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Bevezetés

Az ugynevezett koltésparazita allatok utoddaik felnevelését mas fajokra bizzak és
ezzel a nem rokon utédok gondozasanak koltségeit a gazdara terhelik (Kilner &
Langmore 2011). Ez a szocialis parazitizmus a gazdara (mostoha sziilék) és
parazitara egyarant szelekcios nyomast fejt ki és koevolucios folyamatot indit be
(Rothstein 1990), ami morfologiai, viselkedési és kognitiv adaptaciok formajaban
jelentkezik a gazda és a parazita részérdl is (Kriiger 2007). Ilyen példaul a parazita
tojas felismerése és eltavolitasa a gazdak részérdl, vagy a tojasméret redukcidja a
kakukk részérél.

A kakukk (Cuculus canorus) obligat koltésparazita madarfaj. Fészket nem
épit, tojasait mas madarak fészkébe rakja, az utddairdl a tovabbiakban nem
gondoskodik. Szaporodasi parazitizmusa igen koltséges a gazda részére, mivel a
sikeresen parazitalt fészekben csak a kakukk fiokaja né fel. Emiatt a gazdak
tobbsége védekezik a kakukk parazitizmus ellen, pl. felismeri és eltavolitja a
kakukktojast a fészekbdl. Ez erls szelekcidos nyomas, ami miatt a kakukk
adaptalodik a gazdahoz, pl. kialakul és folyamatosan javul a tojasmimikrije. A
gazda parazitaellenes  viselkedése altal szelektalt kakukk tulajdonsagok
visszahatnak a gazdara, ami a kolcsonds adaptaciok jol vizsgalhaté dinamikus
sevolucios versenyfutasat” (Dawkins & Krebs 1979) eredményezik. A kolesonos
adaptiv valaszok mellett a kakukknak vannak olyan ,tritkkjei” (Davies 2011), ami
a gazda viselkedését specifikusan befolyasolja és a gazdanak nem feltétleniil
vannak ellene valaszai, mint példaul a kakukkfioka kéréhangja, ami a sziil6ket
fokozott taplalékhordasra 6sztonzi.

A kakukk széles elterjedést faj Eurépaban szinte mindenfelé el6fordul,
keleti elterjedési teriilete Japanig huzodik. Ezen a hatalmas teriileten szamos
madarfajjal volt és van kapcsolata. A kakukk kiilonboz6 gazdakkal kapcsolatban
1év6 specializalodott rasszait genteknek nevezziik. A kakukk gentek a gazda tojas

tipusok szerint kiilonboznek egymastol, elterjedésiik foldrajzi régionként atfed



egymassal. A kiillonb6z6 gentek tojastipusai ranézésre elkiilonithet6k egymastol.
Eurdpaban eddig 16 fébb gentet irtak le (Alvarez 1994 , Moksnes & Roskaft 1995).
Az egyes gentek fennmaradasa nem kizarolag a gazda felismerésén alapul (Lack
1963), hanem a kakukk teriilethtiségének (Seel 1977) és élShelytipushoz valo
ragaszkodasanak (Moksnes & Reskaft 1995) is van benne szerepe.

A kakukk-gazda kapcsolat egy-egy gazda populacié esetében a sorozatos
kolesonds adaptaciok miatt folyamatosan valtozik (Takasu et al. 1993), aminek
kilonb6z6 kimenetele lehet (Dawkins & Krebs 1979), de a legvaldszin(ibb az, hogy
a gazda a kakukktojast nagyon jol felismeri, ami a kakukk parazitizmus
megszlinésével jar (Lovaszi & Moskat 2004, Honza et al. 2004 , Stokke et al. 2004,
Prochazka & Honza 2003). A kakukk-gazda kapcsolat koevolucios allapotan tal a
kakukk parazitizmus mértékét egy gazda populacion belill a helyi éléhelyi
jellegzetességek is befolyasoljak, mivel nem minden éléhelytipusban képes a
kakukk megtalalni a gazda fészkét. A legfontosabb a kakukk szamara, hogy a
gazda kifigyelésére alkalmas fak legyenek a fészkek kozelében. Hosszutava
kakukk-gazda kapcsolat olyan él6helyen tud kialakulni, ahol véltozatos él6helyi
adottsagok vannak a kakukk szamara és a gazdapopulaci6é egy része a kakukk
parazitizmust6l mentes (Roskaft et al. 2002).

A Magyarorszagon leggyakoribb kakukk-gazda a nadirigd (Acrocephalus
arundinaceus) él6helyein fas és fatlan teriiletek egyarant vannak. Az altalunk
vizsgalt kiskunsagi nadirigok fészkeiben vilagszinten egyediilallon gyakori a
kakukktojas (64% - Moskat & Honza 2002). Ez a magas parazitaltsagi szint csak
mas alacsonyabb parazitaltsagi nadirigé populaciokbol valé folyamatos nadirigd
betelepiiléssel képzelhet6 el (Barabas et al. 2004). A nadirigok tipikus szegélylako
madarak, nadasok tobbnyire viz fel8li 3-4m-es savjaban talalhatok a fészkei, a viz
felett, valtozatos magassagban. A Kiskunsagban tobbnyire keskeny csatornakat
szegélyezd 1-3 méter széles nadsavban koltenek. A himek a nad tetejére iilnek ki
énekelni. A territériumok alkalmas nadasban 10-50 méter tavolsagra vannak
egymastol. A fészkeik nadszalakra széve késziilnek, a tojasokon csak a tojo kotlik

és a fiokakat mindkét sziil6 eteti. A fészkek rendben tartasat, az idegen targyak



eltavolitasat csak a tojo végzi, mig a fészkek 6rzése els6dlegesen a himek feladata.
Azaz pl. amikor egy kakukk odarepiil a fészekhez, tobbnyire a him tamad ra
el6szor, de amikor kakukktojas keriil a fészekbe, arra csak a tojo reagal. Ha egy
kakukktojasbol kikel a kakukkfioka, azt a nadirigd sziilék minden esetben
felnevelik. Védekez6 reakciok csak a kakukk tojasok és az oreg kakukkok ellen
iranyulnak. Fioka elutasitas csak mas koltésparazita madarfajoknal fordul el6 és
ott sem gyakri (Grim 2006).

A kakukk és gazda koevoltci6é hosszabb tava egyiittélés esetén lehetséges,
amire jo példa a magyarorszagi alfoldi kakukk és nadirigd példaja (Baker 1942,
Molnar 1944). A hosszatava egyiittélés egyre specializaltabb kognitiv
mechanizmusok  kifejlédését segiti el6 adott helyzetben értelmezhet6
optimalizaciés folyamatok altal (Reeve 1989). A parazita optimalis
alkalmazkodasa nem feltétlenil a tokéletes mimikri kialakulasat jelenti a kakukk
részérél és killonboz6 gazda populaciok estében eltéré viselkedések lehetnek
dominansak vagy alakulhatnak ki ami a parhuzamos koevoluciéra jo példa
(Nakamura et al 1998). A gazda parazita elutasitasi viselkedésének fejl6dése
szintén Osszetett folyamat, ami egyrészt kiillonb6z6 populaciok esetében hasonld
moédon zajlik (Davies & Brooke 1989a,b ) masrészt gazdapopulacionként
egyedileg kiillonb6zé lehet (példaul a kilonb6z6é reakcid tipusok relativ
gyakorisaga). Ezek az egyedi kiilonbségek az alapjai a koltésparazitizmus
altalanos modelljei (Reeve 1989, Rodriguez-Gironés & Lotem 1999 ) eltér6
tamogatottsaganak (pl.: Stokke et al 1999 vs. Lotem et al. 1995).

Mivel a parazitizmus elutasitasa koltséges (fészekelhagyas, sajat tojas
kidobas), ezért beszélhetiink optimalis elfogadasi szintrél a gazdak részérél (Reeve
1989). Az optimalis elfogadasi szint pedig fiigghet az egyedek tapasztalatatol. A
nadirigdé alfoldi allomanya esetében a fejlett felismerési képesség a kivalo
mimikriji kakukktojasok mellett viszonylag alacsony kakukktojas elutasitasi
szintet (34%) eredményez. Egyedi sajatsaga a kutatasi teriiletiinknek a kakukkok
nagy gyakorisaga, ami miatt a tobbszords parazitizmus (tobb kakukktojo is rak

tojast egy gazdafészekbe) is szokvanyos jelenség. Emiatt jo lehet6ség van ezen a



nadirigd populacion tesztelni a kakukk parazitizmus elutasitas fejlédésének
mélyebb részleteit, ami egyrészt korabbi elméleti modellek tesztelésére alkalmas
masrészt koevolucids mechanizmusok altalanosabb megértésére.

2005-6ta végzek terepi vizsgalatokat a Kiskunlachaza - Kunszentmiklos
térségben ¢él6 erésen kakukk parazitalt nadirigokkal. Dolgozatom témaja a
kakukk és nadirigd koevolaciés kapcsolatanak vizsgalata mindkét faj
szempontjabol. Az alabbiakban hat tanulmanyt mutatok be, amelyekbdl egyben
muzeumi tojasgy(jteményekb6l szarmazd tojasokrol készilt fényképeket
elemeztem, a tobbi pedig egy-egy év terepi munkainak eredményei. Az elsé

c s e

pedig a gazda adaptiv valaszaival foglalkoz6 kutatasokat mutatok be.

Moddszerek

A gazda és kakukk tojasalakjanak Osszehasonlitisa soran a Matra Muzeum
tojasgyljteményében készitettem fényképeket kiillonb6zé gazdatojasokrol ill. a
tarszerz6kt6l kaptam terepi munka soran készitett fényképéket parazitalt
fészkekrdl. A fényképek elemzésekor Monus és Barta (Monus & Barta 2005)
modszerét vettem alapul a tojas alak leirasahoz és 6sszehasonlitasdhoz. A tojas fél
korvonalan felvett 9 pontra egy masodfokd polinomot illesztettem. A tojas iv
jellemzésére mas modszereket is kiprobaltam, de a legegyszertibb 3 paraméteres
polinom bizonyult a legjobban ismételhetének és a legjobban értelmezhet6nek.
Az analizisek soran sokvaltozos anovat hasznaltam a harom paraméter hatasanak
az Osszehasonlitasara. A kakukk-gazda 6sszehasonlitas soran 1000 ismétlés soran
valogattam véletlenszertien gazdatojasokat a paronkénti 6sszehasonlitashoz.

A hangelemzésekkor az  egyes  nadirigbk  énekhangjainak
Osszehasonlitasdhoz az Osszes énekhangot felbontottam a legkisebb ismétlédé
egységekre (syllabusok). A leggyakoribb, legjobban azonosithaté hangjegyeket
egyedileg  jeloltem minden énekhang felvételen a  hangjellemzdk

dsszehasonlitasidhoz.



A terepi vizsgalatokat minden évben majus kozepétdl junius kozepéig-
végéig végeztem a kisérletek tipusatol fiiggden. Az elsé dolog minden évben a
nadirigé fészkek megtalalasa volt. Ez k6z6s munka volt az éves projektek minden
résztvevéjével. A fészkeket a partrol, vagy a vizbdl kerestitk a csatornak menti
nadsavot atfésiilve. Ez évenként 20-30 km hossza csatorna-menti nadas atnézését
jelentette legalabb hetente ismételve. A megtalalt fészkekhez vezet$ utat a parton
kijeloltiik, a fészek helyének koordinatait rogzitettiik (GPS). A kisérletekben
résztvev fészkeket naponta ellenériztem. Az ellendrzések soran torekedtem a
legkevesebb zavarast okozni, a fészkekbe tobbnyire csak egy tikor segitségével
néztem bele, a tojasokhoz nem nyudltam hozza. A fészekellenérzésekkor minden
adatot rogzitettem. A kisérletek soran ahol a tojasokat festettem, a tojasokat
egyesével vettem ki a fészkekbdl és festettem be minden évben azonos tipusu
tollakat hasznalva. Kisérleteket olyan fészekben kezdtem amikrél biztosan
lehetett tudni, hogy nincs és nem is volt benne kakukktojas ill. mas kisérletben
nem vesz részt. A legtobb kisérlet maximum hat napig tartott, mivel az inkubaci6
elérehaladtaval a nadirigé reakcidja az idegen tojas ellen csokken (Moskat &
Honza 2002). A fiatal nadirigok nem teriilethiek, mig az 6reg madarak lehet,
hogy legalabb részben azok. Oreg nadirigokat egyedileg csak kis szamban (~60)
jeloltem (szines gytrik kombinacidja), mivel nagyon nehéz megfogni a kolt
parokat. Emiatt jelenleg nem tudjuk pontosan, hogy vajon a kor és a korabbi
tapasztalatok hogyan befolyasoljak a reakciokat az idegen tojasok ellen, de egy

recens vizsgalat soran probalom kideriteni a kor pontosabb hatasat.

Eredmények
A tojasalak

A kakukktojasok hasonlésaga (mimikrije) a gazda tojasaihoz régdta ismert
jelenség és szamos tanulmany szol rola (Wyllie 1981, Moksnes & Raskaft, 1995,
Davies 2000, Cherry & Bennett 2001). Ezek a vizsgalatok tobbnyire csak a tojasok
mintazataval foglalkoztak, a tojas alakjat figyelmen kiviil hagytdk mikozben a



tojas alakja fajokra jellemz6 és feltehetbleg az adott faj atlagos tojasszama és a
tészek adottsagai mellett idealis h6haztartast biztosit a fejl6dé embrioknak (Barta
& Székely 1994). Az els6 fejezetben bemutatott publikalt vizsgalatban
magyarorszagi és japan gazdafajok tojas alakjat hasonlitottuk 6ssze a fészkeikben
talalt kakukktojasok alakjaval, ill. a kiillonboz6é foldrajzi régiokbol szarmazod
kakukktojasok alakjat egymassal. Eredményeink szerint a kakukktojasok a gazda
fajokkal alak tekintetében nem mutat hasonlésagot és foldrajzi teriiletenként
eltérést mutatnak. Ez az eredmény azt is jelentheti, hogy a kakukk nem
tokéletesen alkalmazkodott egy-egy gazdafajhoz, a tojasainak olyan jellegei is

vannak, ami a kiilonb6z6 gazdafajok valtasa kozott fontos lehet.

Gazda védekezése és a kakukk valasztasa

A nadirigoknal mindkét sziil6 részt vesz az utédok gondozasaban, viszont egyes
feladatokban a két nem eltérd szerepet vallal. A fészket a tojok épitik, kotlani is
csak a tojo kotlik, viszont a fidkdkat mindkét sziil6 eteti. A fészkek és a
territorium védelme leginkabb a himek feladata. A him nadirigd éneke mint
kondici6 jelzd szignal fontos lehet a tojok szamara (Catchpole et al. 1985, Soler et
al. 1995, Forstmeier & Leisler 2004, Parejo & Avilés 2007) a fészek minésége pedig
a him szamara jelezheti a tojo sziil6i képességeit, szandékat (Szentirmai et al.
2005). A nadirigo sziil6k sziiléi minésége, etetési aktivitasa nem csak a sajat fiokai
szamara alapvetéen fontos, hanem az 6t kihasznalé kakukknak is (Hasselquist et
al. 1996) az lehet, mivel a kakukk fioka ugyan egyediil n6 fol a fészekben, de 10
nappal tovabb van ott és a kireptilési tomege nagyobb mint egy atlagos nadirigod
fészekalj Osszes fidkajanak egyiittes kirepiilési tomege. A masodik fejezetben
bemutatott tanulmanyban azt vizsgaltuk meg, hogy a gazda parok szexualis
szignaljai (himek éneke) és egyes mindéségi paraméterei (etetési aktivitas,
tészekmindség) mutatnak-e Osszefiiggést a kakukktojasok elutasitasaval és a
kakukkok fészekvalasztasaval. Azt talaltuk, hogy a kakukk tojok nem hasznaljak

ezeket az informacidkat, de a jobb mindségi szignalok erdsebb elutasitasi



képességekkel parosulnak a gazdak részérdl. A kakukk ugy tlinik nem valogat a
megtalalt fészkek kozott a vizsgalt teriileten. Ez egyrészt azért is lehet, mert a
szamara is kedvez6 gazda-sziill6i paraméterek hatékonyabb elutasitassal
parosulnak a gazda részérdl, masrészt a vizsgalt teriileten nagyon nagy a
kakukkok kozotti versengés amit tobbszords parazitizmus gyakorisaga is jol jelez.
Egy sziiléi minéség vs. kakukk elutasitas optimum modellel és mas — kevésbé
erbsen parazitalt teriilleten elvégzett hasonlé vizsgalattal ez még tovabb

vizsgalhato kérdés.

