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ABSTRACT

Almost one hundred bird species in the world are known to be obligate
interspecific brood parasites. These lay their eggs in the nests of other species, their
hosts, which take care of a usually larger parasitic chick. Brood parasitism constitutes
one of the best examples of coevolution in the animal kingdom. This strategy is usually
costly to the host, and has led to the evolution of a suite of adaptations in hosts, in
order to defend themselves against parasitism, and in parasites, in order to effectively
parasitize their hosts. In this thesis I explore the effects of brood parasitism on macro-

evolutionary patterns in both hosts and parasites.

In the first six chapters of my thesis I explore how defences evolve in hosts.
First I present a literature review about the evolution of egg acceptance and tolerance
mechanisms in hosts of brood parasites, in which I discuss how other co-evolutionary
interactions, such as those between plants and herbivores, may be informative for
understanding brood parasitic systems. In the second chapter I perform a large-scale
comparative analysis on the evolution of clutch size as a tolerance mechanism in hosts.
This chapter also incorporates a mathematical model and a field experiment on the
Horsfield’s bronze-cuckoo Chalcites basalis. In the third chapter I investigate why one
type of defence, egg rejection, evolves in some host species and not in others. In the
fourth chapter I present a comparative analysis which tests the idea that the benefits of
group defence against brood parasites has led to the evolution of cooperative breeding
in hosts. For the fifth and sixth chapters, I describe field experiments to test the
evolution of defences in the yellow-rumped thornbill (Acanthiza chrysorrhoa), the main
host of the shining bronze-cuckoo (Chalcites lucidus) in Australia. My main aim is to
understand which types of defences have evolved in this major host. I also perform
field experiments to understand which factors constrain the evolution of defences in

this species.



In the second part of my thesis I study how brood parasitism can be associated
with the evolution of diversity in both hosts and parasites, especially in traits that are
likely to be under selective pressures, such as the egg phenotype. In chapter 7 I study
how egg phenotype has evolved to be more diverse within and among species that are
hosts of brood parasites. In chapter 8 I explore whether a brood parasitic breeding
strategy promotes the generation of new species and phenotypic diversity. Specifically,
I test whether brood parasitic lineages have faster rates of speciation and phenotypic

evolution.

Finally, in chapter 9, I discuss how together, these chapters offer a broad
evolutionary landscape that demonstrate the diverse impacts of brood parasitism as a
co-evolutionary interaction. I provide evidence that brood parasitism, besides driving
the evolution of defenses, is linked to trait diversity, and may be an important force
behind the evolution of clutch size, cooperative breeding, egg pattern, egg size and

plumage diversity.



THESIS OUTLINE

The following chapters compose this thesis:

1. Evolution of acceptance and tolerance in hosts of avian brood parasites.
Iliana Medina & Naomi E. Langmore.
Biological Reviews (2015) 90 (3): 1-6

2. The evolution of clutch size in hosts of avian brood parasites.
Iliana Medina, Naomi E. Langmore, Michelle Hall, Raoul Mulder, Rob Lanfear
& Hanna Kokko.
Resubmitted with revisions to Evolution

3. The costs of avian brood parasitism explain variation in egg rejection behaviour
in hosts.
Iliana Medina & Naomi E. Langmore.
Biology Letters (2015) 11 (7): 1-3

4. Brood parasitism and the evolution of cooperative breeding in birds.
William E. Feeney, Iliana Medina, Marius Somveille, Robert Heinsohn,
Michelle L. Hall, Raoul A. Mulder, John A. Stein, Rebecca M. Kilner and Naomi
E. Langmore.
Science (2013) 342: 1506-1508

5. Batten down the thatches: Front-line defences in an apparently defenceless
cuckoo host.
Iliana Medina & Naomi E. Langmore.
Animal Behaviour 112:195-201.

6. Nest illumination and the evolution of egg rejection in hosts of brood parasites.
Iliana Medina & Naomi E. Langmore.

7. Brood parasitism is linked to egg pattern diversity within and among species of
Australian passerines.
Iliana Medina, Jolyon Troscianko, Martin Stevens & Naomi E. Langmore.
The American Naturalist 187(3): 351-362.

8. Coevolution is linked to phenotypic diversity but not speciation in avian brood
parasites.
Iliana Medina & Naomi E. Langmore.
Proceedings of the Royal Society 282: 1-8.

9. Synthesis and general conclusions.



TABLE OF CONTENTS

Acknowledgements...............ooooiii 3
ADSETACE. ... 4
Thesis OULIINE. .....oouiitiit it 6
Introduction...........ooooiiii 8
Chapter 1. ... 13
Chapter 2. ... 23
Chapter 3. .. 53
Chapter4.... oo 66
Chapter 5. ... 73
Chapter 6. .. .oeni i 81
Chapter 7. ... 93
Chapter 8.. ... e 106
Synthesis & Conclusions. ............ccviiiiiiiiiiiiiiii e, 115



INTRODUCTION

Co-evolution is arguably one of the most fascinating processes in nature. Even
before Darwin, naturalists were amazed by the finely tuned adaptations of pollinators
to the flowers they exploit, and by the strategies that flowers employ in order to be
pollinated. In animals, avian brood parasitism is one of the best-known examples of
coevolution. Obligate interspecific brood parasites lay their eggs in the nests of their
hosts, which then take care of a usually larger parasitic chick (Davies 2000). Almost 100
species of birds are brood parasites, and more than 500 bird species are their hosts
(Friedmann and Kiff 1985; Brooker and Brooker 1989; Soler 2014). In Australia, 32% of

passerine species are major hosts of brood parasites (Brooker and Brooker 1989).

Brood parasitism has evolved independently seven times in the avian
phylogeny (Figure 1, Jetz et al. 2012). The largest and best-known lineage of brood
parasites is the cuckoos (Cuculidae, Subfamily: Cuculinae, 52 spp.), which have mainly
an old-world distribution (Payne and Payne 1998). In Africa, two other families of
brood parasites have evolved; the honeyguides (Indicatoridae, 20 spp.) and the Vidua
finches (Viduidae, 17 spp.). In the Americas, there are parasitic cowbirds (Icteridae, 5
spp.) and a parasitic duck (Heteronetta atricapilla). Although all these lineages are brood
parasitic, they employ a diversity of strategies to exploit their hosts. For instance, many
parasitic cuckoos and honeyguides kill the progeny of the host, by evicting the host
eggs or chicks from the nest (cuckoos) or by stabbing their foster siblings with a hook
in their bills (honeyguides, Spottiswoode and Koorevaar 2011). Conversely, in Vidua
finches, cowbirds and some cuckoos, the progeny of the host may be raised alongside
the parasitic chick (Sorenson et al. 2003). Finally, the brood parasitic black-headed duck
becomes independent soon after hatching and appears to impose little or no costs on its
hosts (Lyon & Eadie 2004). Thus the costliness, or “virulence’, of brood parasites varies
widely, depending on the strategies they employ to exploit their hosts (Kilner 2005). It

is highly likely that such variation in virulence has important implications in the co-



evolutionary interactions of hosts as parasites, given that selection for defenses might

be weaker if hosts do not lose all their progeny.
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Figure 1. Phylogeny of birds of the world (taken from Jetz et al. 2012). Arrows show

phylogenetic positioning of brood parasitic lineages.

Avian brood parasitism is a very widespread strategy in nature. Brood
parasites are phylogenetically scattered, each parasitic species may exploit up to 170
different species of hosts (Friedmann and Kiff 1985), and rates of parasitism can be
very high within host populations (eg. 63% of host nests, Gloag et al. 2014). Thus brood
parasitism is a strategy that affects hundreds of bird species, on all continents in the
world. The main aim of this thesis is to explore the macro-evolutionary patterns that

such a strategy might generate, in both hosts and parasites.

Hosts usually experience high costs as a result of being parasitized. One of the
best studied types of defence is egg rejection (Soler 2014), and many (but not all) host
species are able to reject parasitic eggs based on cues such as colour or size

(Spottiswoode and Stevens 2010). Rejection of parasitic eggs is absent in more than 30%



of major hosts (Soler 2014), these species might be using other strategies. Hosts of
brood parasites may employ other types of defences such as tolerance, where hosts
reduce the costs of being parasitized by modifying life-history traits (Svensson &
Raberg 2010). For my first chapter (Ch. 1) I present a literature review that explores the
circumstances under which tolerance of brood parasites can evolve, and the possible
evolutionary outcomes of this interaction. We base our predictions on published
literature on plant-herbivore and host-parasite interactions. In Chapter 2, I present an
empirical test of tolerance through clutch size reduction. With the help of collaborators,
we test whether clutch size reduction has evolved as a strategy to reduce the costs in

hosts of brood parasites in America, Africa and Australia.

In my third chapter (Ch. 3) I present information on almost 200 published egg
rejection experiments and perform comparative analyses to understand the conditions
under which egg rejection is likely to evolve. Moreover, some types of defences such as
mobbing may have triggered the evolution of further defensive behaviours. Chapter 4
explores the hypothesis that cooperative breeding has evolved in conjunction with
being a host a brood parasite; on one side, hosts may benefit from breeding in larger
groups if this increases the vigilance and nest protection from parasites. On the other
side, brood parasites may benefit from laying their eggs in nests where not only

parents but also helpers aid feeding their chick.

In chapters five and six I use the study system of the shining bronze-cuckoo
(Chalcites lucidus) and it's main host, the yellow-rumped thornbill (Acanthiza
chrysorrhoa), to understand at a finer scale how different types of defences interact
within a population. I perform four different experiments in a population in Canberra,
to explore how multiple defences can be present in a population and why the

establishment of some defences might be constrained.
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Besides driving the evolution of defence strategies, brood parasitism can also be
an important factor in promoting diversity. Co-evolution has been linked to species
diversity in pollinator-plant interactions and in host-plant interactions (Hodges and
Arnold 1995; Cook and Rasplus 2003; Janz et al. 2006). In brood parasites, it has been
suggested that a brood parasitic breeding strategy is linked to increased rates of
speciation (Kriiger et al. 2009). In chapters 7 and 8 I explore whether brood parasitism
is linked with higher diversity in the egg appearance of hosts (Ch. 7) and in phenotypic

traits and speciation in brood parasites (Ch. 8).

In my last chapter I present a synthesis of the main aim of this thesis and main
findings. Overall, the intention of this thesis is to understand the influence of brood
parasitism at a large scale, within hosts and within parasites. The development of
novel phylogenies (Jetz et al. 2012) and phylogenetic methods (Harmon et al. 2008;
Rabosky 2014) has allowed me to explore in depth the importance of brood parasitism

ina macro—evolutionary context.
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ABSTRACT

Avian brood parasites lay their eggs in the nests of their hosts, which rear the parasite’s progeny. The costs of
parasitism have selected for the evolution of defence strategies in many host species. Most research has focused
on resistance strategies, where hosts minimize the number of successful parasitism events using defences such
as mobbing of adult brood parasites or rejection of parasite eggs. However, many hosts do not exhibit resistance.
Here we explore why some hosts accept parasite eggs in their nests and how this is related to the virulence of
the parasite. We also explore the extent to which acceptance of parasites can be explained by the evolution of
tolerance; a strategy in which the host accepts the parasite but adjusts its life history or other traits to minimize
the costs of parasitism. We review examples of tolerance in hosts of brood parasites (such as modifications
to clutch size and multi-broodedness), and utilize the literature on host—pathogen interactions and plant
herbivory to analyse the prevalence of each type of defence (tolerance or resistance) and their evolution. We
conclude that (¢) the interactions between brood parasites and their hosts provide a highly tractable system
for studying the evolution of tolerance, (i) studies of host defences against brood parasites should investigate
both resistance and tolerance, and (i) tolerance and resistance can lead to contrasting evolutionary scenarios.

Key words: brood parasitism, tolerance, resistance, hosts, egg rejection, strategy blocking, evolutionary
equilibrium.
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I. INTRODUCTION

Avian interspecific brood parasites exhibit fascinating
adaptations to avoid the costs of raising their offspring.
Instead of building a nest, they lay their eggs in the
nests of other species and abandon their young to the
care of the hosts (Davies & Brooke, 1988; Davies, 2000).
Brood parasitism can be highly costly for hosts and this
antagonistic interaction can select for resistance in the
host and counter-adaptations in the parasite (Dawkins
& Krebs, 1979; Davies, 2000). Consequently, the interac-
tions between brood parasites and their hosts are often
invoked as an example of a coevolutionary arms race
(Dawkins & Krebs, 1979; Davies, 1989; Foitzik, Fischer
& Heinze, 2003; Lyon & Eadie, 2004). Alternatively,
hosts may defend themselves against brood parasites by
adjusting their breeding strategy to minimize the fit-
ness costs of parasitism. Unlike resistance, this strategy,
termed tolerance, does not have a negative impact on
brood parasite fitness, and is unlikely to give rise to
a coevolutionary arms race between parasite and host
(Svensson & Raberg, 2010; Fornoni, 2011).

Resistance is defined as a response that either prevents
or reduces (moderate resistance) the number or extent
of enemy attacks (Svensson & Raberg, 2010). Hosts
have evolved multiple levels of resistance against avian
brood parasites. At the front line of brood parasite—host
interactions (prior to egg deposition), hosts can resist
parasites through mobbing (Feeney, Welbergen & Lang-
more, 2012), breeding in larger groups to facilitate nest
defence (Canestrari, Marcos & Baglione, 2009; Feeney
etal., 2013) or adjusting their breeding phenology to
reduce synchrony with the parasite (Brooker & Brooker,
1989). Counter-adaptations of brood parasites at this
stage of the arms race include cryptic plumage and
behaviour (Feeney etal., 2012), and plumage polymor-
phisms (Thorogood & Davies, 2012) to prevent detec-
tion by hosts, and mimicry of raptor plumage to inhibit
aggression from hosts (Welbergen & Davies, 2011).

Once the parasitic egg is laid hosts can deploy other
forms of resistance to minimize the costs of parasitism.
Hosts of many species recognize foreign eggs and reject
them using their bills (Moksnes, Rgskaft & Korsnes,
1993; Sealy, 1996; Marchetti, 2000) or feet (De Mar-
sico etal., 2013). Egg rejection is the most intensively
studied type of defence, and the best-known examples
of counter-adaptations by parasites are in response
to this type of resistance. Many brood parasites have
evolved eggs that match those of their hosts in appear-
ance (Brooke & Davies, 1988; Kilner, 2006; Stoddard &
Stevens, 2010, 2011; Spottiswoode & Stevens, 2011) or
thickened eggshells to withstand host attacks (Brooker
& Brooker, 1991; Picman & Pribil, 1997), exemplify-
ing how the arms race between hosts and parasites has
shaped the phenotypic evolution of eggs (Kilner, 2006).

Finally, even if the parasite egg is not rejected from
the nest, hosts may still express defences at the final

Iliana Medina and Naomi E. Langmore

stage of the nesting cycle. Several host species reject
brood parasite chicks soon after hatching (Langmore
etal., 2009a; Sato etal., 2010; Tokue & Ueda, 2010),
at the end of the nestling period (Grim, 2007) or
even after fledging (De Mdrsico, Gantchoff & Reboreda,
2012). Counter-adaptations of brood parasites at this
stage include mimicry of host nestling begging calls
(Redondo & Reyna, 1988; Langmore et al., 2008; Ander-
son et al., 2009; De Marsico et al., 2012) and morphology
(Langmore etal., 2011; De Marsico etal., 2012).

The evolution of resistance in brood parasite hosts
has been the subject of extensive research. There are
numerous examples of how the evolution of defences
depends on the duration of the interaction with the par-
asite and the rate of parasitism (Briskie, Sealy & Hob-
son, 1992; Edvardsen etal., 2001; Moskat, Szentpéteri
& Barta, 2002; Aviles etal., 2006). However, it is still
unclear why some hosts do not evolve defences (Stokke,
Moksnes & Rgskaft, 2005). In this review we explore
why some hosts accept parasitic eggs, how virulence is
related to egg acceptance and how tolerance evolves in
brood parasite hosts. Finally, we utilize studies of plant
tolerance and host—pathogen interactions to generate
predictions about the evolutionary implications of tol-
erance in a brood parasite—host system. Although these
fields often have quite distinct bodies of literature, they
are in effect a continuum of different types of parasitism
that can be explored within a single evolutionary frame-
work. Brood parasitism offers a particularly interesting
model system for testing evolutionary theory, because,
compared to endoparasitic systems, it is easier to isolate
the costs of parasitism and identify the traits that change
in response to parasitism.

II. WHY DO HOSTS SPECIES ACCEPT EGGS?

Soler (2014) showed that 36.7% of commonly exploited
host species accepted foreign eggs in their nest (less
than 10% of eggs were rejected). This percentage
seems high, given the theoretical prediction that
where parasitism is costly, hosts should evolve defences
(Davies, Brooke & Kacelnik, 1996; Davies, 1999). Several
hypotheses have been proposed to explain acceptance
of parasite eggs by hosts, which relate to the trade-offs
between the relative costs and benefits of resistance
(strategy blocking and evolutionary equilibrium) and
the time and genetic variation necessary for resistance
to evolve (evolutionary lag).

(1) Strategy blocking

Strategy blocking refers to the diminishing returns of
evolving later lines of defence if earlier lines of defence
are successful (Planqué etal., 2002; Britton, Planqué &
Franks, 2007; Grim et al., 2011). For example, lack of egg
rejection in Cape bulbuls (Pycnonotus capensis) may be
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LEvolution of defences in hosts

partially explained by their fierce defence of nests from
Jacobin cuckoos (Clamator jacobinus) (Kruger, 2011).
Similarly, the lack of egg rejection in hosts of Australian
bronze-cuckoos (Chalcites spp.) may reflect the greater
effectiveness of chick rejection as a defence, leading to
relaxation of selection for egg rejection (Langmore &
Kilner, 2010).

(2) Evolutionary equilibrium

The evolutionary equilibrium hypothesis states that for
some populations it is more costly to evolve defences
than to evolve acceptance, so acceptance is more adap-
tive than resistance (Zahavi, 1979; Petit, 1991; Lotem,
Nakamura & Zahavi, 1992). This process differs from
the evolution of tolerance in that no change in host
traits is required for the evolution of an evolutionary
equilibrium, whereas adaptive change in a host trait
is required for the evolution of tolerance. Thus these
two processes result in acceptance of parasitic young
through distinct evolutionary routes. An example of
an evolutionary equilibrium is provided by the magpie
(Pica pica) hosts of the greatspotted cuckoo (Clama-
tor glandarius), which suffer higher costs of rejecting
cuckoo eggs than accepting them, because the par
ent cuckoo destroys the nests of those individuals that
reject their parasitic eggs (Soler etal., 1995; Davies,
1999). Cuckoos benefit from destroying magpie off-
spring because they induce magpies to re-nest, and mag-
pies are forced to accept the cuckoo eggs because it is
less costly to raise a cuckoo chick alongside their own
young than to lose all their progeny (Soler et al., 1995).
This is known as the avian mafia hypothesis (Zahavi,
1979; Soler & Soler, 2000).

Egg acceptance can also be adaptive if the probabil-
ity of rejection errors is high. For instance, discrimi-
nation of foreign eggs might be difficult if the host’s
nest is dark (Langmore etal., 2005; Honza etal., 2011)
leading to a high risk of recognition errors and mis-
taken rejection of the host’s own eggs. Additional costs
in the form of damage to the host’s own eggs during
egg rejection may also be exacerbated in dark nests.
Detection of brood parasites may be even further con-
strained when the brood parasite evolves cryptic eggs,
which are indistinguishable from the nest lining inside
a dark nest (Langmore etal., 2009b; Gloag, Keller &
Langmore, 2014). Egg (and potentially chick) rejec-
tion may also be constrained by mimicry of host eggs
and chicks by the parasite. Davies etal. (1996) showed
that reed warblers (Acrocephalus scirpaceus) do best to
accept mimetic parasitic eggs at low probabilities of
parasitism, owing to the risk of ejecting one of their
own eggs. Recognition errors might be related to the
age of the host: it has been shown that more expe-
rienced breeders are better able to recognize brood
parasite eggs, chicks and adults than are naive birds
(Smith, Arcese & McLean, 1984; Hobson & Sealy, 1989;
Lotem etal., 1992; Lotem, Nakamura & Zahavi, 1995;

Langmore et al., 2009a; Feeney & Langmore, 2013). Egg
acceptance may also persist in a population if nest pre-
dation is common enough to dilute the negative effects
of parasitism; in the rufous-collared sparrow (Zonotrichia
capensis) high predation rates reduce the relative bene-
fits of antiparasite defences and help to explain their
absence in this species (Carro & Fernandez, 2013). Eco-
logical and physical constraints can increase the costs of
rejection behaviour. The prothonotary warbler (Protono-
taria citrea) accepts brood parasite eggs as a consequence
of nest-site limitation, since opportunities for re-nesting
are rare (Petit, 1991). The small eastern olivaceous
warbler (Hippolais pallida) recognizes and pecks 87% of
foreign eggs, but due to physical constraints (e.g. egg
size and thick shell) the actual rejection rate is much
lower (43.5%; Antonov et al., 2009).

Egg acceptance may be adaptive if host nests are
parasitized by multiple parasites, each of which removes
a single egg prior to laying. In these circumstances it
may be more beneficial for the host to leave all parasite
eggs in the nest, thereby reducing the probability of host
egg removal during subsequent parasitism events (the
‘dilution effect’; Sato etal., 2010). Subsequently, hosts
may remove the parasite young after hatching (Sato
etal., 2010), or rear them alongside their own chicks
(Gloag etal., 2011).

Finally, egg acceptance may also evolve when there
are benefits of having a cuckoo chick inside a nest.
Recently it was shown that nestlings of the great-spotted
cuckoo (Clamator glandarious) decrease the chance of
predation in nests of carrion crows (Corvus corone) due
to the production of a repellent secretion (Canestrari
etal., 2014). In this particular case cuckoo chicks are
much smaller than the host chicks, and the benefits
of predator deterrence by the cuckoo chick outweigh
the costs of raising it. Similarly, chicks of the parasitic
giant cowbird (Scaphidura oryzivora) preened host chicks
in oropendola’s (Zarhynchus wagleri) nests, protecting
them from skin parasites (Smith, 1968), however this
study was never replicated (Davies, 2000).

(3) Evolutionary lag hypothesis

This hypothesis states that a lack of defences can be
explained by the fact that there has not been sufficient
time or genetic potential for the establishment of
defences in the population, but that these will eventu-
ally appear (Rothstein, 1975; Dawkins & Krebs, 1979).
This hypothesis is often invoked to explain why dun-
nocks (Prunella modularis) fail to recognize odd-looking
cuckoo eggs in their nest, since they are parasitized at a
low rate (Brooke & Davies, 1988). The evolutionary lag
hypothesis also explains why new hosts of cowbirds do
not show any of the defences expressed by hosts with
a long history of parasitism (such as nest desertion)
despite extreme exploitation by their parasite (Hosoi
& Rothstein, 2000). However, the evolutionary lag
hypothesis is probably impossible to confirm as a cause
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of a trait’s absence because it cannot be easily falsified
(Sealy, 1996; Winfree, 1999; Kilner & Langmore, 2011).
In fact, it could be considered just an early stage in the
arms race leading to the evolution of defences (Stokke
etal., 2005).

III. ACCEPTANCE AND VIRULENCE

Each of the processes described above may be influ-
enced by the virulence of the parasite. There is high
variation in the damage that a brood parasite can inflict
on host fecundity (termed virulence of the parasite sensu
Kilner, 2005). At one extreme, some cuckoos such as
the common cuckoo (Cuculus canorus) or Horsfield’s
bronze-cuckoo (Chalcites basalis) are highly virulent and
destroy all their host’s reproductive success, because the
newly hatched cuckoo nestling evicts the hosts’ eggs
from the nest (Jenner, 1788). Similarly, nestlings of
striped cuckoos (7Tapera naevia) (Morton & Farabaugh,
1979) and honeyguides (Indicatoridae) (Spottiswoode
& Koorevaar, 2011) inflict lethal injuries on their com-
panions in the nest, using sharp hooks on the ends of
their bills. At the other extreme, black-headed ducks
(Heteronetta atricapilla) also lay their eggs in nests of
other species, but impose little or no costs on their hosts
(Lyon & Eadie, 2004). Other brood parasites, includ-
ing the Clamator cuckoos, the parasitic estrildids and the
parasitic cowbirds impose intermediate costs on their
hosts (Gaston, 1976; Kilner, 2005). Although the hosts
invest heavily in rearing these parasites, some can rear
their own offspring alongside the parasitic chick. Just as
in the case of pathogens, the variation in virulence of
brood parasites probably has great implications on the
evolutionary outcomes of the host—parasite interaction
(Kilner, 2005).

In theory acceptance should never be adaptive in
hosts of the most highly virulent parasites. If parasitism
results in the loss of all host offspring in a breeding
attempt, it should be adaptive to evolve some type of
defence no matter how costly it is (unless the defence
results in rejection of the host’s own young in later
breeding attempts, see Lotem, 1993). For example, egg
or chick rejection should be selected even if there is
a high risk of recognition errors, because accidental
rejection of the host’s own young is no more costly than
acceptance of the parasite (Stokke etal., 2002, 2005).
By contrast, in hosts of parasites that are less virulent,
rejecting the wrong egg may be more costly, because
hosts would lose the chance of raising one of their
own eggs, which is still possible if the nest is parasitized
(Stokke et al., 2005).

In general, selection for defences should be stronger
in hosts of highly virulent parasites. Correspondingly,
an analysis based on data provided by Soler (2014)
shows that egg rejection is more common in hosts
of the more virulent brood parasites than in hosts of
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Host species response
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No rejection
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% of host species

Kills all host’s
offspring

Accepts host’s
offspring

Intensity of parasite virulence

Fig. 1. Egg rejection by hosts is more common (60%,
N=10 spp.) in species that are parasitized by highly
virulent parasites than in those that are parasitized by
non-evicting brood parasites (33%, N = 31 spp.). Rejection
is assumed when hosts reject >90% of the time, no rejection
is assumed when there is <10% of rejection. Data from
Soler (2014).

cowbirds or Clamator cuckoos (less virulent parasites,
Fig. 1, y>=8.74, P=0.012). These data also suggest
that the potential for an arms race and evolutionary
change in general should be higher in a highly virulent
interaction, because defences and counter-defences are
likely to evolve more quickly. In fact, a phylogenetically
controlled analysis showed that those species of parasites
that kill all host progeny are also the species with higher
numbers of subspecies, after controlling for geographic
range (Kriiger, Sorenson & Davies, 2009). This suggests
a possible association between virulence and rates of
speciation or genetic divergence (Kruger etal., 2009).
In tightly coupled host—parasite interactions, such as
the case of an arms race (Dawkins & Krebs, 1979), we
might expect to find a similar pattern in hosts as well
as parasites, namely, more subspecies in hosts of highly
virulent parasites.

IV. THE EVOLUTION OF TOLERANCE

Tolerance is defined as the ability to minimize the fitness
impact of a given parasite burden, not by minimizing
the number of enemy attacks (e.g. resistance) but by
reducing the impact of the attack (Svensson & Raberg,
2010). It is usually operationally defined by the slope
of a regression of host fitness against infection or dam-
age intensity; the steeper the slope, the lower the toler-
ance (Raberg, Graham & Read, 2009). This means of
measuring tolerance is called ‘range tolerance’ (Little
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Fig. 2. Schematic view of how range tolerance (A) and point tolerance (B) could be assessed in brood parasitic interactions.
In (A) the population represented by the continuous line is more tolerant than that represented by the dashed line. In
(B) the population represented by the grey dot is less affected (and more tolerant) than the population represented by
the black dot. In this case, both populations are able to lay multiple broods during the breeding season (which is not rare

for hosts of brood parasites).

etal., 2010) (Fig. 2A) and has been applied to a study
of the interactions between the Eurasian magpie (Pica
pica) and the great-spotted cuckoo ( Clamator glandarius)
(Soler etal., 2011). The relationship between the num-
ber of parasitic eggs in a clutch and the number of host
fledglings produced varied among magpie populations;
populations suffering higher rates of parasitism showed
higher tolerance of parasitism (Soler etal., 2011). How-
ever, in this study individuals that were not parasitized
or that rejected an egg were included in the analyses.
Since tolerance is measured as the ability to reduce the
cost of a given level of parasitism it could be argued
that these individuals should have been excluded from
the analysis, possibly yielding different outcomes. In
this particular example, tolerance is probably favoured
over resistance because great-spotted cuckoos destroy
the nests of those hosts that show resistance to parasitism
(Soler etal., 1995). Itis important to note that, this study
also assumes there is no difference in the overall impact
of parasitism among populations.

