parasite system long term (see also [50]).

(d) Reduced parasite virulence and increased
host tolerance?

General theory of host—pathogen coevolution [19] encom-
passes a scenario of reduced pathogen virulence coupled
with reduced host resistance (fig. 1 in [51]). Such increased
host tolerance was documented in a different brood para-
site—host system [52] and might potentially be occurring in
the redstart—cuckoo system where surprisingly low costs of
cuckoo parasitism to redstarts (i.e. low ‘pathogen virulence”:
this study) are coupled with very weak host resistance [23].
However, we suggest that this pattern is more parsimoniously
explained by constraints rather than coevolution (similar to
other apparent cases of reduced pathogen/parasite virulence
and host resistance [51].

Low virulence of redstart-cuckoos most probably reflects
simple physical constraints, namely nest cup location far from
the nest entrance (which limits cuckoo female laying success
[16]) and nest cup design (which limits cuckoo nestling evic-
tion success [4]) rather than specifically evolved ‘reduced
pathogen virulence’. In theory, low virulence might evolve,
for example, in the form of reduced eviction effort (i.e. toler-
ating cohabitation with host chicks); if anything, the reality is
the opposite (e.g. prolonged period of eviction activity in
redstart-cuckoo nestlings [4]).

Although redstarts show very low resistance [16,23],
coevolved ‘decreased host resistance’ or ‘tolerance’ [51,52]
does not seem to apply in the redstart—cuckoo system. This
is because, by definition, ‘tolerance does not inhibit the para-
sites” growth or reproduction, but minimizes the impact of
parasite attacks” [52]—and ample evidence [16,20,22—
24,27 ,32] shows that cuckoos in redstart nests suffer both dra-
matically reduced growth and reproduction.

Overall, available data suggest a different scenario,
specifically ‘lower pathogenicity’ leading to ‘reduced selec-
tion for host resistance’ (fig. 1 in [51]). Future research
should address the topic of tolerance versus resistance via
the study of multiple populations which would allow quanti-
fication of the potential tolerance in redstart hosts following
the methods described in [52].
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Prispévek III

Multiple costs are relevant for evolution of host anti-parasite defences. Reply
to Yang Cetal. (2018)

Dokonalé mimikry (i z hlediska lidského vidéni) parazitického vejce (mirné vétsi a kulatéjsi vejce
vpravo) v kukacko-reh¢im systému zptlisobuji absenci rozliSovani a vyhazovani kukaccich vajec rehky
zahradnimi (prili§ velké riziko vyhozeni ¢i poskozeni vlastniho vejce). Absence této urovné
protiparazitické obrany u jinak silné parazitované hostitelské populace je nezvykla a miize byt rovnéz
vysvétlovana relativné nizkou virulenci parazita (souvisejici s dutinovou hnizdni strategii rehka
zahradnich) a nizkymi bezprostrednimi naklady na vychovu parazitického mladéte v tomto systému.

Absence rozliSovani parazitickych vajec je u rehka zahradniho rovnéz c¢astecné kompenzovana

dezerci hnizd po spattreni kukacky béhem parazitace (foto: autor prace).
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Studies of brood parasite-host coevolution have generally assumed that hosts
invest more parental care to rear parasite progeny than their own offspring:
this view was taken for granted in cases when a parasite chick (e.g. the
common cuckoo Cuculus canorus; hereafter ‘cuckoo’) was dramatically larger
than a host chick (small passerines in the case of cuckoos [1]). This seemed
obvious because a cuckoo fledgling weighs as much as the whole family of a
host, i.e. all chicks and both male and female fosterers combined (own unpub-
lished data). Recently, we reported results that question this view: rearing the
cuckoo was not associated with overall higher immediate rearing costs to
common redstarts Phoenicurus phoenicurus (hereafter ‘redstart’) above the natu-
ral baseline levels that are imposed by efforts to rear their own progeny anyway
[2]. Additionally, we suggested that such low costs may partly help explain low
levels of host counterdefences in this host. In their comment, Yang et al. [3] do
not contradict our main conclusions (rearing the cuckoo is not extra costly) but
disagree with our suggestion that surprisingly low immediate rearing costs can
be relevant for the evolution of host defences. Here, we address this criticism.

Yang et al. [3] claim that individual hosts that are successfully parasitized by
cuckoos do not contribute their genes to the next generation, which provides a
strong selective pressure on hosts, whereas an excessive parental care for
parasite progeny can hardly drive the evolution of anti-parasitic adaptation
in hosts. Further, [3] argue that even if the immediate costs of rearing a
cuckoo chick do not exist, parasitism itself should be sufficient to promote
anti-parasitic defences in hosts.

We agree that the loss of the host’s own progeny after successful parasitism
is the most important cost that provides a strong selective pressure on hosts to
evolve defences. We also agree that the loss of progeny per se is sufficient to pro-
mote anti-parasitic defences in hosts even in the potential absence of immediate
rearing costs. However, all this does not mean that other costs are irrelevant.
Indeed, the lost progeny cost is the same or very similar in all regular cuckoo
hosts because the cuckoo chick kills all its nest-mates in all host species [1]
(with a single exception of redstarts); therefore such invariable lost progeny
cost cannot explain the large variability in host defences. Therefore, we suggest
that multiple costs—i.e. not only the lost progeny cost—play a non-negligible
role in the evolution of anti-parasitic defences and can thus better explain
variability in levels of anti-parasitic defences across various host species.

Such costs include high demands to raise the cuckoo because host parents
exhausted by care for the cuckoo more likely fail to transmit their genes in
potential next breeding attempts when caring for their own progeny (i.e. the
trade-off between the current and future reproduction). Specifically, in the red-
start, [2] reviewed factors considered by previous studies as important for the
evolution of anti-parasitic defences (length of coevolution, parasitism rate)
but these could not explain why the anti-parasitic defence is so weak in this
host. For example, an alternative explanation proposed by [3] that ‘the redstart
may be a recent host species’ is rejected by the genetic data: redstart-cuckoo
coevolution lasts for at least approximately 2.5 Myr [4].

© 2019 The Author(s) Published by the Royal Society. All rights reserved.
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However, [2] did not test directly the effect of excessive par-
ental care on the evolution of anti-parasitic defences, and thus
they only suggested the unexpectedly low immediate rearing
costs as a possible additional (i.e. not exclusive, see phrasing
‘may, in part, explain’ in the Abstract of [2]) and post hoc expla-
nation of low host anti-parasitic defences in the redstart. We also
note that the redstart is the only regular cavity breeding cuckoo
host and this different breeding strategy can contribute to a
lower cuckoo virulence in this species [2].

Liang et al. [3] assume that parasitized redstarts ‘fail to
pass their genes onto the next generation’. This is not true
because many cuckoos fail to evict redstart chicks and such
host chicks from ‘mixed broods’ often fledge even from
parasitized nests [2,5].

Liang et al. [3] claim that ‘nest predators impose no immedi-
ate cost on bird parents’. This is incorrect because parents
defend their nests and nest defence is considered highly costly
for parents [6]. Also, the claim that ‘the cost of parasitism is
larger than that of nest predation, and thus anti-parasitic
defences should still evolve to a level that is equal to or stronger
than antipredator defences’ [3] is not valid. This is because pre-
dation of progeny at any stage (egg, nestling, fledgling) entails,
just like in the case of brood parasitism, lost rearing costs invested by
parents from which they gain zero fitness. Predation always
zeroes parental breeding success. By contrast, parasitism in red-
starts often leads to mixed broods where ‘at least some of the
chicks typically survive and fledge, while cuckoo chicks often
die’ [5]. Givenrelatively low parasite rearing costs [2], the overall
cost of parasitism might be lower than that of offspring predation
in redstarts (i.e. the opposite of what [3] suggested).

Finally, [3] claim that comparing costs of rearing own versus
foreign progeny are not comparable because the costs of rearing
own progeny contribute to host fitness whereas costs of rearing
foreign progeny do not. The claim that these costs are ‘totally
different’ [3] is not true if we consider the types of costs—a
female host incubating an egg is expending identical currencies
of time, energy, and opportunity no matter what the taxonomi-
cal identity of the egg is. This is the reason why all studies of
rearing costs published to date have always used the same
measures of costs for both host and parasite offspring (reviewed
in [2]). The only reason why these costs are known to affect
parasite-host coevolution (see [7]) is exactly because the ‘genetic
background’ [3] differs between hosts and parasites: any
investment into a parasite cannot be invested into a host
progeny and that is one of the reasons why host defences evolve.

Yang et al. [3] refer to ‘high and low costs’ without specifying
what they mean. In our view, the amount of care for the
host’s own offspring is a natural ‘yardstick’ against which any
amount of care for foreign offspring should be compared because
this directly affects trade-offs in host investment. Thus, ‘high’
costs of care for parasites are best defined as ‘higher than typical
baseline levels of care for the host’s own offspring’: hosts exhaust
themselves more than under natural non-parasitized conditions
and are left with less resources to invest into their future reproduc-
tion (unless being parasitized again). By contrast, low’ costs of
care for parasites are best defined as ‘lower than typical baseline
levels of care for the host’s own offspring’: hosts exhaust them-
selves less than under natural non-parasitized conditions and
are left with more resources to invest into their future reproduction
(unless being parasitized again). The cost measures we used in
our study supported the latter, counterintuitive, scenario [2].

That our argument is realistic is best illustrated by an
empirical example [8]: a higher cost can manifest, e.g. in a

longer care for a parasite (measured by us: [2]). Unsurpris- [ 2 |

ingly, the extended care for a cuckoo nestling and fledgling
has been traditionally given as a major reason why host indi-
viduals that care for the cuckoo until its independence are not
left with enough time to breed again before migrating to win-
tering grounds [1]. This represents an extreme cost of
parasitism—one lost breeding attempt represents a huge
cost for a typical short-lived cuckoo host. By contrast, host
individuals that desert a nest with the cuckoo egg save
much time (approx. five weeks) of care for the alien chick in
and outside the nest and do have a chance to breed again
[1]. Deserting the nest early leads to an almost negligible
cost of parasitism, compared to not deserting the nest, even
though the host has lost all its progeny: in this example, the
latter host has a zero fitness in this breeding season whereas
the former host reared one (the second) brood. The difference
between the two host’s fitness is huge and the reason is not the
lost progeny cost (which was paid identically by both hosts):
the only reason is the rearing cost [2].

Between these two extremes, there is a continuum of host
decisions and costs of parasitism: a host that deserts the
cuckoo chick before fledging [8] saves approximately three
weeks of time and has a chance to breed again, more likely with-
out being parasitized. This is because (i) parasitism is generally
rare and thus chances of repeated parasitism of the same indi-
vidual is even rarer and (ii) the risks of parasitism decline
throughout the season and are non-existent after parasites
departed to wintering grounds: e.g. cuckoos in our Czech
study sites [9] depart several weeks before the end of the breed-
ing period of their warbler (Acrocephalus) hosts. Thus, low
rearing costs, i.e. shortening of the length of care for the parasite
(which we found in our study [2]), have direct fitness benefits
for hosts. In other words, high versus low time-related rearing
costs make a fundamental difference between low and high
host fitness. Anidentical principle applies to any other measure
of cost, e.g. physiological stress, energy expenditures, etc.

To conclude, variable host defences across species and
populations cannot be explained by ‘failure of transmission
of genes in hosts’” [3] because hosts invariably lose all their pro-
geny (except for redstarts [2,5]). Further, that one kind of cost
is extreme whereas another kind of cost is low does not mean
that only the former cost is relevant: also the latter is important
but with a lower impact on the evolution of a trait and there is
plenty of empirical evidence for this principle [10]. There is
also no question whether the high costs of parasitism, no
matter whether in the form of lost progeny or rearing, provide
stronger selection pressure on hosts than the lower costs of
parasitism, no matter whether in the form of lost progeny or
rearing or any combination of the two: this is a fundamental
assumption behind any study of parasitism.

However, we agree with [3] that lines of further research
to explain the low levels of anti-parasitic defences in any
hosts should include both intraspecific and interspecific com-
parisons of costs of rearing a parasite across different
populations of the same host species and different species,
respectively, to determine if and how costs are correlated
with host defences. We recently performed such metareplica-
tion in a different host [9]. We also agree with [3] in that the
use of mathematical models will be useful only if based on
empirically determined and quantified costs and benefits of
host and parasite behaviour [2,9].