Tojasfelismerés és elutasitas

A nadirigé tobbféle modon tud védekezni a kakukk parazitizmusa ellen. Ezek
mindegyike az idegen tojas felismerésével kezd6dik, amelyet valamilyen dontés
és diszkriminativ esemény kovethet. A gazda reakcié tipikusan az idegen tojas
eltavolitasa, a fészek elhagyasa, vagy az idegen tojas fészekbe épitése szokott
lenni (Moskat & Honza 2002). Az idegen tojas felismerése nem hiba mentes,
legrosszabb esetben iranyulhat akar sajat tojas ellen is. Pontossaga figg a
kakukktojas hasonlosagatol, a gazda elézetes tapasztalatatol a sajat és idegen
tojasokkal, vagy a parazita tojas fészekbe kertilésének koriilményeitél (Moskat &
Hauber 2007). A gazda reakciéjanak mértéke Osszefiiggést mutat a parazitaval
valo talalkozas esélyével és a gazda-parazita tojas eltérésének a nagysagatol
(Reeve 1989). A harmadik fejezetben bemutatott tanulmanyban az optimalis
elfogadasi kiiszob eltolodasat teszteltitk a parazita gyakorisag kisérletes
elutasitasi valoszintisége kilonb6z6 tojas tipusonként (mimikri minésége)
korilményektdl fiiggéen valtozik. Ez azt jelenti, hogy egy koltési szezonon beliil
ugyanaz a nadirigd tojé ugyan olyan tipust kakukktojasra killonb6zé mértékben
reagalhat. A kidobas valoszintisége nagyobb, ha el6z6leg mar talalkozott parazita
tojassal. Azaz az idegen tojas elfogadasanak kiiszob szintje csokken a

parazitizmus valdszinliségének novekedésével (Reeve 1989, Bartol et al. 2002). Az



elutasitasnak ez az egyedi helyzetfiggé valtozatossaga segithet egy
gazdapopulacio stabilizalédasaban egy olyan helyzetben ahol csak jo hasonlésagu

kakukktojasok vannak jelen.

Diszkrimanacios képesség és mechanizmusok

A parazita tojas felismerésének tobbféle kognitiv mechanizmusa ismert.
Alapulhat a fészekben levé tojasok Osszehasonlitisan, vagy egy memoria
sablonnal valé Osszevetésen. Az elsé esetben a diszkriminacié a fészekben a
tobbitél leginkabb kiilonbozé tojas ellen iranyul (diszkordancia hipotézis:
Rothstein 1974), aminek az evolucidés alapja, hogy a kakukkgazda fajok egy
tészekaljon beliili tojasai hasonlitanak egymasra (Davies & Brooke 1988), ami
el8segiti az eltérd tojasok felismerését (Moskat et al. 2008). Onreferencia alapulhat
egyrészt valos ideji 6sszehasonlitason (in situ 6sszehasonlitasa a sajat és idegen
tojasnak) vagy memorian alapulo idegi folyamatként (egy belsé templatot
hasznalva a sajat és idegen fenotipusok megkiilonboztetésére) (Hauber &
Sherman 2001). A negyedik fejezet elsé tanulmanyaban (4. publikacio) kisérletes
uton befolyasoltuk a nadrigok sajat tojas tanulasat, ami igy a memoria sablon
meghatarozott modositasa miatt alkalmas volt a diszkordancian alapul6é dontési
mechanizmussal valé Osszevetésre. Eredményeink szerint a nadirigonal a
diszkordancia és a memoria sablon mechanizmusok is szerepet jatszanak az
idegen tojas felismerésében.

A tobbszords parazitizmus olyan eset, amikor egy gazda fészkébe
egymastol figgetlentl tobb parazita utdd is kertl. A kiskunsagi nadirigoknal a
magas kakukk gyakorisag miatt rendszeresen el6fordul, hogy tobb kakukktojas is
van egy fészekben. A kakukkfiokak egymast is kilokik a fészekb6l, ami szamukra
egyértelmien hatranyos a tobbszords parazitizmus, de a nadirigé tojasfelismerési
hatékonysagat is befolyasolja a tobb idegen tojas jelenléte a fészekben. A
diszkordancian alapulé felismerés hatékonysaga ilyen esetekben varhatoan

csokken, vagy akar a sajat tojasok ellen is iranyulhat, ha azok vannak



kisebbségben. Ezzel szemben a memoria sablon hasznalata esetén nem varunk
kiilonbséget tobbszords parazitizmusban az egyszereshez képest az idegen tojasok
elutasitasanak mértékében. A negyedik fejezet méasodik részében (5. publikacio)
bemutatott tanulmany eredményei szerint a tobbszordsen parazitalt fészkekbol
nagyobb eséllyel repiiltek ki kakukk fiokak, mint az egyszeresen parazitaltakbol
ami tobbszordsen parazitalt fészkek esetében a diszkordancian alapulé dontési
mechanizmus szerepét emeli ki.

A kovetkez6 tanulmanyban (negyedik fejezet, 6. publikacid) az idegen
tojas elleni diszkriminaci6é kognitiv alapjait vizsgaltuk kisérletesen, ugy hogy az
egyszeres és tobbszords parazitizmus hatasait egyiittesen teszteltilk olyan
esetekben is, ahol kisebbségben van a gazda tojas vagy egyaltalan nincs jelen
sajat tojas a fészekben és emiatt sem az onreferencian, sem a diszkordancian
alapulé6 mechanizmusok nem mukodhetnek. A kisérletek eredménye szerint a
memoria sablon hasznalata mindig befolyasolja a nadirigok idegen tojas
elutasitasi dontését, de a két mechanizmus bizonyos esetekben egyiittesen
hatarozza meg a gazdak viselkedését. A kiulonbozé felismerési mechanizmusok
Osszehasonlitasara végzett vizsgalataink eredményei szerint a nadirigék olyan
helyzetben is képesek reagalni a parazitizmusra, ha csak idegen tojas van a
tészekben. Ebben a kiilonleges és a természetben ritkan el6forduld helyzetben
gyakran hagyjak el a parazitalt fészket. Az olyan helyzetben pedig, ahol a
kisérletesen manipulalt tojasok tobbségben vannak a fészkiikkben a sajat
tojasokkal szemben, az egyébként szamukra a legkevésbé elfogadott tojastipust
(az egyszeres parazitizmus szerint) utasitjak el. Ez a kovetkezetesség egy olyan
onreferencia jelenlétét feltételezi, amihez barmilyen esetben tud hasonlitani a
gazdamadar. Ez a mechanizmus tulajdonképpen megvédi a nadirigdkat a sajat
tojasai elutasitasatol olyan tobbszords parazitizmusban ahol a sajat tojasai
kisebbségben vannak. Hosszabb tavon pedig ennek a kiilonleges gazda-parazita

egyiittélés gazda oldali nyereséggel zarul6 kimenetelének kulcsa lehet.



Introduction

The so called brood-parasites leave parental care of their offspring to other
species thus loading the costs of caring of the non-related young on the host.
(Kilner & Langmore 2011). This social parasitism imposes selection pressure both
on the hosts (foster parents) and parasites and generates a co-evolutionary
process (Rothstein 1990), which will occur in the form of morphological,
behavioural and cognitive adaptations (Kriiger 2007). For example the recognition
and rejection of parasite eggs by the hosts and the egg size reduction by the
cuckoos.

Common cuckoos (Cuculus canorus) are obligate brood parasites. They do
not build a nest, do not spend time with raising the chicks but lay their eggs in
the nests of other avian species and let them raise the chicks. Reproduction
parasitism is costly for the host, since only the cuckoo chick will grow up in a
successfully parasitized clutch. Most of the hosts have evolved different defence
mechanisms against cuckoo parasitism, e.g recognition and rejection of the
cuckoo egg. This evokes strong selection pressure on the cuckoo, which it tries to
overcome by adapting to the host, e.g. its egg mimicry develops and improves
continually. Those selected attributes of the cuckoo which effect the hosts’ anti-
parasite behaviour will in turn influence the host again, and result in a dynamic
sevolutionary race” of coevolutionary adaptations that can be studied and
analysed on a large scale. (Dawkins & Krebs 1979). Besides the mutually adaptive
responses the common cuckoo has evolved some tricks, which will influence host
behaviour specifically and on those the host may not have counter-reactions
(Davies 2011), for example the begging call of cuckoo nestlings which is intensify
the feeding activity.

Cuckoo is a widespread species, it can be found everywhere in Europe. Its
eastern geographical range reaches to Japan. On this wide geographical range

the cuckoo has interactions with many species. Specialized types of cuckoos
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related to different hosts are the so-called gentes. cuckoo gentes differ from one
another in host egg variants. Their geographical occurrences may overlap. The
egg types of different gentes are distinguishable simply by observing. 16 major
gents have so far been described (Alvarez 1994, Moksnes & Raskaft 1995). The
existence of a cuckoo gent does not exclusively depend on the ability of
recognizing the host (Lack 1963), but also on the cuckoo’s fidelity to certain
locations (Seel 1977) and habitat types (Moksnes & Raskaft 1995).

The cuckoo-host relationship is changing continuously due to successive
coevolutionary adaptations (Takasu et al. 1993). However, this may have different
outcomes (Dawkins & Krebs 1979). It is most likely that the host becomes an
excellent cuckoo egg recognizer and that will inhibit cuckoo parasitism (Lovaszi
& Moskat 2004, Honza et al. 2004, Stokke et al. 2004, Prochazka & Honza 2003).
Since Cuckoos may not be able to find the hosts’ nest in each habitat type the
number of parasitized nests within a host population is not only influenced by the
state of development of cuckoo-host relationship but also the characteristics of
the local habitat. The most important factor for cuckoos is to find trees in the
vicinity of the nests, which will be suitable for observing their hosts. Long-term
cuckoo-host relationships can be established in diverse habitats only where at
least a proportion of the host population can avoid the parasitism (Reskaft et al.
2002).

There are both wooded and clear areas in the habitats favoured by the
most frequent cuckoo host in Hungary, the great reed warbler (Acrocephalus
arundinaceus). In clutches of the the great reed warblers studied in Hungarian
Kiskunsag, cuckoo eggs occur in particularly high extent (64% - Moskat & Honza
2002), which is unique in the world. This high rate of parasitism can only be
maintained for a longer period if a continuous immigration from a source
population with lower parasitism levels exists (Barabas et al. 2004). The great reed
warblers typically breed on the water edges, their nests are found in 3-4 meter-
wide reedbeds at varied height. In the Kiskunsag they mostly breed in 1-3 m wide

reedbed along sides of the narrow channels. Male great reed warblers sit on top of
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the reed to sing, their territories extending 10-50 ms away from each other. Their
nests are weaved and built on reed strips. Only the female incubates and both
parents feed the chicks. Females are responsible for cleaning the nests, ejecting
foreign objects, whilst males are in charge of guarding the nests. For example,
when a cuckoo flies to a nest, mostly the male attacks first. However, when a
cuckoo egg gets into the nest it is only the female who will reacts. Whenever a
cuckoo hatches from a cuckoo egg, it will be raised by the great reed warblers by
all means. Anti-cuckoo reactions are only taken against eggs and adult cuckoos.
Nestling rejection only occur among other brood parasite systems although it is
still uncommon (Grim 2006).

The cuckoo-host coevolution is only possible if species co-occur for a
longer period as it can be seen in the example of the cuckoo and great reed
warbler populations on the great Plain in Hungary (Baker 1942, Molnar 1944).
Long-term coexistence facilitates the development of increasingly complex
cognitive mechanisms through local interpretation of optimalization processes
(Reeve 1989). The optimal adaptation behaviour of the cuckoo may not
necessarily result in the development of one perfect mimicry to host species but
generating a distinct behavioural patterns or shifting dominances between
behaviours for different host populations. This phenomenon is supported by the
coevolutionary theory (Nakamura et al 1998). The development of host's anti-
parasite behaviour is a complex process which shows strong similarities between
populations (Davies & Brooke 1989a,b) but individual patterns within host
populations (for example the relative frequency of the distinct rejection types).
These individual differences distinctly support (eg.: Stokke et al 1999 vs. Lotem et
al. 1995 ) the general models of brood parasitism (Reeve 1989 , Rodriguez-Gironés
& Lotem 1999).

Due to the costs (e.g. nest abandonment, own egg ejection) emerging from
the rejection of cuckoo parasitism the hypothesis of the existence of an optimal
level of acceptance is plausible (Reeve 1989). The optimal acceptance level can

depend on the experience of the individuals. Despite the highly developed
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recognizing skills of the Great Reed Warblers on the Hungarian Great Plain the
perfection of cuckoo’s eggs results in a low rejection rate (34%). Multiple
parasitism (more than one female cuckoos lay eggs in one host nest) is common
at our study site due to the uncommonly high density of cuckoos in the region.
These unique characteristics enable us to run detailed tests on the development of
the rejection of cuckoo parasitism on great reed warbler populations.

I have been doing field research with great reed warblers since 2005 in the
Kiskunlachaza - Kunszentmiklos region; a place of exceptionally high rate of
cuckoo-parasitism. My thesis focuses on the coevolutionary relationship between
cuckoos and great reed warblers from the point of view of both species. I will
present six studies below. One of them based on an image analyses using photos
taken of museums’ egg collections. The remaining of articles based on the
fieldwork was made in several years. The first two studies are investigating the
adaptations of cuckoos and the others are research papers focusing on the

adaptive answers of hosts.

Methods

Comparison between cuckoo and host egg shapes was made by using images I
took in Matra Museum, Gyongyos, Hungary and images taken in situ at the site
by the co-authors. In order to compare and describe egg shape, my method based
on that of Ménus and Barta (2005) was used. I fitted a second order polynom on
the nine points that were marked on a half outline of an egg. Although other
methods were tested the most simple three-parameter polynom proved to be the
best repeatable and also provided biologically interpretable results. Multivariate
ANOVA was used to compare the effects of the three parameters. Also, a
randomized comparison was repeated 1000 times between host and cuckoo eggs
from the same clutch.

In the course of song analysis all recorded songs were split into the

smallest repeated pieces (syllables) to compare the calls of great reed warblers. To
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compare the song characteristics, I marked the most frequent and most easily
identifiable pieces individually on each record.

The field research took place in the Kiskunsag region, nearby Apaj village.
Depending on the type of experiments we run fieldwork from the middle of May
until the middle or end of June every year. The first task in all years was to find
the great reed warblers' nests. All participants of the yearly projects were
involved at this stage. We were searching for nests from the bank or from the
water along the channels. This meant checking a 20-30 km reedbed in consecutive
weeks every year. We marked the pathway to the discovered nest on the brink
outside and we recorded the gps coordinates to the nest. Those nest that where
included in my experiments were checked on a daily basis. I tried to make the
least disturbance possible whilst checking the nests by using a mirror to look into
the nest and avoiding to touch of the eggs if it was possible. All data collected on
the field were recorded. In the course of experiments when and wherever the
eggs were dyed, I moved the eggs from nest one by one and used the same type of
pens every year. I only conducted experiments with clutches which were free of
cuckoo eggs and had not been involved in an other experiments. Since with
incubation time running, the great reed warblers' reaction against foreign eggs is
getting weaker (Moskat & Honza 2002) most of my experiments took no longer
than six days.

The young great reed warblers have no fidelity to sites while the adults
probably at least partially do. Only in a smaller sample (~60) did I mark adult
great reed warblers individually (with the combination of colourful rings) because
it is very difficult to catch the breeding pairs. So currently we don’t know
whether the age and the previous experiences how influencing the the reactions
against the foreign eggs, but in a recent investigation I'm working on to discover

the age effect.

Results

The egg shape
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The resemblance (mimicry) of the cuckoos' eggs to hosts’ eggs has been a well
known phenomenon for a long time and several studies have been published
about it (Wyllie 1981, Moksnes & Raskaft, 1995, Davies 2000, Cherry & Bennett
2001). However these experiments mostly took into consideration only the eggs’
pattern, and ignored the shape of eggs'. The eggs' shape is a unique trait for the
species and does not only give information about the average egg quantity and
the qualities of clutch aptitudes but presumably also ensures ideal temperature
for the embryos. (Barta & Székely 1994), hence these characteristics should also
be investigated. In the published study which is presented in the first chapter
we compared egg shapes of Hungarian and Japanese host species with the eggs’
shape of cuckoos found in their nests as well as cuckoo egg shapes from different
geographical regions. Findings revealed that cuckoo eggs do not show shape
resemblance to host eggs, however, do differ between geographical regions. It
means that cuckoos has not specialized on a single host species. Their egg has
generalistic characteristics, which might become an important factor for the birds

when changing host species.