Another way of measuring tolerance is referred to as
‘point tolerance’ (Fig. 2B); comparison of the fitness
of two genotypes at a particular point in time when
they both carry the same parasite burden (Little etal.,
2010). This approach is probably less precise than mea-
suring ‘range tolerance’, because interactions between
genotype and parasite burden are obscured (Little
etal., 2010), but it can be especially useful when it is
impossible to construct a continuous axis of parasite
burden. In many brood parasites, a single parasite egg
is laid in the nest and the parasite chick is reared alone
(Davies, 2000), so it is impossible to construct a con-
tinuous axis of parasite burden in the nest for a single
parasitism event. In this case, comparing fitness at the
same level of parasitic burden (e.g. total parasitism) is a
good option to test tolerance effectively. However, since
all offspring are lost as a result of the parasitism event,
fitness would also have to be measured in a different

way, such as the total reproductive success at the end
of the breeding season for multi-brooded species. This
is actually likely to provide a better measure of the
fitness costs of parasitism because parasite young are
often in the nest for longer than host young, thereby
delaying re-nesting in multi-brooded species. Another
alternative would be to quantify range tolerance over
a different time scale, such as calculating the number
of parasitism events over multiple nesting attempts in
a breeding season against reproductive success in that
season, or the number of parasitism events in a host’s
lifetime against lifetime reproductive success. These
methods would require that the expression of tolerance
by an individual is not correlated with parasitism levels.
Quantification of range and point tolerance allows us to
distinguish between tolerance and other explanations
for acceptance of parasite young. One of the predictions
for tolerance is that it covaries geographically with para-
site prevalence (Soler etal., 2011), such that the costs of
rearing parasitic young will be higher for host popula-
tions that are rarely or never parasitized than for heavily
parasitized populations. This outcome is not predicted
for any of the three alternative explanations: strategy
blocking, evolutionary equilibrium or evolutionary lag.

The evolution of tolerance may also favour an evo-
lutionary equilibrium between hosts and parasites.
An evolutionary equilibrium arises when the costs
of defences are greater than the costs of acceptance
(see Section II.2). Strategies of tolerance reduce the
costs of acceptance, thereby increasing the probability
that the costs of defences will outweigh the costs of
acceptance and give rise to an evolutionary equilib-
rium. For example, the splendid fairy-wren (Malurus
splendens) has evolved a small clutch size and a long
breeding season that allows repeated nesting. Under
some conditions, these traits, combined with a rela-
tively low cost of parasitism owing to the small size of
their primary parasite, the Horsfield’s bronze-cuckoo

Biological Reviews (2015) 000—000 © 2015 Cambridge Philosophical Society

18



(Chalcites basalis), reduce the costs of parasitism to the
point where the benefits of acceptance are greater than
those of rejection (Brooker & Brooker, 1996).

The evolution of tolerance has been widely studied
in plants, but less so in animals, and few studies have
been conducted on hosts of brood parasites (Svensson
& Raberg, 2010). Some studies suggest that hosts may
evolve tolerance by adjusting their breeding strategy
(Kilner & Langmore, 2011). Where brood parasites are
reared alongside host young and host eggs are dam-
aged during parasitism, hosts can minimize the loss of
their own young by increasing clutch size. This effect has
been demonstrated in both Eurasian magpies (Pica pica)
(Soler etal., 2001) and Montezuma oropendolas (Psaro-
colius montezuma) (Cunningham & Lewis, 2006). By con-
trast, when host young rarely survive in parasitized nests,
hosts may benefit by adjusting their breeding strat-
egy in the opposite direction and laying smaller clutch
sizes (Brooker & Brooker, 1996; Hauber, 2003). A small
clutch size, combined with multiple nesting attempts,
reduces the risks associated with ‘putting all your eggs in
one basket’, thereby minimizing the costs of parasitism.
Hauber (2003) found that hosts of the brown-headed
cowbird (Molothrus ater) with a long history of para-
sitism have evolved smaller clutch sizes and more annual
breeding attempts than new hosts. Multi-broodedness
alone may also be a strategy to reduce the costs of para-
sitism in grey warblers (Gerygone igata), in which pop-
ulations that suffered higher rates of parasitism had
more nesting attempts (Anderson etal., 2013). These
studies provide prime opportunities for testing point
tolerance; evidence of higher fitness in parasitized indi-
viduals with smaller clutch sizes and/or more nesting
attempts would suggest that these species have indeed
evolved tolerance of brood parasitism.

(1) Simultaneous evolution of tolerance and resistance

Tolerance may evolve as an alternative to resistance, if
host defences have been defeated by the parasite or
if resistance is too costly to evolve, or it may evolve
in addition to lines of resistance (Svensson & Raberg,
2010; Soler etal., 2011). Empirical evidence suggests
that plants can allocate resources simultaneously to
both strategies (Nunez, Fornoni & Valverde, 2007)
and available evidence suggests that the same is true
for brood parasite hosts. Soler etal. (2001) found evi-
dence that tolerance and resistance were independent
adaptive responses to cuckoo parasitism in nine mag-
pie (Pica pica) populations. Magpies are parasitized by
great-spotted cuckoos (Clamator glandularis), which are
reared alongside host young. Host eggs are often dam-
aged during parasitism events. Magpies in parasitized
populations laid larger clutch sizes (i.e. were more tol-
erant; Soler etal., 2001) and also rejected non-mimetic
eggs more effectively, suggesting that there was no
trade-off between the two strategies. Similarly, in a com-
parison of nine magpie populations, those with higher
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levels of resistance also showed higher tolerance of
parasitism (Soler etal., 2011). This evidence suggests
that resistance and tolerance are not exclusive strate-
gies and that they can be present within the same pop-
ulation and the same individuals. In plant—herbivore
interactions, it is not uncommon for plant species to
express resistance traits such as antibiosis combined
with tolerance strategies such as increased seed pro-
duction (Fornoni, Valverde & Nunez, 2003; Leimu &
Koricheva, 2006). Furthermore, there is some evidence
in birds that tolerance has coevolved with resistance;
in Montezuma oropendolas (Psarocolius montezumay), for
example, females maximize their reproductive success
through a combination of resistance, in the form of
rejection of parasite eggs, and tolerance, by laying an
‘insurance egg’ to compensate for egg loss caused by the
parasite (Cunningham & Lewis, 2006). If the nest is not
parasitized and the insurance egg hatches, the chick is
rejected by its parents. Only through expression of both
resistance and tolerance can a parasitized nest succeed
in producing host young.

(2) How does selection act on tolerance?

Selection acting on tolerance and resistance can also
differ. In plants, traits related to tolerance and resis-
tance are selected by factors other than herbivory or
fungal pathogens (Nunez etal., 2007). For instance,
many tolerance- but not resistance-related traits in
plants are associated with growth rate, which is well
known to respond to other selective pressures such as
desiccation or trampling (Fornoni etal., 2003; Nunez
etal., 2007). The same idea could be extrapolated to
brood parasitism. In general, strategies of resistance
are quite specific to interactions with brood parasites
(e.g. mobbing of adult brood parasites, rejection of
parasite eggs or chicks), whereas strategies of tolerance
often entail modification of breeding strategies (e.g.
clutch size, frequency of nesting; Kilner & Langmore,
2011), traits that are typically under strong natural
selection. For instance, nest predation and seasonality
are significantly related to clutch size (Jetz, Seker-
cioglu & Bohning-Gaese, 2008; Griebeler, Caprano &
Bohning-Gaese, 2010). The fact that tolerance traits are
probably under more diverse selective pressures might
have implications for their evolution and stabilization.
In this sense brood parasitic systems offer an advantage
as a model system for studies of tolerance compared to
endoparasitic systems, because there is less potential for
confounding effects when testing a trait as a tolerance
mechanism, given that in endoparasitic systems the
parasite has a direct impact on the physiology of the
host making it difficult to isolate traits.

(3) Evolutionary outcomes of tolerance

Whether hosts tolerate or resist parasitism will have
important evolutionary implications for the ecological
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feedbacks of the interaction (Miller, White & Boots,
2006; Boots, 2008). Tolerance, by definition, does not
impose any direct costs on the enemy; accordingly, it
will not induce selection for counter-adaptations and
will not lead to antagonistic coevolution (Svensson &
Raberg, 2010). By contrast, resistance traits directly
threaten parasite fitness, and thereby select for para-
site counter-adaptations, leading to escalating or cycli-
cal coevolutionary arms races (Spottiswoode & Stevens,
2011). In plants, tolerance tends to reduce genetic vari-
ation within populations (Fornoni, 2011) and toler-
ance strategies are easily fixed (Roy & Kirchner, 2000).
Thus, communities of plants with a long history of
herbivores are dominated by tolerant species and are
less diverse (Fornoni, 2011). If we extrapolate this the-
ory to the context of brood parasitism we would pre-
dict that, whenever tolerance is adaptive, strategies
of tolerance (e.g. small clutch size) should be more
widespread and prevalent across hosts than equally suc-
cessful strategies of resistance (e.g. egg rejection). This
would arise because brood parasites would not evolve
counter-adaptations in response to a reduced clutch
size, since there is no decrease in fitness of the parasite.
By contrast, brood parasites evolve counter-adaptations
to the evolution of egg rejection in hosts (such as egg
mimicry or destruction of host nests), which hinder the
spread and establishment of unique resistance strategies
in hosts.

Moreover, studies on host—pathogen interactions
have shown that tolerance may compensate completely
for the damage caused by the parasites, leading to the
evolution of commensalism (Little etal., 2010). One
possible example of this is provided by the brood par-
asitic black-headed duck (Heteronetta atricapilla) (Rees
& Hillgarth, 1984). The precocious ducklings of this
species do not require post-hatching parental care from
their main host, red-gartered coots (Fulica armillata),
and parasitism does not reduce clutch size or hatching
success of host eggs in this particular species, nor does
it increase nest predation rates (Lyon & Eadie, 2004).
However, it is not currently known whether adaptations
for tolerance in the host contributed to the absence of
parasitism costs in this system. Additionally, commensal-
ism can be achieved not only through hosts that tolerate
their parasites, but also through parasites that evolve to
reduce their virulence to a level that is not damaging
to the host (Miller, White & Boots, 2005; Miller et al.,
2006; Oliver, Leather & Cook, 2009). There are still
few examples of tolerance in the brood parasitism
literature and, although it has been demonstrated that
parasitism can be less costly for some populations than
for others, the mechanisms behind tolerance are very
poorly explored (Soler etal., 2011).

(4) Where to look for tolerance?

In host—pathogen systems an increase in host tolerance
may resultin a corresponding increase in the prevalence

of parasites in the population (Miller etal., 2006). In
the case of brood parasitism, more parasites will be
raised successfully in nests of tolerant populations than
in resistant populations, increasing the number of par-
asitic individuals and possibly increasing the frequency
of parasitism. Studying populations with high parasitism
prevalence and apparent lack of defences might be the
key to finding more examples of tolerance in brood
parasitism systems. For instance, populations of mag-
pies (Pica pica) in Europe showed a positive association
between levels of tolerance to brood parasitism and par-
asite prevalence (Soler etal., 2011). Hence, populations
with high levels of parasitism might not only be the prod-
uct of parasites defeating the host (Hoover & Robinson,
2007), but could also indicate that the population has
evolved tolerance.

V. CONCLUSIONS

(1) A lack of defences in brood parasite hosts is usu-
ally considered an evolutionary anomaly that can be
explained by three non-mutually exclusive hypotheses:
evolutionary lag, evolutionary equilibrium and strategy
blocking.

(2) Hosts will be more or less likely to evolve defences
depending on the virulence of their parasite. Egg rejec-
tion is more prevalent in hosts of highly virulent para-
sites than in hosts of non-evicting parasites.

(3) Resistance is not the only adaptive response to
parasitism; hosts can also evolve tolerance, where they
reduce the costs of being parasitized by adjusting
life-history traits.

(4) Strategies of tolerance and resistance may occur as
a mixed strategy and may coevolve to maximize fitness.
Itis important to study both when assessing the defence
portfolio of a population.

(5) Types of defences (resistance wversus tolerance)
have different evolutionary outcomes that have the
potential to generate phylogenetically traceable foot-
prints (e.g. affect diversity); an interesting avenue for
future study.

(6) The interactions between plants and herbivores,
hosts and pathogens, and between hosts and brood par-
asites show marked parallels, providing opportunities
to apply the theoretical framework developed for the
study of these to brood parasite—host interactions. More-
over, the interactions between brood parasites and their
hosts offer much potential for studies of the evolution of
tolerance.
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Abstract

Coevolution with avian brood parasites shapes a range of traits in their hosts,
including morphology, behaviour and breeding systems. Here we explore whether
brood parasitism is also associated with the evolution of host clutch size. Several
studies have proposed that hosts of highly virulent parasites could decrease the costs
of parasitism by evolving a smaller clutch size, because hosts with smaller clutches will
lose fewer progeny when their clutch is parasitised. We describe a model of the
evolution of clutch size in hosts of brood parasites, which challenges this logic, and
shows instead that an increase in clutch size (or no change) should evolve in hosts. We
test this prediction using a broad-scale comparative analysis to ask whether there are
differences in clutch size between hosts and non-hosts. Our results support the model
and show that this effect is more pronounced with increasing parasite virulence; host
species that incur in larger costs from raising a parasite, lay larger clutches. We
conclude that brood parasitism may select for the evolution of larger clutches in hosts,

and that brood parasitism can be an influential factor in clutch size evolution.
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Introduction

Interspecific brood parasites such as cuckoos (Cuculidae), cowbirds (Icteridae) and
honeyguides (Indicatoridae) lay their eggs in the nests of other species, avoiding the
costs of raising their own offspring (Davies 2000). The high costs of parasitism have led
to the evolution of defence strategies in hosts, which in turn select for reciprocal
strategies in parasites to evade host defences (Davies 1999; Davies 2000, 2011). Brood
parasitism affects hundreds of host species worldwide, and has shaped the evolution

of numerous host traits, including egg phenotype (Stokke et al. 2002; Yang et al. 2010;

Stoddard and Stevens 2011), nestling morphology (Payne 2005; Hauber and Kilner

2007) and breeding systems (Feeney et al. 2013).

Avian clutch size (the number of eggs laid per nest) is a central life-history variable,
being a major determinant of avian reproductive effort and one of the best-recorded
animal life-history traits (Jetz et al. 2008). For years ecologists have tried to explain the
huge variation in clutch size among birds, and it is now well known that variables such
as latitude, nest type and mortality risk are important predictors (Jetz et al. 2008; Samas
et al. 2013; Martin 2015). In this study we test one potential way in which brood

parasitism could be associated with the clutch size of bird species.

The tolerance hypothesis

Studies of avian brood parasitism have focused largely on strategies of resistance in
hosts, such as rejection of brood parasite eggs and chicks and mobbing of adult brood
parasites (Langmore et al. 2003; Davies and Welbergen 2009; Sato et al. 2010;
Spottiswoode and Stevens 2011). In all these cases hosts decrease the success of the
parasite. However, there is some evidence that hosts can also evolve tolerance towards
brood parasites (Soler et al. 2011). Tolerance is a broad term that refers to the ability of
a victim of a negative interspecific interaction to compensate for the damage. For

example, plants can evolve tolerance to being partially eaten by herbivores through
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compensatory growth (Svensson and Réberg 2010). Likewise disease tolerance refers to
the ability of organisms to maintain fitness components at an adequate level if
resistance to acquiring the disease in the first place has failed (Cronin et al. 2014). In the
context of avian brood parasitism, tolerance means that hosts adjust their life history
and morphological traits to minimize the impact of parasitism on their fitness (Brooker
and Brooker 1996; Svensson and Rédberg 2010; Kilner and Langmore 2011; Medina and
Langmore 2015b). For example, Soler et al. (2011) showed that some populations of
magpies can experience an increase in the number of parasitic eggs in their nests
without detrimental fitness effects, indicating that tolerance has evolved in this species.
Tolerance differs from strategies of resistance in that it does not impose clear costs on

the parasite: parasite young are raised to independence.

Little is known about the evolution of tolerance in hosts of brood parasites (Medina
and Langmore 2015b). Adjustment of clutch size has been proposed as a mechanism to
minimize the impact of parasitism, but clutch size may be predicted to increase or
decrease, depending on whether the parasite chick kills the host young or is reared
alongside them. In some brood parasites, such as the parasitic cowbirds (Molothrus
spp.) or Clamator spp. cuckoos, the parasitic chick does not evict host young from the
nest ('non-evictors', Kilner 2005). In this case, it has been suggested that hosts should
evolve larger clutch sizes to ‘dilute’ the costs of damage to host eggs caused by the
parasite (Cunningham and Lewis 2006). This means that a host will have a larger
number of undamaged eggs after a single parasitism event, as has been demonstrated
in Eurasian magpies Pica pica (Soler et al. 2001) and Montezuma oropendolas,
Psacorolius montezuma, (Cunningham and Lewis 2006). However, if hosts can raise all
these young to independence (a larger number of their own, and the parasite) such that
it pays off despite potential costs to the parent, it is not clear why selection would not
favour a corresponding or even larger increase in the absence of parasitism: after all, the
quantity maximized by selection is lifetime reproductive success, and not proxies such
as the ratio of host to parasite young raised by the parent. The answer may be that
hosts cannot raise all the young to independence, and instead practice brood reduction

in unparasitized nests (Lerkelund et al. 1993). This is the case in the Montezuma
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oropendola (Psarocolius montezuma), which lay a second egg purely as insurance
against brood parasitism; if the nest is not parasitized the second chick never survives
beyond three days (Cunningham and Lewis, 2006). However, if the nest is parasitized,
resulting in loss of one host egg, the host typically rejects the parasite egg, leaving it
with one viable egg of its own in the nest. Thus it seems that an enlarged clutch size is

adaptive in some hosts of non-evicting brood parasites.

By contrast, in hosts of evicting parasites, it has been argued that brood parasitism
should select for reduced clutch size when brood parasitism results in the loss of the
host brood, although this hypothesis is more contentious. Parasitism by the majority of
cuckoos, honeyguides and some cowbirds results in the death of the host young, either
through eviction of host eggs, attack on host nestlings by the parasite chick, or through
starvation of host nestlings (Kilner 2005). Here, life history theory has been used to
argue that the increased risk of juvenile mortality should select for decreased
investment in each reproductive attempt (e.g. a smaller number of eggs (Hauber 2003;
Servedio and Hauber 2006). The idea that brood parasitism selects for a smaller clutch
size has been suggested explicitly for superb fairy-wrens Malurus cyaneus (Brooker and
Brooker 1996) and hosts of cowbirds (Hauber 2003). This argument is intuitively
plausible: laying many small clutches rather than few, large clutches means that if a
clutch is parasitized fewer eggs will be lost. This could conceivably lead to a higher

lifetime reproductive success.

Despite its intuitive appeal, the argument that a bird can reduce the costs of parasitism
by laying many, small clutches rather than few, large clutches involves flawed logic,
which can be illustrated with a hypothetical example (Figure 1). Consider that the
tolerance strategy involves reducing the clutch size from 5 to 4, which saves
reproductive effort so that the parent now achieves on average one extra brood: in the
example it shifts from four to five broods in a lifetime on average (Figure 1A). At first
sight this example seems to support the logic of tolerance. The presence of parasites
shifts the tolerance-related (slow) life history from being no better than the faster

strategy — both achieving 20 offspring— to apparently advantageous, with the
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tolerant (slow) strategy achieving 16 young, and the fast strategy 15 (Figure 1B) where

parasites destroy some broods.

However, this comparison assumes that there is only one parasitism attempt per
lifetime. In reality, producing a larger number of broods (the slow life history with its
many small clutches) will also present brood parasites with more opportunities to
parasitise. If we assume that tolerant phenotypes are not also more resistant, we cannot
assume that the additional brood on the panel B of figure 1 will remain unparasitized.
Correcting for this mistake requires taking into account that any brood may be
parasitised, including any new ones that arise as a result of a slowing down the

tolerant phenotype’s reproductive rate.

5 (5 (5 (5 20 offspring A ‘ 5 5 5 15 offspring B-
4 (4 (4 (4 (4 20 offspring ‘ 4 (4 (4 (4 16 offspring

in the absence of parasites if one brood is parasitised

C.

5 broods x 4 young x 3/4

5. 5. 5, 5, 15 offspring

4 broods x 5 young
‘plip dp ip dp

15 offspring

if all broods have 1/4 chance of being parasitised

Figure 1. Representation of decreased clutch size as a tolerance mechanism and why the
underlying rationale is flawed (see text for explanation). On panel A there is no parasitism, on
panel B one brood is parasitised by a highly virulent parasite (e.g. a cuckoo) and on panel C

each brood has the same probability (1/4) of being parasitised.

Thus, if we correct the assumption such that the level of parasitism for the non-tolerant
phenotype (1 out of 4 on average lost) also applies to the tolerant one (Figure 1C), then
the reproductive success of the tolerant type has to be revised to % of all the 5 broods
lost, which means a total of 1.25 broods lost and 3.75 completed in a lifetime. The
expected total number of offspring it raises to independence is now 3.75 x 4 = 15, in
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other words no improvement at all over the non-tolerant strategy: the tolerant

phenotype is still neutral now that parasitism probability has been added.

It appears that these calculations, and its generalizations, have not been performed in
the literature thus far, despite some literature superficially giving this appearance
(Hauber 2003; Servedio and Hauber 2006). For example, Servedio & Hauber (2006)
model the evolution of egg rejection (not tolerance), but cite others for tolerance — yet
none of the five articles cited actually model the question: Partridge & Harvey (1985)
provide a verbal description of cost of reproduction in general, Oppliger et al. (1996)
present an experiment testing whether egg production is costly, and Lyon (1998)
considers evolution of the parasite’s (not host’s) clutch size in species with conspecific
brood parasitism — a clearly different research question from the evolution of
tolerance as a response to interspecific brood parasitism. Finally, Martin et al. (2001)
present a relatively complex argument based on immunocompetence, and its
predictions are produced verbally. Hauber (2003) additionally cites Forbes & Lamey
(1996) for a quantitative model, but again, the purpose of the original model differs
from its later interpretive use: Forbes & Lamey were interested in the question of
parents producing an ‘insurance egg’ that usually will not yield fitness but can
nevertheless elevate the expected brood success to above zero should the primary
brood member die e.g. because of developmental failures. One can consider the fit
between these assumptions and most cases of interspecific parasitism to be relatively

poor.

Thus, it appears that while other types of predictions are checked with theoretical
development (e.g. evolution of clutch size of parasites, Lyon 1998), we do not yet have
a key model relating to the verbal predictions according to which hosts of highly
virulent parasites are predicted to evolve a reduced clutch size. Our first aim is to
provide this missing theory, avoiding the pitfall of Figure 1, by modelling the

evolution of clutch size in hosts of evicting brood parasites, such as cuckoos.
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Our second aim is to test whether hosts do indeed have smaller clutches than non-host
species, by performing a comparative analysis of clutch size across 829 species of hosts

and non-hosts from America, Australia, Africa and Europe.

Methods

The model

The aim of our model is to compare two options for parasitized species (hosts): they
may either tolerate the parasitism and accept all eggs regardless of origin (the accepting
strategy, denoted A), or exhibit rejection behaviours (the rejecting strategy, denoted R).
We first derive the best clutch size assuming that the prevailing strategy is either A or
R, and denote these F.* and F.*, respectively; then we ask if A strategists using F.* have
higher fitness than R strategists using F.*. We then assume that the inferior strategy
(either A or R) does not evolve, and proceed to evaluating the key question: how does
the predicted clutch size of the winning strategy compare with those of unparasitized
species with otherwise identical life history constraints? This last comparison assumes
that the unparasitized species, i.e. a non-host, does not perform rejecting behaviours,
and we thus use the same optimization procedure to derive its optimal clutch size as

we use for A strategists, but with the rate of parasitism set to zero.

The answers to the above questions depend on the rate of parasitism (denoted P), the
probabilities of false positives and negatives (a and P, respectively) when detecting
foreign eggs, and the costs of raising con- and heterospecific young (parameters a, b, C,
k and K specify the life history in the presence of these costs; for details see
Supplementary Material). The evolutionary outcomes also depend on how we assume
hosts to perform rejection behaviours. We thus perform the above comparisons for two
different scenarios. In the first scenario, called egg rejection, hosts that reject an egg
eject this egg only from a nest. False positives mean that an own egg will be ejected.
The probability of a false positive (ejecting an egg that was one’s own) is the same and

independent for each own egg. In scenario 2, nest abandonment, rejecting means
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abandoning an entire clutch, and this also leads to the death of the host’'s own

offspring from the current breeding attempt.

Phylogenetic Comparative Analysis

Species used

We chose 104 Australian passerine species based on the Brooker and Brooker’s (1989)
classification of (i) species that are unsuitable as hosts and (ii) biological hosts of eight
species of Australian cuckoos (see Supplementary Material). We excluded introduced
species, and species recorded as occasional hosts, because we cannot infer the extent of
coevolution with cuckoos in these species. For American species (n=89) we used the
published data by Soler (2014) and Friedmann and Kiff (1985) of hosts of cowbirds and
we excluded the ‘rare host’ category, or those species that had less than 10% of their
nests parasitised, because it was not possible to infer the extent of selection on these
hosts by brood parasites. For analyses of southern African species (n=636), we used the
host listing for all brood parasites in ‘Roberts Birds of Southern Africa’” (Hockey et al.
2005). We included all species listed as hosts of honeyguides, cuckoos, and Vidua
finches, as well as non-host species, and excluded those listed as provisional hosts. This
list includes non-passerine hosts, which are parasitized by honeyguides
(Indicatoridae), and some hosts that migrate to Europe or are also present in Europe

(taken from Soler, 2014).

Data collection

Information on the average clutch size for each species was obtained from the
supplementary material from Jetz et al. (2008). Clutch size varies with latitude, nest
type and body size (Jetz et al. 2008). To control for potentially confounding effects of
latitude, we used the R package dismo to download 2000 random records per species
from the GBIF (Hijmans et al. 2011), and calculated the median latitude of the records.
This value represents where the species is more often recorded and possibly where the
clutch size information will be most likely to belong. To control for confounding effects
of nest type and body size, we obtained information from the Handbook of the Birds of
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the World online (del Hoyo et al. 2014). Nest type was classified as 1=open nest,

2=domed nest and 3=cavity nester.

To test whether clutch size was linked to the costliness of brood parasitism we
included two measures of the cost of the brood parasite to each host species. First, we
classified hosts according to whether or not their parasite evicts the progeny of the host
(evictor vs non-evictor). Second, we quantified the size discrepancy between the
parasite and the host, by dividing the size of the parasite by the size of the host, with
larger parasites being more costly for smaller hosts, as applied in Medina & Langmore
(2015a). Information on the parasite’s body size and whether it was an evicting or non-
evicting parasite was obtained from del Hoyo et al. (2014). From here on, cuckoos
(subfamily Cuculinae) and honeyguides are referred to as ‘evicting parasites’ and
cowbirds, Clamator cuckoos, Vidua finches, channel-billed cuckoos and Koels as ‘non-

evicting parasites’.

Statistical analyses

To correct for phylogenetic effects, we obtained 1000 phylogenetic trees for each

dataset from the website www.birdtree.org (Jetz et al. 2012) and repeated the comparative

analysis on each of these trees. We used phylogenetic generalised least squares (PGLS)
regression models to account for phylogenetic relationships between species. We
report the 95% highest posterior density (HPD) intervals for P-value and p coefficient
for each predictor. Models were run using the Caper package in R (Orme et al. 2012),
and separate models were performed for hosts of non-evicting and evicting parasites.
The models included the relative size of the parasite to the host, mean latitude, body
weight and nest type as explanatory variables, and mean clutch size as response
variable. We ran models with and without including non-hosts, and when included,
we considered non-host’s costs to be zero. Latitude was converted to absolute values
and thus represents distance from the equator; weight was log-transformed, given that
it was non-normally distributed. We also provide information on the phylogenetic
signal of each model by reporting the A. When A =1 it suggests that closely-related
species are evolving as expected by a Brownian motion model. Consequently, a value
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closer to zero would suggest that closely-related species resemble each other less than
expected by a Brownian motion model (Blomberg et al. 2003). Additionally, we used
the dredge function in the MuMIn R package (Barton 2012) to select the best model from
the list of all possible models given the predictor variables, based on the AICc
(corrected Akaike Information Criterion). We report which predictors were present
most frequently in the best models when the analyses were repeated on each of the

1000 phylogenetic trees.