This article has no additional data.
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Prispévek IV

Post-fledging interactions between the Common Cuckoo Cuculus canorus and

its cavity-nesting Common Redstart Phoenicurus phoenicurus host

Transmittery vybavena mladata obou druhid interagujicich vramci kukacko-rehé¢iho systému
vyfocena v pribéhu pohnizdni faze. Kukac¢ci mladé (nahote) je v tomto obdobi az Sestkrat mohutnéjsi
nez rodice ¢i mlad’ata rehki zahradnich (viz také oddil 1.2). U Cerstvé vyvedenych rehcich mladat

(dole), jsem casto pozoroval vytvareni skupinek Zadonicich o potravu (foto: autor prace).
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Brood parasite-host interactions during the incubation and nestling stages have been well
studied, but the post-fledging period remains virtually unknown. Using radiotracking, we
provide the first detailed data on post-fledging interactions between the Common
Cuckoo Cuculus canorus and its only regular cavity-nesting host, the Common Redstart
Phoenicurus phoenicurus. Cuckoos raised alone (‘solitary’) fledged at higher mass, with
higher wing and tarsus length and started to fly at a younger age than Cuckoos raised
alongside young Redstarts (‘mixed’). However, a further 23 fledging and post-fledging
parameters measured at five pre-determined times (fledging, first-flight, predation, starva-
tion, independence) did not differ between solitary and mixed Cuckoos. In addition,
none of the parameters measured during the post-fledging period (growth, dispersal dis-
tances, number of flights) differed between solitary and mixed Cuckoos. Redstart fledg-
lings from non-parasitized broods (‘solitary’) showed generally similar fledging and post-
fledging parameters to fledglings reared alongside a Cuckoo (‘mixed”). Surprisingly, there
were no significant differences in post-fledging predation rate, starvation or overall sur-
vival rates between mixed and solitary Cuckoos or mixed and solitary Redstarts. Thus,
during the post-fledging period, mixed Cuckoo fledglings successfully compensated for
the poorer performance experienced during the nestling stage whereas mixed and soli-
tary Redstarts did not differ in any measured parameters. This suggests that the regular
occurrence of mixed broods in this host-parasite system — which is unique among the
many Cuckoo hosts — is evolutionarily stable for both hosts and parasites.

survival, independence, post-fledging, predation,

radiotracking, starvation.

The post-fledging period is the time after young
birds leave the nest and before they achieve inde-
pendence, disperse or migrate (Cox et al. 2014).
The first weeks after fledging are the most critical
for development and survival of most birds
(Anders et al. 1997, Cox et al. 2014, Soler et al.
2014a, Martin et al. 2018). The post-fledging
period, as the last phase of avian parental care,
also determines the success of prior parental
investment (Griebler & Naef-Daenzer 2010).
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Data on fledgling survival are thus crucial for esti-
mating population productivity (Anders et al
1997). Despite its fundamental importance, the
post-fledging period remains poorly studied, espe-
cially compared with other avian developmental
stages (Cox et al. 2014). The main reason is the
difficulty of following and observing young mobile
birds after they have left the nest (Kershner et al.
2004, Thompson & Ridley 2013).

Avian brood parasites are no exception. An
additional difficulty is that higher numbers of nests
must be monitored (compared with non-parasitic
birds) to ensure sufficient sample sizes because
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only a small proportion of host nests are usually
parasitized (Davies 2000, Grim et al. 2011) and
the long nestling periods of parasites relative to
hosts may reduce the probability of successful
fledging (at least in some hosts: Jelinek et al.
2016). Except for the parasitic cowbirds (Molo-
thrus spp.) and their hosts (Woodward 1983, Ras-
mussen & Sealy 2006, De Mirsico et al. 2012) and
the Great Spotted Cuckoo Clamator glandarius
and its Eurasian Magpie Pica pica host (Soler et al.
1994, 2014a), very little is known about the inter-
actions between hosts and fledged brood parasites
(De Mirsico et al. 2017). Especially striking is the
lack of data for the otherwise best-studied brood
parasite, the Common Cuckoo Cuculus canorus
(hereafter: Cuckoo) (Davies 2000, Mikulica et al.
2017).

Compared with hundreds of egg studies and
dozens of nestling studies (Grim 2007a), only
three studies have been published on the Cuckoo
post-fledging period. Wyllie (1981) studied a rea-
sonable sample size of Cuckoos raised by Eurasian
Reed Warblers Acrocephalus scirpaceus (hereafter:
‘Reed Warbler’) but he reported only the ages at
first flight, survival rate and length of post-fledging
period, but no other information about fledgling
biology. Vega et al. (2016) followed post-fledging
and migratory movements of Cuckoo fledglings
raised by Common Redstarts Phoenicurus phoenicu-
rus (hereafter: ‘Redstart’) using satellite tracking,
but they reported only the survival rate and length
of post-fledging dependent period (estimated indi-
rectly from satellite data). Tyller et al. (2018) pro-
vided detailed data on post-fledging care by a host
Common Chaffinch Fringilla coelebs but their study
was based only on a single Cuckoo fledgling. None
of these three studies reported comparative data on
hosts’ own fledglings. Without quantification of
reproductive output and host care for their own
progeny it is impossible to determine how costly
host care is for the parasite relative to baseline par-
ental effort delivered to the host’s own young (Ras-
mussen & Sealy 2006, Samas et al. 2018). Such
costs affect selection pressures on the evolution of
host defences and are central to our understanding
of parasite-host coevolution (Takasu et al. 1993,
Davies 2000, Soler et al. 2014a, Soler 2017).

To help fill these knowledge gaps, we studied
post-fledging care provided to Cuckoo and host
chicks by Redstarts. The Redstart is the only
known European cavity-nesting passerine that is
regularly parasitized by the Cuckoo (Samas et al.
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2016, Yang et al. 2016), and has recently become
a model system for the study of Cuckoo-host
interactions (reviewed by Grim & Rutila 2017).
Nests placed in a cavity make egg-laying difficult
for female Cuckoos and significantly reduce their
laying success (Rutila et al. 2002, Samas et al.
2016, Thomson et al. 2016), and also make evic-
tion of host eggs or chicks more difficult for
Cuckoo hatchlings compared with open nests
(Rutila et al. 2002, Grim et al. 2009a), often
resulting in mixed broods (Samas et al. 2016,
Thomson et al. 2016). In such broods the Cuckoo
shares the nest with Redstarts, often leading to
early death of the Cuckoo nestling (Samas et al.
2016, Thomson et al. 2016; see also Grim et al.
2011). Also, food composition of Redstarts may
contribute to poor Cuckoo nestling performance,
because Redstarts may in addition to invertebrates,
feed the nestlings unusual (for otherwise purely
insectivorous Cuckoo nestlings: Grim & Honza
2001) diet items, including fruits and lizards,
which negatively affects Cuckoo fitness (Grim
et al. 2017). Nevertheless, nothing is known about
the Cuckoo and Redstart interactions during the
post-fledging period.

As in recent studies (Rutila et al. 2002, Grim
et al. 2009a,b, Samas et al. 2016, 2018, Thomson
et al. 2016), we took advantage of variation in
brood composition by comparing broods where
Cuckoos or Redstarts were raised alone (‘solitary
Cuckoos’ and ‘solitary Redstarts’), with those
where they are raised together (‘mixed broods’).

We predicted that fledglings from mixed broods
would fledge, start to fly and achieve indepen-
dence later than solitary Cuckoos or solitary Red-
start broods. Further, we expected lower values of
measured performance parameters (see Methods)
and lower survival rate in fledglings from mixed
broods. In interspecific comparisons, we predicted
that Cuckoos would fledge, start to fly and achieve
independence when older than Redstarts, due to
the greater developmental demands of the larger
species (fig. 1 in Grim et al. 2017). Similarly,
other physiological differences between the two
species (e.g. poorly adapted digestive system of
Cuckoos to Redstart food composition, see Grim
et al. 2017), should slow the Cuckoo chick in its
post-fledging development.

In addition, as in other host-parasite systems
(Fraga 1998, Grim 2011, De Mirsico et al. 2012,
2017), there is the possibility that Redstart hosts
can distinguish a Cuckoo fledgling from their own
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Figure 1. The post-fledging nest distances (i.e. dispersal distances from the natal nest; mean + se, from fledging = day 0) of Cuckoos
(a) and Redstarts (b) reared in solitary broods (open circles; Cuckoos: n = 31, Redstarts: n = 27) or in mixed broods (grey circles;
Cuckoos: n = 9, Redstarts: n = 10). Redstart data represent brood means. [Colour figure can be viewed at wileyonlinelibrary.com]

fledglings and discriminate against it. Therefore,
we predicted lower values of breeding perfor-
mance parameters and a lower survival rate in
Cuckoos than in Redstarts.

METHODS

Study site and population

We conducted this research during three consecu-
tive breeding seasons (June-August 2014-2016) in
southeastern Finland close to Ruokolahti (61°24’ N
28°37'E). The study site comprises cultivated Scots
Pine Pinus sylvestris forest with low ground vegeta-
tion (Samas et al. 2016).

Redstarts and Cuckoos in our study area have
been studied for more than 30 years (Samas et al.
2016) and, except for one natural nest, we studied
an established host nestbox population (Samas
et al. 2016) because natural nests are very difficult
to find (J. Haikola pers. comm., M. Kysucan et al.
unpubl. data). All nestboxes were specifically
designed for the study with an entrance diameter
of 60-80 mm to facilitate both Cuckoo female lay-
ing and Cuckoo chick fledging. For further techni-
cal details, description of general field procedures
and overall population analysis during the egg-lay-
ing, incubation and nestling stages, see Samas et al.
(2016) and Grim et al. (2017).

We studied four treatment groups. ‘Solitary
Cuckoo’ fledglings (n = 31) were reared without
nest-mates (31 broods). ‘Mixed Cuckoo’ fledglings
(n=11) were raised alongside Redstart chicks
(nine broods, one Cuckoo per nest/brood), while
the remaining two Cuckoo chicks shared one nest/
brood without Redstart nest-mates (n= 10
broods). ‘Mixed Redstart’ fledglings (n = 22,
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mean & se = 2.3 & 0.3 Redstart fledglings per
nest) were those that were raised alongside the 10
Cuckoos (n =10 broods, one Cuckoo per nest).
One Cuckoo died due to starvation 2 days before
its Redstart nest-mates fledged and thus is not
included in the Mixed Cuckoo group. Two
Cuckoos sharing the same nest were included in
the mixed group due to their mutual competition,
which is similar to that in Cuckoo-Redstart mixed
groups (Samas et al. 2018). Both Cuckoos were
treated as independent data points, as (1) before
fledging, there were no signs of pseudoreplication
because of the very different growth trajectories of
the two chicks (resulting in divergent masses of 85
and 65 g at the equal age of 20 days) and (2) after
fledging, each Cuckoo was attended independently
by a different parent (male vs. female Redstart)
and not cared for by the other host parent (i.e.
brood division). ‘Solitary Redstart’ fledglings
(n = 137 from 27 broods, mean + se = 5.1 £ 0.3
fledglings per nest) were raised in unparasitized
broods, in other words without a Cuckoo.

Transmitter attachment and ringing

In contrast to other radiotracking (Soler et al.
1994, 1995, 2014a,b, Tyller et al. 2018) or satel-
lite-tracking (Vega et al. 2016) studies of avian
brood parasites, we tracked both parasite and host
offspring. In total, 42 Cuckoo nestlings from 41
different broods and 159 Redstart nestlings from
37 different broods that were fitted with transmit-
ters successfully fledged (File S2).

To minimize potential transmitter effects, we
chose the transmitters weighing <5% of chick mass,
as recommended for small birds (Barron et al.
2010). Therefore, we used two types of glue-
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mounted transmitters (Biotrack Ltd., Wareham,
UK). For Cuckoos we used 2.1-g (2.3% of Cuckoo
mass during tagging: 91.7 + 2.4 g, n = 42) PiP3
Ag393 tags with a 15-cm-long wire antenna and a
detection range of 200-600 m ground to ground
and 500-1200 m above ground. For Redstarts we
used 0.7-g (4.7% of Redstart mass during tagging:
15.8 £ 0.1 g, n = 159) PicoPip Ag376 tags with a
12-cm-long wire antenna and a detection range of
80-300 m ground to ground and 150-600 m above
ground. We attached the transmitters with
cyanoacrylate superglue to clipped and degreased
(by acetone) back feathers (following Diemer et al.
2014).

We attached the transmitters 2-3 days before the
estimated fledging date to maximize the number of
tagged fledglings and allow the chicks to become
accustomed to transmitters (following Soler et al.
2014a). Presumed {fledging dates of Cuckoos
(18 days post-hatch) and Redstarts (13 days post-
hatch) were calculated based on data from 11 breed-
ing seasons from our study site (Samas et al. 2016).
We set hatching day as O (following Grim & Samas
2016). In retrospect, the transmitters were attached
2.2 £ 0.1 days (mean + se, n = 201; precision:
days) before the real fledging date, which we deter-
mined from nest checks and video-recordings. Thus,
we tagged the fledglings at maximum body size and
age and, at the same time, avoided the threat of pre-
mature fledging which could be caused by late tag-
ging (Ausprey & Rodewald 2011).