Host defence and cuckoos' host choice

In case of great reed warblers both parents take part in caring about the nestlings,
although with different responsibilities. Nests are built by the females, and it is
the female only, who incubates, but feeding is done by both parents. Protection of
the clutch and the territory is the task of the males. The song repertoire of a male
great reed warbler can be an important condition signal for the females
(Catchpole et al. 1985, Soler et al. 1995, Forstmeier & Leisler 2004, Parejo & Avilés
2007). The quality of the nest on the other hand is a marker for males about the
females’ parental qualities and motivations (Szentirmai et al. 2005). The parental
qualities and feeding activity of the male and female great reed warblers are

essential not only for their own nestlings but for their cuckoo parasite as well
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(Hasselquist et al. 1996). Despite the fact that the chick is raised alone, it stays in
the nest for 10 more days and its fledgling weight is more than the combined
weight of all great reed warbler fledglings of an average nest. In the study, which
was introduced in the second chapter we studied whether sexual signals of host
couples (e.g. males’ song) as well as some of their other quality parameters
(feeding activity, nest quality) show correlation with rejection of cuckoo eggs and
cuckoos’ choice of host clutch. We found that cuckoo females disregard these
pieces of information, however better quality-signals are matched with stronger
rejection abilities from host’s point of view. Apparently, cuckoos were not
fastidious about choosing nests in the studied area. The reason could be that
favourable host-parent characteristics come with more effective rejection from
hosts' side. Strong competition among cuckoos in the studied site might be
another explanation marked by the phenomenon of frequent multiple parasitism
in several cases. Parental quality vs cuckoo rejection with optimum models and
other experiments conducted in less heavily parasitized territories - this might be

a field of study to be exploited in the future.

Egg recognition and rejection

The great reed warbler have different defence mechanisms against cuckoo
parasitism. Each of these techniques starts with recognition of the foreign egg,
which then is followed by some kind of decision and a discriminatory act or
event. Ejection of the parasite egg, desertion of the parasitized clutch or building
of foreign egg into the nest are the most typical reactions. (Moskat & Honza
2002). The foreign egg recognition is not fail-safe; a wrong decision can result in
discriminate own eggs. The accuracy depends on the resemblance of cuckoo eggs,
on previous experience of host with parasite and own eggs or on the
circumstances how parasite egg got into the hosts' nest (Moskat & Hauber 2007).
Hosts' reaction rate correlates with the chance of encountering parasite and host-

parasite egg deviation rate. (Reeve 1989). In the study presented in the third
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chapter we investigated and tested optimal acceptance threshold shifts with
increasing experimental parasite-frequency. In the case of the great reed warbler
- the most frequent host population in Kiskunsag, the cuckoos' eggs rejection
likelihood is context dependent according to egg types (mimicry quality). This
means that within one breeding season the same great reed warbler female may
react to the same type of cuckoo egg in a different extent. Ejection likelihood is
higher if host has previously encountered parasite egg (i.e. foreign egg acceptance
threshold level decreases with increasing parasitism likelihood Reeve 1989, Bartol
et al. 2002). This unique, context dependent variability of rejection may help to

maintain a host population where only well-resembling cuckoos are present.

Discrimination ability and mechanisms

There are several cognitive mechanisms of recognizing the parasitic egg.
Recognition is either based on comparison of the eggs in clutch or on recognition
from a memory template. In the first case the host discriminates the egg which
differs most from others in clutch. (discordancy hypothesis: Rothstein 1974). The
evolutionary background of this act is that the eggs of cuckoo host species within
one clutch resemble one another (Davies & Brooke 1988), and this fact facilitates
recognition of dissimilar eggs (Moskat et al. 2008). Self-referencing can exist
based on online processing (in situ comparison of own vs. foreign eggs) or
memory processing (using an internal template of own eggs to compare with
foreign phenotypes) (Hauber & Sherman 2001). In the first study of the fourth
chapter (4th publication) we influenced reed warblers’ learning experimentally,
which due to the defined modification of the memory template proved to be
suitable for contrasting with decision mechanism based on discordancy. Our
findings suggest that great reed warblers rely on both discordancy and memory
template mechanisms in foreign egg recognition.

Multiple parasitism is a phenomenon when more parasite eggs get into the

nest of a host, independently of each other. It frequently happens with great reed
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warblers of Kiskunsag that due to high frequency of cuckoo occurrence that their
clutches contain more than one cuckoo eggs. Cuckoo chicks also eject each other
from clutches thus for them multiple parasitism is evidently disadvantageous.
More alien eggs also influence the efficiency of great reed warblers’ egg
recognition ability. Discordancy-based recognition efficiency in such cases will
presumably decrease, or hosts could end up rejecting their own eggs, once these
became the minority in the parasitized clutch. In contrast we do not expect any
difference in the rate of alien egg rejection in case of multiple parasitism as
opposed to singular parasitism when warblers use templates. Findings of the
study presented in the second part of the fourth chapter (5th publication)
showed that a nest with multiple parasitism had stronger likelihood of releasing
cuckoo chicks, than a nest with single parasitism, which emphasizes the role of
discordancy-based recognition mechanism in clutches with multiple parasitism.

In the next study (4th chapter, 6th publication) we investigated the
cognitive bases of discrimination against alien eggs experimentally, we tested the
effects of single and multiple parasitism jointly and in cases as well, where host
eggs are in minority or not present at all thus mechanisms based on self-reference
or discordance cannot function. Experiments revealed that memory templates
always affect warblers’ decision to reject alien egg, however in certain cases, the
two mechanisms act together in determining host behaviour. According to
findings of experiments, which were conducted in order to compare different
recognition mechanisms, great reed warblers are able to react to parasitism even
in those cases when there are only alien eggs in their clutches. They often desert
parasitized clutch in such peculiar and rare cases, whilst in others, where
experimentally manipulated eggs are in majority in the nests, they reject the least
acceptable egg types (like in the single parasitism). This consistency assumes the
presence of such a self-reference, which the host can use for comparison at any
time. The mechanism in fact protects great reed warblers from rejecting their
own eggs in multiple parasitized conditions where their own eggs are in

minority. But in long term it might also become the clue for host side gainings in
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the unique coexistence of host and parasite.
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Abstract

Evolutionary adaptations are required by common cuckoos Cuculus canorus to
match host eggs. Hosts may discriminate against alien eggs; hence, accurate
matching of the parasite egg to the hosts’ is essential. Egg shape is the least-studied
component of egg mimicry, and it may also have other functions: an optimal egg
shape is necessary for effective incubation. For this reason, cuckoo eggs may show
a wide range of variations in shape to a set of host species. Here, we compare
cuckoo and host eggs by using egg shape parameters in two distant areas: from the
nests of great reed warblers Acrocephalus arundinaceus, robins Erithacus rubecula
and marsh warblers Acrocephalus palustris in Hungary, and oriental reed warblers
Acrocephalus orientalis, bull-headed shrikes Lanius bucephalus and black-faced
buntings Emberiza spodocephala from Japan. Our results suggest the lack of
evolutionary adaptation of different cuckoo gentes to their corresponding hosts
in terms of egg shape. However, our analyses revealed that cuckoo eggs showed a
geographical difference in egg shape.
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Introduction

The common cuckoo Cuculus canorus is a brood parasite
that exploits many passerine species (Davies, 2000). Cuckoo
females lay their eggs into host nests during the hosts’ laying
period, and cuckoo chicks hatched in parasitized broods
typically evict all other eggs or nestlings from the hosts’
nests (Wyllie, 1981). This eviction behaviour and the miss-
directed parental care clearly reduce hosts’ reproductive
success (Davies & Brooke, 1988; Kilner, 2005). As a con-
sequence, hosts typically develop antiparasite defence me-
chanisms against cuckoos and their eggs (for reviews, see
Davies, 2000; Kriiger, 2007). Hosts’ discrimination against
parasitic eggs (i.e. their recognition and rejection), in turn,
selects for adaptations in the cuckoo to counteract hosts’
defences to parasitism, leading to an evolutionary arms race
(Dawkins & Krebs, 1979).

Generally, when a cuckoo egg is well matched to its host
eggs, it has a greater chance to survive than those with poor
matching (Davies & Brooke, 1988; Moksnes ef al., 1991;
Hauber, Moskat & Ban, 2006; Cherry, Bennett & Moskat,
2007). Other factors, like uniformity of clutches, may also
affect hosts” perceptual abilities in egg-rejection behaviour

(Davies & Brooke, 1989; Stokke er al., 1999; Lahti & Lahti,
2002; Moskat et al., 2008a). As a consequence of this evo-
lutionary arms race, cuckoo egg morphs are extremely diverse
among geographical regions and host species due to specific
mimicry to specific host eggs, leading to the formation of
races among cuckoos (the so-called ‘gentes’, singular ‘gens’
Baker, 1942; Davies & Brooke, 1989; Moksnes & Roskaft,
1995). Cuckoos’ egg mimicry is frequently evaluated on the
basis of egg characteristics, like colour (Cherry & Bennett,
2001; Avilés & Moller, 2003, 2004; Takasu et al., 2009;
Antonov er al., 2010; Landstrom, Heinsohn & Langmore,
2010) and patterns of spottedness (Moksnes & Reoskaft, 1995;
Antonov et al., 2010; Polacikova & Grim, 2010; Stoddard &
Stevens, 2010). In several experimental studies, painted model
or foreign eggs, instead of real cuckoo eggs, have been used to
investigate egg characteristics on egg-rejection behaviour, like
the effects of colour (e.g. Honza, Polacikova & Prochazka,
2007; Avilés, 2008; Cassey et al., 2008; Vikan et al., 2009),
spottedness (Lopez-de-Hierro & Moreno-Rueda, 2010) or
both (Nakamura, Kubota & Suzuki, 1998; Moskat et al.,
2008b; Avileés et al., 2010). In spite of the increasing number
of such studies, egg shape has attracted little attention
(Mason & Rothstein, 1986; Langmore, Hunt & Kilner,
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2003) and still remains an often-neglected component in the
study of cuckoo—host coevolution.

Avian eggs, nevertheless, vary not only in colour and
spottedness but in shape too, which is possibly related to
efficient heat transfer during incubation in different-sized
clutches (Barta & Székely, 1997). This variation points to
the potential importance of egg shape in cuckoo—host
coevolution. First, it might facilitate more perfect mimicry.
Second, in order to achieve efficient heat transfer, the shape
of the cuckoo eggs should match that of the host eggs.

In the present study, we investigated whether cuckoo eggs
were similar to host eggs in their shape by comparing the egg
shape characteristics of several host species and their corre-
sponding brood parasites. As far as we know, this is the first
attempt to examine the role of egg shape in the cuckoo—host
relationship. We predict similarity in shape between eggs of
a particular host species and its particular cuckoo gens, that
is, the cuckoos adapted to host eggs shape in order to ensure
more perfect mimicry. We also predict that cuckoos” adap-
tation to host eggs in shape may vary in geographically
distant areas, as cuckoo races specialized on host popula-
tions vary in time and space (c.f. Davies, 2000).

Material and methods

We photographed parasitized clutches of great reed war-
blers Acrocephalus arundinaceus, marsh warblers Acrocepha-
lus palustris and robins Erithacus rubecula in the egg
collection of the Matra Museum, Gyongy6s, Hungary
(Fig. 1). These eggs were typically collected in the 1950s,
1960s and 1970s in southern Hungary. We also took pictures
in the field on parasitized clutches in two study areas: (1)
Kiskunsag National Park, Hungary, ¢. 50km south of
Budapest, around the village Apaj (47°07'N; 19°06’E; great
reed warblers), and (2) Nobeyama highlands (35°57'N,
138°28'E; oriental reed warblers Acrocephalus orientalis,
bull-headed shrikes Lanius bucephalus and black-faced
buntings Emberiza spodocephala, c. 120 km south of Nagano
City, central Japan (Fig. 1). All clutches were photographed
on a Kodak Grey Card by digital cameras (Olympus
Camedia E20P, Olympus Co., Tokyo, Japan and Nikon
COOLPIX 995, Nikon Co., Tokyo, Japan). Kodak Colour
Control Patches were also placed near the eggs on each
photo as a reference. We took the pictures at different
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phases of egg laying; therefore, we have no information on
the final clutch sizes in most of the cases.

We applied the method originally developed by Barta &
Székely (1997) and improved by Moénus & Barta (2005) for
measuring egg shape parameters from digital pictures, based
on the circle transformation technique by Thompson (1942)
and Todd & Smart (1984). To measure the eggs’ shape, we
used the ImageJ software (Abramoff, Magelhaes & Ram,
2004). We set up mark points around the eggs’ edges: two
points on the two opposite tips of the eggs, which determined
the longitudinal axis of eggs, and seven roughly equally
distributed points along each of the two edges of the shape
(Fig. 2a). We fitted second-order polynomials to the coordi-
nates of the mark points (Fig. 2b). We used three parameters
of the polynomial to describe egg shape. The first (c0)
parameter is the compression ratio relative to a circle (Fig. 3);
the smaller the c0, the more elongated the egg. The other two
parameters describe the level of asymmetry of the eggs (cl,
larger cl means more pointed egg) and roundness of the tips
(c2, larger c2 means more blunted tips) (Fig. 3). Consequently,
the three polynomial parameters describe egg shape together.

We measured eggs from 135 clutches belonging to six host
species (Table 1) in Hungary and Japan. In the analyses, we
used one randomly chosen host egg from each clutch to avoid
pseudo replication. In order to exclude the possibility that our
results arise as the consequence of a particular sampling of
the host eggs, we repeated this procedure one thousand times
(permutation test) and recorded the number of significant
results (this applies only for the host eggs as we have only one
cuckoo egg per nest). We combined the two sets of great reed
warbler eggs from Hungary, where eggs were collected mainly
in the 1950s and 1960s in southern Hungary and field data
from Apaj from 1998 to 2004, as no difference was found
when we compared these eggs’ shape (MANOVA permuta-
tion test, P<0.05, 16 cases out of 1000 runs).

All computations and statistical analyses were carried out
within the framework of the R interactive statistical envir-
onment (R Development Core Team, 2009).

Results

Our analyses revealed that eggs of the different cuckoo gen-
tes significantly differed in shape (MANOVA Pillai = 0.388,
Fis3s7=3.842, P<0.001; ANOVA <c0: Fs1y9=7.641,

Figure 1 Cuckoo Cuculus canorus (top row) and
host (bottom row) eggs from six populations
(left to right): black-faced bunting Emberiza
spodocephala (Japan), bull-headed shrike La-
nius bucephalus (Japan), oriental reed warbler
Acrocephalus orientalis (Japan), great reed war-
bler Acrocephalus arundinaceus (Hungary), ro-
bin Erithacus rubecula (Hungary) and marsh
warbler Acrocephalus palustris (Hungary).
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P<0001, cl: F5‘129 = 4916, P<0001, c2: F5‘129 = 0101,
P =0.363; Fig. 4). Our results also suggested that cuckoo
eggs from the two distant geographical areas, that is, Japan
and Hungary, differed significantly in terms of egg shape
(MANOVA Pillai = 0.256, F53; = 15.053, P<0.001; AN-
OVA c0: F1‘133=32.581, P<0001, cl: F1‘133= 12318,
P<0.001;c2: Fy 133 = 2.713, P = 0.101; Fig. 4). Cuckoo eggs
from Hungary are more elongated than those from Japan
(Fig. 4). The cuckoo eggs from different hosts’ nests within

T T T T T
X

Figure 2 (a) Seven plus seven roughly equally distributed mark points
along the two edges of an egg for characterizing egg shape, as
demonstrated on a great read warbler Acrocephalus arundinaceus
egg. (b) A representation of polynomial curves fitted to the coordi-
nates of the mark points, following Barta & Székely (1997) and Mdnus
& Barta (2005).

The analysis of common cuckoo’s egg shape

these areas, however, did not differ in shape (Hungary:
MANOVA Pillai = 0.088, Fg 145 = 1.138, P=0.34; ANO-
VA ¢0: F2,75 = 225, P<0.1 12, cl: F2’75 = 0968, P<0384,
c2: Fp75=0.461, P =0.632; Japan: MANOVA Pillai =0.2,
F6,106 = 4813, P= 007, ANOVA ¢0: F2’54 = 0657,
P<0.522; cl: Fr54=4.649, P<0.013; c2: F>54=0.809,
P =0.45).