Results

Model results

Figure 2 shows a typical example of the model’s output: as parasitism increases, we
expect fitness to decline for host species (the non-host species, depicted by the black
line in Figure 2, are of course unaffected). However, precisely how much fitness
declines depends on clutch size responses and whether the host adopts one of the
rejection strategies. In the example of figure 2, very low parasitism rates (the very left
of the figure) predict that acceptance of the occasional parasitic egg leads to the best
fitness (blue curve) among parasitized cases (all coloured curves). Here, the risks of
ejecting an own egg, or abandoning an entire unparasitized nest, outweigh the
occasional fitness gain through correctly dealing with a parasite. At higher parasitism
rates (how high depends on the scenario), acceptance becomes outperformed by

rejection behaviours.

While these results are intuitive, the central question is how the above is accompanied
by evolutionary responses regarding clutch size. The circles in Figure 2 show the
fitness-maximizing clutch size that underlies each fitness curve for a species that starts
with a clutch size of 2 eggs. Non-rejecting individuals (strategy A, blue curve in Figure
2) have, in a limited region of a moderate parasitism rate, a lower clutch size (2 eggs)
than what would be the best response if the species instead evolved rejection
behaviours (3 eggs). It is nevertheless difficult to use Figure 2 to justify the tolerance

hypothesis, for two reasons: there is only a very narrow range of very low parasitism
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rates where acceptance of all eggs yields higher fitness than either type of rejection
behaviour; and more importantly, clutch sizes at no point (no value of P) evolve to be
lower than that of non-hosts. Clutches are either predicted to be equally large or, at

high parasitism rates, larger than those of non-hosts.

always 2 Never parasitized
45 (non-host species)
@ o2 3 always 3 Reject parasitized eggs
Q 4 SN (scenario 1)
=
—
o 35
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© 3Ff
5 r Abandon parasitized nests
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2.5 [ Height of curve = fitness
= ul indic imal clul ize
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Probability of parasitism, P

Figure 2. Fitness of non-hosts (black line), and hosts with three possible reactions to parasitism:
acceptance (blue), rejection of eggs (scenario 1, bright red), or abandonment of entire nests
(scenario 2, dark red), when each strategy is allowed to evolve its fitness-maximizing clutch size
which is indicated as numbers along the curve: for non-hosts this is always 3, for egg-rejectors it
is always 2, and for the other two scenarios the optimal clutch size changes from 2 to 3 when the
rate of parasitism, P, increases (the respective threshold values are indicated with a star). The
relative height of the curves indicates which behaviour performs best among the parasitized
cases, and the corresponding numbers, i.e. optimal clutch sizes, indicate whether parasitism
and the associated response also selects for changing the clutch size relative to the non-host
clutch size (which in this example is 3 eggs). Note that there is no value of P where hosts
following any strategy are selected to evolve larger clutches than non-hosts. Parameter values

used in this example: K=25,k=5,a=5,b=7, a=0.05, p=02C=35=07.

The responsible factor for the increase in clutch size can be deduced by a detailed
examination of a specific case, which we show, for clarity, for a particular frequency of
parasitism (P = 0.2) and making only one of the possible contrasts in Figure 2: we now
compare the non-host life history with that of hosts that are acceptors (black closed and

blue open circles, respectively, in Figure 3). The parasite obviously creates a clear
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difference in breeding output, i.e. the number of own young fledged per breeding
attempt, between hosts and non-hosts (Figure 3a). It also creates a more intriguing
effect on lifespan of its hosts. Non-hosts obey a relatively steep relationship between
their own clutch size and the lifespan of parents (Figure 3b, filled circles). This
relationship becomes milder in hosts (Figure 3b, open circles). This is because hosts
raise their own brood only some of the time; in the remaining cases the total effort is
largely determined by C, the cost of raising a parasite, and only partially by F, their
own clutch size decision (the cost of laying the eggs). This means that hosts” own clutch
size becomes a weaker causal predictor of host lifespan. Put differently, it does not cost
as much to ‘try out’ large clutch sizes when the related costs are, in a large fraction of
breeding attempts, never paid. The weaker relationship between cost and initial clutch
size (Figure 3b) then has to be weighed against the nonlinearities that are also present
in the fecundity curve (Figure 3a), and the net effect can be an increase in the best

clutch size (Figure 3c: fitness peaks at 2 eggs for non-hosts, and at 3 eggs for hosts).

3.5

3 r \
25 N

(]
>
Lifespan
L ]

Expected breeding output
(per attempt)
011[

Clutch size, F

Figure 3. Fitness components (A) expected breeding output per breeding attempt, (B) expected
lifespan, and (C) lifetime fitness, i.e. the product of the two components above, for two of the
four strategies in Figure 2: non-hosts (in black) and hosts that are acceptors (in blue), plotted
against potential clutch sizes with only the relevant ones from 1 to 6 shown for clarity.
Parasitism always decreases the expected success of a single breeding attempt (A), but the effect

on host lifespan (B) is more subtle: it creates a less steep relationship between the host’s initial
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clutch size and the parenting costs. In other words, the reduction in parental survival is less
strongly dependent on clutch size in hosts than in non-hosts, because sometimes effort is spent
on raising parasites (a fixed cost) rather than the whole of the own clutch (cost increasing with
F). For this reason, the cost of a larger clutch can become acceptable in acceptor hosts when it

would not be in non-hosts (C).

Figures 2-3 are based on specific parameter values; they do not preclude the option
that the nonlinearities of the clutch size — fecundity relationship permit other cases,
such as a shift towards smaller clutch sizes in some cases. We therefore explored the
generality of the above argument with respect to all the parameters listed in Table S1.
Because of the large number (9) of different parameters to be varied, we conducted an
exhaustive search, collecting outcomes with randomly chosen parameter values in a

realistic range (Table S1).

As expected in a general life history model, many parameter choices led to high
reproductive effort and very low parental survival, i.e. solutions that are close to
semelparity. In an avian context this can be simply interpreted as unrealistic (random
choices of parameter settings that are unlikely to apply), as birds in reality are always
iteroparous. Therefore we considered all parameter settings unrealistic for birds if they
either (i) made parents reduce their survival by more than 95% when caring for their

F+aF\K
young (i.e. e_(T) < 0.05 at the fitness-maximizing F.*; see Supplementary Material

for details), or (ii) led to optimal clutch sizes F.* > 20. We collected parameter values
using the ranges specified until we had 10000 solutions that were not rejected as

unrealistic as avian life histories.

Solutions were thereafter classified into six (sub)categories, separately for scenarios

where rejection was done through egg rejection or nest abandonment.

A. The best option for a parasitized species is to accept parasitism rather than to evolve
rejection behaviours, with three subcategories: (A+) being parasitized favours the
evolution of higher clutch size than that of non-hosts, (A0) being parasitized leads to

no difference in clutch size relative to that of non-hosts, (A-) being parasitized favours
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the evolution of smaller clutch size than that of non-hosts, when all else is equal (i.e. an

otherwise identical life history).

B. The best option for a parasitized species is to evolve rejection behaviours despite this
being error-prone (the frequency of errors being a and f as explained above), again
with three mutually exclusive subcategories: so that being parasitized leads to (B+)

higher clutch sizes, (B0) no change in clutch sizes, (B-) smaller clutch sizes.

The frequencies of classifications against each parameter are shown in Figure 4 for
scenario 1 and in the supplementary Figure S1 for scenario 2. The 10000 test cases
yielded outcomes in all categories, but two of the six categories occurred extremely
rarely. A—, where acceptance (as opposed to rejection) behaviour evolves and this is
associated with a reduction in clutch size (e.g. the tolerance hypothesis), was observed
in only 16 out of 10000 cases in the scenario 1 of egg eviction (i.e. 0.16% of cases;
therefore practically invisible in Figure 4). In the scenario of nest abandonment
(scenario 2, Figure S1), this figure rises slightly, but only to 0.84%. Rejecting behaviour
with a reduction in clutch size when parasitized (R-) was even rarer (9 and 3 cases in
scenarios of egg rejection and nest abandonment, respectively; not practically visible in

either Figure 4 or S1).

In the scenario where parents are able to eject particular eggs and raise the rest of the
clutch, the most common categories are B0 and B+: in other words, parents evolve to
reject suspicious eggs and the clutch size either stays unchanged or increases in
comparison to non-hosts (Figure 4). Acceptance with no clutch size change (A0) or
with an increased clutch size (A+) are also commonly found, especially if parasitism
rates are low (low P), or if parents are not very well able to distinguish between their

own and foreign eggs (high a and ).

In the scenario where rejecting means abandoning the entire clutch, the effects P, a and
P are as in the scenario of egg rejection, but as a whole acceptance evolves more easily
than in scenario 1 (figure S1: the area covered by A0 is much larger than in figure 4).

This, too, makes intuitive sense: egg rejection only kills the own offspring if there is an
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erroneous rejection of a host egg, while nest abandonment, even if correctly targeting
the parasite, always kills all the own offspring too. This means that the costs of
rejection behaviours are larger in the case of nest abandonment, and the conditions for

its evolution are more stringent.
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Figure 4. The 10000 collected outcomes for scenario 1 (where rejecting means ejecting eggs from
a nest), with their frequency plotted against each of the 9 parameters K, k, S, P, «, 8, C, 4, and b,
with colours corresponding to categories BO, A0, B+ and A+ as indicated in the central panel.
Yellow and red denote A— and B, respectively, but are practically not visible as they together

form only 0.25% of all cases.
Phylogenetic comparative analysis

When analysing all the hosts and non-hosts together (with non-hosts experiencing zero
costs form parasitism) both latitude and relative size were significant predictors of
clutch size (PGLS, average P < 0.005), and were present in the best models. The
analysis using only hosts of evicting parasites showed that latitude and the relative
size of the parasite were highly significant predictors of clutch size (Table 1, Figure 5),

and also present in all the best models, regardless the phylogeny used (AIC against
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null model > 20, Table S2). The same pattern was found if we included non-hosts in the
analyses (PGLS, average P < 0.009). Hosts of costly parasites and from higher latitudes
tended to have larger clutches than hosts that raise smaller, less costly parasites or
occurred at lower latitudes (Figure 5). When the analysis was performed using hosts of
non-evicting parasites, only latitude was a good predictor of clutch size (Table 1, AIC

against null model > 4).
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Figure 5. Association between clutch size and the costs of raising a parasite. For hosts of non-
evicting parasites there is no association between the clutch size of the host and the costs of

raising a parasite, but this association is significantly positive for hosts of evicting parasites.
Discussion

The evolution of a smaller clutch size has been argued to provide a potential tolerance
mechanism in hosts of avian brood parasites (Brooker and Brooker 1996; Hauber 2003;
Servedio and Hauber 2006). However, we suggest that the theoretical support for this
rationale is poor. We modelled the evolution of clutch size in hosts of brood parasites
and explored the theoretical plausibility of evolving egg acceptance and a smaller
clutch size. We found that, contrary to previous suggestions, this strategy is not likely
to be a common outcome. In almost no cases do hosts achieve the highest fitness by
reducing their clutch size. In fact, according to our model, the best strategies for
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acceptor hosts should be to either show no change in clutch size, or to evolve a larger
clutch size. This outcome is initially surprising, but makes sense if we consider that the
presence of cuckoos in a population implies that some breeding attempts will not lead
to realized fecundity, and the cost structure of those attempts differs from those of non-
parasitized broods: the total parental effort is now not as strongly dependent on the
host’'s own clutch size decisions as when there are no parasites. This makes it

worthwhile to lay a large clutch in the hope of not encountering a parasite.

The size of the clutch is, of course, also impacted by other variables, such as incubation
efficiency and provisioning (Lerkelund et al. 1993). Our model captures these effects
through a variety of associations, relating clutch size and the consequent brood size to
costs paid by parents. We also show that the evolution of rejection increases in
likelihood when it is possible for the parents to eject individual eggs rather than
abandon entire nests. High chances of recognition errors or low parasitism rates, in

turn, lower the probability that rejection behaviours will evolve (Davies et al. 1996).

Our model obviously does not incorporate all possible effects that can occur in nature;
one possibility that the model ignores is that hosts improve their ability to identify
foreign eggs as a result of learning. Incorporating such an effect would alter the trade-
offs by reducing the false positives and false negatives for older hosts. Calculating
lifetime fitness would then become a considerably more complex task, but it appears a
priori unlikely that such an exercise would drastically change the conclusions, as no
value of the relevant parameters a and p lent support for clutch size reductions in the

present model.

The results from the comparative analysis show an association between clutch size and
the costs of raising a parasite. For hosts of evicting parasites, species that incur larger
costs lay a higher number of eggs, compared to hosts that experience lower costs of
parasitism or non-hosts. These results support our model, which suggests that an
increase (not a decrease) in clutch size should evolve in hosts of evicting parasites, and
larger clutch sizes are even more likely to evolve when the costs of parasitism increase
and parasitism rates are high. There is some evidence in the literature supporting this
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scenario. Eurasian magpies (Pica pica) have higher clutch sizes in populations where
parasitism rates are higher, and when they have higher egg rejection rates, which
corresponds to the predictions of our model (Soler et al. 2001). Although magpies are
not parasitised by evicting cuckoos, their parasite, the great spotted cuckoo (Clamator
glandarius), is a very costly parasite, reducing to zero the reproductive outcome of their
hosts in 75% of the cases (Soler et al. 2001). A similar case was reported in Acrocephalus
scirpaceus, a host of the European cuckoo, Cuculus canorus, in which populations with
higher parasitism and rejection rates also had higher average clutch sizes (Stokke et al.
2008). A larger clutch size might be favoured in populations that suffer extensive
parasitism, where it pays to lay as many eggs as possible in the hope that the clutch is

not parasitised.

An alternative possibility is that larger brood parasites are actually targeting hosts that
have larger clutches, because these hosts may be better providers for the parasitic
chick. This behaviour might generate the pattern we observe, where costly parasites
exploit hosts with larger clutches. However, as shown in the examples above, even
within host species (where costs remain similar) there may be evolution of a larger
clutch size in populations with higher parasitism rates. These observations within
species give strong support to the results from the model, and it would be interesting
to study whether an increase in clutch size is observed in other host-parasite systems

that vary locally in parasitism rates.

Studying tolerance mechanisms in hosts of brood parasites constitutes a very
interesting avenue for future research (Medina and Langmore 2015b). However, here
we show that there are neither theoretical nor empirical grounds to suggest the
reduction of clutch size as a tolerance mechanism in hosts of evicting brood parasites.
In fact, we show that theoretically, clutch size should increase or remain the same in
response to brood parasitism pressures, and brood parasitism may affect the evolution
of clutch size but in a previously overlooked direction. Our model is supported by
some empirical examples (Soler et al. 2001; Cunningham and Lewis 2006; Stokke et al.

2008) and by the fact that hosts that experience the highest costs of brood parasitism
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also lay larger clutches. Our results contrast with previous studies suggesting clutch
size reduction as a tolerance mechanism in hosts of brood parasites (Brooker and
Brooker 1996; Hauber 2003), however these studies did not control for other variables
known to be related to clutch size, such as latitude or body size. Furthermore, our
study shows that being a host per se does not imply that parasitism is costly, and
support the idea that the costs of parasitism vary among hosts and this has critical
evolutionary consequences (Kilner 2005, Medina and Langmore 2015a). Finally, we
would also like to highlight the importance of testing verbal predictions with an

integrative approach.
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Tables
Non-
Evicting evicting
parasites parasites
Predictor | estimate P A estimate P A
0.198 to | Always < -0.205 to | 0.68 to | 0.849 to
Cost 0.241 0.0001 091to1 | 0.051 0.999 0.975
0.197 to | Always < 0.002  to | 0.849 to
Latitude 0.272 0.0001 091to1 | 0.014 t0 0.022 | 0.038 0.975
0.502 to -1113 to - | 0127  to | 0.849 to
Weight 1.311 0.003t00.211 | 091to1 | 0.497 0.487 0.975
-0482 to - | 0551 to | 0.849 to
Nest type [ -0.70t0-0.31 | 0.005t00.093 | 0.91to1 | 0.234 0.884 0.975
-0.053 to -0.309 to - | 0372 to | 0.849 to
Nest type | 0.493 0.446t00.979 | 091to1 | 0.074 0.539 0.975
0.160 to 0.688  to | 0.849 to
Nest type | 0.372 0.673t0 0.860 | 0.91to1 | 0.345to 0.469 | 0.999 0.975

Table 1. Statistics for each parameter for each predictor of host clutch size, for hosts of
evicting parasites, such as most cuckoos and honeyguides and non-evicting parasites.
We report the 95% HPD intervals across 1000 phylogenetic trees, for each parameter.

Significant values are highlighted in bold.
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Supplementary material

File including model details, supplementary table with model parameters T1 and

supplementary graphs S1 and S2.

The model

The details of the model are as follows. A mother lays F,eggs if it follows the A
strategy, and F, eggs if it follows the R strategy. In case of the bird being a host species,
each breeding attempt is parasitized with probability P; non-hosts are all assumed to
be A-strategists with P set to zero. The brood parasite is assumed to remove one host
egg at laying, and all host eggs or chicks at hatching (the latter requires that the host
has not detected the foreign egg). Strategy R hosts do not reject all of their parasitized
eggs (in scenario 1) or nests (in scenario 2), as rejection behaviour is associated with
making errors based on false positives — abandoning a nest or ejecting an egg that
contains no parasite — and false negatives — raising a parasite. We denote these error
probabilities with a and {, respectively. This means that hosts that raise parasites can
be either A birds, or R birds that have made a false negative judgement (probability ).
If a parasite is allowed to stay in the nest, it is assumed to destroy all of the parent’s

own young.

Scenario 2 is simpler than scenario 1, as it allows only two options: a bird either
abandons a nest or will attempt to raise all the young in the nest, with the latter
possibility including the case where the parasite is the only individual remaining in the
nest. In scenario 1, the possibilities are more complex: if there is a parasite that is not
ejected then the nest will have one parasite and no own young. If there is a parasite
that is ejected, then the clutch has first been reduced from F to F-1 (the parasite
removing one host egg which we assume is not replaced), after which there is still a
false positive error rate « that targets the host’s own eggs. We therefore need to specify
a binomially distributed random variable N, ~ B(F-1,1-«) for the number of own eggs

that survive this stage (B denotes the binomial distribution with parameter 1-a).
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Finally, if the nest was not parasitized at all, the same logic without the reduction to F-

1 leads to a binomially distributed random variable N, ~ B(F,1-a).

We next specify how breeding success is formed. Because it is not realistic to assume
that all eggs that a parent attempts to raise lead to fledged young, we assume (for
either scenario) that an unparasitized nest with F eggs will fledge Fe-* young on
average; if the brood is first reduced from F to N surviving eggs (scenario 2), this
becomes Ne+». The parameter b describes the feasibility of large clutch sizes, and it
reflects constraints of incubation and parenting efficiency: clutch sizes larger than b
become counterproductive as they lead to fewer young fledging than if the original

clutch contained only b young.

A host is thus expected to evolve clutch sizes in the range 0 < F < b. The best value of F
depends also on costs of laying the F eggs as well as caring for nestlings. In a system
that includes brood parasites the young that can be either own, or parasitic. This makes
it important to differentiate between laying costs (a host pays these costs for its own
eggs but not the parasite’s) and all other forms of parenting effort. We therefore
assume that the total effort the host spends caring for a brood that started with a clutch
size F but ends up having N nestlings and a parasite load of C is F+a(N+C). Here the
‘parasite load’ C refers to the relative costs, in equivalents of nestlings, of raising one
parasite; if, for example, one parasite requires as much effort to raise as 5 own
nestlings, then C = 5. The parameter a reflects the cost of incubating and feeding the
young relative to laying the eggs: if a is large (4 >>1), then incubating and feeding
effort has a larger detrimental impact on host survival than the effort spent on laying
the clutch. Note that our assumptions also mean that we don’t have simultaneously N
>0 and C > 0; for example, a scenario 1 host that starts with 5 young, is parasitized,
succeeds in removing the parasite, but also erroneously ejects one of its own eggs will

spend effort F+a(N+C) where F =5, N=4 and C = 0.

To complete the model, we also need to translate parental effort into the relevant life-
history currency: its consequences for host survival. Effort is assumed to have a
negative effect on survival, but the shape could take many forms, reflecting variations
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in the ability of hosts to take care of small or large broods. We consequently use two
parameters, K and k (analogous to A and k as parameters of the Weibull distribution),

to describe exactly how increasing parental effort impacts host survival: survival is

F k
assumed to be S e_(E) if the brood was abandoned (the only effort was F, the

F+a(N+C)

k
minimum that was spent laying the eggs), but it drops to § e_( 7o) if the host

raised the brood that contains own nestlings or parasites (so that either N >0 or C > 0).
S is the survival in the absence of any parenting effort. The parameter K scales the
sensitivity of survival to parenting effort by describing the amount of effort that leads
to survival being reduced to a factor e+ = 0.368 of what could be achieved if no effort
had been spent. The parameter k describes the shape of the relationship: if k is large,
then survival remains relatively intact up to efforts close to K. If k is small, then even

small clutches are sufficient to cause great reductions in host survival.

A host’s lifetime reproductive success depends on the expected fecundity per breeding
attempt as well as lifespan (which takes the form 1/(1-S) if annual survival equals S;
this general form gets modified according to parental effort for each of the cases

below). A host using strategy A, i.e. accept all broods, has an expected output of (1-P)

-1
Ft+ac\k

(5 (5
Fe++ per breeding attempt, and a lifespan | 1 — (PS e\ x /) +(1—-P)Se ( K ) ,

thus the lifetime reproductive output to be maximized (with respect to F) is

_F
(1-P) Fe b

WA - _(F+aC)k _(F+aF k\"
1-| PSe " K / +(1-P)Se ( K )

Non-host species use the same equation, with P set to zero.

The fitness of a strategy R host is somewhat more complicated, because rejection
behaviour associates with false positives and false negatives (parameters a and £), and
because we have two different scenarios to deal with (scenarios 1 and 2). We first
derive the equations for scenario 2, as it is the simpler case. In this scenario, a nest may

be parasitized (probability P) and the host pays the cost of raising the parasite (effort
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F+aC) because of a false negative (probability ); or the nest is parasitized (probability
P) and rejected (probability 1-f), which reduces the effort to what was spent laying the
eggs, F; or the nest is unparasitized (probability 1-P), in which case a false positive (a)
can happen leading to effort F and no current reproductive effort, or, finally, there is no
false positive (1-a) and the nest yields an output Fe+, and host survival is now based
on effort F+aF. Combining all the options leads to expected breeding output as

indicated in the numerator and lifespan-impacting factors in the denominator of fitness

WR2

(1-P) (1 — Q)Fe"b

F\k F+ac\¥ F\k F+aF\¥
1—-|PS| (- [)’)e_(?) + ﬂe_(T) +(1-P)S (ae_(?) +(1- a)e_(T) )
for rejectors of scenario 2.
For scenario 1, we need to use binomial probabilities to translate between F and N, so
that expected breeding output from one attempt becomes (1- PB) X5 _, (Z) 1-
)NafN N e_%; and this together with expected lifespan calculations (which also

become impacted by binomial probabilities of each brood size and the consequent

effort) leads to fitness

(1-PB) Xi=o (IFV) 1—a)NafN Ne_%

W =
R1 F+aC F+aN

1- (PﬁSe‘(T) +(1—PRSYE_, (Z) (1 —aNaF-N e (Cx) )

for rejectors of scenario 1.
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Parameter
A
R
Scenario 1
Scenario 2
P

[23

=~ O <

m S =

z

Interpretation
Host accepts eggs
Host rejects eggs or nests
Rejection through egg eviction
Rejection through nest abandonment
Parasitism rate

Probability of false positive judgment; host rejects
when no parasite

Probability of false negative judgment; host raises
a parasite
Costs of incubating and feeding relative to egg-
laying
Feasibility of large clutches
Costs of raising a parasite relative to raising own
young
Scaling of the parental effort level with respect to
parental survival reductions
Shape of the relationship between K and parental
survival
Annual survival after zero parental effort

Expected lifetime reproductive output

Clutch size (best clutch sizes denoted F,* and F.*)

Number of own eggs that survive

Range values

[0, 1]
Logarithmically

distributed between
10-and 1

[0, 1]

[0, 10]
[0, 10]
[1,10]

[1, 50]

[1,10]

[0, 1]
Evolves
Evolves (to a value
between 1 and b)
Computed from F
and other
parameters

Table T1. Notation used in the model; the range of parameters refers to values used to

collect 10000 examples per scenario, with a uniform distribution within the range

unless otherwise specified.
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Figure S1. The 10000 collected outcomes for scenario 2 (where rejecting means abandoning the
entire nest), with outcome classification frequency plotted against each of the 9 parameters K, k,
S, P, a, B, C, a, and b, with colours corresponding to categories B0, A0, B+ and A+ as indicated
in the central panel. Yellow and red denote A— and B, respectively, but red is practically not

visible.
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The costs of avian brood parasitism
explain variation in egg rejection
behaviour in hosts

liana Medina and Naomi E. Langmore

Department of Ecology, Evolution and Genetics, Australian National University, Canberra,
Australian Capital Territory, Australia

Many bird species can reject foreign eggs from their nests. This behaviour is
thought to have evolved in response to brood parasites, birds that lay their
eggs in the nest of other species. However, not all hosts of brood parasites
evict parasitic eggs. In this study, we collate data from egg rejection exper-
iments on 198 species, and perform comparative analyses to understand the
conditions under which egg rejection evolves. We found evidence, we believe
for the first time in a large-scale comparative analysis, that (i) non-current host
species have rejection rates as high as current hosts, (ii) egg rejection is more
likely to evolve when the parasite is relatively large compared with its host
and (iii) egg rejection is more likely to evolve when the parasite chick evicts
all the host eggs from the nest, such as in cuckoos. Our results suggest that
the interactions between brood parasites and their hosts have driven the evol-
ution of egg rejection and that variation in the costs inflicted by parasites is
fundamental to explaining why only some host species evolve egg rejection.

1. Introduction

Avian brood parasites lay their eggs in the nest of other species, their hosts, who
raise a foreign chick [1]. Brood parasitism is costly to the hosts and has been
proposed as the driver of the evolution of defences [1], such as attacking para-
sites [2] or rejecting their chicks or fledglings [3,4]. One of the most intensively
studied defences is egg rejection. To date, egg rejection has been studied in
around 200 different bird species [5,6]. Surprisingly, despite the effectiveness
of egg rejection as a defence against brood parasitism, not all host species
reject foreign eggs [5]. There is still no consensus about which particular
traits are associated with the evolution of egg rejection [6-8].

Previous studies suggest that several factors may explain variation in egg
rejection behaviour. First, the most obvious variable is whether a species is a suit-
able and a current host of a brood parasite [6]. Suitability is assessed based on the
diet of the host chicks and nesting habits [1]. Second, brood parasites vary in the
costs they inflict on host fecundity (termed virulence sensu Kilner [9]). Some para-
sites such as the common cuckoo (Cuculus canorus) inflict very high costs, because
the newly hatched parasite evicts all the host’s eggs from the nest (evicting para-
sites). Conversely, hosts of non-evicting brood parasites (such as the parasitic
cowbirds, Molotrhus spp.) may succeed in rearing their own progeny alongside
the parasite chick [1]. Third, the costs of parasitism can vary between host
species. For instance, small hosts that rear large parasites will possibly suffer
higher provisioning costs than host species that are of similar size to their para-
sites [10]. Similarly, hosts (of evicting parasites) that lay large clutches will possibly
carry larger costs if their whole brood is lost than hosts with small clutches, so
selection for egg rejection should be stronger in the former. Fourth, nest type
may be an important predictor of egg rejection, given that poor visibility inside
enclosed nests may constrain a host’s ability to discriminate between eggs [6].

