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Summary
Animals exhibit large variations in breeding systems. For the majority of animal species males
compete more strongly amongst themselves to mate with females while females are choosy
about a male to mate with. For species that provide post-zygotic parental care, usually females
provide all or most care. Because it is so common, male-male competition for mates and
predominant female care are sometimes referred to as ‘conventional’ or ‘typical’ sex-roles.
However, in a few animal species the sex-roles are reversed, such that females compete more
strongly than males for matings and males provide most or all parental care. ‘Sex-role reversal’
is often combined with polyandry and then termed ‘classical polyandry’ – that is a mating system
in which a female pairs with more than one male either simultaneously or sequentially during the
same breeding season.
Despite a great interest to understand which factors are responsible in shaping the evolution of
sex-role reversal, this phenomenon is still poorly understood. Knowing which factors are
responsible in shaping reversed sex-roles is important for understanding sexual selection, mating
systems and parental care. Therefore, despite their rarity, species with reversed sex-roles are of
great importance to test theories which were formulated based mostly on the knowledge from
animals with conventional sex-roles.
Among birds, social monogamy with stronger male-male competition for matings and bi-parental
care with larger female than male contribution to care is the norm. However, about 1% of all bird
species exhibit a complete reversal of sex-roles: that is females are polyandrous and they
compete more strongly for territories or mates and males take sole care of the young. Until 1971,
such classical polyandrous species were known only among shorebirds (Order Charadriiformes).
Because of this, previous studies and hypotheses about the evolution of polyandry and sex-role
reversal focused mostly on shorebirds. The discovery of classical polyandry in black coucals,
which is currently the only known bird species that combines classical polyandry with an altricial
development of young, demonstrated that this behaviour is not restricted to shorebirds only. This
called for further research on black coucals as well as on other coucal species to understand
which factors favoured the evolution and maintenance of classical polyandry in this taxon.
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Therefore, the goal of my doctoral research was to collect and analyse empirical data from
coucals to understand proximate factors for the evolution and maintenance of sex-role reversal in
black coucals. In this thesis, I present the results, interpretations and discussion of the analyses to
test three hypotheses about proximate factors underlying the evolution and maintenance of
classical polyandry in black coucals. Data were collected mostly from two sympatric species of
free living coucals that differ fundamentally in sex-roles: the African black coucal (Centropus
grillii), which is polyandrous and has male-only parental care, and the white-browed coucal (C.
superciliosus) which is socially monogamous and both parents cooperate in caring for their
young. These two coucal species were subjects of a long-term study in the Usangu Plain of
Southwestern Tanzania from 2001 until to date. Also, a few data were obtained from a third
coucal species, the socially monogamous and bi-parental coppery-tailed coucal (C.
cupreicaudus), which also shares its breeding habitat with the other two coucal species. Because
of insufficient data, this third coucal species did not form a major part of my analyses. However,
I try to integrate the scant knowledge of the biology of this third coucal species as well as data
from other coucal species studied elsewhere in discussing the findings.
In Chapter 1 I provided background information relevant to understand the research problem,
the rationale, general and specific objectives, and the significance of the research presented in
this thesis. I also provide a list of existing hypotheses about factors shaping sex-roles of which
some were tested and the findings presented in the data chapters of this thesis.
In Chapter 2 I provided an empirical analysis of whether parental care in black coucals is less
demanding than in bi-parental white-browed coucals, such that a single black coucal parent can
successfully raise an entire brood but the cooperative effort of both parents is necessary to
successfully raise a brood in white-browed coucals. The results indicated that parental care in
black coucals is not less demanding than in white-browed coucals and therefore, a single whitebrowed coucal parent should also be sufficient to raise a clutch. We suggested that monogamy
and bi-parental care is maintained in white-browed coucals not because both parents are required
to successfully raise the brood, but rather because both sexes lack opportunities to become
polygamous — due to a more or less balanced adult sex ratio.
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In Chapter 3 I examined whether the extra-pair paternity rate in black coucals is lower than in
white-browed coucals, such that certainty of paternity could explain the higher male than female
parental investment in black coucals. The results indicated that male black coucals experience a
substantially higher loss of paternity (50% among broods and 17% among nestlings) than whitebrowed coucals (4% among broods and 2% among nestlings), suggesting that male-only parental
care in black coucals is not maintained because the certainty of paternity is high. Further, the
results indicated that extra-pair young were biased towards later-hatched young and these young
were less likely to survive during partial brood loss. We concluded that the rate and pattern of
extra-pair paternity in black coucals may reflect the inability of males to guard and copulate with
the female after the early onset of incubation, and a female mating strategy to demonstrate her
commitment to other males of her social group.
In Chapter 4 I investigated whether there are any trade-offs between caring and mating in male
black coucals in terms of success in siring extra-pair young when a male is caring for a clutch
relative to when he has no dependent young to care for. The results indicated that male black
coucals were approximately 17% less likely to sire extra-pair young while they were incubating
their own clutches, about 48% less likely to do so while feeding nestlings, followed by 26%
when feeding fledglings, compared to the success of males that currently did not care for
offspring. These results indicate that male black coucals experience only limited damage to their
pursuit of additional mating opportunities even if they perform parenting duties. In this sense,
coucals are more ‘fish-like’ than the dramatic difference in the form of parental care might
suggest. Therefore, the explanation for male willingness to provide care might have similar root
causes — of limited (if any) trade-offs between caring and gaining paternity elsewhere.
In Chapter 5 I presented a synthesis and a general discussion of the findings presented in the
data chapters of this thesis in light of the overall objective of this study. Also, I highlighted areas
requiring further research.
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Zusammenfassung
Tiere zeigen eine große Vielfalt in Bezug auf unterschiedliche Paarungs- und Brutpflegesysteme.
Dabei konkurrieren bei den meisten Tierarten die Männchen stärker untereinander um den
Zugang zu Weibchen. Die Weibchen hingegen sind oft wählerisch bei der Auswahl möglicher
Paarungspartner. Bei Arten, die Brutpflege betreiben, sind es typischerweise die Weibchen, die
sich vermehrt oder ausschließlich um den Nachwuchs kümmern. Weil dieses Muster – stärkere
Konkurrenz zwischen den Männchen und Brutpflege durch die Weibchen – so weit verbreitet ist,
spricht man oft von „konventionellen“ oder „typischen“ Geschlechterrollen. Bei einigen
Tierarten sind diese Geschlechterrollen jedoch vertauscht, sodass Weibchen stärker um den
Zugang zu Männchen oder Revieren konkurrieren und die Männchen hauptsächlich oder völlig
für die Brutpflege zuständig sind. Solcherart „vertauschte Geschlechterrollen“ gehen oft mit
Polyandrie einher, das entsprechende Paarungssystem wird dann als klassische Polyandrie
bezeichnet, d.h. ein Weibchen paart sich innerhalb einer Brutsaison gleichzeitig oder
nacheinander mit mehreren Männchen.
Zwar besteht ein großes Interesse daran, Faktoren zu ermitteln, die zur Evolution von
vertauschten Geschlechterrollen geführt haben, aber wirklich gut verstanden ist dieses Phänomen
bisher noch nicht. Zu wissen, welche Bedingungen für die Ausprägung vertauschter
Geschlechterrollen führen, trägt zu einem besseren Verständnis von sexueller Selektion, sowie
dem der Evolution von Paarungssystemen und Brutpflege bei. Daher sind Arten mit vertauschten
Geschlechterrollen trotz ihrer Seltenheit von großer Bedeutung, denn bisher fußen diese
Theorien vor allem auf dem Wissen über Arten mit konventionellen Geschlechterrollen.
Innerhalb der Vögel ist die Mehrzahl der Arten sozial monogam. Die Männchen konkurrieren
dabei stärker um den Zugang zu Weibchen und obwohl sich beide Geschlechter um den
Nachwuchs kümmern, tragen die Weibchen allgemein den größeren Anteil der Brutpflege. Bei
ca. 1% aller Vogelarten sind die Geschlechterrollen jedoch vertauscht: die Weibchen sind
polyandrisch und konkurrieren um Reviere oder Männchen, während die Männchen den
Nachwuchs aufziehen. Bis 1971 waren solcherart klassisch polyandrische Arten nur von der
Gruppe der Watvögel oder Regenpfeiferartigen (Charadriformes) bekannt. Daher beziehen sich
die meisten Hypothesen zur Evolution von Polyandrie und Geschlechterrollentausch auf
vii

Watvögel. Die Entdeckung von klassischer Polyandrie beim Grillkuckuck, der zur Gruppe der
Spornkuckucke gehört, zeigte, dass dieses Verhalten nicht auf Watvögel beschränkt ist und sogar
bei einer nesthockenden Vogelart, dessen Junge über einen längeren Zeitraum im und später
auch außerhalb des Nests gefüttert werden müssen, vorkommen kann. Diese Entdeckung rief
nach einer vertieften Erforschung des Grillkuckucks sowie weiterer Spornkuckucksarten, um zu
verstehen welche Faktoren die Evolution und Aufrechterhaltung von klassischer Polyandrie bei
diesem Taxon begünstigten.
Ziel meiner Dissertation war es daher, empirische Daten von Spornkuckucken zu gewinnen, um
proximate Faktoren, die für die Evolution und Aufrechterhaltung des Geschlechterrollentauschs
beim Grillkuckuck verantwortlich sind, zu untersuchen. Ich stelle die Ergebnisse empirischer
Analysen vor und interpretiere sie im Hinblick auf drei der gegenwärtig bekannten Hypothesen
zur Evolution und Aufrechterhaltung von klassischer Polyandrie. Die Daten wurden vor allem an
2 sympatrischen Spornkuckucksarten im Freiland gewonnen, die sich grundsätzlich in ihren
Geschlechterrollen unterscheiden: den Afrikanischen Grillkuckuck (Centropus grillii), der
polyandrisch ist und bei dem ausschließlich die Männchen Brutpflege betreiben, und dem
Weißbrauenkuckuck (C. superciliosus), der sozial monogam ist und bei dem beide Eltern die
Jungen versorgen. Diese beiden Arten werden seit 2001 bzw. 2005 im Rahmen einer
Langzeituntersuchung in der Usangu-Ebene im Südwesten Tansanias untersucht. Einige wenige
Daten wurden von einer dritten sympatrischen Art erhoben, dem Kupferschwanzkuckuck (C.
cupreicaudus), der ebenso im gleichen Habitat wie die beiden anderen Arten brütet. Weil es von
dieser dritten Art bisher jedoch nur wenige Daten gibt, habe ich sie nur am Rande berücksichtigt
und versucht das lückenhafte Wissen über diese dritte Art und über weitere Spornkuckucke in
die Diskussion miteinfließen zu lassen.
Im 1. Kapitel gebe ich detaillierte und notwendige Hintergrundinformationen zum Verständis des
Forschungsproblems, und eine Begründung für die Auswahl der Fragen. Außerdem erläutere ich
die allgemeinen und die spezifischen Ziele meiner Arbeit und weise auf deren Bedeutung hin.
Zudem

gebe

ich

alle

bisherigen

Hypothesen

über

Faktoren,

die

unterschiedliche

Geschlechterrollen bedingen, wieder. Einige dieser Hypothesen habe ich im Laufe meiner Arbeit
getestet und stelle sie in den nächsten Kapiteln vor.
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Im 2. Kapitel beschreibe ich anhand empirischer Daten, ob die Brutpflege bei Grillkuckucken
weniger aufwändig ist als beim Weißbrauenkuckuck, wo beide Eltern die Jungen versorgen.
Demnach könnte ein einzelner Grillkuckuckselter eine ganze Brut erfolgreich großziehen,
während die Zusammenarbeit von zwei Eltern notwendig ist, um eine Brut von
Weißbrauenkuckucken aufzuzuziehen. Die Ergebnisse zeigten jedoch, dass die Aufzucht einer
Grillkuckucksbrut nicht weniger aufwändig ist als die einer Weißbrauenkuckucksbrut. Daher
sollte eigentlich auch ein einzelner Weißbrauenkuckuckselter für die Aufzucht ausreichend sein.
Auf Grundlage dieser Daten vermuten wir, dass Monogamie und gemeinsame Brutpflege beider
Eltern beim Weißbrauenkuckuck nicht deshalb aufrechterhalten werden, weil beide Eltern für die
Aufzucht

notwendig

sind,

sondern

weil

es

aufgrund

des

relativ

ausgeglichenen

Geschlechterverhältnisses der Adulttiere kaum Gelegenheiten für Polygamie gibt.
Im 3. Kapitel untersuche ich, ob genetische Fremdvaterschaften beim Grillkuckuck seltener sind
als beim Weißbrauenkuckuck. Wenn dem so wäre, dann könnte die größere Gewissheit über die
tatsächliche Vaterschaft die hohe Investition der Grillkuckucksmännchen in die Brutpflege
erklären. Die Ergebnisse weisen jedoch auf das Gegenteil hin: Grillkuckucksmännchen verlieren
wesentlich mehr Vaterschaften (in 50% aller Nester und bei 17% der Jungen) als
Weißbrauenkuckucke (in 4% aller Nester und bei 2% der Jungen). Daher ist es
unwahrscheinlich, dass die alleinige Brutfürsorge durch Grillkuckucksmännchen aufgrund der
hohen Gewissheit in die genetische Vaterschaft aufrechterhalten wird. Die Ergebnisse zeigten
zudem, dass Vaterschaftsverluste bei den später geschlüpften Jungen innerhalb eines Nestes
auftreten und dass diese Jungen eine geringere Überlebenswahrscheinlichkeit aufweisen. Die
hohen

Vaterschaftsverlustraten

und

die

Reihenfolge

der

Verluste

zeigen,

dass

Grillkuckucksmännchen ihre Weibchen nicht daran hindern können mit anderen Männchen zu
kopulieren. Diese Kontrolle ist vor allem ab dem Zeitpunkt nicht mehr gegeben, wenn die
Männchen mit dem Bebrüten der bereits gelegten Eier begonnen haben. Die Weibchen hingegen
verfolgen mit ihrer Paarungsstrategie eine Bindung gegenüber allen Männchen ihrer Gruppe.
Im 4. Kapitel untersuche ich, ob es Zielkonflikte zwischen Brutpflege- und Paarungsverhalten
bei männlichen Grillkuckucken gibt. Genauer gesagt möchte ich wissen, ob es Unterschiede bei
der Erfolgsrate für Fremdvaterschaften gibt, und zwar in Abhängigkeit davon, ob ein Männchen
gerade selbst Brutpflege betreibt oder ob es selbst gerade keine Nachkommen zu versorgen hat.
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Die Ergebnisse zeigten, dass Grillkuckucksmännchen ungefähr 17% weniger erfolgreich mit
Fremdvaterschaften sind, wenn sie gerade Eier bebrüten. Wenn sie gerade Nestlinge füttern, geht
ihr Erfolg um 47% zurück, und wenn sie Junge versorgen, die das Nest bereits verlassen haben,
dann ist ihr Erfolg um 26% geringer als wenn sie gerade frei sind, d.h. keine Nachkommen
versorgen müssen. Diese Ergebnisse zeigten, dass der mögliche Erfolg für Fremdvaterschaften
durch die eigene Brutaktivitäten nur bedingt verringert wird. In diesem Sinne sind Grillkuckucke
den Fischen ähnlicher als man durch den erheblichen Unterschied in der Qualität der Brutpflege
annehmen könnte. Daher können auch ähnliche Ursachen für die Bereitschaft der Männchen die
Brutpflege zu übernehmen herangezogen werden: der Zielkonflikt zwischen gleichzeitigem
Paarungserfolg und Brutpflege ist kein absoluter, sondern nur ein eingeschränkter, weil
Männchen auch während der Brutpflege Fremdvaterschaften in anderen Nestern erzielen können.
Im 5. Kapitel präsentiere ich die Synthese meiner Dissertation und diskutiere die Befunde der
datenbasierten Kapitel im Hinblick auf die Ziele der Studie. Außerdem gebe ich einen Ausblick
auf offene Fragen und mögliche zukünftige Forschungsprojekte, die aus meiner Arbeit
hervorgehen.
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Chapter 1
General introduction
1.1 Background information
The classical theory of sexual selection suggests that sexual selection should be stronger in males
than in females and that this should result into stronger competition among males for matings,
choosy females, higher variance in mating success among males than among females and higher
female than male care in species that provide post-zygotic parental care (Darwin 1871; Bateman
1948; Trivers 1972; Andersson 1994). Indeed, these theoretical predictions hold true for the
majority of animal species (Reynolds et al. 2002; Kokko & Jennions 2008a; Janicke et al. 2016).
Consequently, because male-male competition for mates and predominant female care are so
common, they are sometimes referred to as ‘conventional’ or ‘typical’ sex-roles (Darwin 1871;
Emlen & Oring 1977).
However, in a few animal species the conventional sex-roles are reversed, such that females
compete more strongly for mates than males and males provide more or all parental care. ‘Sexrole reversal’ is often (but not always) combined with polyandry – that is mating system in which
a female pairs with more than one male either simultaneously or sequentially during the same
breeding season (Oring 1986). When female-female competition for mates is accompanied with
polyandry and exclusive male care, the breeding system is referred to as ‘classical polyandry’
(Oring 1986; Ligon 1999; Owens 2002; Andersson 2005).
Although the phrase ‘sex-role reversal’ may convey unintended stereotypic reflections of what
we as humans consider as an unusual sexual strategy of females and males (Barlow 2005; AhKing & Ahnesjö 2013), it is generally true that greater male than female care is a rare
phenomenon across the animal kingdom (Reynolds et al. 2002; Janicke et al. 2016). For
example, while male-only parental care is completely absent in mammals and only about 1% of
all bird species express it, exclusive maternal care occurs in 91% of all mammals and 5-10% of
all bird species (Reynolds et al. 2002). Even in the species where both parents care, such as in
most birds, typically females contribute more care than males (Clutton-Brock 1991; Royle et al.
2012).
1

However, for teleost fish that exhibit parental care, mating competition is typically higher among
males than females but male-only care is more prevalent than female-only care (Taborsky 1998;
Reynolds et al. 2002; Alonzo & Heckman 2010; Sutton & Wilson 2019). Several causes have
been suggested for this notable exception: Firstly, for teleost fish caring improves rather than
reduces the mating success of males, because females prefer to spawn in nests of males that are
caring for a brood (Forsgren et al. 1996; Ah-King et al. 2005; Lindstrom et al. 2006; Alonzo &
Heckman 2010). Secondly, external fertilization allows males to have higher control over sperm
competition thus increasing a males’ confidence in paternity and the potential for paternal care
(Gross & Sargent 1985; Coleman & Jones 2011; Kahn et al. 2013; Sutton & Wilson 2019).
Thirdly, the specific form of parental care exhibited by fish (e.g. protecting and fanning a clutch
of eggs) is less costly and does not increase sharply with the number of offspring in the nest
(Stiver & Alonzo 2009; Kokko & Jennions 2012).
Being an exception from the typical pattern, sex-role reversal has been a controversial topic
among behavioural and evolutionary biologists since Darwin’s time (Erckmann 1983; Ligon
1999; Owens 2002; Andersson 2005). Despite a great interest to understand its evolution,
causation, development and survival value, the reversal of sex-roles is still not well understood
(Orians 1969; Erckmann 1983; Oring 1986; Clutton-Brock 1991; Ligon 1999; Andersson 2005).
Understanding which factors are responsible in shaping reversed sex-roles is a key to
understanding sexual selection, mating systems and parental care (Andersson 2004; Kokko &
Jennions 2008a; Alonzo 2010). Therefore, despite their rarity, polyandrous species with reversed
sex-roles are of great interest in testing evolutionary theories on sexual selection, mating system
evolution and parental care, most of which were formulated based on knowledge from the
majority of species exhibiting conventional sex-roles (Oring 1986; Owens 2002; Andersson
2004; Maurer et al. 2011).
1.2 Statement of the research problem and rationale for this thesis
Until 1971, classical polyandry was known only in shorebirds (order Charadriiformes e.g.
jacanas, plovers, sandpipers, phalaropes etc.) all of which produce precocial young and have
small, determinate clutch sizes (Erckmann 1983; Clutton-Brock 1991; Andersson 1995).
Therefore, earlier attempts to identify possible factors that might have favoured the evolution of
polyandry in birds considered only what was known from shorebirds that exhibited such
2

behaviour (Orians 1969; Jenni 1974; Erckmann 1983; Lenington 1984; Oring 1986; Ligon
1999). Because of the limited knowledge of taxonomic distribution of this behaviour, some
authors suggested that polyandry might have evolved by chance (Selander 1972), while others
considered it very unlikely that chance alone could result in the evolution of such a remarkable
behaviour (Graul et al. 1977; Lenington 1984). It is thus not surprising that precociality and
small, determinate clutch sizes were considered key factors for the evolution of polyandry and
reversed sex-roles in birds (Jenni 1974; Emlen & Oring 1977; Erckmann 1983; Lenington 1984;
Clutton-Brock 1991; Ligon 1999).
The discovery of classical polyandry in black coucals (Vernon 1971; Andersson 1995; Goymann
et al. 2004), which is currently the only known bird species that combines classical polyandry
with an altricial development of young, demonstrated that precociality and small determinate
clutch sizes are not necessary conditions for the evolution and maintenance of classical
polyandry. This called for further research on black coucals as well as on other coucal species to
understand the factors which favoured the evolution and maintenance of classical polyandry in
this taxon (Andersson 1995). Thus, empirical data from coucal species are highly needed to test
the currently emerging theoretical framework regarding the evolution of revered sex-roles
(Queller 1997; Andersson 2005; Kokko & Jennions 2008b; Fromhage & Jennions 2016;
Requena & Alonzo 2017) and the proximate mechanisms driving it, especially in birds that
produce altricial young (see e.g. (Voigt and Goymann 2007; Goymann et al., 2008)).
Therefore, the goal of my doctoral research was to collect and analyse empirical data from
coucals to understand the proximate factors for evolution and maintenance of sex-role reversal in
the black coucal. Data were collected mostly from two sympatric species of free living coucals
that differ fundamentally in sex-roles: the African black coucal (Centropus grillii), which is
polyandrous and has male-only parental care (Figure 1.1a), and the white-browed coucal (C.
superciliosus) which is socially monogamous and both parents cooperate in caring for their
young (Figure 1.1b). These coucal species were subjects of a long-term study in the Usangu
Plains of Southwestern Tanzania from 2001 until to date. Also, a few data were obtained from a
third coucal species, the socially monogamous and bi-parental coppery-tailed coucal (C.
cupreicaudus) which also shares its breeding habitat with the other two coucal species (Figure
1.1c). All three coucal species breed during the same time of the year (wet season, December
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until May/June at our field site), have similar clutch and brood sizes (usually 4 eggs; range 1-8),
and feed on similar prey (mostly insects, but they also take frogs and lizards) (Goymann et al.
2015; Goymann et al. 2016). However, because of insufficient data, coppery-tailed coucals did
not form a major part of my analyses. Nevertheless, I try to integrate the scant knowledge of the
biology of this third coucal species as well as data from other coucal species studied elsewhere in
discussing the findings.

Figure 1.1a A pair of adult black coucals © Wolfgang Goymann
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Figure 1.1b A pair of adult white-browed coucals © Wolfgang Goymann

5

Figure 1.1c An adult coppery-tailed coucal with food for nestlings © Wolfgang Goymann

1.3 General and specific objectives
The general objective of my doctoral research was to understand the proximate factors
underlying the evolution and maintenance of classical polyandry in black coucals. Specifically,
my objectives were to collect and analyse empirical data from sympatric coucals that differ
fundamentally in sex roles to:
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i.

Investigate whether parental care in black coucals is less demanding than in bi-parental
coucals, such that a single black coucal parent can successfully raise an entire brood but
both parents are necessary to successfully raise a brood in the coucal species exhibiting
bi-parental care.

ii.

Investigate whether extra-pair paternity rate in black coucals is lower than in sympatric
bi-parental coucal species, such that certainty of paternity can explain the higher male
than female parental investment in black coucals.

iii. Investigate whether there are any trade-offs between caring and mating in male black
coucals in terms of success in siring extra-pair young when a male is caring for a clutch
relative to when he has no dependent young to care for.

1.4 Hypotheses about factors underlying the variations in sex roles
Several hypotheses have been put forward about factors underlying the evolution and
maintenance of sex roles in animal populations, including anisogamy (Trivers 1972), the demand
for parental care (Lack 1968), sexual conflict (Trivers 1972; Parker et al. 2002; Kokko &
Jennions 2008a; Lessells 2012), insurance of parentage (Trivers 1972; Møller & Birkhead 1993;
Wright 1998), trade-offs between mating and parenting (Trivers 1972; Clutton-Brock 1991;
Dawson 1996; Székely & Cuthill 2000), the adult sex ratio (Murray 1984; Kokko & Jennions
2008a; Székely et al. 2014), the phylogenetic history of a species (Andersson 1995; Ligon 1999;
Andersson 2005; Klug et al. 2013), the sexy son hypothesis (Weatherhead & Robertson 1979;
Yasui 1997), food supply and nest predation (Graul et al. 1977; Oring 1986; Andersson 2005;
Goymann et al. 2015), and harshness of the environment (Lack 1968; Graul et al. 1977; Carey
2002). Firstly, I will briefly describe each of these hypotheses and then provide an outline of the
hypotheses tested in this thesis and the chapter containing more detailed material and the results.

1.4.1 Anisogamy
Anisogamy, refers to the differential investment of males and females in gamete production, and
has traditionally been used to explain the origin of sex differences in mating competition and
parental care (Trivers 1972). Because females produce few large gametes (eggs) which, in
addition to contributing maternal genetic material, are loaded with nutrients to provide
nourishment to the offspring during embryonic development, while males produce numerous
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small gametes (sperm) that primarily contribute paternal genetic material, it was believed that
females should also invest more into post-zygotic parental care because they stand to lose much
of their initial investment if they leave the young to die due to lack of care (Trivers 1972). This
differential investment in gametes leads to competition among males for fertilization of the
limited number of eggs, female choice for a male to mate with (reviewed by (Andersson &
Simmons 2006)), and a higher variance in mating success among males than among females
(Darwin 1871; Bateman 1948); also reviewed by (Birkhead & Møller 1998; Lessells et al. 2009).

However, anisogamy is currently considered an insufficient explanation for several reasons:
First, it commits the ‘Concorde fallacy’ by assuming that parents should consider initial gametic
investments instead of future payoffs in deciding on investment in further offspring care
(Dawkins & Carlisle 1976). Second, the underlying assumption of the theory suggests that in all
species females should care more, because of a larger initial gametic investment, but yet in some
species (e.g. most teleost fish, some amphibians, reptiles and birds) males care more than
females. Such cases cannot be accounted for by the anisogamy hypothesis (Dawkins & Carlisle
1976). Third, the relationship between mating and parental care involves coevolutionary and
social feedbacks between male and female mating behaviour and are not just a result of initial
gametic investments (Kokko & Jennions 2008a; Alonzo 2010; Kvarnemo 2010; Fromhage &
Jennions 2016).

However, despite the fact that the direct link of anisogamy causing female-bias in parental care
as suggested by the original Trivers’ hypothesis has been dismissed, there is still a need to
explore and clarify why the sex of an individual (which is defined based on gamete size) is often
associated with a bias in sex roles (Lehtonen & Kokko 2011; Scharer et al. 2012; Ah-King 2013;
Lehtonen et al. 2016). Empirical data suggest that females of most taxa invest more than males
both in gametes (Hayward and Gillooly, 2011), as well as in post-zygotic parental care
(Reynolds et al. 2002; Janicke et al. 2016). Even in birds where typically both parents care for
the brood (Cockburn 2006), females usually contribute more than males (Schwagmeyer et al.,
1999; Møller and Cuervo, 2000). However, a recent comparative study confirmed that the
variations in parental care patterns among bird species is not related to sex-differences in gametic
investment (Liker et al. 2015).
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1.4.2 The demand for offspring care and sexual conflict
Variation among species in how demanding the caring for offspring is can have important
implications for sex-role evolution and maintenance. For example, it is hypothesised that high
energetic demands for offspring care in altricial species that require long and extensive care (e.g.
albatrosses, penguins, frigate birds etc.) selects for monogamy and biparental care (Lack 1968;
Emlen & Oring 1977; Clutton-Brock 1991).

However, the sexual conflict theory (Trivers 1972; Parker et al. 2002; Kokko & Jennions 2008a;
Lessells 2012) suggests that costs and benefits of investing into parental care versus pursuing
additional mating opportunities may differ between females and males in monogamous species
because of various reasons, such as certainty of parentage and availability of additional mating
partners. Whichever sex has less to lose from caring (e.g. because of uncertainty of parentage
etc.) and more to gain from seeking additional matings will reduce or abandon care and invest
more in seeking additional mating partners. However, if there is a shortage of mating partners
then the best strategy for both sexes would be to stay together and provide biparental care
(Emlen & Oring 1977; Owens & Bennett 1997; Kokko & Jennions 2008a; Kvarnemo 2018).
Therefore, monogamy and biparental care may be maintained because of different reasons; either
because offspring care is so demanding that a cooperative effort of both parents is required to
successfully raise their young (Lack 1968), or because one sex is constrained from pursuing its
most profitable mating strategy (Emlen & Oring 1977; Owens & Bennett 1997; Kvarnemo
2018). This can be exemplified by the fact that it is very common for species with bi-parental
care to have closely related congeners with uniparental care. It has been suggested that sex roles
in shorebirds are shaped by sexual conflict and not by demands for offspring care (Erckmann
1983; Thomas & Szekely 2005). Therefore, it is important to investigate whether differences in
parental care between closely related species are shaped by differences in demand for offspring
care or by sexual conflicts.