Host eggs from different populations differed from each
other in terms of egg shape (MANOVA Pillai = 0.539,
F15,387 = 5655, P<0001, ANOVA c0: F5’129 = 12465,
P<0.001; cl: Fsip=1.356, P=024; c2: Fs 20 = 6.186,
P<0.001; Fig. 4), and this difference seems not to depend
on a particular random sampling of the host eggs (all 1000
repetitions of the MANOVA yielded highly significant
results; all P<0.001). Investigating the egg shape para-
meters separately shows that c0 and c2 differ between hosts
species significantly (in all 1000 repetition, P<0.008) while
the results for cl are not so clear (P <0.05 in only 305 cases
out of 1000). As there was no common host species in the
two geographical areas, we did not analyse geographical
differences between the host eggs from the two areas,
because the effects of species identity and geographical area
cannot be separated.

We found a significant difference between cuckoo and host
eggs’ shape when we controlled for population effects, that is,
for the host races of cuckoos (MANOVA Pillai = 0.148,
F3557=14.997, P<0.001, for all 1000 repetition, P<0.001;

Table 1 List of host species, number of host and cuckoo Cuculus
canorus eggs and location of samples in the present study

Number of
eggs
Host species Host Cuckoo Country
Black-faced bunting Emberiza spodocephala 18 6 Japan
(field data)
Bull-headed shrike Lanius bucephalus 123 35 Japan
(field data)
Oriental reed warbler Acrocephalus 35 16 Japan
orientalis (field data)
Great reed warbler Acrocephalus 76 25 Hungary
arundinaceus (field data, museum coll)
Robin Erithacus rubecula (museum coll) 110 29 Hungary
Marsh warbler Acrocephalus palustris 80 24 Hungary

(museum coll)

The number of cuckoo eggs is equal to the number of clutches.

N 7o)

c0: 0.5-1 I c1:0-0.4 I

S

c2: -0.1-0.1 |

N N

Figure 3 Effects of egg shape parameters (c0,
¢1 and c2) on the shape of avian eggs. Two
extreme and one intermediate values per para-
meter. The lower the value, the darker the line.
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ANOVA c0: F|‘259 = 6878, P= 0009, cl: F1’259 = 21246,
P<0.001; c2: Fy 559 = 27.652, P<0.001; Fig. 4). The cuckoos’
and hosts’ eggs differ most in roundness, but this difference is
opposite in the two regions. The cuckoo eggs in Japan are
more rounded than their hosts while in Hungary the cuckoo
eggs more elongated than their hosts.

Discussion

Our results revealed a significant difference in the shape of
cuckoo eggs between Japan and Hungary, while no differ-
ence was revealed in egg shape between cuckoos parasitizing
different hosts within any of these distant areas. Cuckoo
parasitism in Japan may have started more recently than in
Europe (Nakamura et al., 1998; Takasu et al., 2009), where
it has a considerable history (Davies, 2000). The difference
in egg shape might be the consequence of geographic
isolation in the evolutionary history of cuckoos.

Comparing egg shape in six pairs of host species and their
corresponding cuckoos, our results suggest the lack of adap-
tation by different cuckoo gentes to their specific hosts in
terms of egg shape. There are two possible explanations for
this finding. On the one hand, hosts’ egg recognition mechan-
isms are not specialized on egg shape as shown in the great
reed warbler (Moskat et al., 2003) and also in hosts of the
brown-headed cowbird Molothrus ater (Rothstein, 1975;
Mason & Rothtstein, 1986; Ortega & Cruz, 1988; Under-
wood & Sealy, 2006; Guigueno & Sealy, 2009). Although

T phalus orientalis ‘orw’, great reed warbler Ac-
rocephalus arundinaceus 'grw’, robin Erithacus
rubecula 'rob’ and marsh warbler Acrocephalus
palustris ‘mw'".)

some cuckoos are strictly specialized on one host population
(Nakamura & Miyazawa, 1997; Honza et al., 2002), others
seem to be generalists (Wyllie, 1981); hence, there might be
some overlap in host usage by cuckoos (e.g. Edvardsen et al.,
2001). Although this might act against the development of
mimicry in egg shape, it cannot exploit selection for this, as
mimicry in egg colour and pattern could have already been
developed in many cuckoo—host relationships (Moksnes &
Roskaft, 1995). On the other hand, if heat retention by eggs is
the most important selection pressure, the rounded form
would be the most desirable option for the shape of a cuckoo
egg (Thompson, 1942; Lack, 1968; Drent, 1975; Andersson,
1978; Barta & Székely, 1997). Our results support the latter
possibility, as the rounded egg shape seems to be a secondary
attribute in the evolution of cuckoo eggs, which is probably
more related to efficient heat transfer.

Nevertheless, there could be several other effects, which
may affect the adaptations of the egg shape in cuckoos. For
example, the symmetry/asymmetry of eggs may have im-
portance in the hatchability of eggs, affected by gas ex-
change in the air chamber (Mao et al., 2007). Another
divergent selection pressure in evictor cuckoos is eggshell
strength, as their eggshells are thicker than that of in non-
evictor cuckoos, probably developed against host puncture
attempts (Hargitai e al., 2010; Spottiswoode, 2010). The
puncture resistance hypothesis was also supported in Acro-
cephalus hosts in Bulgaria (Antonov et al., 2006), but thicker
eggshells may also protect cuckoo eggs from damage when
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they are laid into host nests. Garcia-Navas et al. (2011)
showed in the blue tit Cyanistes caeruleus that supplementa-
tion of calcium-rich food resulted in thicker eggshells and
shorter embryo-development. Cuckoos lay at every second
day (Wyllie, 1981), by retaining their eggs in their oviducts,
which results in a 31-h hatching advantage when comparing
with host eggs (Birkhead et al., 2010). Our results suggest
that egg shape does not play an important role in cuck-
oo—host coevolution as other eggshell characteristics, for
example, colour or pattern (Kilner, 2006; Antonov et al.,
2010; Spottiswoode & Stevens, 2010). Eggshell colour com-
ponents show a wide variety in bird species (Cassey et al.,
2010), probably reflecting a long evolutionary history as
they can also be found in extinct birds (Igic et al., 2010).
Birds have well-developed visual systems, including their
sensitivity for the ultraviolet wavelengths in many species
(Endler & Mielke, 2005); thus, birds are able to utilize their
talent of visual recognition for using visual cues of eggshell
as communication signals (Underwood & Sealy, 2002;
Cassey et al., 2009; Cherry & Gosler, 2010).

To summarize, our results suggest that the shape of
cuckoo eggs did not adapt to host egg shape. When cuckoo
eggs from Japan and Hungary were compared, the shape of
cuckoo eggs showed significant differences between these
geographically distant areas. We suggest further studies on
the coevolution of cuckoo-host egg shape in different
populations, with variation in the coevolutionary history
between cuckoos and their hosts. Marchetti (2000) described
a case where the size of the foreign experimental eggs
affected hosts’ egg discrimination ability. In such cases, we
expect a more relevant effect of egg shape and a better
adaptation by cuckoos to host eggs than what we have
revealed between cuckoos and six populations of hosts in
Japan and Hungary.
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COMMON CUCKOOS (CUCULUS CANORUS) DO NOT RELY
ON INDICATORS OF PARENTAL ABILITIES WHEN SEARCHING
FOR HOST NESTS: THE IMPORTANCE OF HOST DEFENSES
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ABsTrACT.—There is widespread evidence that individuals within and among host populations are not evenly parasitized by
Common Cuckoos (Cuculus canorus). We first investigated whether the song and nest size of a host species, the Great Reed Warbler
(Acrocephalus arundinaceus), reveal information on parental abilities and level of defense against Common Cuckoos. Second, we
analyzed whether female Common Cuckoos’ preference for host nests is predicted by the degree of song expression and the nest size
of the host. Earlier-breeding hosts built bigger nests, were more active singers, and had less rich syllable repertoires than late breeders.
Host nestlings raised in a big nest received more feedings than those raised in a small nest. Host males that were active singers were
paired with females that built bigger nests. All host pairs rejected nonmimetic artificial eggs, but those with a big nest were more prone
to reject natural Common Cuckoo eggs. Thus, Great Reed Warbler pairs with a big nest were more willing to feed nestlings, but also
had higher discriminatory abilities against Common Cuckoo eggs, than those with a small nest. These findings, and female Common
Cuckoos’ inability to capture the information provided by Great Reed Warblers’ sexual signals, may explain why the females followed a
simple rule of selecting the more visible host nests in the population. Received 26 August 2008, accepted 8 January 2009.

Key words: Acrocephalus arundinaceus, brood parasitism, Common Cuckoo, Cuculus canorus, Great Reed Warbler, heterospecific
eavesdropping, host quality selection, nest size, parental care, sexual signals.

Cuculus canorus no se Basa en Indicadores de las Habilidades Parentales Cuando Busca Nidos de Hospederos:
la Importancia de las Defensas del Hospedero

REsSUMEN.—Existe abundante evidencia de que los individuos dentro y entre poblaciones hospederas no son parasitados de
manera uniforme por Cuculus canorus. Primero, investigamos si el canto y el tamaiio del nido de una especie hospedera, Acrocephalus
arundinaceus, otorga informacién sobre las habilidades parentales y el nivel de defensa en contra de C. canorus. Segundo, analizamos si
la preferencia de las hembras de C. canorus por los nidos hospederos es predicha por el grado de expresién del canto y el tamano del nido
del hospedero. Los hospederos que criaron mds temprano construyeron nidos mas grandes, fueron cantantes mds activos y presentaron
repertorios menos ricos en silabas que los individuos que criaron més tarde. Los pichones de los hospederos criados en nidos grandes
recibieron mds alimento que aquellos criados en nidos pequenos. Los machos hospederos que fueron cantantes activos se aparearon
con las hembras que construyeron nidos mds grandes. Todas las parejas de hospederos rechazaron los huevos artificiales no miméticos,
pero aquellas con nidos grandes fueron més propensas a rechazar los huevos naturales de C. canorus. Asi, las parejas de A. arundinaceus
con nidos grandes estuvieron mds dispuestas a alimentar a los pichones de C. canorus, pero también presentaron mayores habilidades
para discriminar sus huevos, que aquellas parejas con nidos pequenos. Estos resultados, y la incapacidad de la hembra de C. canorus
de captar la informacién suministrada por las sefales sexuales de A. arundinaceus, pueden explicar por qué las hembras siguieron una
regla simple de seleccionar los nidos hospederos mas visibles de la poblacion.
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ANIMAL COMMUNICATION USUALLY occurs in a network of
several signalers and receivers in which unintended receivers
(“eavesdroppers”; sensu McGregor and Dabelsteen 1996, McGregor
2005) may process and profit from the information transmitted
by signalers (e.g., Grim 2008, Welbergen and Davies 2008). Re-
cently, it has been suggested that the interactions between obligate
avian brood parasites and their hosts may represent a particular
case of heterospecific eavesdropping on sexually selected signals
that reveal the host’s parental qualities (Soler et al. 1995, Parejo
and Avilés 2007). Obligate avian brood parasites always lay their
eggs in the nests of other species that rear their offspring (Davies
2000). Therefore, by eavesdropping on hosts’ sexual signals reveal-
ing parental qualities or territory quality, obligate brood parasites
may obtain information about the prospective survival of their
own offspring.

There is widespread evidence that individuals within and
among host populations are not evenly parasitized by cuckoos
(Kriiger 2007). A few studies have previously analyzed the role
of hosts’ songs in determining the probability of parasitism by
Brown-Headed Cowbirds (Molothrus ater) from a location per-
spective (i.e., higher song activity increases the probability of
nest detection by brood parasites; e.g., Clotfelter 1998, Banks
and Martin 2001, Grieef and Sealy 2000, Garamszegi and Avilés
2005). Also, Soler et al. (1995) found that female Great Spot-
ted Cuckoos (Clamator glandarius) in Spain were more prone
to parasitize large European Magpie (Pica pica) nests, where
viability of the parasite offspring was high (but see McLaren
and Sealy 2003). No attempt has been made to assess the role
of hosts’ sexual signals in determining the probability of par-
asitism by Common Cuckoos (Cuculus canorus; hereafter
“cuckoos”), despite the fact that this is a very well-known system
(Davies 2000).

Great Reed Warblers (Acrocephalus arundinaceus) are the
most common hosts of cuckoos on the plains of Hungary. Like
many other cuckoo hosts, Great Reed Warblers reject many, but
not all, cuckoo eggs (Moskat and Honza 2002). Previous studies
in the region demonstrated that female cuckoos preferred Great
Reed Warbler nests that were near vantage points, more visible
as judged by humans, or both (Moskat and Honza 2000). Further,
evidence suggests that female cuckoos have evolved finely tuned
discriminatory capacities, given that they prefer to parasitize host
nests that contain eggs similar in appearance to their own eggs,
which hinders the host’s discriminatory task (Avilés et al. 2006,
Cherry et al. 2007). These studies, however, have neglected the
possibility that cuckoos use the sexual signals of Great Reed War-
blers as cues, which may have biased the results if the hosts were
not evenly distributed, within a population, in relation to their
sexual signals.

Male Great Reed Warblers sing highly conspicuous songs,
which are subject to a directional female mating preference (e.g.,
Catchpole et al. 1985, 1986; Catchpole 1986; Hasselquist 1998;
Forstmeier and Leisler 2004). More importantly, from our per-
spective, Hasselquist et al. (1996) found a positive relationship
between the viability of the offspring and the repertoire size of
the genetic father. Male Great Reed Warblers’ songs, therefore,
may reveal aspects of offspring viability that could be of inter-
est to eavesdropping cuckoos. In the same vein, once pairing has
occurred, female Great Reed Warblers build their nests without
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the male’s help (Cramp 1998). Nest size (Soler et al. 1998, 2001;
De Neve et al. 2004; Szentirmai et al. 2005) and nest-building ac-
tivities (Soler et al. 1995, Palomino et al. 1998, Szentirmai et al.
2005) have been shown to be postpairing signals that reveal pa-
rental quality in European Magpies and other passerine birds (e.g.,
Soler et al. 1998, Szentirmai et al. 2005). Thus, the nest-building
behavior of female Great Reed Warblers, as estimated from nest
size, may be related to a willingness to invest in parental care and,
thus, may also indirectly assist eavesdropping brood parasites
in assessing some aspects of their offspring viability (see also
McClaren and Sealy 2003).

We examined the natural variation present in two poten-
tial species-specific signals, song and nest size, as well as their
information content in terms of parental quality and level of de-
fense against cuckoos in a Great Reed Warbler population heav-
ily parasitized by cuckoos. Second, we analyzed whether female
cuckoos’ preference for host nests is predicted by the song char-
acteristics and the size of the hosts’ nests. We expected that
the responses of eavesdropping cuckoos to the signal variation
in our host population would depend on parental qualities ex-
pressed by the sexual signals of hosts. From a cuckoo’s point of
view, the suitability of a host may depend on how prone it is to
reject cuckoo eggs and its ability to raise parasitic chicks (Da-
vies 2000, Grim et al. 2003, Grim 2007). Therefore, if host song
and nest size, as sexual signals, simultaneously reflect the host’s
ability to raise a chick and its ability to recognize and reject
cuckoo eggs, cuckoos may disregard these signals when search-
ing for nests. However, we would expect that cuckoos’ selection
of host nests is not random, with respect to the signal varia-
tion we found in our study population, if signals reflect either
the host’s ability to raise a chick or its inability to discriminate
against cuckoo eggs.

METHODS

Study area.—Field work was conducted around the village of Apaj,
Hungary (47°07’N, 19°06’E), in 2006. Great Reed Warblers breed
in reed beds along small channels and are parasitized at unusually
high frequencies (~65%) by cuckoos (Moskat and Honza 2002).
For a detailed description of the study area, see Moskat and Honza
(2000). Great Reed Warblers typically arrive at our study area in
early May and start breeding in mid-May. From 10 May, we sys-
tematically checked the reed beds for nests at least twice a week.
Most of the nests were found in the nest-building or early egg-
laying stages, which allowed us to monitor the fate of natural
cuckoo parasitism in our population (Moskét and Honza 2002).
Each nest was checked daily, and all Great Reed Warbler and
cuckoo eggs were marked with waterproof pens. As in previous
studies, parasitized nests that escaped predation for six days after
parasitism were assessed as acceptors or rejectors (egg ejection or
nest desertion; Moskat and Honza 2002, Hauber et al. 2006). The
inclusion of nest desertion as a form of rejection is justified for this
particular system, given that it can affect 15-19% of naturally par-
asitized nests in Apaj (Bartol etal. 2002, Moskét and Honza 2002),
which is almost triple the desertion rate for nonparasitized nests
(Bartol et al. 2002).