© 2015 The Author(s) Published by the Royal Society. Al rights reserved.
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Figure 1. (a) Random possible phylogeny of the 198 species used in the study with branch colours indicating the percentage of egg rejection for the species. Circles
at the tip of the branches indicate the host status of each species, and the colour legend is the same as in figure 1b. There is significant phylogenetic signal in both
host status and percentage of rejection. (b) Histogram with mean and standard deviations of egg rejection percentage for each category of host status. Egg rejection
rates of unsuitable hosts (blue) and hosts of non-evicting parasites (orange) differed significantly from those of non-current hosts (grey, p = 0.019) and hosts of

evicting parasites (red, p = 0.005).

Finally, latitude may also be related to egg rejection. Breeding
seasons are shorter at high latitudes, which may reduce
opportunities for re-nesting following parasitism and lead to
stronger selection for egg rejection [6,11].

Here, we compile data on egg rejection rates from 198
avian species and perform a series of comparative analyses
to test which of the variables mentioned above can explain
the evolution of egg rejection. By using a much larger dataset
and recent, more robust phylogenetic techniques and phylo-
genies than previous studies [6—-8,11], we aimed to arrive at
a unified understanding of why egg rejection evolves in birds.

2. Methods

(a) Data collection

We obtained egg rejection data for 198 species from published
studies (see electronic supplementary material, table S1). We
classified host status of species into one of four categories
based on data published in the original sources; suitability was
based on dietary requirements or nesting habits: (1) unsuitable
hosts (1= 15), (2) suitable hosts but have no known reports of
parasitism (non-current hosts hereafter, 1n=58), (3) hosts
of parasites that do not evict host eggs (1 = 62) and (4) hosts of
parasites that evict all host eggs (1 = 63). For known hosts (cat-
egories 3 and 4), we also obtained information on whether it
was a rare or common host from the original article. We collected
information on average clutch size, host nest type, and parasite
and host body size from [12] or [13]. Latitudinal distribution
was obtained using the function gbif in the pisMo R package
[14] (see the electronic supplementary material).

(b) Phylogenetic analyses

To account for phylogenetic relatedness between species, we ran all
analyses in 1000 possible phylogenetic trees obtained from www.
birdtree.org [15]. To test which variables were the best predictors
of egg rejection we ran phylogenetic regressions using the function
PGLS in the R package caPer [16]; in our models, the response vari-
able was percentage of egg rejection per species, and the predictor
variables were host status, clutch size, host nest type and host/
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parasite body size (details in the electronic supplementary material).
We report the B estimate and p for each predictor and the A for
the whole model. We also calculated phylogenetic signal on the
rate of egg rejection and on host status by using Pagel’s A in
the payTOOLS package in R [17]. Higher (closer to 1) and signifi-
cant values of A suggest that the distribution of the traits (or the
relationships) are linked with the structure of the phylogeny.

3. Results

Host status and egg rejection had a significant phylogenetic
signal (host status A = 0.81, p < 0.001, egg rejection A =091,
p < 0.001, figure 1a). Across all species, egg rejection was pre-
dicted by latitude and host status (table 1 and figure 1b).
There were higher rejection rates at higher latitudes, and unsuit-
able hosts had significantly lower egg rejection rates than all the
other groups. Non-current hosts had higher rejection rates than
hosts of non-evicting parasites (8 = —18.34 + 0.79,p = 0.019 +
0.0054) and similar rejection rates to hosts of evicting parasites
(B= —32240.73, p=0.39 + 0.024). Clutch size and nest
type did not have any influence on egg rejection rates
(B= —549 +0.181, p=0.074+0.011 and B=253+0.79,
p=0.72+0.077, A=0.88 £ 0.14). For hosts of non-evicting
parasites, all predictor variables were non-significant (p >
0.3). For hosts of evicting parasites, the cost of raising a parasitic
chick (parasite mass/host mass) was the only significant predic-
tor of egg rejection (table 1 and figure 2), where hosts that are
exploited by relatively larger parasites show higher egg
rejection. There were no significant differences in egg
rejection between common and rare hosts (8=4.51 + 047,
p=10.65 £+ 0.02).

4. Discussion

The best predictor of egg rejection was host status, supporting
the argument that egg rejection has evolved as a defence against
brood parasitism [6]. Additionally, we found significant phylo-
genetic signal in host status and egg rejection, suggesting that

96205107 :LL ‘a7 joig  Bio-buiysigndfranosiedor|gs H



Table 1. Final models including only significant predictors, we report the standard deviation in 1000 phylogenetic trees for each statistic.

model and predictors P estimate
all species

host status 40.02 + 1.021

latitude 0.4032 + 0.01
hosts of evicting parasites

cuckoo mass/host mass 4.05 + 0.13
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Figure 2. For hosts of evicting parasites such as cuckoos (blue), egg rejection
rates increase with increasing relative size of the parasite to the host (3 = 4.05,
p = 0.006). This relationship is not significant for hosts of non-evicting parasites
(grey, p = 0.15), which are usually more similar in size to the parasite.

phylogenetic relatedness can predict whether a species is a host
and a rejecter. This is not surprising, given that hosts are suitable
based on traits like diet or nesting habits, which are very likely
to be phylogenetically conserved [18,19].

Interestingly, we found that non-current, but suitable host
species presented egg rejection rates (mean = 57.99%) that
were similar to those of hosts of evicting parasites (mean =
59.03%), suggesting that non-current, suitable hosts may
have been hosts in the past. Rothstein [20] proposed that
egg rejection carries insignificant costs and may persist as a
relic behaviour for years in the absence of brood parasitism,
and this has been supported by empirical studies [21] and
is discussed in detail in a recent review [5]. Further, our find-
ings suggest that brood parasites switch to a new host when
egg rejection becomes a highly reliable defence in their
current host, since rejection rates of 100% were more
common in non-current hosts (49% of the species) than
hosts (21%). These results provide support for both the
single trajectory model of brood parasite-host interactions
[20], and Soler’s [5] model of a cumulative increase in the
number of species with successful resistance; hosts evolve
highly effective egg rejection and retain it, leading to a host
switch by the parasite.

Brood parasite species differ in the costs they inflict on their
hosts; some parasite chicks kill or evict all host young, whereas
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p-value A whole model
0.88 + 0.14
0.0012 + 0.0003
0.0008 + 0.0002
0.76 + 0.14

0.006 + 0.001

others tolerate them [9]. As predicted, egg rejection was more
likely in hosts of evicting than in hosts of non-evicting para-
sites. This suggests that there is weaker selection on hosts of
non-evicting parasites for the evolution of defences. However,
an alternative explanation is the duration of the brood para-
site—host association; cuckoos are a much older lineage
(approx. 60 Ma) than cowbirds (approx. 3 Ma) and this may
also explain why more of their hosts have evolved egg rejection
[22]. Also, cowbird species tend to exploit a wider variety of
hosts than other brood parasites, and this may lead to lower
parasitism rates of individual host species and thereby diffuse
the intensity of the interactions with their hosts [22].

The evolution of egg rejection in hosts of evicting para-
sites (59.03%) and non-evicting parasites (32.84%) appears
to be influenced by different variables. In hosts of evicting
parasites, the relative size of the parasite and its host can
determine whether a species is a rejecter or not. When the
host is very small relative to the parasite, it is more likely to
evolve egg rejection. Interestingly, this trend was not found
for hosts of non-evicting parasites, which supports the idea
that costs are higher for hosts of evicting parasites. Our
results also confirm that hosts and parasites are more similar
in size in the cowbird—-host system than in the cuckoo—host
system, as has been noted previously [10]. Additionally, we
found that latitude is a good predictor of egg rejection behav-
iour; species at higher latitudes showed higher egg rejection
rates. Latitude is highly correlated with seasonality [12];
thus, the pattern detected suggests that egg rejection is
more likely to evolve in highly seasonal environments,
where opportunities for re-nesting are more scarce, and
the costs of being parasitized may be higher [6]. Clutch size
and nest type were not predictors of egg rejection in hosts
of evicting or non-evicting parasites.

In conclusion, we found support for the idea that non-
current hosts can retain egg rejection, which may be a
cost-free behaviour, and that the likelihood of evolving egg
rejection is influenced by the costs of parasitism; egg rejection
is more likely to evolve if all host offspring are lost as a result
of parasitism, if the parasite is large relative to the host, and if
opportunities for re-nesting following parasitism are low.
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SUPPLEMENTARY MATERIAL

We obtained egg rejection information for 194 species from Soler [6] and a number of
additional references (supplementary material Table 1). Our dataset did not include
experiments where nests where abandoned. We reclassified host status for each species
into one of four different categories; 1) species that are unsuitable hosts because of their
dietary requirements or nesting habits (n=15), 2) species that are suitable hosts but
currently have no reports of parasitism (n=58), 3) hosts parasitized by species that
don’t evict host eggs (n=58) and 4) hosts parasitized by species that evict all host eggs
(n=63). This information was obtained directly from the paper where the original
experiment was published. Within host species, we also obtained information on
whether it was a rare or common host. We collected information on average clutch size
per species from [1], or the Handbook of Birds of the World Alive [2]. Information on
parasite virulence, host nest type and parasite and host body size was obtained from
the Handbook of the Birds of the World Alive [2]. Latitudinal distribution was
obtained by calculating the average latitude from 2000 random records from the GBIF

database, using the function gbif in the dismo R package [3].
Phylogenetic analyses

In the model that included all species the possible predictors for egg rejection were:
host status (from 1 to 4), nest type (open or closed), clutch size and latitude. To test
which were the best predictors of egg rejection within hosts of evicting or non-evicting
parasites, we used the same predictors as the previous model, plus a measure of the
costs of raising a cuckoo, which was derived from dividing the mass of the cuckoo by
the mass of it’s host. We report the 3 estimate and P for each predictor and the A for
the whole model. To confirm our results, we also compared competing models using
the values of the Akaike’s Information Criterion (AIC) by using the dredge function of
the MuMIn R package [4] models that had an AICc difference of less than two were

considered to be equally good [4]. Results were qualitatively the same for both model
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selection approaches, so we only report results on the first methodology. Since all
variables were included in the same model, the results shown take into account
possible correlations between predictor variables. We also calculated phylogenetic
signal on the rate of egg rejection and on host status by using Pagel’s A in the phytools
package in R [5]. Higher (closer to 1) and significant values of A suggest that the
distribution of the traits (or the relations in the model) are linked with the structure of

the phylogeny.
Results from AIC model comparison

Across all species, egg rejection was predicted by latitude and host status and the
model with these two variables had the lowest AICc (average AICc= 1924). For hosts of
non-evicting parasites, latitude was a marginally significant predictor of egg rejection
and the best model included only this variable (average AICc= 588.1). For hosts of
evicting parasites, the cost of raising a parasitic chick (parasite mass / host mass) was
the only significant predictor of egg rejection and it was the only variable in the best

model (average AICc=588.4).
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cuckoo| nest host | cucko .
. q . o Clutch . Continen| References Reference
Species Parasite virulence status [rejection| mass type . mass | o/host| Latitude L
size t rejection rate clutch
(9) [(0=open) (9) | mass

Australi Langmore et al.

Acanthiza chrysorrhoa Chalcites lucidus 2 1 10 23 1| 35 10| 2.3 -35.1203|US@1@ 1 5005) Jetz et al. 2008
Australia Langmore et al.

Acanthiza pusilla Cacomantis flabelliform| 2 1 12.5 44 1 2.4 6] 7.3333| -36.0056 (2005) Jetz et al. 2008
Australia Brooker &

Acanthiza apicalis Chalcites basalis 2 1 0 22 1 3 7| 3.1429| -35.0056 Brooker (1989) |Jetz et al. 2008
Australi Langmore et al.

Acanthiza reguloides Chalcites lucidus 2 1 0 23 1| 39|  7.5|3.0667| -34.548["5""@ [(2005) Jetz et al. 2008
Australia Langmore et al.

Acanthorhynchus tenuirostris|Cuculus pallidus 2 1 33.3 82 0 2 11.2| 7.3214| -35.1379 (2005) Jetz et al. 2008
Asia Begum et al.

Acridotheres tristis NA 0|NA 0|NA 0 9] 115.6|NA -7.47844 (2012) Jetz et al. 2008
Eur Martin-Vivaldi et

Acrocephalus arundinaceus |Cuculus canorus 2 1 42.4 115 0 4.2 21.9| 5.2511| 57.5393|"4"°P¢ |4 (2012) Jetz et al. 2008
Europe Martin-Vivaldi et

Acrocephalus palustris Cuculus canorus 2 1 90 115 0 3.9 11.9] 9.6639|57.34732 P al. (2012) Jetz et al. 2008
Europe Martin-Vivaldi et

Acrocephalus schoenobaenu{Cuculus canorus 2 1 20 115 0 5.5 10.8] 10.648(59.18157 P al. (2012) Jetz et al. 2008
Europe Martin-Vivaldi et

Acrocephalus scirpaceus Cuculus canorus 2 1 43.6 115 0 3.9 13| 8.8462|55.45531 P al. (2012) Jetz et al. 2008
Australia Brown et al.

Acrocephalus stentoreus NA O[NA O[NA 0 4.2INA NA 23.50871 (1990) Jetz et al. 2008

Agelaioides badius Molothrus bonariensis 1 1 0 55.7 0 4 43.7] 1.2746( -28.4169 America |Fraga (1998) HBW

Agelaius phoeniceus Molothrus ater 1 1 33| 573 0 3| 65.5| 0.8748|36.48337|AMerica  |Rothstein (1975)1 ;1 ot a1 2008
America Post & Wiley

Agelaius xanthomus Molothrus bonariensis 1 1 0 55.7 0 3 41| 1.3585]17.99046 1977 Jetz et al. 2008
E Martin-Vivaldi et

Alauda arvensis Cuculus canorus 2 0 10 15 0 7| 35.1| 3.2764|55.45454|=4P¢ |4/ 2012 Jetz et al. 2008

Ammodramus humeralis Molothrus bonariensis 0[NA 0 55.7 0 3.5 16|NA -14.7956 America - |Mason (1986) Jetz et al. 2008
America Peer & Sealy

Ammodramus savannarum |Molothrus ater 1 1 0 57.3 1 4.5 17] 3.370629.80852 (2004a) Jetz et al. 2008
Australia Langmore et al.

Anthochaera carunculata Cuculus pallidus 2 1 42.9 82 0 2| 108.5] 0.7558( -36.3982 (2005) Jetz et al. 2008
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Coceyzus erythropthalmus  |Molothrus ater NA 41.7[NA 35[NA  [NA  |37.55126|AMerica [Rothstein (1975)), 5
America Peer & Sealy

Contopus sordidulus Molothrus ater 20 57.3 2.8 19| 3.0158]31.01432 (2004a) Jetz et al. 2008
Asi Begum et al.

Copsychus saularis NA NA o|NA 32| 332NA  [16.25333|"% (2012) Jetz et al. 2008

Corvus corax Clamator glandarius NA o[NA 46| 1051.9|NA  |59.10408|EUrOPE  |Soler (1990) 1,4 ot al. 2008
E M. Soler et al.

Corvus corone Clamator glandarius o| 124 45| 536.5[ 0.231159.00317-"°P¢  |(2001) Jetz et al. 2008

Corvus monedula Clamator glandarius 0 124 4| 246| 0.5041|58.84489[FUrOPe  |S0ler (1990) ;01 ot al. 2008
Asi Begum et al.

Corvus splendens Eudynamis scolopaceu 9.1 234 45|  371| 0.6307| 16.94979|"5"2 (2012) Jetz et al. 2008
Africa Honza et al.

Cossypha caffra NA NA O[NA 24 28.5[NA -25.5287 (2005) Jetz et al. 2008
Asi Nakamura et al.

Cyanopica cyanus Cuculus canorus 34.7 115 5.9 04| 1.2234| 35.6338[5'@ (1998) Jetz et al. 2008
Europe Yang et al.

Delichon urbicum NA o[NA 47|NA INA |38.90253[7U°P€  [(2014)

Dendroica discolor Molothrus ater of 573 4| 108| 5.3056|33.71589|AMerIca  |Rothstein (1975)( ;) o o1 2008
America Briskie et al.

Dendroica petechia Molothrus ater 100 57.3 4.5 9.8| 5.8469|32.41884 (1992) Jetz et al. 2008
Asi Begum et al.

Dicrurus adsimilis Cuculus gularis 100 110 3 41| 2.6829| -11.2088['2 (2012) HBW

Dicrurus macrocercus Cuculus micropterus 100 115 3.2 26.9| 4.2751] 19.20582|Africa Noble (1995) Jetz et al. 2008

Dumetella carolinensis Molothrus ater 100] 57.3 35| 33| 1.7364]30.71603|AMerica  |Rothstein (2001)},01) ot 41 2008
Europe Martin-Vivaldi et

Emberiza cia Cuculus canorus NA 100|NA 3.9|NA NA 40.58222 P al. (2012) Jetz et al. 2008
E Martin-Vivaldi et

Emberiza cirlus Cuculus canorus NA 100[NA 32 25|NA  [42.14608|="°P° a1 (2012) Jetz et al. 2008
Europe Martin-Vivaldi et

Emberiza citrinella Cuculus canorus 95.2 115 3.9 30| 3.8333|58.89037 P al. (2012) Jetz et al. 2008
E Martin-Vivaldi et

Emberiza schoeniclus Cuculus canorus 95| 115 45 19| 6.0526|57.12787|-"°P¢ |4l (2012) Jetz et al. 2008
America Peer & Sealy

Empidonax minimus Molothrus ater 0 57.3 4 10.5| 5.4571| 21.8754 (2004a) Jetz et al. 2008




Australi Langmore et al.(

Eopsaltria australis Molothrus ater 1 60| 573 24| 196 2.9235( -32.9274|1S"1@ 15005) Jetz et al. 2008
Europe Martin-Vivaldi et

Erithacus rubecula Cuculus canorus 2 16.1 115 4.9 18.2| 6.3187|57.97443 P al. (2012) Jetz et al. 2008
E Martin-Vivaldi et

Erythropygia galactotes Cuculus canorus 2 23.5 115 35| 25.5| 4.5098|23.83852|U°P¢ |4/ (2012) Jetz et al. 2008
America Peer & Sealy

Euphagus carolinus Molothrus ater 1 7 57.3 4.5 55.7] 1.0287|37.47758 (2004a) Jetz et al. 2008
Ameri Peer & Sealy

Euphagus cyanocephalus  |Molothrus ater 1 18|  57.3 5|  68.5 0.8365(37.20917|""¢"?  |(2004a) Jetz et al. 2008

Euplectes orix Chrysococcyx caprius 2 52 35 3 25 1.4] -22.106|Africa Noble (1995) HBW

Ficedula hypoleuca NA -1|NA o|NA 57| 145|NA  |58.43228|Europe  [P3VI€S2000 1ot et al 2008
Europe Martin-Vivaldi et

Fringilla coelebs Cuculus canorus 2 78.8 115 4.5 21.4] 5.3738]58.30004 P al. (2012) Jetz et al. 2008
E Martin-Vivaldi et

Fringilla montifringilla Cuculus canorus 2 88.1 15 5.9 24| 4.791758.07395|="°P° [/ (2012) Jetz et al. 2008

Furnarius rufus Molothrus bonariensis 1 86.7| 557 32|  56.5| 0.9858| -26.6318|AMerica |Mason (1986) | ;o) ot a1 2008
Australi Langmore et al.

Gerygone fusca Cacomantis flabelliform 2 255 44 25 6| 7.3333| -32.0506| 5@ [(2005) HBW
Australia Langmore et al.

Gerygone olivacea Chalcites minutillus O|NA O[NA 2.4|NA NA -29.2673 (2005) Jetz et al. 2008
E Martin-Vivaldi et

Hippolais icterina Cuculus canorus 2 667 115 45 146 7.8767|59.47097|-"°P¢ |l (2012) Jetz et al. 2008
Europe Martin-Vivaldi et

Hippolais pallida Cuculus canorus O[NA 87|NA 3[NA NA 35.64012 P al. (2012) Jetz et al. 2008
E Martin-Vivaldi et

Hippolais polyglotta Cuculus canorus 2 100 115 3.9 11] 10.455|41.84307|"°P® |4/ (2012) Jetz et al. 2008

Hirundo rustica Cuculus canorus -1[Na o[NA 5| 186|NA  |48.92207|FUrOPE  [Maller (1987) 1,00 ot a1 2008

Hylocichla mustelina Molothrus ater 1 of 573 35|  47.4| 1.2089|22.78234|AMeriCa  [Rothstein (1975)), 5
America Peer & Sealy

Icteria virens Molothrus ater 1 9 57.3 3.9 24.9] 2.3012]26.78141 (2004a) Jetz et al. 2008
Ameri Peer & Sealy

Icterus bullockii Molothrus ater 0|NA 100[NA 45(NA  [NA  |31.18688[""°"? |(2004a) Jetz et al. 2008

Icterus galbula Molothrus ater 1 100] 573 45| 333 1.7207|24.71336|AMeEriCa  |Rothstein (1977)) )., ot a1 2008

62




Martin-Vivaldi et

Motacilla flava Cuculus canorus 2 go| 115 5| 14.4] 7.9861|54.60575[FU°P |41 (2012) Jetz et al. 2008
Europe Martin-Vivaldi et
Muscicapa striata Cuculus canorus 2 66.7 115 3.5 15.4| 7.4675|61.03328 P al. (2012) Jetz et al. 2008
Australi Langmore et al.
Neochmia temporalis NA -1[NA o|NA 5|  109|NA | -32.9643|"YS""@ [(2005) HBW
Europe Martin-Vivaldi et
Oenanthe oenanthe Cuculus canorus -1[NA 5.9|INA 5.3 23.5[NA 59.564277 P al. (2012) Jetz et al. 2008
A . Rich & Rothstein
Oreoscoptes montanus Molothrus ater 1 100 57.3 4.5 45| 1.273337.20373|"Me"°@ (1985) Jetz et al. 2008
Asia Begum et al.
Oriolus xanthornus NA O|NA 100|NA 2.8|NA NA 16.27945 (2012) Jetz et al. 2008
Australi Langmore et al.
Pachycephala rufiventris  |Cuculus pallidus 2 100 82 24| 21.4] 3.8318| -30.9944|71S@1@ | (5005) Jetz et al. 2008
Paradoxornis alphonsianus |Cuculus canorus 2 80 115 4| 10.5| 10.952|37.76286 Yang (2010)  1ppw
Asi Lee & Yoo
Paradoxornis webbianus  |Cuculus canorus 2 100[ 115 5| 9.75| 11.795(30.53374| %2 (2004). HBW
Moksnes et al.
Parus caeruleus NA -1INA O[NA 5.1INA NA 61.8842|Europe 1991 Jetz et al. 2008
Moksnes et al.
Parus major NA -1INA O[NA 7.7 16|NA 59.27457|Europe (1991 Jetz et al. 2008
Moksnes et al.
Parus palustris NA -1INA O[NA 7.1INA NA 50.91607|Europe  |1991 Jetz et al. 2008
E M. Soler et al.
Passer domesticus NA -1[NA 44.2NA 8| 2326|NA  [58.94109|7"P° [2011) Jetz et al. 2008
Australia Langmore et al.
Petroica goodenovii Chalcites basalis 2 0 22 24 8.7 2.5287| -32.5726 (2005) Jetz et al. 2008
Phacellodomus sibilatrix  |Molothrus bonariensis 1 of 557 3 15| 3.7133| -27.9653|America  [Mason (1986) |5y
Phacellodomus striaticollis  |Molothrus bonariensis 0|NA of 557 3 24|NA -33.7329|AMmerica  [Mason (1986) |5y
Pheucticus ludovicianus ~ |Molothrus ater 1 of 573 4| 45| 1.2566|19.88788|America  |Rothstein (1975)| 5y,
Phleocryptes melanops Molothrus bonariensis 1 ol 557 28| 14.2| 3.9225| -26.5401|AMerica  [Mason (1986) |, 0, ot 5 2008
E Martin-Vivaldi et
Phoenicurus ochruros Cuculus canorus 0|NA 100[NA 49[NA  [NA  |53.602047UP¢ |af (2012) Jetz et al. 2008
Europe Martin-Vivaldi et
Phoenicurus phoenicurus Cuculus canorus 2 37.9 115 59 12.1] 9.5041]56.69015 P al. (2012) Jetz et al. 2008
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Australia

Langmore et al.

Phylidonyris novaehollandiae|Cuculus canorus 0 115 24 19.4| 5.9278| -36.568 (2005) Jetz et al. 2008
Eur Martin-Vivaldi et

Phylloscopus bonelli Cuculus canorus NA 50[NA 3.9 74[NA  |43.23455[7Y°P (41 (2012) Jetz et al. 2008
Europe Martin-Vivaldi et

Phylloscopus collybita Cuculus canorus 100 115 5.5 7| 16.429(51.41616|-""°P al. (2012) Jetz et al. 2008

Phylloscopus humei Cuculus canorus 100 115 45 6.9| 16.667|41.84621|751@ Marchetti (2000) f ;o ot a1, 2008
Europe Martin-Vivaldi et

Phylloscopus trochilus Cuculus canorus 90 115 5.7 9| 12.778|58.00528| ~1"P al. (2012) Jetz et al. 2008
Ameri Underwood et

Pica hudsonia Molothrus ater NA 100|NA 6.5|NA NA  |44.95102|/"M"° |4 (2004) HBW
America Bolen et al.(

Pica nuttalli Molothrus ater NA 100[NA 6.5|NA NA  |37.83052 2000) HBW
Eur J.J. Soler et al.

Pica pica Clamator glandarius 76.5 124 53| 188.1] 0.6592|59.11279|=°P€  |(1999a) Jetz et al. 2008

Pitangus sulphuratus Molothrus bonariensis NA 25 55.7 3.9 71.5|NA 17.40953 America  |Mason (1986) Jetz et al. 2008
Ameri Cruz et al.