Transmitter loss was expected with moulting
(Diemer et al. 2014) of young Cuckoos prior to
migration (Verheyen 1950, Stresemann & Strese-
mann 1961, Rohwer & Broms 2013). Neverthe-
less, during the first field season (2014) five of 16
Cuckoos and 40 of 73 Redstarts lost their trans-
mitters before attaining independence (average
transmitter attachment duration from fledging:
Cuckoos: mean & se = 10.2 & 2.7 days, n=75;
Redstarts: 5.0 + 0.7 days, n = 40). Therefore, in
the next two field seasons, in addition to glue
attachment we used a modified wing loop (figure-
of-eight) back-pack harness (following Anders
et al. 1997, Hill et al. 1999) made of a cotton-
nylon elastic string (following Rappole & Tipton
1991). We could not use the most recommended
figure-of-eight leg loop (Raim 1978) due to still
undeveloped nestling bodies (especially tail feath-
ers), which caused transmitter loss when we tried
to follow such a procedure. Thus, the harness was
tied under each wing, leaving room for sufficient

Cuckoo-host post-fledging interactions 93

motion range and growth of the chicks’ wings and
pectoral muscles (Anders etal. 1997). This
method has been effective in small and medium-
sized birds, without interfering with their beha-
viour (Hill et al. 1999). As a result, during 2015
none of 13 Cuckoo fledglings and only 16 of 60
Redstart fledglings lost their transmitter (average
transmitter attachment duration: 4.6 & 1.4 days,
n = 16). In 2016, none of 13 Cuckoos and none of
26 Redstarts lost transmitters.

During transmitter attachment, we banded the
right leg (left in one case) of each fledgling with a
numbered metal ring (Finnish Museum of Natural
History). Both legs were further banded with a
unique combination of colour plastic rings (Eco-
tone Plain colour rings) for individual long-distance
visual recognition of fledglings from the same
brood or from nearby nests. We also measured
physical parameters of body mass, wing length and
tarsus length in all chicks during each nest visit
from tagging until fledging.

Determining the exact date of fledging
events

Using motion-activated  infrared SpyCamera
CCTV cameras, we video-recorded 63 nests at the
end of the nestling stage to determine the exact
date of fledging events (29 solitary Cuckoo broods,
24 unparasitized Redstart broods and 10 mixed
broods). To distinguish particular Redstart chicks
during fledging events we individually marked 49
nestlings from 14 complete broods (seven unpara-
sitized and seven mixed) with differently shaped
white paper stickers glued to the transmitters (fol-
lowing Porkert & Spinka 2004).

Altogether, 201 tagged nestlings (42 Cuckoos
and 159 Redstarts) successfully fledged. We
obtained the exact fledging date from video-record-
ings of 163 fledglings: 39 Cuckoos and 124 Red-
starts. Seventy-five of these 124 Redstarts were
unmarked but their broods (n =15) completely
fledged within a single day and therefore we were
able to obtain their exact fledging dates. For the
remaining fledglings (three Cuckoos and 35 Red-
starts), which were not recorded or were not marked
and whose brood fledged over the course of more
than a single day, we estimated the fledging date
with a precision of 32 h (i.e. we consistently used a
mid-point between the last nest check when the
chick was present in the nest and the first nest check
when the chick was already fledged: Grim 2007b).
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To prevent premature fledging of nestlings
(Grim 2007b), we installed the cameras while the
transmitter attachments, ringing and nestling mea-
surements were being conducted. To minimize
disturbance at video-recorded nests we used car-
batteries to power the cameras and a wooden box
extension for camera placement (fig. 2b in Samas
et al. 2016). We conducted video-recordings from
tagging day until the last chick in the nest fledged.

Post-fledging period study procedures

From the expected fledging date, we visited the
nest area once or twice a day and started radio-
tracking when we noticed that fledging had begun.
We used a portable 4-MHz Sika receiver with
hand-held Lintec flexible three-element Yagi
antenna (138 MHz) to radiotrack the fledglings.
The following parameters were recorded consis-
tently by the same person (M.K.).

First, after the visual contact with a tracked
fledging, the observer recorded its GPS position
(‘original point’, precision 2-6 m) using the mobile
application Locus Map Version 2.10.1 to measure
‘nest distance’ (i.e. distance in metres between the
fledgling’s original point and its natal nest) and
‘daily dispersal distance’ (i.e. distance between
locations on successive days). Data from non-con-
secutive days were excluded to make temporal
periods consistent (always 1 day) and thus compa-
rable.

Secondly, the observer approached the fledg-
ling. When the presence of the observer or an
attempt to capture the fledgling (see below)
flushed it from its original point, we recorded the
‘fleeing distance’ (in metres) from the original
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point (following Hanley et al. 2015). Further, the
observer recorded the ‘number of flights per hour’
without flushing the fledgling (i.e. number of
flights during 1 h of observation when the obser-
ver was covered by a camouflage net and vegeta-
tion and maintained visual contact with the focal
fledgling; following Soler et al. 1994). This param-
eter was impossible to record when the fledglings
started to fly well, so we have no data for fledg-
lings after independence.

Thirdly, the observer caught and measured the
fledgling. During the first days after leaving a nest,
most chicks remain motionless, cannot fly or fly
clumsily (Wyllie 1981), and can be easily caught
by an observer (Tyller et al. 2018). For such fledg-
lings, we measured their body mass with a porta-
ble electronic balance (precision 0.1 g), their wing
length with a ruler (following fig. 4.4 in Suther-
land et al. 2004; precision 1 mm) and tarsus
length with a digital calliper (‘maximum tarsus
length’, following fig. 4.5a in Sutherland et al.
2004; precision 0.1 mm). Additionally, we report,
as a baseline, ‘fledging mass’, i.e. the first measure-
ment of chick body mass after a fledging event
(this did not necessarily happen on the fledging
day, see section Determining the exact date of
fledging events).

Radiotracking was conducted daily until a fledg-
ling started to fly well. Then, the fledgling was
located at least every third day until its death (pre-
dation or starvation), or the first sign of its indepen-
dence, which was judged by cessation of begging
behaviour and lack of feeding and alarm calls from
the adult Redstarts (following Tyller et al. 2018,
see also Woodward 1983, Tarwater et al. 2011).
We managed to confirm our assessment of
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Figure 2. Post-fledging daily dispersal distances (i.e. daily movements; mean + se; from fledging = day 0) of Cuckoos (a) and Red-
starts (b) reared in solitary broods (open circles; Cuckoos: n = 25, Redstarts: n = 17) or in mixed broods (grey circles; Cuckoos: n = 5,
Redstarts: n = 7). Redstart data represent brood means. 0 = day of fledging. [Colour figure can be viewed at wileyonlinelibrary.com]
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independence in seven (five solitary and two
mixed) Cuckoos and eight (three solitary and
five mixed) Redstarts several days after the esti-
mated independence (mean + se = 3.3 + 0.4 days,
n = 15).

We scored fledglings as gaining independence
(confirmed visually) or not. We scored the fledg-
ling’s status as ‘unknown’ when the fledgling lost
its transmitter (n = 61), the transmitter signal
could not be located (lost signal, n = 51) or we fin-
ished data collection before the fledgling achieved
independence (n = 7). Fledglings with unknown
status were excluded from calculation of post-fled-
ging predation, starvation and survival rates.

We identified five pre-determined situations in
the post-fledging period; these included two time-
points and three possible outcomes: ‘Fledging’ was
the day when a chick left the nest, i.e. the start of
the post-fledging period; ‘First flight’ was the day
when a Cuckoo chick flew further than 3 m or a
Redstart chick flew further than 2 m, which
enabled them to escape from ground predators
(Wyllie 1981). When fledglings did not survive
until independence, we recorded the two causes of
its death. ‘Predation’ means that we found the
remains of a fledgling’s body or the transmitter in
an active raptor nest or with some other indication
of predation (such as antenna damage, presence of
bitten feathers or blood). ‘Starvation’ means that
we found the fledgling dead with obvious signs of
malnutrition and no signs of predation (Grim
2007b). Finally, ‘independence’ means that the
fledgling had no remaining contact with the adult
Redstarts that had raised it and was alive. At each
situation, we always recorded ‘age from hatching’
as the number of days from hatching (hatching
day = 0, precision = 1 day) and ‘age from fledging’
as the number of days from fledging (fledging
day = 0, precision = 1 day).

Physical parameters of body mass, wing length
and tarsus length were measured in all catchable
fledglings during the radiotracking phase between
fledging and independence, disappearance or
death. We attempted to reduce disturbance of
fledglings as much as possible and measured only
flightless fledglings; flying fledglings were solely
observed from a distance.

Data analysis

All analyses were conducted with R 3.5.0 (R
Core Team 2018) and STATISTICA 13 (TIBCO
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Software Inc. 2017). We compared multiple
parameters among fledgling groups and per-
formed two major analyses: (1) we examined
change of focal parameters across the post-fled-
ging period and (2) we compared focal parame-
ters in the five pre-determined situations of
biological interest (fledging, first flight, predation,
starvation, independence). We did not apply Bon-
ferroni corrections because our study is necessar-
ily exploratory and, due to the number of
compared parameters, any correction for multiple
tests would lead to too strict alpha-values and
would greatly increase the risks of type II errors
(Nakagawa 2004).

Tests over the post-fledging period

We tested fixed effects of ‘group’ (categorical;
solitary Cuckoo, mixed Cuckoo, solitary Red-
start, mixed Redstart) and ‘age’ (continuous;
fledgling age) on the four response variables:
nest distance (continuous, log-transformed),
daily dispersal distance (continuous, log-trans-
formed), number of flights per hour (counts)
and body mass (continuous). In all cases we
employed a linear mixed model with identity
link except for the response variable number of
flights per hour, which was modelled using a
marginal model with Poisson error distribution
and log link. In all full models we additionally
included ‘age” (continuous; quadratic term to
test for potential non-linear effects of fledgling
age) and the interactions of ‘group’ with ‘age’
and ‘group’ with ‘age?. In all but one statistical
model (see below) we controlled for fledgling
age, nestling identity (ID) and brood ID varia-
tion by employing a nested random slope model
(i.e. random effect for slopes of fledgling age
assigned to random effects of nestling ID nested
within brood ID). To account for temporally
correlated data (repeated measurements), we
used a continuous first-order autoregressive cor-
relation structure which allows observations that
are further apart from each other to be less
strongly correlated.

We used a four-level predictor ‘group’ (see
above) in all models except the one analysing
post-fledging body mass. In the latter case we
employed two linear mixed models (one for each
species) because each species markedly differed in
fledging mass (Grim et al. 2017). One model
included only Cuckoos (categorical; solitary
Cuckoo, mixed Cuckoo), another only Redstarts
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Table 1. Definitions of terms.

Term Definition

Pre-determined time points

Fledging Day when a chick left the nest.

First flight Redstart flew >2 m, Cuckoo flew >3 m.

Predation Rest of fledgling’s body or transmitter
with some indication of predation found.

Starvation Fledgling found dead with obvious signs
of malnutrition and no signs of
predation.

Independence Fledgling had no remaining contact with

the adult Redstarts that had raised it
and was alive.

Post-fledging parameters

Age from hatching Fledgling’s age from hatching day (in
days; 0 = hatching day).

Age from fledging  Fledgling’s age from the day it left its

nest (in days; 0 = fledging day).

Distance from the nestbox (in metres;
precision 1 m).

Distances between fledgling’s locations
on successive days (in metres;
precision 1 m).

Distance that the fledgling flew after
being flushed by the approaching
observer (in metres; precision 1 m).

Number of flights during 1 h of
observation.

The first measurement of chick’s body
mass after fledging event (precision
0.1 g).

The length of fledgling’s wing (in mm;
precision 1 mm).

Maximum tarsus length (in mm;
precision 0.1 mm).

Nest distance

Daily dispersal
distance

Fleeing distance
Number of flights
per hour
Fledging mass
Wing length

Tarsus length

(categorical; solitary Redstart, mixed Redstart). For
Cuckoos, we excluded the random effect of brood
ID because all broods contained only a single
Cuckoo, except one case when two Cuckoos
shared one nest — these were treated as two indi-
vidual Cuckoos and both assigned to the ‘group’
mixed Cuckoo (exclusion of one of these Cuckoos
from the shared nest did not affect analytical out-
comes).

We present outputs from both the full (recom-
mended by Forstmeier & Schielzeth 2011) and
final reduced models (recommended by Grafen &
Hails 2002). We used backward elimination of
non-significant (¢ = 0.05) terms but kept the main
predictors of interest ‘group’ and ‘age’ in the mod-
els regardless of their significance (as recom-
mended by Grafen & Hails 2002).

We used the packages nlme (version 3.1-131,
Pinheiro et al. 2017) for statistical models with
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normal error distribution and geepack (version
1.2-1, Halekoh et al. 2006) for the marginal model
with Poisson error distribution.

Tests at time points of biological interest

We tested effects of ‘group’ (categorical; solitary
Cuckoo, mixed Cuckoo, solitary Redstart, mixed
Redstart) on the 27 fledging and post-fledging
parameters (Table 1) categorized into five pre-
determined time points of biological interest
(fledging, first flight, predation, starvation, inde-
pendence; Table 1). Before analyses, we averaged
each Redstart parameter per brood ID in nests
containing multiple Redstarts. Each Cuckoo was
treated as an individual, including one case when
two Cuckoos shared one nest (both assigned into
the mixed Cuckoo group). We employed a linear
model with identity link and normal distribution
and in some cases used a log transformation of a
response variable to meet the assumptions of nor-
mality for model residuals. We used Tukey’s post-
hoc test (package multcomp, version 1.4.8,
Hothorn et al. 2008) to test for differences
between groups, specifically solitary Cuckoo vs.
mixed Cuckoo, solitary Redstart vs. mixed Red-
start, solitary Cuckoo vs. solitary Redstart and
mixed Cuckoo vs. mixed Redstart. For the three
parameters of predation, starvation and survival
rate we applied a Cox proportional-hazards model
(Cox 1972) using the package survival (version
2.41.3, Therneau & Grambsch 2000) and again
used Tukey’s post-hoc test for between-group
comparisons.