We also artificially parasitized a randomly selected portion
of unparasitized nests in our population to study the relationship
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between hosts’ discriminatory abilities and the degree of species-
specific signaling. Female cuckoos often remove a host egg when
laying their own egg (Wyllie 1981), so we simulated parasitism by
maintaining the existing clutch size in each artificially parasitized
nest. We experimentally parasitized clutches with nonmimetic
(n = 14 nests) and mimetic eggs (» = 9 nests). In the parasitized
nonmimetic group of nests, we manipulated one egg in each clutch
by dying its entire shell with a transparent yellow highlighter
pen (Swan Stabilo Boss art no. 70/24). In addition, we added 12
brown spots with a felt pen (Faber-Castel OHP-Plus 1525 perma-
nent, color code 78). Cuckoo eggs of a yellowish color occur in our
study population, though rarely. Therefore, although cuckoo eggs
are similar in size to Great Reed Warbler eggs (Torok et al. 2004),
the use of the term “nonmimetic” is justified in this case of artifi-
cial parasitism (see fig. 1 in Moskat et al. 2008a). In the parasitized
“mimetic” group of nests, one host egg was manipulated by add-
ing 12 brown spots with a felt pen (Faber-Castel OHP-Plus 1525
permanent, color code 78). The spots were ~4 mm in diameter and
corresponded to the maximum size of natural spots on Great Reed
‘Warbler eggs. These spots allowed the egg’s background color to
be visible, and previous studies in our population have shown that
most are accepted by Great Reed Warblers (Hauber et al. 2006,
Moskat etal. 2008b), thus justifying the use of the term “mimetic.”
To simulate natural parasitism (Moskét and Honza 2002), we ap-
plied both treatments during egg laying, usually after the fourth
egg had been laid (rarely after the third or fifth egg). We moni-
tored nests for six consecutive days after manipulation and report
two types of host responses: acceptance or rejection of the para-
sitic egg (no desertion occurred). Only clutches not parasitized by
a cuckoo and not depredated during the experimental period were
used for these analyses.

Song recordings.—Male Great Reed Warblers have two dif-
ferent types of songs, which greatly differ in length. Unmated
individuals produce long songs that consist of a wide variety of
high-amplitude elements, and they switch to short songs that con-
sist of low-amplitude syllables once they have a fertilizable, nest-
building (or egg-laying) female to guard (Hasselquist and Bensch
1991). Playback experiments in the field and in the laboratory have
demonstrated that long songs are attractive to females (Catch-
pole 1983, 1986), so eavesdropping cuckoos could target long
Great Reed Warbler songs for future brood parasitism. We re-
corded males that sang a minimum of 30 consecutive strophes of
long songs, which is sufficient to determine repertoire size in this
species (Forstmeier et al. 2006). Recordings were made between
0500 and 1000 hours with a Marantz PMD670 recorder and a
K6MEG66 Sennheiser directional microphone and were analyzed
with RAVEN, version 1.2 (Cornell Lab of Ornithology, Ithaca, New
York). Five of the 22 sampled males were color-ringed before we re-
corded their songs. Continuous monitoring allowed us to confirm
that these five males remained within their territories throughout
the breeding season.

To characterize songs, we extracted five parameters from
each of the 120 records belonging to the 22 males: (1) song rate,
calculated as the proportion of time that a bird was singing as a
function of record duration; (2) repertoire size, or the number of
different syllable types found in all the strophes of a record (to
ensure consistency in classification, all syllables were catego-
rized by the same person [M.B.] on the basis of visual inspection
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of spectrograms); (3) strophe length, the average length of all the
strophes in a record; (4) percentage performance time (PPT), the
average ratio of strophe length divided by the sum of strophe
lengths and the subsequent silent period (Forstmeier et al. 2006);
and (5) syllable switches, the average number of syllable-type
switches within a strophe.

Nest volume.—A nest-volume index was estimated by multi-
plying nest height (cm), maximum nest width (cm), and minimum
nest width (cm) (Moskat and Honza 2000). To ensure consistency,
measurements were always taken by the same person (M.B.) while
the nests were active. In addition, the number of reed stems to
which the nests were attached was recorded. The average number
of harnessed stems per nest was 5 (range: 2—11). Larger nests con-
tained more reed stems (r=0.26, F=5.12, df =1 and 67, P=0.02,
=69 nests), which supports the assumption that nest volume is a
good correlate of building effort in Great Reed Warblers.

Parental care—The rate of nestling provisioning by par-
ents was recorded with two fully compatible digital video cam-
eras (Canon MV500i and 550i with Fuji DX 60-min cassettes) at
18 randomly selected unparasitized nests. This figure represents
nearly 50% of the unparasitized nests in our population in which
nestling Great Reed Warblers reached five days of age. The cam-
eras were attached to tripods placed in reeds approximately 3—4 m
from nests, to record parental feeding. We left cameras for 15 min
before recordings started to habituate the birds to their presence.
We used provisioning rate (number of feeding visits hour, cal-
culated from 1 h of observation nest™) when nestlings were about
five days old (nestling age at the observation: average+ SD=5.55+
0.92 days) as a measure of parental care.

Distance to vantage points and nest visibility—A previous
study of the same population showed that Great Reed Warbler
nests that are close to cuckoos’ vantage points and more visible to
researchers were more likely to be parasitized by cuckoos (Moskat
and Honza 2000). Therefore, we estimated distance (m) to vantage
points for every nest with a Garmin 60 geographic positioning
system. We defined this as the distance from the nest to the clos-
est tree or electric wire on which a cuckoo could land. Following
Moskat and Honza (2000), we evaluated nest visibility from four
points (north, east, south, and west) at a distance of 3 m, using a
scale of 1-5: (1) bad—the nest is difficult to see from all directions,
even from closer than 3 m; (2) intermediatel (between the states of
bad and moderate)—the nest is difficult to see from 3 m, but from
a closer distance it can easily be seen, at least from one direction;
(3) moderate—the nest can be seen from 3 m in one direction, and
from a closer distance it can easily be recognized; (4) intermedi-
ate2 (between the states of moderate and good)—the nest is seen
relatively well from 3 m, and from a greater distance in one direc-
tion; and (5) good—the nest is seen very well from 3 m, and from
a greater distance in more than one direction (Moskat and Honza
2000).

Statistical analyses.—Song variables were interrelated, so
we performed a principal component analysis (PCA) on the five
variables to reduce the number of correlated variables into a sin-
gle variable summarizing song variation. The first component
explained 68.0% of the total variance in song and had high posi-
tive loading for song rate (0.89) and negative loadings for reper-
toire size (—0.76), strophe length (~0.58), PPT (~0.93), and syllable
switches (—0.90). Hence, males with high positive scores for this
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first component were more active singers, though their syllable
repertoires were less rich.

The data complied with normality assumptions, and general
linear models (GLM procedure in SAS; SAS Institute 1996) with
normal error distribution were used to explore the relationships
between likely sexual signals (i.e., nest volume and PC scores on
song traits) and parental quality (i.e., provisioning rate). Provi-
sioning rate may be affected by laying date and number of nest-
lings, given that laying date is an age-dependent feature in Great
Reed Warblers (Lotem et al. 1992), and larger numbers of nestlings
require higher provisioning rates. Thus, laying date and brood size
were entered in the model to control for possible biases.

We used logistic regression models (GENMOD procedure
in SAS) for testing the relationship between the fate of natural
and artificial cuckoo parasitism in a nest (dependent variable:
acceptance vs. rejection) and the expression of sexual signals of
the nest owners. We entered laying date as a covariate, because
young female Great Reed Warblers often lay in the middle of
the breeding season and parasitic egg-recognition abilities are
assumed to increase with age (Lotem et al. 1992). We also en-
tered the kind of artificial egg (mimetic vs. nonmimetic) in the
model as a fixed factor when dealing with rejection of artificial
cuckoo eggs, because nonmimetic eggs are likely to be removed
by cuckoo hosts (Davies 2000). Finally, we used a multiple lo-
gistic regression model with probability of parasitism as a bi-
nomial dependent variable (parasitized vs. nonparasitized) and
variables related to sexual signals, and laying date, as indepen-
dent variables. Nest visibility and perch distance were also en-
tered in the models, because previous work has shown that they
are determining factors in predicting the probability of cuckoo
parasitism in our population (Moskat and Honza 2000). Finally,
to account for the possibility that nest crypsis was a sexually se-
lected trait in Great Reed Warblers, we used Pearson correla-
tions to check for relationships between nest visibility and laying
date and number of feedings.

Model selection was performed by removing, one by one, the
effects that were farthest from statistical significance. Because of
low sample size, we did not test interactive effects between inde-
pendent variables.

RESULTS

Expression of Potential Sexual Signals and Parental Quality
in Great Reed Warblers

Nest volume.—In our study population, Great Reed Warblers
built nests (n = 116) with an average (+ SD) volume of 972.83 +
224.13 c¢cm?®. Variation in volume between nests was perceptible:
the smallest nest found was about a third the volume of the big-
gest one (range: 448-1,700 cm?). Early breeders produced nests
with larger volume than late breeders (r=-0.38, F=13.02, df=1
and 77, P=0.0005; Fig. 1). Video recordings revealed that variation
in the rate of nestling provisioning by adult Great Reed Warblers
was marginally explained by nest size (volume effect: r=0.43, F=
3.80, df =1 and 16, P = 0.06; Fig. 2), but not by laying date (laying-
date effect: F=0.51, df=1 and 15, P= 0.48) or the number of fledg-
lings at the nests (number-of-fledglings effect: F=0.21, df =1 and
14, P=0.65).
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Fic. 1. Relation between nest volume and laying date (1 =1 May) in Great
Reed Warblers (n =79 nests).

Song.—Early breeders were marginally significantly more ac-
tive singers and had smaller syllable repertoires (i.e., higher PC1
scores) than late breeders in Apaj (Spearman correlation: r, =
—0.40, P=0.06, n = 21; Fig. 3). Unfortunately, we were able to vid-
eotape only three nests in which male songs had been recorded,
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FiG. 2. Relation between number of feedings in 1 h and nest volume in
Great Reed Warblers (n = 18 nests).
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FiG. 3. Relation between song scores and laying date (1 = 1 May) in Great
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which precluded a direct test of male song as an indicator of pa-
rental quality at the nests. However, characteristics of male songs
were related to nest volume (Spearman correlation: r;=042, P=
0.04, n=22). Active male singers (i.e., those with high PC1 scores)
were mated with females that built nests of larger volume (Fig. 4).
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FIG. 4. Relation between song scores and nest volume in Great Reed
Warblers (n =22 nests).
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sizes are on mean bars.

This association was likely mediated by laying date, because nest
volume and PCl1 scores were unrelated when laying date was con-
sidered in the analysis (volume effect: F = 0.82, df =1 and 18, P =
0.37; laying-date effect: F=1.36, df=1and 18, P=0.25).

Expression of Potential Sexual Signals and Level
of Defense against Cuckoos

Thirty-eight of the 60 Great Reed Warbler nests found during the
nest-building stage were parasitized by cuckoos (parasitism fre-
quency = 63.3%). We could not ascertain the fate of cuckoo eggs
in eight nests because they were depredated promptly after being
parasitized. Great Reed Warblers rejected at least one cuckoo egg
in 14 of the remaining 30 nests (rejection rate of natural cuckoo
eggs =46.7%).

Interestingly, rejection of natural cuckoo eggs was related to
nestsize (volume effect: >=4.39, df=1, P=0.03) once we controlled
for the effect of laying date (laying-date effect: x> = 3.61, df = 1,
P =0.057). Pairs with a big nest were more prone to reject natural
cuckoo eggs than those with a small nest (Fig. 5). The probabil-
ity of rejection of natural cuckoo eggs, however, was unrelated to
song characteristics (song effect: 2= 0.09, df=1, P=0.76).

Nest size, however, did not explain rejection among the ar-
tificially parasitized Great Reed Warbler nests (volume effect:
x> =176, df =1, P=0.18). Also, laying-date effects on rejection of
artificial cuckoo eggs were negligible (laying-date effect: > = 0.60,
df =1, P=0.18). Because of low sample size, we could not test for
a relationship between song and host response to cuckoo parasit-
ism. Rejection in this group of nests was influenced only by the
level of egg mimicry (mimicry effect: x>=14.95, df=1, P<0.0001),
with mimetic eggs (33.3%) less prone to being rejected than
nonmimetic eggs (100%).

Cuckoo Nest Selection and Host Sexual Signals

A multivariate analysis in which all factors likely to affect cuckoo
parasitism were simultaneously considered revealed that the prob-
ability of cuckoo parasitism was unrelated to Great Reed Warbler
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TABLE 1. Results of a logistic regression testing for the effect of Great Reed
Warbler song, nest size, perch proximity, laying date, and nest visibility
on the probability of parasitism by Common Cuckoos. Independent ef-
fects are presented in the order in which they were removed (see text).
The number (n) of nests in which measurements were taken for each in-
dependent factor is given in parentheses.

Source df X P
PC1 scores (n =20 nests) 1and 17 0.01 0.91
Perch distance (n =74 nests) 1 and 47 0.03 0.85
Nest volume (n =70 nests) 1and 48 0.11 0.73
Laying date (n = 56 nests) 1 and 50 0.25 0.62
Variables retained in the model:

Nest visibility (n =70 nests) 1 and 68 3.83 0.050

song and nest size (Table 1). In addition, laying date and proximity
to a perch site did not predict cuckoo parasitism (Table 1). Instead,
the probability of cuckoo parasitism was significantly influenced
by the visibility of hosts’ nests: parasitized nests were more visible
(Fig. 6) than unparasitized nests (Table 1). Nest visibility was not
significantly correlated with number of feedings (r = —0.23, P =
0.40, n=17) or laying date (r=0.24, P=0.09, n="53).

DiscussiON

The present study confirms the suggestions of previous investi-
gators that the expression of host signals near host nests might
reveal aspects of hosts’ parental capacities that are critical for par-
asitic cuckoos in selecting individuals to parasitize (Soler et al.
1995, Parejo and Avilés 2007). We found that nest size and singing
activity of male hosts declined seasonally and that hosts’ nestlings
raised in larger nests received more feedings than those raised in
a small nest, though this result was barely significant (P = 0.06).
Most active singers in the host population also were mated with
females that built bigger nests. A multivariate logistic analysis,
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in which all factors that likely influence the probability of cuckoo
parasitism were simultaneously considered, revealed that more
visible nests were more prone to be selected by female cuckoos.
Neither nest size nor song output—variables that likely reflect the
host’s parental abilities—predicted the probability of cuckoo par-
asitism. Thus, our results do not indicate that cuckoos eavesdrop
on Great Reed Warblers’ sexual signals; rather, female cuckoos
may follow a simple rule of parasitizing the most accessible Great
Reed Warbler nests in the population.

Early passerine nests are more successful (Perrins 1970). Be-
cause most of the Great Reed Warblers in our study population
were unmarked, we could not ascertain whether the late breeders
that built smaller nests and sang less were young, inexperienced
individuals or low-quality adults. In any case, both young, inexpe-
rienced and low-quality adult pairs are expected to give parasite
offspring less care than experienced, high-quality pairs. Thus, nest
size and song outcome could be used by cuckoos as reliable indi-
cators of the rearing capacities of a particular Great Reed War-
bler pair. However, if cuckoos parasitize only hosts with elaborate
songs, this might resultin strong selection against elaborate songs
in the host, considering the extremely high frequency of cuckoo
parasitism in this area. This would be consistent with the results
of a study of cowbird parasitism in which host species had smaller
song repertoires than non-host species (Garamszegi and Avilés
2005). Also, it may explain why early-breeding (presumably older)
males in the present study had marginally smaller repertoires than
late breeders, which contrasts with results from other populations
of Great Reed Warblers (e.g., Catchpole et al. 1986, Hasselquist
etal. 1996, Forstmeier and Leisler 2004).

Particularly novel is the finding that the expression of sex-
ual signals by individual hosts may reflect discriminatory abilities
against parasitism by cuckoos. Indeed, all the Great Reed Warbler
pairs we tested rejected the nonmimetic eggs we introduced, but
pairs with big nests recognized a cuckoo egg better than those with
a small nest. It seems that the informative value of nest size as a
predictor of discriminatory abilities is evident only at naturally
parasitised nests. This is clearly relevant to understanding cuck-
00s, which have evolved a moderately good (sometimes “perfect”)
level of mimicry of Great Reed Warbler eggs in Apaj (Moskat and
Honza 2002, Cherry et al. 2007). By relying on Great Reed Warbler
nest size, a female cuckoo may obtain information on the probabil-
ity that her eggs would be evicted from a particular nest. That is,
the benefits for a female cuckoo, in terms of parental care, of select-
ing a big nest are counterbalanced by the costs of egg rejection. The
association between rejection of cuckoo eggs and parental abili-
ties may be attributable to these two behavioral traits being age-
dependent in Great Reed Warblers. Previous studies have shown
that discrimination of cuckoo eggs by Great Reed Warblers is an
age-dependent behavior (Lotem et al. 1995). Older male Great Reed
Warblers also sing more elaborate songs (Hasselquist et al. 1996,
Hasselquist 1998; but see Forstmeier et al. 2006) and may have dif-
ferent habitat preferences (Grim 2002). Alternatively, individual
Great Reed Warblers may simultaneously exhibit high proficiency
in feeding and in avoiding cuckoo parasitism, because these two
behavioral tasks are governed by a common cognitive capacity (Sih
et al. 2004). Finally, in this population, >60% of Great Reed War-
bler nests receive at least one cuckoo egg, and multiple parasit-
ism is frequent (Moskat and Honza 2002). Thus, a preference for
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high-quality hosts in this cuckoo population may be “punished”
by the exceptionally high frequency of parasitism, which increases
the chance that prospecting female cuckoos will find already-
parasitized nests. Multiple parasitism is especially costly for brood
parasites whose chicks evict all eggs and nestmates (Davies 2000).