Ploceus cucullatus Molothrus bonariensis 58.4 32 28| 40.9] 0.7824| -3.50522|"M°"°@ | (2008) Jetz et al. 2008
Asia Dhindsa &

Ploceus philippinus NA NA 100{NA 3.2|NA NA 15.97455|"' Sandhu (1988) [Jetz et al. 2008

Ploceus taeniopterus Molothrus bonariensis NA 28| 57.3 2.5|NA NA  |2.756005|Africa  [ackson 1998 | a\y

Polioptila dumicola Molothrus bonariensis NA o| 557 39| eslNa | 27ee7[America [Mason(1986) 1,01, ot a1 2008

Pooecetes gramineus Molothrus ater of 573 39|  257[2.2006| 32.3474[AMerica [Rothstein (1975)) . o4 o1 2008

Progne tapera Molothrus bonariensis NA 0 55.7 4 35|NA -15.9296 America - |Mason (1986) HBW
Ameri Peer & Sealy

Protonotaria citrea Molothrus ater NA o[NA 49| 155|NA  |24.75996|"M"? |(2004a) Jetz et al. 2008
Europe Martin-Vivaldi et

Prunella modularis Cuculus canorus 3.1 115 4.9 19.7| 5.8376| 56.62999| ~4"°P al. (2012) Jetz et al. 2008

Cunningham &

Psarocolius montezuma Molothrus oryzivorus 72 174 2| 376.5| 0.4622(12.37827|America |Lewis (2005) HBW

Pycnonotus capensis Clamator jacobinus 0 66 2.4 47.5| 1.3895] -33.6357 Africa Kriger (2011) Jetz et al. 2008

Pyrocephalus rubinus Molothrus bonariensis NA ol 557 25| 127|NA  |24.71574|AMeriCa [Mason (1986) |5y
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Europe

Soler (1990)

Pyrrhocorax pyrrhocorax Clamator glandarius 0 124 3.9 324| 0.3827]39.47844 Jetz et al. 2008
Pyrrhula pyrrhula NA o[nA 45 23[NA [59.25502|Europe  |P2VIES 2000 ot; et al. 2008
' ' America Peer & Sealy
Quiscalus major Molothrus ater 100{NA 2.7 158.8|NA 29.53546 (2004a) HBW
' . America Peer & Rothstein
Quiscalus mexicanus Molothrus ater 100|NA 3.5 168.7|NA 27.77338 (2010) Jetz et al. 2008
' ‘ America Peer & Rothstein
Quiscalus quiscula Molothrus ater 11.9[NA 4.2 82|NA 34.17065 (2010) Jetz et al. 2008
N N . . Australia Langmore et al.
Rhipidura fuliginosa Cacomantis variolosus 100 34 3.4 8| 4.25| -41.0075 (2005) HBW
N . Australia Langmore et al.
Rhipidura leucophrys Cuculus pallidus 100 82 2.8 27.7| 2.9603| -31.2645 (2005) Jetz et al. 2008
Satrapa icterophrys Molothrus bonariensis of s57 28]  20[Na | -25.6268|AMerica |Mason (1986) |, ot a1 2008
. Europe Martin-Vivaldi et
Saxicola torquatus Cuculus canorus 0 115 4.9 15.3| 7.5163|16.88782 al. (2012) Jetz et al. 2008
Sayornis phoebe Molothrus ater 6| 573 45| 18.1] 3.1657|31.08566|AMerICa |Rothstein (1975)f ;o) ot a1, 2008
Serpophaga subcristata  |Molothrus bonariensis of s57 o|  es[NA [ -209376|AMerica |Mason (1986) |5,y
o ‘ America Peer & Sealy
Sialia currucoides Molothrus ater 20 57.3 5.5 30| 1.91]36.90721 (2004a) Jetz et al. 2008
‘ ' America Peer & Sealy
Spiza americana Molothrus ater 1 57.3 3.5 27| 2.1222|29.84484 (2004a) Jetz et al. 2008
‘ ' America Peer & Sealy
Spizella pallida Molothrus ater 0 57.3 3.9 15[  3.82(32.14297 (2004a) Jetz et al. 2008
Spizella passerina Molothrus ater 158| 573 4| 155| 3.6068|32.83681[AMerica |Rothstein (1975)f ;) ot a1, 2008
‘ . America Peer & Sealy
Spizella pusilla Molothrus ater 0 57.3 4.2 15.7| 3.6497|35.73388 (2004a) Jetz et al. 2008
Sturnella magna Molothrus ater 333 57.3 5| 135| 0.4244|32.89060|AMeEriCa  |Rothstein (1975) ;) ot a1 2008
America Peer & Sealy
Sturnella neglecta Molothrus ater 100|NA 4.2] 103.5|NA 37.22731 (2004a) Jetz et al. 2008
Asia Begum et al.
Sturnus contra NA 0|NA 5|NA NA 23.24311 (2012) HBW
Moksnes et al.
Sturnus vulgaris NA 7INA 6] 58.35|NA 57.71829|Europe 1991 Jetz et al. 2008




Chapter 4

Brood parasitism and the evolution of cooperative
breeding in birds

The results from this chapter are now published in Science (2013), and it was done in
collaboration with several researchers. My contribution was the comparative analyses
in Africa and Australia to test the association between cooperative breeding and being
a host and Figure 2. Originally, the comparative analyses were planned as an
independent publication, but we decided to combine these with other results and
submit a stronger paper. After presenting the article | show the detailed methods | used

for the comparative analyses.
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I REPORTS

Brood Parasitism and the Evolution of
Cooperative Breeding in Birds

W. E. Feeney,” I. Medina,* M. Somveille,? R. Heinsohn,> M. L. Hall,* R. A. Mulder,* ]. A. Stein,?

R. M. Kilner,? N. E. Langmore™*

The global distribution of cooperatively breeding birds is highly uneven, with hotspots in
Australasia and sub-Saharan Africa. The ecological drivers of this distribution remain enigmatic yet
could yield insights into the evolution and persistence of cooperative breeding. We report

that the global distributions of avian obligate brood parasites and cooperatively breeding
passerines are tightly correlated and that the uneven phylogenetic distribution of cooperative
breeding is associated with the uneven targeting of hosts by brood parasites. With a long-term field
study, we show that brood parasites can acquire superior care for their young by targeting
cooperative breeders. Conversely, host defenses against brood parasites are strengthened by
helpers at the nest. Reciprocally selected interactions between brood parasites and cooperative
breeders may therefore explain the close association between these two breeding systems.

ooperative breeding, in which three or
‘ more individuals contribute to the care

of young in the nest, occurs in around 9%
of birds (/). The distribution of this social system
is strongly skewed toward two major hotspots:
Australasia and sub-Saharan Africa (2) (Fig. 1A).
Ecological correlates of this distribution include
both variable, unpredictable environmental con-
ditions (2) and stable, predictable conditions (3).
Unsurprisingly, the broad-scale ecological condi-
tions that favor the evolution and persistence of
cooperative breeding in birds therefore remain
controversial (2, 4, 5).

Previous studies have proposed that cooper-
atively breeding species are more likely to be
hosts of avian interspecific brood parasites than
are noncooperative species (6, 7). We investi-
gated the correlation between avian brood para-
sitism and cooperative breeding. Interspecific
brood parasites lay their eggs in the nests of other
birds, primarily passerines, and abandon their
young to the care of the host (8). The cost of
hosting a brood parasite can be immense, so hosts
are typically under selection to evolve defenses
against parasitism (8). One of the most ubiquitous
host defenses is the mobbing of brood parasites
(9). Collective mobbing by multiple individuals
can provide a more effective defense than solitary
or pair mobbing, thus providing a selective force
for cooperative or colonial breeding (/0).

To test this hypothesis, we first compared the
global geographic breeding distribution of avian
brood parasites and cooperatively breeding pas-
serine species (/7). We found a strong correlation
between species richness in cooperative breeders
and species richness in brood parasites [simul-
taneous autoregressive model (z) = 61.3, P <
0.0001, correlation coefficient (%) = 0.68, Fig. 1],

*Research School of Biology, The Australian National University,
Canberra, Australia. “Department of Zoology, University of
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with both exhibiting the same geographic skew
toward sub-Saharan Africa and Australasia [63%
of avian brood parasite species breed exclusively
within this region (8)]. This correlation remains
strong after controlling for avian species richness
(z=21.0, P<0.0001, 7 = 041, fig. S1).

This correlation could reflect a direct associ-
ation between brood parasitism and cooperative
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breeders

1-7
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. 16-24
. 2534

Richness in
brood
parasites
1-3
4-7
8-13
14-19

breeding, or both breeding systems could be the
outcome of a third variable, such as the high cost
of parental care in variable environments (2). If
there is a direct association, either because ex-
ploitation by brood parasites promotes cooper-
ative breeding or because brood parasites favor
cooperatively breeding hosts, we would predict
that within a given geographic region, species
that are hosts of brood parasites should be more
likely to breed cooperatively than nonhosts. We
tested this prediction using phylogenetic compar-
ative methods for two regions with sufficiently
well-studied avifaunas: Australia and southern
Africa (/7). These two regions encompass the
phylogenetically diverse passerine and nonpas-
serine hosts of 21 cuckoo species, 6 honeyguide
species, and 9 parasitic finch species. We used
published classifications of the host status of
Australian passerines [brood parasites exploit
passerines exclusively in Australia (/2)] and all
southern African birds (/3) and the modes of
parental care in all bird species worldwide (7).
Our analyses revealed a significant association
between hosts of brood parasites and cooperative
breeders in both southern Africa (Bayes factor =
18.36, strongly correlated; likelihood ratio test:
x* = 60.28, P < 0.001; Fig. 2A) and Australia
(Bayes factor = 17.34, strongly correlated; like-

Fig. 1. Global patterns of richness in (A) avian cooperatively breeding passerine species
and (B) obligate avian brood parasite species, during their breeding seasons.
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superb fairy-wren groups that were parasi-
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Park and Serendip Sanctuary, Australia.

lihood ratio test: x> = 11.66, P=0.02; Fig. 2B).
In southern Africa, 27.5% of hosts were co-
operative breeders, compared to only 7.6% of
nonhosts. Similarly, in Australia 52.8% of hosts
were cooperative breeders, compared to 11.9%
of nonhosts.

Three non-mutually exclusive processes could
explain why brood parasite hosts are more likely
to be cooperative breeders: (i) Brood parasites
might selectively target cooperative breeders to
maximize the care of their offspring (7); (ii) co-
operative breeders may be more obvious targets
as a result of the increased activity of helpers near
the nest (6, 7); and (iii) cooperative breeders may
be better able to defend their nests against brood
parasitism (7), selecting for cooperative breeding
in hosts. To investigate whether one or more of
these processes underpin the patterns uncovered
by our comparative analysis, we conducted field
observations and experiments on the facultatively

cooperative superb fairy-wren Malurus cyaneus.
In this species, some pairs breed unassisted, where-
as others are assisted by up to six nonbreeding
helpers. This allowed us to investigate how co-
operative breeding might change the outcome of
interactions with brood parasites. In southeastern
Australia, superb fairy-wrens are the primary host
of Horsfield’s bronze cuckoo, Chalcites basalis
(12), and can suffer high annual rates of brood
parasitism (/4).

We began by investigating whether cuckoos
might gain a selective advantage by preferentially
targeting cooperative breeders for parasitism,
using superb fairy-wren breeding and parasit-
ism data (/7). Cuckoo chicks grew slightly faster
when reared by groups of three or more (n = 30
cuckoo chicks, day of the nestling period x group
size; Fy = 7.46, P=0.009), with a predicted mean
(+SE) mass on day 12 of 22.6 g (+0.5 g) if reared
by a pair and 23.4 g (0.5 g) if reared by a group.
The chance of surviving to fledge was also greater
for nestlings reared by larger groups, because
predation rates decreased with increasing group
size [generalized linear mixed model (GLMM):
¥ = 431, P = 0.04]. Although superb fairy-
wrens commonly reject cuckoo chicks (/4), the
incidence of chick rejection was not correlated
with group size (n = 72 cuckoo chicks, logistic
regression, le =0.6, P=0.44). Overall, then, our
analyses provide support for hypothesis (i). We
find that brood parasites can gain a fitness ad-
vantage for their offspring by associating with
cooperative breeders, because they offer superior
provisioning and a more effective defense against
predators.

However, our analyses also show that this po-
tential fitness advantage was seldom realized by
Horsfield’s bronze cuckoos parasitizing superb
fairy-wrens, even when considering data from
two sites over 500 km apart. Large groups were
significantly less likely to be parasitized than small

groups at both Campbell Park (GLMM: y?,
7.68, P = 0.006) and Serendip Sanctuary (x*, =
5.01, P=0.027; Fig. 3). Therefore, our results do
not support hypothesis (ii): Cuckoos were not
drawn to parasitize cooperative breeders because
they are more salient targets for exploitation. Instead,
we find support for hypothesis (iii), because co-
operative breeding facilitates defense against brood
parasites. We quantified the fitness advantage
associated with better defenses against parasitism
in large groups using data from Campbell Park (/7).
Relative to small groups, the reduced probability of
parasitism in large groups increases the production
of young by 0.2 fledglings per group per season.
Therefore, both parents and related helpers gain a
fitness advantage from cooperative breeding when
interacting with brood parasites.

Subsequent experimental analyses of behav-
ior at the nest revealed how larger groups are able
to escape parasitism more frequently than smaller
groups. We found that superb fairy-wrens were
more aggressive toward mounts of a cuckoo
than of a nest predator (eastern brown snake,
Pseudonaja textilis), a predator of adult birds
(collared and Eurasian sparrowhawk, Accipiter
cirrocephalus and A. nisus, respectively), a pred-
ator of both adults and nestlings (pied currawong,
Strepera graculina), or a nonthreatening control
(white-plumed honeyeater, Lichenostomus pen-
icillatus; linear mixed effects model on num-
ber of mobbing calls: x% =53.95, P<0.0001; Fig.
4A). Further, cuckoo-targeted mobbing was
elicited by a referential vocalization. Superb
fairy-wrens produce whining alarm calls (/5) that
are structurally unlike any other calls in their rep-
ertoire (Wilk’s A = 0.11, exact Fg,s6 = 13.75, P <
0.01; fig. S3) and do so exclusively when con-
fronting a cuckoo (Friedman test: x4 = 54.72, P<
0.0001; Fig. 4C). With playback experiments, we
found that this call elicits a more rapid approach
by group members than mobbing alarm calls or a
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spent mobbing the cuckoo model (<0.5 m from the model) by small (n = 27

groups) versus large (1 = 5 groups) groups. (C) Mean number of whining calls
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approached playbacks (n = 20 each) of fairy-wren mobbing alarm calls, a control
sound, and fairy-wren whining alarm calls. Error bars denote the standard error.

control sound (a parrot call, GLMM: 3% = 68.05,
P<0.0001; Fig. 4D). Once mobilized, the strength
of these defenses increases with group size. Large
groups were more vigilant around their nest
(GLMM: %%, =8.03, P < 0.004), spent more time
mobbing the cuckoo than smaller groups (Kruskal
Wallis test: % = 5.42, P = 0.02; Fig. 4B), and
ultimately were less likely to be parasitized. Thus,
superb fairy-wrens possess cuckoo-specific nest
defenses, which are enhanced by helper con-
tributions and which can explain the lower
parasitism rates experienced by large groups.

Our findings show a pronounced association
between avian brood parasitism and cooperative
breeding in birds, on a global scale. Our field data
suggest that a two-way process underpins this
relationship. On the one hand, brood parasites
can gain a fitness advantage by preferentially ex-
ploiting the superior care provided by coopera-
tively breeding groups. On the other hand, the
genetic relatives of offspring raised by coopera-
tively breeding families potentially gain fitness
from the superior defenses that the extended fam-
ily collectively mounts against brood parasites.
Defense against brood parasitism is therefore an
important kin-selected fitness advantage associ-
ated with cooperative breeding [see also (/6)]. In
superb fairy-wrens, we have shown this two-way
process at work, but in other cooperatively breed-
ing hosts, especially those with a less protracted
coevolutionary relationship with brood parasites,
only the first part of the process may be evident.
The challenge remaining for future work is to
determine the extent to which brood parasites
have influenced the biology of cooperatively breed-
ing species.
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C57BL/6N Mutation in Cytoplasmic
FMRP interacting protein 2 Regulates
Cocaine Response

Vivek Kumar,? Kyungin Kim,* Chryshanthi Joseph,* Said Kourrich,>* Seung-Hee Yoo,*
Hung Chung Huang,* Martha H. Vitaterna,* Fernando Pardo-Manuel de Villena,”
Gary Churchill,® Antonello Bonci,®7 Joseph S. Takahashi?}

The inbred mouse C57BL/6] is the reference strain for genome sequence and for most behavioral
and physiological phenotypes. However, the International Knockout Mouse Consortium uses an
embryonic stem cell line derived from a related C57BL/6N substrain. We found that C57BL/6N has
a lower acute and sensitized response to cocaine and methamphetamine. We mapped a single
causative locus and identified a nonsynonymous mutation of serine to phenylalanine (S968F) in
Cytoplasmic FMRP interacting protein 2 (Cyfip2) as the causative variant. The S968F mutation
destabilizes CYFIP2, and deletion of the C57BL/6N mutant allele leads to acute and sensitized
cocaine-response phenotypes. We propose that CYFIP2 is a key regulator of cocaine response in
mammals and present a framework to use mouse substrains to identify previously unknown genes
and alleles regulating behavior.

established in 1921 and has been main-
tained at the Jackson Laboratory since
1948 (7). In 1951, a colony of C57BL/6J was
shipped to the National Institutes of Health (NIH),

The reference mouse strain, C57BL/6J, was

and C57BL/6N became a second major source of
C57BL/6 mice. Large-scale projects use different
C57BL/6 substrains, including the International
Knockout Mouse Consortium (IKMC), which uses
C57BL/6N embryonic stem (ES) cells (2, 3), and
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SUPPLEMENTARY MATERIAL

Comparative analyses

We conducted our phylogenetic comparative analyses on the Australian and southern
African avifauna because there are well-studied and comprehensive classifications of
host status are published for these regions (12, 13). For our analysis of Australian hosts,
we used Brooker and Brooker’s published compilation of 5,244 records of parasitism of
204 passerines in Australia (brood parasites in Australia exploit passerines exclusively,
12). To overcome biases in any one source of data, Brooker and Brooker combined
records of parasitism from the literature, museum and private egg collections, the
Royal Australian Ornithologist’'s Union nest records scheme, the Australian Bird
Banding Scheme and unpublished records of parasitism. Moreover, they applied
rigorous criteria to their classification of hosts as biological (successful) hosts as distinct
from accidental or unsuitable hosts; biological hosts had multiple (>4), independent
(>1 observer, > 1 location, > 1 year) records of parasitism, and either 1) an egg or
authentic nestling record followed through to fledgling; 2) nestling and feeding records
as well as egg records; or 3) egg records alone, if congeneric with a known biological
host of the cuckoo. For our analysis, we included all passerine species classified as
either non-hosts or biological hosts of Australian cuckoos (12). We excluded species
classified as ‘non- biological’ (occasional or rare) hosts, because it was not possible to
infer the extent of selection on these hosts by brood parasites. Thus our dataset
comprised 129 passerine species that were classified as either cuckoo hosts or non-
hosts (87 and 42 species respectively). For our analysis of southern African hosts, we
used the host listings for all brood parasites in ‘Roberts Birds of Southern Africa’ (13).
These lists mostly do not distinguish between regular and occasional hosts, so we
included all species listed as hosts and excluded those listed as provisional hosts. The
honeyguides (Family Indicatoridae) in southern Africa exploit non-passerine hosts, so
this analysis included both passerine and non-passerine species. Our southern African

dataset comprised 138 host species and 754 non-host species.

Information on breeding system was obtained from Cockburn (1). This study inferred
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breeding systems for those species where it was unknown, based on the breeding
systems of their closest relatives. To test the association between host status and social
system, we downloaded 1000 avian phylogenetic trees from the 10,000 trees available
at www.birdtree.org (20) and employed the Discrete module in the BayesTraits
program (21). We used the maximum likelihood algorithm to estimate trait changes on
our evolutionary tree and compared the likelihood of a model that assumed
independent evolution of the two characters (host status and social system) with that
of a model of correlated evolution between these characters. Likelihoods were
calculated for each of the 1000 trees, and were then averaged for each model. Average
likelihoods were compared using a likelihood ratio test (2* difference in log-likelihood)
and the significance of the difference between both models was calculated following a
chi-square distribution for four degrees of freedom (equal to the difference of

parameters used by each model).

To confirm our results we also used the Bayesian inference algorithm, with 5,050,000
iterations for the Australian dataset (burn in 50,000) and 100,000,000 iterations for the
African dataset (burn in 10,000,000). The sample interval was set at 1000 to achieve a
low autocorrelation. We obtained a Bayesian factor by subtracting the likelihoods for
each model and we used the table provided in the manual to assess the significance of

the results.

Although phylogenetic methods allow exploration of the sequence of evolution of
correlated traits, these methods rely strongly on ancestral character reconstruction,
which has proved to be a problematic topic (22). Further, host status constitutes a
particularlydifficult trait to reconstruct, given its lability and its tendency to be the
product of convergence. Brood parasites tend to exploit species that are closely-related
(particularly members of the same genus). This could lead to a false result that brood
parasitism occurred early in the evolution of a clade of hosts, when in fact it might
reflect recent annexation by a brood parasite of several closely-related species as hosts.

Therefore this analysis was not appropriate here.
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’Chapter 5

Batten down the thatches: Front-line defences in an
apparently defenceless cuckoo host

This chapter constitutes the first part of my fieldwork in Canberra, Australia. The

following is the article published in Animal Behaviour.
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Avian brood parasites lay their eggs in the nests of other species, imposing high costs on their hosts. In
theory, this should select for the evolution of defences against parasitism in hosts, yet eviction of parasite
eggs or chicks is absent in many host species. One such host is the yellow-rumped thornbill, Acanthiza
chrysorrhoa, the primary host of the shining bronze-cuckoo, Chalcites lucidus, in Australia. Here we tested
whether the lack of egg and chick rejection in yellow-rumped thornbills has led to the evolution of
alternative defences against brood parasitism. We provide evidence that this host has evolved two types
of frontline defences. First, yellow-rumped thornbills responded to the presence of a cuckoo mount near
the nest with mobbing behaviour and by occupying their dome-shaped nests, potentially as a means of
blocking the small entrance hole. Second, we show that brood parasitism imposes directional selection
for early breeding on the yellow-rumped thornbill and that yellow-rumped thornbills show a concom-
itant shift in their breeding phenology, breeding earlier than both congeneric and sympatric species. Our
results highlight the importance of studying apparently defenceless hosts in order to identify alternative
defence strategies.

© 2015 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

Brood parasites lay their eggs in nests of other species, thus
avoiding the costs of raising their own offspring (Davies, 2000).
Cuckoos are particularly virulent brood parasites (Kilner, 2005), and
when their chick hatches it usually evicts all the other eggs of its
foster parents, resulting in extremely high costs to hosts. This
strongly antagonistic interaction between hosts and cuckoos has
led to the evolution of host strategies to prevent cuckoo parasitism,
which have, in turn, selected for counter-adaptations in cuckoos to
circumvent host defences (Davies, 2011).

As a defence against parasitism, many hosts evict brood parasite
eggs from the nest, or they might even abandon the nest and build a
new one (Davies, 2000). Although rejection of a foreign egg allows
the host's own breeding attempt to continue, the host still typically
loses one egg because the cuckoo female usually removes one host
egg when she lays her own (Davies, 2000). Egg rejection is possibly
the best-studied type of host defence strategy, and it has led to the
evolution of egg mimicry by parasites (Aviles et al, 2012;
Landstrom, Langmore, & Heinsohn, 2010; Spottiswoode,
Stryjewski, Quader, Colebrook-Robjent, & Sorenson, 2011). Simi-
larly, hosts may also reject the parasite chick (Langmore, Hunt, &

* Correspondence: I. Medina, Department of Ecology, Evolution and Behaviour,
Australian National University, Canberra 0200, Australia.
E-mail address: iliana.medina@anu.edu.au (I. Medina).

http://dx.doi.org/10.1016/j.anbehav.2015.12.006

Kilner, 2003; Sato, Tokue, Noske, Mikami, & Ueda, 2010; Tokue &
Ueda, 2010), and this in turn has selected for the evolution of
brood parasite chicks that mimic the appearance of host chicks
(Langmore et al., 2011). Nevertheless, almost 40% of the main hosts
of brood parasites are unable to recognize and reject parasitic eggs
(Medina & Langmore, 2015) and cuckoo chick rejection is rare
(Davies, 2011). Possible explanations for the lack of defences in
some species are that the evolution of such defences may be too
costly to evolve in some species, or there has been insufficient time
for these defences to evolve (e.g. ‘evolutionary lag hypothesis’,
Takasu, 1998). Another possibility is that the host has evolved
effective defences, but at other stages of the breeding cycle.
Several ‘frontline’ defence strategies are used by hosts in
response to parasitism. These are defences deployed before para-
sitism occurs, and they are potentially the most beneficial defences
to hosts, because the host's entire clutch is preserved if frontline
defences are successful. Host species may attempt to prevent
parasitism physically, by mobbing the female brood parasite
(Davies & Welbergen, 2008; Feeney, Welbergen, & Langmore, 2012;
Gloag, Fiorini, Reboreda, & Kacelnik, 2013; Kriiger, Davies, &
Sorenson, 2007; Langmore et al., 2012; Tong, Horrocks, &
Spottiswoode, 2015; Welbergen & Davies, 2011). Physical attacks
can successfully prevent parasitism (Kriiger, 2011; Neudorf & Sealy,
1994; Webster, 1994) and may even result in the death of the

0003-3472/© 2015 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
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parasite (Gloag et al., 2013; Molnar, 1944; Moyer, 1980). Although
such behaviours may represent some energetic cost to the host, the
overall outcome should be beneficial if cuckoo egg laying is pre-
vented. Mobbing behaviour has been well studied in some coop-
erative breeders, such as superb fairy-wrens, Malurus cyaneus,
where it has been found that large groups mob cuckoos more
aggressively and experience lower rates of parasitism than small
groups (Feeney et al., 2013). However, the degree of mobbing suc-
cess for hosts that breed in pairs or small groups requires further
investigation (but see Welbergen & Davies, 2009).

Another ‘frontline’ defence strategy may involve hosts avoiding
brood parasitism by adjusting their breeding phenology to breed
when cuckoos are not present (Boves, Sperry, Comolli, &
Weatherhead, 2014; Brooker & Brooker, 1989a, 1989b). This idea
has been poorly explored (Feeney et al., 2012) but has been sug-
gested in some hosts, such as the red wattlebird, Anthochaera car-
unculata, which is exploited by the pallid cuckoo, Cuculus pallidus
(Brooker & Brooker, 1989a, 1989b). Red wattlebirds breed at the
same time as pallid cuckoos in southeastern Australia, where they
are not a major host of the cuckoo, but commence breeding 3
months earlier than the cuckoo in southwestern Australia, where
they are a primary host (Brooker & Brooker, 1989a, 1989b). A
rationale for being an early breeder is that it may offer an alter-
native defence to hosts when the evolution of other types of de-
fences is constrained.

Here, we tested for two types of frontline defences in the
yellow-rumped thornbill, Acanthiza chrysorrhoa (Family: Acanthi-
zidae), the primary host of the shining bronze-cuckoo, Chalcites
lucidus, in Australia (Brooker & Brooker, 1989a, 1989b). Shining
bronze-cuckoos are a highly virulent parasite: the cuckoo nestling
evicts the host's eggs and then becomes the sole beneficiary of the
host's care for over a month. Yellow-rumped thornbills build dome-
shaped nests with very dark interiors (Langmore & Kilner 2009),
which may constrain the evolution of egg rejection in this species
(Langmore et al., 2005) and favour the evolution of alternative
defences. Two previous studies showed that yellow-rumped
thornbills are indeed poor egg rejecters, with rejection of nonmi-
metic model eggs recorded at 0% (Brooker & Brooker, 1989a, 1989b)
and 10% (Langmore et al., 2005) of experimental nests. Moreover,
there is no evidence of cuckoo chick rejection in this species (N = 15
shining bronze-cuckoo chicks reared to fledging, none rejected, N.E.
Langmore, n.d.). Thus, contrary to theoretical expectations that
cuckoo parasitism should select for host defences, previous studies
suggest that yellow-rumped thornbills are defenceless cuckoo
hosts (Langmore & Kilner, 2009; Langmore et al., 2005). However,
there is no information on frontline defence strategies in this
species. Yellow-rumped thornbills are well known as early
breeders, and can be observed ‘carrying nesting material through
the freezing fog, just one day after the winter solstice’ (McComas
(1992), p. 140). Here we explored whether yellow-rumped thorn-
bills have evolved frontline defences and whether this can explain
the anomaly of an apparently defenceless, yet heavily exploited
host. Specifically, we tested whether yellow-rumped thornbills (1)
mob shining bronze-cuckoos, (2) breed earlier than other insec-
tivorous passerine species breeding at similar latitudes, (3) breed
earlier than other congeneric species and (4) experience lower
parasitism rates if they breed earlier, which would suggest that
there is directional selection for early breeding.

METHODS
Study Species and Study Site

Yellow-rumped thornbills are small (9¢g), insectivorous,
nonmigratory passerines endemic to Australia (del Hoyo, Elliott,

Sargata, Christie, & de Juana, 2014). They may breed coopera-
tively, with the breeding pair receiving assistance in caring for
young from one or two nonbreeding helpers, although most pub-
lished observations of breeding are of pairs (Higgins & Peter, 2002).
They breed multiple times during the season, and both sexes
participate in building and lining the nest, but only females incu-
bate. They are the primary host of the shining bronze-cuckoo in
Australia (Brooker & Brooker, 1989a, 1989b). Shining bronze-
cuckoos are breeding migrants, overwintering in Queensland or
Papua New Guinea and arriving at our study site in August. The
nests of yellow-rumped thornbills are relatively conspicuous,
dome-shaped structures with a very small entrance, and may be
built in dense clusters of foliage in trees, particularly in mistletoe
(Family Loranthaceae) growing on Eucalyptus species, or in thorny
bushes, such as boxthorn, Lycium ferocissimum. We studied yellow-
rumped thornbills in Campbell Park, an open eucalypt woodland in
Canberra, southeastern Australia (149°9’ E, 35°16’ S), from 1999 to
2015. During our study, nests were located by following adults
during nest building or incubation. Nest success was scored as the
total number of chicks fledged (with zero for abandoned or
depredated nests).