1.4.3 Insurance of parentage
The confidence to be the genetic parent of a brood is considered one of the important factors
affecting parenting decisions (Trivers 1972). Since parental care is costly and individuals usually
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do not obtain ‘fitness benefits’ by caring for genetically unrelated young, individuals of both
sexes are selected not to care for unrelated young. All else being equal between the sexes, the sex
with a lower confidence/certainty of being related to the offspring should be less likely to
provide parental care (Trivers 1972; Wright 1998; Møller & Cuervo 2000; Kokko & Jennions
2008a). Typically, the female “knows” that she is the genetic mother (except in cases of inter- or
intraspecific brood parasitism) and therefore, there is no natural selection against maternal care
(Queller, 1997; Kokko and Jennions, 2008a; Jennions and Kokko, 2010). However, sperm
competition, which occurs when a female copulates with more than one male, reduces the
likelihood of a particular male to be the genetic father of the resulting young. Therefore, sperm
competition should select for reduced male care (Trivers 1972; Xia 1992; Møller & Birkhead
1993; Queller 1997; Wright 1998; Møller & Cuervo 2000; Sheldon 2002; Kokko & Jennions
2008a; Fromhage & Jennions 2016).

1.4.4 Trade-offs between mating and parenting
Providing parental care often involves trade-offs, because it requires the investment of time,
energy and other resources that could otherwise be invested in mating, self-maintenance or other
activities (Trivers 1972; Clutton-Brock 1991; Dawson 1996; Székely & Cuthill 2000). Trade-offs
in terms of lost opportunities for further matings are considered to be higher among males than
females, and this is taken as one of the explanations for why male care is less common than
female care (Trivers 1972; Kokko & Jennions 2008a; Kokko & Jennions 2012). However, for
fish species that provide parental care, male care is more common than female care (Gross &
Sargent 1985; Reynolds et al. 2002; Mank et al. 2005; Sutton & Wilson 2019). This pattern is
explained in terms of lack of mating and parenting trade-offs — females of fish species with
external fertilization prefer to lay eggs in the nests of males attending a clutch, and thus male
care works both as mate attraction and parental effort (Forsgren et al. 1996; Stiver & Alonzo
2009; Coleman & Jones 2011).

However, most theoretical models relating mating and parental effort in non-fish species
presumes that trade-offs exists between caring and mating effort (reviewed by (Stiver & Alonzo
2009)). Usually those models consider that mating and parental efforts are mutually exclusive,
such that individuals either care or compete for matings, but cannot perform both activities
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concurrently (Magrath & Komdeur 2003; Stiver & Alonzo 2009). This view follows the (Emlen
& Oring 1977) concept of Operational Sex Ratio (OSR), which considers individuals providing
care to be out of the mating pool and thus unavailable for mating (called “time out”), and only
those not providing care to be in the mating pool and thus available for mating (called “time in”)
(Emlen & Oring 1977; Clutton-Brock & Parker 1992; Parker & Simmons 1996). However,
empirical evidence for the presence of strict trade-offs between mating and parental effort in
males is lacking for most species (reviewed by (Magrath & Komdeur 2003; Stiver & Alonzo
2009)). Therefore, there is a need to investigate how strict the trade-offs between parental and
mating effort in non-fish species with male-only parental care are.

1.4.5 The adult sex ratio
The adult sex ratio, which refers to the number of adult males to adult females in a population,
has been suggested as an important factor in shaping sex roles (Murray 1984; Kokko & Jennions
2008a; Székely et al. 2014). An unbalanced adult sex ratio creates a bias in access to mates such
that the more common sex is less likely to find additional mates. Previous models on mating
competition and parental care predicted that when the adult sex ratio is unbalanced, such that one
sex becomes a limiting factor for reproduction of the other sex, members of the more common
sex should compete more intensely to obtain mates from the less common sex (Darwin 1871;
Trivers 1972; Emlen & Oring 1977; Clutton-Brock & Parker 1992). However, this prediction is
increasingly being challenged with empirical data and theoretical models that suggest to the
contrary (reviewed by (Schacht et al. 2017)). Current theoretical models predict that, when the
adult sex ratio is unbalanced the more common sex should invest more into parental care rather
than searching for additional mates, whereas the less common sex should invest more into
further matings rather than parenting (Kokko & Jennions 2008a; Fromhage & Jennions 2016;
Jennions & Fromhage 2017). Several studies have indicated that indeed sex roles in birds are
related to adult sex ratios as predicted by the current theory but not the former (Liker et al.
2013a; Székely et al. 2014; Eberhart-Phillips et al. 2017). However, adult sex ratios are difficult
to estimate correctly in the field and less is known about the mechanisms, timing and processes
that lead to biased adult sex ratios.
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1.4.6 Phylogenetic history of a taxon
The phylogenetic history of a taxon may bias parental care decisions and thus increasing the
evolutionary threshold for sex role divergence (Andersson 1995; Ligon 1999; Andersson 2005;
Klug et al. 2013). For example, the prolonged period of embryo development inside the body of
female mammals and the need for the young to be fed on milk from the mammary glands make
female mammals prone to exclusive nutritional care (Ligon 1993), but see (Kunz & Hosken
2009) for cases of male lactation in bats. This may explain why direct paternal care is so rare in
mammals as compared to birds and other taxa. In contrast, for fish with external fertilization
parental care is typically male-biased whereas in fish with internal fertilization parental care is
typically female-biased (Gross & Sargent 1985; Reynolds et al. 2002; Mank et al. 2005;
Coleman & Jones 2011; Sutton & Wilson 2019). This apparent difference can be explained by
the fact that male fish that care for eggs are more attractive to females and hence can increase
their mating success at the same time, thus offsetting the trade-off between mating and parental
care (Forsgren et al. 1996; Jennions & Kokko 2010; Kvarnemo 2010; Sutton & Wilson 2019).
Also, external fertilization allows males to have higher control over fertilization success, thus
enhancing confidence in paternity (Coleman & Jones 2011). A phylogenetic history of male
involvement in incubation and other stages of parental care is considered important for the
evolution of classical polyandry (Erckmann 1983; Andersson 1995; Andersson 2005).

1.4.7 The sexy son and good gene hypotheses
Since males of most animal species compete for matings, a few males possessing sexually
selected traits that confer an advantage in male-male competition or female choice will obtain
more mates and leave more progeny than an average male (Bateman 1948). Therefore, if there is
a trade-off between investing in mating effort versus parental care, selection will favour the
competitive males to invest more in matings than in parental care (Queller 1997; Kokko &
Jennions 2008a; Jennions & Kokko 2010). The sexy son hypothesis (Weatherhead & Robertson
1979) was proposed to explain the evolution and maintenance of polygyny in territorial birds. In
a polygynous mating system males usually pair with more than one female. Females mated to a
polygynous male usually obtain less or no support from the male in caring for the young and
much so for secondary females. Thus, secondary females often raise fewer young than primary
females (Alatalo & Lundberg 1986). The question then is why a female would pair with an
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already mated male and suffer fecundity loss when there are unmated males? The sexy son
hypothesis suggests that females benefit through inheritance by their sons of genetic traits that
contribute to higher mating success, thus enhancing their fitness by producing more grand
offspring (Weatherhead & Robertson 1979).

Although the sexy son hypothesis has been challenged by several theoretical (e.g. (Kirkpatrick
1985; Wagner 1994; Alatalo & Ratti 1995) and empirical studies (e.g. (Alatalo & Lundberg
1986; Lightbody & Weatherhead 1988; Simmons 2003)), there are a number of theoretical and
empirical studies which claimed to have found a support for it (reviewed by (Huk & Winkel
2008; Prokop et al. 2012)). The sexy son hypothesis has also been considered for explaining why
some females in socially monogamous or polygynous species copulate with males other than
their social partners and produce extra-pair young (Jennions & Petrie 2000). There is
considerable evidence that females of most bird species prefer ‘sexy males’ (e.g. with brighter
plumage, bigger size, older, more elaborate song, etc.) as extra-pair partners (e.g. (Kempenaers et
al. 1992; Sundberg & Dixon 1996; Kempenaers et al. 1997; McFarlane et al. 2010)), they often
overproduce sons among extra-pair young (Kempenaers et al. 1992; Kempenaers et al. 1997;
Schwarzová et al. 2008; Magrath et al. 2009), and the extra-pair sons often outperform their
within-pair siblings in fitness-relevant traits (Kempenaers et al. 1997; Kempenaers 2009;
Schlicht et al. 2012). However, the superior performance of extra-pair sons is possibly derived
from non-genetic maternal effects such as laying and hatching order rather than direct paternal
genetic effects (Cordero et al. 1999; Charmantier et al. 2004; Krist et al. 2005; Magrath et al.
2009; Scott et al. 2009; Ferree et al. 2010; Vedder et al. 2013).

Surprisingly, a similar argument has never been considered for species with reversed sex-roles in
which females are the competitive sex and males are the carers e.g. black coucals (Goymann et
al. 2004). It is reasonable to hypothesize that in sex-role reversed species the predictions of this
hypothesis should be reversed, such that males should attempt to pair or pursue extra-pair
copulations with the most attractive females so that their daughters can inherit their mother’s
attractiveness. One could as well label this a “sexy daughter” hypothesis.
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However, the sexy son hypothesis is rather limited in scope because it only predicts fitness
advantage for females producing sons with sexy males but is silent about daughters (Huk &
Winkel 2008). The “good genes” hypothesis (Zahavi 1975) is broader and suggests that females
benefit through improvement of overall offspring fitness by choosing high quality males as
social mates or extra-pair mating partners (Jennions & Petrie 2000; Kokko 2001; Byers & Waits
2006; Prokop et al. 2012).

1.4.8 Food supply and nest predation
Food supply is considered an important factor in the evolution of avian breeding systems.
However, there has been conflicting hypotheses about how food supply should affect sex-roles.
Previous hypothesis suggested that food scarcity and high nest predation/failure should select for
more male care (Jenni 1974; Graul et al. 1977; Oring 1986; Ligon 1999). This argument was
based on the grounds that when food is scarce and predation rates are high, a female bird that has
just produced a clutch of eggs will have fewer resources left to lay a replacement clutch quickly
in case the current clutch is depredated. Therefore, under such conditions it may be advantageous
for the male to take a greater share of incubation to release the ‘food-stressed female’ to feed and
accumulate resources to quickly produce a replacement clutch in case the current one fails. If
food supply improves subsequently while the system of males willing to incubate and perform all
parental care has evolved, females could increase their reproductive success by laying a second
clutch of eggs and either incubate themselves (rapid multiple-clutch system) or get a second male
to incubate it — thus giving rise to polyandry (Jenni 1974; Oring 1986; Ligon 1999). However,
this hypothesis has met with criticisms because empirical evidence shows that poor food
conditions could not be the reason for sex role-reversal in shorebirds (Erckmann 1983). Also,
food scarcity appears to select for biparental rather than male-only parental care (Emlen & Oring
1977; Erckmann 1983; Andersson 2005).

The current version of this hypothesis suggests that uniparental male care should evolve only in
habitats where food supply is superabundant such that a single male can sufficiently provision an
entire brood (Emlen & Oring 1977; Andersson 2005; Goymann et al. 2015). There is some
empirical evidence in support of this hypothesis. For example, a study in Tengmalm's owls
(Aegolius funereus), has indicated that both natural and experimental increase in food abundance
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induces higher rates of brood desertion by females thus imposing more care from males
(Eldegard & Sonerud 2009). Also, many sex-role reversed birds, including black coucals, breed
in habitats where food is superabundant (Erckmann 1983; Goymann et al. 2015).

1.4.8 Harshness of the environment
Harsh environmental conditions (such as low food supply or harsh and unpredictable climatic
conditions) have been hypothesized to reduce sexual conflicts between parents and thus promote
parental cooperation in care (Lack 1968; Graul et al. 1977; Carey 2002). Some studies in
shorebirds have suggested that harshness of the environment promote cooperation between
parents in incubation (e.g. (AlRashidi et al. 2010; AlRashidi et al. 2011; Vincze et al. 2013)), but
a large scale analysis of the influence of ambient weather conditions across the distribution
ranges of many bird species did not find a support for this hypothesis (Remeš et al. 2015).
Further, Erckamann (Erckmann 1983) found that patterns of parental care in shorebirds were
unrelated to harshness of the environment or food scarcity.

1.5 Hypotheses tested in this thesis
In this thesis, I present the results of empirical tests for three hypotheses listed above in shaping
mating and parental care patterns in coucals: the hypothesis on demand for offspring care and
sexual conflict is tested in Chapter 2, the hypothesis on certainty of paternity is tested in
Chapter 3, and the hypothesis on trade-offs between mating and parenting is tested in Chapter
4. The other hypotheses not tested in this thesis and have not been falsified in other studies (e.g.
(Erckmann 1983)) will be considered in subsequent analyses.
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Chapter 2
Sex roles, parental care and offspring growth in two
contrasting coucal species
Wolfgang Goymann, Ignas Safari, Christina Muck, and Ingrid Schwabl
Royal Society Open Science 2016, 3(10):160463.

2.1 Abstract
The decision to provide parental care is often associated with trade-offs, because resources
allocated to parental care typically cannot be invested in self-maintenance or mating. In most
animals, females provide more parental care than males, but the reason for this pattern is still
debated in evolutionary ecology. To better understand sex differences in parental care and its
consequences we need to study closely related species where the sexes differ in offspring care.
We investigated parental care in relation to offspring growth in two closely related coucal
species that fundamentally differ in sex roles and parental care, but live in the same food-rich
habitat with a benign climate, and have a similar breeding phenology. Incubation patterns
differed and uniparental male black coucals fed their offspring two times more often than female
and male white-browed coucals combined. Also, white-browed coucals had more `off-times´
than male black coucals, during which they perched and preened. However, these differences in
parental care were not reflected in offspring growth, likely because white-browed coucals fed
their nestlings a larger proportion of frogs than insects. A food-rich habitat with a benign climate
may be a necessary, but – perhaps unsurprisingly – is not a sufficient factor for the evolution of
uniparental care. In combination with previous results (Goymann et al. 2015), these data suggest
that white-browed coucals may cooperate in parental care because they lack opportunities to
become polygamous rather than because both parents were needed to successfully raise all
offspring. Our case study supports recent theory suggesting that permissive environmental
conditions in combination with a particular life-history may induce sexual selection in females.
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A positive feed-back loop between sexual selection, body size, and adult sex-ratio may then
stabilize reversed sex-roles in competition and parental care.
Keywords: Centropus, mating system, nestling growth rate, parental care, sex-role reversal,
feeding rate

2.2 Introduction
Parental care – i.e. parental behaviour likely to increase the fitness of a parent’s offspring – is a
fundamental life-history trait that shows substantial diversity within and across animal taxa
(reviewed by (Clutton-Brock 1991; Royle et al. 2012)). The decision to provide parental care
often results in a resource allocation conflict, because time, nutrients and energy invested into
offspring typically cannot be allocated to other processes such as self-maintenance or searching
for additional mating partners (reviewed by (Clutton-Brock 1991; Stearns 1992; Klug et al.
2012)). As a consequence of this conflict, the decision to provide parental care can be closely
linked to sexual selection (Queller 1997; Kokko & Jennions 2008a). Sexual selection predicts a
lower degree of parental care in the sex with a higher variance in mating success. Typically, this
variance is higher in males because a male can produce far more sperm than necessary to fertilize
the limited number of eggs provided by a female. Also, a low confidence in genetic paternity is
more common for males than females and as a consequence should reduce the likelihood of
males contributing to parental care (Queller 1997).

Further, the rarer sex is expected to provide less parental care, because it has more opportunities
to find additional mating partners than the more abundant sex (McNamara et al. 2000; Kokko &
Jennions 2008a). This argument is supported by recent comparative studies in shorebirds (Liker
et al. 2013b), coucals (Goymann et al. 2015), and birds in general ((Remeš et al. 2015), see also
the discussion by Székely et al. (Székely et al. 2014)).

Finally, environmental conditions influence parental care decisions, because a low or
unpredictable food supply or otherwise harsh conditions typically promote parental cooperation
and more equal sex roles in parental care ((Jetz & Rubenstein 2011; Klug et al. 2012), but see
(Remeš et al. 2015)). Favourable environmental conditions with a high abundance of food and a
climate with benign temperatures, on the other hand, may enable a single parent to successfully
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raise all offspring and free the other parent to look for additional mating partners (Andersson
1995).

To better understand the potential factors that select for differences in parental care we need to
simultaneously quantify parental behaviour and its effects on offspring (sensu (Smiseth et al.
2012)) in species with clear sex differences in offspring care. These comparisons gain power if
some of the proposed determining factors are controlled for, e.g. by comparing closely related
species that breed in the same habitat but differ in parental contributions to offspring care.

Birds are conducive to such studies because they cover the whole range of parental behaviour
from almost no care to cooperative breeding. In the majority of bird species (ca. 81 %) both
parents provide care, and in cooperative breeders (9 %) additional helpers assist in caring. In
roughly 8 % of all bird species only females care, while male-only care is the exception,
occurring in only about 1 % of all species (Cockburn 2006). Absence of care (brood parasitism)
accounts for the remaining 1 % of all birds (Cockburn 2006).

In this study, we focused on the exceptional case of male-only care. We compared incubation
patterns and nestling feeding rates (as two measures of parental care) with offspring growth (as a
measure of parental effects) in two sympatric species of coucals, the biparental white-browed
coucal (Centropus superciliosus) and the uniparental black coucal (C. grillii). These species
differ fundamentally in sex roles and mating systems, but otherwise share many life-history traits
during breeding (e.g. similar clutch sizes, incubation and nestling periods, and food sources
(Goymann et al. 2015)). The aim of this study was to evaluate whether differences in the
apparent requirement for parental care or in the growth pattern of young could potentially drive
or enhance the differences in sex roles and mating systems between the two species.

Coucals are Old-World non-parasitic cuckoos (Payne 2005a; Erritzoe et al. 2012) and most of
them live in socially monogamous pairs that provide biparental care. Female coucals are usually
slightly larger than males and the scarce information that is available suggests that, in general,
males contribute slightly more to incubation and offspring care than females (Andersson 1995;
Maurer 2008). We investigated two coucal species that have been described as sister clades
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((Irwin 1985), but see (Sorenson & Payne 2005)) and represent the taxon’s two extremes with
regard to sexual size dimorphism, mating system, and parental care. The white-browed coucal is
the least sexually dimorphic of all coucal species (females are ca. 13% larger than males), and
the one with the highest similarity in sex roles. White-browed coucals are socially monogamous,
and both partners contribute similarly to territory defence and parental care (van Someren 1956;
Rowan 1983; Andersson 1995; Goymann et al. 2015). With 1.07 males per female the adult sexratio of our breeding population of this species is relatively unbiased (Goymann et al. 2015). In
contrast, the black coucal shows the largest sexual dimorphism of the taxon (females are ca. 70%
larger than males) and experiences the largest difference in sex roles. It has a classically
polyandrous mating system, in which females sing and defend large territories, and form
polyandrous groups with up to 5 males, simultaneously. Males incubate their respective clutches
and raise the young all by themselves. With 2.49 males per female the adult sex-ratio of our
breeding population of black coucals is strongly male-biased (Goymann et al. 2004; Goymann et
al. 2005; Goymann et al. 2015). At our study site in the Usangu plains, Tanzania, we took
advantage of the ideal situation that – during the rainy season starting in December – both
species share the same habitat, feed on the same kind of prey, and often breed in close proximity
to one another.

Seasonal tropical wetlands, such as the Usangu plains, represent the ecosystem type with the
highest net primary productivity of any ecosystem (up to 1000g Cm-²y-1, (Neue et al. 1997)).
During the rainy season the Usangu plain is partially flooded, leading to a large abundance of
insects and small vertebrates such as frogs. Birds of up to 450 species exploit “the massive food
potential released by the initial flooding of the grasslands” (Baker & Baker 2002), and
temperatures are typically in the range between 20-30°C. Because black coucals are migratory
they start breeding later (typically around mid-February (Goymann et al. 2004; Goymann et al.
2015)) than white-browed coucals (typically around early January (Goymann et al. 2015)). When
the breeding season ends (around mid-June), most of the black coucals leave the area, whereas
the white-browed coucals stay in the Usangu year-round. Hence, their breeding population is
limited by the low food availability during the harshest time of the year, the dry season during
which the Usangu is desert-like. As a consequence, the breeding density of white-browed
coucals is lower than that of black coucals (Goymann et al. 2015).
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We have previously (Goymann et al. 2015) identified several factors that may have driven the
differences in mating system between the black coucal and other coucal species. These factors
were: (1) migration and the resulting possibility to exploit seasonally available food resources,
thus enabling a high breeding density in black coucals, which facilitated the monopolization of
more than one breeding partner, (2) a higher nest predation rate in black coucals with the
consequence of (3) female emancipation from incubation and the (4) resulting possibility for
females to acquire additional mates. This created a new (5) sexual selection pressure for females
to compete for additional mates. As a secondary consequence of factors 1 to 4, sexual selection
may have favoured (6) large females, that are better in competing over territories and mates and
can lay a larger number of eggs, and small males, that are more efficient in providing parental
care (see (Andersson & Norberg 1981) for evidence in raptors). Large body size in females may
have promoted reproductive success, but at the same time may have resulted in higher female
mortality, leading to (7) a male-biased adult sex-ratio. Sexual selection on large female and small
male body size and a male biased adult sex-ratio likely generated a positive feedback loop
stabilizing the mating system. The importance of mutual feed-back loops between sexual
selection, body size and adult sex-ratio has been pointed out by the seminal work of Andersson
(Andersson 1994; Andersson 2004).

Here, we investigated if the requirements for parental care differed between the species and thus
could represent an additional factor in maintaining the differences in sex roles between the
species. We did so by studying incubation patterns, parental feeding rates, and by measuring and
comparing `off-times´, i.e. the periods of time parenting individuals spent resting and preening
on top of grasses or bushes. We hypothesized that if raising a similar number of offspring in
white-browed coucals is more costly (i.e. requires more resources or energy) than in black
coucals, then a single parent may not be sufficient to raise a clutch. Hence, the larger required
effort for offspring care may have stabilized social monogamy and biparental care in whitebrowed coucals. If this was the case, we would expect that feeding effort and/or offspring growth
were substantially higher in biparental white-browed coucals than in uniparental black coucals.
If, on the other hand, raising a similar number of offspring in white-browed coucals implies
similar costs as in black coucals, then a single parent should be sufficient to raise the young in
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both species. As a consequence of this, parental care should be less important in contributing to
differences in mating system and sex roles between the two species.

Because only males incubate in black coucals (Goymann et al. 2005), but both sexes contribute
to incubation in white-browed coucals, we predicted that incubation was more often interrupted
in black coucals than in white-browed coucals, and that nests of black coucals were left
unattended for longer periods during the day than those of white-browed coucals. If so, this
could be one reason why nest predation during the incubation stage is almost twice as high in
black coucals (32 % of nests) than in white-browed coucals (18 %; (Goymann et al. 2015)).
Because clutch sizes, number of hatchlings and fledglings are similar in the two species, but
white-browed coucals leave the nest slightly later and at a larger body mass than black coucals
(Goymann et al. 2015) we expected overall higher feeding rates in white-browed coucals, even
though each of the two parents may contribute less than a single uniparental male black coucal.
As a consequence, we also predicted that female and male white-browed coucals would spend
more time resting on grasses or bushes than male black coucals. Female black coucals do not
provide parental care, but mainly use perches as song posts and to overlook their territories
(Goymann et al. 2004) and hence were predicted to spend more time on bushes or grasses than
conspecific males or white-browed coucals. We also asked whether potential species differences
in parental care resulted in differences in offspring growth. We predicted that an overall higher
feeding rate would result in larger parental effects, represented by a higher offspring growth rate
in the species with the higher feeding effort.

2.3 Methods
We studied a population of black and white-browed coucals in the partially flooded grassland of
the Usangu wetland (8°41‘S 34°5‘E; 1000m above sea level) in Mbeya region, Tanzania, during
the breeding seasons of 2005 (Jan. 23 – May 27), 2006 (Jan. 15 – Apr. 25), 2008 (Feb. 10 –
March 13), 2010 (Feb. 20 – April 25), 2011 (Feb. 18 – June 6), 2012 (Dec. 18 – June 18), 2013
(Jan. 25 – June 29), 2014 (Jan. 15 – June 29), and 2015 (Feb. 3 – June 27). For further details
regarding the study site see (Goymann et al. 2015).
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Adult coucals were caught with mist nets and banded with numbered aluminium and coloured
plastic rings for individual identification. During the above mentioned study years we caught and
ringed a total of 120 adult female and 99 adult male black coucals, as well as 33 adult female and
66 adult male white-browed coucals. Most birds were equipped with a Holohil BD-2 radiotransmitter (<2g; Holohil Systems Ltd., Carp, Ontario, Canada) to ease individual identification
and location of individuals (see (Goymann et al. 2015) for more details on capture,
measurement, and tagging).

Nests of coucals were located by following adult birds carrying nesting material or food in their
beaks, or by finding incubating birds that had been equipped with radio-transmitters (as
described by (Goymann et al. 2015)). During the incubation stage, nests were checked every 4th
day to see whether young had hatched. At the expected end of the incubation, nest checks were
conducted more frequently (~ every 2 days). To study a potential sex bias in incubation patterns,
we attempted to identify the individual that left the nest when we approached during these
checks. In addition, we conducted incubation checks from a distance using the signals of radiotagged birds. These regular checks were conducted at various times of the day (07:00–17:00
hrs.).

To study nest attendance during incubation, in 2005 and 2006 we placed temperature loggers
(Thermochron iButtons, Maxim Integrated Products, Inc. USA) wrapped into leaves underneath
the eggs into 10 different black coucal and 11 different white-browed coucal nests. The loggers
recorded the nest temperature (in 0.5°C increments) in 3 minute intervals and were removed for
data extraction after 3-6 days. Because the loggers were placed underneath the eggs the recorded
nest temperature did not reflect actual incubation temperatures. However, changes in temperature
allowed us to calculate how often incubation was interrupted, the duration of each interruption,
and the total amount of time birds were absent from the nest each day. We defined the beginning
of each interruption of incubation as a steady drop in the recorded temperature of at least 2°C in
magnitude. The duration of each absence bout was estimated as the time period during which the
nest temperature remained within 2°C of the minimum temperature recorded during the
respective absence bout (see Figure 2.1 for an illustration).
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Figure 2.1 Illustration of the definition of incubation interruptions and the measurement of the
duration of such absence bouts during the incubation period. We defined the beginning of an
absence bout during incubation as a steady drop in the recorded iButton temperature (green line)
of at least 2°C in magnitude (upper left red bracket). The end of the incubation absence bout was
defined as the point in time when the iButton temperature had increased by 2°C above the
minimum temperature recorded during the absence bout (lower right red bracket). The duration
of each absence bout was defined as the time period in between these two defined time points
(blue bar with double arrows).

Once at least one nestling had hatched, nests were checked and the nestlings measured every
other day until they left the nest. To distinguish individual nestlings we marked two of their 4
claws of one foot with nail enamel in a unique way, and when they were 9-11 days old they
received a numbered aluminium ring. To estimate nestling growth we measured body mass (to
the nearest g), and the length of the right tarsus (to the nearest 0.1mm) as a measure of structural
growth. When the nestlings were ca. 5-7 days old we took a small blood sample (ca. 30µl) in
Queens lysis buffer for genetic sexing (Griffiths et al. 1998).

To determine parental feeding rates, we conducted focal observations of nests (typically of
60 min duration) using binoculars from a distance of ca. 40 – 100m, either sitting on the roof of a
car, on top of a ladder, or on a mud bank. We identified the individual coming to the nest,
scoring a nest visit as a ‘feeding visit’ only when the arriving bird carried food in its bill.
Whenever possible, we tried to identify the kind of food brought to the nest. Further, we
23

recorded the time individuals spent visibly perching high on bushes or grasses without food.
Because coucals do not hunt from perches (pers. obs. of all authors) we consider the time they
spend perching high as a conservative estimate of `off-times´, i.e. the time they do not spend
searching for prey, but rest and preen. We did not count perching incidents with food in the beak
as `off-time´ because similar to many other birds coucals wait and carefully scan the
environment before approaching the nest with food for the nestlings. All procedures were
approved by the respective governmental authorities of Tanzania, i.e. the Tanzania Wildlife
Research Institute (TAWIRI) and the Tanzanian Commission for Science and Technology
(COSTECH).

All statistical analyses were conducted with R, version 3.2.2 (R Core Development Team,
Vienna 2015). We tested for a potential sex bias in incubation behaviour in white-browed
coucals using a generalized linear mixed model (glmer in R package nlme (Pinheiro et al. 2015))
with a binomial distribution (presence/absence) and a loglink function, with the sex of the
incubating bird as dependent variable, the time of day (centred) as a covariate, and the nest ID as
a random factor. To test whether factors such as Julian date or year of study would influence the
results, we initially included them as random effect (year) or covariate (Julian date), but since
they did not have an influence we did not include them in the final analysis. The other variables
were maintained in the analysis because we expected them to potentially have a meaningful
impact. The analysis was based on 154 observations on 28 nests. For black coucals we did not
conduct a statistical analysis of sex bias in incubation patterns, because female incubation was
never observed in this species.

The number of absence bouts from the nest (=interruptions of incubation) per day and the total
absence duration (in minutes per day) from the nest were compared between the two species
using linear mixed models (lmer in R package nlme (Pinheiro et al. 2015)) with species as fixed
factor and nest identity as a random factor. Each nest contributed 3 to 6 data points, depending
on whether the logger recorded for 3, 4, 5 or 6 days. The mean durations of absence bouts were
analysed using a linear mixed model (lmer in R package nlme (Pinheiro et al. 2015)) with
species and time of day (morning [06:00-10:30], noon [10:30-15:00], afternoon [15:00-19:30])
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as independent variables, and nest identity as a random factor. Here, each nest typically
contributed 3 values per day.

The feeding rate analysis was based on 256 individual observations of 76 black coucal nests (302
hours), and 184 feeding observations of 54 white-browed coucal nests (209 hours). During each
observation we quantified the number of feeding visits by the male and the female. Each nest
contributed at least 2 x 60 minutes of total focal observations (range: 2-7 observations of 30225 minutes duration). Feeding rates were statistically analysed using a generalized linear mixed
model (glmer in R package nlme (Pinheiro et al. 2015)) with a Poisson distribution, using the
number of feeding visits of an individual as dependent variable and the duration of the
observation in minutes as an offset (following the recommendations by Korner-Nievergelt et al.
(Korner-Nievergelt et al. 2015)) to control for differences in the duration of observations.
Independent variables were species, sex, the interaction between species and sex, and the total
brood mass (= combined body mass of all nestlings on the respective day of observation), as well
as the time of day as covariates. We decided to use brood mass as covariate, because in our view
it represents an accurate combined measure of differences in the number and age of nestlings,
especially in coucals where nestlings hatch asynchronously, and where brood sizes differ. In the
supplementary material (Section 2.8.1) we also present an alternative analysis in which brood
mass was replaced with the number of nestlings and mean nestling age as covariates. The
covariates were centred and scaled to allow an unbiased estimation of the parameters. The
identity of the feeding parent and nest ID were included as random effects. To test whether year
of study would influence the results we initially included it as a random effect, but since it did
not explain any random variance in addition to the one explained by parent ID and nest ID we
did not include year in the final analysis.