RESULTS

The post-fledging period

The average nest distance during the post-fledging
period did not differ between the groups
(> =54, P=0.14, n=189 fledglings) but it
increased non-linearly with age in all fledgling
groups (> =179.6, P < 0.001; Fig. 1, Supporting
Information Table S1 in File S1). Fledglings from
mixed broods increased their distance from nest
with advancing age at higher rates than Cuckoos
or Redstarts from solitary broods (x* = 20.3,
P < 0.001; Fig. 1, Table S1 in File S1).

The daily dispersal distance during the post-
fledging period increased with age in all fledgling
groups (y*>=3.5, P=0.05, n=113 fledglings;
Fig. 2, Table S2 in File S1). Groups did not



significantly differ in average daily dispersal dis-
tances: solitary Cuckoo (adjusted mean =41 m,
95% CI 29-57), mixed Cuckoo (mean = 23, 95%
CI 13-44), solitary Redstart (mean = 46, 95% CI
34-62) and mixed Redstart (mean = 48, 95% CI
29-81) (* = 6.1, P = 0.11; Table S2 in File S1).

The number of flights per hour during the post-
fledging period differed between  groups
(4> = 23.0, P < 0.001, n = 76 fledglings; Table S3
in File S1). The number of flights showed an
increasing trend with advancing fledgling age in
solitary Cuckoo, mixed Cuckoo and mixed Red-
start groups but a decreasing trend in solitary Red-
starts (y° = 18.7, P = 0.0003; Fig. 3, Table S3 in
File S1).

For Cuckoo fledglings (n = 32), body mass was
higher in solitary Cuckoos (3* = 26.1, P < 0.001)
and in both groups (solitary and mixed) body mass
decreased non-linearly with advancing age through-
out the post-fledging period (3* = 4.3, P =0.04;
Fig. 4a, Table S4a in File S1). Both Redstart fledg-
ling groups (n = 120 fledglings) had a similar body
mass (y° = 2.9, P=0.09) and decreased mass lin-
early with advancing age (3> = 10.2, P=0.001;
Fig. 4b, Table S4b in File S1).

Time points of biological interest

On fledging day, solitary Cuckoos (n = 31) were
the same age as mixed Cuckoos (n = 10) but
weighed more and had longer wings and tarsi
(Fig. 5, Table S5 in File S1). Solitary Cuckoos
fledged at a greater age than did solitary Redstarts
(n =27). Similarly, in mixed broods, Cuckoos
fledged at a greater age than Redstarts (rn = 10).
However, there were no significant differences in
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age, mass, wing or tarsus length between solitary
Redstarts and those in mixed broods (Fig. 5,
Table S5 in File S1).

When they first flew, solitary Cuckoos
(n=25) were younger (from hatching) than
Cuckoos from mixed broods (n = 4); nevertheless,
age from fledging, nest distance, fleeing distance,
mass, wing and tarsus length did not differ
between the Cuckoo groups (Fig. 5, Table S5 in
File S1). Solitary Cuckoos first flew at a greater
age (from hatching) and performed longer fleeing
distances than solitary Redstarts (n = 23), whereas
age from fledging and nest distance were higher
in solitary Redstarts. Cuckoos from mixed broods
first flew when older than Redstarts from mixed
broods (rn = 9). However, age from fledging, nest
distance and fleeing distance at first flight did not
differ between the two groups. Solitary Redstarts
first flew when younger (from hatching) than
Redstarts from mixed broods. In contrast, age
from fledging, nest distance, fleeing distance,
mass, wing and tarsus length did not differ
between the Redstart groups (Fig. 5, Table S5 in
File S1).

Predated (n=28) and starved fledglings
(n = 11) did not differ in age from hatching, age
from fledging, nest distance, predation or starva-
tion rates among all fledgling groups. Starved soli-
tary Cuckoos did not differ in mass, wing or tarsus
length from starved Cuckoos from mixed broods.
Similarly, starved Redstarts from solitary broods
did not differ in these body parameters from
starved Redstarts from mixed broods (Fig. 5,
Table S5 in File S1).

At independence, solitary Cuckoos did not dif-
fer in their age from hatching from Cuckoos from
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Figure 3. The post-fledging number of flights per hour (mean + se; from fledging = day 0) after the first flushing, of Cuckoos (a)
and Redstarts (b) reared in solitary broods (open circles; Cuckoos: n = 27, Redstarts: n = 14) or in mixed broods (grey circles;
Cuckoos: n = 7, Redstarts: n = 4). Redstart data represent brood means. [Colour figure can be viewed at wileyonlinelibrary.com]

© 2019 British Ornithologists’ Union


www.wileyonlinelibrary.com

98 M. Kysucan et al.

(a) 120 (b) 24 “‘\
100jooé R 201 dua
5 80184 @o@o o 16j©©©@©©©@©§0@ooooé
@ 601 © @ 121 ¢
@ 1 o @ |
= 401 ° = 8-
20 4
0-I T T T T T T T T T T T T T T T T T T T 1 0-I T T T T T T T T T T T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20

Age from fledging (days) Age from fledging (days)

Figure 4. The post-fledging mass growth rate (mean + se), of Cuckoos (a) and Redstarts (b) reared in solitary broods (open circles;
Cuckoos: n = 25, Redstarts: n = 22) or in mixed broods (grey circles; Cuckoos: n =7, Redstarts: n = 10). Redstart data represent
brood means. 0 = day of fledging. [Colour figure can be viewed at wileyonlinelibrary.com]

mixed broods. In Redstarts as well, the age from
hatching did not differ between chicks from mixed
or solitary broods. Nevertheless, solitary Cuckoos
(n =9) achieved independence at a greater age
than Redstarts from solitary broods (n = 8), and
mixed Cuckoos (n = 2) achieved independence at
a greater age than mixed Redstarts (n =5). Age
from fledging, nest distance, fleeing distance and
survival rates did not differ among the fledgling
groups (Fig. 5, Table S5 in File S1).

DISCUSSION

Surprisingly, Cuckoo fledglings reared alongside
Redstart chicks fledged at similar ages as solitary
Cuckoos. However, and as predicted, Cuckoos from
mixed broods showed delayed age at first flight and
lower fledging masses, shorter wings and tarsi com-
pared with solitary Cuckoo fledglings, although
these effects lasted only for the first 3 days after
fledging. Over the course of the post-fledging per-
iod, Cuckoo fledglings from mixed broods compen-
sated for their biometric shortfall at fledging and did
not differ from solitary Cuckoos in any measured
parameters at independence. This pattern parallels a
similar compensatory response by Cuckoo nestlings
which follows an energetically demanding period of
eviction of host eggs or chicks in both Redstart—
Cuckoo (Grim et al. 2009a) and other systems
(Anderson et al. 2009). We therefore did not find
any support for parasite fledgling discrimination in
Cuckoo-Redstart mixed broods (cf. De Mirsico
et al. 2012). Unexpectedly, Redstart fledglings from
mixed broods did not suffer from sharing the nest
with a Cuckoo, and fledged at similar ages, at similar
masses and with similar wing and tarsus lengths as
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Redstarts from solitary broods. Despite of delayed
age at first flight, Redstarts from mixed broods com-
pensated for this delay and achieved independence
with similar parameters to those whose broods were
not parasitized.

Solitary Cuckoos fledged, started to fly and
achieved independence later after hatching com-
pared with Redstarts from solitary broods. How-
ever, age from fledging at independence did not
differ between the groups. Similarly, Cuckoos
from mixed broods fledged, started to fly and
achieved independence later after hatching com-
pared with Redstarts from these broods. Neverthe-
less, age from fledging did not differ between the
groups at either first flight or independence. Sur-
prisingly, there was no significant difference in
post-fledging predation rate, starvation and overall
survival rates among all fledgling groups. Thus, our
results suggest that the regular occurrence of
mixed broods in this host-parasite system may be
evolutionarily stable for both hosts and parasites
(see also Samas et al. 2018).

The ability of Cuckoos in mixed broods to com-
pensate during the post-fledging period for smaller
size and delayed ability to fly after leaving the host
nest can perhaps be explained by the brood divi-
sion we regularly observed in the Redstart study
population. In mixed broods one of the adult Red-
starts followed only Redstart fledglings which
fledged (on average) almost 1 week earlier than
the Cuckoo. This is advantageous for the Cuckoo,
which receives undivided care from the second
adult Redstart. An average Cuckoo nestling in a
Redstart nest is fed at frequencies three times
lower than a host brood of equal mass (Samas
et al. 2018). Therefore, if both adult Redstarts
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Figure 5. Fledging and post-fledging parameters (mean + se) among Cuckoos (C) and Redstarts (R) raised in solitary (s; grey bars)
or in mixed broods (m; white bars) at pre-determined situations of biological interest (see Methods): (a) age from hatching, (b) age
from fledging, (c) nest distance, (d) fleeing distance, (e) body mass, (f) wing length, (g) tarsus length and (h) outcome of the post-
fledging period. Sample sizes are shown at the bottom of the bars and vary, e.g. because the fate of some fledglings was ‘unknown’
(see Methods). Results of between-group (sC, mC, sR, mR) post-hoc Tukey tests from linear models (Table S5) are denoted by let-
ters above the bars: groups with different letters within each pre-determined situation are statistically significantly different. Not all
potential combinations are included for various reasons (e.g. body measures cannot be taken from predated or independent fledg-
lings).

feed all chicks in mixed broods almost equally feeding rate for the Cuckoo even in the absence of
(Grim et al. 2009a, 2017), then the absence of one foster parent. As a result, Cuckoos from
Redstart chicks is likely to result in an increase in mixed broods may have received more food after
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than before fledging of Redstart nest-mates, which
thus may improve their condition during the post-
fledging period (Cox et al. 2014).

Redstarts from mixed broods that survived a
Cuckoo’s eviction effort during the first days after
hatching fledged at similar body mass to Redstarts
from solitary broods. The Redstart chick accompa-
nied by one weak Cuckoo competitor and one
Redstart nest-mate (on average; see Methods) in a
mixed brood probably experienced a similar or
even higher provisioning rate as a Redstart chick
reared with four other Redstart chicks (on average;
see Methods) in a solitary Redstart brood (Samas
et al. 2018). In addition, the very large body size
of the Cuckoo might affect heat loss rate in Red-
start nest-mates, saving the energy required for
thermoregulation in the sense that a large Cuckoo
chick might in effect ‘brood’ the Redstart nest-
mates (Grim et al. 2014). This cohabitation thus,
paradoxically, may improve fledging condition of
Redstarts in mixed broods, which is then main-
tained by continuous care by one parent during
the post-fledging period.

Our results provide the first detailed and com-
prehensive insights based on reasonable sample
sizes into the post-fledging period of any Cuckoo—
host system. The only comparable study of Cuckoo
post-fledging period (Wyllie 1981) found that
Cuckoos in open-nesting Reed Warbler nests
fledged on average 3-4 days earlier and first flew
when they were 2-5 days younger than Redstart-
Cuckoos. However, our mixed Cuckoos started to
fly less than 1 day later and our solitary Cuckoos
1 day earlier after fledging than the Cuckoos raised
by Reed Warblers (all numbers summarized from
table 32 in Wyllie 1981). The relationship between
higher fledging age and shorter time from fledging
at first flight is consistent with prolonged nestling
stage and flight capacity improvement in birds in
general (Remes & Matysiokova 2016, Martin et al.
2018). In addition, both Cuckoo groups in our
study reached independence older from hatching
than those raised by Reed Warblers, but at similar
age from fledging. Vega eral (2016) assumed
Cuckoos to be independent after they moved more
than 20 km from the nest. Our observations show
much lower nest distances at independence: 100—
655 m in solitary Cuckoos and 605-807 m in
Cuckoos from mixed broods (File S2).

Our results also showed about a week shorter
nestling period in Redstarts than in young Cuckoos,
but similar durations of post-fledging dependence.

© 2019 British Ornithologists’ Union

The solitary Cuckoos achieved independence
2 days earlier after fledging compared with Red-
starts from solitary broods. Thus, the prolonged
nestling stage in cavity-nests and high predation risk
of fledglings may be important factors driving the
shortening of the Cuckoo post-fledging dependence
period, in line with general patterns among birds
(Remes & Matysiokova 2016). Another potential
explanation to be tested in the future would be
time-limited duration of parental care (as docu-
mented in a different Cuckoo host: Grim 2007b;
see also Grim & Rutila 2017).