Cuckoo Model Presentation

To test whether yellow-rumped thornbills mob cuckoos, we
presented groups of thornbills with freeze-dried specimens of a
shining bronze-cuckoo and a nonthreatening control species of
similar size that occurs commonly at the study site (white-plumed
honeyeater, Lichenostomus penicillatus), during two breeding sea-
sons, from August to December in 2012 and 2013. Most of the
presentations in both years were done in September, when many of
pairs had their second clutch. We used two different specimens
each of the shining bronze-cuckoo and the honeyeater and tested
for individual specimen effects. The two treatments were presented
on the same day, separated by at least 60 min to avoid carryover
effects, and the order of presentation was alternated. Trials were
conducted during egg laying or early incubation, since this is the
period when thornbills are most vulnerable to parasitism. Models
were placed inside a fine 1.5 cm wire-mesh cage (50 x 50 cm) to
protect them from damage and the cage was placed 2 m from the
thornbill nest, at roughly the same height as the nest. The trial
commenced when a yellow-rumped thornbill came within 2 m of
the model, and continued for 5 min. A video camera (Canon EOS
40D) was positioned at least 10 m from the cage and thornbill re-
sponses to the models were filmed. From the video recordings we
extracted movements, number of vocalizations in 5 min, and
quantified the proportion of time spent within 1 m of the cage.
Birds were habituated to the presence of the camera by setting up
the camera and tripod from 10 to 15 min before placing the models.
This species is very used to anthropogenic intervention, and in
several instances birds would continue to mob the model even
when the researcher was removing it.

Shifts in Breeding Phenology

To explore whether yellow-rumped thornbills have shifted their
breeding phenology in response to brood parasitism, we investi-
gated whether they commence egg laying earlier than other com-
parable passerine species that breed at similar latitudes in
southeastern Australia. Species used for comparison are shown in
Appendix Table Al. Like the yellow-rumped thornbill, these are all
small insectivorous species and are therefore likely to experience
similar constraints on breeding based on food availability. For this
analysis, we gathered data on the first month when at least 5% of
the eggs were found. We also gathered data on average minimum
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temperature per month at the Canberra Airport Weather Station
(4 km from our field site) from 2008 to 2015, from the Bureau of
Meteorology (http://www.bom.gov.au/).

We also explored whether yellow-rumped thornbills in our
study site commence egg laying earlier than other Acanthiza spp.,
using data from the Handbook of Australian and New Zealand and
Antarctic birds (Higgins & Peter, 2002). We chose egg-laying dates
of populations of Acanthiza species at similar latitudes or
nontropical regions, except for A. katherina, which has an exclu-
sively tropical distribution.

To test whether nests of yellow-rumped thornbills that were
built earlier in the breeding season had lower parasitism rates than
those laid later in the season, we analysed parasitism rates of all
yellow-rumped thornbill nests found in Campbell Park in which
eggs were laid (cuckoo and/or host eggs), from our long-term data
set spanning 1999—2015 (Langmore & Kilner, 2007).

Ethical Note

Our experiment was approved by the Animal experimentation
ethics committee at the Australian National University, permit
number A2012/30. We did not trap or collect any individual for this
study and it was based completely on observations. Nests were
accessed to check whether these had eggs but they were only
checked once and while the parents were away from the nest.

Statistical Analyses

To test differences in mobbing behaviour in response to the
presentation of a cuckoo model versus a honeyeater, we used a
generalized linear mixed model (GLMM) in R, with model type
(cuckoo or honeyeater), trial order and model replicate as fixed
effects and pair ID as random effect. As response variables we used
the percentage of time spent less than 1 m from the model and the
number of vocalizations. We used a GLMM model with specified
Gaussian family distribution, since both response variables were
not normally distributed (Time: W=0.58 P<0.001; Calls:
W =0.49 P < 0.001). To test for an association between egg-laying
date and parasitism rate, we used a nominal logistic model,
where month of the year was the predictor variable and the
response variable was whether or not the nest was parasitized.

RESULTS

The average parasitism rate at our study site was 27.1% of nests
in which eggs were laid (N = 123 nests, 1999 to 2015), and ranged
from 15% to 50% of nests parasitized per season.

Cuckoo Model Presentation

Cooperatively breeding groups were not common at our study
site, and all 16 nests used for the experiment belonged to pairs
rather than groups. Yellow-rumped thornbills did not show the
extremely aggressive response to cuckoo models (Supplementary
Video S1) that has been reported in studies of other hosts (e.g.
Langmore et al., 2012; Tong et al., 2015; Welbergen & Davies, 2009);
but they did spend more time in close proximity to the cuckoo
(time spent <1 m from model = 38.2 + 43%) than the honeyeater
(1.9 +£5.8%; GLMM: df=1, P=0.001; Fig. 1a). The probability of
responding to the model did not increase through the season
(X>=0.28, P=0.59, N = 16). Responses were highly dichotomous,
and in half of all cuckoo presentations the yellow-rumped thornbill
pair made no response. In the other half of trials they attempted to
attack the cuckoo through the cage and made vocalizations, but in
87% of cases this response was given by only one member of the
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pair. In five of the eight cases (63%) of cuckoo attack, we observed
that while one individual was close to the cuckoo model, the other
individual returned to the nest and sat inside. The vocalizations
produced in response to the cuckoo were used in many contexts,
and we did not identify any cuckoo-specific type of call, but they
gave significantly more vocalizations in response to the cuckoo
model than the control (GLMM: df = 1, P = 0.02; Fig. 1b). There was
no effect of the order of presentation (P = 0.12) and there was no
difference between the responses to the two different models of
each species (P = 0.14). Given the strikingly different responses to
the cuckoo mount from different pairs (attack versus no response),
we also examined the number of fledglings produced from the
nests used in the experiment for mobbers versus nonmobbers. The
number of fledglings produced by parents that mobbed cuckoos
was significantly higher than for nonmobbers (ANOVA: F = 96.33,
P =0.0001; Fig. 1c). Nests of parents that did not mob were either
abandoned (N = 3), depredated (N = 3), naturally parasitized after
performing the experiment (N=1) or only fledged partially
(N=1), while all nests of parents that mobbed succeeded in
fledging young and only one nest had reduced progeny because one
egg did not hatch.

Shifts in Breeding Phenology

From 21 species of insectivorous passerines occurring in
southeastern Australia for which reliable breeding dates are avail-
able (Appendix Table A1), only the yellow-rumped thornbill com-
mences egg laying in July (Fig. 2a). Average minimum temperature
in Canberra is lowest during July, with an average minimum tem-
perature of —0.2 °C (Fig. 2a). Yellow-rumped thornbills also lay
their eggs before other members of the same genus, Acanthiza,
which start laying in August and September (Fig. 2b). Yellow-
rumped thornbills suffer higher parasitism rates (27.1%) than
other thornbill species that breed at the same site, such as the buff-
rumped thornbill, Acanthiza reguloides (average 11%, N = 115 nests,
1999—-2014) and the brown thornbill, Acanthiza pusilla (average 4%,
N = 23 nests, 1999—2014). The analysis of egg-laying dates revealed
that parasitism rates in yellow-rumped thornbills increase signifi-
cantly through the season (nominal logistic model: X = 4.30,
P=0.037, N =123; Fig. 3). Eggs laid in the first 3 months of the
breeding season have parasitism rates of around 20%, compared to
parasitism rates of 30—50% in the last months of the season (Fig. 3).

DISCUSSION

The yellow-rumped thornbill is the primary host of the shining
bronze-cuckoo in Australia, with parasitism rates of up to 50% in
some years, yet counter to theoretical expectations, no evidence of
defences against cuckoo parasitism has been found in previous
studies (Brooker & Brooker, 19893, 1989b; Langmore et al., 2005). In
this study we found evidence that the yellow-rumped thornbill has
evolved less explored defence types, such as mobbing behaviour,
nest guarding and shifts in breeding phenology.

The mobbing strategy in the yellow-rumped thornbill is much
less aggressive than that of other well-studied hosts, such as superb
fairy-wrens (Langmore et al, 2012), mockingbirds, Mimus sat-
urninus (Gloag et al., 2013) and Cape bulbuls, Pycnonotus capensis
(Kriiger, 2011), in which pairs or groups of birds attack cuckoos
fiercely. In our experiments, the cuckoo mount was mobbed in only
half the trials, and by only one member of the pair. However, we
found that in 63% (5/8) of these trials the other member of the pair
returned to the nest. A similar strategy has been reported in carrion
crows, Corvus corone, and yellow warblers, Setophaga petechia
(Canestrari, Marcos, & Baglione, 2009; Hobson, 1989), in which the
female stays on the nest, discouraging parasite laying attempts.
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Figure 1. (a) Proximity and (b) vocal response of yellow-rumped thornbills to the cuckoo model and the harmless honeyeater model (N = 16 nests). Black lines connect the response
of the same individual to both models. (c) Box plot showing number of fledglings produced from nests belonging to individuals that mobbed or did not mob the cuckoo model. The
black lines show the median and the box the 25th and 75th percentiles; the circle is an outlier.

This might be an effective defence in yellow-rumped thornbills.
Although brood parasites can succeed in laying an egg while the
host is on the nest in cup-nesting hosts (e.g. Gloag et al., 2013), this
may be more difficult in a dome-shaped nest, where the host may
be able to block the small entrance hole. This result highlights the
importance of studying defences across various species, in order to
detect subtle differences in stereotypical defences, such as
mobbing.

Welbergen and Davies (2009) showed a direct link between
mobbing and increased reproductive success in reed warblers,
Acrocephalus scirpaceus, since mobbers tended to have a lower
parasitism rate. Here we have shown that pairs with a mobbing
response to the cuckoo mount produced more fledglings per nest.
In part this may reflect an ability to deflect cuckoos, but it is also
likely that both traits are associated with age and experience. A
study of another bronze-cuckoo host, the superb fairy-wren,
showed that mobbing of cuckoos was learned through observa-
tion of mobbing by conspecifics, and did not occur in birds with no
prior exposure to cuckoos (Feeney & Langmore, 2013; Langmore
et al,, 2012). Similarly, great reed warblers, Acrocephalus arundi-
naceus, showed a positive correlation between different behaviours

that offer nest protection in general, not only from parasitism
(Trnka & Grim, 2014).

In addition to mobbing, we also found evidence that yellow-
rumped thornbills may be under selection to adjust their
breeding phenology to avoid parasitism. Parasitism rates were
lower at the beginning of the season and increased as the breeding
season progressed, suggesting that yellow-rumped thornbills may
be under directional selection for earlier breeding as a result of
parasitism by cuckoos. Correspondingly, this species starts
breeding much earlier (mid-winter) than other small passerine
species that breed in similar latitudes, and compared to its main
parasite the shining bronze-cuckoo (which arrives and commences
egg laying in August). In fact, the earliest report of nest building in
our field site was 5 June 1996 (Ebert, 2004). Annual average tem-
peratures drop to their lowest point in July (Fig. 2a), which is
probably related to low insect abundance and is likely to explain
why many other passerines at the site start breeding in mid-August
and September. Yellow-rumped thornbills also commence egg
laying early relative to congeneric species at our site, such as the
buff-rumped thornbill and the brown thornbill, which have much
lower parasitism rates, and congeneric species that occur at a
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Figure 2. (a) Average minimum temperature + SD per month in Canberra (2008—2015) and distribution of month of initiation of egg laying for 21 insectivorous passerine species
breeding at similar latitudes to our focal species, the yellow-rumped thornbill. (b) Month of commencement of egg laying for species of the genus Acanthiza. Data were collected
from temperate populations of each species, except for A. katherina, which has an exclusively tropical distribution (denoted by T).

similar latitude to that of the yellow-rumped thornbills (Fig. 2b).
Although these data are correlational and therefore do not prove
that shifts in breeding phenology result from brood parasitism
pressures, this constitutes one of the first studies explicitly sup-
porting this hypothesis, to our knowledge. A similar suggestion was
made for black-capped vireos, Vireo atricapilla, in which parasitism
rates are lower at the beginning of the breeding season (Boves et al.,
2014). Differences in laying dates have also been found for

[l Parasitized [ Not parasitized

Proportion of nests

Month when first egg was laid
(field data from 1999 to 2015)

Figure 3. Increase in proportion of parasitized (black) nests of yellow-rumped
thornbills through the breeding season. Size of boxes is proportional to sample size
per month (N = 123 nests).

populations of a species of the same family, the grey warbler, Ger-
ygone igata, which might be able to avoid shining bronze-cuckoos
by laying earlier in the south of their range (Anderson, Gill,
Briskie, Brunton, & Hauber, 2013). Similarly, it has been suggested
that indigo buntings, Passerina cyanea, delay their breeding season
to avoid overlap with cowbirds, Molothrus spp. (Carey, 1982). It
would be interesting to explore the precise mechanisms that have
allowed yellow-rumped thornbills to breed in such low tempera-
tures (e.g. nest insulation), and whether this defence strategy is
used by other main host species. Moreover, it would be ideal to test
whether dates of commencement of breeding in different pop-
ulations of yellow-rumped thornbills vary according to whether
they are sympatric or allopatric with shining bronze-cuckoos, but
these data have proven difficult to find, because the breeding
ranges of yellow-rumped thornbills and their cuckoos overlap
almost completely.

Although yellow-rumped thornbills are poor egg rejectors, our
study suggests that they have evolved at least two types of frontline
defences. Our mount experiments show that they can recognize
cuckoos, and this may trigger a response in which one member of
the breeding pair blocks the entrance of the nest while the other
mobs the cuckoo. This mobbing response is linked to the repro-
ductive success of the pair. Moreover, this species also breeds early
compared to closely related species and other insectivorous species
breeding in southeastern Australia. Our data showed no link be-
tween breeding earlier and mobbing less, suggesting that both
strategies may be present in the same individual. However, there is
evidence that hosts such as superb fairy-wrens can learn to identify
parasites (Feeney & Langmore, 2013), so the likelihood of mobbing
may increase later in the season, when parasites are more frequent.
This is likely to happen in yellow-rumped thornbills but there are
no current data. However, the highly dichotomous response of this
species is similar to that reported by Davies and Welbergen (2009)
in reed warblers, where they suggest that this type of response
would be expected in systems in which cuckoo recognition is
learned (Davies & Welbergen, 2009). It is also important to mention
that the defensive strategies found in this study are not widespread
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in the population; only 50% of pairs were mobbers and only 3% of
the nests were found in July, explaining why this host is still so
heavily parasitized. Given our results on reproductive success and
parasitism rates through the season, it is possible that these per-
centages will increase within the next decades. Also, we would
expect lower mobbing rates and no shifts in breeding dates in
populations with lower parasitism rates.

Finally, we suggest that studying major host species that lack
conventional defences, such as group mobbing or egg rejection,
might be a fruitful avenue for exploring novel adaptations against
brood parasitism. Most species of cowbird hosts and many species
with domed nests show low rates of egg rejection (Medina &
Langmore, 2015). Rather than being entirely defenceless, these
species might employ alternative forms of defence that have been
overlooked previously.
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Appendix

Table A1

First month when 5% of the study population laid eggs, for 21 passerine species breeding in southeastern Australia

Species name

Laying commences

Location of study

Reference

Chthonicola sagittata August
Acanthiza pusilla August
Acanthiza reguloides September
Acanthiza lineata August
Sericornis frontalis August
Malurus cyaneus August
Daphoenositta chrysoptera August
Acridotheres tristis October
Rhipidura leucophrys September
Eopsaltria australis September
Phylidornyris novaehollandiae September
Rhipidura albiscapa October
Philemon corniculatus August
Petroica multicolor September
Petroica phoenicea September
Petroica goodenovii August
Pachycephala rufiventris October
Climacteris affinis September
Gerygone olivacea September
Myiagra rubecula October
Merops ornatus October

Canberra, ACT
Canberra, ACT
Wollomombi, NSW
Wollomombi, NSW
Canberra, ACT
Canberra, ACT
Armidale, NSW
Canberra, ACT
Canberra, ACT
Langwarrin, VIC
Langwarrin, VIC
Canberra, ACT
Armidale, NSW
Nimmitabel, NSW
Nimmitabel, NSW
Terrick Terrick NP, VIC
Armidale, NSW
Yarrara NP, VIC
Canberra, ACT
Canberra, ACT
Canberra, ACT

Gardner (2002)

Green and Cockburn (1999)
Bell and Ford (1986)

Bell and Ford (1986)
Magrath et al. (2000)
Rowley (1964)

Noske (1998)

Pell and Tidemann (1997)
Gardner (1998)

Berry (2001)

Berry (2001)

Munro (2007)

Ford (1998)

Robinson (1989)
Robinson (1989)

Dowling (2003)

Bridge (1994)

Radford (2002)
Beaumont, McAllan, and Hughes (2006)
Beaumont et al. (2006)
Beaumont et al. (2006)
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Nest illumination and the evolution of egg rejection in
hosts of brood parasites.

This chapter constitutes the second part of my fieldwork in Canberra, Australia.
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Nest illumination and the evolution of egg rejection in

hosts of brood parasites.

Iliana Medina and Naomi E. Langmore

Abstract

Hosts of avian brood parasites, such as cuckoos, are duped into taking care of a foreign
chick and this has led to the evolution of host defences, such as egg rejection. However,
many host species are not egg rejecters and it has been suggested that poor
illumination inside closed nests may constrain the evolution of this defence. In this
study we experimentally increased the light inside the dome nests of yellow-rumped
thornbills, the main host of the shining bronze-cuckoo. Contrary to expectations, our
results show that rejection events did not increase significantly when nests were
brighter, although rejection errors tended to decrease. Moreover, we found that natural
light levels inside dome nests were highly variable, and in many cases as high as those
in cup-nesting species with high rejection rates. This evidence suggests that, at least

currently, egg rejection is not constrained by light levels.

Keywords: Brood parasitism, egg rejection, light, environment, host defences

Introduction

Brood parasites lay their eggs in nests of other species, imposing high costs on their
hosts (Davies 2000). The most intensively studied host defence is egg rejection. Many
hosts evict brood parasite eggs from the nest, or even abandon the nest and build a
new one (Davies 2000). Despite the very high costs of brood parasitism, egg rejection is
absent in almost 40% of the species that are considered main hosts (Medina and
Langmore 2015). One possibility is that defences may be absent in a population
because they have not yet evolved (evolutionary lag hypothesis), but with time and
constant selective pressures, these will eventually evolve and spread through the

population (Takasu 1998). Alternatively, the ‘evolutionary equilibrium’ hypothesis
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states that defences may not evolve in a population if these are more costly than
parasitism itself (Brooker and Brooker 1996; Davies 1999). For example, if the host
regularly makes recognition errors and rejects its own eggs, the costs of egg rejection

may be too high to sustain.

The yellow-rumped thornbill Acanthiza chrsyorrhoa is an Australian cuckoo host that
rarely rejects foreign eggs (Brooker and Brooker 1989a; Langmore et al. 2005). The lack
of egg rejection in this species is puzzling, because it is the primary host of the shining
bronze-cuckoo Chalcites basalis (Brooker and Brooker 1989b), it suffers high parasitism
rates (up to 50% of nests/year, this study), and the costs of parasitism are high; it loses
all its own young and invests over a month in care of the cuckoo chick. One possible
explanation for the current lack of egg rejection in this species is that egg
discrimination is constrained by the dark interior of their dome-shaped nests, but this
has not been tested previously (Langmore et al. 2005; Langmore et al. 2009b). Here we
test whether low light levels constrain egg rejection in yellow-rumped thornbills, by
adding model eggs to both unmanipulated nests and nests that have been modified
experimentally to increase illumination in the interior. We predict that if light
availability is currently constraining the presence of rejection behaviours in this
population, the percentage of eggs rejected will increase in brighter nests and the

amount of recognition errors will decrease.

Study species

Yellow-rumped thornbills are small (9 g), insectivorous passerines endemic to
Australia. They may breed cooperatively, with the breeding pair receiving assistance in
caring for young from one or two non-breeding helpers (Higgins and Peter 2002). They
are the primary host of the shining bronze-cuckoo, Chalcites lucidus, (Brooker and
Brooker 1989a; Brooker and Brooker 1989b). The nests of A. chrysorrhoa are relatively
conspicuous, dome-shaped structures with a very small entrance (Figure 1A), and may
be built in dense clusters of foliage in trees, particularly in mistletoe (Family

Loranthaceae) growing on Eucalyptus species, or in thorny bushes (e.g. Lycium
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ferocissimum). Their eggs are either immaculate white, or white with fine reddish-
brown speckling, and they are quite different from the olive-green eggs of the shining
bronze-cuckoo. We studied yellow-rumped thornbills in Campbell Park, an open
eucalypt woodland in Canberra, south-eastern Australia (149°9" E, 35°16’ S), from 1999
to 2015. During our study, nests were located by following adults during nest building

or incubation.

Model eggs

We placed a plastic blue model egg in each yellow-rumped thornbill nest. The model
eggs matched yellow-rumped thornbill eggs in size (~16 x 12 mm), but differed in
colour. We selected bright blue (cobalt turquoise Daler-Rowney acrylic paint) for the
models because this is a very conspicuous colour that is very different from that of the
host. Models were made of Alumilite Super Plastic cast in silicone moulds. Some
species with small bills are unable to grasp an entire brood parasite egg, and instead
puncture them to facilitate ejection (Moksnes et al. 1991a). This method of rejection
would not be possible with plastic model eggs, so we also used real eggs (N=8)
collected from captive zebra-finches (Taeniopygia quttata, 15 x 11 mm) or abandoned
clutches of superb-fairy wrens (Malurus cyaneus, 16 x 12 mm) to test whether rejection

rates are higher when puncture-rejection is possible.

Artificial parasitism experiment

To test whether yellow-rumped thornbills can recognize and reject foreign eggs we
followed the general procedure of Moksnes et al. (1991a). A single model egg was
added to the clutch during egg laying or incubation. The model egg was added
without removing any host eggs because egg removal has not been found to influence
the probability of model egg rejection in similar experiments (Brooker and Brooker
1989a; Davies and Brooke 1988; Moksnes and Raskaft 1989). The model was left in the
nest for five full days and removed on the sixth day if it had not already been ejected.
The outcome of the trial was scored as (1) acceptance, if the clutch including the

experimental egg was warm and/or the host was incubating or (2) rejection, if the egg
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had been ejected or buried, or if the nest had been abandoned during this period. We

excluded from the analyses nests that were predated during the experiment.

Artificial light experiment

To test whether poor illumination inside nests constrains egg rejection in yellow-
rumped thornbills, we increased the light levels of 15 nests experimentally. We gently
opened a small window (~ 35 by 35 mm) in the nest material on one side of the top of
nest, and wedged a circle of transparent plastic into the window (Figure 1B), allowing
the entrance of light but preventing water damage inside the nest or a drastic change in
temperature. Illumination inside the nest was measured both before and after creating
the window using a Sanwa Illuminance Meter LX2. The narrow probe was inserted
into the nest and placed on top of the eggs between 10:00 and noon. Windows were
made sufficiently large that the interior of the nest reached at least 35 lux, which is
twice the average light we found in nests. We tried to obtain the highest increase in
light inside the nest, without dramatically altering the shape of the nest. Thereafter, the
protocol followed that of the artificial parasitism experiment above, and we scored the

model egg as accepted or rejected after five days.

Figure 1A. Domed nest of yellow-rumped thornbill. B. Artificial light experiment with
side window covered with transparent plastic.
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Results
Artificial parasitism experiment

In unmanipulated nests only two model eggs were rejected (7.69%, N=26), and in three
nests one of the host’'s own eggs was evicted (11.54%). No nests were abandoned

during the experiment and no eggs showed signs of punctures.

Artificial light experiment

Of the 17 nests used for this experiment, 88% of the birds continued incubating despite
the artificial opening made in the nest, however, two of the nests used were
depredated before completion of the experiment. After four or five days most pairs
closed the artificial window by adding nesting material from the inside. Light inside
nests of yellow-rumped thornbills was highly variable between nests, ranging from 0.8
lux up to 64 lux (Figure 2A). The model egg was rejected in 4 out of 15 experiments
performed (26.66%), and no hosts evicted their own eggs (Figure 2B). Rejection
methods were variable, in one case the blue egg was buried under the nest lining and
in the second case the blue egg was found outside the nest. In both cases the parents
continued to incubate their own eggs. In the other two cases hosts abandoned the nest
after one day and started re-nesting, no extra eggs where laid in the parasitised nest.
The four nests where rejection occurred were not the nests with highest light levels
(Logistic regression X:=3.11, P=0.21). There was no significant difference in the number
of accepted and rejected model eggs between the natural light and the increased light
treatments (Fisher’s exact test, P=0.25, N=41, Figure 2B). To confirm these results we
performed a power analysis and found that, given our sample size, we had a
probability of 85.2% of detecting a large effect (P=0.05). Hence, we don’t believe that

the non-significant trend we found is due to a low sample size.

The frequency of recognition errors decreased from 60% (2/5) to zero, but the number
of egg rejections was so low overall (9 events) that it is difficult to provide robust
statistical support for this trend (Fisher’s exact test, P=0.19, N=8). Given this number of

rejections, the probability of finding a significant result is only 19%.
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Figure 2. A. Light levels (lux) inside nests of yellow-rumped thornbills with natural
light (left, N= 20) and manipulated nests (right, N=13), note the logarithmic scale.
Dashed lines indicate light levels for other species with open nests (Data from
Langmore et al. 2005). B. Proportion of experimental nests in which model eggs were
accepted or rejected, or the host rejected one of its own eggs, for unmanipulated (black
bars) and manipulated nests (grey bars). There were no significant differences in the
frequency of rejection behaviour, although there was a tendency for hosts to make

fewer ejection errors in the manipulated nests.

Discussion

We tested the link between egg rejection and light availability by artificially increasing
light levels inside the nests of a host species with a domed nest. Our results show that
yellow-rumped thornbills are indeed physically capable of evicting eggs from their
nests, but the frequency of rejection did not increase in brighter nests. Additionally, we
found that they had a moderate risk of making recognition errors. In non-manipulated
nests hosts made mistakes by evicting their own eggs instead of the parasitic ones, and
rarely succeeded in evicting the foreign egg. The probability of making mistakes

decreased from 60% (3/5 rejections) in natural light conditions to zero (0/4) in the
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increased light treatment. However, there is no statistical support for this trend due to

the low number of rejection events.

Light levels varied greatly across nests of yellow-rumped thornbills, and in some nests,
light levels were as high as those in open cup nests. For instance, European species
such as the blackbird (Turdus merula), the blackcap (Sylvia atricapilla) and the reed
warbler (Acrocephalus scirparceus) have open nests with light levels similar to nests of
yellow-rumped thornbills (Figure 2A) but the egg rejection rate of these species is
much higher (76.92%, 61.82% and 63.89%, respectively, Langmore et al. 2005). Also, the
egg rejection events in our experiments did not occur in the nests with the highest light
levels. Our findings correspond with a study on the great reed warbler (Acrocephalus
arundinaceus), a cup nester, and the European magpie (Pica pica), which found that
there was no correlation between increased ambient light levels and the likelihood of
egg rejection (Aviles et al. 2015; Honza et al. 2011). Moreover, our results confirm
previous comparative analyses, in which egg rejection rates cannot be explained by
differences between closed and open nests (Langmore et al. 2005, Medina and
Langmore 2015). Together these studies suggest that currently, poor visibility is not the
most important factor behind the absence of egg rejection behaviour. Some studies
suggest that an interaction of variables must occur to trigger rejection behaviours, and
it is still possible that high light levels increase the likelihood of egg rejection only
when combined with other circumstances, such as encountering an adult cuckoo

(Langmore et al. 2009a; Soler et al. 2012).

Moreover, it could well be the case that in the past, the difficulty of detecting the dark
egg and the high probability of mistakes in dark nests selected against the evolution of
egg rejection, and as a result the current population has lost the capacity to recognize
and evict parasitic eggs even when light levels are high. Therefore, light levels are
currently not related to the absence of egg rejection. It is also possible that such
behaviour is constrained by the bird’s genetic makeup, preventing changes within one

generation. In any case, our results suggest a low level of phenotypic plasticity in the
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presence of egg rejection behaviour. It has been shown in magpies that changes in egg
rejection behaviour can occur from one breeding season to the other (Molina-Morales
et al. 2014), perhaps a longer exposure to experience with bright nests might be
necessary before triggering an increase in egg rejection behaviour.