Female cuckoos parasitized more visible than nonvisible
nests in Apaj. It could be argued that host-nest crypsis better pre-
dicted an individual’s parental quality than its signaling. How-
ever, neither laying date nor number of feedings was related to
nest visibility in our population. Visible nests probably allow fe-
male cuckoos to more effectively inspect a nest before laying and
to parasitize the nest more quickly, thus diminishing the risk of
being chased by hosts (Wyllie 1981). Also, the high risk of mul-
tiple parasitism and the high density of cuckoos in the study pop-
ulation (see above) may have facilitated nest selection based on
simple rules. This finding only partially confirms previous find-
ings by Moskat and Honza (2000) in the same population. In that
study, perch distance, as well as nest visibility, mainly explained
the probability of cuckoo parasitism. Our study was conducted
in the same geographic area but, because of habitat degradation,
we sampled reed beds situated in channels adjacent to those sam-
pled by Moskét and Honza (2000). In the present study, tree lines
followed the channel more continuously than in the earlier study,
where trees were more patchily distributed in relation to the reed-
bed line. Differences in habitat structure between the two studies
may explain the difference between the two results regarding the
importance of cuckoos’ vantage points.

In conclusion, we found that nest size was positively related
to the quality of parental care in Great Reed Warblers, as well as
to their capacity to reject cuckoo eggs. Therefore, nest size may
reveal multiple but contradictory aspects of host suitability, and
cuckoos may favor a simple nest-visibility rule when searching for
host nests. This may help to explain why we did not find support
for the suggestion that cuckoos eavesdrop on the sexual signals
of Great Reed Warblers, which is consistent with previous nega-
tive results in studies of exploitation of sexual signals by cuckoos.
Before stronger inferences can be made, however, this multiple-
signaling approach needs to be replicated in a multi-year study that
includes other host behaviors that may affect brood parasites, such
as those related to the expression of hosts’ sexual ornaments.
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Hosts are expected to evolve resistance stra-
tegies that efficiently detect and resist exposure
to virulent parasites and pathogens. When rec-
ognition is not error-proof, the acceptance
threshold used by hosts to recognize parasites
should be context dependent and become more
restrictive with increasing predictability of
parasitism. Here, we demonstrate that
decisions of great reed warblers Acrocephalus
arundinaceus to reject parasitism by the com-
mon cuckoo Cuculus canorus vary adaptively
within a single egg-laying bout. Hosts typically
accept one of their own eggs with experimen-
tally added spots and the background colour left
visible. In contrast, hosts reject such spotted
eggs when individuals had been previously
exposed to and rejected one of their own eggs
whose background colour had been entirely
masked. These results support patterns of
adaptive modulation of antiparasitic strategies
through shifts in the acceptance threshold of
hosts and suggest a critical role for experience
in the discrimination decisions between inac-
curate-mimic parasite eggs and hosts’ own
eggs.

Keywords: brood parasitism; Darwinian algorithms;
optimal conspecific acceptance threshold; template

1. INTRODUCTION

Many species have evolved accurate and efficient
mechanisms that are used to resist or limit exposure
to parasites and pathogens. Coevolved hosts of brood
parasitic birds, for example, may reject parasitic eggs
by ejection or nest desertion (e.g. Davies & Brooke
1988; Moksnes er al. 1990). Parasite rejection, how-
ever, is not absolute (Hauber ez al. 2004), as it shows
extensive variability between different populations,
years, stages of breeding cycle, extents of egg mimicry
and adult parasites’ presence near nests, and states of
host-brood parasite coevolution (Rothstein & Robin-
son 1998; Davies 2000). What explains this variation
in the propensity to respond to brood parasitism
among different hosts at the fitness (ultimate) and
cognitive (proximate) levels?

Received 4 October 2005
Accepted 20 December 2005

Optimal conspecific acceptance threshold theory
(Reeve 1989) provides an integrative explanation for
variability of discrimination decisions, including rejec-
tion of parasites, through cognitive mechanisms that
evaluate host—parasite trait dissimilarity. For example,
hosts of cuckoos may reject inaccurate-mimic parasite
eggs because of differences in size (Langmore et al.
2003) or in UV-inclusive colour-reflectance of host
eggs versus parasite eggs (Cherry & Bennett 2001;
Aviles er al. 2004). The acceptance threshold (figure
la) is then set flexibly along the trait-dissimilarity
dimension to maximize the fitness payoff between the
benefits of rejecting parasite eggs and the costs of
erroneously rejecting own eggs (Stokke ez al. 2002),
especially when the appearance of the hosts’ own eggs
are variable within and between clutches (Stokke
et al. 1999). This theory is thus best applied to host
taxa whose rejection decisions appear to be flexible
(i.e. intermediate rejecters: Stokke ez al. 2005).
A specific prediction of acceptance threshold theory is
that, when the frequency or future predictability of
parasitism increases, the acceptance threshold should
become more restrictive (Reeve 1989; Davies er al.
1996; Rodriguez-Gironés & Lotem 1999; figure 15).

Here, we examine the hypothesis that parasite-
rejection decisions of great reed warbler Acrocephalus
arundinaceus hosts of common cuckoos Cuculus
canorus show adaptive plasticity at the level of
individual experience. We capitalized on consistently
high rates of multiple cuckoo eggs laid in host
clutches at our study site (Moskat & Honza 2002).
Accordingly, when a warbler nest is parasitized once,
this demonstrates that the nest can be located and is
accessible for the same or other cuckoos on sub-
sequent days. We, therefore, expected that experimen-
tal parasitism causes a shift in the rejection decisions
of hosts towards a more restrictive acceptance
threshold.

2. MATERIAL AND METHODS

Great reed warblers are similar to several other common cuckoo
host species in that they reject many, but not all, cuckoo eggs. Egg
rejection decisions in this species do not depend on the extent of
intraclutch variability of eggs (Lotem er al. 1995; Karcza et al.
2003), suggesting that other factors, including mimicry of the
parasite eggs, may influence the hosts’ antiparasite behaviours. At
our study site near Apaj (47°07'N; 19°06' E), Hungary, the
rejection rate is 34% of natural cuckoo eggs (Moskat & Honza
2002) and 71% of artificial non-mimicking eggs (Moskat et al.
2002). Cuckoo eggs at this site show variable appearance, and
typically have a light bluish, almost white, background colour with
brown spots, resembling closely the host eggs as judged by human
observers (Moskat & Honza 2002).

We used data from 1998 to 2005 on natural instances of single
and multiple parasitism to describe characteristics of multiple
cuckoo parasitism in our population. For extensive details about
the habitat and general methods, see Bartol ez al. (2002). Great
reed warblers generally lay 4-5 eggs per nest (modal clutch size:
five eggs, C. Moskat, unpublished data from 1998-2003) and all
the experiments took place before or on the day of completion of
warbler clutches. Individual hosts are not banded at our study site
and we assumed that each host nest was attended by the same pair
during a single reproductive bout. Only nests that were not
depredated or naturally parasitized during the experiments were
included in the analyses.

Cuckoos typically remove one host egg when laying a parasite
egg (Wyllie 1981), and we simulated cuckoo parasitism by
maintaining current clutch size in each nest. Nests during the
2002, 2003 and 2005 breeding seasons were assigned to three
experimental treatments: in all nests, including control nests,
warbler eggs were removed, handled and numbered at their blunt
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Figure 1. A graphical explanation of a shift towards more
restrictive optimal acceptance threshold in the context of an
increase in the frequency of brood parasitism: (a) low-
frequency parasitism, (b) higher frequency of parasitism.
Modified from Reeve (1989) and Liebert & Starks (2004).

end with a waterproof pen. In Treatment 1 (T1) nests, on laying
day 2 or 3, the phenotype of a single warbler egg was
manipulated by adding 20 brown spots with a felt-pen (Faber-
Castel OHP-Plus 1525 permanent; figure 2). These spots were
approximately 5 mm in diameter and were distributed throughout
the entire egg surface; the spots did not cover the entire egg
surface and allowed the eggshell base colour to remain visible
(figure 2). In preliminary tests these eggs were mostly accepted by
great reed warblers (C. Moskat et al., unpublished data from
2002, also see §3). Following this single manipulation, we then
determined whether hosts rejected each spotted egg either by the
method of ejection or nest desertion.

In treatment 2 (T2) nests, on laying day 2 or 3 a single warbler
egg was manipulated by covering the entire surface of the egg with
the brown pen (figure 2). In preliminary tests, these covered eggs
were consistently rejected by warblers (C. Moskat et al. unpub-
lished data, also see §3). In those T2 nests, where experimentally
painted brown eggs disappeared within 1-2 days (i.e. still during
the laying stage), we manipulated an additional warbler egg by
adding 20 spots as described above. No change was detected in
rejection rates of hosts during the breeding season (Moskat et al.
2002) and by chance the difference in the rank-order of the laying
dates for nests from the different treatments were similar (Mann—
Whitney U;7,12=99.5, p>0.9). Hence, we assumed no consistent
age-differences between female hosts in the different treatments (cf.
Lotem er al. 1995).

We monitored all nests for 6 days following treatments to
document rejection responses (egg ejection or nest desertion versus
egg acceptance, yes/no bivariate category). Thus, our study was
designed to examine the role of prior experience and memory in
antiparasite defences within a single breeding attempt rather than
across breeding attempts and between different years (Lotem ez al.
1995). Hosts® rejection decisions were similar across years (x3=
1.12, p=0.572) and data were combined from all breeding seasons,
assuming each nest to be an independent data point for our
contingency analyses using Fisher’s exact tests.

3. RESULTS

Host great reed warblers suffered from a relatively
high risk of multiple common cuckoo parasitism in
our population. Among 441 clutches, 186 (42.2%)
were singly parasitized and 76 were multiply para-
sitized (17.2%). Accordingly, 29.0% of parasitized
nests contained two, rarely three or four, cuckoo eggs.
Cuckoo eggs in multiply parasitized clutches (z=35)
were more likely to be laid on different days (91.4%)
than on the same day (8.6%).
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Figure 2. Experience-dependent proportions of accepted
and rejected experimentally modified own eggs of great reed
warbler hosts of common cuckoos in Central Hungary.
Rejection rates refer to percentage of the spotted egg

rejected (T1 and T2); in the control treatment no own egg
was rejected.

Hosts with control nests did not reject any of their
own eggs (0/13, 0%; figure 2), thus showed no
recognition errors. Hosts with T'1 nests that included
a spotted egg, had a moderately higher rejection
rate of experimentally spotted eggs (5/17, 29.4%,
p=0.0525; figure 2). Again, no unmanipulated host
eggs were rejected or disappeared, showing evidence
for neither rejection errors nor rejection costs (sensu
Stokke ez al. 2002).

Hosts with T2 nests rejected the dark brown eggs
at a high rate (12/14, 85.7%; figure 2) compared
to both controls (p<0.0001) and T1 spotted eggs
(p=0.0032). In those T2 nests, where the original
dark brown eggs had been ejected, the subsequent
spotted eggs were also rejected in most nests (10/12,
83.3%; figure 2). Each experimentally spotted egg
was introduced at similarly late stages of the laying
stage in both T1 and T2 nests but the difference
between rejection rates of single spotted eggs in great
reed warbler nests was highly significant between the
two treatments (p=0.0078). Hosts rejected all dark
brown eggs (12/12, T2 nests) and all but one of the
spotted eggs (14/15, T1 and T2 nests combined) by
the method of ejection while one clutch with a
spotted egg was deserted.

4. DISCUSSION

Optimal acceptance threshold theory (Reeve 1989)
has predicted successfully patterns of social discrimi-
nation decisions of several taxa, including eusocial
insects and social mammals in the context of kin
favouritism (Liebert & Starks 2004). Implicitly,
acceptance threshold theory also explains increased
host rejection behaviour when predictability of para-
sitism is greater (i.e. when adult parasites are present
versus absent near hosts nests within reproductive
bouts (Davies & Brooke 1988; Moksnes & Raskaft
1989; Bartol ez al. 2002), across the breeding season
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(Alvarez 1996) and between years (Brooke er al.
1998)).

Experimental data are in support of the acceptance
threshold model in the great reed warbler that is a
host species of the common cuckoo with high rates of
multiple parasitism in central Hungary and inter-
mediate levels of responses to naturally laid cuckoo
eggs (Moskat & Honza 2002). This host showed
higher rejection rates of artificial eggs in response to
multiple parasitism than to single parasitism
(Honza & Moskat 2005) and it demonstrated plas-
ticity in the responses to the same phenotypic traits
involved in egg rejection decisions (this study).
Specifically, we found that within the same laying
cycle, hosts’ experience with presumed brood
parasitism (as predicted by the appearance and rejec-
tion of a non-mimicking egg) results in the rejection
of simulated parasite eggs with an otherwise accepted
phenotype. A potential consequence of discrimination
decisions based on flexible acceptance thresholds is
that inaccurate mimicry of host eggs by parasites may
be evolutionarily stable even when variability in local
parasite egg phenotypes is reduced (Johnstone 2002).
This scenario is likely to be relevant to common
cuckoos and many of their hosts, and may explain the
close but not perfect mimicry of host eggs by cuckoo
eggs (Takasu 2003), because female cuckoos of the
same gentes, laying similar eggs, are more likely to
search nearby habitats and encounter nests of the
same host species (Honza ez al. 2002).

At the time when rejection decisions were made by
great reed warbler hosts in treatments T1 and T2, the
nest contents were identical in each nest (1 spotted
and 3-4 unmanipulated own eggs). These results are
consistent with the concept of a template-based
recognition system for host—parasite egg discrimi-
nation in great reed warblers (Hauber & Sherman
2001), because the brown egg, as the indicator risk of
parasitism, did not need to be present at the time
when the rejection decision of the spotted egg was
made (figure 2). The implication for the cognitive
plasticity of host egg-recognition templates is that
experience and memory play critical roles in the
antiparasite-discrimination decisions of great reed
warblers and, perhaps, generally in other host—para-
site systems.
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SUMMARY
Many avian hosts have evolved antiparasite defence mechanisms, including egg rejection, to reduce the costs of brood
parasitism. The two main alternative cognitive mechanisms of egg discrimination are thought to be based on the perceived
discordancy of eggs in a clutch or the use of recognition templates by hosts. Our experiments reveal that the great reed warbler
(Acrocephalus arundinaceus), a host of the common cuckoo (Cuculus canorus), relies on both mechanisms. In support of the
discordancy mechanism, hosts rejected their own eggs (13%) and manipulated (‘parasitic’) eggs (27%) above control levels in
experiments when manipulated eggs were in the majority but when clutches also included a minority of own eggs. Hosts that had
the chance to observe the manipulated eggs daily just after laying did not show stronger rejection of manipulated eggs than when
the eggs were manipulated at clutch completion. When clutches contained only manipulated eggs, in 33% of the nests hosts
showed rejection, also supporting a mechanism of template-based egg discrimination. Rejection using a recognition template
might be more advantageous because discordancy-based egg discrimination is increasingly error prone with higher rates of

multiple parasitism.

Key words: brood parasitism, egg discrimination, learning, discordancy, recognition template.