The analysis of `off-times´, i.e. the time that white-browed coucals and male black coucals spent
perching high on grasses or bushes in between feeding visits to the nest, was – similar to the
feeding rate analysis – conducted by using a generalized linear mixed model (glmer in R package
nlme (Pinheiro et al. 2015)) assuming a normal distribution, using the time an individual perched
on a bush or grass as dependent variable and the duration of the observation in minutes as an
offset (following the recommendations by Korner-Nievergelt et al. (Korner-Nievergelt et al.
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2015)) to control for differences in the duration of observations. Independent variables were
species, sex, the interaction between species and sex, and the total brood mass (= combined body
mass of all nestlings on the respective day of observation), as well as the time of day as
covariates. The covariates were centred and scaled to allow an unbiased estimation of the
parameters. The identity of the feeding parent and the nest were included as random effects. In
cases where this was possible, the female partners of feeding male black coucals were included
in the `off-time´ analysis, although female black coucals mainly perched to sing and guard their
territories and hence did not represent real `off-times´ (Goymann et al. 2004).

The difference in the proportion of the main food items (frogs, grasshoppers, mantises) brought
to the nest was statistically analysed using the bayes.prop.test from the R package
BayesianFirstAid (Bååth 2014) and compared between black and white-browed coucals using
the Region of Practical Equivalence (ROPE; (Kruschke 2013)), which can be considered as a
measure of the likelihood that two distributions are similar to each other.

Nestling growth rates were estimated for each sex and species separately with a non-linear
logistic function: weight=A/[1+exp(-K*{t-I})] with A = asymptote of nestling body mass (in
grams) before leaving the nest, K = growth rate constant, I = inflection point of the growth curve
(in days), and t = age (in days) (Starck & Ricklefs 1998). We used a non-linear mixed model
approach (function nlme in R package nlme, (Pinheiro et al. 2015)) following Sofaer et al.
(Sofaer et al. 2013). Nestling ID was included as a random effect to model repeated
measurements of individuals. The nestling ID was nested within nest ID as another random
effect to control for non-independence of nest mates due to a common nest environment, genetic
background, maternal effects and parental care (Sofaer et al. 2013). As the starting values for the
estimation of growth parameters, we used the parameter values for A, I, and K (for each sex
separately) from a previous study on black coucals (Goymann et al. 2005). For the estimation of
growth curves in white-browed coucals, we used the I and K values of female black coucals as
starting values, and we set the initial value of A to 92.4g for females and 89.5g for males, which
corresponds to the mean body mass of females and males shortly before they left the nest
(Goymann et al. 2015). The growth rate analyses were based on data from 118 female
(contributing 610 data points) and 122 male (contributing 639 data points) nestlings from 63
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black coucal nests, and from 102 female (contributing 566 data points) and 109 male
(contributing 598 data points) nestlings from 60 white-browed coucal nests. Similar analyses
were conducted using tarsus length as the dependent variable. Because the results were similar to
the body mass analyses, the results for the tarsus data are reported in the supplementary material
only (Section 2.8.2).

Model residuals were examined using graphical methods (i.e. qq plots of residuals and random
effects, fitted values versus residuals) for homogeneity of variance, violation of normality
assumptions or other departures from model assumptions and model fit (Korner-Nievergelt et al.
2015). For inferences from the models we obtained Bayesian parameter estimates and their 95 %
credible intervals (using bsim of the R package arm (Gelman et al. 2014), using an uninformed
prior distribution (Korner-Nievergelt et al. 2015). The Bayesian approach is the only method that
allows the drawing of exact inferences while avoiding the difficulties of determining the degrees
of freedom in mixed model analyses (Bolker et al. 2009). Another major difference is that
Bayesian methods refer to the probability of a hypothesis given the data. In contrast, frequentist
methods assess the probability of the data given a null hypothesis. Hence, unlike null-hypothesis
testing, Bayesian methods do not provide p-values. Instead, biologically meaningful differences
between groups can be assessed by comparing the ranges of the 95 % credible intervals between
groups. Similarly, the 95 % credible interval of a regression slope can be used to assess the
relationship between continuous variables. The 95 % credible interval provides an estimate for
the mean with a probability of 0.95. If the credible interval of one group does not overlap with
the mean estimate of another group, the groups can be assumed to differ from each other.
Similarly, if the 95 % credible interval of the slope in a regression does not include zero it can be
assumed that there is a meaningful relationship between the continuous variables (KornerNievergelt et al. 2015).

If not indicated otherwise, data are presented as individual data points in combination with
posterior means and their respective 95 % credible intervals (in text and tables reported within
squared brackets). We also provide measures of the goodness-of-fit of the models (i.e. how much
of the variance they explain) by reporting R²-values for linear models, or the respective marginal
and conditional R²-values for mixed models following Nakagawa and Schielzeth (Nakagawa &
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Schielzeth 2013). The marginal R² value represents the variation explained by the fixed effects of
a mixed model, whereas the conditional R²-value reflects the combined variation explained by
fixed and random effects. Because a Bayesian approach was not feasible for the analysis of the
growth rate data, we report mean estimates and their 95 % confidence intervals for the growth
rate analyses, instead.

2.4 Results
2.4.1 Incubation patterns
In none of the 191 black coucal nests found during the incubation stage in the study period did
we ever observe a female incubating the clutch, confirming earlier observations that in this
species only males incubate (Goymann et al. 2004). Because of this obligate sex bias in diurnal
and nocturnal incubation, a formal binomial statistical comparison between the sexes seemed
redundant in black coucals. In white-browed coucals, both females and males incubated. Yet, a
binomial mixed model of all cases where we could identify the sex of the incubating bird
indicated that in 80.9 % [95 % credible interval: 65.8 % - 90.2 %] of all cases the males were
incubating the clutch. The likelihood of male incubation increased from morning to evening
(slope 0.64 [0.11 – 0.99]; N = 154 observations of 28 nests; marginal R² = 0.088, conditional
R² = 0.720). The high conditional R² value demonstrates that nest ID explained a large
proportion of the variance in the white-browed coucal data, suggesting a high consistency in the
proportion of male and female incubation per nest. Because we lack information about the
identity of individuals incubating at night, we cannot rule out the possibility that female whitebrowed coucals contribute more to incubation at night.

The iButton data indicated that incubation was more frequently interrupted in nests of black
coucals than in nests of white-browed coucals (Figure 2.2a; marginal R² = 0.384, conditional
R² = 0.690). Also, the total duration nests remained unattended was longer in black coucals than
in white-browed coucals (Figure 2.2b; marginal R² = 0.142, conditional R² = 0.451). However,
the duration of each absence bout was shorter in black than in white-browed coucals
(Figure 2.2c; marginal R² = 0.119, conditional R² = 0.261). Both species spent longer periods
away from the nest during the middle of the day, when ambient temperatures were high than
during the mornings or afternoons (Figure 2.2c).
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Figure 2.2 Individual measures (grey dots) and posterior Bayesian estimates with 95 % credible
intervals of (a) the number of daily interruptions from incubation, (b) the total duration of all
interruptions of incubation per day, and (c) the duration of each incubation pause of whitebrowed coucals (large white diamonds) and black coucals (large black diamonds). The analysis
is based on nest temperature data for 40 days from 10 different black coucal nests, and 51 days
from 11 different white-browed coucal nests. In Bayesian analysis, differences between groups
can be considered biologically meaningful, if the 95 % credible intervals (whiskers) of one group
do not overlap with the mean estimate of another group.
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2.4.2 Nestling feeding rates and food types delivered
The offspring feeding rates differed between the two species and sexes (species x sex interaction:
F = 89.97, species F = 203.88, sex F = 11.02; Figure 2.3): in black coucals, the young were
almost exclusively fed by males (Figure 2.3; with the exception of one female at one nest [2
feeding observations] feeding rates of females were zero at all other 75 nests [254 feeding
observations]). In white-browed coucals, females and males fed their offspring at similar rates,
but each parent delivered food at a much lower rate than male black coucals (Figure 2.3). In
both species, the feeding rate increased with total brood mass (back-transformed slope 0.31 [0.22
– 0.39], F = 57.54), but time of day did not influence feeding rates (back-transformed slope -0.01
[-0.07 – 0.048], F = 0.15). The overall model explained a large proportion of the variance in the
data (marginal R² = 0.827, conditional R² = 0.848). Even when the average feeding visits of
female and male white-browed coucals were summed for each nest, these visits represented only
about half of the feeding visits conducted by a single male black coucal (Figure 2.3). We did not
quantify the length of the foraging trips (= distance travelled per trip), but from our observations
we did not find obvious differences between the species, and also territory or home-range sizes
were similar between male black coucals and both sexes of white-browed coucals (Goymann et
al. 2015), suggesting a similar ranging behaviour. A similar model using the number of nestlings
and the mean age of all nestlings in a nest rendered very similar results to this model that used
the mean brood mass (as a composite measure of the number of nestlings and their age) as a
covariate (Section 2.8.1).

Black and white-browed coucals mainly delivered grasshoppers (Caelifera), frogs (Anura) and
mantis species (Mantodea) to their nestlings. However, the proportion of these three prey types
differed between the two species: white-browed coucals delivered a higher percentage of frogs,
whereas male black coucals fed a larger proportion of grasshoppers (Table 2.1). An analysis of
the regions of practical equivalence (ROPE) indicated that there was only a 0.013 % likelihood
that black and white-browed coucals fed a similar proportion of frogs (ROPE = 0.00013), and
only a 3.2 % likelihood that they fed a similar proportion of grasshoppers (ROPE = 0.032). In
contrast, the likelihood that the two species fed a similar proportion of mantises was relatively
high (43 %; ROPE = 0.43).
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Figure 2.3 Posterior Bayesian estimates with 95 % credible intervals of mean feeding rates of
white-browed coucals (large white diamonds) and black coucals (large black diamonds). Small
grey dots indicate the respective feeding rate of each individual observation. The analysis is
based on 256 individual observations of 76 black coucal nests (302 nest hours), and 184 feeding
observations of 54 white-browed coucal nests (209 nest hours). For the statistical interpretation
of meaningful differences see Figure 2.2 and methods.
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Table 2.1 Number of grasshoppers, frogs, and mantises brought to the nest by black coucals
(N = 76 nests) and white-browed coucals (N = 54 nests). In brackets are the posterior mean
proportions of the respective prey items with their Bayesian credible intervals. The lack of
overlap between the credible intervals and the mean proportion of grasshoppers and frogs fed by
black and white-browed coucals indicated that the two species differed in how much of these
prey items they delivered to their nestlings.
Species

grasshoppers (Caelifera)

frogs (Anura)

mantises (Mantodea)

black coucal

489 (0.73 [0.69 – 0.76])

96 (0.14 [0.12 – 0.17])

88 (0.13 [0.11 – 0.16])

white-browed coucal

197 (0.62 [0.57 – 0.67])

94 (0.30 [0.25 – 0.34])

25 (0.08 [0.05 – 0.11])

2.4.3 Off-times
The time periods individuals spent perching high on bushes or grasses differed between the two
species and sexes (species x sex interaction: F = 118.15, species F = 1.29, sex F = 69.11;
Figure 2.4): feeding male black coucals spent little time perching high on grasses or bushes.
When they did so they typically preened or dried their plumage in the sun. In contrast, female
black coucals spent considerable time perching high on grasses or bushes. Female black coucals
also preened themselves while perching high, but they frequently used the perches also as song
posts. In white-browed coucals, feeding females and feeding males spent similar times perching
on grasses or bushes, and they spent more time doing so than feeding male black coucals
(Figure 2.4). Also white-browed coucals typically preened themselves and dried their plumage
in the sun when perching high. In both species, the time spent perching high on grasses and
bushes did not depend on total brood mass (slope 0.006 [-0.008 – 0.022], F = 0.76), but
decreased during the day (slope -0.021 [-0.036 – -0.008], F = -3.07). The overall model
explained about a third of the variance in the data (marginal R² = 0.290, conditional R² = 0.344).
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Figure 2.4 Posterior Bayesian estimates with 95 % credible intervals of the mean proportion of
time female and male white-browed coucals (large white diamonds) and male black coucals
(large black diamonds) spent resting on grasses or bushes when they had dependent offspring.
For female black coucals (large black diamonds) these `off-times´ rather represent times they
spent perching high to sing and guard their territory. Small grey dots indicate the respective
proportion of time a bird spent resting for each individual observation. For sample sizes see
Figure 2.3 and for the statistical interpretation of meaningful differences see Figure 2.2 and
methods.

2.4.4 Nestling growth rates
On the species level, the growth constants K and their 95 % confidence intervals indicated that
black and white-browed coucals grew at similar rates with little differences between the sexes
(Table 2.2). However, male black coucals reached the period of maximum growth (inflection
point I) earlier than females, and they also reached the inflection point earlier than both sexes of
white-browed coucals (Figure 2.5, Table 2.2). The asymptotic body mass of the young just
before leaving the nest (around days 13-16) also differed between the species and the sexes.
Female black coucals reached a higher asymptotic body mass than males, and both female and
male white-browed coucals reached a higher asymptotic body mass than female and male black
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coucals (Figure 2.5, Table 2.2). Black coucals typically left the nest at an earlier age than whitebrowed coucals (see legend of Figure 2.5 and (Goymann et al. 2015)). Female black coucals left
the nest at the lowest body mass relative to their adult body mass. Their asymptotic body mass
when leaving the nest corresponded to 46.5 % of the typical adult body mass of a female black
coucal (165.9 g), whereas males left the nest at 68.3 % of adult body mass (98.0 g), which is
similar to the relative adult body mass of white-browed coucals leaving the nest (63.2 % in
females (153.8 g) and 68.7 % in males (136.1 g); see Table 2.2 for asymptotic body masses
when leaving the nest and Figure 2.5 and (Goymann et al. 2015) for a representation of adult
body masses).

Table 2.2 Mean estimates and 95 % confidence intervals for the growth constant (K), the
inflection point (I) and the asymptotic body mass before leaving the nest (A) for white-browed
and black coucals. The analyses were based on data from 118 female (contributing 610 data
points) and 122 male (contributing 639 data points) nestlings from 63 black coucal nests, and
from 102 female (contributing 566 data points) and 109 male (contributing 598 data points)
nestlings from 60 white-browed coucal nests.
Species

Sex

white-browed female

0.369 [0.354 – 0.384]

inflection point I
asymptotic body mass A
(day)
(g)
6.3 [6.0 – 6.6]
97.2 [92.3 – 102.1]

coucal

t462=46.95

t462=39.76

0.375[0.362 – 0.388]

6.2 [6.0 – 6.5]

93.5 [90.0 – 97.0]

t487=55.36

t487=44.18

t487=52.01

0.377 [0.363 – 0.392]

6.2 [5.9 – 6.5]

77.1 [73.2 – 80.9]

t490=51.01

t490=40.00

t490=39.27

0.364 [0.347 – 0.381]

5.8 [5.5 – 6.2]

66.9 [63.4 – 70.5]

t515=41.35

t515=34.35

t515=37.24

male

black coucal

female

male

growth constant (K)

t462=39.02

On the level of individual nests there were consistent correlations between asymptotic body mass
and the inflection point in black coucals: in nests where nestlings reached the inflection point
earlier the nestlings also reached a higher asymptotic body mass (as indicated by the fact that the
95 % confidence intervals of the correlation coefficient did not include zero; Table 2.3). Thus,
the early growth pattern of all nestlings of a nest corresponded with the asymptotic body mass
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that they reached (i.e. the earlier the inflection point, the higher the asymptotic body mass). In
white-browed coucals this was not the case, because the 95 % confidence intervals of the
correlation coefficients included zero (Table 2.3).

On the level of individual nestlings, inflection points and asymptotic body masses showed
consistent correlations in both sexes of white-browed coucals, but not in black coucals
(Table 2.3, right column). This suggested that the time of maximum growth and the asymptotic
body mass at the end of the nestling period were strongly connected in individual nestlings of
white-browed coucals, but not in black coucals. Overall, individual nests and individual nestlings
varied in asymptotic body masses and inflection points, as indicated in the estimated random
effects standard deviations and their respective 95 % confidence intervals (Table 2.3). This
strong influence of the random effects suggested that consistent differences on the nest level and
individual nestling level played a role in growth parameter estimation (for additional results
regarding growth parameter estimates of tarsus length see supplementary material in
Section 2.8.2).
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Figure 2.5 Growth rate of female (in red) and male (in blue) white-browed coucals (a) and
female and male black coucals (b). Solid and dashed curves represent the mean growth curve and
their respective 95 % confidence intervals. Individual dots refer to data points from individual
nestlings. The asymptotes of the growth curves indicate that white-browed coucals reached a
higher asymptotic body mass than black coucals before leaving the nest. White-browed coucals
and male black coucals left the nest at similar body masses relative to the adult body mass
(indicated in the graphs: female white-browed coucals: 63.2 %; male white-browed coucals:
68.7 %; male black coucals: 68.3 %), whereas female black coucals left the nest at a
considerably lower body mass relative to the adult body mass (46.5 %). In black coucals, the
number of individual body mass data points in the nest drops after day 13, a similar drop in body
mass data occurs only after day 14 in white browed coucals, indicating that black coucals
typically leave the nest slightly earlier than white-browed coucals (for a formal analysis see
(Goymann et al. 2015)).
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Table 2.3 Estimates and their 95 % confidence intervals for the standard deviations of random effects of asymptotic body mass before
leaving the nest (A) and the inflection point (I), and their respective correlations (with 95 % confidence intervals) on the nest (left) and
the nestling level (right). Biologically meaningful correlation coefficients are highlighted in bold.
Species

black coucal

white-browed
coucal

sex

nest ID

nestling ID

asymptote A

infl. point I

correlation

asymptote A

infl. point I

correlation

female

9.3[5.9 – 14.6]

0.9 [0.7 –1.2]

0.8 [0.4 –0.9]

11.7 [9.2 –15.0]

0.4 [0.2 –0.7]

0.4 [-0.1 – 0.8]

male

10.8 [8.4 –13.8]

0.9 [0.7 –1.2]

0.7 [0.4 –0.9]

5.6 [4.0 –7.8]

0.7 [0.5 –0.9]

-0.2 [-0.6 –0.4]

female

11.4 [7.3 – 17.8]

0.6 [0.2 – 2.0]

0.4 [-0.4 – 0.9]

14.5 [11.2 – 18.9]

1.0 [0.7 – 1.5]

0.6 [0.3 – 0.8]

male

7.7 [4.8 – 12.4]

0.8 [0.6 – 1.1]

0.2 [-0.4 – 0.6]

10.8 [8.6 – 13.6]

0.6 [0.4 – 0.8]

0.5 [0.1 – 0.8]
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2.5 Discussion
In this study, we compared parental care and offspring growth (parental effects) between
biparental white-browed and uniparental black coucals. The degree of parental care was
considerably smaller in individual female and male white-browed coucals than in individual
male black coucals. As predicted, male black coucals interrupted incubation more often than
white-browed coucals, and even though these interruptions were shorter, black coucals spent
more time away from the nest during the day than white-browed coucals. In contrast to our
predictions, male black coucals conducted substantially more feeding visits: they fed their young
more than twice as often as breeding pairs of white-browed coucals. Further, male black coucals
spent less than half of the time with resting and preening than white-browed coucals. With one
exception, female black coucals did not provision the young during the course of this study (see
also (Goymann et al. 2004) for a similar case). Hence, parental care was substantially higher on a
per-parent basis in male black coucals, because individual males fed their offspring ca. 4-5 times
more often than individual members of a white-browed coucal pair. Further, parental care was
substantially higher in male black coucals also on an overall (per-nest) basis, because uniparental
male black coucals provisioned their offspring more than twice as often as biparental whitebrowed coucals. Female black coucals spent a large proportion of time on small bushes or high
grasses, which is typical because they use elevated perches as song posts and to guard their
territories.

The larger investment in parental care of male black coucals did not result in higher offspring
growth because important body mass growth parameters – such as the growth constant K, and
the inflection point I – did not differ between the two species. By contrast, nestlings of whitebrowed coucals reached a larger asymptotic body mass before they left the nest (but they also left
the nest at an older age, see (Goymann et al. 2015)). Relative to their adult body masses, female
and male white-browed coucals and male black coucals left the nests at a similar body mass, but
female black coucals left the nest at a much lower body mass relative to their typical adult body
mass. Hence, female black coucals are likely to have a higher risk of juvenile mortality than
conspecific males or both sexes of white-browed coucals (Goymann et al. 2015).
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Because the number of nestlings is similar in the two species (Goymann et al. 2015) the feeding
and growth data raise the question as to how white-browed coucal nestlings could maintain a
similar growth as black coucals, despite the fact that they were fed less frequently? Adult whitebrowed coucals may have compensated the fewer feeding trips by feeding a larger proportion of
frogs than male black coucals. Such frogs represent relatively large prey and one frog could even
be split between nestlings. In contrast, black coucals mainly delivered one grasshopper or one
mantis per nest visit, and these prey items were usually not split between nestlings (W.G., pers.
obs.). Also, grasshoppers are limited in calcium (Makkar et al. 2014), which represents a critical
nutrient for avian growth (Tilgar et al. 2004; Dawson & Bidwell 2005), thus potentially limiting
the growth of black coucal nestlings compared to white-browed coucal nestlings. Hence, whitebrowed coucals visited their nests less frequently than black coucals, but they may have
compensated by delivering larger, calcium-rich, and possibly divisible food items.

2.5.1 Microhabitat use and differences in parental care
Territories of black and white-browed coucals often overlap (Goymann et al. 2015), but the two
species differ in microhabitat use. For example, white-browed coucals typically nest in acacia
shrubs or bushes close to water bodies and typically forage in open areas with scattered
vegetation. In contrast, black coucals nest and forage in dense and high grasses ((Goymann et al.
2015) and pers. obs. of all authors). Also, there is little evidence for interspecific competition
between the two species that rarely interact, except when they compete for favourite resting
perches. This suggests that they may occupy slightly different ecological niches, which are
reflected by the differences in nesting and foraging microhabitats, and the type of food delivered
to the nestlings.

We consider it unlikely that both parents are needed to successfully raise a brood in whitebrowed coucals: First, despite the differences in microhabitat use, both species experience the
high food abundance typical for the Usangu during the rainy season. Resource levels are so high
that in black coucals a single parent is sufficient to successfully raise a brood. Second, the
feeding rates of a single white-browed coucal amounted to less than one third, and the combined
feeding efforts of both parents added-up to only about 50% of the performance of a singleparenting male black coucal. We consider it unlikely that these differences in feeding rates were
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the result of differences in foraging efficiency, because between two feeding visits white-browed
coucals typically spent considerable time perching high on bushes or grasses, where they preened
or warmed-up in the sun without searching for food. Male black coucals had much less of such
`off-times´ between feeding visits. Hence, it is unlikely that white-browed coucals needed more
time to search for food than black coucals. Further, the feeding rates of white-browed coucals
were extremely low compared to the few data available from other biparental coucal species, e.g.
the pheasant coucal (Centropus phasianinus) with 3.8 feedings per hour (Maurer 2008) which
corresponds to the average feeding rate of a uniparental male black coucal in this study (see also
(Goymann et al. 2005)).

The lower overall feeding rate of biparental white-browed coucals compared to uniparental black
coucals is consistent with mathematical models of sexual conflict in offspring care: in biparental
species, sexual conflict over care should lead to suboptimal contributions of each individual
parent to prevent exploitation by the other parent (e.g.(Lessells 2012; Lessells & McNamara
John 2012)). Experimental data in captive zebra finches (Royle et al. 2002, 2006) and canaries
(Iserbyt et al. 2015) support these models. Hence, one reason why male black coucals work
harder than white-browed coucals could be the absence of a sexual conflict over provisioning the
young in a species in which only one sex cares. Given the similarity in brood sizes, the expected
net workload should be twice as high for a male black coucal compared to the individual
members of a pair of white-browed coucals. The fact that male black coucals work harder than
that is consistent with theoretical expectations regarding the absence of a sexual conflict over
care.

2.5.2 Parental care, parental effects and mating system
The sparse literature on coucals indicates that in most species both parents contribute to parental
care, possibly with a male-bias in incubation (Payne 2005a). The only exception is the black
coucal in which only males care (Vernon 1971; Goymann et al. 2004). Hence, biparental care
most likely represents an ancestral trait in coucals. We showed that even in white-browed
coucals – probably representing the coucal species with the highest similarity in sex roles –
males take a larger share in incubation than females, at least during the day. Andersson (1995)
suggested that the involvement of males in incubation was a necessary starting point for sex-role
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reversal and polyandry in black coucals and provided evidence that females of many socially
monogamous coucal species have intervals of 2-3 or even more days between laying two eggs.
These long intervals may indicate a difficulty to gather sufficient resources for rapidly finishing a
clutch. Thus, females of all coucal species could benefit from male assistance during incubation
because it frees them from the costs of incubation and they gain additional time to gather
resources for egg-laying.

Limitation of food is a rather unlikely factor for the reproduction of coucals in the Usangu plains.
Thus, differences in food abundance, food accessibility, foraging efficiency, or a lower need for
parental care are unlikely causes for the differences in parental care between black and whitebrowed coucals. In contrast to our predictions, offspring feeding rates were substantially lower in
pairs of white-browed coucals than in uniparental male black coucals, but these differences did
not result in differences in offspring growth. Hence, a good food supply may be a necessary
factor for the evolution of uniparental care (Erckmann 1983; Andersson 1995; Andersson 2005),
but does not inevitably lead to uniparental care even in closely related and ecologically similar
species. Given their low feeding effort, we consider it unlikely that two white-browed coucal
parents are required to successfully raise a clutch. Rather, a lower breeding density and a more
balanced adult sex-ratio may prevent both sexes from finding additional mating partners
(Goymann et al. 2015). Some shorebirds simultaneously raise multiple clutches with the male
incubating the first clutch and the female incubating the second clutch (e.g. Temminck’s stilt
Calidris temminckii (Hilden 1975)). What prevented female white-browed coucals from evolving
a similar strategy? This remains an open question, but it could be related to the longer breeding
season with the possibility to raise several clutches as a pair in succession (up to 4 successful
broods per season, W.G. and I.S., unpublished data). As a consequence, the reproductive value of
a single brood (and also a single breeding season) may be lower, and the value of a prolonged
pair-bond may be higher in white-browed coucals than in migratory shorebirds that experience
very short breeding seasons.

Black coucals, on the other hand, with their higher breeding densities and a strongly male
skewed adult sex-ratio (Goymann et al. 2015) render themselves much more likely for male-only
care and polyandry (McNamara et al. 2000; Kokko & Jennions 2008a). However, males may pay
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a physiological price for their higher feeding effort, because feeding male black coucals express
higher levels of baseline and stress-induced corticosterone concentrations than non-feeding
males (Goymann et al. 2017). In contrast, feeding individuals of white-browed coucals do not
show such elevations in baseline and stress-induced corticosterone (Goymann et al.
2017).Whether these physiological differences affect survival is unknown.

In a previous study, we have identified several factors that may have represented the initial steps
on the black coucal’s route to obligate sex-role reversal and polyandry (Goymann et al. 2015).
Being the only coucal species that migrates, black coucals can gather in breeding habitats with
temporarily high food resources and breed at high densities, which facilitate the monopolization
of more than one breeding partner. Because high egg-predation in black coucals selects for
females that rapidly produce replacement clutches and for males that fully take over incubation,
female emancipation from incubation created a new sexual selection pressure for females to
compete for additional mates. If the clutch incubated by her first mate is successful, the female is
free to search for additional mates. Sexual selection may then have favoured large females that
can compete over territories and mates (Geberzahn et al. 2009; Geberzahn et al. 2010) and that
lay a large number of eggs (Goymann et al. 2015). At the same time selection may have
favoured small body size in males, because small males make more efficient foragers to raise the
young (Andersson & Norberg 1981). This development likely generated several positive
feedback loops on sexual size dimorphism, with the potential consequence of higher female
juvenile mortality resulting in a male-biased adult sex-ratio (Goymann et al. 2015), which
according to recent theory should enforce competition in females and male-only care (Queller
1997; McNamara et al. 2000; Kokko & Jennions 2008a). These selective forces may have
resulted in the complete and invariable sex-role reversal observed in all black coucal populations
investigated so far (Vernon 1971; Goymann et al. 2004; Christian & Davies 2007).

In contrast, nest predation in white-browed coucals is considerably lower (Goymann et al. 2015)
and hence, female white-browed coucals may benefit less from being large and liberated from
incubation. Thus, there may be little selection for sexual size dimorphism and white-browed
coucals lack the morphological, physiological and behavioural adaptations for female
competition and male-only care observed in black coucals (Goymann & Wingfield 2004;
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Goymann et al. 2005; Goymann et al. 2008; Frey & Goymann 2009; Geberzahn et al. 2009;
Geberzahn et al. 2010).

These findings support theoretical models of sex roles in mating and parental care (Queller 1997;
McNamara et al. 2000; Kokko & Jennions 2008a) and recently published meta-analyses in birds
(Liker et al. 2013b; Liker et al. 2015). Thus, we conclude that white-browed coucals of the
Usangu plain are likely to maintain a socially monogamous mating system with biparental care
not because two parents would be needed to successfully raise the offspring, but rather because
females (or males) may lack opportunities to find additional mates. If the adult sex-ratio of
white-browed coucals in the Usangu would be biased towards the one or other sex, or if
predation in the egg stage would be higher, we predict that this species would have the potential
for developing a polygamous mating system.