Another explanation for the low rates of egg rejection behaviour in yellow-rumped
thornbills could be the ‘evolutionary lag’ hypothesis, where defences are currently
absent but with time will evolve. This explanation seems less likely in our system,
because the association between the yellow-rumped thornbill and the shining-bronze
cuckoo is likely to be a long-standing one. The earliest record of parasitism of a
yellow-rumped thornbill nest by a shining bronze-cuckoo is from 1875 in South
Australia, and the earliest record from out study site is at least 60 years old, (egg
collection, Australian National Wildlife Collection, CSIRO). Theoretical models predict
that under high parasitism rates, such as those experienced by yellow-rumped
thornbills, a rejecter allele should spread through 60% of the population in about 60
years (Takasu et al. 1993). Empirical evidence in support of this prediction is provided
by a study of the azure-winged magpie Cyanopica cyanus, which expressed high rates of
egg rejection within 20 years of exposure to parasitism by the common cuckoo Cuculus
canorus (Nakamura 1990). Thus evolutionary lag seems an unlikely explanation for the

low rates of egg rejection in our system.

The ‘strategy blocking” hypothesis proposes that the evolution of an effective front-line
of defence, such as mobbing, would reduce selection for the evolution of further
defences such as egg rejection (Britton et al. 2007). This hypothesis was inspired by the
fact that the vast majority of species that recognize and reject parasitic chicks are
unable to reject parasitic eggs (Grim 2006), suggesting a trade-off between the two
defences. Nevertheless, there is also evidence that different types of defences can
evolve in the same population. Moksnes et al. (1991b) and Guigueno and Sealy (2011)
found a positive relationship between the presence of egg rejection and cuckoo
mobbing for hosts of the European cuckoo (Cuculus canorus) and the brown-headed

cowbird (Molothrus ater), respectively. There is recent evidence that yellow-rumped
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thornbills can recognize and mob their parasite, and avoid parasitism by breeding
early (Medina and Langmore, in press), which supports the idea that front-line
defences are hindering the evolution of egg-rejection. However, neither of these
defences are sufficiently effective to prevent yellow-rumped thornbills from suffering

high rates of parasitism, so strategy blocking does not appear to apply in this case.

In conclusion, we show that nest light levels can vary greatly within a species, even in
enclosed nests. An experimental increase in the illumination of nests did not increase
the probability of egg-rejection. We suggest that, currently, light availability may not
be a determining factor explaining the absence of egg rejection in this species, but it

may help explain the occurrence of mistakes in egg-rejection.
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ABSTRACT: Bird eggs show striking diversity in color and pattern.
One explanation for this is that interactions between avian brood
parasites and their hosts drive egg phenotype evolution. Brood par-
asites lay their eggs in the nests of other species, their hosts. Many
hosts defend their nests against parasitism by rejecting foreign eggs,
which selects for parasite eggs that mimic those of the host. In the-
ory, this may in turn select for changes in host egg phenotypes over
time to facilitate discrimination of parasite eggs. Here, we test for the
first time whether parasitism by brood parasites has led to increased di-
vergence in egg phenotype among host species. Using Australian host
and nonhost species and objective measures of egg color and pattern,
we show that (i) hosts of brood parasites have higher within-species
variation in egg pattern than nonhosts, supporting previous findings
in other systems, and (ii) host species have diverged more in their egg
patterns than nonhost species after controlling for divergence time.
Overall, our results suggest that brood parasitism has played a signifi-
cant role in the evolution of egg diversity and that these effects are evi-
dent, not only within species, but also among species.

Keywords: diversity, egg phenotype, brood parasitism, variability, di-
versity, Cuculidae.

Introduction

Explaining phenotypic diversity is one of the main chal-
lenges of evolutionary biology. To understand observed di-
versity patterns, it is important to identify the mechanisms
that underlie phenotypic variation within species and then
study these in a broader context with the use of phyloge-
netic methods. For instance, egg phenotype in birds is im-
pressively diverse, and such variability is unevenly distrib-
uted across the avian phylogeny; some families of birds
produce immaculate white eggs exclusively, whereas others
show dramatic variability between and even within species
(Kilner 2006). Earlier studies have proposed thermoregula-
tion and camouflage as possible explanations for this vari-
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ability (Westmoreland et al. 2007; Mayer et al. 2009), but
another interesting hypothesis that has not been explicitly
tested is that coevolution between avian interspecific brood
parasites and their hosts might drive increased diversity in
egg phenotypes among species (Kilner 2006).

Avian brood parasites lay their eggs in the nests of other
species (their hosts). This behavior has evolved indepen-
dently seven times in the avian phylogeny, and the largest
radiation has occurred in the family Cuculidae (~40 species;
Payne and Payne 1998). Parasitism typically results in the
loss of host young, and the host parents then invest many
weeks rearing the imposter chick, often reducing opportuni-
ties for renesting within the season (Davies 2000). This be-
havior is so costly to the host that it has led to the evolution
of multiple defenses against parasitism, including mobbing
of adult brood parasites (Welbergen and Davies 2009; Feeney
et al. 2012; Langmore et al. 2012) and rejection of foreign
eggs (Rothstein 1975; Moksnes et al. 1991; Avilés et al. 2004;
Spottiswoode and Stevens 2010), chicks (Grim 2007; Lang-
more et al. 2003; Sato et al. 2010), or fledglings (de Marsico
etal. 2012).

Rejection of foreign eggs by hosts is one of the most wide-
spread defenses against brood parasitism. In empirical stud-
ies, 63.3% of commonly exploited species showed egg rejec-
tion (i.e., they effectively reject >90% of foreign eggs; Soler
2014). The evolution of egg rejection has led to an arms race;
egg rejection by hosts selects for brood parasite eggs that re-
semble those of the host (Stoddard and Stevens 2010, 2011),
which in turn selects for changes to the host egg phenotype
that facilitate discrimination of foreign eggs (Davies 2000).

Brood parasitism has proved to be a particularly important
driver of variation in egg phenotype within species (Stokke
et al. 2002; Underwood and Sealy 2002; Kilner 2006; Spot-
tiswoode and Stevens 2012). Host species can evolve dif-
ferent strategies to increase discrimination abilities and fa-
cilitate the detection of a parasitic egg. Theory predicts that
(i) hosts should evolve eggs that are individually distinct
from those of other females (e.g., high within-species varia-
tion), which decreases the likelihood that a parasite’s eggs will
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match their own eggs, and (ii) hosts should evolve reduced
within-clutch variation, because uniformity should facilitate
discrimination of a foreign egg (Davies and Brooke 1989a;
Langmore and Spottiswoode 2012). The first hypothesis has
been well supported by comparing within-population egg
variation in host populations that are allopatric and sympat-
ric with brood parasites (Avilés and Moller 2003; Lahti 2005)
and in comparative analyses (Soler and Moller 1995; Stokke
etal. 2002). Moreover, individuals within the same host spe-
cies may evolve distinctive signature patterns of blotches and
markings (Swynnerton 1918; Victoria 1972; Stoddard et al.
2014; Caves et al. 2015), which makes their eggs highly rec-
ognizable. The second hypothesis has received mixed sup-
port. Some studies have found greater within-clutch egg uni-
formity in hosts than nonhosts (Avilés and Moller 2003;
Moskat et al. 2008), but many others have failed to find sup-
port for the prediction (Avilés et al. 2004; Stokke et al. 2004;
Cherry et al. 2007; Landstrom et al. 2010; Stoddard et al.
2014). Discrimination can be achieved by the use of just one
of the strategies mentioned above; for example, species with
high within-clutch variation can still have highly recogniz-
able eggs if these have distinctive markings (Stoddard et al.
2014). Indeed, a recent study used image analysis and calcu-
lations of “entropy” of the egg markings of hosts and non-
hosts of two African parasitic species, showing that host egg
color and marking components have lower levels of corre-

lation with one another than do those of nonhosts, thus po-
tentially affording greater information about egg identity
(Caves et al. 2015).

Many studies have supported the predictions stated above
within various host species (Soler and Moller 1995; Stokke
et al. 2002; Spottiswoode and Stevens 2011; Stoddard et al.
2014; Caves et al. 2015), suggesting that variation in egg color
and pattern within species may be a response to brood par-
asitism. But can brood parasitism also be associated with egg
diversity among species? If there is selection for novel phe-
notypes within host species (e.g., to have particularly distin-
guishable patterns, which facilitate discrimination of para-
site eggs), and host eggs are selected to occupy different
regions in the phenotypic space, variation among host spe-
cies may arise as a byproduct of selection (fig. 1). The sce-
nario described above leads to the prediction that, in the
same amount of evolutionary time, two host species that
are subject to brood parasitism will evolve more differences
in egg phenotype between them than two nonhost species.
Alternatively, increased constraints on the evolution of egg
phenotype of hosts could result in decreased diversity of
egg phenotypes among host species. The hypothesis that
brood parasitism is associated with increased egg diversity
among species is somewhat supported by an analysis per-
formed at high taxonomic levels, where Kilner (2006) found
a slight, nonsignificant association between high egg diversity

Classic predictions New hypothesis
Low within-clutch High within-species High among-
variation variation species variation
EE
° % species
aa average
>
5 o eig individual | *
o2 average
g8 | e | *
[
i
° . *
Non-hosts Hosts Non-hosts  Hosts Non-hosts Hosts

Figure 1: Illustration of the three hypotheses tested in the article. The Y-axis represents the values for any egg phenotypic trait (color or
pattern). Left, points correspond to the value for each egg within a clutch. Middle, the different lines represent averages per individual in
their egg phenotype. Right, the stars represent the average egg phenotype for a species, and hosts are predicted to have higher egg phenotypic

variation among species than nonhosts.
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between species within a family and the level of exploita-
tion by interspecific brood parasites. However, this study was
based on family-level information and a data set that did not
use objective measures of color and pattern. Since then, there
have been well-resolved bird phylogenies and significant
technological advances that allow quantification of color
and pattern as seen through the eyes of a bird (Spottiswoode
and Stevens 2010; Stoddard and Stevens 2011).

In our study, we use reflectance spectrometry, digital pat-
tern analyses, and phylogenetic information to test whether
brood parasitism is associated with higher egg diversity be-
tween host species. We used species of Australian hosts
and nonhosts together with their phylogenetic relationships
to test whether host species have evolved greater differences
in egg phenotype than nonhost species, controlling for evo-
lutionary time. Moreover, because our data set includes
hosts of six different brood parasite species, we explored
whether species exploited by the same parasite evolve more
or fewer differences between them than host species para-
sitized by different species.

Australian brood parasites (cuckoos) and their hosts are
a relatively unknown study system compared with those of
Europe or North America, where the classic predictions as-
sociated with within-species variability have already been
verified in comparative analyses (e.g., Soler and Moller 1995;
Stokke et al. 2002). The diversity of hosts (main hosts = 90
species) and cuckoo species (n = 10) breeding in Australia
make this an ideal system for testing the two classic predic-
tions associated with clutch variation; whether hosts have
(i) low within-clutch variation and (ii) high within-species
variation in egg morphology (fig. 1). We also use the Austra-
lian system to conduct the first test of the hypothesis that
host species have evolved greater diversity in their egg phe-
notypes than closely related nonhosts (fig. 1). Eight of the
10 Australian parasitic cuckoos lay eggs that closely resem-
ble those of their primary hosts (Brooker and Brooker 1989;
Beruldsen 2003; Starling et al. 2006; Feeney et al. 2014),
whereas two bronze-cuckoo species that parasitize dome-
nesting hosts have evolved egg crypsis rather than mimicry
(Langmore et al. 2009; Gloag et al. 2014). There is evidence
of polymorphic, host-specific egg types in two cuckoo spe-
cies, the Pallid cuckoo, Cacomantis pallidus, and the Brush
cuckoo, Cacomantis variolosus (Beruldsen et al. 2003; Star-
ling et al. 2006; Langmore et al. 2009). Like the majority of
cuckoo hosts elsewhere, most cup-nesting host species in
Australia show high rates of egg rejection (77%; table Al,
available online), suggesting that the morphology of host
eggs may be under selection to facilitate accurate egg dis-
crimination by hosts. Even among dome-nesting hosts,
which show lower rates of egg rejection (12.66%; table A1),
egg morphology may be under selection as a result of brood
parasitism, because the cuckoo removes a single egg dur-
ing parasitism and is more likely to remove an egg with high
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luminance (Gloag et al. 2014), which may select for dark
pigment in host eggs. Moreover, cuckoos in Australia are
highly virulent, evicting all host eggs or outcompeting all
host nestlings in the nest (Brooker and Brooker 1989). This
results in higher costs of parasitism than for many hosts of
nonevicting parasites (such as cowbirds Molothrus species
and the greater spotted cuckoo Clamator glandarius), pro-
viding stronger selection for the evolution of defenses (Kil-
ner 2005).

Methods
Data Collection

We took photographs and spectral data for 517 eggs in 200
clutches from 40 Australian passerine species (22 hosts and
18 nonhost species) belonging to 25 different genera (fig. Al;
figs. A1-A4 available online) at the Australian National
Wildlife Collection egg collection in Canberra (ACT). We
measured three eggs per clutch (or fewer for species that
lay smaller clutches) and five clutches per species, and we
confirmed that the clutches were similarly distributed in
time and space for hosts and nonhosts (fig. A2). Photo-
graphs were taken for egg pattern analyses, and spectral data
were collected for color analyses (see below). For our analy-
sis, we included some of the passerine species classified by
Brooker and Brooker (1989) as either nonhosts (n = 18)
or biological main hosts (n = 22) of Australian cuckoos.
The species we used were selected from the Brooker and
Brooker (1989) data set to maximize the number of phylo-
genetically independent lineages present in the sample while
keeping a balance between the number of host and nonhost
species. For instance, wherever there was a phylogenetically
independent origin for host status (host or nonhost), we
sampled that clade and its sister clade. Also, almost all of
the thornbill and honeyeater species are parasitized; there-
fore, to avoid a bias in the analyses toward particularly large
clades, we arbitrarily sampled four or five species as repre-
sentatives of the clade. We collected data on host status from
Brooker and Brooker (1989). They applied rigorous crite-
ria to their classification of hosts as biological (successful)
hosts, distinct from accidental or unsuitable hosts; biological
hosts had multiple (>4) independent (>1 observer, >1 loca-
tion, >1 year) records of parasitism, and either (i) an egg
or authentic nestling record followed through to fledgling;
(ii) nestling and feeding records as well as egg records; or
(iii) egg records alone, if congeneric with a known biological
host of the cuckoo. We excluded species classified as non-
biological (occasional or rare) hosts, because it was not pos-
sible to infer the extent of selection on these hosts by brood
parasites. We also collected data on nest type from the Hand-
book of the Birds of the World Alive (del Hoyo et al. 2014),
given the evidence showing that egg rejection is less likely
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in enclosed nests than in open cup-shaped nests (Langmore
et al. 2005). In our data set, 40% of the species were dome
nesters.

Egg Pattern Analyses

We took photographs of each egg with a Canon EOS 50D
camera and a 100-mm /2.8 Macro lens. We included a 16%
gray standard and a 1-cm scale in each of the photographs.
All image analyses were performed in Image] (Rasband
2014), using custom-written code. The green (medium wave-
length) channel was extracted from each photograph and
used for pattern analysis, following Spottiswoode and Ste-
vens (2010). This approximates to an achromatic luminance
channel of avian vision, with achromatic information widely
thought to be most important in pattern processing in ani-
mal vision (Osorio and Vorobyev 2005). All photographs
were taken in the same laboratory and under similar light
conditions, but to further standardize for different lighting
conditions, each image was also linearized (fit R* = 0.999)
and converted to reflectance relative to the gray standard
(Stevens et al. 2007). Images were scaled to 45 pixels per mil-
limeter, and eggs were selected using an egg-shape selection
tool (Troscianko 2014). Pattern analysis was then performed
using fast Fourier transform bandpass filtering at different
spatial scales from 2 pixels increasing exponentially with V2
to 512 pixels. This type of “granularity” pattern analysis has
been used in a number of previous studies to analyze animal
markings (e.g., Godfrey et al. 1987; Stoddard and Stevens
2010). The granularity filtering approach is broadly based
on well-established principles of lower-level vision, includ-
ing receptive fields and spatial frequency filtering, and is sup-
ported by the neurophysiology of a range of vertebrate and
invertebrate animal species (Campbell and Robson 1968;
Godfrey et al. 1987; Stoddard and Stevens 2010). In addi-
tion, granularity-based metrics have been tried and tested
with several field experimental studies of egg rejection, show-
ing that the pattern metrics derived do predict rejection be-
havior (e.g., Spottiswoode and Stevens 2010, 2012; Stevens
et al. 2013). We therefore chose this method over a recent
feature-detection-based approach (Stoddard et al. 2014),
which used techniques developed for machine vision and ob-
ject recognition, because there is little clear evidence that the
latter approach approximates to how object and pattern rec-
ognition work in animals. In addition, the machine-learning
approach is yet to be validated with behavioral egg-rejection
experiments, and so we cannot at present say with confi-
dence whether the measures derived from it are relevant to
how birds reject foreign eggs.

The amount of “energy” contained in each pattern was
measured using a histogram at each spatial scale as the stan-
dard deviation of the pixel intensities. The resulting granu-
larity spectra were used to generate descriptive statistics of

each egg pattern, including marking diversity (the propor-
tion of the total energy accounted for by the dominant mark-
ing size; i.e., the higher the value, the more one marking size
dominates), contrast of the patterns against the background
(total energy or amplitude of the spectrum), and dominant
marking size (denoted by peak frequency of the spectrum;
Stoddard and Stevens 2010).

Pattern Differences between Species

Pattern difference between two species was calculated as the
sum of the absolute differences in the species average energy
at each spatial scale (i.e., the overall differences in the gran-
ularity spectra, taking into account both shape and ampli-
tude). A matrix of between-species pairwise differences in
pattern was generated. This measurement describes pattern
similarity in a manner that, unlike the descriptive statistics,
can compare multimodal energy spectra that have more than
one peak frequency, preserving all pattern information and
combining across all spatial scales measured.

Pattern Variation within Species and within Clutches

To calculate the degree of polymorphism within each spe-
cies and within individuals, we used the mean contrast, mean
dominant marking size, and mean marking diversity values
from the pattern analysis for each photograph. We then cal-
culated the standard deviation within each clutch (within-
clutch variation) and used the average value per species. To
calculate within-species variation in egg pattern, we calcu-
lated the standard deviation within each species using the
same variables described above.

Color Analyses

We measured reflectance spectra of egg background color
at three different places on the egg (base, middle, and tip)
with a 5-mm-diameter probe and measured speckle color
with a smaller probe (3-mm diameter) using an Ocean Op-
tics USB4000 spectrometer. The visual systems of birds can
be divided into two discrete classes; those with retinal pig-
ments sensitive to shorter wavelength UV light (UVS group)
and those with pigments sensitive to longer wavelength vio-
let light (VS group; Cuthill 2006). Most passerines have UVS-
type cones, but shifts between visual systems can occur even
within a single genus (Odeen et al. 2012). Therefore, to as-
sess egg color and pattern as seen through the eye of a bird,
we calculated photon catches for the visual systems of both
the blue tit (Cyanistes caeruleus) and the common peafowl
(Pavo cristatus), which are commonly used models of a UVS
and VS system, respectively (cone ratios UVS1:0.99:0.71 :
0.37and VS 1:1.9:2.2:2.1; Hart and Hunt 2007). Spectral
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sensitivity data are available for very few bird species (Hart
2001), so most studies use the visual systems of the blue tit
Cyanistes caeruleus and the peafowl Pavo cristatus as mod-
els of UVS and VS visual systems, respectively (e.g., Avilés
et al. 2010; Stoddard and Stevens 2010; Spottiswoode and
Stevens 2012). These model species are distantly related, so
they reveal the extent to which the results vary depending
on the visual system used. We used a linear mixed model in
R to compare the differences between visual systems; we re-
port the F statistic and the P value.

Photon catch values were used in a model that predicts
discrimination abilities for color and yields a value of just
noticeable differences (JNDs). We used the log version of
the standard Vorobyeb and Osorio model (1998) using We-
ber fractions of 0.05 or 0.02 where a JND of less than 1.00
means two objects are not distinguishable, and discrimina-
tion is unlikely when values are under 3 JNDs (Siddiqi et al.
2004). We generated a pairwise distance matrix of JNDs in
color between all the species, for both visual systems. As in
the case of pattern analysis, this pairwise approach is much
more accurate than reducing variables to give color values
per species. To calculate color polymorphism, we used the
same procedures described in the pattern analyses using
values for each cone.

New Hypothesis: Diversity of Egg Color
and Pattern among Species

To test whether, on average, host species evolve more differ-
ences in egg phenotype than nonhost species, we made pair-
wise comparisons within two sets: among host species and
among nonhost species. Phenotypic differences between spe-
cies are expected to increase with time (Martins 1994); there-
fore, to make objective comparisons between host and non-
host pairs, we had to include information about the time of
divergence between each pair of species. To do so, we down-
loaded 1,000 different possible phylogenetic trees from a
pseudoposterior distribution from birdtree.org (Jetz et al.
2012). By doing the same analyses across different phyloge-
netic hypotheses, we made sure that our results were indepen-
dent from the tree used. From each tree, we generated matri-
ces with phylogenetic distances between species using the
cophenetic.dist command in the R package ape (Paradis
et al. 2004). Because the trees were time calibrated, distances
are directly proportional to time (millions of years ago;
MYA) and can actually be interpreted as such.

Because we were interested in finding out whether pairs
of host species would diverge more than pairs of nonhost
species, we included another variable called “type of com-
parison.” This variable refers to the fact that some pheno-
typic distances were calculated between host species (host
vs. host) and others were calculated between nonhost spe-
cies (nonhost vs. nonhost). Thus, if hosts were more diverse,
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we would predict larger phenotypic distances in compar-
isons between host species than between nonhost species.

We used general linear models (Legendre and Fortin
2010) to test our hypothesis, and we included the follow-
ing as predictors: phylogenetic distance, type of compari-
son, and phylogenetic distance x type of comparison. Asre-
sponse variables, we included egg color differences (JNDs)
and egg pattern differences. This last variable was trans-
formed using natural logarithm to achieve normality. We
report the average P value and average 3 across the 1,000
trees for each predictor in the model. We also report the
standard deviation for these values.

If phylogenetic distance predicts differences in color and
pattern, it suggests that related species are more similar to
each other than nonrelated species. If the type of compari-
son effectively predicts differences in color and pattern, it
suggests that being a host or a nonhost species is associ-
ated with the degree of diversity in color and pattern, despite
phylogenetic relatedness. If the interaction between both
variables predicts differences in color and pattern, it sug-
gests that color and pattern differences evolve differently
in hosts and nonhosts (the slopes are different). Addition-
ally, to explore whether host species that shared the same
parasite evolved more or fewer phenotypic differences, we
included a variable that coded whether the pair of host spe-
cies shared the same parasite or a different parasite. It is
worth pointing out that the rationale behind all this analy-
sis is somewhat analogous to measuring evolutionary rates;
if a pair X of species evolves more phenotypic differences
than pair Y in the same time, it suggests that pair X evolved
faster. We did not use specific methods to measure evolu-
tionary rates for two reasons. First, current methods to mea-
sure pattern and color differences are much more accurate
when doing pairwise comparisons than when summarizing
information in a one-dimensional variable. Second, several
nonhost species are contained within clades of hosts, and
current phylogenetic methods are designed to calculate and
compare rates between clades, not among singular branches.

Classic Predictions: Variation in Egg Pattern
within Species and within Clutches

To test whether host eggs are more or less polymorphic than
nonhosts, we used a phylogenetic linear regression (pgls) in
the Caper package in R (Orme et al. 2012). We used host sta-
tus and nest type as predictor variables and within-clutch
and within-species variation in color and pattern as response
variables. Nonsignificant predictors were dropped one at
a time until we obtained a model with only significant pre-
dictors. We report the P value, 3, and A (e.g., phylogenetic
signal, when \ = 0 the relationship between predictor and
response is unaffected by phylogeny). The analyses were re-
peated for 1,000 different trees obtained from birdtree.org
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(Jetz et al. 2012). The data set with final pattern and color
measurements has been deposited in the Dryad Digital Re-
pository, http://dx.doi.org/10.5061/dryad.s31sp (Medina et al.
2016).

Results

Eggs of both hosts and nonhosts varied from plain white
eggs, such as those of some thornbills (Acanthiza species)
and finches (Poephila species), to speckled and darker eggs,
such those of fantails (Rhipidura species) and lyrebirds (Me-
nura species). There were no significant differences in color
or pattern between hosts and nonhosts (pgls, color: P>.5
for all the cones in both background and speckles; pattern:
proportion energy P = .40, peak frequency P = .18, total
energy P = .23). In our sample, we found no association
between being a host and having a closed nest; the distribu-
tion of closed versus open nests was 40% for hosts and 38%
for nonhosts, and nest type had no significant effect in any
of the analyses reported below.

Differences between Visual Systems

Differences in color (JNDs) between pairs of species were
significantly higher when the data were analyzed with the
blue tit visual system than with the peafowl system (fig. A3).
This was true for both background (BG) and speckle color
(SP; linear mixed model, BG: for host vs. host, F = 150.34,
P<.0001, df = 228, 459; for nonhost vs. nonhost, F = 91.00,
P<.0001, df = 180, 303; SP: for host vs. host, F = 244.14,
P<.0001, df = 228,459; for nonhost vs. nonhost, F =
230.74, P<.0001, df = 180, 303). The difference between
the blue tit and peafowl visual system was more pronounced
when comparing pairs of host species (host vs. host) than
when comparing nonhosts (F = 150.34 and F = 91.00, re-
spectively). This means that an animal with a blue tit-like
visual system would detect even more color differences be-
tween host eggs than would an animal with a visual system
like that of the peafowl. The same analyses were performed
using a Weber fraction of 0.02 instead of 0.05, and the results
remain qualitatively the same. Despite the fact that the val-

ues of NDs are higher for the blue tit visual system, all other
analyses shown below had the same qualitative results for
both visual systems. Thus, from now on, we will refer only
to the analyses employing the blue tit visual system and a
Weber fraction of 0.05.

New Hypothesis: Diversity of Egg Color
and Pattern among Species

Overall, phylogenetic distance was a good predictor of dif-
ferences in egg color and in egg pattern between species (ta-
ble 1; fig. 2). However, phylogenetic distance had a weaker
relationship with egg pattern differences between hosts
than between nonhosts, as indicated by the significant dif-
ferences in slope in figure 2. Moreover, in addition to the
effect of phylogenetic distance, differences in egg pattern
between host species were significantly higher than the dif-
ferences between nonhost species. This means that, over
the same period of evolutionary time, two host species will
evolve more differences in egg pattern than two nonhost spe-
cies. However, this was not true for color (table A1). There
are no significant differences in JNDs for comparisons be-
tween hosts and nonhosts. All the findings described above
remained the same after doing the analyses using 1,000 dif-
ferent phylogenetic trees. Results remained the same both
after excluding species with closed nests and after exclud-
ing species with immaculate eggs (fig. A4). Furthermore,
among hosts, pattern differences were significantly smaller
between pairs of hosts that share the same parasite, after
controlling for phylogenetic distance (8 = —14.55 £ 3.71,
P = .00016 =+ .0001; fig. 3).

Classic Predictions: Variation in Egg Pattern
within Species and within Clutches

Eggs of host species were significantly more polymorphic
in egg pattern than were those of nonhost species (fig. 4).
Specifically, differences in peak energy were significantly
higher between individuals of host species (within-species
variation), and differences in peak frequency are signifi-
cantly higher within clutches of host species (within-clutch

Table 1: Mean statistics of egg phenotypic diversity between species

Differences in egg pattern

JNDs in speckle color JNDs in background color

Predictor I P value 15 P value B P value
Phylogenetic distance .003 = .0003 .038 +.012 .03 = .0005 .031 = .02 012 £ .001 .0008 + .006
Type of comparison 90 = .07 .0006 + .0007 30 = .082 198 + 123 121 + 147 607 + 227
Phylogenetic distance x

type of comparison .006 = .0007 .013 = .010 .007 = .0008 .098 + .08 .009 = .001 614 + 231

Note: We report the slope value and the significance for each predictor. Standard deviations were obtained from doing the analyses with 1,000 different

phylogenetic hypotheses. JNDs = just noticeable differences. “Type of comparison” refers to whether the distance was calculated between two host species

or two nonhost species. Significant P values are in bold type.
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Figure 2: Phylogenetic distance explains differences between species in both egg coloration (left) and egg pattern (right). In the case of egg
pattern, differences are significantly higher for host versus host comparisons (black) than for nonhost versus nonhost comparisons (gray).
JND = just noticeable difference; LN = lognormal; mya = million years ago.

variation). Differences remained significant after doing the
analyses for 1,000 different phylogenetic trees (pgls, peak
frequency = SD: A = 0—0.762, 3 = 28.81 = 13.980, P =
.0461 + .0001; peak energy = SD: A =0—0438, =
2.22 = 1.057,P = .041 = 1 x 10 *). We found no evidence
for differences in color variation or in total energy; hosts
were no more polymorphic than nonhosts in egg background
color (8 = —0.021, P = .251), speckle color (8 = —0.075,
P = .483), or contrast (3 = 3.25, P = .45).