Predation, starvation and survival rates did not
differ among fledgling groups. These results are
not biased by the proportions of fledglings whose
status we scored as unknown (see Methods)
because proportions of ‘unknown’ fates did not
differ among fledgling groups (File S2).

Only four (14%; two solitary and two mixed)
of 29 Cuckoo fledglings died from starvation (see
Methods), which confirmed Redstart as a suitable
host for the Cuckoo in the sense of provisioning
both before (Grim et al. 2017) and after fledging.
Similarly, nine (17%) of 53 host fledglings starved
during the post-fledging period (see Methods; Fish-
er’s exact test P = 1.00). Thus, our findings are in
line with the pattern that predation, but not star-
vation, is the primary source of fledgling mortality
in passerines (Sullivan 1989, Yackel-Adams et al.
2006).

In the present study, 38% (11 of 29) of Cuckoo
fledglings certainly survived until independence
(see Methods). This estimate is very similar to the
42% (five of 12; Fisher’s exact test P = 1.00)
reported in a satellite telemetry study by Vega
et al. (2016). Cuckoos raised by Reed Warblers in
the study by Wyllie (1981) showed a survival rate
of 22% (16 of 74) but this is not significantly dif-
ferent from the rate in this study (Fisher’s exact
test P =0.13). The overall post-fledging survival
rate to independence (36%) in Redstarts (19 out
of 53; see Methods) was also statistically identical
to that of our Cuckoos (Fisher's exact test
P = 1.00).

Survival rate during the first 3 weeks after
fledging ranged from 23 to 87% (mean + se =
59.0 + 0.03%, n = 31) in a review across passerine
species (Cox et al. 2014). However, post-fledging
survival rates of <40% combined with low over-
winter survival may cause population declines
(Cox et al. 2014). Vega et al. (2016) followed five
Cuckoo fledglings raised alone in Redstart nests,



after achieving independence, and found a survival
rate of 20% between independence and reaching
the wintering grounds.

Finally, compensatory growth during the post-
fledging period may itself influence development
and survival of Cuckoos from mixed broods and
may have long-term effects that are often not evi-
dent until much later in adult life (Metcalfe &
Monaghan 2001). To clarify these issues, further
radio- and satellite-tracking studies of Cuckoos
raised by Redstarts beyond the post-fledging
dependence period are needed. The absence of
similarly detailed studies prevents comparisons
with other brood parasite-host systems, and this
calls for more research on the virtually unknown
post-fledging period in the context of avian co-
evolutionary arms races.
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Prispévek V

Post-fledging behavior of the Common Cuckoo (Cuculus canorus) attended by

the Chaffinch (Fringilla coelebs): a comprehensive approach to study the least

known stage of brood parasite-host coevolution

Samec pénkavy obecné prinasejici zastupce radu motyld (Lepidoptera), jako potravu mladéti kukacky
obecné béhem pohnizdni faze. Tuto kukacku jsme sledovali dokonce deset dni po jejim
osamostatnéni na tomto hostiteli a méli jsme tak moznost uplného srovnani jejich pohybovych
schopnosti s kukackami vyvedenymi z reh¢ich hnizd. Tato kukacka napriklad vykazovala primérnou
délku letu 61,4 m (n = 7 pozorovani) v priibéhu pohnizdni faze, zatimco u rehc¢ich kukacek (viz
Prispévek 1V) jsme zaznamenali odpovidajici hodnotu: 36,0 m (n = 105 pozorovani u 25 kukacek,

pocitano jako primeér z priméra na kukacku; foto: Zdenék Tyller).
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Postfledging behavior of the Common Cuckoo (Cuculus canorus) attended by the
Chaffinch (Fringilla coelebs): a comprehensive approach to study the least-known
stage of brood parasite-host coevolution

Zdenék Tyller,l* Michal Kysu(“:an,1 and Toma$ Grim'

ABSTRACT—In contrast to the thoroughly studied
incubation and nestling periods, the postfledging period of
the Common Cuckoo (Cuculus canorus) remains virtually
unknown. Here, we report detailed observations of a cuckoo
fledgling attended by a male Chaffinch (Fringilla coelebs).
Molecular data (nuclear DNA) showed the fledgling was a
male belonging to the Cuculus c. canorus/C. saturatus clade
while mitochondrial DNA data confirmed that it did not
belong to blue egg gens that parasitizes Redstarts
(Phoenicurus phoenicurus), which is the most common
local host and the only regular Common Cuckoo host.
During one week of observations, feeding rates did not
change, body mass decreased (by 10%), and wing length
increased (by 16%). Video recordings showed that the
provided diet consisted mostly of larvae and that the
fledgling also self-fed on lichens. A radio transmitter fitted
on the fledgling revealed that daily movement distances
ranged from 0 to 650 m and significantly increased with age.
We suggest that future studies should focus on the
postfledging period in brood parasite young because this
stage currently represents a major gap in our understanding
of parasite-host arms races. Received 22 December 2016.
Accepted 15 April 2017.

Key words: arms race, brood parasitism, coevolution,
Cuculus canorus, fledgling, Fringilla coelebs, telemetry.

Comportamiento postemancipatorio del cuco Cuculus
canorus criado por el pinzon Fringillia coelebs: un
enfoque completo para el estudio de la etapa menos
conocida de la coevolucion entre parasitos de puesta y
sus hospederos

RESUMEN (Spanish)—En contraste con los bien estudiados
periodos de incubacion y permanencia en el nido, el periodo
postemancipatorio del cuco Cuculus canorus permanece
virtualmente desconocido. Aqui reportamos observaciones
detalladas de un cuco volanton criado por un macho del pinzon
Fringillia coelebs. Los datos moleculares (DNA nuclear) nos
muestran que el volanton era un macho que pertenecia al clado C.
c. canorus/C. saturatus, mientras que su DNA mitocondrial confirma
que no pertenece al grupo de huevos azules que parasita al colirrojo
Phoenicurus phoenicurus, que es el hospedero mas comun
localmente y el unico hospedero regular de C. canorus. Durante
una semana de observaciones, la tasa de alimentacion no cambio, la
masa corporal decrecié (un 10%) y la longitud de las alas se

! Department of Zoology and Laboratory of Ornithol-
ogy, Palacky University, Olomouc, Czech Republic
* Corresponding author: zdenek.tyller@centrum.cz

incrementd (un 16%). Las grabaciones en video mostraron que la
dieta provista consiste principalmente de larvas y que el volanton
también se alimentd por si mismo de liquenes. Al fijar un radio-
transmisor en el volanton, se revelo que las distancias de
movimientos diarios varian de 0 a 650 m e incrementan
significativamente con la edad. Sugerimos que futuros estudios se
enfoquen en el periodo postemancipatorio de las crias de parasitos de
puesta, dado que esta etapa representa un vacio mayusculo en
nuestro entendimiento de la competencia entre parasitos y
hospederos.

Palabras clave: Coevolucion, competencia, Cuculus canorus,
Fringilla coelebs, parasitismo de puesta, telemetria, volanton.

Interactions between brood parasites, such as
Common Cuckoos (Cuculus canorus), and their
hosts present an intensely studied model system of
coevolutionary arms races. Most studies on
Common Cuckoos have focused on egg and
nestling stages (e.g., Davies 2000, Stokke et al.
2004, Grim et al. 2011); by contrast, almost
nothing is known about the postfledging period
(Wyllie 1981) and migration from breeding to
wintering grounds (Vega et al. 2016). The only
detailed data on the duration of postfledging care
were reported by Wyllie (1981). Therefore, the
postfledging period remains the least-known stage
of brood parasite—host interactions, and even
anecdotic observations can improve our under-
standing of cuckoo-host coevolution (e.g., Seel
and Davis 1981, Knysh 2000, Grim 2008a). The
current rarity of studies of parasite fledglings (De
Marsico et al. 2012) parallels a previous rarity of
studies of parasite nestlings (Grim 2007a); recent
studies revealed that cases of nestling discrimina-
tion by hosts can, contrary to traditional claims, be
quite common (e.g., Grim 2006, 2007b; Sato et al.
2015; reviewed in Grim 2017). This finding has
fundamentally changed our view of host—parasite
arms races (reviewed in Grim 2017) because
additional lines of defenses (e.g., nestling discrim-
ination in addition to egg discrimination or
aggression towards adult parasites) affect fitness
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and evolutionary trajectories of both parasites and
hosts (Britton et al. 2007). The same principle
applies to interactions at the postfledging stage
when fledgling discrimination can occur (De
Marsico et al. 2012). Thus, ignoring the postfledg-
ing stage can dramatically bias estimates of
parasite fitness. For example, successfully fledged
Common Cuckoo chicks from mixed broods (i.e.,
cuckoos sharing the nest with host nestlings that
the cuckoo chick did not manage to evict; Grim et
al. 2009) suffer total mortality soon after fledging
(Grim and Rutila 2017).

Here, we provide detailed observations, sup-
ported by molecular and telemetry techniques, of a
fledgling Common Cuckoo provisioned by a
Chaffinch (Fringilla coelebs). Chaffinches and
the closely related Bramblings (Fringilla monti-
fringilla) were involved in intense coevolution
with cuckoos, as evidenced by their excellent
abilities to reject foreign eggs (Braa et al. 1992,
Stokke et al. 2004, Vikan et al. 2011). Many cases
of Common Cuckoo eggs found in Fringilla nests
were reported during 20th century (Malchevsky
1960, 1987; Moksnes and Reskaft 1995). Our
literature review revealed nearly 100 records of
Common Cuckoo nestlings and fledglings reared
by Chaffinches in Russia (Promptov 1941; Mal-
chevsky 1960, 1987), Ukraine (Knysh 2000), the
Czech Republic (Sir 1883, Richter 1933, Kroutil
1965), and the United Kingdom (Seel and Davis
1981). Unfortunately, all these sources only
reported the observational records and provided
no additional data on the biology of Common
Cuckoo chicks.

Methods

During our project on relationships between
Common Cuckoos and Redstarts (Phoenicurus
phoenicurus, Samas et al. 2016), we found a
Common Cuckoo fledgling fed by a male
Chaffinch on 18 July 2014, at 1230 h (EEST).
The cuckoo was hidden in a 4 m tall tree (the
Norway spruce, Picea abies) in the middle of a
mature Scotch pine (Pinus sylvestris) forest
(61°22'N, 28°32’E). The cuckoo fledgling perched
on a branch ~0.5 m above ground and begged. The
fledgling was unable to fly, thus we were able to
catch it by hand. We banded the fledgling with a
metal ring of the Finnish Ornithological Society
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(B-66643). We took a blood sample from a wing
vein (15 pL) and stored it in 96% ethanol toward
later determination of the fledgling’s sex (follow-
ing Griffiths et al. 1998) and gens (i.e., ecological
race; Davies 2000) using a COI marker (following
Fossoy et al. 2016).

Between 18 July and 23 July 2014, we were
able to re-catch the cuckoo and take body
measurements once daily. We measured the
fledgling’s body mass with a portable electronic
balance (precision 0.1 g), its tarsus length
(“maximum” tarsus length, following figure 4.5a
in Sutherland et al. 2004; precision 0.01 mm),
wing length (following figure 4.4 in Sutherland et
al. 2004; precision 1 mm), bill length (distance
measured from the tip of the bill to the distal-most
point of the fleshy fold of the rictal flange,
precision 0.01 mm; Grim and Honza 2001), and
bill width (distance measured between the bilateral
fleshy folds of the rictal flange, precision 0.01 mm;
Grim and Honza 2001).

We commenced video recording of the fledgling
immediately after noticing it was attended by a
male Chaffinch. Video recording took place from
18 July to 26 July 2014 between 0630 and 2400 h
and lasted 3-8 h per day, 5 h on average. We
employed video cameras to record feeding events
without disturbing the birds (we also observed a
female Chaffinch feeding 4 Chaffinch fledglings
nearby; however, this female was never recorded
feeding the cuckoo fledgling). Recordings were
obtained with an HD digital video camera
(Panasonic HDC-HS80EP) mounted on a tree
trunk overlooking the location of the fledgling. To
minimize disturbance, the camera was hidden in
wooden box (figure 2b in Samas et al. 2016) and
placed ~10 m from the fledgling. The camera view
covered the cuckoo’s position and the surrounding
branches to account for potential short movements
of the fledgling.

From the video footage, we calculated the
feeding rate as the number of feedings per hour
(Soler et al. 2014) and identified prey types down
to order level (see also Grim et al. 2014). As a
result of changing weather conditions, orientation
and position of the fledgling, and the angle at
which the Chaffinch male was feeding, we were
sometimes unable to determine prey identity with
certainty. We estimated dominance as D = number
of items of a respective order/total number of items
X 100, and frequency as F = number of feeding
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Table 1. Composition of food delivered to the Common
Cuckoo fledgling by a male Chaffinch. Total number of food
items was 232 (from 165 video-recorded feeding events). D
= dominance, F = frequency. See methods for details.