In summary, in the Usangu habitat – a flood plain with rich food resources for coucals during the
breeding season – biparental white-browed coucals provision their offspring less frequently than
uniparental black coucals. Biparental care is considered an ancestral trait in coucals and
superabundant food resources have been considered a key factor in the evolution of female
emancipation from parental care, and sex-role reversal in black coucals and other species with a
similar mating system (Andersson 1995; Andersson 2005). Our study indicated that rich food
resources are a necessary, but not a sufficient condition for a reversal in sex roles and uniparental
care. Compared to black coucals, offspring provisioning rates were low in white-browed coucals
and a single parent would most likely have been sufficient to raise a clutch. However, whitebrowed coucals have a relatively balanced adult sex-ratio, reducing the opportunities for either
sex to find additional mating partners. Further, white-browed coucals experienced a longer
breeding season and lower nest predation rate compared to black coucals, thus reducing the
potential benefits of male-only incubation (Goymann et al. 2015). As a consequence, biparental
care may be the best option for both partners, thus balancing also the operational sex-ratio. Our
case study confirms a recent comparative dataset in birds showing that the degree of parental
cooperation in offspring care is determined by the magnitude of sexual selection and the bias in
the adult sex-ratio (Remeš et al. 2015). But our study also highlights the importance of
facilitating factors including life-history (migration/breeding density) in combination with high
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food abundance and high nest predation in the evolution of male-only care in black coucals. A
detailed comparison of the degree of sexual selection and the risk of offspring predation in taxa
where males contribute more to offspring care than females (mainly amphibians and birds) and
experimental manipulation of adult sex-ratios or nest predation rates could shed additional light
on ecological factors that influence parental care and sex roles in terrestrial vertebrates.
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2.8 Supplementary material
2.8.1 Feeding rate analysis using number of nestlings and mean nestling age as covariates
We repeated the feeding rate analysis using the number of nestlings and mean nestling age
instead of brood mass as a covariate. The results of this analysis were very similar to those
presented in the main text of the manuscript. The offspring feeding rates differed between the
two species and sexes (species x sex interaction: F=88.02, species: F=227.13, sex: F=10.89). The
mean [± 95% credible intervals] feeding rate of male black coucals was 2.93 [2.64 – 3.26], of
female black coucals was 0.009 [0.003 – 0.030], of male white‐browed coucals was 0.79 [0.66 –
0.95], and of female white‐browed coucals was 0.67 [0.55 – 0.80] feeding visits per hour. In both
species the feeding rate increased with the number of nestlings (slope 0.339 [0.257 – 0.419];
F=64.03) and with the mean age of the nestlings (slope 0.157 [0.095 – 0.220]; F=24.01), but the
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time of day did not have a meaningful impact (‐0.014 [‐0.070 – 0.042]; F=0.208). The overall
model explained a large proportion of the variance in the data (marginal R²=0.828, conditional
R²=0.843).

2.8.2 Tarsus growth rates of white‐browed coucal and black coucal nestlings
On the species level, the growth constants K and their 95% confidence intervals indicated that
the tarsi of black and white‐browed coucals grew at slightly different rates (black coucals faster
than white-browed coucals), but with little differences between the sexes (Table S2.1). Similar
to the situation in body mass, male black coucals reached the period of maximum tarsus growth
(inflection point I) earlier than females and also earlier than white‐browed coucals (Table S2.1).
The asymptotic tarsus length just before the young left the nest also differed between the species
and the sexes. Female black coucals reached a larger asymptotic tarsus length than males, and
both male and female black coucals left the nest with a shorter asymptotic tarsus length than
mass than male and female white‐browed coucals (Table S2.1).

Upon leaving the nest, female black coucals reached 81.1 % of the mean adult tarsus length (42.4
mm) and male black coucals reached 84.3 % of the mean adult tarsus length (38.9 mm). Female
white browed coucals reached 87.4 % of the mean adult tarsus length (42.0 mm) and males 87.1
% (adult: 41.1 mm; tarsus lengths of adult coucals were taken from (Goymann et al. 2015). Thus,
also with respect to structural growth female black coucals lagged behind males and behind
female and male white‐browed coucals.

On the level of individual nests there were consistent correlations between the asymptotic tarsus
length and the inflection point in male black coucals and female white‐browed coucals: in nests
where nestlings reached the inflection point earlier the nestlings also reached a higher asymptotic
tarsus length (as indicated by the fact that the 95% confidence intervals of the correlation
coefficient did not include zero; Table S2.2). In female black coucals and male white‐browed
coucals this was not the case, because the 95% confidence intervals of the correlation
coefficients included zero (Table S2.2). On the level of individual nestlings, inflection points
and asymptotic tarsus lengths showed consistent correlations in female white‐browed and female
black coucals, but not in males of the two species (Table S2.2, right column). Overall, individual
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nests and individual nestlings varied in asymptotic tarsus lengths and inflection points, as
indicated in the estimated random effects standard deviations and their respective 95%
confidence intervals (Table S2.2), suggesting that consistent individual differences on the nest
and nestling level play a role in growth parameter estimation.
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Table S2.1 Mean estimates and 95% confidence intervals for the growth constant (K), the inflection point (I) and the asymptotic
tarsus length (in mm) (A) before leaving the nest for white‐browed and black coucals.
Species

Sex

growth constant (K)

Inflect. point I (day)

Asympt. tarsus length A (mm)

white‐browed
coucal

female

0.207 [0.199; 0.215]
t461=52.03
0.217[0.209; 0.225]
t484=55.90
0.225 [0.217; 0.233]
t484=55.51
0.228 [0.218; 0.239]
t499=42.25

6.3 [5.9; 6.7]
t461=31.04
6.0 [5.7; 6.3]
t484=37.65
6.1 [5.8; 6.5]
t484=37.84
5.6 [5.2; 6.0]
t499=28.65

36.7 [35.2; 38.1]
t461=50.18
35.8 [34.8; 36.8]
t484=71.66
34.4 [33.3; 35.5]
t484=61.55
32.8 [31.6; 34.05]
t499=51.99

male
Black coucal

female
male

Table S2.2 Estimates and their 95% confidence intervals for the standard deviations of random effects of asymptotic body mass
before leaving the nest (A) and the inflection point (I), and their respective correlations (with 95% confidence intervals) on the nest
(left) and the nestling level (right). Biologically meaningful correlation coefficients are highlighted in bold.
Species

sex

nest ID

nestling ID

asymptote A

infl. point I

correlation

asymptote A

infl. point I

correlation

fem

0.7[0.1;3.9]

0.7 [0.5;1.0]

0.9 [‐1;1]

3.3 [2.7;4.0]

0.4 [0.2;0.7]

0.6 [0.1;0.9]

male

2.0 [1.2;3.4]

0.8 [0.6;1.1]

0.6 [0.1;0.9]

2.5 [1.8;3.4]

0.6 [0.3;0.9]

0.4 [‐0.1;0.7]

white‐browed

fem

2.7 [1.8; 4.2]

0.9 [0.6; 1.2]

0.6 [0.2;0.9]

3.4 [2.6; 4.3]

0.7 [0.4;1.0]

0.6 [0.3; 0.8]

coucal

male

1.6 [1.0; 2.7]

0.7 [0.5; 1.0]

0.4 [‐0.2; 0.7]

2.0 [1.4; 2.7]

0.4 [0.2;0.7]

0.2 [‐0.4; 0.7]

black coucal
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Chapter 3
Certainty of paternity in two coucal species with divergent sex
roles: The devil takes the hindmost
Ignas Safari, Wolfgang Goymann
BMC Evolutionary Biology, 2018, 18, 110

3.1 Abstract
Background: Certainty of paternity is considered an important factor in the evolution of paternal
care. Several meta-analyses across birds support this idea, particularly for species with altricial
young. However, the role of certainty of paternity in the evolution and maintenance of exclusive
paternal care in the black coucal (Centropus grillii), which is the only known altricial bird species
with male-only care, is not well understood. Here we investigated whether the differences in levels
of paternal care in the black coucal and its sympatric congener, the bi-parental white-browed coucal
(Centropus superciliosus), are shaped by extra-pair paternity.
Results: We found that male black coucals experienced a substantially higher loss of paternity than
white-browed coucals. Further, unlike any previously reported bird species, extra-pair offspring in
black coucals represented mainly the last hatchlings of the broods, and these last hatchlings were
more likely to disappear during partial-brood loss.
Conclusion: The results suggest that exclusive paternal care in black coucals is not maintained by
male certainty of parentage, and extra-pair fertilizations are unlikely to be a female strategy for
seeking ‘good genes’. Extra-pair paternity in black coucals may reflect the inability of males to
guard and copulate with the female after the onset of incubation, and a female strategy to
demonstrate her commitment to other males of her social group.
Key words: Centropus, paternal care, extra-pair paternity, classical polyandry, sex role, good genes
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3.2 Background
The parents of most invertebrates, fish, amphibians and reptiles do not provide any parental care
after fertilization of the eggs. In contrast, most birds and mammals provide extensive parental care
(Clutton-Brock 1991; Royle et al. 2012), and in both groups females typically care more than males
(Queller 1997; Reynolds et al. 2002; Kokko & Jennions 2012; Royle et al. 2012; Klug et al. 2013;
Fromhage 2017). However, there is no a priori reason as to why females should be more likely to
care than males (Queller 1997; Kokko & Jennions 2008a). Hence, evolutionary ecologists have been
wondering about factors that shape the extent to which females and males contribute to offspring
care (Clutton-Brock 1991; Kokko & Jennions 2012; Smiseth et al. 2012; Fromhage 2017).

Several hypotheses have been put forward to explain the varying degrees of offspring care between
females and males within and among species: First, the confidence to be the genetic parent of a
brood may affect parenting decisions (Trivers 1972; Møller & Birkhead 1993; Wright & Cotton
1994; Wright 1998; Møller & Cuervo 2000; Sheldon 2002; Kokko & Jennions 2008a). Second, the
sex ratio (including the maturational, operational and adult sex ratios) may influence which sex has
more mating opportunities and as a consequence bias parenting decisions (Emlen & Oring 1977;
Kokko & Jennions 2008a; Liker et al. 2013a; Jennions & Fromhage 2017). Third, ecological
conditions may lead to differences in the strength of sexual selection between the sexes, thus shaping
sex-specific trade-offs between mating, caring and other activities (Trivers 1972; Clutton-Brock
1991; Wright 1998; Kokko & Jennions 2008a). And finally, phylogenetic constraints in some taxa
may predispose one sex to provide certain kinds of parental care. For example, the mammary glands
make female mammals prone to exclusive nutritional care, and brood patches may predispose female
birds for incubation (Ligon 1993; Kokko & Jennions 2008a; Alonzo 2010; Klug et al. 2013).

Here we focus on the first hypothesis and ask whether the confidence in genetic parentage affects
parental care decisions. In species with internal fertilization typically females control genetic
parentage. Thus, low or high confidence in genetic parentage and consecutive caring decisions are
mainly a concern for males. Sperm competition occurs when a female mates with multiple males and
reduces the likelihood of a particular male to be the genetic father. This should select for reduced
male care (Trivers 1972; Møller & Birkhead 1993; Wright & Cotton 1994; Wright 1998; Møller &
Cuervo 2000; Sheldon 2002; Kokko & Jennions 2008a; Kokko & Jennions 2012). In contrast, male-
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only care should evolve more readily when males are confident in their genetic paternity and when
further mating opportunities are rare or not compromised by caring (Trivers 1972; Whittingham et
al. 1992; Queller 1997; Møller & Ninni 1998; Schwagmeyer et al. 1999; Kokko & Jennions 2008a;
Klug et al. 2012; Royle et al. 2012; Liker et al. 2013a; Liker et al. 2015; Fromhage & Jennions
2016; Requena & Alonzo 2017). Indeed, male-only care occurs more often in species in which males
have higher genetic paternity. For example, fathers are more likely to care in fish with external
fertilization, where males have high control over fertilization success (Gross & Sargent 1985;
Coleman & Jones 2011), whereas mothers are more likely to care in species with internal
fertilization (Queller 1997; Reynolds et al. 2002). Further, in many fish species the trade-off
between mating and parenting is reduced because females prefer to spawn in nests of males that
already care for a brood (Reynolds & Jones 1999; Ah-King et al. 2005; Kvarnemo 2006; Alonzo &
Heckman 2010). In seahorses and pipefish with “male pregnancy”, males have full control of their
paternity: females transfer their unfertilized eggs into a male’s brood pouch using a tube-like
ovipositor and then the male releases sperm and fertilize all the eggs (Birkhead 2000; Jones & Avise
2001).

In birds, exclusive paternal care is rare (ca. 1% of all species (Cockburn 2006)) and often associated
with a complete reversal of sex-roles: that is females compete more strongly for territories or mates,
and often mate with several males (polyandry). In shorebirds (Charadriiformes), extra-pair paternity
is typically low in species with male-only or bi-parental care, but species with female-only care have
high frequencies of broods with mixed paternity (Reynolds 1987; Elin & Lifjeld 1998; Emlen et al.
1998; Blomqvist et al. 2002; Haig et al. 2003; Küpper et al. 2004; Thuman & Griffith 2005; Maher
et al. 2017). A recent large-scale meta-analysis across all birds suggested that high rates of extra-pair
paternity are associated with low levels of paternal care, particularly so in species with altricial
young, i.e. young that hatch naked, blind, and they need to be warmed and fed in the nest for
prolonged period of time (Liker et al. 2015).

But while extra-pair paternity is low in species with high paternal care, in most species females do
copulate with males other than their social partners (Møller & Birkhead 1993; Petrie & Kempenaers
1998; Schwagmeyer et al. 1999). Females may do so for various reasons, including to seek better or
more compatible genes for their offspring (e.g. (Kempenaers & Andre 1993; Kempenaers et al.
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1997; Cordero 1998; Petrie & Kempenaers 1998; Griffith & Immler 2009; Wan et al. 2013)), to
avoid inbreeding (e.g. (Griffith et al. 2002; Reid et al. 2015; Aranzamendi et al. 2016)) or
harassment by males (e.g. (Low 2005)), to solicit help in caring (e.g. (Rubenstein 2007)), to access
resources in territories of males (e.g. (Gray 1997)) or to insure themselves against male infertility
(e.g. (Krokene et al. 1998)).

The position of extra-pair offspring across the laying order can inform about the timing of the extrapair fertilizations and the potential benefit of the extra-pair young to the female. The first hatchlings
in broods of multiple young usually benefit from their advanced position in the competitive nest
environment: they are more likely to survive than their later-hatched siblings (Magrath et al. 2009).
Thus, if females attempt to seek better genes by copulating with additional males, extra-pair
offspring should occur early in the laying sequence. This is indeed the case in most passerines
((Cordero et al. 1999; Krist et al. 2005; Magrath et al. 2009; Scott et al. 2009; Ferree et al. 2010;
Vedder et al. 2013), but see (Westneat 1995; Barber & Robertson 2007) for exceptions). Further, for
some bird species, extra-pair young tend to be biased towards males, the sex with a higher
reproductive potential in most species (e.g. (Kempenaers et al. 1997; Schwarzová et al. 2008;
Johnson et al. 2009; Vedder et al. 2013), but also see (Sheldon & Ellegren 1996; Leech et al. 2001;
Whittingham & Dunn 2001; Ramsay et al. 2003; Dietrich-Bischoff et al. 2006; Kraaijeveld et al.
2007) for studies that did not find such a sex bias). Accordingly, one would expect a bias towards
female extra-pair young in species in which females have a higher reproductive potential than males.

Coucals (Centropodinae) are closely related to the old world cuckoos (Cuculinae) which parasitize
nests of other birds. Coucals, however, build their own nests and raise their altricial young by
themselves. Most coucal species are socially monogamous and bi-parental with various degrees of
male contribution to incubation and feeding of nestlings. But one species, the black coucal
(Centropus grillii), is classically polyandrous: females are more competitive than males and mate
with several male partners simultaneously, whereas males provide exclusive parental care (Vernon
1971; Andersson 1995; Goymann et al. 2004; Goymann et al. 2005). The black coucal represents the
only known species with obligate male-only care among birds with altricial young (Vernon 1971;
Andersson 1995; Goymann et al. 2004). Because of this variation in mating systems and parental
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care patterns, coucals are a good model to test which factors shape sex roles (Andersson 1995;
Maurer 2008; Goymann et al. 2015).

Currently, we do not know whether the patterns of parental care in coucals are shaped by certainty of
paternity. The only two published studies on extra-pair paternity in coucal species found that 37.1%
of broods and 14.2% of offspring in the classically polyandrous black coucal were extra-pair (Muck
et al. 2009), whereas 47.6% of broods and 18.6% of offspring in the socially monogamous pheasant
coucal (Centropus phasianinus) were extra-pair (Maurer et al. 2011). Thus, extra-pair paternity was
lower in the polyandrous than in the socially monogamous coucal, but both species had higher rates
of extra-pair paternity than reported for any of the classically polyandrous shorebird species
(Delehanty et al. 1998; Emlen et al. 1998; Haig et al. 2003; Küpper et al. 2004; Colwell 2010;
Maher et al. 2017). Also, the rates of extra-pair paternity in these coucals were similar or higher than
those of many passerines in which females typically perform a larger share of offspring care (Møller
& Cuervo 2000; Sheldon 2002; Westneat & Stewart 2003; Liker et al. 2015). Unfortunately, these
studies considered coucal species that live in completely different habitats (grassland versus
woodland) and on different continents (Africa versus Australia) making them difficult to compare.
Further, they were based on sample sizes lower than the minimum of 200 offspring recommended
for paternity studies (Griffith et al. 2002).

Here, we investigated patterns of extra-pair paternity in two sympatric coucal species that differ in
mating and parental care systems: the classically polyandrous black coucal and the socially
monogamous white-browed coucal (Centropus superciliosus). Both species breed during the rainy
season within the same habitat in south-western Tanzania. They have similar clutch sizes, incubation
and nestling periods, and feed their nestlings with similar prey (Goymann et al. 2015). Female black
coucals are highly territorial, sing to defend their territories and to attract males, and simultaneously
mate with up to five males. Each male receives his own clutch, incubates the eggs, and feeds the
young without any help from the female or from other males within the female’s harem (Geberzahn
et al. 2009; Geberzahn et al. 2010; Goymann et al. 2015; Goymann et al. 2016). In contrast, pairs of
the socially monogamous white-browed coucal duet, defend a common territory, and cooperate in all
stages of parental care (Goymann et al. 2015; Goymann et al. 2016; Brumm & Goymann 2017).
These species represent the two extreme ends of all 27 described coucals, with the black coucal
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being the most sexually dimorphic species with the largest reversal in sex roles, and the whitebrowed coucal being the least sexually dimorphic species with the most similar sex roles (Goymann
et al. 2015).

We ask whether the patterns of extra-pair paternity in these coucals conform to the theoretical
prediction that male-only care should be associated with higher certainty of paternity. If so, we
predict that rates of extra-pair paternity should be lower in black coucals than in white-browed
coucals. Here, we define the term extra-pair paternity from a male’s perspective because in black
coucals only the male forms a pair-bond with a single female for at least the duration of one nesting
attempt. In contrast, the female is typically ‘paired’ with more than one male at any one time. Hence,
extra-pair young are defined as offspring in the nest of a focal male that were not sired by him. They
could have been sired by either one of the other males concurrently pair-bonded to the same
polyandrous female (i.e. a co-mate (Emlen et al. 1998)) or by a male from outside the female’s
social group (i.e. an extra-group male). Coucal nestlings hatch asynchronously over an interval of
several days, and the earlier-hatched young typically have a competitive advantage over their laterhatched nest mates (Goymann et al. 2005; Payne 2005a; Maurer 2008; Erritzoe et al. 2012;
Goymann et al. 2015). If female coucals engage in extra-pair fertilizations to obtain good genes, then
the extra-pair young should be biased towards the early-hatched young. Only then would they have a
competitive advantage over the within-pair offspring. Alternatively, the extra-pair offspring should
be more likely to survive even when produced later in the brood. Further, because in black coucals
females are the more competitive sex and have a higher reproductive potential than males (Goymann
et al. 2015), the sexes of the extra-pair young should be biased towards females. No such sex bias
would be expected in white-browed coucals.

3.3 Methods
3.3.1 Field methods
We studied sympatric populations of black and white-browed coucals breeding in partially flooded
grassland in the Usangu wetland (8°41‘S 34°5‘E; 1000m above sea level) in Mbeya Region of southwestern Tanzania. Data were collected during 12 breeding seasons (typically January - June) in 2001
- 2002, 2005 - 2006, 2008, and 2010 - 2016 (for further details see (Goymann et al. 2015)).
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We captured adult coucals in mist nets, with the help of conspecific playback or by intercepting
them when flying to or from their nests to feed nestlings. A small blood sample (<50 µl) was taken
from the brachial vein of each adult and stored in Queen’s lysis buffer (Seutin et al. 1991) for
genetic sexing and parentage analysis. The birds were measured and banded, and most of them
(77%; N=442) equipped with Holohil BD-2 radio-transmitters (≤ 2g; Holohil Systems Ltd., Carp,
Ontario, Canada) to ease relocation, individual identification and finding nests (for details see
(Goymann et al. 2015)). We estimated the proportion of individuals of the study population captured
and marked in each of the breeding seasons as 60% for black coucals and 80% for white-browed
coucals.

We conducted behavioural observations and radio-tracked each banded bird every 2-3 days to record
their locations, survival status and to find nests (for details see (Goymann et al. 2015)). The location
of each bird and nest was recorded using Global Positioning System (GPS). White-browed coucal
nests were assigned to the social pair caring for it. Black coucal nests were assigned to the male
attending it and the female holding the territory in which the nest was found. For nests found during
the incubation stage we numbered each egg according to the known or presumed laying order (the
dirtiest egg, the earliest). The median clutch size in both coucal species is 4 eggs and the actual
clutch size ranged from 2-7 eggs in black coucals and 2-6 eggs in white-browed coucals (Goymann
et al. 2015). We checked the nests every fourth day until they hatched.

Coucals typically start incubation as soon as the first or second egg has been laid, but the female
continues to lay additional eggs until clutch completion (Goymann et al. 2005; Payne 2005a; Maurer
2008; Erritzoe et al. 2012; Goymann et al. 2016). Therefore, coucal eggs hatch asynchronously over
an interval of several days creating noticeable size hierarchies among the nestlings. Although we
found the majority of nests when the clutches had already been completed or some eggs had hatched,
the obvious size hierarchies allowed us to rank the nestlings by hatching order. Nestlings were
uniquely marked on two of their four claws of one foot with non-toxic nail enamel for individual
identification. When they were 4-5 days old, we took a small blood sample (ca. 30µl) from the
branchial vein and stored it in Queen’s lysis buffer (Seutin et al. 1991) for genetic sexing and
parentage analysis. Whenever possible, we also collected tissue samples from nestlings that had died
before blood sampling and from eggs that did not hatch, and these were stored in 96% ethanol. A
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few days before they were expected to leave the nest each nestling received a uniquely numbered
aluminium ring.

3.3.2 Laboratory methods
DNA from blood samples (comprised 95% of all samples) was extracted by using NucleoSpin Blood
QuickPure kit (Macherey-Nagel GmbH & Co., Germany) and the DNA from eggs and tissue
samples (comprised 5% of all samples) was extracted by using DNeasy Blood & Tissue Kit (Qiagen,
Hilden, Germany). All coucals were genetically sexed using the P2P8 sex primer (Griffiths et al.
1998), and genotyped at additional 15 highly polymorphic loci (black coucals) or 19 loci (whitebrowed coucals) for parentage analysis. The microsatellites used included some that had been
previously developed for parentage analysis in black coucals (Muck et al. 2009) and pheasant
coucals (Maurer et al. 2005), as well as microsatellites of other birds species that we found to work
well in coucals (see supplementary material in Section 3.9.1 Detailed notes on laboratory
methods, Table S3.1 and Table S3.2).

3.3.3 Parentage and sibship analysis
For all clutches in which one or both social parents were sampled, we first performed parentage
analysis by colour-coding to check for matching and mismatching alleles between the offspring and
their social parent(s). We started by fitting in the mother (if known) and then the father. Mismatches
between offspring and their putative social mothers were rare and few (≤ 2 loci), but multiple
mismatches between some offspring and their putative social fathers were common, particularly so
in black coucals.

In a second and third steps we used Cervus v3.0.7 (Kalinowski et al. 2007) and Colony2 v2.0.6.2
(Jones & Wang 2010) to conduct comprehensive parentage and sibship analyses, for each coucal
species separately, by including all the sampled adults and offspring from 2001 until 2016. For
clutches in which we failed to sample the social fathers (N=66 for black coucals; N=15 for whitebrowed coucals), we employed a sibship approach (implemented in Colony2) to check whether the
offspring were sired by one or by multiple males, resulting in a conservative proxy for extra-pair
paternity (Miño et al. 2011; Turjeman et al. 2016). Further, we used GERUD2.0 (Jones 2005) to
check and confirm the sibship results obtained by Colony2 for the clutches which we failed to
sample the social fathers. All the results obtained by GERUD2.0 were consistent with those obtained
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by Colony2, suggesting that the sibship results were robust. Clutches that contained offspring sired
by multiple males were considered to contain extra-pair young (see supplementary information in
Section 3.9.2 Detailed notes on genetic sexing, parentage and sibship analyses).

By combining parentage and sibship analyses to detect and quantify extra-pair paternity we made
use of a substantial number of clutches that would have otherwise been removed from the analyses.
By including these clutches in the analysis we greatly improved our understanding of the pattern of
extra-pair paternity and the breeding behavior of these birds.

3.3.4 Analysis of genetic relatedness
To understand whether patterns of extra-pair paternity in these two coucal species were influenced
by genetic relatedness among adults, we used ML-Relate (Kalinowski et al. 2006) to calculate
coefficients of relatedness between pairs of all sampled adults, for the two species separately. MLRelate uses a maximum likelihood approach to calculate coefficients of relatedness and relationships
between pairs of individuals using genetic data. The coefficients of relatedness range from 0 (no
shared allele) to 1 (all alleles shared). Parent-offspring and full siblings fall in the rage of 0.5, but
parent-offspring pairs must share an allele that is identical by descent at each locus.

3.3.5 Sample sizes
Over the entire study period we genotyped a total of 155 adult males and 170 adult female black
coucals. We obtained DNA samples and genotyped at least two offspring per clutch in 169 nests
(578 offspring). Of those nests, 62 clutches (251 offspring) represent clutches for which we
genotyped all offspring of the respective clutches. For the remaining 107 clutches (327 genotyped
offspring) we failed to obtain a DNA sample from one or more offspring per clutch: the last
hatchlings, especially from large clutches, typically disappeared from the nest before day 4-5 when
they would have been large enough to be sampled. In these incompletely genotyped clutches we
missed an estimated total of 152 offspring, and these individuals typically represented the last
hatchlings. In 71 of the incompletely sampled clutches we missed one offspring per clutch, in 28 we
missed two offspring, in 7 we missed three offspring, and in 1 we missed four offspring.

For white-browed coucals, we genotyped 70 adult males and 47 females and obtained DNA samples
from at least two offspring per clutch in 126 nests (426 genotyped offspring). From these nests, 68
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clutches (265 offspring) were genotyped completely, whereas we missed one or more offspring per
clutch from the remaining 58 clutches (161 genotyped offspring). In these incompletely sampled
clutches we missed an estimated total of 97 offspring and these consisted mainly of the last
hatchlings, which had disappeared from the nests at similarly early stages after hatching like black
coucals. In 28 of the incompletely sampled clutches we missed only one offspring per clutch, in 21
we missed two offspring, and in 9 we missed three offspring.

Excluding all the nests for which we had failed to genotype the entire clutches would have reduced
our sample size and, more importantly, would have excluded one key finding of this paper (see
results). However, by acknowledging that there could be a bias between completely and
incompletely genotyped clutches, we present the respective results separately below.

3.3.6 Statistical analyses
All statistical analyses were performed in R version 3.4.0 (R Core Development Team 2017) using
the packages ‘binom’ (Dorai-Raj 2014), ‘rptR’ (Stoffel et al. 2017),‘arm’ and ‘lme4’ (Bates et al.
2015).

We used the function binom.bayes implemented in the R package ‘binom’ to calculate, for each
coucal species separately, the mean Bayesian proportion (with 95% credible intervals) of clutches
containing extra-pair young and the proportion of the extra-pair young. This was done separately for
completely genotyped and partially genotyped clutches, as well as an overall proportion that
included all clutches. Two proportions were considered to be statistically different if the 95%
credible intervals of one group did not overlap with the posterior mean estimate of another group
(Kruschke 2015).

To explore factors that determined the presence of extra-pair offspring in clutches of the two coucal
species, we fitted generalized linear mixed models (GLMM; glmer function implemented in package
‘lme4’ in R) with a binomial error distribution and logit link function. This was done separately for
all clutches and for those clutches that were completely genotyped. Paternity status was used as a
binary response variable, and the Julian laying date and clutch size were the explanatory variables.
For the model including all clutches we also used the proportion of genotyped offspring per clutch
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and the interaction between clutch size and proportion of genotyped offspring as additional
explanatory variables. Female ID and year of sampling were initially used as random factors, but
because year did not explain any additional variance we kept only female ID as a random effect in
the final models.

To understand whether genetic relatedness between adult coucals influenced patterns of extra-pair
paternity, we fitted linear mixed models (function lmer) with coefficient of relatedness between pairs
of adults as a response variable and the types of social relationship between them as fixed effects.
We used the coefficients of relatedness between pairs of randomly selected males and females
breeding during the same season as the background relationship, and contrasted those with the
coefficients of relatedness between females and their paired male partners, females and cuckolded
males (i.e., males that lost paternity of some or all offspring of their clutches), females and
cuckolding males (i.e., males that sired extra-pair young in clutches of other males), cuckolded
males and cuckolding males, and among co-mates (i.e., males that were concurrently pair-bonded to
the same polyandrous female). We included the IDs of the compared individuals as random effects.