INTRODUCTION
Avian brood parasites cause hosts to provide parental care for
genetically unrelated young together with or instead of their own
offspring (Kilner et al., 2004; Kriiger, 2007). Many hosts have
evolved strategies to reduce the costs of parasitism (Davies and
Brooke, 1988; Takasu et al., 1998; Schulze-Hagen et al., 2009).
One of the most prevalent adaptations against brood parasitism is
egg rejection, showing individual (Avilés et al., 2009), sex-related
(Palomino et al., 1998; Soler et al., 2002; Honza et al., 2007b;
Pozgayova et al., 2009), population (Lindholm, 1999; Stokke et al.,
2007a) and species-specific variability (Brooke and Davies, 1988;
Davies and Brooke, 1989; Moksnes et al., 1991; Roskaft et al., 2002;
Servedio and Hauber, 2006). Eggshell characteristics (e.g. coloration
and maculation) play a critical role in the recognition of parasitic
eggs by hosts of several brood parasite species, including the
common cuckoo Cuculus canorus (e.g. Nakamura et al., 1998;
Stokke et al., 1999; Cherry et al., 2007a; Honza et al., 2007a;
Polacikova et al., 2007; Moskat et al., 2008a; Moskat et al., 2008c),
the little and Himalayan cuckoos Cuculus poliocephalus and
Cuculus saturatus (Higuchi, 1989), the great spotted cuckoo
Clamator glandarius (e.g. Soler et al., 2000) and the brown-headed
cowbird Molothrus ater (e.g. Rothstein, 1982; Underwood and
Sealy, 2006). Cognitive mechanisms which correspond to context-
dependent egg discrimination (Rothstein, 1975; Welbergen et al.,
2001; Lahti and Lahti, 2002; Hauber et al., 2006; Moskat and
Hauber, 2007), including the avian-specific sensory perception of
egg coloration (Avilés, 2008; Cassey et al., 2008a; Cassey et al.,

2008b; Safran and Vitousek, 2008; Langmore et al., 2009), seem
to be key factors in explaining behavioural variability of rejection
decisions in host-brood parasite co-evolution. Nonetheless, the
extent to which variability in the host’s flexibility of species-
recognition systems impacts on adaptive responses to parasitism
(Sherman et al., 1997; McLean and Maloney, 1998; Stokke et al.,
2005; Hauber et al., 2006; Moskat and Hauber, 2007) remains to
be fully understood.

Egg discrimination is a prominent antiparasite defence
mechanism, implying the successful recognition of the foreign
eggs followed by the behavioural decision of the hosts to reject
them (Davies and Brooke, 1989; Moksnes et al., 1991; Hauber
and Sherman, 2001; Moskat and Hauber, 2007), even in
conspecific parasitism (e.g. Jamieson et al., 2000). The two most
prevalent mechanisms for egg recognition (Rothstein, 1974;
Lahti and Lahti, 2002; Moskat et al., 2009) are (i) discordancy
and (ii) recognition from template (Table 1). The latter mechanism
requires knowledge of the appearance of the host’s own eggs and
has been termed ‘true recognition’ (Hauber and Sherman, 2001)
because it requires neural encoding of the recognition template
of own eggs. Rejection from template does not require the
presence of host and parasite eggs at the same time (Moskat and
Hauber, 2007).

Discordancy is the simplest mechanism for egg recognition, and
is based on the differences between egg phenotypes within the same
clutch (Rothstein, 1974). This mechanism predicts that hosts
typically eject the egg types that are most dissimilar (and thus,
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Table 1. Examples of egg recognition methods used by hosts in interspecific brood parasitism, as revealed by previous studies

Host Brood parasite

Reference

Discordancy’
Phylloscopus humei
Sylvia borin
Recognition template
Dumetella carolinensis
Icterus galbula
Toxostoma rufum
Quiscalus mexicanus
Luscinia svecica
Fringilla coelebs and F. montifringilla
Discordancy and/or template
Dendroica petechia
Turdus migratorius
Acrocephalus orientalis®
Acrocephalus arundinaceus

Cuculus poliocephalus
Cuculus canorus

Molothrus ater
Molothrus ater
Molothrus ater
Molothrus ater
Cuculus canorus
Cuculus canorus

Molothrus ater
Molothrus ater
Cuculus canorus
Cuculus canorus

Marchetti, 2000
Rensch, 1925

Rothstein, 1974; Rothstein, 1975; Strausberger and Rothstein, 2009
Rothstein, 1978; Strausberger and Rothstein, 2009

Strausberger and Rothstein, 2009

Peer and Sealy, 2001

Amundsen et al., 2002

Moksnes, 1992; Vikan et al., 2009

Sealy, 1995

Rothstein, 1982

Lotem et al., 1995

Cherry et al., 2007a% Moskat et al., 2009%; Hauber et al., 2006*;
Moskéat and Hauber, 20074

Discordancy has never clearly occurred; some template recognition was expected (cf. Rothstein, 1974).
2Previously considered as Acrocephalus arundinaceus orientalis, a subspecies of the great reed warbler.

3Discordancy.
“Recognition template.

necessarily, in the minority) in clutches, irrespective of whether these
are their own eggs or parasitic eggs.

Another mechanism is recognition from a template. In this
scenario, birds compare the characteristics of the eggs with a
recognition template, which could be inherited and/or learned
(Rothstein, 1974; Moksnes, 1992; Hauber and Sherman, 2001;
Hauber et al., 2006; Moskat and Hauber, 2007; Petrie et al., 2009).
Young birds might imprint on their own eggs during their first
breeding attempts (Rothstein, 1975; Rodriguez-Gironés and Lotem,
1999; Stokke et al., 2007b) by examining the totality of their clutch
(Hauber et al., 2004; Hoover et al., 2006), but first-time breeders
might also have some knowledge of their eggs even at their first
breeding if the template is inherited or if they imprint immediately
on the phenotype of their own first-laid egg (Victoria, 1972; Lotem
et al., 1995; Amundsen et al., 2002). In these last cases, additional
learning throughout the first breeding attempt or later clutches serves
as template updating, an adaptive cognitive mechanism (Hauber and
Sherman, 2001) to accommodate the individual’s changing extended
phenotype (i.e. variability of egg appearance throughout the laying
cycle). The aim of our study was to test in a parallel set of
experiments whether egg discrimination in the great reed warbler
Acrocephalus arundinaceus L. occurs by the discordancy or the
template-based recognition mechanism.

The great reed warbler is a commonly parasitized cuckoo host
in Hungary (41-68% parasitism rate) (Moskat et al., 2008b), with
parasitism rate mainly dependent on the availability of trees in the
close vicinity of the nests, serving as vantage points for the cuckoo
(Moskat and Honza, 2000). This host rejects ca. 34% of naturally
laid cuckoo eggs by egg ejection (12%), nest desertion (20%) or
egg burial (2%) at Apaj, central Hungary (Moskat and Honza, 2002).
However, hosts’ rejection frequency does not depend on population-
specific parasitism rate across the Hungarian Plain, as a consequence
of low site fidelity of this host species (Moskat et al., 2008b). In
previous experimental studies template-based egg recognition was
revealed by Hauber and colleagues (Hauber et al., 2006), including
its variant ‘the phenotype distribution’, in which all host eggs form
a compound template of acceptable phenotype variability and hosts
adjust rejection thresholds (Reeve, 1989) based on external contexts
(Moskat and Hauber, 2007). However, the possibility of egg

discrimination by discordancy was also suggested in this species
by Cherry and colleagues (Cherry et al., 2007a) and by Moskat and
colleagues (Moskat et al., 2009), while Moskat and Hauber (Moskat
and Hauber, 2007) provided experimental evidence for clutch
imprinting through a template-updating mechanism. Because the
behavioural evidence for hosts’ egg-rejection decisions does not
always allow distinction between predictions and outcomes of the
discordancy versus the template recognition mechanisms (Moskat
et al., 2008c; Antonov et al., 2009), contemporary experiments are
required that specifically aim to contrast the predictions of these
alternative cognitive models using the same experimental paradigm.

In this study we set out to investigate alternative cognitive
mechanisms of experimentally induced egg discrimination in this
host species, contrasting the potential roles of discordancy and the
template recognition mechanism (Table2), as previous studies
suggested that great reed warblers use either the discordancy or the
template recognition mechanism (see Tablel). To resolve this
uncertainty, here we hypothesized (1) that discordancy plays some
role, but not an exclusive one, in egg discrimination by great reed
warblers. As discordancy means the rejection of the egg type in the
minority (sensu Rothstein, 1974), it might be maladaptive in a
population with heavy multiple cuckoo parasitism, including our
Hungarian study site (Moskat et al., 2009). Therefore learning may
also be important in egg recognition in great reed warblers (e.g.
Rothstein, 1974; Rodriguez-Gironés and Lotem, 1999; Hauber et
al., 2006; Stokke et al., 2007b). We hypothesize (2) that hosts’
opportunity to inspect and learn the appearance of eggs in a nest
helps egg recognition. Accordingly, we predict that hosts that had
the opportunity to observe manipulated eggs during the laying
process would show fewer rejections of the manipulated egg(s),
when the hosts” own eggs are in the minority within the clutch,
relative to those hosts with own eggs in the minority without the
opportunity to inspect manipulated eggs during laying. Finally, a
third factor for self-phenotype recognition is the presence and
varying numbers of own eggs during parasitism where female
parasites remove hosts’ own eggs (Moskat and Hauber, 2007).
Accordingly, we hypothesize (3) that the disappearance of hosts’
own eggs is a cue for actual and impending parasitism and increases
hosts’ egg discrimination, because cuckoos predictably remove host
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Table 2. Predicted variation in hosts’ egg rejection responses according to different hypothetical cognitive mechanisms used for egg
discrimination of moderately mimetic parasitic eggs: discordancy (Rothstein, 1974) and recognition template (cf. Hauber et al., 2006)

Egg type Predicted responses of hosts (rejection rates)
Treatment Minority Majority Discordancy Recognition template
Spotted egg Spotted Own Moderate Moderate
Negatively spotted egg Negatively spotted Own High High
All spotted eggs None Spotted None Moderate*
‘Without learning’ Own Spotted None Moderate
‘With learning’t own Spotted Moderate None*

The basic egg type used in the experiments (‘spotted egg’) had 20 large brown spots painted on the natural eggshell of the host's own egg. (Note that
throughout this table we assume that hosts use only one of the recognition mechanisms.) The predicted reactions against hosts’ own eggs are shown in

parentheses.

*Relatively good mimicry allows hosts to reject the parasitic egg phenotype at a low frequency, but the lack of the own phenotype is expected to increase

rejection rates.

TThe treatment ‘with learning’ means the false imprinting on the parasitic eggs’ phenotype. In the other treatments hosts had the chance to learn their own

eggs’ phenotypes.

#This may depend on the mechanism by which hosts acquire the recognition template.

eggs prior to or during parasitism (see above). Hosts might use this
cue to shift their acceptance thresholds to be more discriminating
(Reeve, 1989; Hauber et al., 2006).

In addition, we studied the importance of eggshell pattern in self-
phenotype recognition. A recent study by Moskat and colleagues
(Moskat et al., 2008c) revealed that experimentally increased spot
density had little effect on hosts’ egg discrimination up to 75% cover
of the eggshell surface, but when no piece of the original was seen,
rejection rate abruptly increased to 100%. For this reason we tested
how different components of the eggshell pattern (i.e. background
colour versus maculation) contribute to the recognition (versus non-
rejection) of the own egg phenotype. Accordingly, we hypothesize
(4) that all hosts” own eggs whose background colour is left visible
are available for the recognition of own-egg phenotypes and thus
are rejected less often than parasitic eggs.

MATERIALS AND METHODS

Study site and species
The study was conducted in the surroundings of the village of Apaj
(47°07'N; 19°06'E) in central Hungary, ca. 40-60km south of
Budapest. The study was performed in 2008, from mid-May until
mid-June. We did not band individuals for identification in the study
site, but pseudoreplication chance is low (Moskat et al., 2009). In
this study area great reed warblers are particularly heavily parasitized
by cuckoos. For details of the study site and basic methods, see
Moskat and Hauber (Moskat and Hauber, 2007). The experiments
performed in this study complied with Hungarian laws on the care
and use of animals.

We systematically searched for great reed warbler nests in the
2-4m wide channel-side reedbeds (Phragmites australis) once or
twice a week. We used nests which were not parasitized by the
cuckoo for experiments, and we deleted those nests from the data
set which were parasitized during the control period. In Apaj, great
reed warblers lay in the early morning, but cuckoos can lay
throughout the whole day, with evening laying times more prevalent
(C.M., unpublished observations), as observed in other hosts
(Wyllie, 1981; Davies and Brooke, 1988; Honza et al., 2002).
Cuckoos typically remove one randomly selected host egg from
parasitized clutches [0 egg: 8%, typically when cuckoos lay into
empty nests; 1 egg: 86%; 2 eggs: 6%; calculation based on Moskat
and Honza (Moskat and Honza, 2002)]. For treatments, we
manipulated one or more of the hosts” own eggs in a nest, painting
dark brown spots (see below) onto the eggshell. We used painted

real eggs, following Honza and Moskat (Honza and Moskat, 2008).
The eggs of great reed warblers are suitable for such types of painting
experiments because a great reed warbler egg is as large as a cuckoo
egg (Torok et al., 2004). The mimicry of natural cuckoo eggs is
typically good in our study area, both as perceived by humans
(Moskat and Honza, 2002) and as scored by spectrophotometry
(Cherry et al., 2007a; Cherry et al., 2007b), and hosts accept ca.
two-thirds of real cuckoo eggs (Moskat and Honza, 2002). For this
reason we chose an egg phenotype for experimental parasitism
(except for the ‘negatively spotted egg’ treatment; see below) that
is rejected at a similarly moderate frequency. We compared our
experimental results on rejection rates with hosts’ responses to
cuckoo eggs from our observations of natural parasitism as a
reference.

Experimental egg types
Spotted egg

On the day when the fourth host egg was laid (modal clutch size:
5; great reed warblers start incubation just after the penultimate
egg is laid) (Moskat et al., 2008b), one egg, chosen randomly,
was manipulated by painting 20 large dark brown spots of
approximately 3-4mm diameter on it. Artificial spots covered
40-60% of the whole egg surface (Fig. 1B). For all experiments
we used dark brown waterproof fibre pens (Faber-Castel OHP-
Plus permanent, size code: 1525; colour code: 78; thickness: M-
size). In this category, besides the experiments carried out in 2008
(N=9), we also used data from previous years (N=10), when 20
large spots of 45 mm diameter were marked on the eggshell with
the same type of pen (Moskat et al., 2008c), because host reactions
did not differ between these sets of manipulations (2/10 and 4/9
rejections, Fisher’s exact test, P=0.350). The colour of these
artificial spots was found to be very similar to the dominant type
of natural spots of host eggs in our population regarding avian-
visible spectra, when assessed by spectrophotometer (300—700 nm)
(Moskat et al., 2008c).

Negatively spotted egg
On the fourth day of laying, instead of painting spots on the fourth
great reed warbler egg, it was painted ‘negatively’: large spots of
approximately 3—4 mm diameter were left in the original background
colour of the eggshell, but inter-spot areas were painted with the
dark brown pen. We used 20 negative spots for this treatment, which
covered 40—60% of the whole egg surface (Fig. 1C).
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All spotted eggs
On the fourth day of laying, all four host eggs were painted with
20 large brown spots as for the ‘spotted egg’ treatment, above
(Fig. 1D).

All spotted eggs except one, ‘without learning’
Three randomly chosen host eggs were painted with 20 large brown
spots at the same time on the fourth day of laying, except one, which
was handled but not painted (Fig. 1E).

All spotted eggs except one, ‘with learning’

We manipulated newly laid host eggs by painting them with 20
large brown spots (see above; Fig. 1F) each day in the early morning
to give hosts the chance to observe the manipulated egg as their
own egg. However, we did not manipulate the fourth egg, and
typically removed it between 05:30 and 06:30h local time. In three
cases the females laid later, so we checked these nests every
20-30min until the new egg was laid (not later than 08:00h). After
3h we returned this non-manipulated fourth egg to the nest. In this
category hosts had the chance to imprint the manipulated phenotype
as their own, while in all of the other categories hosts could observe
their own egg phenotype following egg laying.

Control
No egg was manipulated, but nest contents were monitored as for
the treatments described above (Fig. 1A). We increased the sample
size of both controls and the ‘spotted egg’ treatment using previous
years’ data sets [N=13 in 2008, and N=12 from Moskat et al. (Moskat
et al., 2008c¢); with no egg rejected in any subset of the controls,
Fisher’s exact test, P=1.000].