D (% of F (% of
Prey type items)  feeding events)
Lepidoptera and Hymenoptera larvae ~ 58.6 55.8
Lepidoptera imago 3.0 4.2
Orthoptera 2.2 3.0
Araneida 1.3 1.8
Diptera 0.4 0.6
Unidentified 345 48.5

events in which items of the respective order
appeared/total number of feeding events X 100
(Table 1). Because of their strong similarity, larvae
of Lepidoptera and Hymenoptera were counted as
one prey type. The number of items is higher than
the number of feeding events because the fosterer
often provided several items per feeding. Graph-
ical sonograms of the fledgling’s begging calls
were obtained by uploading calls into Xeno-canto
database (www.xeno-canto.org) as XC347199
(begging call in the absence of the Chaffinch
male) and XC347200 (begging call with Chaffinch
male present).

Following the methods of Nakamura and
Miyazawa (1997) and Diemer et al. (2014), we
attached a glue-mounted transmitter PIP3 Ag393
(Biotrack Ltd) to the back feathers of the fledgling
to monitor its movement and behavior. The
transmitter included a 15 cm long wire antenna
and weighed 2.1 g (we used the same transmitters
to radio track Common Cuckoos fledged from
Redstart nests). We glued this transmitter to
clipped back feathers with cyanoacrylate (Super
Glue; Diemer et al. 2014). Transmitter loss was
expected with molting (Diemer et al. 2014), which
occurs in young Common Cuckoos prior to
migration (Verheyen 1950, Stresemann and Stre-
semann 1961, Rohwer and Broms 2013). The
detection ranges of the PIP3 tag were 200-600 m
(ground to ground) and 500-1200 m (above
ground).

We always commenced tracking at the location
of the last visual contact with the cuckoo and used
a portable 4 MHz Sika receiver with a hand-held
Lintec flexible 3-element Yagi antenna (138 MHz)
to capture the signal and retrack the cuckoo. After
we established first visual contact with the cuckoo,
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we recorded its GPS position in the mobile
application Locus Map Version 2.10.1 (precision
2—6 m) to measure daily movement distances. We
recorded the height and type of its shelter (always
a tree) and fledgling height above ground (preci-
sion 0.5 m). When our presence or capture
attempts caused the fledgling to flush from its
shelter, we also recorded the type of movement it
used (hopping/flying), the distance it flew, and the
number of flying bouts (precision 1 m in all cases).
We denoted the day we tagged the fledgling as day
0. We conducted radio tracking daily until we first
noticed signs of the cuckoo fledgling’s indepen-
dence (i.e., absence of fledgling’s begging, no
feeding, and no alarm calls from the Chaffinch
male) and then tracked the cuckoo every second
day for another 10 d after it became independent.

Values are reported as mean (SD). All analyses
were conducted in STATISTICA 12 (StatSoft Inc.
2013).

Results

Nuclear DNA analysis showed that the Com-
mon Cuckoo fledgling was a male. The COI
mitochondrial DNA marker showed that the
individual belonged to the C. c¢. canorus/C.
saturatus clade.

Video recordings showed that prey belonged to
several invertebrate orders (Table 1). Surprisingly,
from the second day of observations onward, the
fledgling was self-feeding on lichens from branch-
es (Supplementary material video: https://www.
youtube.com/watch?v=EGg5fpsmvls). The con-
sumed fragments of lichen measured ~0.5 X 0.5
cm (maximum 2 X 1 cm; reconstructed through the
known size of the Common Cuckoo’s bill) and
were usually consumed when the Chaffinch was
not present (n = 21 self-feedings). Feeding
frequency by the male Chaffinch was 6 (4) feeds
per hour (median =5, range = 1-19, n =29 h) and
did not correlate with fledgling age (daily means:
rs=0.64, P =0.12).

When the Chaffinch male was not present, the
Common Cuckoo emitted a host-absent begging
call (Sicha et al. 2007) about 0.1 s in duration and
4-8 kHz in frequency, repeated in 1 call/s intervals
(Fig. 1a). After the Chaffinch male appeared, the
fledgling changed the structure of the call to the
standard begging call (Grim 2008a) with a
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Figure 1. Sonograms of begging calls of the fledgling Common Cuckoo in (a) the absence of the Chaffinch male (Xeno-

canto id: XC347199) and (b) during presence of the Chaffinch male (Xeno-canto id: XC347200). The sonograms were
created using Xeno-canto website and the background noise (wind) was cleaned.

duration of about 0.1-0.2 s and a frequency of 5—
15 kHz, which was repeated at a rate of ~2 calls/s
(Fig. 1b).

During feeding, the Common Cuckoo always
raised and shook its wing in the direction of the
arriving Chaffinch if the fosterer was arriving from
right or left side (68%, n = 144; asymmetrical
wing-shake begging; Grim 2008b). When the
Chaffinch arrived from the front (32%), the
fledgling shook both its wings (Fig. 2).

In the flightless stage (first 3 d from day O,
starting 18 July), the Common Cuckoo remained
in the same tree and at a constant height of ~0.5 m
above ground level. On 21 July, we found the
cuckoo perched on a 4 m tall spruce tree, 0.5 m
above ground, at a distance of 40 m from its

original position. It spent the next day in the new
shelter as well at the same height of 0.5 m above
ground level. We first observed the cuckoo in flight
on 23 July when we flushed it from a 3 m tall
spruce on which it perched ~1 m above ground
level. This spruce was located at a 40 m distance
from the previous day’s last recorded position, and
the cuckoo flew about 50 m before it landed. This
observation occurred on the last day when the
cuckoo perched <2 m high and also the last
occasion on which we managed to catch and
measure the bird. In this 6 d period, daily
measurements revealed that body mass changed
from 73.2 to 66.1 g, tarsus length from 25.8 to
25.7 mm, wing length from 122 to 142 mm, bill
length from 22.8 to 24.5 mm, and bill width from
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Figure 2. The fledgling of the Common Cuckoo shaking
both wings while being fed by the Chaffinch male. Photo
credit: Z. Tyller.

16.7 to 17.5 mm. In this period, body mass (68.7
[2.85] g, median = 68.1 g, range = 66-73.2 g, n =
6) decreased significantly with fledgling age (r, =
—0.83, P=0.042), while tarsus length (25.8 [0.17]
mm, median = 25.8 mm, range = 25.52-26.01
mm, n = 6) did not (r, =—0.14, P = 0.79). Wing-
length (132 [7.95] mm, median = 132 mm, range =
122-142 mm, n = 6) increased with fledgling age
(rs = 1.00, P < 0.001). Bill-length (24.0 [0.68]
mm, median = 24.3 mm, range = 22.8-24.6 mm, n
= 4) and bill-width (17.3 [0.30] mm, median =
17.4 mm, range = 16.7—-1.75, n=4) did not change
with fledgling age (v, = 0.80, P = 0.20; and r, =
0.80, P = 0.20, respectively).

After the flightless period, we continued to track
the Common Cuckoo fledgling daily until we first
noticed its independence on 2 August (15 d from
tagging). We then tracked the cuckoo down at least
every second day until 13 August (26 d from
tagging). We recorded 15 GPS positions of the
cuckoo fledgling. The daily movement distances
varied from 0 to 650 m (127.5 [195.4] m, median
= 65 m, n = 14 distances from the previous
position) and increased significantly with fledgling
age (r,=0.81, P < 0.001). The height of the trees
selected by the cuckoo as shelters (9.2 [5.0] m,
median = 8 m, range = 3—15 m, n = 15) increased
with fledgling age (s = 0.83, P < 0.001). The
height of the fledgling’s position above ground
level (4.5 [4.1] m, median = 4 m, range = 0.5-12
m, n=15) positively correlated with both fledgling
age (r,=0.94, P < 0.001) and with shelter height
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(rs=10.86, P < 0.001). The length of the cuckoo’s
flight after being disturbed by us (61.4 [47.1] m,
median = 50 m, range = 20-150 m, n = 7)
increased with fledgling age (r,=10.56, P=0.038),
but the number of flying movements during
particular observations (3.6 [1.8], median = 3,
range = 1-6, n =7) did not correlate with fledgling
age (r;=0.49, P =0.74).

Discussion

Although the Chaffinch is one of the best
rejecters of Common Cuckoo eggs (e.g., Braa et al.
1992), our and previous data (discussed earlier)
confirm that this species is a suitable Common
Cuckoo host that can raise the Common Cuckoo to
independence. Notably, the Common Cuckoo
fledgling reported herein was able to achieve
independence despite being reared by only a single
Chaffinch foster parent. Molecular analyses ex-
cluded the blue egg gens as the affinity of the
Common Cuckoo fledgling (the blue egg gens is
the only cuckoo gens that can be recognized
genetically; Fossay et al. 2016). This information
confirms that the Common Cuckoo fledgling was
not originally raised by the Redstart, the most
common (Samas et al. 2016) and sole regular
Common Cuckoo host (Grim et al. 2014) in our
study area, and later adopted by the Chaffinch
male. To our knowledge, this is the first observa-
tion where the phylogenetic identity of a brood
parasite fledgling was confirmed genetically and
potential adoption excluded (cf. Sealy and Lor-
enzana 1997). We believe that future studies would
benefit from using molecular data to strengthen
their conclusions. In addition, this evidence and
independent observations of a Common Cuckoo
fledgling fostered by a Chaffinch in 2016 (we were
unable to follow this fledging) confirm that
Chaffinches may regularly act as local hosts of
cuckoos in our study area.

The most commonly recorded dietary compo-
nents were larvae of Lepidoptera and Hymenop-
tera, which agrees with the diet fed to Common
Cuckoo fledglings by Redstarts in our study area
(Grim et al. 2017). Such an insect-dominated diet
is also typical for Common Cuckoo nestlings
(Grim and Honza 2001). Our observation of the
Common Cuckoo fledgling self-feeding on non-
animal diet (i.e., lichens obtained from branches) is
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therefore noteworthy and has not previously been
reported. The consumption of lichens was clearly
visible on the recordings (Supplementary video),
but the video resolution was insufficient to exclude
the potential presence of small insects on the
surface of the lichens. Furthermore, self-feeding
on lichens was only observed during absence of
the Chaffinch male, suggesting that it represented
foraging behavior (see ‘“‘exploratory pecking”
described by Woodward 1983) and not simply
bored play. Observed wing-shaking patterns were
similar to those of Common Cuckoos raised by
other hosts (Grim 2008b).

The only available data on Common Cuckoo
fledglings show that those attended by Reed
Warblers (Acrocephalus scirpaceus; Wyllie 1981)
and Redstarts (MK, unpubl. data) remain flightless
during only 0-3 d postfledge. This finding,
combined with the fact that on the day of first
encountering the Common Cuckoo fledgling its
body mass and wing length were in the typical
range for Redstart-provisioned cuckoos at fledging
(Grim and Samas 2016; MK, unpubl. data),
suggests that we commenced observations of the
cuckoo shortly after it fledged.

Our data on fledgling growth, daily movement
distances, and fledgling behavior are impossible to
compare with equivalent records because no such
detailed observations of Common Cuckoo fledg-
lings were ever published from any host species
(literature search). We can only compare age at
independence: 15 d in the Chaffinch nest vs. 16 d
on average in Reed Warbler nests (table 32 in
Wyllie 1981). Common Cuckoo fledglings in Reed
Warbler nests left the nest after 17 d on average,
first flew at 19 days old (i.e., 2 d after fledging),
and became independent 33 d after hatching (table
32 in Wyllie 1981).

Despite the anecdotal nature of our observa-
tions, no previous study provided such detailed
data on the postfledging period in any host of the
Common Cuckoo. Specifically, our comprehensive
approach included molecular analyses, video
recording of host provisioning and fledgling
begging behavior, sonogram analysis, diet com-
position analysis, postfledging daily movement
measurements, and growth measurements. Our
study for the first time demonstrates it is
methodologically feasible to obtain detailed data
on the postfledging period in the Common Cuckoo
and calls for further study. Because Common
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Cuckoo chick parameters are highly specific per
host species (e.g., chick growth data show high
statistical repeatability across various hosts; Grim
and Samas 2016), even anecdotal observations can
provide useful samples (e.g., Grim 2008a).
Additional datasets equivalent to the data present-
ed here could inform meta-analyses and lead to
new insights into the least-studied stage of brood
parasite—host coevolution.
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1 ABSTRAKT DISERTACNI PRACE

Obligatni hnizdni parazitismus ptedstavuje alternativni reprodukeni strategii, jejimz cilem je
maximalizace biologické zdatnosti za souCasné minimalizace nakladli spojenych s reprodukci.
Paraziticky druh vSak touto cestou negativné ovliviiuje fitness svého hostitele, ¢imz u néj
vyvolava selekci protiparazitickych adaptaci, kterym se musi nasledné sam prizptisobit formou
fixace nového znaku a naopak. Soucasny stav interakce obou druhi je proto vysledkem tzv.
,zavodl ve zbrojeni“, ke kterym dochazi vramci jejich koevoluce. Studium paraziticko-
hostitelskych interakci tak kromé snadnéjsiho pochopeni evolu¢ni historie, ekologie, bionomie a
zivotnich strategii sledovanych druhii poskytuje idedlni podminky k porozuméni samotnym
mechanismtm evoluce.