For most female black coucals we knew the number and the sequence of clutches produced as well
as the number of male partners. We ran a GLMM to test whether the number of male partners in a
female’s social group and the clutch sequence had an effect on the paternity of her clutches. In these
models, the paternity status of the clutch was the response variable and the laying date of the clutch,
number of male partners and sequence of the clutches served as explanatory variables. Female ID
was added as a random effect. Additionally, we tested whether inter-clutch intervals influenced the
paternity status of the clutches, and used the function rptR to estimate repeatability of paternity
status of clutches produced by individual females. Furthermore, we ran a linear mixed model
(function lmer) using only the completely genotyped clutches, to test whether clutches that contained
extra-pair offspring were more biased towards one sex. In this model, the sex-ratio of the clutch
(proportion of male offspring) was the response variable, and the paternity status of the clutch, lay
date and clutch size were the explanatory variables. Further, for each black coucal clutch with extrapair offspring we checked whether the extra-pair sire was another male from within the female’s
social group (i.e., a co-mate) or a male from outside the female’s social group (i.e., an extra-group
male). We compared the mean proportions of clutches and offspring whose extra-pair sires were co-
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mates or extra-group males. For white-browed coucal clutches with extra-pair offspring, we
established the social relationship between the female and the extra-pair sire.

To explore a potential bias in the distribution of extra-pair offspring across the hatching order, we
ran a GLMM with a binomial error distribution and logit link function in which we included the
paternity status of each offspring as a response variable, the hatching order of the offspring as a fixed
effect, and nest ID as a random factor. To understand whether extra-pair offspring were biased
towards one sex, we ran another GLMM with the sex of the offspring as a response variable, the
paternity status of the offspring as the explanatory variable and nest ID as a random effect.
Furthermore, to test whether the extra-pair and within-pair offspring differed in pre-fledging
survival, we ran a GLMM with probability of survival until leaving the nest as the response variable
and paternity status of the offspring, hatching order, and clutch size as fixed effects. Nest ID was
included as a random effect to control for the similar genetic and nest environment of offspring from
the same brood.

We scaled and z-transformed the covariates to facilitate model convergence (Korner-Nievergelt et
al. 2015). Visual inspection of qq-plots and residual plots against fitted values was used to verify
that each model met the assumptions of normally distributed and homogenous residuals. If not
indicated otherwise, results are presented as mean estimates with their 95% credible intervals. In
Bayesian statistics a lack of overlap of the 95% credible intervals of one group with the mean
estimate of another group signifies a statistically meaningful difference between these groups
(Kruschke 2015). We further report the posterior probability P(β) of the likelihood that the parameter
estimates were larger than zero. P(β) values close to either zero or one indicate statistically
meaningful effects, with a P(β) value of zero or close to zero indicating a negative effect and a P(β)
of one or close to one indicating a positive effect. Finally, we provide measures of goodness of fit of
the models (i.e. how much of the variance they explain) by reporting the marginal and conditional R2
values for the mixed effect models (Nakagawa & Schielzeth 2013). The marginal R2 represents the
variation explained by the fixed effects, whereas the conditional R2 reflects the combined variation
explained by fixed and random effects (Nakagawa & Schielzeth 2013).
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3.4 Results
3.4.1 Rates of extra-pair paternity in black and white-browed coucals
Black coucals had higher extra-pair paternity rates than white-browed coucals (Figure 3.1a, b). In
black coucals, completely genotyped clutches contained a higher proportion of clutches (Figure
3.1a) and offspring (Figure 3.1b) with extra-pair paternity than incompletely genotyped clutches.
The lack of overlap of the 95% credible intervals of the completely genotyped clutches with the
posterior mean of the incompletely genotyped clutches in black coucals signified a statistically
meaningful difference between these groups. In white-browed coucals there was no such difference
(Figure 3.1a, b). These data suggest that we missed a disproportionately larger number of extra-pair
young in black coucal clutches that had not been completely genotyped. The reasons for this will be
explored below. Considering only the clutches that contained extra-pair young, the proportion of
extra-pair offspring in those clutches was similar in the two coucal species (Figure 3.1c).

Figure 3.1 Percentage (± 95% credible intervals) of (A) clutches with at least one extra-pair
offspring, (B) extra-pair offspring in all clutches including the clutches with zero extra-pair
offspring, (C) extra-pair offspring for clutches that contained at least one extra-pair offspring (EPO).
The results are separately presented for all genotyped clutches (grey circles), clutches in which all
offspring had been genotyped (black circles) and clutches for which at least one offspring was not
genotyped due to partial-brood loss (incompletely genotyped clutches, open circles). Extra-pair
paternity was higher in black coucals than in white-browed coucals, and incomplete genotyping
resulted in a substantial underestimation of extra-pair paternity in black coucals. The proportion of
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extra-pair offspring in clutches that contained at least one extra-pair offspring was similar in the two
species (C). A lack of overlap of the 95% credible intervals of one group with the posterior mean of
any other group indicates a statistically meaningful difference between those groups. The numbers
above the error bars refers to the number of genotyped clutches or offspring, respectively.

3.4.2 Distribution of extra-pair paternity across clutches
In black coucals, the likelihood of finding extra-pair offspring in a clutch increased when a larger
proportion of offspring in the clutch was genotyped (Table 3.1a). For completely genotyped
clutches, larger clutches were more likely to contain extra-pair offspring than smaller clutches
(Figure 3.2a; Table 3.1b). Lay date had no effect, suggesting that the likelihood of clutches to
contain extra-pair offspring did not change across the breeding season (Table 3.1a, b). Individual
female black coucals mated with up to five males and produced up to eight clutches per season.
Using data from the 62 completely genotyped clutches, we found that female black coucals with
more male partners were not more likely to produce clutches with extra-pair offspring than females
with fewer male partners (slope = 0.466 [-0.304 to 1.225], P(β) = 0.883, marginal R2 = 0.080,
conditional R2 = 0.597). Further, the clutch sequence had no effect on the paternity status of the
clutches (clutch sequence = 0.405[-0.260 to 1.062], P(β) = 0.885, marginal R2 = 0.090, conditional
R2 = 0.798), and inter-clutch intervals had no effect on paternity status of clutches produced by
individual females (Table S3.3). Also, the repeatability of paternity status of clutches produced by
individual females was low and did not differ from zero (R = 0.1, SE = 0.105, P = 0.176, 95% CI [0
to 0.366]).
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Table 3.1 Mean effect size estimates and 95% credible intervals of the posterior distribution of
parameters that influenced the presence of extra-pair paternity in black coucal clutches (effect in
bold indicate statistically meaningful effects)
Parameter

Mean
estimate

2.5%

97.5%

P(β) >0

Intercept

-0.602

-0.994

-0.222

Lay date

-0.146

-0.500

0.209

0.216

Clutch size

0.302

-0.101

0.718

0.927

Proportion of clutch genotyped

0.573

0.189

0.968

0.998

Clutch size * Proportion of clutch genotyped

0.481

0.039

0.918

0.983

Intercept

0.343

-0.400

1. 060

Lay date

0.211

-0.419

0.851

0.749

Clutch size

1.285

0.252

2.305

0.992

(a) All clutches (n = 169)

(b) Completely genotyped clutches (n = 62)

The last column [P(β) >0] gives the posterior probability of the hypothesis that the effect is greater
than zero. For both models (a) and (b) the random effect was female ID. Model a: marginal R2 =
0.280, conditional R2 = 0.509; Model b: marginal R2 = 0.268, conditional R2 = 0.692.

In white-browed coucals, clutch size and the proportion of genotyped young was not related to
paternity status (Figure 3.2b, Table 3.2). Typically, white-browed coucals formed socially
monogamous pairs and produced up to five clutches per season. However, recent field observations
and radio-tracking showed that ca. 10% of all females whose breeding activities were monitored (7
out of 67 females) mated polyandrously with two males. All clutches of white-browed coucals
containing extra-pair offspring were produced by such polyandrous females. Not a single clutch of
socially monogamous females contained extra-pair young.

62

Table 3.2 Mean effect size estimates and 95% credible intervals of the posterior distribution of
parameters that influenced the presence of extra-pair paternity in white-browed coucal clutches
(effect in bold indicate statistically meaningful effects)
Parameter
(a) All clutches (n = 126)
Intercept

Mean estimate 2.5%

97.5%

P(β) >0

-3.602

-4.372

-2.284

Lay date

-0.399

-0.549

1.338

0.788

Clutch size

0.290

-0.712

1.296

0.714

Proportion of young genotyped

-0.159

-1.166

0.861

0.382

Clutch size * Proportion of young genotyped

0.086

-1.027

1.217

0.557

(b) Completely genotyped clutches (n = 68)
Intercept

-3.073

-4.321

-1. 844

Lay date

0.409

-0.955

1.755

0.716

Clutch size

0.649

-0.824

2.077

0.810

The last column [P(β) >0] gives the posterior probability of the hypothesis that the effect is greater th
an zero. For both models (a) and (b) the random effect was female ID. Model a: marginal R2 = 0.262
, conditional R2 = 0.262; Model b: marginal R2 = 0.387, conditional R2 = 0.387.
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Figure 3.2 Percentage (± 95% credible intervals) of clutches containing extra-pair young in relation
to clutch size in (A) black coucals and (B) white-browed coucals, presented separately for
completely genotyped clutches (black circles) and incompletely genotyped clutches (open circles). In
black coucals, larger and completely genotyped clutches were more likely to contain extra-pair
offspring than smaller clutches, or clutches that had not been genotyped completely. In whitebrowed coucals no such relationships existed, but extra-pair paternity was low. The numbers above
the error bars represent the sample size (number of clutches). For the interpretation of statistical
differences using posterior means and 95% credible intervals see Figure 3.1 and methods.

3.4.3 Distribution of extra-pair offspring within clutches
Within clutches of black coucals, later-hatched young were more likely to be extra-pair than earlierhatched young (GLMM, hatching order: 0.810 [0.532 to 1.096], P(β) = 1, marginal R2 = 0.243,
conditional = R2 = 0.627; Figure 3.3a). In white-browed coucals, extra-pair offspring were not
biased towards later-hatched young (GLMM, hatching order: 0.821 [-0.573 to 2.154], P(β) = 0.890,
marginal R2 = 0.003, conditional R2 = 0.996; Figure 3.3b). Similar results were obtained when
relative hatching orders were used, to account for differences in clutch sizes (Figure S3.3).
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Figure 3.3 Distribution of extra-pair offspring (mean ± 95% credible intervals) across the hatching
order in (A) black coucal and (B) white-browed coucal clutches. In black coucals extra-pair
offspring were over-represented among the last hatchings, whereas there was no such bias in whitebrowed coucals. The numbers above the error bars refer to the number genotyped offspring from the
respective hatching order. For the interpretation of statistical differences using posterior means and
95% credible intervals see Figure 3.1 and methods.

3.4.4 Sex ratios of offspring and clutches with and without extra-pair paternity
In both coucal species the sex ratios of clutches with and without extra-pair young, and the sex ratios
of extra-pair and within-pair offspring were similar and did not differ from parity (Figure 3.4).
These results remained similar regardless of whether we considered only completely genotyped
clutches or included incompletely genotyped clutches.
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Figure 3.4 Sex ratios (± 95% credible intervals) of completely genotyped clutches with (black
circles) and without extra-pair paternity (open circles) and among all extra-pair and within-pair
offspring in (A) black coucals and (B) white-browed coucals. In both coucal species the sex ratios of
clutches with and without extra-pair young, and the sex ratios of extra-pair and within-pair offspring
did not differ from parity. The stippled horizontal line represents a balanced sex ratio (parity). The
low incidence of extra-pair paternity in white-browed coucals results in large error bars for sex ratios
of clutches with extra-pair paternity and extra-pair offspring in this species. The numbers above the
error bars represents the number of clutches or offspring, respectively. For the interpretation of
statistical differences using posterior means and 95% credible intervals see Figure 3.1 and methods.

3.4.5 Pre-fledging survival of extra-pair and within-pair offspring
Within clutches of both coucal species, late hatchlings typically disappeared from the nests, often
before they were large enough for DNA sampling. Among the genotyped offspring, late hatchlings
in both species were less likely to survive until leaving the nest than earlier-hatched siblings, but
paternity status did not affect survival (Figure 3.5; black coucals: GLMM, clutch size: -0.014[-3.949
to 3.863], P(β) = 0.496; hatching order: -1.384[-2.077 to -0.703], P(β) = 0; paternity: -0.227[-0.817
to 0.366], P(β) = 0.245; marginal R2 = 0.008 and conditional R2 = 0.997; white-browed coucals:
GLMM, clutch size: 0.809[-2.119 to 3.932], P(β) = 0.693; hatching order: -2.313[-3.154 to -1.494],
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P(β) = 0; paternity: 0.409[-0.766 to 1.596], P(β) = 0.028, marginal R2 = 0.007 and conditional R2 =
0.994). The large conditional R2 values indicate that apart from hatching order, survival was mainly
a function of nest ID, which is due to high nest predation between hatching and fledging. Analyses
based only on clutches with mixed paternity that produced at least one fledgling produced similar
results, further suggesting that it is hatching order and not paternity status that affected the survival
of the later-hatched offspring.

Figure 3.5 Pre-fledging survival probabilities of extra-pair (black circles) and within-pair offspring
(open circles) in (A) black coucals and (B) white-browed coucals. In both species, earlier-hatched
nestlings were more likely to fledge than later-hatched nestlings, but paternity had no effect on the
survival of the offspring. Due to the low incidence of extra-pair paternity in white-browed coucals,
the seemingly higher survival probability of extra-pair offspring should not be over-emphasized. The
numbers above the error bars represent sample sizes. For the interpretation of statistical differences
using posterior means and 95% credible intervals see Figure 3.1 and methods.
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3.4.6 Number of extra-pair offspring and extra-pair sires per clutch
The majority (47/62) of the black coucal clutches with extra-pair paternity contained only one extrapair young, but there were clutches with up to four extra-pair offspring sired by up to three different
extra-pair males (Figure 3.6). In white-browed coucals, two of the five clutches that contained extrapair young had only one extra-pair offspring per clutch, two further clutches contained two extrapair young each, and the last clutch contained three extra-pair offspring. Unlike black coucals, only
one extra-pair male sired all extra-pair young in a clutch of white-browed coucals.

Figure 3.6 Number of extra-pair offspring per clutch in black coucals in relation to how many males
sired these extra-pair offspring. The numbers above each circle represents the number of clutches
which had the respective combination, e.g. 47 clutches contained 1 extra-pair young sired by 1 extrapair father.
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3.4.7 Who sired the extra-pair young?
In black coucals, 54 males were identified as sires of the 80 extra-pair offspring. The sires of 91.3%
(73/80) of the extra-pair offspring were males from within the same female’s social group (i.e. comates). Extra-pair offspring sired by males from outside the female’s social group were rare,
representing only 8.7% (7/80) of all the extra-pair offspring. Sixteen (29.6%) of the 54 males that
sired extra-pair offspring also lost paternity of some offspring within their own clutches. Half of
these 16 males lost paternity to the same males whom they had cuckolded, i.e. there was reciprocal
cuckoldry. In white-browed coucals, 5 males were identified as sires of the 9 extra-pair offspring.
These extra-pair sires were the primary or secondary males of some polyandrous females. Reciprocal
cuckoldry was not observed in this species.

3.4.8 Genetic relatedness among adults and extra-pair paternity
In black coucals, the genetic relatedness between females and their male partners was low and did
not differ from a random pattern (Table 3.3). Also, cuckolded and cuckolding males were not related
to each other or to the female they mated with (Table 3.3). Finally, co-mates were not genetically
related to each other or to the female (Table 3.3). In white-browed coucals, genetic relatedness
between females and their male partners was low and similar to the expected background relatedness
under random mating (Table 3.4). However, in the few cases of extra-pair paternity, the cuckolded
males were more closely related to the female than the cuckolding males (Table 3.4).
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Table 3.3 Relatedness among female and male black coucals in relation to mating and parental
status (marginal R² = 0.001, conditional R² = 0.07)
type of relationship

relatedness [± 95% CrI]

P(β) > 0

♀ - ♂ background

0.036 [0.031 – 0.041]

♀ - ♂ partners

0.031 [0.019 – 0.044]

0.520

♀ - cuckolded ♂

0.022 [0.000 – 0.046]

0.374

♀ - cuckolding ♂

0.033 [0.008 – 0.057]

0.151

cuckolded ♂ - cuckolding ♂

0.031 [0.007 – 0.056]

0.414

♂ comates

0.036 [0.017 – 0.055]

0.251

Model: relatedness ~ type of relationship + (1|ID1) + (1|ID2)
Random effects:
Groups Name
Variance
Std. Dev.
ID1 (Intercept)
2.767e-05
0.00526
ID2 (Intercept)
1.898e-04
0.01378
Residual
2.965e-03
0.05446
Number of obs: 1180, groups: ID1, 113; ID2, 103 partners

Table 3.4 Relatedness among female and male white-browed coucals in relation to mating and
parental status (marginal R² = 0.050, conditional R² = 0.219)
type of relationship

relatedness [± 95% CrI]

♀ - ♂ background

0.070 [0.029 – 0.111]

♀ - ♂ partners

0.100 [0.060 – 0.141]

0.275

♀ - cuckolded ♂

0.226 [0.081 – 0.373]

0.982

♀ - cuckolding ♂

0.014 [0.000 – 0.230]

0.253

cuckolded ♂ - cuckolding ♂

0.023 [0.000 – 0.172]

0.876

Model: relatedness ~ type of relationship + (1|ID1) + (1|ID2)
Random effects:
Groups Name
Variance
Std. Dev.
ID1 (Intercept)
0.00153
0.03911
ID2 (Intercept)
0.00151
0.03891
Residual
0.01398
0.11826
Number of observations: 122, groups: ID1, 40; ID2, 47 partners
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P(β) > 0

3.5 Discussion
Male black coucals experienced a substantially higher loss of genetic paternity than white-browed
coucals. Most extra-pair offspring in black coucals represented the later-hatched young, which due
to partial-brood loss (sensu (Mock 1994)) were less likely to survive than the earlier-hatched young.
Extra-pair young in black coucals were not biased towards females, the sex with higher reproductive
rate in this species. Further, extra-pair offspring in black coucals were typically sired by males from
within the respective female’s social group. In white-browed coucals, extra-pair paternity was rare
and occurred only when females paired to one male also mated with an unpaired secondary male.
Female white-browed coucals were more likely to pursue extra-pair fertilizations when paired to a
genetically related male. This suggests that females of this species are flexible and pursue
polygamous mating opportunities if they become available, i.e. when there is a surplus of unmated
males, and if they can avoid inbreeding.

Male-only care should evolve more readily when extra-pair paternity is low (Trivers 1972; Kokko &
Jennions 2008a; Kokko & Jennions 2012; Fromhage 2017). For black coucals this prediction does
not hold, because our data confirmed an earlier study that males of this species experience the
highest incidence of extra-pair paternity reported for any classically polyandrous bird species (Muck
et al. 2009). Thus, a low rate of extra-pair paternity does not seem to be necessary for the
maintenance of male-only care in this species. However, if the reported low rate of extra-pair
paternity in white-browed coucals is representative for socially monogamous coucals breeding in
grassland habitats, then an ancestral low rate of extra-pair paternity may have favoured the initial
evolution of male-only care in black coucals. A few clutches (5 broods, 19 offspring) of the
sympatric and socially monogamous coppery-tailed coucal (Centropus cupreicaudus) that we
sampled support this notion, because they did not contain any extra-pair young (I. Safari and W.
Goymann, unpublished data). The only other published record of extra-pair paternity in a socially
monogamous coucal, the pheasant coucal, which breeds in Australian woodlands, suggests a high
rate of extra-pair paternity (Maurer et al. 2011). Data from more coucal species, in particular those
breeding in grassland habitats, would be needed to evaluate if low rates of extra-pair paternity
represent an ancestral condition in this taxon and could have facilitated the evolution of male-only
care in black coucals.
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Female white-browed coucals did not engage in extra-pair behaviour, except when there was an
unmated male in the vicinity of their territory. Thus, female white-browed coucals readily adopted a
polyandrous mating strategy if unpaired males became available. Some females nested with their
sons or fathers, and these females were more likely to produce extra-pair offspring with unrelated
males, which is consistent with the inbreeding avoidance hypothesis (Kempenaers & Andre 1993;
Griffith et al. 2002; Reid et al. 2015). The flexibility of mating tactics in female white-browed
coucals suggests that the social monogamy in this species may be maintained by the relatively
balanced adult sex ratio (Goymann et al. 2015), thus limiting the availability of unpaired males.
Because white-browed coucal males do the larger share of incubation (Goymann et al. 2015;
Goymann et al. 2016), and readily increase nestling feeding rates if the female disappears (W.
Goymann, unpublished data), females can respond flexibly to arising mating opportunities, even if
the additional mating partners are close relatives. Such flexible mating decisions of female coucals
possibly represent an important exaptation for the evolution of classical polyandry with male-only
care in black coucals. Positive feedback mechanisms can drive and enhance a sex-role divergence in
parental care by selecting for greater care in the sex that cared more to begin with (Trivers 1972;
Kokko & Jennions 2008a; Fromhage & Jennions 2016). Because males of most coucal species seem
to provide more parental care than females (Andersson 1995; Payne 2005a; Maurer 2008; Goymann
et al. 2015), male-only care may easily evolve under permissive ecological conditions, i.e. a
combination of high food abundance, high population density, high degree of nest loss and male bias
in the adult sex ratio as described for black coucals (Goymann et al. 2015; Goymann et al. 2016).
Unlike polyandrous shorebirds in which males developed vascularized brood patches as an
adaptation to incubation (Colwell 2010), both sexes in black and white-browed coucals lack brood
patches (Goymann et al. 2015), thus lowering the evolutionary threshold for sex-specific incubation
decisions.

In black coucals, later-hatched young were more likely to be fathered by an extra-pair male than
earlier-hatched young. We are not aware of any other study reporting a similar bias towards laterhatched young. Typically, extra-pair offspring are over-represented among the first-hatched young
(Cordero et al. 1999; Krist et al. 2005; Magrath et al. 2009; Scott et al. 2009; Ferree et al. 2010;
Vedder et al. 2013), or there is no pattern with regard to hatching order (Westneat et al. 1995;
Barber & Robertson 2007). But why should female black coucals bias the extra-pair offspring to
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later-hatched young? If females would be seeking better or more compatible genes by copulating
with additional males (Kempenaers et al. 1997; Cordero 1998; Petrie et al. 1998; Petrie &
Kempenaers 1998; Griffith & Immler 2009; Wan et al. 2013) extra-pair young should be more likely
to occur among the earlier-hatched young, which are more likely to survive. Alternatively, the extrapair offspring should have had higher survival than within-pair young regardless of their position in
the hatching order. Also, if good genes would play a role, we would have expected a bias towards
extra-pair paternity of specific males, rather than the observed reciprocal pattern of cuckoldry among
males within the social group of one female.

Reciprocal cuckoldry of male black coucals within a female’s group is not compatible with the
hypothesis that extra-pair fertilizations would help females to avoid inbreeding (Reid et al. 2015;
Aranzamendi et al. 2016). Moreover, females were unrelated to both cuckolded and cuckolding
males, suggesting that avoidance of inbreeding is not an issue in female mating decisions in black
coucals. Further, if females would have sought for better genes, the extra-pair offspring should have
been biased towards the sex with higher reproductive rate. In black coucals females have a higher
reproductive rate than males (Goymann et al. 2004; Goymann et al. 2015), but there was no female
bias in extra-pair young or broods containing extra-pair young. This observation is consistent with
results from many other bird species without a sex bias in extra-pair offspring e.g. coal tits (Parus
ater (Dietrich-Bischoff et al. 2006)), red-winged blackbirds (Agelaius phoeniceus (Westneat et al.
1995)), collared flycatchers (Ficedula albicollis (Sheldon & Ellegren 1996)), fairy martin
(Petrochelidon ariel (Magrath et al. 2002)), and black-capped chickadees (Poecile atricapilla
(Ramsay et al. 2003)). Hence, either the chromosomal sex-determination system imposes a
constraint for facultative maternal adjustment of offspring sex or there is no net selective benefit for
female coucals to adjust offspring sex with paternity.

Because female black coucals are more aggressive and almost twice as large as males, they are
unlikely to copulate with extra-pair males to avoid male harassment (Low 2005) or because they
could be coerced by males to copulate with them. In black coucals, females compete amongst each
other for territories and they control the access to resources (Goymann et al. 2004; Goymann et al.
2015). Hence, females are also unlikely to copulate with males for access to territorial resources
(Rubenstein 2007). Female engagement in extra-pair fertilizations in black coucals is consistent with
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two hypotheses. First, females may ensure themselves against sperm depletion because male black
coucals have only one testis (Frey & Goymann 2009), and due to frequent copulations could
potentially run out of sperm before a clutch is completed (Møller 1991). Second, a female may
solicit copulations, especially from other within-group males to demonstrate her commitment to
them, in particular to the male who will receive the next clutch. Male black coucals go “shopping”
for females and if a female does not show any commitment they are likely to leave the territory and
associate with another female (W. Goymann, pers. obs.). Thus, by frequently copulating with her
‘harem’ males a female could show her commitment to provide these males with a clutch in the near
future. A male that currently receives a clutch closely guards the female until he begins to incubate
(Goymann et al. 2004), typically after the second egg has been laid. Once the male starts incubation
he reduces copulation and can no longer guard the female, who is now free to associate with other
males in her group. These males may then sire some of the later-laid eggs in the nest of the
incubating male, or sperm from previous mating attempts stored in the reproductive system of the
female (Frey & Goymann 2009) may fertilize these subsequent eggs.

But why should male black coucals accept extra-pair young in their nests? If the males within a
female’s social group were related to each other, caring for extra-pair young could be advantageous
due to kin selection (Wang & Lu 2011; Lehtonen & Kokko 2015). However, this was not the case,
because we did not find any evidence that the males within a female’s social group were relatives.
The loss of paternity is likely the result of a trade-off between mate-guarding and the need to start
incubation early. Early onset of incubation in coucals is probably a strategy to minimize time in the
nest, because predation rates are high (Goymann et al. 2005; Goymann et al. 2015; Goymann et al.
2016). Once males start incubating they can no longer effectively guard and copulate with the female
and may lose paternity of some of the later laid eggs. Because the nesting male is likely to father the
earlier-hatched young and because these earlier-hatched young are more likely to survive than the
later-hatched young, the costs for the male of having extra-pair young in the nest may be limited,
and as a consequence there may have been little selection against caring for extra-pair offspring.

The finding that later-hatched young were less likely to survive until they could be genotyped at 4 to
5 days of age, and that these later-hatched young were more likely to be extra-pair than earlierhatched young, resulted in a substantial underestimation of extra-pair paternity in clutches for which
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some offspring were not genotyped. Hence, when considering only clutches for which all offspring
were genotyped, the rate of extra-pair paternity in black coucals was even higher than previously
thought (Muck et al. 2009). The survival probabilities of later-hatched within-pair and extra-pair
young did not differ. It is thus unlikely that male black coucals were able to identify the extra-pair
offspring and favour the within-pair young. Most likely, later-hatched young could not compete with
their older nest mates because of their smaller size (Stenning 1996), regardless of whether they were
within- or extra-pair young. Also in white-browed coucals, later-hatched young were less likely to
survive, and extra-pair paternity in this species was low to begin with, and did not show any
relationship with hatching order. More black coucals than white-browed coucals lost the last
nestlings early before DNA sampling. This was partly due to differences in hatching span between
the first and last egg. In black coucals typically one young hatches per day, whereas in white-browed
coucals the first two young hatch on the same day, a pattern also known from pheasant coucals
(Maurer et al. 2011). This reduces the differences in size and competitive ability between the first
and last hatchling in white-browed coucals.

3.6 Conclusion
We showed that male black coucals experience a substantially higher loss of genetic paternity than
male white-browed coucals. Therefore, exclusive paternal care in black coucals is unlikely to be
maintained because males have a high certainty of being the genetic fathers of their young. Unlike
any previously studied species, extra-pair offspring in black coucals represented mostly the last
hatchlings of the respective broods, and were more likely to disappear during partial-brood loss.
Also, extra-pair young were not biased towards females, which represent the sex with higher
reproductive rate in black coucals. Hence, extra-pair paternity in this species is unlikely to be a
female strategy for seeking ‘good genes’. Rather, extra-pair paternity of later-hatched young may
reflect the inability of males to guard and copulate with the female after onset of incubation, and a
female strategy to demonstrate her commitment to other ‘harem’ males, in particular those receiving
the next clutches.

Extra-pair paternity in white-browed coucals was rare and only occurred when females could access
unmated males in neighbouring territories. Extra-pair offspring were more likely to occur in nests of
males that were genetically related to the female, presumably demonstrating a female strategy to
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avoid inbreeding. Hence, the socially monogamous mating system of this species seems to be rather
plastic and is possibly maintained by a balanced adult sex ratio (Goymann et al. 2015), limiting the
availability of unpaired mating partners. Flexible female mating strategies such as the one observed
in white-browed coucals may have been an important step during the evolution of classical
polyandry in black coucals. Positive feedback mechanisms can drive and enhance a sex-role
divergence by selecting for greater parental care in the sex that cared more to begin with (Trivers
1972; Kokko & Jennions 2008a; Fromhage & Jennions 2016). Because of a common bias towards
male care in coucals (Andersson 1995; Payne 2005a; Maurer 2008; Erritzoe et al. 2012), exclusive
male care could have easily evolved under permissive ecological conditions, such as the ones that
have been previously described for black coucals (Goymann et al. 2015).
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3.9 Supplementary material
3.9.1 Detailed notes on laboratory methods
Extraction and genotyping of the coucal DNA was conducted in the Molecular Lab at the Max
Planck Institute for Ornithology in Seewiesen, Germany. DNA from blood samples (95% of all
samples) was extracted by using NucleoSpin Blood QuickPure kit (Macherey-Nagel GmbH & Co.,
Germany) and the DNA from eggs and tissue samples (5% of the samples) was extracted by using
DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany). The concentration of DNA in each sample
was measured using NanoDrop (Thermo ScientificTM). Both extraction methods gave high DNA
yield for Polymerase Chain Reaction (PCR).