If the host laid one more egg after manipulation at the four-egg
state, we left the new (fifth) egg unmanipulated in treatments ‘spotted
egg’ and ‘negatively spotted egg’, or manipulated by addition of
20 spots for treatments ‘all spotted eggs’, ‘without learning” and
‘with learning’. We started experiments with a clutch size of four,
for the reason that birds started to incubate clutches just after the
fourth egg was laid. At 48 nests (69%) females continued laying to
5 eggs (45 nests) or 6 eggs (3 nests). However, hosts’ responses
did not differ depending on maximum clutch size (Fisher’s exact
tests, two-tailed: spotted eggs: P=0.617; negatively spotted eggs:
P=1.000; all spotted eggs: P=1.000; all spotted eggs except one
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Fig. 1. (A) A non-parasitized great reed warbler clutch
(‘control’). (B) A great reed warbler clutch with one
egg manipulated by adding large brown spots
(‘spotted egg’). (C) A great reed warbler clutch
containing one egg with a painted dark brown
background leaving original colour spots (‘negatively
spotted egg’). (D) All eggs in the clutch manipulated
by large brown spots (‘all spotted eggs’). (E) All
except one egg manipulated by painting large brown
spots in the discordancy experiments (‘without
learning’; see Materials and methods for details).
(F) A variant of the ‘without learning’ case (‘with
learning’) where host had the chance of observing
the egg type manipulated by the researcher in which
the new egg is painted each day in the early
morning. The picture shows one brown spotted egg
from the previous day and a new natural egg, which
is waiting to be manipulated. (Photo credit: Istvan
Zsoldos.)

(combined): P=0.303). As we did not detect a significant difference
when clutches where host females stopped laying just after the fourth
eggs were compared with clutches where females continued laying
in all of the categories, the number of untreated eggs in clutches
did not influence hosts’ decisions in response to parasitism.

‘We monitored nests for 6days after the fourth day of laying to
reveal hosts’ reactions, and scored responses as: no response
(acceptance) or rejection (egg ejection or nest desertion), following
Moksnes and colleagues (Moksnes et al., 1991). This period of
monitoring was justified by our previous studies on this host species,
where latency of rejection was 1-5days for each type of parasitic
egg: for real cuckoo eggs in natural parasitism (Moskat and Hauber,
2007), and plastic model cuckoo eggs and painted great reed warbler
eggs in experimental parasitism (e.g. Honza and Moskat, 2008).

Statistical analyses
We used binary logistic regression analyses for evaluation of the
effects of our experiments on the dependent variable (acceptance
versus rejection). We treated each experiment as an independent
data point, even though hosts were not colour banded [see Moskat
et al. for justification (Moskat et al., 2009)], and also because only
a single observation or experiment was recorded from each territory,
with breeding philopatry also generally low in this population
(Moskat et al., 2008b), thereby limiting the possibility of
pseudoreplication. For the sake of avoiding the use of two nests of
a pair in the season, we did not use replacement clutches in the
territory where the first nest failed. We also avoided the use of late
nests in the season, which to our knowledge were either replacement
clutches or second broods (Moskat et al., 2008b). We included
experimental treatment as an independent fixed factor. We also
introduced clutch size and egg-laying date in our analyses. This is
justified by clutch size being a trait related to the age of the host
parent in the great reed warbler, with young females often having
smaller clutches than older ones (Bensch, 1996). We entered laying
date (laying of the first egg) as a covariate as younger breeding
great reed warbler females often lay in the middle of the breeding
season, as revealed in the oriental reed warbler (Acrocephalus
orientalis) in Japan (Lotem et al., 1992) (previously considered as
a subspecies of the great reed warbler) (Leisler et al., 1997; Helbig
and Seibold, 1999). However, seasonal effects on rejection had not
been shown previously at our site (e.g. Moskat and Hauber, 2007;
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Moskat et al., 2008a). We also included year as a covariate.
Treatment, clutch size and year were used as categorical variables
in the analysis, and the option ‘backward conditional” was chosen
for the selection of covariates.

All statistical analyses were carried out using the program SPSS
version 9 (SPSS Inc., Chicago, IL, USA).

RESULTS

Altogether 71 experiments were conducted with known outcomes
(i.e. not depredated, parasitized naturally by common cuckoos, or
destroyed by storms until response and/or 6 days post-experiment)
(Table 3). Rejection rates of the manipulated eggs in the different
treatments varied between 25% and 85% (Fig.2). In the binary
logistic regression models, year was not significantly related to
rejection rates (P=0.397) and was removed at step 2. Laying date
(P=0.377) was also removed from the model at step 3. In the final
model, treatment showed a significant relationship with host
responses to parasitism (acceptance/rejection) (Wald=10.09, d.f.=4,
P=0.039).

Specifically, among the treatments, only the ‘negatively spotted
egg’ was significant in the model (Wald=8.27, d.f.=1, P=0.004).
The rejection rate of manipulated eggs in this treatment was the
highest, as 11/13 of the negatively spotted eggs were rejected by
the hosts. Although clutch size was also retained in the model, this
covariate was not statistically significant (Wald=6.72, d.f.=3,
P=0.081). The discriminatory ability of the model was 73%,
indicating a good predictive power. The Hosmer and Lemeshow
goodness-of-fit test (3>=2.36, d.f.=8, P=0.968) corresponds to the
conclusion that there is an adequate fit of the data to the model. In
the model the spotted egg treatment was used as the reference
category, where hosts showed moderate rejection rate of the
manipulated eggs (6/19 nests). In contrast, the rejection rate was
greater in the negatively spotted egg treatment (11/13), which was
highly significant (see above). Rejection rates of manipulated eggs
in any other treatment (Fig.2) did not differ from the reference
category (rejections in 3/9, 4/16 and 4/14 nests in the ‘all spotted
eggs’, ‘without learning’ and ‘with learning’ treatments,
respectively, which did not enter as significant in the model, with
corresponding P-values of 0.451, 0.733 and 0.295).

Our experiments started on the day when the fourth eggs were
laid in the clutches. However, in the ‘with learning” experiment hosts
were confronted with the manipulated (spotted) egg type every day
before this stage during the laying period, i.e. clutches with one,

two or three eggs. This meant that hosts had the chance to reject
any of the spotted eggs in this pre-experimental period. We found
that hosts rejected at least one spotted egg from 33% of the nests
in this period (6/18 versus 4/14 rejections in the experimental
period). When we compared all rejections of manipulated eggs
(10/18) in the ‘with learning’ treatments with rejections in the
‘without learning’ treatment (4/16), the difference was not significant
(Fisher’s exact test, two-tailed, P=0.092).

We documented no ejection costs or rejection errors (i.e. rejection
of own eggs) (sensu Stokke et al., 2002) in most of the treatments,
except in the ‘without learning’ and ‘with learning’ treatment. In
the ‘without learning’ treatment we found one nest out of 16 where
the host’s own egg was ejected with no ejection of any spotted egg
(rejection error). In the ‘with learning’ treatment we also found
rejection error in one nest out of 14, and in two nests one or two
spotted eggs were successfully ejected together with a host egg
(rejection cost). We recorded the loss of 8 spotted eggs during the
laying process from 6 out of 18 nests (one egg in 5 nests and 3 eggs
in one nest). The number of nests where rejection cost or rejection
error occurred did not differ between the ‘without learning” and
‘with learning’ treatments (Fisher’s exact test, two-tailed, P=0.604).

DISCUSSION

Regarding our first hypothesis, these results provide evidence
against a general rule of thumb of discordancy in great reed warblers’
egg discrimination of foreign eggs. A few hosts appeared to apply
a discordancy mechanism for egg rejection, even though it would
be maladaptive for hosts, which use this mechanism in areas where
there are high rates of multiple parasitism, as is typical in our
population (see above), because hosts would end up rejecting their
own eggs once these became the minority in the parasitized clutch.
Nevertheless, our results suggest that discordancy is a constituent
of the cognitive repertoire of some rejecter great reed warblers which
can use it to reduce or escape the costs of cuckoo parasitism.
Specifically, hosts in our experiments rejected a few of their own
eggs above control levels when they were in the minority in both
the ‘without learning’ and ‘with learning’ treatments (Table3).

Our second hypothesis tested the importance of observational
inspection of hosts’ eggs during egg laying in egg discrimination
by the great reed warbler, by exposing hosts to false learning of the
parasitic eggs (Strausberger and Rothstein, 2009). We found
consistently similar results in the ‘without learning’ and ‘with
learning’ variants of the ‘all spotted eggs except one’ treatment as

Table 3. Great reed warblers’ responses to manipulated and unmanipulated own eggs

Egg in the minority

Eggs in the majority

Treatment Egg type Acceptance  Ejection+desertion Egg type Acceptance Ejection+desertion N
Spotted egg Spotted 13 (68%) 6+0 Natural 19 (100%) 0+0 19
Negatively spotted egg Negatively spotted 2 (15%) 11+0 Natural 13 (100%) 0+0 13
All spotted eggs None - - Spotted 6 (67%) 3*+0 9
‘Without learning’ Natural 14 (88%) 1+1 Spotted 12 (75%) 3ty 16
‘With learning’ Natural 12 (86%) 2+0 Spotted 10 (71%) 440 14
Control None - - Natural 25 (100%) 0+0 25

Data are number of nests (N).

‘Egg in the minority’, one egg, natural or manipulated, representing a different phenotype from the dominant egg type in the clutch (sensu Rothstein, 1974);
‘eggs in the majority’, the dominant egg type, natural or manipulated, in the clutch. (Frequency of acceptance is also shown as a percentage.)
*In each of 2 nests, 1 egg was ejected and 2 eggs in 1 nest were also rejected. In 2 out of these 3 cases hosts abandoned their nest after the successful

ejection.

1In each of 2 nests, where the unmanipulated egg was accepted, all other (manipulated) eggs were ejected, i.e. 4 or 3 eggs. In 1 nest 1 spotted egg was

ejected.

*In each of 2 nests, 1 spotted egg was ejected. Two eggs in 1 nest and 3 eggs in 1 nest were also ejected.
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Fig.2. Rate of rejection by great reed warbler hosts
of manipulated own eggs in different treatments,
within the 6 day control period following the laying of
the fourth egg.

(14)

Control  Spotted egg Negatively All spotted

spotted eggs egg

predicted (Table2). Accordingly, these series of experiments did
not support the scenario that this type of clutch inspection (sensu
Hauber et al., 2004) contributes to rejection decisions in the great
reed warbler.

Several types of learning may take place in hosts’ behaviour,
including learning their own eggs during their first breeding attempt
(e.g. Rodriguez-Gironés and Lotem, 1999; Stokke et al., 2007b),
learning of own eggs during egg laying (e.g. Rothstein, 1974; Moskat
and Hauber, 2007), or learning of the parasite eggs (Hauber et al.,
2006). Hosts may also inherit some kind of knowledge of their own
egg template (Lotem et al., 1995; Hauber and Sherman, 2001). Prior
experience-based recognition templates [e.g. during prior breeding
attempts (Lotem et al., 1995) or during juvenile nest prospecting
(Safran, 2004)] and inherited templates could both explain why
‘learning’ (inspecting hosts’ manipulated eggs just after they were
laid) did not increase tolerance of the manipulated (spotted) eggs,
as we predicted. We explain it by the importance of a template
recognition-based mechanism. Although learning of the own
phenotype during egg laying may contribute to correction of the
recognition template (Hauber and Sherman, 2001), this process
cannot be prevalent in our great reed warbler populations, where
cuckoo parasitism is high and cuckoos frequently parasitize host
nests just before hosts have started egg laying (Moskat and Honza,
2002). Otherwise hosts may memorize the foreign cuckoo egg as
their own, especially during their first breeding attempts, when they
are confronted with eggs in their nests for the first time (Lotem et
al., 1995; Hauber et al., 2004).

Our results nonetheless support the cognitive scenario that some
great reed warblers possess a stored recognition template of
acceptable egg phenotypes and reject parasite eggs based on their
dissimilarity to the traits of the template. Further research is needed
to evaluate whether learning during prospecting successful clutches
or imprinting on own eggs by first year breeders really has
consequences for egg discrimination for their later years. As an
alternative possibility, it also remains to be studied whether the
recognition template of the own eggs could be inherited. However,
discriminating between these alternatives cannot be addressed by a
simple age-specific comparison of rejection rates in the field
between first time and experienced breeders, as proposed previously
(Lotem et al., 1995). For example, at our Hungarian study site
parasitism rates are so high that older breeders may be equally split
between prior experience with parasitized versus unparasitized
broods. Alternatively, even when first-time breeders reject parasitism
(Mark and Stutchbury, 1994), inherited templates may not fully
explain this own breeding experience-independent process, because
many young birds may inspect eggs and nests during their hatch
year, thereby potentially both evaluating the success of previous
nesting attempts (Boulinier et al., 1996; Safran, 2004) and forming

(13)
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25 (9)
H =
0

Without
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With
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recognition templates of conspecific eggs. Furthermore,
gene—environment interactions are too complicated to enable us to
categorize learned or inherited templates (Hauber and Sherman,
2001). Our findings are nonetheless conclusive, suggesting that both
discordancy and template-based rejection to occur in great reed
warblers, as independent mechanisms of anti-parasite adaptations.

The “all spotted eggs’ experiments revealed that many hosts (33%)
were able to reject one or two parasitic eggs from a clutch, but others
were not. In this way these results supported our third hypothesis,
that the disappearance of hosts’ own eggs facilitated foreign egg
rejection. However, the manipulation of hosts” own eggs caused
only a small shift in egg appearance (cf. the 32% rejection rate
towards a manipulated egg in our ‘spotted egg’ treatment), so our
results suggest that some of the hosts might have regarded the
manipulated eggs as their own.

We also tested the importance of eggshell colour and maculation
pattern in self-phenotype recognition. Maculation on the eggshell
surface may enable individual recognition of an egg (‘egg signature’)
(Davies, 2000) especially in species where intraspecific parasitism
commonly occurs, with background colour also playing a part in
egg signature (e.g. Lahti and Lahti, 2002). In our great reed warbler
population background colour has more importance than spottedness
in egg recognition (Moskat et al., 2008c). Spottedness proved to be
important in intraclutch variation of eggs. An experimental study
showed that increased variation of host eggs’ spottedness, by
painting on different numbers of dots, reduced hosts’ efficiency in
foreign egg rejection (Moskat et al., 2008a). Other studies revealed
the importance of certain wavelength spectra, e.g. the effects of UV
(+) and green (-) reflectance in the song thrush Turdus philomelos
in foreign egg discrimination (Honza et al., 2007a; Cassey et al.,
2008b) [for UV see also Honza and Polacikova (Honza and
Polacikova, 2008) in the blackcap Sylvia atricapilla]. We used 2-
tailed tests in our experiments because there is also a record of non-
mimetic manipulation being attractive for hosts (Alvarez, 1999).

In contrast to the prediction of our fourth hypothesis, painting to
produce ‘negative spotting’ showed that great reed warblers reacted
differently to pattern types of egg markings, when the paint covered
the same proportion of the eggshell surface. This is a surprising
result because in a previous study we showed that increasing spot
density had no effect on rejection rate by hosts, but when the whole
eggshell was painted, rejection rate greatly increased (Moskat et al.,
2008c). We explain the present result by differences in rejection
behaviour with the higher contrast between the overall colour of
experimental eggs and nearby non-manipulated own eggs (Fig. 1),
supporting the scenario that rejection is based on contrast between
different eggs within the clutch (Braa et al., 1992; Moknes, 1992;
Prochazka and Honza, 2003; Honza et al., 2004). However, both
the discordancy and template recognition mechanisms predict
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higher rejection rates for the negatively spotted egg type in contrast
with the ‘spotted egg’ treatment (Table 2), so the ‘negatively spotted
egg’ treatment, when it is evaluated alone, is not suitable for
determining the exact egg discrimination mechanism.

Our study utilized several different but parallel experiments on
great reed warblers’ egg discrimination mechanisms to conclude
that egg recognition cannot be explained by one single method.
These results provide a methodologically uniform reconciliation
of the many contrasting results and claims in the published
literature on cuckoo hosts’ egg-rejection mechanisms. Specifically,
the hosts in our experiment clearly applied different cognitive
mechanisms underlying recognition for the resulting behavioural
patterns of egg discrimination, including the methods of
discordancy and one kind of true recognition, i.e. the template-
based mechanism. Rejection rates in different experiments implied
a similar relative importance of rejection based on discordancy and
template-based rejection. These results are thus consistent with
those of Lotem and colleagues (Lotem et al., 1995), who suggested
that egg discrimination in the oriental reed warblers cannot be
explained only by the discordancy theory. Some birds behaved as
if they were using a template.

On the one hand, foreign egg discrimination is clearly a complex
process, showing variations in mechanism and proximate context-
dependent factors influencing behavioural decisions between hosts.
On the other hand, it seems to be a general rule that many bird
species that discriminate foreign eggs use one or more variants of
the true recognition process. Further studies are needed to clarify
the relative importance of discordancy and true recognition in
different host species. Great reed warblers’ variable tolerance of
multiple cuckoo eggs with different egg types (Honza and Moskat,
2005; Hauber et al., 2006; Moskat et al., 2009) suggests that the
method of egg discrimination, or the efficiency of the method
applied, may depend on the type of parasit