V predlozené disertacni praci se zabyvam studiem interakce mezi obligatnim hnizdnim
parazitem kukackou obecnou (Cuculus canorus) a jeho hostitelem rehkem zahradnim
(Phoenicurus phoenicurus). Rehek zahradni je jedinym pravidelnym evropskym hostitelem
kukacky obecné, ktery hnizdni v dutinach a proto je zde hnizdni parazit vystaven unikatnim
podminkam a selek¢nim tlakiim, které v jinych paraziticko-hostitelskych systémech pozorovat
nemiizeme. Spolecné s kolegy jsem zkoumal opomijené aspekty vramci této interakce, které
byly dosud obestieny rouskou spekulaci, faim (jak vyplyva z vysledkl této prace) a nejistot.
Konkrétné jsme se zamérili na zpisob kladeni vajec kukackou do dutinovych hnizd rehki
(Prispévek I), na nakladnost vychovy parazita (vCetné inkubace vajec) pro rehéi rodice
(Prispévek II, Pirispévek III) a na pohnizdni interakci v ramci kukacko-rehc¢iho (Prispévek IV)
a k nému sympatrického kukacko-pénkaviho systému (Prispévek V).

Jako viibec prvni jsme zjistili, Ze kukacky kladou vejce do hnizdnich budek rehkd hned
tfemi riznymi metodami, které se navzajem lisi nejen zpisobem a rychlosti provedeni, ale
predevSim uspésSnosti parazitace, vCetné presnosti zacileni vejce do hnizdni kotlinky a
pravdépodobnosti jeho odmitnuti hostitelem (Piispévek I). Dale jsme viibec poprvé prokazali,
Ze vychova parazitického mladéte neni pro rehci rodice nakladnéjsi nez vychova jejich vlastni
primérné snisky (Prispévek II), coz mize byt jednou zpri¢in pomérné slabych
protiparazitickych adaptaci rehki, které v soucasnosti pozorujeme (Pirispévek III). Rovnéz jsme
jako prvni zdokumentovali, Ze neexistuje prikazny rozdil ve vysledku pohnizdni faze napftic
riznym sloZenim sniiSek a obéma interagujicimi druhy v ramci kukacko-rehc¢iho systému. To by
mohlo vypovidat o mimoiadné koevolu¢ni stabilité tohoto systému (Prispévek 1V). Navic jsme
podrobné zdokumentovali piipad velmi dobte prosperujicitho kukacciho mladéte v pohnizdni
péci pénkavy obecné (Fringilla coelebs; Prispévek V). Kukacko-pénkavi systém tak mize byt
potencidlné podobné vhodny pro kukacku jako ten kukacko-rehci, ktery je ovSem dosud

mnohem lépe prostudovany (Prispévek V).



Tato komplexni studie tak mnoha svymi vysledky bud’ pfimo vyvraci, nebo poupravuje
metodologické pristupy jako je napriklad srovnani dasledkli parazitace na Urovni dospélych
ptakd i mlad’at v ramci obou interagujicich druhi. RovnéZz pouZiti velkého spektra technického
vybaveni a metodologickych procedur nabizi inspiraci a otevird nové moZnosti pro podobné
vyzkumy napfi¢ raznymi paraziticko-hostitelskymi systémy, které jsou nezbytné pro meta-

analyzu dat a tak pro objektivnéjsi zhodnoceni SirSich zavérd.

Klicova slova: kukacka obecnd, rehek zahradni, kladeni vajec, smiSena snii$ka, nakladnost,

pohnizdni péce, video, radiotelemetrie



2 UvoD

V diserta¢ni praci se zabyvam z evolu¢niho hlediska neobycejné zajimavou interakci dvou
ptaCich druhd, kterou véda oznacCuje jako obligatni mezidruhovy hnizdni parazitismus.
organismus Zije, ¢i profituje na tikor jiného organismu a ptisobi mu tim vice ¢i méné vyznamnou
Ujmu, ¢imZ snizuje jeho biologickou zdatnost (fitness; Stearns 1992). Parazitické organismy tak
vytvareji jeden z nejsilnéjSich selek¢nich tlakii v prirodé, tzv. parazity zprostiedkovanou
ptirodni selekci (parasite-mediated natural selection), zvyhodnujici jedince s leps$i schopnosti
odolavat parazitim (Hamilton a Zuk 1982, Ridley 2003). Takto fixované hostitelské znaky,
naopak negativné ovliviiuji biologickou zdatnost parazita. Proto znovu zasahuje prirodni vybér,
ktery vyselektuje adaptace k prekonani novych urovni hostitelské obrany a opét tak prenasi
seleké¢ni tlak na hostitele (Dawkins a Krebs 1979).

Tento recipro¢ni selekéni tlak mezi parazitem a hostitelem ma proto charakter tzv.
»zavodl ve zbrojeni“ (Dawkins a Krebs 1979, Rothstein 1990) a je rovnéz oznacovan jako
antagonisticka koevoluce. Koevoluce predstavuje vzajemné ovliviiovani popula¢ni evoluce mezi
jednim ¢i vice druhy organismi (Ridley 2003). Koevoluci je mozné studovat na zakladé detekce
koadaptaci u cilovych druhti v souvislosti se znalosti jejich ekologie, bionomie a predevsim jejich
vzajemnych interakci. Zejména disledky hnizdniho parazitismu ze strany kukacky obecné
(Cuculus canorus), kde parazitické mladé prostiednictvim svych vytlaCovacich instinktl
zplsobuje zpravidla nulovy reproduk¢ni uspéch hostitele v ramci daného hnizdniho pokusu
(dien a kol. 1995), vyvolavaji u hostitelského druhu vyrazné protiparazitické adaptace na
riznych Urovnich jejich vzajemné interakce (Moksnes a kol. 2013).

Disertacni prace popisuje interakci kukacky obecné sjejim jedinym, evropskym,
dutinovym hostitelem rehkem zahradnim (Phoenicurus phoenicurus; Samas a kol. 2016, Grim a
Rutila 2017). Hnizdn{ strategie tohoto hostitele, ktera je unikatni napti¢ pravidelnymi kukac¢¢imi
hostiteli, zptsobuje vznik a tedy i moznost studia neobvyklych koevolu¢nich jevi, jako je
napiiklad zptsob kladeni parazitickych vajec do hnizd ukrytych v dutinach (Prispévek I), ci
existence smiSenych sntiSek a jeji diisledky pro parazita i hostitele (Prispévky II-1V). Unikatni je
rovnéz komplexnost prezentovaného vyzkumu, ktery mapuje interakci sledovanych druht v
ramci kompletniho reprodukéni cyklu od kladeni vajec (Piispévek I) a jejich inkubace
(Prispévky II a III), pres vychovu mlad’at v hnizdé (Prispévky II a III) i béhem pohnizdni faze
az po jejich osamostatnéni (Prispéveky II-V). V ramci jednotlivych fazi interakce sledovanych
druhi je mimo jiné posuzovana ¢i diskutovana funkce, efektivita a evolucni kontext prislusnych

adaptaci a protiadaptaci.



PredloZena prace proto nabizi kromé analyzy soucasného stavu interakce a celé rady
novych informaci, také jedine¢ny pohled do koevolu¢ni historie studovanych druht (Prispévky
I-IV). Navic je priloZzena studie (Prispévek V) mapujici pripad pohnizdni interakce dalsi
evropské ekologické rasy kukacky obecné s pénkavou obecnou (Fringilla coelebs). Tento
hostitelsky druh na rozdil od rehka zahradniho buduje otevitend hnizda a v rdmci oblasti, ktera
zahrnuje nasi studijni lokalitu, byl dosud povaZovan za pouze prileZitostného hostitele (Vikan a
kol. 2010, 2011). Zahrnuti tohoto c¢lanku tak umozZiiuje komplexnéjsi posouzeni vysledki
diserta¢ni prace a zaroven dopliiuje metodologicky pristup ke studiu pohnizdni faze kukacko-
hostitelskych systémi. Ve vysledku tato prace vyznamné dopliluje a upiesnuje dosavadni
informace a zaroven poskytuje celou Fadu absolutné novych poznatki hned o dvou

sympatrickych kukacko-hostitelskych systémech.



3 CILE PRACE

V disertac¢ni praci se zabyvam dosud zcela opomijenymi urovnémi kukacko-hostitelské interakce
jako je kladeni vajec parazitem do dutinovych hnizd, mira ndkladnosti péce o parazita pro
dutinového hostitele a pohnizdni interakce kukacky obecné se dvéma finskymi v sympatrii se

vyskytujicimi hostiteli. Konkrétné jsem se zaméril na nasledujici otazky:

e Jakym zptsobem klade samice kukacky obecné vejce do hnizd chranénych v dutinach?
(Prispévek])

e Jak moc je vychova kukacciho mladéte nakladna pro dutinového hostitele v porovnani
s péci o jeho vlastni potomky a co z toho plyne? (Prispévky II)

e Muze nizka uroven nakladnosti vychovy kukacciho mladéte pro rehci rodice vysvétlovat
nizkou uroven hostitelské obrany u rehka zahradniho? (Prispévek III)

e Jakym zplsobem probihd pohnizdni interakce kukacky obecné sjejim jedinym
pravidelnym dutinovym hostitelem a jak se do ni promita specificnost této hnizdni
strategie? (Prispévek IV)

e Jak probiha pohnizdni interakce mezi kukackou obecnou a krehkiim sympatrickym
hostitelem budujicim otevirena hnizda a jakym zptlisobem studovat pohnizdni periodu u

hnizdnich parazitG? (Prispévek V)



4 PREHLED VYSLEDKU

V disertacni praci jsem se zabyval mezidruhovym hnizdnim parazitismem u ptakd a konkrétné
interakci kukacky obecné se dvéma navzajem sympatrickymi a z hlediska protiparazitickych
adaptaci velmi odliSnymi hostiteli. PfedevSim se jednalo o studium kukac¢i interakce s jejim
pravidelnym hostitelem rehkem zahradnim, ktery se vyznaluje vtomto kontextu unikatni
dutinovou hnizdni strategii, nizkou arovni aktivni protiparazitické obrany a neobvykle vysokou
mirou parazitismu. Tomuto hostitelskému systému jsem se se svymi kolegy vénoval napiic¢
kompletnim reprodukénim cyklem. V ramci jednotlivych fazi tohoto cyklu, jsme se zamérili na
klicové a Casto neznamé ¢i sporné otazky, jejichZz objasnénim (Prispévky I-IV) jsme vyrazné
napomohli k pochopeni mechanizmi hostitelsko-parazitické koevoluce.

V Prispévku I jsme zdokumentovali tfi rizné strategie kladeni vajec kukackou obecnou
do dutinovych hnizd rehkd zahradnich, ztoho dva zplsoby kukacc¢iho kladeni byly dosud
uvadény pouze v hypotetické roviné a teprve v této studii byly viibec poprvé zdokumentovany
pomoci videotechniky. Strategii vystieleni vejce z kloaky (projecting) jsme navic jako prvni
zdokumentovali nejen pro tridu ptakd, ale dosud nebyla znama u zadného prislusnika blanatych
vejcorodych zZivocichl. Navic jsme dokazali, Ze se podobné jako v pripadé primého kladeni jedna
o progresivni metodu kladeni vajec, ktera zvysuje fitness parazita. Jednotlivé metody kladeni se
totiz navzajem liSily v nékolika dtlezitych aspektech ovliviiujicich celkovou uspésnost
parazitace a tak i parazitovu a hostitelovu reprodukéni zdatnost. Ve vysledku tak dutinova
hnizdni strategie rehki predstavuje spiSe nez maladaptaci vzhledem k predac¢nimu tlaku, velmi
ucinnou protiparazitickou adaptaci, ktera tak tlumi projev ostatnich forem obrany znamych u
jinych kukaccich hostiteld.

Prispévek II demonstruje, Ze vychova kukac¢¢iho mladéte nemusi byt pro hostitele nutné
ndkladnéjsi nez vychova vlastnich mlad’'at a zpochybnuje tak toto obecné tradované dogma.
Studie navic ukazuje, Ze vychova parazita je vramci specifického kukacko-rehc¢iho systému
v nékterych aspektech dokonce méné naro¢na nez péce o jejich vlastni primérnou sntisku. Ani
pécCe o smiSenou snlisku neni ve vétsSiné zkoumanych aspektli pro rehci rodice naro¢né;jsi nez
péCe o snlsku neparazitovanou. Pomérné nizké bezprostiedni ndklady spojené s vychovou
parazita by tak mohly Caste¢né vysvétlovat nizkou uUroven protiparazitické obrany u rehka
zahradniho i relativni koevolu¢ni stabilitu tohoto paraziticko-hostitelského systému.