PCR was performed using 1µl of purified DNA of 10–60ng/µl concentration, 5ul of Type-It PCR
master kit (Qiagen, Hilden, Germany), 1µl of primer mix containing 4-6 different fluorescentlabelled microsatellite markers, and 3µl of deionized RNA-free water making a total of 10µl volume.
Three different primer mixes were used in black coucals and four primer mixes were used in whitebrowed coucals. In total, 16 microsatellite markers were used in black coucals and 20 makers in
white-browed coucals (Table S3.1 and S3.2). These microsatellites included the P2P8 sex marker
(Griffiths et al. 1998), some microsatellites that had been previously developed for parentage
analysis in black coucals (Muck et al. 2009) and pheasant coucals (Maurer et al. 2005), as well as
some microsatellites of other birds (Dawson et al. 1997; Kupper et al. 2007; Slate et al. 2007;
Olano-Marin et al. 2010) that were tested and found to work well in coucals (Table S3.1 and S3.2).

The PCRs were carried out on a GeneAmp 2700 PCR System (Applied Biosystems, Darmstadt,
Germany) with the following conditions: 5 minutes of initial denaturation at 95°C, 28-30 cycles of
30 seconds of denaturation at 94°C, 90 seconds of annealing at 50-57°C and 60 seconds extension at
72°C, followed by one 30 minute of final extension step at 60°C before the PCR products were
cooled down and kept at 4°C until they were removed from the machine. Note that the exact number
of PCR cycles and annealing temperature varied depending on primer mix and the coucal species.
The PCR products were stored in a fridge at 4°C until analysis.

A total of 1.5µl of the PCR product was mixed with 13µl of formamide containing GeneScan LIZ
500(-250) size standard, heat denatured at 104°C for 4 minutes, and then resolved in a 16 capillary

77

ABI 3130xl Genetic Analyser (all from Applied Biosystems). DNA samples from 2006 until 2015
were analysed with a POP4 polymer in the Genetic analyser but samples from 2016 season and those
from 2001 until 2005 were analysed with a new POP7 polymer. In addition to negative controls to
check for any possible contamination, every year during the analysis of new samples some samples
from previous years were included in the new analysis to check and adjust for any shifts in allele
sizes, which normally occur due to changes of capillaries and/or polymer. This enabled us to keep
the same allele names across the years despite shifts in allele sizes. Allele binning and naming was
performed by using GeneMapper v4.0 software (Applied Biosystems).

3.9.2 Detailed notes on genetic sexing, parentage and sibship analyses
All adult coucals and offspring were genetically sexed using the P2P8 microsatellite primer
(Griffiths et al. 1998) and genotyped at additional 15 polymorphic loci (black coucals) or 19 loci
(white-browed coucals) for parentage analysis (Table S3.1 and S3.2).

In all clutches for which one or both social parents were sampled, we first performed parentage
analysis by colour-coding to check for matching and mismatching alleles between the offspring and
their social parent(s). In all cases we started by fitting in the mother (if known) and then the father.
In cases where we observed a mismatch of allele(s) between an offspring and one or both of its
putative parents we rechecked the alleles in the GeneMapper software to confirm whether the
mismatch was real or was due to an error during allele scoring. In almost all cases the mismatches
observed were real. Mismatches between offspring and their putative social mothers were rare and
few (≤ 2 loci), but multiple mismatches between some offspring and their putative social fathers
were common, particularly so in black coucals. However, in seven black coucal clutches the females
that were thought to be the social mothers from field observation were not the biological mothers of
the broods. This happened because of territory take-overs with the new females ‘usurping’ the nests
and males of the defeated females, or assignment of nests on the boundary of two territories to a
wrong female. This did not happen for male black coucals or both sexes in white-browed coucals
that where confirmed to attend the nests.

In a second step we used the computer program Cervus v3.0.7 (Kalinowski et al. 2007) to conduct
comprehensive parentage analysis for each species separately, by including all the sampled adults
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and offspring from 2001 until 2016. We first analysed allele frequencies, polymorphic information
content, deviations from the Hardy-Weinberg equilibrium and error rates of the microsatellite
markers. Following this initial step we excluded four microsatellite markers for black coucals and
five for white-browed coucals because they showed significant deviation from the Hardy-Weinberg
equilibrium or had relatively high error rates (≥5%). Although Cervus can handle genotyping errors
and deviations from the Hardy-Weinberg equilibrium, we decided to conduct the final parentage
analyses by using the microsatellite markers that agreed to the Hardy-Weinberg equilibrium and had
low errors rates (≤5%). We did so to reduce errors in parentage assignments, as recommended by
(Kalinowski et al. 2007). Also, the markers that agreed to the Hardy-Weinberg equilibrium and had
low error rates (Table S3.1 and S3.2) were sufficient and powerful enough to resolve parentage with
high confidence (>99.9%).

The final parentage analyses in black coucals were conducted based on 11 microsatellites including
Cgr2, Cgr6, Cgr7, Cgr9, Cgr13, Cgr15, Cgr16, Cgr17, CAM13, CP9, and CP11 (for more details
regarding these microsatellites see (Maurer et al. 2005; Muck et al. 2009) and also Table S3.1).
These markers had a mean Polymorphic Information Content (PIC) of 0.8317, a combined nonexclusion probability of the first parent of 3.595 x 10-5, a combined non-exclusion probability of the
second parent of 2.5 x 10-7 and a combined non-exclusion probability of sib-identity of 5.76 x 10-6.
The final parentage analyses in white-browed coucals were based on 14 microsatellites including
Cgr2, Cgr13, Cgr15, Cgr19, CAM13, CAM24, Cgr6, Cgr11, CP11, Calex14, CcaTgu21_(ZF25),
CcaTgu23_(H21), Dpµ01(PIG), and Tgu06_DD; (for more details on these microsatellites see
(Dawson et al. 1997; Maurer et al. 2005; Kupper et al. 2007; Slate et al. 2007; Muck et al. 2009;
Olano-Marin et al. 2010) as well as Table S3.2). These markers had a mean PIC of 0.5897, a
combined non-exclusion probability of the first parent of 1.04 x 10-2, a combined non-exclusion
probability of the second parent of 2.82 x10-4 and a combined non-exclusion probability of sibidentity of 2.64 x10-5. This implies that in both coucal species the combined power of the
microsatellites in excluding a non-parent and assigning a true parent, if sampled, was greater than
99%.

The comprehensive parentage analysis with Cervus was preceded by a simulation of parentage based
on 60% of candidate parents sampled for black coucals and 80% for white-browed coucals (field
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estimates), 99% of loci typed, and 1% of loci mistyped. We first conducted a maternity analysis with
all known females as potential mothers and then a paternity analysis with the identified biological
mother (if any) as the known parent and all sampled males as potential fathers. A female was
considered a true biological mother if she showed no mismatch or at most two mismatches with an
offspring. In case of one or two mismatches the female must have matched the other offspring in the
clutch and Cervus must have assigned her as the mother of all the offspring in the clutch with high
confidence (≥ 95%). A social male was considered the biological father if he showed no mismatch or
at most two mismatches with offspring from his clutch and Cervus assigned him as the true father of
the offspring with high (≥ 95%) confidence. An offspring was considered to be extra-pair if it had
more than 2 mismatches with its putative social father. A male was assigned as a sire of an extra-pair
offspring if he showed no mismatch or at most one mismatch with the offspring and Cervus assigned
him as the true father with high (≥ 95%) confidence. For all males assigned as extra-pair sires we
also confirmed that it was feasible for them to sire the offspring (i.e. their year of sampling and
location of their territories enabled them to be the genetic fathers). For all offspring that we were not
able to identify one or both of their biological parents we repeated the analysis by using all sampled
fledglings from previous years as potential parents. In some nests we already knew that the social
mother or father was a ringed fledgling from previous years but we had failed to catch them.
Therefore, this approach allowed us to identify recruited parents from previously sampled fledglings
that we did not catch as breeding adults.

In a third step, we conducted a combined parentage and sibship analysis by using the program
Colony2 (Jones & Wang 2010) to; (1) recheck and confirm the parentage assignments made by
colour coding and Cervus, and (2) to establish maternal and paternal sibship relations among the
offspring in clutches that Cervus was not able to assign one or both parents from among the sampled
adults (and fledglings from previous years). For this analysis we selected the empirical data analysis
mode in Colony2 with full likelihood and high likelihood precision. We specified the breeding
system as; female polygamy, male polygamy, without inbreeding, without clone, dioecious and
diploid. Sibship prior and maternal and paternal sibship sizes were left at their default settings. We
included allelic errors and dropout rates of the microsatellite markers calculated from GIMLET
v1.3.3 (Valière 2002) and we selected a medium run time. Since we never observed any cases of
intra- or interspecific brood parasitism in all clutches analysed with colour coding and Cervus (see
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also (Muck et al. 2009)), and hence had no reason to assume that offspring from one clutch might
have come from different mothers, we decided to assign all offspring from one clutch as sibs with
respect to maternity. This increased the power and reduced errors in assigning paternal sibships to
the offspring from clutches for which both parents were not sampled. All the parentage assignments
made by Cervus were perfectly reconstructed by Colony2 and the paternal and maternal sibships
produced were highly credible. Further, we used GERUD2.0 (Jones 2005) to check and confirm the
sibship results obtained by Colony2 for the clutches which we failed to sample the social fathers.
However, for this analysis we used only five highly polymorphic microsatellites with low frequency
of null alleles for each species, because GERUD2.0 couldn’t handle more markers. The combined
exclusion power of paternal sibships of the five selected microsatellite loci (Cgr2, Cgr6, Cgr13,
Cgr15, Cgr17 for black coucals; Cgr2, Cgr6, Cgr13, Cgr19, Calex14 for white-browed coucals) was
99.97% for black coucals and 98.30% for white-browed coucals if the genotype of the mother was
known, and 99.68% and 90.59% respectively, if the genotype of the mother was not known. All the
results obtained by GERUD2.0 were consistent with those obtained by Colony2, suggesting that our
sibship analyses with Colony2 using more microsatellite loci were robust.

Sibship analysis can be used to detect mixed paternity, a conservative proxy for extra-pair paternity,
in clutches where the social father or both parents were not sampled (e.g. see (Miño et al. 2011;
Turjeman et al. 2016)). In the clutches for which we failed to sample the social fathers and Colony2
suggested that the entire clutch consisted of only full-sibs we considered the clutch to contain no
extra-pair offspring. Clutches containing offspring with mixed paternity were considered to have
extra-pair offspring. Although considering a clutch with full-sibs as having no extra-pair paternity
works well in most cases, this approach can potentially underestimate extra-pair paternity if there are
many cases where one extra-pair male sires all offspring in the clutch of his rival. We are confident
that our sibship approach did not underestimate extra-pair paternity because in all clutches of black
coucals for which the social fathers were known we never observed any case of a single extra-pair
male fathering all the offspring in the clutch. If, by chance, such a case happened to exist in the few
clutches for which we were unable to sample the social fathers, then we expected it to be extremely
rare and therefore it would not have had a major effect on our overall results. However, in whitebrowed coucals we observed two cases where the extra-pair sires fathered all the offspring in the
clutches of their rivals. But in this species we had very few clutches for which we failed to sample
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the social fathers, and extra-pair paternity was extremely rare. Also, we had sampled almost all the
potential extra-pair sires around the territories of the males that we failed to catch and therefore, we
are confident that we did not fail to detect any cases of extra-pair paternity in the clutches whose
social fathers were not sampled.

In clutches for which we failed to sample the social fathers (N=66 in black coucals; N=15 in whitebrowed coucals) and our sibship analysis suggested that the clutches had multiple paternities (N=25
in black coucals; N=0 in white-browed coucals), we were able to unequivocally identify the extrapair offspring in 15 clutches. This is because the extra-pair offspring were sired by males that we
knew they were not the social fathers of the respective clutches. However, in 10 black coucal
clutches for which we found evidence of mixed paternity, the extra-pair sires could not
unequivocally be identified. In these clutches we considered the smaller number of offspring with
the same genetic father to be the extra-pair offspring, and the larger number of offspring with the
same genetic father to be the within-pair young. This represents a parsimonious approach, because it
followed the pattern observed in the clutches for which we had sampled the social fathers: in those
clutches the extra-pair offspring usually represented the minority in the clutch. We statistically tested
whether the observed extra-pair paternity rate differed among clutches for which we had sampled
both parents, social fathers only, mothers only, or none of the parents. There were no significant
differences, suggesting that our sibship approach did not over- or underestimate extra-pair paternity
in the clutches for which the social fathers were not sampled (Figure S3.1 & S3.2).

By combining parentage and sibship analyses to detect and quantify extra-pair paternity we made
use of a substantial number of clutches and offspring that would have otherwise been removed from
the analyses. By including these clutches we could; (1) identify the sires of extra-pair offspring
whose fathers could not be identified from among the sampled males, (2) identify clutches and
offspring that belonged to the same parent(s) but that were not captured, (3) estimate the proportion
of extra-pair offspring sired by males from within the same female group and those sired by males
from outside the female group, including the males that we failed to catch, (4) determine the number
of males that female coucals mated and laid clutches with, including those males that we failed to
catch, (5) determine some uncaptured adults that bred in subsequent years, etc. This useful
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information would have been missed if we would have disregarded the clutches for which we did not
sample the social fathers.

Table S3.1 Parameters of the 16 microsatellite loci used for genetic sexing, parentage and sibship
analysis in black coucals
SN

Primer
Locus

Mix No.

k

N

HObs

HExp

PIC

1.

Cgr6

1

73

2.

Cgr2

1

3.

Cgr17

4.

NE-1P NE-2P NE-PP

910

0.963

0.968

0.966

0.123

0.066

0.008

0.002

0.267

NS

0.0023

31

915

0.883

0.903

0.895

0.326

0.195

0.06

0.017

0.303

NS

0.0107

1

33

911

0.926

0.929

0.925

0.250

0.143

0.034

0.009

0.288

NS

0.0012

Cgr7

1

48

914

0.864

0.884

0.875

0.367

0.225

0.075

0.023

0.314

NS

0.0114

5.

Cgr13

2

14

910

0.762

0.785

0.752

0.592

0.416

0.231

0.079

0.378

NS

0.0154

6.

CAM13

2

9

910

0.837

0.811

0.784

0.552

0.375

0.196

0.063

0.361

NS

-0.0168

7.

CAM24

2

20

913

0.922

0.896

0.886

0.350

0.212

0.070

0.020

0.308

**

-0.0154

8.

CP5

2

16

908

0.708

0.848

0.829

0.469

0.304

0.134

0.041

0.337

***

0.0884

9.

CP9

2

11

908

0.676

0.666

0.625

0.737

0.561

0.367

0.152

0.455

NS

-0.0103

10.

Cgr11

2

29

912

0.887

0.923

0.918

0.268

0.155

0.039

0.011

0.291

**

0.0192

11.

Cgr15

3

19

914

0.771

0.802

0.778

0.548

0.373

0.184

0.063

0.365

NS

0.0177

12.

Cgr16

3

17

915

0.872

0.888

0.877

0.368

0.225

0.078

0.023

0.312

NS

0.0087

13.

Cgr19

3

12

910

0.745

0.771

0.739

0.607

0.429

0.239

0.084

0.386

*

0.0188

14.

CP11

3

15

915

0.848

0.849

0.832

0.462

0.298

0.129

0.040

0.335

NS

0.0008

15.

Cgr9

3

25

915

0.837

0.851

0.839

0.436

0.278

0.104

0.034

0.333

NS

0.0066

16

P2P8†

3

2

911

-

-

-

-

-

† was used only for genetic sexing!
Number of individuals: 917
Number of loci: 15
Mean number of alleles per locus: 24.800
Mean proportion of loci typed: 0.9945
Mean expected heterozygosity: 0.8516
Mean polymorphic information content: 0.8347
Combined non-exclusion probability (first parent): 0.00000096
Combined non-exclusion probability (second parent): 1.073E-0009
Combined non-exclusion probability (parent pair): 3.398E-0016
Combined non-exclusion probability (identity): 8.316E-0024
Combined non-exclusion probability (sib identity): 0.00000007
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-

NE-I

-

NE-SI

-

HW

-

F(Null)

-

Key to Table S3.1 and S3.2
Locus = Name of the microsatellite marker; primer mix number = serial number indicating the
combinations of microsatellites used in the same PCR; k= Number of alleles at the locus; N=
Number of individuals typed at the locus; Hobs= Observed heterozygosity; Hexp=Expected
heterozygosity; PIC= Polymorphic information content; NE-1P= Average non-exclusion probability
for one candidate parent; NE-2P=Average non-exclusion probability for one candidate parent given
the genotype of a known parent of the opposite sex; NE-PP= Average non-exclusion probability for
a candidate parent pair; NE-I= Average non-exclusion probability for identity of two unrelated
individuals; NE-SI= Average non-exclusion probability for identity of two siblings; HW: Test of
deviation from the Hard-Weinberg equilibrium, NS = not significant, ND = Not done, * = significant
at 1% level; F(Null)= Estimated null allele frequency.
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Table S3.2 Parameters of the 20 microsatellite loci used for genetic sexing, parentage and sibship
analysis in white-browed coucals
Primer
SN Locus

Mix No. k

N

HObs HExp PIC

NE-1P NE-2P

NE-PP NE-I

NE-SI

HW F(Null)

1.

Cgr6

1

11

545

0.811

0.823

0.798

0.526

0.353

0.176

0.056

0.353

NS

0.0076

2.

Cgr2

1

7

554

0.632

0.685

0.644

0.722

0.544

0.351

0.14

0.443

***

0.0389

3.

Cgr17

1

4

537

0.523

0.629

0.557

0.802

0.656

0.504

0.209

0.488

***

0.0929

4.

Cgr7

1

6

553

0.221

0.471

0.423

0.886

0.749

0.602

0.328

0.597

***

0.3595

5.

Cgr13

2

13

548

0.785

0.786

0.756

0.585

0.408

0.220

0.075

0.376

NS

0.0016

6.

Cgr11

2

7

551

0.670

0.733

0.684

0.686

0.512

0.335

0.120

0.414

**

0.0446

7.

CAM13

2

8

547

0.731

0.695

0.649

0.710

0.538

0.348

0.139

0.437

NS

-0.0284

8.

CAM24

2

10

554

0.789

0.758

0.722

0.630

0.452

0.262

0.094

0.395

NS

-0.0216

9.

CP5

2

2

549

0.047

0.046

0.045

0.999

0.977

0.956

0.911

0.955

ND

-0.0046

10. Cgr15

3

3

552

0.167

0.167

0.157

0.986

0.919

0.853

0.704

0.842

ND

0.0044

11. Cgr19

3

9

545

0.677

0.680

0.646

0.718

0.535

0.335

0.136

0.444

NS

-0.0057

12. CP11

3

7

553

0.655

0.662

0.620

0.744

0.568

0.377

0.156

0.458

***

-0.0034

13. P2P8†

3

2

549

-

-

-

-

-

-

-

-

-

-

14. Cgr9‡

3

16

547

-

-

-

-

-

-

-

-

-

-

15. Calex14

4

12

542

0.758

0.774

0.751

0.589

0.407

0.209

0.074

0.382

NS

0.0094

16. CcaTgu21_(ZF25) 4

5

549

0.710

0.688

0.623

0.748

0.590

0.428

0.162

0.447

NS

-0.0157

17. CcaTgu23_(H21)

4

4

552

0.469

0.511

0.403

0.869

0.785

0.675

0.347

0.581

NS

0.045

18. Dpuu01(PIG)

4

3

540

0.231

0.255

0.224

0.968

0.887

0.809

0.586

0.769

NS

0.0464

19. TG02-88(H116)

4

4

547

0.671

0.484

0.391

0.883

0.790

0.678

0.359

0.598

***

-0.1689

20. Tgu06_DD

4

8

553

0.631

0.636

0.577

0.777

0.619

0.443

0.191

0.48

NS

-0.0009

† was used only for genetic sexing.
‡was excluded from parentage analysis with Cervus and COLONY2, because some individuals had
up to four alleles at this locus.
Number of individuals: 554
Number of loci: 18
Mean number of alleles per locus: 6.833
Mean proportion of loci typed: 0.9881
Mean expected heterozygosity: 0.5824
Mean polymorphic information content: 0.5374
Combined non-exclusion probability (first parent): 0.00649972
Combined non-exclusion probability (second parent): 0.00010677
Combined non-exclusion probability (parent pair): 0.00000019
Combined non-exclusion probability (identity): 1.43E-13
Combined non-exclusion probability (sib identity): 0.00000439
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Figure S3.1 Proportion (± 95% credible intervals) of clutches with extra-pair offspring in (a) black
coucals and (b) white-browed coucals in relation to the type of social parent sampled. The proportion
of clutches containing extra-pair offspring in clutches where the social males were sampled (i.e.
either both parents or male only sampled) was similar to the clutches with mixed paternity in the
cases where the social males were not sampled (i.e. either female only or none of the parents
sampled). This suggests that the sibship approach did not under- or over-estimate extra-pair paternity
in clutches where the social fathers were not sampled. The numbers above the error bars represent
sample sizes (number of clutches). For the interpretation of statistical differences using posterior
means and 95% credible intervals see Figure 3.1 and methods.
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Figure S3.2 Proportion (± 95% credible intervals) of extra-pair offspring in (a) black coucal and
(b) white-browed coucal clutches in relation to the type of social parent sampled. The proportion
of extra-pair offspring in clutches where the social fathers were sampled (i.e. either both parents
or male only sampled) was similar to the proportion of offspring considered to be extra-pair in
the clutches where the social fathers were not sampled (i.e. either only the female or none of the
social parents sampled). This suggests that the sibship approach did not under- or over-estimate
the proportion of extra-pair offspring in clutches where the social fathers were not sampled. The
numbers above the error bars represent the sample sizes (number of genotyped offspring). For
the interpretation of statistical differences using posterior means and 95% credible intervals see
Figure 3.1 and methods.
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Figure S3.3 Proportion (± 95% credible intervals) of extra-pair offspring across relative hatching
order in (a) black coucals and (b) white-browed coucals. In black coucals, extra-pair offspring
were mostly the last hatchlings of the broods, but in white-browed coucals extra-pair offspring
were not biased towards the last hatchlings. The numbers above the error bars represent the
number of genotyped offspring from the respective category. For the interpretation of statistical
differences using posterior means and 95% credible intervals see Figure 3.1 and methods.
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Table S3.3 Mean effect size estimates and 95% credible intervals of the posterior distribution of
inter-clutch interval on clutch paternity status in black coucals
Parameter

Mean
2.5%
97.5%
estimate
(b) All genotyped clutches (n = 52 clutches from 27 individual females)

P(β) >0

Intercept

-0.336

-0.972

0.290

Interval since previous clutch

-0.329

-1.007

0.353

0.168

Interval until subsequent clutch

0.001

-0.669

0.667

0.500

(b) Completely genotyped clutches (n = 21 clutches from 20 individual females)
Intercept

-0.0001

-0.998

1.023

Interval since previous clutch

-0.413

-1.457

0.612

0.216

Interval until subsequent clutch

0.365

-0.702

1.406

0.752

The last column [P(β) >0] gives the posterior probability of the hypothesis that the effect is
greater than zero. For both models (a) and (b) the random effect was female ID. Model a:
marginal R2 = 0.064, conditional R2 = 0.352; Model b: marginal R2 = 0.215, conditional R2 =
0.497.
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Chapter 4
Male-only care and cuckoldry in black coucals: Does
parenting hamper sex life?
Ignas Safari, Wolfgang Goymann & Hanna Kokko
Proceedings of the Royal Society B, 2019, 286: 20182789.

4.1 Abstract
Providing parental care often reduces additional mating opportunities. Paternal care becomes
easier to understand if trade-offs between mating and caring remain mild. The black coucal
Centropus grillii combines male-only parental care with 50% of all broods containing young
sired by another male. To understand how much caring for offspring reduces a male’s chance to
sire additional young in other males’ nests, we matched the production of extra-pair young in
each nest with the periods during which potential extra-pair sires were either caring for offspring
themselves or when they had no own offspring to care for. We found that males that cared for a
clutch were not fully excluded from the pool of competitors for siring young in other males’
nests. Instead, the relative siring success showed a temporary dip. Males were approximately
17% less likely to sire young in other males’ nests while they were incubating, about 48% less
likely to do so while feeding nestlings, followed by 26% when feeding fledglings, compared to
the success of males that currently did not care for offspring. These results suggest that real-life
care situations by males may involve trade-off structures that differ from, and are less strict than
those frequently employed in theoretical considerations of operational sex ratios, sex roles, and
parenting decisions.
Keywords: Centropus, paternal care, extra-pair paternity, polyandry, sex roles, operational sex
ratio

4.2 Introduction
Investment into offspring care results in a resource allocation conflict, if parental investment that
benefits offspring reduces a parent’s ability to invest into self-maintenance or further mating
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opportunities (Trivers 1972; Clutton-Brock 1991; Stearns 1992; Klug et al. 2012). This conflict
is intensified when there is a high likelihood of caring for unrelated offspring. In most animals,
females provide more care than males (Queller 1997; Reynolds et al. 2002; Kokko & Jennions
2008a; Kokko & Jennions 2012). Several hypotheses have been proposed to explain this
phenomenon, including certainty of genetic parentage which is typically higher for females than
males (Trivers 1972; Kokko & Jennions 2008a; Klug et al. 2012). There should be selection
against male-care when females mate with multiple males and thus are likely to produce sets of
offspring that are fathered by more than one male (Trivers 1972; Wright 1998; Kokko &
Jennions 2008a; Fromhage & Jennions 2016). Indeed, several meta-analyses suggest that male
contributions to care decline with increasing rates of paternity loss, particularly so in bird species
with altricial young (Møller & Birkhead 1993; Schwagmeyer et al. 1999; Møller & Cuervo
2000; Liker et al. 2015).
However, it is difficult to disentangle cause and effect, because both confidence in paternity and
the degree of paternal care can influence each other (Ketterson & Nolan 1994; Møller 2000;
Westneat & Stewart 2003; Kvarnemo 2006). Confidence in paternity may increase paternal
investment (Kokko 1999; Neff 2003; Schroeder et al. 2016), but at the same time, males engaged
in paternal care may be limited in time and energy to pursue extra-pair copulations, leading to
low rates of paternity loss in the population as a whole (Ketterson & Nolan 1994; Møller 2000;
Westneat & Stewart 2003; Kvarnemo 2006). There is behavioral evidence suggesting that these
constraints exist: males of most monogamous and biparental birds engage in extra-pair matings
during the fertile period of their social mate or while she is incubating, but hardly do so once
their nestlings have hatched (Riley et al. 1995; Magrath & Elgar 1997; Pitcher & Stutchbury
2000; Canal et al. 2012; Araya-Ajoy et al. 2015). Also, males of classical polyandrous birds with
male-only care are less likely to copulate with females while parenting (e.g. wattled jacana,
Jacana jacana (Emlen et al. 1998), northern jacanas, Jacana spinosa (Betts & Jenni 1991),
spotted sandpiper, Actitis macularia (Colwell & Oring 1989)). As a consequence, rates of extrapair paternity in most classical polyandrous shorebirds with male-only care are similar or even
lower than those of socially monogamous shorebirds with biparental care (Blomqvist et al. 2002;
Küpper et al. 2004; Colwell 2010; Maher et al. 2017). In contrast, polygynous shorebirds with
female-only care have a high proportion of broods with multiple genetic fathers (Lanctot et al.
1997; Lank et al. 2002; Colwell 2010).
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In some polyandrous bird species with male-only care, males that have already received a clutch
to care for may attempt to achieve further copulations with the female who laid the eggs (e.g.
(Oring et al. 1992; Schamel et al. 2004)), presumably to sire some offspring in the nest of the
subsequent male (Valle 1994). Therefore, paternal care may not necessarily prevent males from
copulating with their mate, who is laying a clutch for one of her other partners, or seek extra-pair
copulations with other females. To understand the evolution of parenting (and in particular its
costs), it is thus important to quantify the degree to which caring for offspring reduces a male’s
prospects of siring additional young in nests of other males. We investigate this pertinent
question that has triggered several theoretical reviews (e.g. (Westneat & Sargent 1996; Magrath
& Komdeur 2003; Stiver & Alonzo 2009)) and a mathematical model (Requena & Alonzo
2017), using classically polyandrous black coucals as a model system. We match the occurrence
of extra-pair young (i.e. offspring in the nest of a focal male that were not sired by him) with the
availability of each potential sire. We ask whether availability, modeled as a time-varying
propensity to sire eggs, varies depending on the state of each potential sire. The ‘state’ refers to
whether the male, on a given day, is in the mating pool because it has no clutch to care for (in the
parental care literature this is called the ‘time-in’, e.g. (Clutton-Brock & Parker 1992; Kokko &
Jennions 2008a; Fromhage & Jennions 2016)), or in the various stages of caring for young
(incubation, or feeding of nestlings or fledglings; so-called ‘time-out’ (Clutton-Brock & Parker
1992; Kokko & Jennions 2008a; Fromhage & Jennions 2016)).
The black coucal is an excellent model to study trade-offs between paternal care and the pursuit
of additional fertilizations, because it is the only known bird species combining exclusive
paternal care for altricial young with a high degree of paternity loss (Muck et al. 2009; Safari &
Goymann 2018). Female black coucals defend large territories and form a polyandrous social
group with up to five males. Females do not provide any parental care and remain in the mating
pool (‘time-in’) for the entire breeding season of 3-4 months. There are no indications for a
trade-off between mating and defending a territory in females (Goymann et al. 2015). In
contrast, each male incubates his clutch for a period of 2 weeks, broods and feeds the nestlings
and fledglings for another 2 + 2 weeks (Goymann et al. 2004; Goymann et al. 2015; Goymann et
al. 2016). Hence, a male black coucal endures a ‘time-out’ period (sensu (Clutton-Brock &
Parker 1992)) of about 6 weeks. Paternal care thus requires a significant time and energy
investment (Goymann et al. 2016; Goymann et al. 2017), with the potential loss of mating
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opportunities. At first sight, this may appear to be a very special case applying only to
polyandrous species with male-only care, but in fact, it applies to a broad range of mating
systems in which males contribute to offspring care. For example, also males of socially
monogamous species with biparental care face a similar trade-off between parenting and seeking
additional matings. This problem is particularly pertinent in species with a long breeding season
and a low breeding synchrony among females. In such a situation additional mating opportunities
arise frequently and it is important to know how strict the ‘time-out’ for males may be. The
strictness of such ‘time-outs’ of males has important implications for the concept of operational
sex ratios (OSR): if there is no complete time-out of incubating or offspring-feeding, they cannot
be assumed to be unavailable for matings, which should be incorporated in future OSR
modelling.
Based on the heavy parental investment of male black coucals, theory, at first sight, predicts low
extra-pair paternity. Yet 50% of all broods contain at least one offspring sired by a male other
than the social father, with 17.3% of offspring not sired by the carer (Safari & Goymann 2018).
Males lose paternity to other males from within the social group of their polyandrous female (comates, sensu (Emlen et al. 1998)), but also to males from polyandrous groups of other females
(extra-group males). Similar to other simultaneously polyandrous birds (e.g. (Emlen et al. 1998;
Butchart 1999; Haig et al. 2003)), the black coucal data suggest that extra-pair fertilizations
mainly result from sneaky copulations rather than stored sperm (Muck et al. 2009; Safari &
Goymann 2018).
The evolution of male care becomes easier to understand when caring does not strictly prevent
males from gaining mating opportunities elsewhere (Kokko & Jennions 2012). To estimate the
degree to which caring reduces such opportunities, we used maximum-likelihood modelling
whereby each egg (with known genetic paternity) was linked to the breeding-cycle state of each
potential sire at the time of egg-laying. The stricter the ‘time-out’, the larger the reduction in
siring ability (which we model as a propensity) of a male caused by incubation, feeding
nestlings, or feeding fledglings, compared with the baseline propensity of a male that is not
engaged in any of these parental activities. We used an information-theoretic approach with
model averaging to estimate these reductions.
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Our approach takes advantage of the high potential reproductive rate of female black coucals:
individual females lay up to eight clutches per season (Goymann et al. 2015; Safari & Goymann
2018), and females appear limited by the number of available males rather than by their egg
production rate. Thus, whenever a female is laying a clutch for one of her mates, there are males
within and outside her ‘harem’ group in different stages of the breeding cycle (i.e. without a
clutch to care for, incubating, feeding nestlings or fledglings) that could potentially act as extrapair sires. This allows us to estimate relative propensities over time as a function of each male’s
current activities. Our model also takes into account that males might be more likely to sire
extra-pair young within their own females’ social group rather than outside this group. In a
separate analysis, we checked the extent to which this may have been due to proximity effects.

4.3 Materials and methods
4.3.1 Field methods
We studied black coucals breeding in partially flooded grassland in the Usangu wetland (8°41‘S
34°5‘E; 1000m above sea level) in Mbeya Region of south-western Tanzania. Data were
collected during 12 breeding seasons (typically January - June) in 2001 - 2002, 2005 - 2006,
2008, and 2010 - 2016. Coucals were caught with mist-nets, a small blood sample (<50 µl) taken
and stored in Queen’s lysis buffer (Seutin et al. 1991) for genetic sexing and parentage analysis.
Then, birds were measured, banded, and fitted with radio-transmitters (for details see (Goymann
et al. 2015)).
Nests were found through behavioral observations and radio-tracking (for details see (Goymann
et al. 2015; Goymann et al. 2016)). Each nest was assigned to the male attending it and the
female holding the territory in which the nest was found. Males usually start incubating after the
first or the second egg has been laid, while the female continues to lay eggs daily until the clutch
(typically 4 eggs, range = 2-8) is completed. Therefore, the eggs hatch asynchronously according
to the laying order, creating noticeable size hierarchies among the nestlings. For nests found after
clutch completion, we estimated the laying date of the first egg by backdating from the observed
hatching date, assuming an incubation period of 15 days (Goymann et al. 2015). When the
nestlings were 4-5 days old, we took a small blood sample for genetic sexing and parentage
analysis.
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4.3.2 Parentage analysis
Adults and offspring were genetically sexed (Griffiths et al. 1998) and genotyped for parentage
and sibship analysis (for further details see (Safari & Goymann 2018)). Offspring in the nest of a
focal male that were not sired by him were considered to be extra-pair young (defined from the
perspective of the social father). Extra-pair young were sired by either another male within the
social group of the polyandrous female (i.e. a co-mate of the social father, sensu (Emlen et al.
1998)) or by a male from outside the female’s social group (i.e. an extra-group male). Even
though female black coucals have sperm storage tubules (Frey & Goymann 2009), our previous
analyses suggest that the last male that copulated with the female has precedence in siring
offspring (Safari & Goymann 2018). For our main analysis, we thus assume that offspring were
sired by a male who copulated with the female shortly before the respective egg was fertilized.

4.3.3 Scoring parental activities and distances between territories
For the laying period of each genotyped clutch, we scored the breeding status of each male that
could have been a potential sire of each respective egg as either being free of parental activities,
incubating his own clutch, feeding his own nestlings or feeding his own fledglings. The laying
period of a clutch was defined as the range of days from the laying of the first to the last egg of
the respective clutch. A male was considered to be free from parental duties if he did not have an
active nest, and the fledging from a previous nest happened at least two weeks ago. We noted the
number of offspring that each male sired in the respective clutch, and whether he was the social
father of the clutch, a male within the social group of the female who laid the focal clutch (i.e. a
co-mate of the social father), or an extra-group male. Further, we included the distance (in
meters) from the centre of the home range of each male to the female who laid the focal clutch.
Distance matrices between all adults were generated from the coordinates of the centre of the
home range of each individual using Geographic Distance Matrix Generator v1.2.3 (Ersts 2006).

3.3.4 Sample size
Our analysis is based on a sample of 162 black coucal clutches from 96 different females and
142 different social fathers. The sampled clutches contained a total of 560 genotyped offspring
of which 75 young from 57 clutches were extra-pair (Safari & Goymann 2018). In addition to the
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142 social fathers, other 62 males whose clutches were predated at various stages before they
could be sampled for DNA were also included in the pool of potential extra-pair sires in the
respective breeding seasons. Each egg has multiple potential fathers, and assuming that all
known males that were present in the study area could potentially sire the young, our analysis
includes activities of, on average, 19.9 males at the time that is relevant for each egg.
4.3.5 Statistical analyses
In our first (main) analysis, we took advantage of all eggs with known paternity, where the social
situation around the nest was known on the day the egg was laid. The social situation
encompasses the activities of all potential (i.e. alive) extra-pair sires (categories are: free from
parental duties, incubating, feeding nestlings, or feeding fledglings; Figure 4.1) as well as the
status of each male relative to the female who laid the egg (social father, within-group male, or
extra-group male, Figure 4.1). In the second, separate analysis, we investigate the effect of the
distance from a male’s home range centre to the female who laid the clutch.
The main analysis uses a model comparison approach to contrast the performance of 6 × 3 + 2 =
20 candidate models (Figure 4.1), each using a specific assumption structure that relates the
social situation present in the population to the realized parentage of the focal egg. Models differ
from each other in up to four respects: (i) whether the social father is assumed to have better
paternity prospects in early-laid rather than late-laid eggs in his nests (and whether this
relationship is assumed to be linear or nonlinear), (ii) whether within-group males have better
prospects than extra-group males, (iii) whether parenting activities of potential extra-pair sires
(either within- or extra-group) cause reductions of siring propensities, and (iv) whether parenting
activities matter on the day the focal egg was laid (basic assumption, all models without
subscripts), or on the same day near the beginning of the laying sequence of the focal nest,
regardless of the focal egg’s own lay day: this is day 0 (i.e., the day before the first egg was laid)
for models A0, B0, C0, D0, E0, G0, and day 1 (i.e., the day the first egg was laid) for models A1,
B1, C1, D1, E1, G1. These alternatives allow us to explore the possibility that sperm from a
copulation that occurred some days ago has the potential to sire e.g. the 4th or 5th hatchlings of
the broods (the chicks for which extra-pair paternity was at its highest (Safari & Goymann
2018)). Models F and N (the null model where all males have equal chances to sire any egg) do
not use information of extra-pair male activities and thus corresponding model variants F0, F1, N0
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or N1 do not exist. Note that our phrases ‘better prospects’ above merely indicate an a priori
plausible direction for an effect; the estimation procedure also allows prospects to worsen under
these conditions (unexpected effects were not found in reality, but we imposed no constraints
that would have precluded finding them).
The models used for Akaike Information Criterion (Burnham & Anderson 2002) estimation had
the following structure. We considered the dataset of all eggs that had known sires (n = 560). For
each egg, we recorded the social situation (as explained in detail in the supplementary material in
section 4.9.1) that was relevant to determine the availabilities of potential sires. Here, ‘potential’
encompasses the set of males that were alive and were part of this study for the respective
breeding season, and thus could have competed to become the biological sire. The modelling
procedure uses information about male group identity (i.e. social father with a certain number of
eggs in his nest, another within-group male, or an extra-group male relative to the focal nest) as
well as male activities to estimate the relative propensity of each male to be the sire of an egg
laid on a specific day into a specific nest.
We do not pre-assign any other propensities than a social father’s 1st egg propensity, which is 1.
This is necessary simply to set a scale, as propensities are always interpreted in a relative
manner: doubling the propensity doubles the expected number of occasions that a male in this
state is observed to sire an egg. Thus, in an example that allows particularly easy predictions: if
social fathers always had five times the propensity of any within-group male (the latter thus have
a relative propensity of 0.2), and there was never any extra-group paternity, and group size was
always 4, then each social father can be said to have five ‘lottery tickets’ against one ticket per
each of his (three) within-group competitors. This case would predict observed datasets to have
each egg being sired by a within-group male with probability (1+1+1)/(5+1+1+1) = 37.5%, and
the same answer is obtained by scaling the social father’s propensity to 1, as long as the others
scale accordingly: (0.2+0.2+0.2)/(1+0.2+0.2+0.2) = 37.5%.
The estimation of the propensities for the real-life data begins with guesses (e.g. 0.2 above), from
which the procedure forms predictions (e.g. the 37.5% above) for each social situation
encountered. The guesses then converge towards best-fitting values with a maximum likelihood
method (visually depicted as searching for the size of vignettes, within each model structure in
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Figure 4.1, that together produce the highest likelihood of producing the observed data when we
view vignette size as proportional to the number of ‘lottery tickets’; see supplementary material
in section 4.9.1 for mathematical details). Using our toy example above again, if real data
confirmed that all groups have 4 males but the observations indicated 40% (rather than 37.5%)
extra-pair paternity, the likelihood of observing this data is maximized when the within-group
male propensities are 0.22222 (relative to the social father’s propensity of 1). This estimate
would then be used to score the performance of the model using standard AIC criteria (Burnham
& Anderson 2002), and the different models (Figure 4.1) are contrasted against each other in
terms of performance. In reality, the observed data offers more information than an aggregate
measure “certain percentage of extra-pair paternity”, and most of our real models also included
more detail than the above toy example: they also included the possibility that a social mate’s
propensity is lower for later laid eggs (modelled with a slope of the decline, a, and its exponent,
b, Figure 4.2, Table 4.1), as well as variations in other males’ propensities depending on their
activities. How likelihoods are computed for these more complicated scenarios is described in
supplementary material in section 4.9.1. We also included a null model (labelled ‘N’) that
assumes every male to have equal chances to fertilize any egg.

We thereafter also asked, in a separate analysis, whether distance to the focal female helped to
explain which extra-pair males gained paternity. We did not incorporate distance in our main
model above, because precise distance data had not been recorded for all the potential sires. For
the subset where this was available, we did not use an AIC approach, as we were interested in the
simpler question of whether extra-pair siring occurs over all male-female distances present in the
population or only over a subset of short distances.
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Figure 4.1 The structure of the models that were fitted to the data. The vignettes in the top row explain the visual notation: dark red,
the social father; light brown, a within-group male who can be in one of four different states; light blue, an extra-pair male (likewise in
four possible states). Below, each model uses a different assumption of how propensities to sire an egg depend on (i) the social
father’s number of eggs: nonlinearly, linearly, or not at all (‘flat’ relationship), (ii) extra-pair male state including parenting activities
and/or within- or extra-group status. Whenever vignettes differ in size, the estimation procedure allows estimated propensities to differ
between these male states (note that the sizes chosen for the vignette illustrations indicate this flexibility, rather than pre-assigned
assumptions of certain male classes having larger propensities than others). Brackets indicate that the estimated propensities were not
allowed to vary by the respective model. Not also that the real dataset typically had cases with more than one male sharing the same
state (e.g. two or more within-group males free from parenting activities); each male is then assigned the same propensity that
associates with this state.
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4.4 Results
4.4.1 Impacts of different social and paternal care states
Four (out of 20) models had AIC scores within ∆AIC < 2 of each other (in order of declining
support: models B1, B, B0 and A1 (Table 4.1). A further two (A and A0) were within the ∆AIC <
3 range. All other 14 models were extremely poorly supported, with the null model being the
least supported.
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Table 4.1 Results of all models, with AIC, ∆AIC and model weight w. The remaining columns
represent the maximum likelihood estimates for parameters that determine each male’s siring
propensity in each setting (values without decimals are assumptions imposed by a particular
model rather than estimates). Models within ∆AIC < 2 are in bold; the horizontal line
distinguishes between models with some (∆AIC < 3) and virtually zero support. A social father’s
propensity to sire the nth egg in his nest is modelled as 1–a(n–1)b or 0 if this is negative (note
that b is 1 for linear models, predicting no success for 6th or later eggs in B models; our dataset
only had 1 such egg and it was extra-pair). The propensities of free within-group males (WGM)
or free extra-group males (EGM) can be used as in the table. To get the propensities of
incubating or feeding males, the values given in the parenting columns are used to multiply these
‘free’ baselines. To use an example from the best-performing model B1: a social father’s 3rd egg
when there is also a nestling-feeding WGM male competitor is estimated with the social father
and this particular competitor having relative paternity chances 1–0.2261 × 2 = 0.5478 and
0.0639 x 0.4695 = 0.0300, respectively.
Model AIC

∆AIC

w

a

b

free
WGM
B1
550.05
0
0.2969 0.2261 1
0.0639
B
551.04
0.9875 0.1812 0.2261 1
0.0634
B0
551.11
1.0598 0.1748 0.2261 1
0.0627
551.32
1.2698 0.1573 0.3488 0.6981 0.0536
A1
A
552.29
2.2444 0.0967 0.3499 0.6959 0.0532
A0
552.37
2.3169 0.0932 0.3497 0.6963 0.0526
D1
577.16 27.1137 <0.0001 0.0383 1
0.1138
D
578.12 28.0685 <0.0001 0.0374 1
0.1130
D0
578.39 28.3428 <0.0001 0.0389 1
0.1134
E
580.14 30.0873 <0.0001 0.0018 1
0.1183
E1
580.17 30.1181 <0.0001 0.0016 1
0.1155
F
580.69 30.6396 <0.0001 0.0020 1
0.1030
580.81 30.7582 <0.0001 0.0015 1
0.1148
E0
C1 581.05 31.0007 <0.0001
0
1
0.1202
C
582.18 32.1336 <0.0001
0
1
0.1197
C0 582.47 32.4164 <0.0001
0
1
0.1211
G
859.88 309.8269 <0.0001 0.2252 1
0.0050
G1
860.13 310.0823 <0.0001 0.2251 1
0.0049
860.92 310.8727 <0.0001 0.2250 1
0.0048
G0
N 3315.83 2765.8
<0.0001
0
1
1
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free
EGM
0.0005
0.0005
0.0005
0.0004
0.0004
0.0004
0.0009
0.0009
0.0009
0.0009
0.0009
0.0008
0.0009
0.0009
0.0009
0.0009
0.0050
0.0049
0.0048
1

incubating
0.8456
0.7907
0.8364
0.8446
0.7924
0.8358
0.7793
0.7373
0.7103
0.6506
0.7122
1
0.7290
0.7398
0.6776
0.6657
0.7310
0.7509
0.8406
1

feed
nestlings
0.4695
0.5890
0.5515
0.4699
0.5880
0.5511
0.4761
0.5554
0.5400
0.6506
0.7122
1
0.7290
0.4336
0.5613
0.4973
0.7310
0.7509
0.8406
1

feed
fledg.
0.7004
0.7173
0.8451
0.6995
0.7173
0.8458
0.4761
0.5554
0.5400
0.6506
0.7122
1
0.7290
0.6801
0.6593
0.6887
0.7310
0.7509
0.8406
1

When the best model (B1) is not the only well supported one, it is essential to discuss properties
of the data that all models with good or moderate support agree on, as well as the differences that
remain between them. All supported models, regardless of whether one restricts attention to the
top four or considers all six with at least moderate support (Table 4.1), agreed on (i) the social
father’s declining ability to retain paternity of late-laid eggs, (ii) the status of a male being an
important predictor of siring propensities (social father > within-group male > extra-group male),
and (iii) parenting activities having a detrimental effect on siring prospects of males, though with
no stage leading to zero (or near zero) success. The models differed with respect to the precise
shape of the decline of the social father’s paternity when new eggs are added to his brood
(Figure 4.2; note that the linear B models outperformed the nonlinear A models, but only with a
narrow margin), and with respect to the day when the activities of extra-pair males matter. The
best model (B1) considers the day when the first egg was laid in the focal nest, but models that
base predictions on another day perform almost equally well if they otherwise use the
assumption set of the B models.

Figure 4.2 The social father’s propensity to sire eggs declines steeply with egg number in the
best-supported models (blue, all B; red, all A models; the slight variations in a and b values
within a model type lead to functions that are so similar that they are indistinguishable in this
figure). A lower ceiling of 0 is applied to the functions 1 – a(n – 1) (the linear B models) and 1–
a(n – 1)b for the nonlinear A models (n denotes the nth egg laid in the focal nest).
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Estimates for within-group male siring propensities were between 5% and 7% of the social
father’s 1st-egg propensity (Table 4.1, e.g. 0.0639 in the best model B1). This indicates that
extra-pair males have low chances to sire the first eggs entering a male’s nest, but since the
social father’s own propensity declines rapidly with egg number (with less than 10% of the
original propensity left by the time a 5th egg is laid, Figure 4.2), within-group male propensities
are sufficient to make them very serious competitors for late-laid eggs (for example, 0.0639 for a
within-group male vs. 0.0956 for the social father for the 5th egg of a clutch according to the best
model; the latter value is calculated as 1–0.2261×4, see Table 4.1 for details on the calculation).
All models agreed on extra-group males having very low (but still non-zero) propensities to sire
eggs, between 0.0004 and 0.0005 of the social father’s 1st-egg propensity (Table 4.1).
The above numbers do not yet take into account reductions in siring due to extra-pair sires’ own
parenting activities. The estimates for these are in the last three columns of Table 4.1. All
supported models agree that all stages of parenting reduce siring propensities (‘free’ propensities
are always multiplied by a factor < 1), and that this reduction is strongest when the male is
feeding nestlings. Model averaging across the 6 supported models with model weights w, a male
experiences a drop of 1–0.8278 ≈ 17.2% of paternity chances when incubating compared with
his ‘free’ propensity (range 15.4% ̶ 21.9% among the 6 best models, Table 4.1), while feeding
nestlings leads to 1–0.5246 ≈ 47.5% reduction (range 41.1% ̶ 53.1%), and feeding fledglings
reduces siring propensities by 1–0.7438 ≈ 25.6% (range 15.5% ̶ 30.1%). Overall, no stage of
parenting led to near-zero siring prospects (last three columns of the Table 4.1), which would
have been the outcome if the ‘time-out’ caused by parenting was strict. Note that our method is
able to exclude the possibility of any of these results being a spurious correlation arising from
synchronous breeding activities — e.g. fewer eggs being available to be fertilized when many
males are feeding nestlings — because the analysis is conducted on a per-egg basis, and all
likelihood calculations are thus based on males making use of siring opportunities that did exist
in reality.

While the agreement between models produces clear results regarding the effect of parenting, the
models do not unambiguously differentiate between possible scenarios of sperm storage. All
timing choices for measuring the activity of males yielded models with at least moderate support
(Table 4.1: models with and without subscripts can be found near the top). The best model (B1)
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offers a mixed message: extra-pair males’ parenting activities matter at the time when the first
egg is laid in the focal nest, but this combines with the social father’s siring success decreasing
rapidly for late-laid eggs. The former message implies that the set of male activities that occur
when early eggs are laid in a nest have an impact on paternity of late eggs (indicative of some
delay between copulation and fertilization), but the latter fact suggests a role for later copulations
that occur while the social father is preoccupied with his nest that has received its first eggs. As a
whole, these findings can be reconciled in a view of moderately short-term sperm storage (a few
days) with some stochasticity in the outcome (variable numbers of copulations with different
males, or some variation in the time lag between copulation and fertilization).
4.4.2 Distances between males and females and likelihood of siring extra-pair offspring
For a large subset of data (sample size indicated in Figure 4.3), we had sufficient male location
data to establish a distribution for the distance of the male’s home range centre to that of their
social female (the curve with red dots gives the cumulative distribution, Fig. 4.3) as well as other
females alive in the same year (curve with black triangles). Males sired extra-pair young in nests
of their co-mates over the entire range of distances, while the rare siring successes of extra-group
males were confined to males residing close to the focal extra-group female (Fig. 4.3).
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Figure 4.3 Cumulative distance distribution from the centre of the home ranges of individual
males to those of females when the male and the female were part of the same social group
(curve with red dots) or different groups (curve with black triangles). Dots and triangles,
respectively, mark cases with extra-pair young production. Dotted lines show the distance
medians for all data (85m for within-group individuals, 548m for extra-group). Beyond 382m
distance, extra-group males had no success. Greater distances than those of within-group males
are not solely responsible for the meagre siring success of extra-group males, as the total n for
extra-group male availability at < 382m is 870 (with 6 successes as indicated), while the withingroup male availability at this range is 201 (with 40 successes as indicated), thus success for
extra-group males is clearly lower (z-test, P < 0.001).

4.5 Discussion
How much does parenting reduce the success of male coucals as sires in nests other than their
own? We conducted an information-theoretic approach to estimate how male ability to obtain
paternity in other males’ nests fluctuates over time as a function of parental care at their own
nests. All supported models produced a clear pattern, with males being maximally ‘busy’ (=least
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able to sire elsewhere) when they were feeding nestlings, and least busy when they did not have
a nest to care for at all. Our approach estimated that incubating reduces siring prospects by
approximately 17%, feeding nestlings reduced it by approximately 48%, and it went back to
approximately 26% when feeding fledglings. Thus, as a whole our analysis provides evidence for
a very ‘leaky’ time-out of males as a result of parental care: its nature is a temporary and
incomplete dip in competitiveness for fertilizing eggs in other males’ nests, rather than a
complete exclusion from the pool of males competing for such opportunities as assumed in
classical models of operational sex ratios (OSR) and care roles (Clutton-Brock & Parker 1992).
Our results also show male black coucals to be particularly serious competitors for paternity in
other males’ nests when the female lays additional eggs to an already existing clutch, and when
the males are members of the same social group (i.e. associated with the same female). Extragroup members, even when focusing on the subset of males who reside relatively close to a
female other than their social partner, obtained paternity at a very low rate. Contrastingly, males
belonging to the same social group never ceased to pose a threat to each other’s paternity,
regardless of how advanced the activities at their own nest were. This threat did not disappear,
although it diminished, during the time when the potential extra-pair sire was incubating or
provisioning nestlings or fledglings. Our results are consistent with the hypothesis that nestling
provisioning in altricial species entails higher limitations to male extra-pair activities than other
care stages (Møller & Cuervo 2000; Liker et al. 2015). The suggestion that male incubation
constitutes a stronger constraint than nestling provisioning (Ketterson & Nolan 1994;
Schwagmeyer et al. 1999) was not supported by our data.
Males rarely sired extra-pair young with a female other than their social partner, suggesting that
the established social relationships between a female and her ‘harem’ males have an influence on
mating patterns that go beyond a mere proximity effect. Because a female black coucal regularly
moves throughout her large territory, each of her ‘harem’ males can readily access her during the
entire breeding season. This setting promotes intense competition among co-mates whenever the
female is laying a clutch for one of them. The recipient of the clutch attempts to guard her
intensively (Goymann et al. 2004), but once she has laid the first or the second egg for his clutch,
the male starts incubating, which prevents efficient guarding while she continues to complete his
clutch. Our results suggests that the effect is a continual reduction in paternity with each
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subsequent egg laid (Fig. 2; note that the non-linear model formulation was flexible enough to
detect cases where paternity remains near intact for, e.g., first three eggs and declines thereafter,
but the best-fitting nonlinear model instead suggests a more immediate drop as egg numbers
increase).
In other words, ‘harem’ males frequently succeed in fertilizing some subsequent eggs of the
clutch, and this includes males already caring for their own respective clutches. The time budgets
of caring males play a role here. Males are known to frequently interrupt incubation (mean = 6,
range 2 to 12 pauses per day) and typically spend about 40 minutes off-nest during such pauses
(Goymann et al. 2016). Our results suggest that incubation prevents intense mate-guarding (thus
the female can add extra-pair eggs to an incomplete clutch) but does not prevent an incubating
male from acquiring paternity in others’ nests. We do not know whether this is achieved because
a female approaches a male sitting on a nest, or because males use their brief times off the nest to
copulate with the female in addition to foraging. Our methods did not assign a systematic, clear
role to the exact time point when male activities matter most, as a determinant of model
performance; males only rarely changed state precisely between two alternative time points in
the data, which — perhaps together with a stochastic delay between copulations (unobserved by
us) and fertilization — explains our inability to distinguish precisely between timing alternatives.
Time budget constraints may become more severe after a clutch has hatched, as the schedule of
provisioning the young is not only physiologically and energetically demanding (Goymann et al.
2017) but also leaves a male with less time to rest, forage or mate (Goymann et al. 2016). Still,
in our analyses, chances to sire young (as evidenced by paternity gains) do not drop to zero
during this time either, which might indicate a role for active visits by females seeking
fertilizations.

It is informative to compare a male black coucal’s trade-off situation to that of other taxa where
paternal care prevails. Among fish species that provide care for young, male care is much more
common than female care (Reynolds et al. 2002; Coleman & Jones 2011). Although not the sole
argument (e.g. (Kahn et al. 2013)), it appears plausible for such fish that a ‘time-out’ caused by
male care is often not a good way to characterize the mating dynamics: females often prefer
caring males, who through care increase, rather than decrease, their current mating opportunities
(e.g. (Gross & Sargent 1985; Kraak & Groothuis 1994; Forsgren et al. 1996; Petersen & Warner
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1998; Ah-King et al. 2005; Lindstrom et al. 2006; Coleman & Jones 2011; Kokko & Jennions
2012)). Further, energetic costs of many fish-specific forms of parental care (such as fanning
eggs) do not rise steeply, or at all, with the number of offspring in the nest. This is different for
birds with altricial young, such as the black coucal, where more mouths to be fed increase the
costs of parenting (Goymann et al. 2016; Goymann et al. 2017). Despite this, we have shown
that male black coucals experience only limited damage to their pursuit of additional mating
opportunities – in the form of siring eggs cared for by other males – even if they perform
parenting duties. In this sense, coucals are more ‘fish-like’ than the dramatic difference in the
form of care might suggest, and the explanation for male willingness to perform care might have
similar root causes of limited (if any) trade-offs between caring and gaining paternity elsewhere,
at least in the current mating season.

Numerous previous studies, mostly from socially monogamous biparental species, have focused
on understanding how males time their extra-pair mating activities in relation to the fertility stage
of their respective social partners or other available females (Magrath & Elgar 1997; Canal et al.
2012; Araya-Ajoy et al. 2015). We are not aware of any previous study that compared
propensities to sire extra-pair young in relation to the temporal dynamics of parental care states
of individual males, despite the question of extra-pair paternity and breeding synchrony, in
general, attracting much interest (e.g. (Kingma et al. 2013; Maldonado‐Chaparro et al. 2018)).
Behavioural evidence from other bird species (including socially monogamous biparental birds,
e.g. fairy martins, Hirundo ariel (Magrath & Elgar 1997), hooded warblers, Wilsonia citrina
(Pitcher & Stutchbury 2000), and classically polyandrous birds with male-only care, e.g. spotted
sandpiper, Actitis macularia (Colwell & Oring 1989)), suggests that similar processes as in the
male-only care coucals could play a role: while parenting males are less likely to engage in extrapair mating activities, parenting does not prevent them from engaging in such activities if fertile
females are available — though species-specific details will depend on breeding synchrony,
territoriality and also female behaviour. If detailed time-stamped behavioural data are available
for such species, our method could be applied to biparental care situations too, as it would be
easy to incorporate female care state as another variable in biparental systems. This would allow
the field to move from qualitative to quantitative interpretations of “time-in” and “time-out”
periods. It would indeed be interesting to know whether the ‘leaky’, i.e. gradual, pattern of ‘time-
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in’ and ‘time-out’ periods that we identified in coucals apply to many species in which males
contribute to parental care without being the sole provider; this could also help in comparison of
synchronous and asynchronous breeding activities. Further work could also lift some of the
limitations of our approach: we assumed, for example, that each egg laid formed an independent
contribution to information about availabilities. Merging our style of analysis with e.g. an
analysis of local networks (see methods of (Maldonado‐Chaparro et al. 2018)) would be a
fruitful further research avenue, where sufficient data are available.

4.6 Conclusion
Our analysis provides evidence for a ‘time-out’ of males as a result of parental care, but its
nature is a temporary and incomplete drop-out in competition for fertilizing eggs in other males’
nests, rather than a complete exclusion from the mating pool. The degree to which males drop
out from the mating pool depends on the parenting stage. To the best of our knowledge, this is
the first detailed quantitative description of the reproductive ‘time-out’ propensities of males
while caring for young. Such empirical results are of eminent importance to evaluate how well
theoretical and mathematical models of ‘time-out’ describe the trade-offs between mating and
parenting in males and to understand potential differences in absolute and relative reproductive
‘time-out’ of males and females within the operational sex ratio (OSR) framework.
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4.9 Supplementary material
4.9.1 Computational details
Each model (Figure 4.1) uses a specific assumption structure, where the size of the vignets
varies independently or non-independently across male stages.
All models scale propensities such that the social father has propensity 1 for his 1st egg. A
‘nonlinear’ model will allow this propensity to change with egg number n such that the nth egg
laid in a focal nest has propensity 1–a(n–1)b (e.g. red and blue lines in Figure S4.1), a ‘linear’
model assumes that b takes the value 1 (orange line in Figure S4.1), and a ‘flat’ model assumes
that a social father’s propensity stays at 1 throughout the egg-laying period (black line).