V Prispévku III predevsim reSime a odpovidame na Kritiku jednoho z vedlejsich zavéri
naseho predeslého prispévku (Prispévek II). Hlavnim argumentem této kritiky bylo, Ze samotna
ztrata veskerého potomstva vytvari urcujici selekéni tlak pro vyvoj protiparazitické obrany

hostitele a Ze podobna uroven bezprostiednich nakladi na vychovu kukacky a hostitelskych

mlad’at miiZze jen stézi vysvétlovat nizkou droven této obrany. Hlavnim argumentem nasi



obhajoby (Prispévek III) je, Ze kdyby méla byt urcujicim faktorem urovné hostitelské obrany
jednotna ztrata veSkerého potomstva, potom bychom nemohli pozorovat vysokou variabilitu
v intenzité protiparazitické obrany napri¢ rliznymi hostiteli a jejich populacemi. Tim také
potvrzujeme nas pivodni zaveér, Ze se na vyvoji hostitelské obrany mize podilet vicero slozek
celkové nakladnosti kukac¢¢iho parazitismu a to bez ohledu na rozdil vjejich relativnim
selekénim tlaku.

Prispévek IV podava prvni detailni informace o pribéhu pohnizdni faze z hlediska
parazitickych i hostitelskych mlad'at v ramci vSech dosud provedenych studii zabyvajicich se
kukacko-hostitelskymi systémy. Vysledky této studie navic vyvratily dosavadni presvédceni o
znevyhodnéni mlad’at pochazejicich ze smiSenych sniisek béhem pohnizdni faze v kukacko-
reh¢im systému. Navzdory rozdilim v nékterych parametrech na pocatku pohnizdni faze nebyl
mezi mlad’aty z jednotlivych typt sntisek zadny prikazny rozdil ve srovnavanych parametrech,
vCetné miry preZivani, v dobé jejich osamostatnéni na rehcich rodicich. Pravidelny vyskyt
smiSenych sniiSek v hnizdech rehka zahradniho proto muze byt evolucné stabilnim jevem pro
oba interagujici druhy.

Prispévek V sleduje pohnizdni chovani a vyvoj kukac¢iho mladéte v péci samce pénkavy
obecné. Pénkava obecna se v ramci nas$i studijni lokality Ffadi mezi druhy pouze prileZitostné
parazitované kukackou obecnou. Pozorovani intenzity krmeni, analyza sloZeni prinaSené
potravy, ristu a chovani mladéte navzdory tomu ukazuji, Ze je v mnoha ohledech velmi
vhodnym hostitelem tohoto parazita, pro kterého neni problém vychovat kukacku aZz do jejiho
osamostatnéni.

Podobné komplexni studie napti¢ riiznymi paraziticko-hostitelskymi systémy by mohly
umoZznit potfebnou meta-analyzu dat a tim vyrazné posunout nase védomosti o koevolu¢nich

zavodech ve zbrojeni.
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5 ABSTRAKTY PRISPEVKU PRILOZENYCH K DISERTACNi PRACI

Jednotlivé prispévky jsou fazeny podle jejich zaméteni vzhledem k chronologické posloupnosti

jednotlivych interakci mezi kukackou a rehkem v priibéhu reprodukéniho cyklu.

PRISPEVEK I

Kysucan M., Tolvanen J., Samas P., Miller R,, Rutila J., Grim T. & Thomson R. L. Cuckoos

exploit cavity-nesting hosts with alternative ways of egg-laying (manuscript).

Almost all birds lay eggs directly into their own nests. Avian obligate brood parasites, in
contrast, never build nests, but deposit their eggs into host nests. How exactly they achieve this
has been one of the most discussed topics in natural history for centuries. Here we explored for
the first time a host-parasite system where alternative egg-deposition modes to direct egg laying
were hypothesized (see Extended Data Table 1). We video-recorded alternative laying behaviour
in the common cuckoo Cuculus canorus when parasitizing nests of its regular cavity-nesting host,
the common redstart Phoenicurus phoenicurus. About a quarter of cuckoos used the projecting
strategy, when the female protruded her cloaca to the nest cavity while perching at the entrance
and shot the egg which “flew” into the nest. This laying behaviour, unique among Amniotes,
enhanced parasite’s fitness and may represent a pivotal adaptation in parasite-host co-evolution.
About a half of females passively dropped their eggs from the cavity entrance with a great
majority of eggs missing the nest cup. Such inefficient laying strategy may represent an
intermediate evolutionary stage between egg-deposition modes. The remainder of cuckoos
laying directly into the nest cup proved to be the most effective mode but was associated with
higher risk of nest desertion and getting stuck inside the cavity. After centuries of speculations
we provide the first direct evidence that parasitic cuckoos use alternative egg-deposition modes

and quantify fitness of alternative laying modes.

PRISPEVEK II

Samas P., Rutila J., Honza M., Kysu¢an M. & Grim T. 2018. Rearing a virulent common

cuckoo is not extra costly for its only cavity-nesting host. Proc. R. Soc. B 285: 20181710.

Virulent brood parasites refrain from arduous parental care, often kill host progeny and inflict

rearing costs upon their hosts. Quantifying the magnitude of such costs across the whole period
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of care (from incubation through to parasite fledgling independence) is essential for
understanding the selection pressures on hosts to evolve antiparasitic defences. Despite the
central importance of such costs for our understanding of coevolutionary dynamics, they have
not yet been comprehensively quantified in any host of any avian brood parasite. We quantified
parasite-rearing costs in common redstarts Phoenicurus phoenicurus raising either parasitic
common cuckoo Cuculus canorus or their own chicks throughout the complete breeding cycle,
and used multiple cost parameters for each breeding stage: incubation, brooding and feeding
effort; length of parental/host care; parent/host body condition; and heterophil/lymphocyte
ratio (stress-level indicator). Contrary to traditional assumptions, rearing the parasite per se was
not associated with overall higher physiological or physical costs to hosts above the natural
levels imposed by efforts to rear their own progeny. The low parasite-rearing costs imposed on
hosts may, in part, explain the low levels of known host counter-defences in this unusually

frequently parasitized cuckoo host.

PRISPEVEK III

Samas P., Kysuc¢an M., Honza M. & Grim T. 2019. Multiple costs are relevant for evolution

of host anti-parasite defences. Reply to Yang C et al. (2018). Proc. R. Soc. B 286: 20191690.

Studies of brood parasite-host coevolution have generally assumed that hosts invest more
parental care to rear parasite progeny than their own offspring: this view was taken for granted
in cases when a parasite chick (e.g. the common cuckoo Cuculus canorus; hereafter ‘cuckoo’) was
dramatically larger than a host chick (small passerines in the case of cuckoos). This seemed
obvious because a cuckoo fledgling weighs as much as the whole family of a host, i.e. all chicks
and both male and female fosterers combined (own unpublished data). Recently, we reported
results that question this view: rearing the cuckoo was not associated with overall higher
immediate rearing costs to common redstarts Phoenicurus phoenicurus (hereafter ‘redstart’)
above the natural baseline levels that are imposed by efforts to rear their own progeny anyway.
Additionally, we suggested that such low costs may partly help explain low levels of host
counterdefences in this host. In their comment, Yang et al. 2018 do not contradict our main
conclusions (rearing the cuckoo is not extra costly) but disagree with our suggestion that
surprisingly low immediate rearing costs can be relevant for the evolution of host defences.

Here, we address this criticism.
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PRISPEVEK IV

Kysucan, M., Samas, P. & Grim, T. 2020. Post-fledging interactions between the Common
Cuckoo Cuculus canorus and its cavity-nesting Common Redstart Phoenicurus phoenicurus

host. Ibis 162: 90-103.

Brood parasite-host interactions during the incubation and nestling stages have been well
studied, but the post-fledging period remains virtually unknown. Using radiotracking, we
provide the first detailed data on post-fledging interactions between the Common Cuckoo
Cuculus canorus and its only regular cavity-nesting host, the Common Redstart Phoenicurus
phoenicurus. Cuckoos raised alone (‘solitary’) fledged at higher mass, with higher wing and
tarsus length and started to fly at a younger age than Cuckoos raised alongside young Redstarts
(‘mixed’). However, a further 23 fledging and post-fledging parameters measured at five pre-
determined times (fledging, first-flight, predation, starvation, independence) did not differ
between solitary and mixed Cuckoos. In addition, none of the parameters measured during the
post-fledging period (growth, dispersal distances, number of flights) differed between solitary
and mixed Cuckoos. Redstart fledglings from non-parasitized broods (‘solitary’) showed
generally similar fledging and postfledging parameters to fledglings reared alongside a Cuckoo
(‘mixed”). Surprisingly, there were no significant differences in post-fledging predation rate,
starvation or overall survival rates between mixed and solitary Cuckoos or mixed and solitary
Redstarts. Thus, during the post-fledging period, mixed Cuckoo fledglings successfully
compensated for the poorer performance experienced during the nestling stage whereas mixed
and solitary Redstarts did not differ in any measured parameters. This suggests that the regular
occurrence of mixed broods in this host-parasite system - which is unique among the many

Cuckoo hosts - is evolutionarily stable for both hosts and parasites.

PRISPEVEK V

Tyller, Z., Kysu¢an, M. & Grim, T. 2018. Post-fledging behavior of the Common Cuckoo
(Cuculus canorus) attended by the Chaffinch (Fringilla coelebs): a comprehensive
approach to study the least known stage of brood parasite-host coevolution. Wilson J.

Ornithol. 130: 536-542.

In contrast to the thoroughly studied incubation and nestling periods, the postfledging period of
the Common Cuckoo (Cuculus canorus) remains virtually unknown. Here, we report detailed

observations of a cuckoo fledgling attended by a male Chaffinch (Fringilla coelebs). Molecular
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data (nuclear DNA) showed the fledgling was a male belonging to the Cuculus c. canorus/C.
saturatus clade while mitochondrial DNA data confirmed that it did not belong to blue egg gens
that parasitizes Redstarts (Phoenicurus phoenicurus), which is the most common local host and
the only regular Common Cuckoo host. During one week of observations, feeding rates did not
change, body mass decreased (by 10%), and wing length increased (by 16%). Video recordings
showed that the provided diet consisted mostly of larvae and that the fledgling also self-fed on
lichens. A radio transmitter fitted on the fledgling revealed that daily movement distances
ranged from 0 to 650 m and significantly increased with age. We suggest that future studies
should focus on the postfledging period in brood parasite young because this stage currently

represents a major gap in our understanding of parasite-host arms races.
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ABSTRAKT DISERTACNI PRACE V ANGLICKEM JAZYCE

Obligatory brood parasitism is an alternative reproductive strategy that aims to maximize
biological fitness while minimizing the costs associated with reproduction. The parasitic species
negatively affects host fitness, facilitating the evolution of anti-parasitic adaptations in the host,
and subsequently leading to counter-adaptations in the parasite. The long-term interaction of
the parasite and host can thus lead to the "arms race", which occurs within their coevolution.
The study of parasite-host interactions, in addition to insights into the evolutionary history,
ecology, bionomy and life strategies, provides ideal conditions for understanding the
fundamental evolutionary mechanisms.

In this dissertation, I studied interactions between an obligatory brood parasite, the
common cuckoo (Cuculus canorus) and its host, the common redstart (Phoenicurus phoenicurus).
The common redstart is the only regular European host of the common cuckoo that breeds in
cavities, and thus the brood parasite is exposed to unique conditions and selection pressures we
cannot observe in other parasite-host systems. Together with my colleagues, I have explored
neglected aspects of this interaction, which have so far been shrouded in speculation, rumors (as
the results of this dissertation suggest) and uncertainties. Specifically, we focused on the cuckoo
strategy of egg-deposition into the redstart cavity nests (Contribution I), on the cost of raising a
parasite (including egg incubation effort) for the redstart parents (Contribution II,
Contribution III) and on the post-fledging interaction within cuckoo-redstart (Contribution
IV) and its sympatric cuckoo-chaffinch system (Contribution V).

We were the first who documented that cuckoos deposit eggs into the redstart nest by
three distinctive modes, which differ not only in the manner and speed of execution, but
especially in the success of parasitism, including the accuracy of targeting the egg into the nest
cup and the probability of egg rejection by the host (Contribution I). Furthermore, we have
shown for the first time that raising a parasitic offspring is not more costly for the redstart
parents, than raising their own average clutch (Contribution II), which may be one of the causes
of the relatively weak anti-parasitic adaptations in the redstart that we currently observe
(Contribution III). Further, we for the first time documented that there is no significant
difference in the cuckoo and host young performance at the end of post-fledging parental care
even when controlling for the brood composition and other characteristics. This could indicate
the extraordinary coevolutionary stability of this system (Contribution IV). In addition, we have
documented in detail the post-fledging care of the common chaffinch (Fringilla coelebs) host
about the cuckoo young ( Contribution V). We propose that the cuckoo-chaffinch system may
be potentially similarly suitable for the cuckoo as the cuckoo-redstart system, which is, however,

much better studied so far (Contribution V).
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This comprehensive study either directly refutes or modifies earlier notions of cuckoo-
host interaction. In addition, it employed new methodological approaches for both interacting
species at the level of both adult birds and chicks. Also, the use of a wide range of technical
equipment and methodological procedures offers inspiration and opens up new possibilities for
studying parasite-host interactions, which is necessary for the data meta-analysis and thus for

better understanding this fascinating field of biology.

Keywords: common cuckoo, common redstart, egg-laying, mixed brood, cost, post-fledging care,

video, radio-tracking
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