Figure S4.1 Four examples (two linear two and nonlinear) of potential shapes for the social
father’s propensity decline; the maximum likelihood search will look for the shape that best
predicts the observed patterns of paternity, including no decline at all (achieved by setting a = 0).
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All other males have their propensities determined by two factors: a baseline that is estimated
separately (pW and pE) for within-group and extra-group males, and three modifiers that multiply
the baseline in case the male is incubating (multiplier pinc), feeding nestlings (multiplier pfn), or
feeding fledglings (multiplier pff).
To exemplify the procedure, we will present the calculation in detail for the 100th egg in our
dataset, before generalizing. This egg comes with the following data structure:
Egg number: 5 (i.e. nest already had 4 eggs before this one was laid)
Known sire:

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

3rd row of the data, i.e. the 2nd potential extra-pair sire in the list below (in bold)

Social father:
not the sire
st
1 potential extra-pair sire: a within-group male
2nd potential extra-pair sire:a within-group male
3rd potential extra-pair sire: an extra-group male
4th potential extra-pair sire: an extra-group male
5th potential extra-pair sire: an extra-group male
6th potential extra-pair sire: an extra-group male
7th potential extra-pair sire: an extra-group male
8th potential extra-pair sire: an extra-group male
9th potential extra-pair sire: an extra-group male
10th potential extra-pair sire: an extra-group male
11th potential extra-pair sire: an extra-group male
12th potential extra-pair sire: an extra-group male
13th potential extra-pair sire: an extra-group male
14th potential extra-pair sire: an extra-group male
15th potential extra-pair sire: an extra-group male
16th potential extra-pair sire: an extra-group male
17th potential extra-pair sire: an extra-group male
18th potential extra-pair sire: an extra-group male
19th potential extra-pair sire: an extra-group male

activities 0 → 0 → 0
activities 0 → 0 → 0
activities 2 → 3 → 3
activities 0 → 0 → 0
activities 2 → 2 → 3
activities 0 → 0 → 0
activities 1 → 1 → 1
activities 0 → 0 → 0
activities 0 → 0 → 0
activities 2 → 2 → 3
activities 2 → 3 → 3
activities 0 → 0 → 0
activities 0 → 0 → 0
activities 3 → 3 → 3
activities 2 → 2 → 2
activities 2 → 2 → 2
activities 1 → 1 → 1
activities 1 → 1 → 1
activities 1 → 1 → 1

Here, activities are 0 = free, 1 = incubating, 2 = feeding nestlings, 3 = feeding fledglings, and the
arrows denote changes over time from day 0 (nest ready but without any eggs) to day 1 (egg 1
was laid) to the day the focal egg was laid.
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Each of the 20 different models (A to N, Figure 4.1), at every point during the iteration that
searches for the best parameter values given each model’s constraint structure, makes
assumptions about the relative propensities (biologically ‘availability’) of each male. The initial
values do not matter (though better initial guesses make the solution converge faster). For
example, the ‘guesses’ of propensities in model A could begin with a = 0.005, b = 3.5 (one of the
functions in Figure S4.1 above), pW = 0.5, pE = 0.5, pinc = 0.5, pfn = 0.5, pff = 0.5. In that case, the
model with its current parameter guesses produces a likelihood that the 2nd within-group male,
who was free at the time, indeed sired the egg:
=

((1 − (5 − 1
=

+

+

+

+

+

+

+

+⋯+

0.5
0.5
=
= 0.0703
(0.36 + 0.5 + 0.5 + 0.25 + ⋯ + 0.25
7.11

Here, each term in the denominator is one male’s assumed propensity in the current
circumstances, which for model A is based on the current day’s activity (e.g. feeding fledglings
for the 5th potential extra-pair male, who is also extra-group, hence the 5th term is pEpff). The
subscript 100 indicates that this is the 100th egg in the dataset.
The 0.0703 is only one ‘guess’, i.e. the result of assuming a = 0.005, b = 3.5 and all p values
being set to 0.5. If egg number 100 was the only egg in the entire dataset, the likelihood would
be maximized (L100 as high is possible) if all p values except pW were made zero, and a and b
were modified such that the social father’s propensity becomes zero (any high enough a value
will achieve this for a 5th egg). This makes most terms disappear, and L100 simplifies to pW/2pW =
0.5, much higher than the initial guess that lead to 0.0703. In other words, this particular egg
suggests that free within-group males sire eggs and other males do not (and since there were two
within-group males in this category, each has a chance of 0.5 to be the sire).
However, the choices for parameter values that maximize L100 do not produce adequate
likelihoods for other eggs whose sires were not within-group males. L100 is only one example out
of 560 likelihoods (information provided by 560 eggs) that need to be computed for each set of
parameter values. The log likelihood of the entire set is ∑"#
!$ ln(

!

. The optimization procedure

(Matlab’s fminsearch) computes the values of a, b, pW, pE, pinc, pfn, and pff that collectively
produce the best log likelihood for ∑"#
!$ ln(

!

.
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This procedure is repeated separately for all models listed in Figure 4.1. Each model differs
from the others in terms of constraints that are imposed on the estimation procedure. For
example, model D replaces the independent estimation of pfn and pff with the assumption that
both stages of parenting lead to the same propensity reduction, thus the optimization follows the
constraint pfn = pff, and the estimated values are identical in Table 4.1 whenever such constraints
have been assumed. Model N (the null model) is the extreme choice, where every male is
assumed equally likely to be the father; the likelihood for e.g. L100 is 1/20 (social father + 19
competitors) and no parameters need to be estimated.
Each model thereafter has its AIC score computed as
AIC = 2 ∑"#
!$ ln(

!

+ 2%

where k is the model-specific number of parameters that have been estimated.
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Chapter 5
5.1 General discussion
In this thesis, I presented the results, interpretations and discussion of empirical analyses
conducted to test three hypotheses about proximate factors underlying the evolution and
maintenance of classical polyandry in black coucals. I analysed a large dataset collected from a
sympatric population of black coucals and white-browed coucals in the Usangu Plains of
southwestern Tanzania from 2001 until to date. Each analysis was guided by clear research
questions and hypotheses. In discussing the findings, I integrated the knowledge of the biology
of these two coucal species, data from other coucal species studied elsewhere, as well as data
from other bird species in which similar studies have been conducted. These analyses have
provided useful insights for understanding the factors underlying the evolution and maintenance
of sex-role reversal in black coucals. In this chapter, I provide a synthesis and a general
discussion of the findings presented in the data chapters of this thesis in light of the overall
objective of this study (i.e. understanding the factors underlying the evolution and maintenance
of sex-role reversal in black coucals) and highlight areas requiring further research.

5.1.1 Costs of offspring care and male-only versus bi-parental care in coucals
In Chapter 2 I have provided empirical evidence that male black coucals provisioned their
offspring two times more often than the combined provisioning rate of a pair of white-browed
coucal parents. This suggests that parental care in black coucals is not less demanding than in
white-browed coucals. Therefore, male-only parental care in black coucals is maintained not
because raising a brood of young in this species is less demanding than raising a similar sized
brood of white-browed coucals. This chapter concluded that, since a single black coucal male
provisions its young more than twice the combined provisioning rate of a pair of white-browed
coucals, a single white-browed coucal parent should also be sufficient to raise a clutch. The
question then remains why do white-browed coucals cooperate in bi-parental care if a single
parent would suffice? I have suggested that white-browed coucals cooperate in caring for their
young because both sexes lack opportunities to become polygamous — due to the balanced adult
sex ratio (Goymann et al. 2015). In contrast, female black coucals have ample opportunities to
become polygamous, due to the highly male-biased adult sex ratio (Goymann et al. 2015).
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Three lines of evidence support the conclusions stated above that white-browed coucals
cooperate in parental care not because a cooperative effort of both parents is necessary to
successfully raise a brood, but rather because both sexes lack opportunities to become
polygamous: Firstly, we have observed that female white-browed coucals tend to become
polyandrous whenever they have access to a surplus of unpaired males in adjacent territories
(Safari & Goymann 2018). Secondly, male white-browed coucals paired to polyandrous females
can successfully incubate and raise a brood singly (Safari & Goymann pers. obs.). Thirdly, mate
removal experiments have confirmed that both male and female white-browed coucals can fully
compensate nestling provisioning effort when their partner is removed (Goymann 2019).
However, only male white-browed coucals were able to maintain the growth rate of the nestling
after their female partners had been removed, suggesting that males are more able than females
at provisioning the young (Goymann 2019).

A mathematical model has indicated that small initial sex differences in parental investments
tend to increase over time due to positive evolutionary feedbacks (Fromhage & Jennions 2016).
The inequality between the sexes of white-browed coucals in contribution to parental care and
the sex differences in ability of single males and single females to maintain growth rate of their
broods suggest that male-only care and female desertion is likely to evolve and spread more
readily in a population of white-browed coucals than the reverse if favourable conditions (e.g.
male-biased adult sex ratios) are present. This is very likely considering the fact that male whitebrowed coucals already contribute 80.9% of incubation and about 50% in nestling feeding
(Goymann et al. 2016). Observations in other bi-parental coucals species also indicate that males
generally contribute more to nest building, incubation and feeding nestlings and fledglings
(Woodell 1976; Taplin & Beurteaux 1992; Andersson 1995; Maurer 2008). For example, males
of the bi-parental pheasant coucals Centropus phasianinus contribute 90% in nest building,
100% in incubation, 80% in nestling feeding and 100% in feeding fledglings (Taplin &
Beurteaux 1992; Maurer 2008). This suggests that classical polyandry could arise readily in
many bi-parental coucal species if the adult sex ratios become biased towards males.
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Similar observations of males contributing more to incubation and being more able than females
in caring for nestlings have been reported in the northern flicker Colaptes auratus (Wiebe 2005),
and several shorebird species, such as the Kentish Plovers Charadrius alexandrinus (Székely
1996). Interestingly, polyandry has been reported in these species, suggesting that males are
willing and capable of providing sole parental if the female disserts (Székely 1996; Wiebe 2005).
However, balanced adult sex ratios are suggested to limit the availability of additional mating
partners for deserting females thus compelling them to stay and cooperate with their males in
parental care (Székely 1996; Wiebe 2005).

By performing all parental duties which are usually performed by two parents in monogamous
coucals, male black coucals have to work at least twice as hard as males of other coucal species.
We have shown that this likely comes at a cost because during the nestling provisioning phase
male black coucals have less time to rest compared to conspecific females or male and female
white-browed coucals (Goymann et al. 2016). Further, male black coucals also pay a
physiological and energetic cost to their higher parental expenditure during the nestling feeding
phase as evidenced by higher levels of baseline and stress-induced plasma corticosterone than
conspecific females and male and female white-browed coucals (Goymann et al. 2017). Studies
have indicated that increased parental expenditure can have immediate as well as carryover
effects on body condition, future fecundity and survival (Williams 2012). How the high parental
expenditure and the associated energetic and physiological costs shape the life history of male
black coucals compared to males of other coucal species is still an open question. For shorebirds,
the energetic and physiological costs of male care may be low because they do not feed the
young after hatching.

In summary, Chapter 2 concluded that the differences in parental care between black coucals
and white-browed coucals are not related to differences in the costs of caring for offspring but
rather on the lack of opportunities for either sex in white-browed coucals to become polygamous,
because of balanced adult sex ratio. Further, partner removal experiment indicated that both male
and female white-browed coucals can care for a brood singly, but males are more capable of
providing uniparental care than females (Goymann 2019). Therefore, the monogamous and biparental breeding system of white-browed coucals is rather plastic and can easily switch to a
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polyandrous system with male-only care if the adult sex ratio will be sufficiently biased to create
opportunities for females to become polygamous.

Overall, the analysis in this chapter together with reports of higher male contribution to
incubation and nestling feeding in other biparental coucal species suggest that female desertion
and male-only care would be favoured in many coucal species but balanced adult sex ratios seem
to be the major constraint for female desertion thus making most coucal species to remain
monogamous and biparental. Further, the results of mate removal experiments in white-browed
coucals (Goymann 2019), Kentish plover (Székely 1996; Székely & Cuthill 1999) and the
northern flicker (Wiebe 2005) have indicated that males are willing and more capable of caring
for their broods than single females thus supporting the notion that in these species female
desertion and male-only care will be favoured than the reverse. Therefore, as a whole, the results
in this chapter support the assertion that evolutionary predispositions for female brood
dissertation, polyandry and male-only care are widespread among avian taxa with precocial and
altricial young but the lack of suitable ecological factors to facilitate the expression of those
behaviours makes it difficult for the behaviour to be displayed (Owens & Bennett 1997;
Chapman 2006). Lack of male-biased adult sex ratios seems to be the main factor constraining
the expression of classical polyandry in these species. The previous partner removal experiments
(e.g. (Székely 1996; Székely & Cuthill 1999; Wiebe 2005; Goymann 2019)) focused mostly on
comparing the abilities of single parents (male or female) to compensate for the absence of their
partners during parental care, and thus more attention was placed on parental behaviour of the
remaining parent but not on mating behaviour (but see (Székely et al. 1999)). Experimental tests
to modify adult sex ratios and observe changes in the mating and parental behaviour of both
sexes will help to clarify the conclusions stated in this chapter.

5.1.2 Certainty of paternity and the extent of male care in coucals
In Chapter 3 I have provided evidence that despite providing all parental care to their altricial
young, male black coucals endure a markedly higher paternity loss (50% among broods and 17%
among nestlings (Safari & Goymann 2018)) than white-browed coucals (4% among broods and
2% among nestlings (Safari & Goymann 2018)). The rate of extra-pair paternity recorded in
black coucals is almost similar to that reported in pheasant coucals (47.6% among broods and
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18.6% among nestlings (Maurer et al. 2011)) but markedly higher than those reported from all
classically polyandrous shorebird species for which data are available (Oring et al. 1992; Owens
et al. 1995; Delehanty et al. 1998; Emlen et al. 1998; Dale et al. 1999; Haig et al. 2003; Küpper
et al. 2004; Schamel et al. 2004; Maher et al. 2017; Eberhart-Phillips 2019).

The high rates of paternity loss in black coucals coupled with extensive male care is
incompatible with theoretical predictions of a positive relationship between paternal care and
paternity (Trivers 1972; Møller & Birkhead 1993; Queller 1997; Wright 1998; Schwagmeyer et
al. 1999; Møller & Cuervo 2000; Kokko & Jennions 2008a; Liker et al. 2015; Fromhage &
Jennions 2016). Further, the pattern of paternity loss and paternal contribution to offspring care
observed in these three coucal species (as well as the anecdotal data from coppery-tailed coucals,
(Safari & Goymann 2018)) seems to defy the current thinking that positive relationship between
paternity and paternal care should apply only in bird species with altricial young (Liker et al.
2015; Requena & Alonzo 2017). However, because of the limited number of coucal species for
which data on both paternity and male contribution to care are available (currently 3 of 28 coucal
species), data from other coucal species are highly needed before conclusive remarks can be
made.

5.1.3 Trade-offs between caring and mating in male black coucals
Theoretical considerations of parental and matting effort assume that parental care is traded
against other fitness-related traits such as competition for further matings. This assumption can
be traced back from the classic definition of parental investment proposed by Trivers i.e. “[…]
any investment by the parent in an individual offspring that increases the offspring’s chance of
surviving (and hence reproductive success) at the cost of the parent’s ability to invest in other
offspring” (Trivers 1972). Despite the reasonable logic behind assuming the existence of such
trade-offs (Trivers 1972), empirical studies from different animal species do not often support
the presence of trade-offs between mating and parental effort in males (reviewed in (Stiver &
Alonzo 2009)). One reason for this could be that in some species parental care can act as a
mating effort rather than trading-off with it (Stiver & Alonzo 2009). For example, for fish
species with external fertilization there seems to be no trade-offs between caring and mating
effort in males, because females prefer to spawn in nests of the caring males (Jamieson 1995;
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Reynolds et al. 2002). Therefore, by caring males increase rather than decrease their mating
opportunities. This lack of trade-offs can partly explain the predominance of male-care in fish
species with external fertilization (Gross & Sargent 1985; Mank et al. 2005; Coleman & Jones
2011; Sutton & Wilson 2019).

In Chapter 4 of this thesis I tested whether there are any trade-offs between caring and mating in
male black coucals in terms of success in siring extra-pair young when a male is caring for a
clutch relative to when he has no dependent young to care for (Safari et al. 2019). This analysis
was motivated by the observation of ‘unexpectedly’ high rates of extra-pair paternity for this
species in which males provide all parental care including incubation and feeding altricial young
(Safari & Goymann 2018). The results showed that male black coucals were able to compete and
succeed in siring extra-pair young even while providing care at their own nests. However, the
success rate was lower for males providing care than when they had no dependent young.
Further, the parental care stage affected the males’ extra-pair siring success, with feeding
nestlings resulting into the lowest extra-pair siring success (Safari et al. 2019). However, none of
the parental care stages analysed (i.e. incubation, feeding nestlings, feeding fledglings) resulted
in zero siring success, which would suggest the presence of a strict trade-off (Safari et al. 2019).

The results of this chapter have important implications for the theory and models relating
parenting and mating effort. For example, in the operational sex ratio framework (Emlen &
Oring 1977; Clutton-Brock & Parker 1992; Parker & Simmons 1996), individual males and
females are assumed to be either in the mating pool (i.e. termed ‘time in’) or out of the mating
pool (i.e. termed ‘time out’) when searching for mates or caring for young, respectively. These
two time periods (i.e. ‘time in’ and ‘time out’) are usually considered to be mutually exclusive.
Therefore, individual males and females that are currently engaged in parental care are
considered to be out of the mating pool and are thus removed from OSR calculations — because
they are not expected to be available for mating. Emlen & Oring remarked that “[…] since an
individual male is not able to maintain sexual activity indefinitely during incubation, males
sitting on eggs normally must be considered sexually "unavailable."” (Emlen & Oring 1977).
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However, our analysis of siring success of male black coucals during their ‘time in’ and ‘time
out’ periods showed that males were able to sire extra-pair young during their ‘time out’ periods,
albeit at a reduced success rate compared to males that had no dependent young. This suggests
that male black coucals maintain sexual activity and are ‘available’ for mating competition even
while providing parental care. Therefore, our analysis provided evidence that male black coucals
experience ‘time-out’ as a result of engagement in parental care, but its nature is an incomplete
dip in the success for fertilizing eggs in other males’ nests, rather than a complete exclusion from
the mating pool as currently assumed in classical models of operational sex ratios and care roles
(Emlen & Oring 1977; Clutton-Brock & Parker 1992; Parker & Simmons 1996). Behavioural
evidence from other bird species also suggests a reduction in propensity but not total cessation of
mating competition when males engage in parental care (e.g. (Colwell & Oring 1989; Magrath &
Elgar 1997; Pitcher & Stutchbury 2000)).

Most models of sexual selection and parental investment that employ a ‘time in’ and ‘time out’
approach (e.g. (Kokko & Jennions 2008a; Fromhage & Jennions 2016)) consider mating and
parental efforts to be mutually exclusive, implying that parenting and mating cannot be
performed simultaneously. Our analysis has indicated that males can care and also compete for
matings concurrently. Thus, it remains to be verified whether the predictions of those models still
hold if the presumed strict trade-offs between mating and parenting in males are relaxed (Stiver
& Alonzo 2009).
5.2 Areas for further research
5.2.1 The need for more studies on cuckoos
Cuckoos (family Cuculidae) display unmatched diversity of breeding systems among birds (del
Hoyo et al. 1997). This makes them important candidates for studying and testing theories on
mating systems, parental care and sexual selection (Andersson 1995). The nesting cuckoos are
particularly interesting because they show a large variation in mating and parental care systems.
However, most nesting cuckoos are surprisingly little studied compared to other avian taxa,
which limits the possibility of drawing general inferences about this taxon (Andersson 1995). For
example, of the 28 extant coucal species (subfamily Centropodinae) only three species have been
studied to some detail: black coucals (Symmes 1960; Vernon 1971; Slotow 1996; Goymann &
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Wingfield 2004; Goymann et al. 2004; Goymann et al. 2005; Christian & Davies 2007; Voigt &
Goymann 2007; Goymann et al. 2008; Frey & Goymann 2009; Muck et al. 2009; Goymann et
al. 2015; Goymann et al. 2016; Goymann et al. 2017; Safari & Goymann 2018; Safari et al.
2019), white-browed coucals (van Someren 1956; Lawson 1962; Goymann et al. 2015;
Goymann et al. 2016; Brumm & Goymann 2017, 2018; Safari & Goymann 2018), and the
pheasant coucal (Taplin & Beurteaux 1992; Maurer et al. 2005; Maurer 2006; Maurer 2007,
2008; Maurer et al. 2008; Maurer et al. 2011). Also, scanty notes on the biology of other coucal
species have been published (e.g. (Rand 1933; Symmes 1960; Steyn 1972; Woodell 1976;
Dhindsa & Toor 1981; Natarajan 1997; Payne 2005a; Erritzoe et al. 2012; Shute et al. 2016)).
Nevertheless, there are several books that summarize the known information from all cuckoo
species (e.g. (del Hoyo et al. 1997; Payne 2005b; Erritzoe et al. 2012)). Therefore, detailed
studies from all cuckoos and in particular the nesting cuckoos are sorely needed to enhance our
understanding of the biology of this taxon and to test the emerging theoretical frameworks about
mating systems, parental care and sexual selection in general (Andersson 1995).

5.2.2 The need to understand the origin of male-biased adult sex ratio in black coucals
Goymann et al (2015) has shown that the local adult sex ratio of black coucals in the Usangu
Plains of Southwestern Tanzania is extremely male-biased (approx. 75% of adults are males)
whereas the adult sex ratio of white-browed coucals is typically balanced, but with an occasional
slight bias towards males. This pattern of sex ratios for the two coucal species is unlikely to be a
local phenomenon specific only to the Usangu populations, because data from all other places
where these species have been observed suggest a similar pattern (e.g. (van Someren 1956;
Symmes 1960; Vernon 1971; del Hoyo et al. 1997; Christian & Davies 2007)). The large male
bias in the adult sex ratio of black coucals makes it possible for females to mate and lay clutches
with more than one male partner. In contrast, the balanced adult sex ratios of white-browed
coucals limits the opportunity for females to mate and lay clutches with multiple males.

In chapter 3 of this thesis I showed that although white-browed coucals are typically socially
and genetically monogamous (Safari & Goymann 2018), whenever there is a surplus of unpaired
males some females exhibit alternative reproductive tactics by mating and laying clutches with
the unpaired males in addition to their primary males (i.e. polyandry). Male white-browed
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coucals paired to such polyandrous females sometimes care for the brood singly (I. Safari & W.
Goymann pers. observation). Also, broods of the males paired to polyandrous females were more
likely to contain young not sired by the caring males (Safari & Goymann 2018). These
observations point towards male-biased adult sex ratios having a marked influence in shaping
polyandry, male-only care and extra-pair paternity in coucals. The flexibility of the mating
tactics of female white-browed coucals suggests that the social monogamy in this species may be
maintained by the relatively balanced adult sex ratio. If the sex ratio gets biased towards males,
thus providing female white-browed coucals with more potential male partners, it is likely that a
classical polyandrous system similar to that of black coucals would readily evolve. Experimental
tests by altering the local adult sex ratios in populations of white-browed coucals and monitoring
the breeding behaviour of males and females will help to further clarify the role of biased adult
sex ratios in shaping breeding systems in coucals.

But why are the adult sex ratios of black coucals and white-browed coucal so different? When
and how does the marked difference in their adult sex ratios develop? Understanding the answers
to these questions will greatly improve our knowledge of the proximate factors, the timing and
mechanisms leading to the based adult sex ratios in black coucals. A proposed approach to
answer these questions is to monitor sex-specific survival/mortality of individually marked
coucals at different life stages, to understand the timing and causes of sex-specific mortality,
estimate and model the changes in sex ratios at different life stages (e.g. see (Eberhart-Phillips et
al. 2018)). This will help to identify the timing of the bias in sex ratios and the mechanisms
driving it. Some data for addressing these questions have been collected but a detailed analysis
has not been completed (Safari & Goymann, unpublished data).

5.2.3 The need to understand the migration of black coucals
Black coucals are believed to be intra-African migrants whereas all other coucal species are nonmigrants (Symmes 1960; Vernon 1971; del Hoyo et al. 1997; Payne 2005b; Goymann et al.
2015). Lower wing load and shorter tail than other coucal species are considered adaptations for
the migratory lifestyle of black coucals (Andersson 1995; Goymann et al. 2015). However, apart
from reports that black coucals tend to disappear from their breeding sites at the end of the
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breeding season (e.g. (Symmes 1960; Vernon 1971; Payne 2005a; Goymann et al. 2015)), there
is no any comprehensive study that explored the migration of this bird species.

At our field site in the Usangu Plains, black coucals arrive in January and leave in June at the end
of the wet season. However, we do not know where these birds go to spend the non-breeding
season. Recaptures of ringed juveniles and adult black coucals from previous breeding seasons is
extremely low. For example, from 463 ringed nestlings that successfully fledged from focal nests
during the 2001 until 2018 breeding seasons only 2 individuals (0.43%) were recaptured in
subsequent years as breeding adults. Also, from 344 adult black coucals ringed during the same
time period only 7 individuals (2.03%) were re-observed in subsequent breeding seasons (Safari
& Goymann, unpublished data). This suggests that either black coucals experience a high
mortality during migration or in their non-breeding habitats, or they lack breeding site fidelity, or
a combination of these factors. In contrast, we have an appreciable number of recaptures of adult
white-browed coucals recruited from fledglings ringed in previous seasons — i.e. 20 adults
recruited from 317 fledglings ringed during the 2005 until 2018 breeding seasons (i.e. 6.31%;
Safari & Goymann, unpublished data). Also, adult white-browed coucals exhibit high site and
mate fidelity across breeding seasons thus guaranteeing re-sighting in subsequent breeding
seasons as long as the individual remains alive. From 137 adult white-browed coucals ringed
during the 2005 until 2018 breeding seasons, 57 individuals (41.61%) were re-observed on their
territories during subsequent breeding seasons (Safari & Goymann, unpublished data). On
average, individual adult white-browed coucals were observed for two consecutive breeding
seasons (range 1 to 5 breeding seasons) before they disappeared altogether from their territories
(and presumably died). In contrast, most adult black coucal were observed for only one breeding
season (Safari & Goymann, unpublished data).

Since migration is one of the key features that distinguish black coucals from all other coucal
species, it is crucial to explore it in detail to understand whether and how this life history stage
influences the ‘unusual’ breeding system of black coucals. Understanding the migration of black
coucals will enable us to evaluate theories that consider migration as an important factor shaping
the evolution of reversed sex-roles in this species (e.g. (Andersson 1995; Goymann et al. 2015)).
Further, since black coucals (and all coucals in general) seem to be weak flyers with laboured
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flights that cannot be sustained for long without resting (van Someren 1956; Vernon 1971),
knowledge of the distance to their non-breeding sites, habitat quality in their migration routes
and non-breeding sites as well as alternative breeding sites will help in planning the conservation
of this species (see section 5.2.4 below).

The recent development of light-weight satellite transmitters offers an unprecedented opportunity
to follow black coucals across the annual cycle to uncover their migration pattern and routes,
areas where they spend the non-breeding season and alternative breeding sites (e.g. see (Kays et
al. 2015)). The application of this technology is ideal for tracking black coucals because they are
highly secretive, especially during the non-breeding season, thus making it impossible to study
their migration by using conventional methods such as ringing.

5.2.4 The need to enhance monitoring and conservation of coucals
Although black coucals, white-browed coucals and coppery-tailed coucals are currently listed as
“Least Concern” species in the global IUCN Red-List (BirdLife International 2016b, c, a), our
observation of the population trend of black coucals in the Usangu Plains is alarming. During the
last ten years the population of black coucals in the Usangu Plains (particularly around Kapunga
and Mbarali rice farms) has declined enormously from thousands to less than 100 breeding birds
in 2019 (W. Goymann, unpublished data). It is not clear whether this ‘population crash’ is due to
migration of the birds to other breeding areas because of the impoverished breeding conditions in
the Usangu (with a massive increase in rice farming and cattle grazing) or whether the birds also
face poor environmental conditions during migration or in their non-breeding areas that could
accelerate the population decline.

In South Africa, the black coucal is considered a “Near Threatened” species (Barnes 2000;
Christian & Davies 2007). However, because of lack of long term studies, monitoring and
national red-lists, the conservation status and population trend of the black coucal in other
countries where the species occurs is unknown (BirdLife International 2016b). Owing to its
shyness and secretive lifestyle, a highly male-biased adult sex ratio, a specialized habitat, a
general rarity over its range and our observation of an alarming population trend in the Usangu
Plains, I suggest that urgent monitoring of black coucals across the species distribution range is
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needed to ascertain its population and conservation status. Even in protected areas such as the
Ruaha National Park, the population density of black coucals is very low, possibly because its
preferred habitat is grazed upon by wild mammals (I. Safari & W. Goymann, pers. obser.).

Also, the number of coppery-tailed coucals in the Usangu Plains has declined over the years, but
not to the extent observed in black coucals (W. Goymann, pers. obser). Similar to black coucals,
coppery-tailed coucals nest in tall grass. Therefore, the population decline of coppery-tailed
coucals might also be due to the loss of breeding habitat because of the massive expansion of
rice farming and cattle grazing. On the other hand, the population of white-browed coucals in the
Usangu Plain is generally stable. Also, there are no reports suggesting adverse population trend
or conservation status of this species across its distribution range (del Hoyo et al. 1997; Harrison
& Cherry 1997). Unlike black coucals and coppery-tailed coucals which only nest in tall grass
and have a more specialized habitat requirement, white-browed coucals are more generalists in
terms of habitats and nesting sites (van Someren 1956), which may explain why this species
seems not to have been much affected by the expansion of agriculture in the Usangu Plains.
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