Discussion

In this study, we aimed to explain avian egg diversity among
species by testing the role of brood parasitism in the evo-
lution of egg phenotype. By using a data set of Australian
passerines that are hosts and nonhosts of different cuckoo
species, we demonstrate that, in the same system, brood par-
asitism is associated with egg phenotypic variation within in-
dividuals, within species, and among species. We show for
the first time, to our knowledge, that pairs of host species
have diverged more in egg pattern than pairs of nonhost spe-
cies. Additionally, divergence in egg phenotype is smaller in
hosts that are exploited by the same parasite than in those
exploited by different parasites.

Traditional hypotheses to explain egg phenotypic di-
versity include thermoregulation and camouflage against
predation (Westmoreland et al. 2007; Mayer et al. 2009).

However, coevolution with brood parasites may also be
responsible for phenotypic differences across species. Our
analyses show that host species are likely to evolve more
egg pattern differences among them than nonhost species,
even if they have evolved independently for the same length
of time. This supports a scenario where host species may
escape a parasitic egg phenotype through the evolution of
different strategies or different adaptive phenotypes, result-
ing in divergence. Our study also shows that egg pattern
evolves differently in hosts and nonhosts. Under a neutral
scenario, the expectation is that phenotypic differences be-
tween two species should increase in relation to the time
since divergence (Martins 1994). This scenario is supported
by the results for nonhost species (fig. 2). However, the slope
of the relationship between phylogenetic distance and egg
pattern dissimilarity is significantly less steep for the host
versus host comparison (fig. 2). This suggests that phyloge-
netic history is less important than selective pressures in
shaping the differences in egg pattern between host species.
The results do not differ between open nesters and dome
nesters (fig. A4), suggesting that possible egg rejection dif-
ferences between hosts with different nest types are not crit-
ical at this macroevolutionary scale. Possible explanations
for this are that (i) the effect is sufficiently strong to persist
even with the inclusion of a few species with low rates of
egg rejection, (i) even low rates of egg rejection have evo-
lutionary consequences, and (iii) the egg morphology of
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Figure 3: Levels of egg pattern dissimilarity are significantly higher
between host species of different parasites (black) than between hosts
of the same parasite species (gray). LN = lognormal; mya = million
years ago.

dome-nesting hosts may be under selection as a result of
selective egg removal by the parasite (Gloag et al. 2014).

Our study shows that brood parasitism is associated with
an increase in egg pattern divergence among host species
and across different families. Moreover, we show that par-
asite diversity increases the likelihood of divergence. The
egg pattern of hosts that are exploited by the same brood
parasite was less diverse than that of hosts exploited by dif-
ferent parasites (fig. 3). This trend was to be expected, given
that hosts of the same parasite are often phylogenetically re-
lated, so their eggs may be more similar from the outset, and
they may be more likely to evolve along similar evolutionary
trajectories.

We have shown that the eggs of host species have evolved
more phenotypic differences than those of nonhost species,
controlling for divergence time. Correspondingly, it is also
possible that, in nonhost species, there are additional stabi-
lizing selection sources on egg phenotype that hinder vari-
ability, such as camouflage and thermoregulation (Stuart-
Fox and Moussalli 2009; Vignieri et al. 2010; Hegna et al.
2013), whereas brood parasitism is the leading selective
pressure in hosts.

We found no evidence to suggest that particular egg col-
ors or patterns were associated with host status. Both im-
maculate and maculated eggs can be found in host and
nonhost species. However, we found that host species were

more variable in pattern than nonhost species. This sup-
ports a well-established hypothesis that a host’s egg phe-
notype will evolve in random directions away from that
of the parasite, thereby increasing within-species variation
over time (Soler and Moller 1995; Lahti 2005; Spottiswoode
and Stevens 2012). High variation in egg phenotype within
species has been reported for hosts in comparative analyses
done in other systems (Soler and Meller 1995; Kilner 2006).
Moreover, eggs of European host species tend to be more
polymorphic than those from North America, and this dif-
ference has been linked to the low specificity of the host-
parasite system in the latter (Stokke et al. 2002). Our results
also suggest that variation in the pattern, but not the color
of the background or the speckles, is influenced by selec-
tion from brood parasitism, since we found no differences
in variation between hosts and nonhosts for color traits.
Our results correspond with studies of the European cuckoo,
which show that pattern is an informative trait that in-
creases likelihood of discrimination (Stoddard and Stevens
2010). Similarly, in passerines such as the village weaver
Ploceus cucullatus and the bush warbler Cettia diphone,
the presence of spots and their density are known to influ-
ence rejection probability (Higuchi 1998; Lahti and Lahti
2002).

Contrary to theoretical predictions, we found that within-
clutch variation was also higher for hosts than nonhosts.
Our study is the first comparative analysis to find this sig-
nificant trend across different species. In theory, within-
clutch variation should decrease in hosts, because this should
facilitate discrimination between the host’s own eggs and
foreign eggs (Davies and Brooke 1989b; Jackson 1998). In
support of this theory, reed warblers are more likely to re-
ject foreign eggs if they lay a more uniform clutch (Stokke
et al. 1999; Moskat et al. 2008). However, many empirical
(Avilés et al. 2004; Cherry et al. 2007; Landstrom et al. 2010)
and comparative analyses (Soler and Mgller 1995; Stod-
dard et al. 2014) fail to support this hypothesis, and Cherry
et al. (2007) found that, in a common cuckoo host, the
great reed warbler (Acrocephalus arundinaceus), rejection
of cuckoo eggs improved with increasing within-clutch var-
iation (Cherry et al. 2007). Avilés et al. (2004) also reported
that magpie hosts of the great-spotted cuckoo rejected more
model eggs if the clutch was highly variable (Avilés et al.
2004). Stoddard et al. (2014) found that eggs could be easily
recognizable in species with elevated levels of within-clutch
variation if such variation is associated with having distinc-
tive egg signatures (e.g., particular blotches and markings),
such as in the brambling (Fringilla montifringilla). In Aus-
tralian hosts, high within-clutch variation may also be re-
lated to the evolution of particular pattern signatures; how-
ever, this hypothesis remains to be tested.

Although the cause-effect relationship is hard to test, as
in any other comparative analyses, three previous studies
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on the evolution of polymorphism in hosts strongly suggest
that brood parasitism influences egg phenotype and not the
other way around. Spottiswoode and Stevens (2012) showed
that host species of brood parasites increase their egg vari-
ability after only 40 years of parasitism, and Lahti (2005)
and Yang et al. (2014) demonstrated that egg variability is re-
duced when hosts are released from selection by brood par-
asites (Lahti 2005; Yang et al. 2014). Although we cannot
completely reject the hypothesis that parasites selectively tar-
get hosts with high levels of variation, such a scenario seems
implausible, because the evolution of egg mimicry in brood
parasites would be constrained, leading to higher rates of re-
jection of brood parasite eggs.

Finally, we have shown that brood parasitism is associ-
ated with the generation of egg diversity at different taxo-
nomic levels. Currently, there is no information on egg re-
jection rates for most of the species that we used in this
study, but on the basis of our results, we predict high rates
of egg rejection as a defense in these species. In fact, egg
rejection has a high phylogenetic signal (Medina and Lang-
more 2015), and the average rejection levels for other Aus-
tralian species from the same genera are high (77.1% for
open nesters and 12.66% for dome nesters; table A1). We
would predict that similar systems of coevolution between
hosts and highly virulent parasites, such as the European
cuckoo, should also exhibit the evolutionary pattern that
we report, because rejection rates are high in many Euro-
pean hosts (Langmore et al. 2005). Moreover, studying dif-
ferent components of egg phenotype allowed us to identify
pattern as a more important trait than color. By using de-
tailed data on numerous species, we were able to show that
brood parasitism has deep implications for egg phenotype
and is influential enough to leave traces at a larger evolu-
tionary scale than previously studied.
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Coevolution is often invoked as an engine of biological diversity. Avian brood
parasites and their hosts provide one of the best-known examples of coevolu-
tion. Brood parasites lay their eggs in the nests of other species, selecting for
host defences and reciprocal counteradaptations in parasites. In theory, this
arms race should promote increased rates of speciation and phenotypic
evolution. Here, we use recently developed methods to test whether the
three largest avian brood parasitic lineages show changes in rates of phenoty-
pic diversity and speciation relative to non-parasitic lineages. Our results
challenge the accepted paradigm, and show that there is little consistent evi-
dence that lineages of brood parasites have higher speciation or extinction
rates than non-parasitic species. However, we provide the first evidence that
the evolution of brood parasitic behaviour may affect rates of evolution in mor-
phological traits associated with parasitism. Specifically, egg size and the
colour and pattern of plumage have evolved up to nine times faster in parasitic
than in non-parasitic cuckoos. Moreover, cuckoo clades of parasitic species that
are sympatric (and share similar host genera) exhibit higher rates of phenoty-
pic evolution. This supports the idea that competition for hosts may be linked
to the high phenotypic diversity found in parasitic cuckoos.

1. Introduction

Coevolution has long been thought to be instrumental in the evolution of pheno-
typic and species diversity. In their highly influential review, Ehrlich & Raven
[1, p. 606] stated that “The importance of reciprocal selective responses between
ecologically closely linked organisms has been vastly underrated in considerations
of the origins of organic diversity’. However, not all coevolutionary interactions
are expected to lead to diversification [2]. For instance, it has been suggested
that mutualistic interactions can actually hinder diversity, whereas host—parasite
interactions, specifically brood parasitism, should promote diversification [2].
Here, we capitalize on new techniques for quantifying rates of speciation
and phenotypic evolution [3] to test this prediction using one of the best-
known coevolutionary systems, the interactions between avian brood parasites
and their hosts. Avian interspecific brood parasites lay their eggs in the nests of
other species, which eventually take care of the parasitic chick [4]. This inter-
action is so costly to the hosts that it has led to the evolution of defences
such as mobbing of brood parasites [5] and discrimination and rejection of
parasitic eggs and chicks [6,7]. Defences in hosts have, in turn, selected for
counteradaptations in brood parasites, and many brood parasite species have
evolved eggs or chicks that mimic the morphology of their hosts [8,9]. These
tightly coupled interactions give rise to a rapidly evolving arms race, where
changes in host and parasite phenotypes can be detected in just 40 years [10].
Brood parasitism has at least seven independent origins in the avian phylo-
geny [4,11]. However, large lineages of avian brood parasites (more than five
spp.), suitable for this type of analysis, have evolved only three times, in the
subfamily Cuculinae (Old World cuckoos, 52 spp.), and in the families Indica-
toridae (honeyguides, 17 spp.) and Viduidae (Vidua finches, whydahs and the

© 2015 The Author(s) Published by the Royal Society. Al rights reserved.
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cuckoo finch, 20 spp.) [12,13]. These three lineages differ
in their impact on hosts. Most of the cuckoos and the
honeyguides are highly virulent, because their chicks kill or
outcompete the progeny of the host [14]. Vidua finches and
whydahs, on the other hand, impose lower costs on their
hosts, because their young can be raised alongside the
host chicks [15]. Differences in virulence between parasitic
lineages may have repercussions in the coevolutionary inter-
actions with their hosts, as selection for defences against
parasitism is likely to be stronger in hosts of the more virulent
species, leading to more rapid evolution of defences in hosts
and counteradaptations in parasites [15].

There is some evidence to suggest that coevolution between
avian brood parasites and their hosts can lead to increased rates
of divergence in brood parasites. Rapid genetic divergence
may occur when different populations of a generalist species
become more specialized on particular host species, or when
they exploit, and specialize on, novel host species. For example,
brood parasitic Vidua finches, Vidua spp., underwent sympa-
tric speciation as they annexed novel host species [15].
Moreover, specialization on particular host species has led to
genetic divergence within some cuckoo and honeyguide
species into distinct host-specific races [16-18], and Kriiger
et al. [19] demonstrated that species of parasitic cuckoos had
more subspecies than species of non-parasitic cuckoos. Since
the appearance of these studies, novel phylogenies [20] and
phylogenetic methods [3,21] have been developed.

Coevolution with hosts may also affect rates of phenoty-
pic evolution, at least in traits that facilitate parasitism. The
evolution of parasitic behaviour in cuckoos is associated
with a reduction in egg size and possibly body size [22],
perhaps because hosts of highly virulent brood parasites
are usually much smaller than their parasite. Smaller body
size is likely to be particularly adaptive in the Chrysococcyx
and Chalcites cuckoos, because these genera parasitize nests
with small entrances [22]. Adaptations of plumage colour
and pattern have also been suggested to facilitate parasitism
in cuckoos. Many cuckoos exhibit a combination of yellow
legs, yellow eye ring, barred chest plumage and cryptic phe-
notype (e.g. no crests or conspicuous colours), which are
believed to mimic the morphology of hawks, as a means of
intimidating hosts [23]. Selection for mimicry of sympatric
hawk species has even been shown to give rise to plumage
polymorphisms within cuckoo species [24]. If the traits men-
tioned above are host-specific and the adaptive value varies
depending on which host is exploited, then we may expect
increased phenotypic diversity and a change in the rates of
evolution of these specific traits in brood parasitic lineages.

In this study, we use the three largest clades of avian
brood parasites (cuckoos, honeyguides and Vidua finches)
to explore whether these taxa show faster rates of speciation
and phenotypic evolution compared with closely related
clades. Because host use can be related to diversity in coevo-
lutionary interactions [25,26], we also test whether different
measures of host diversity can explain the patterns observed.
We calculate the breadth of host niche within the three lineages
of parasites, which is a measure of how phylogenetically dis-
tant their hosts are from each other in the avian phylogeny.
Because parasitic cuckoos are the largest and best-studied
clade (e.g. with enough reliable host information), we also cal-
culate an index of host overlap between parasitic species within
seven cuckoo clades (mostly genera). This index shows
whether species within a clade share the same host genera

(high overlap) or parasitize different host genera (low overlap). |}

This measure is related to the geographical overlap between
species, which we also calculate.

We predict that (i) parasitic lineages with wider host
breadth will have higher rates of both speciation and pheno-
typic diversity, given their wide host variety and (ii) host use
and geographical distribution may explain the variation in
rates of evolution between clades of cuckoos. Namely, in
sympatric clades, where parasitic species tend to share the
same host genera, parasites will be more likely to present
similar adaptations and thus phenotype will evolve more
slowly, in contrast to clades in which each species parasitizes
different genera (low host overlap).

2. Methods

(a) Species used and traits measured

To test whether rates of evolution are more rapid in parasitic
lineages than in non-parasitic lineages, we sampled species
from three parasitic lineages and species from their most closely
related non-parasitic clade. For parasitic cuckoos (52 spp.), we
used the non-parasitic cuckoos (91 spp.) for comparison, for hon-
eyguides (17 spp.), we used the woodpeckers (Picidae, 222 spp.)
for comparison and for the Vidua finches (20 spp.), we used the
Estrildid finches (140 spp.) and the African weavers (116 spp.).
We used two lineages for comparison in Vidua finches, because
the Estrildid finches are the most closely related group, but are
also the main hosts of this family, and this could make the
comparison problematic if these also show changes in rates of
evolution in response to brood parasitism. For diversification
rates analyses, we sampled 100% of the targeted parasitic species
and from 98% to 100% of the sister species. For the phenotypic
analyses, samples varied depending on available information,
for colour approximately 95%, for size approximately 90%
and for egg size from 48% to 82% of sister species. In this
last case, we ran complementary analyses to assess the effect of
incomplete sampling (electronic supplementary material,
Material and methods). To assess the effect of phylogenetic
uncertainty, we sampled 10 random possible phylogenetic trees
from a pseudo-posterior distribution from www.birdtree.org
[20] for each of the lineages where parasitism evolved inde-
pendently (Cuculidae, Indicatoridae and Viduidae). We used
10 trees for each analysis based on the fact that previous studies
have used three or four phylogenies [27]. Results were highly
consistent across trees.

We investigated the evolution of three different morpho-
logical traits (plumage, egg size and body size). For the family
Cuculidae, we obtained information on egg size and body
size from published studies [24,28,29]. We also generated an
index of hawk-like plumage by combining variables previously
published in two different studies, specifically, presence of bar-
ring in the breast plumage, yellow eye ring, yellow legs, crest
presence and presence of cryptic colours [24,28]. Additionally,
we used the plates available in the Handbook of Birds of the
World online [30] to quantify overall plumage coloration, using
spectral measurements of museum specimens to validate
our method (electronic supplementary material, Material and
methods). For the analyses on honeyguides and Vidua finches,
we collected information on body size from the Handbook of
Birds of the World online [30], and information on egg size from
the Handbook of Oology [in German] [31] and A Guide to the
Nests and Eggs of Southern African Birds [32]. To quantify plumage
differences in Vidua finches and honeyguides, we repeated the
procedure using plates from the Handbook of Birds of the World
[30] as described above.
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(b) Modelling rates of evolution

To explore rates of speciation and rates of trait evolution, we
used the software BAMM [3], which uses reversible jump
Markov chain Monte Carlo to automatically detect and quantify
shifts in evolutionary rates. We chose this over other methods
because it does not require any a priori information on whether
the species are brood parasites or not. Thus, if brood parasitism
were associated with changes in rates in these lineages, then we
would expect a shift in rates in the same node where brood para-
sitism originated or in a subsequent node; conversely, shifts
detected in other nodes, or no shifts would suggest that there
is no association between changes in rates and the evolution of
brood parasitism, following the rationale of Weber & Agrawal
[27]. To test whether speciation rates were higher in the three
parasitic lineages compared with their closely related clades,
we ran 30 analyses (10 per lineage) using the ‘diversification’
module. This module uses only information on branch lengths
and the tree topology to automatically detect changes in rates
of speciation and extinction, based on an explicit Bayes factor cri-
terion. For the analyses on plumage, egg size and body size, we
used the ‘traits” module, and provided trait information for the
tips in the phylogeny (more details in electronic supplementary
material, Material and methods), and we ran each analysis on
10 different phylogenetic trees. To confirm our results on specia-
tion and extinction rates, we used the R package diversitree [21]
and the binary state speciation and extinction model (BiSSE) of
Madison et al. [33]. To confirm our results on the phenotypic
rates, we used the R package phytools (electronic supplementary
material, Material and methods). We also used a phylogenetic
generalized-least-squares (PGLS) regression using the caper
package of R statistics [34] to calculate the correlation in rates
of evolution between traits where shifts were detected; for this,
we used the values of traits with natural logarithm transform-
ation, following Rabosky et al. [35]. In the results, we show an
example of an output from one of the 10 trees employed.

(0) Host niche breadth calculation

To estimate the average breadth of host use for each lineage of
brood parasites, we used information from host species in
southern Africa [36]. By using host species from just one
region, and a similar number of parasitic species (cuckoos =9
spp., Vidua finches =9 spp. and honeyguides =6 spp.), we
avoid the need to make corrections for geographical distribution
of the lineage, because parasites distributed in different conti-
nents would probably have access to a different number of
host species. With this information, we calculated the average
phylogenetic distance between host species for each parasitic
lineage, which is a measure of the breadth of distribution of
hosts in the phylogeny (electronic supplementary material,
Material and methods).

(d) Host niche overlap and geographical overlap
in cuckoos

To further explore whether host use could explain rate differences
within parasitic cuckoos, we calculated an overlap index in use of
host genera and a geographical overlap index. To do this, we
divided the parasitic cuckoos into seven monophyletic groups
(mostly genera; electronic supplementary material, figure S1),
and calculated the degree of host overlap between species within
each of the seven clades. The host overlap index tells us on average
which proportion of the host genera is shared by different parasites
within a clade. Higher overlap means that parasitic species tend to
share more host genera. To calculate geographical overlap between
each pair of species, we downloaded shape files for each species
from www.birdlife.org, then we used the glntersection function in
the R package rgeos (electronic supplementary material, Material

and methods). It is important to mention that both geographical
ranges and host status are dynamic, and the current data are prob-
ably different from the historic distributions and hosts, which may
obscure and make more difficult the detection of any pattern.

3. Results

(a) Rates of speciation and extinction

Our results from the BAMM software on speciation and extinc-
tion rates showed no changes in rates of diversification for any of
the three parasitic lineages studied (table 1 and electronic sup-
plementary material, figure S2). However, a significant signal
was found by the second method we employed, the BiSSE
analysis. In this, we compared the likelihood of models where
parasitic lineages had either the same or different diversification
rates compared with their sister non-parasitic lineage. We found
that the most likely model presented parasites from the Vidui-
dae family with higher rates of speciation and extinction
(table 1). There was no evidence for an increase or decrease in
speciation or extinction rates in the other two lineages (table 1).

(b) Rates of phenotypic evolution

For the sake of simplicity, from here on, we will refer to
‘parasitic cuckoos’ as the monophyletic clade of highly viru-
lent cuckoos (Cuculinae), excluding Clamator, Tapera and
Dromococcyx, because we found no differences in any of the
analyses between these genera and the non-parasitic cuckoos
(p > 0.05, see §5). Our analyses show significant differences
in the three morphological traits between the parasitic and
non-parasitic lineages (figure 1 and electronic supplemen-
tary material, table S1). The three parasitic lineages have
different plumage coloration, and honeyguides and cuckoos
have smaller body size than closely related species (wood-
peckers and non-parasitic cuckoos, respectively). These
statistical differences are not phylogenetically controlled,
because brood parasites are monophyletic in the different
lineages studied.

() Plumage
Parasitic cuckoos (Cuculinae) showed higher rates of plumage
evolution than non-parasitic cuckoos (mean rate parasitic
cuckoos = 0.048 + 0.009, mean rate non-parasitic cuckoos =
0.014 + 0.002; figure 2a). The BAMM analysis detected changes
in rates of evolution in the node where brood parasitism
evolved in the 10 trees sampled, strongly suggesting that the
increase in rate is linked to brood parasitism. Our model analy-
sis supported this, as the model with independent rates for each
state was significantly better than the model with one overall
rate (mean AAICc = 35.5 + 4.94, mean rate parasites = 91.98,
mean rate non-parasites = 74.72, p < 0.0001). Body size also
presented consistently higher rates of evolution in the brood
parasitic clade (mean = 0.026) compared with the non-parasitic
clade (mean = 0.020), although shifts were not detected.
Plumage coloration in honeyguides shows the opposite
pattern, with a slower rate of plumage evolution than
their sister clade, the woodpeckers (mean honeyguides =
0.20 + 0.30, mean woodpeckers =1.001 + 0.36, figure 2c).
Shifts at the base of the honeyguides were detected in nine
out of 10 trees. The model analysis confirmed these results
(mean AAICc=18.13 + 9.87, mean rate parasites =15.9,
mean rate non-parasites = 253.6, p < 0.0001, ER > 1000).
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Table 1. Estimation of speciation and extinction rates (average) for each of the three lineages using the BAMM software and using BiSSE models with different
and equal rates of speciation (A) and extinction (w) for parasites and non-parasites. The Akaike Information Criteria corrected by sample size (AlCc) from the
constrained BiSSE models was compared with the AlCc from the full model (e.g. no constraints) using a Chi-square test and evidence ratios (ERs) and these values
are presented in front of each constrained model. ER denotes how many times the full model is better than the constrained one. Only in the case of the Vidua
finches is the AlCc is significantly better for the full model, and there is a trend of higher extinction and speciation in the parasitic lineage (shown in italics).

speciation rates A

extinction rates u

95075107 ‘78T g 20S 'Y 20id  biorbuiysyqndfiaposiehorqdsi =

p(>Chi) evidence ratio

lineage and not not (full versus (full versus
model parasitic parasitic parasitic parasitic AlCc other models) other models)
Cuculidae
BAMM 0.047 0.047 0.006 0.006

estimation
BiSSE full 0.0446 0.05 0.0106 0 826.68

model
BISSE equal 0.0446 0.05 0 0 825.54 0.979 0.565
BiSSE equal A 0.0466 0.0466 0.0096 0 825.62 0.435 0.588
Indicatoridae o
BAMM 0.21 0.2 0.074 0.068

estimation
BiSSE full 0.182 0.10325 0.0422 0.015 577.545

model
BiSSE equal 0.174 0.104 0.115 0.115 573.516 0.595 0.133
BiSSE equal A 0.1597 0.1597 0.0115 0.0877 577.9075 0.227 0.83
Viduidae
BAMM 0.21 0.249 0.046 0.073

estimation
BISSE full model 0.195 0.485 0 0.458 1203.8
BiSSE equal w 0.189 0.636 0 12103 0.024 3.1
BiSSE equal A 0.196 0.196 0 0.142 1214 0.085 244.69

(d) Egg size parasitize passerines (order Passeriformes), but also kingfishers

Our results suggest that there is a higher rate of evolution
in egg size in parasitic cuckoos (mean rate parasitic
cuckoos = 0.045 + 0.006, mean rate non-parasitic cuckoos =
0.005 + 0.001, figure 2b). In all the trees sampled, the best
shift configuration showed a shift in the node where brood
parasitism evolved. The model analysis supported this
pattern (mean AAICc=18.8 4 3.34, mean rate parasites =
45.02, mean rate non-parasites = 20.35, p < 0.0001, ER > 1000).
Rates of evolution in egg size and plumage were correlated in
parasitic cuckoos (In values, PGLS B=0.044, p=0.0003).
There were no shifts detected for egg size in honeyguides or
Vidua finches.

(e) Body size
We found no evidence for changes in rates of evolution in
body size in any of the three lineages.

(f) Host breadth analysis

Honeyguides and parasitic cuckoos in Africa had a wider host
breadth than Vidua finches (figure 3a). Honeyguides had the
broadest set of hosts (mean phylogenetic distance between
hosts = 131.65 Ma, max = 173.61 Ma). Honeyguides not only

and bee-eaters (order Coraciformes) and woodpeckers (order
Piciformes). Parasitic cuckoos in Africa parasitize mainly passer-
ines but occasionally mousebirds (order Coliiformes; mean
phylogenetic  distance between hosts = 94.87 Ma, max =
167.048). Members of the family Viduidae showed the lowest
average phylogenetic distance between hosts; they parasitize
passerines exclusively, and the vast majority belong to the
family Estrildidae (mean phylogenetic distance between
hosts = 53.54 Ma, max = 89.16 Ma).

(g) Host overlap and geographical overlap analyses

within cuckoos
Host overlap was related to geographical overlap (8= 0.25,
p = 0.0001, figure 3b). The clades with the highest degree of
overlap in host genera and geographical distribution were
Chrysococcyx (overlap host = 0.232, geographical overlap =
0.46), which exploits species from the genera Nectarinia and
Ploceus; and Chalcites (overlap host = 0.301, geographical
overlap = 0.53), which mainly parasitizes species from the
genera Malurus, Acanthiza and Gerygone.

Contrary to our prediction, there was a significant
positive correlation between both host overlap and
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Figure 1. Boxplots of average ( + 25% of the data) morphological traits measured in non-parasitic (black) and parasitic species (grey) for the three lineages studied
(***p < 0.001 and *p << 0.05). Parasitic lineages tend to have a smaller body size, smaller egg size and different plumage compared with non-parasitic lineages.

geographical overlap with the average rate of plumage evol-
ution (host overlap, B = 1.45, p = 0.007, geographical overlap,
B=234.035 p<0.0001, figure 3b), and a similar pattern
for egg size (host overlap 8= 0.004, p = 0.08, geographical
overlap, B=3.54, p=0.0019, figure 3b). This association
remained true when using host overlap index values of
each species, instead of using a value per clade (phylogenetic
regression, plumage = 0.226, p = 0.041, egg size g =8.18,
p = 0.011, electronic supplementary material, figure S3).

4. Discussion

Avian brood parasitism is one of the best examples of coevo-
lution in the animal kingdom, and has been shown to lead to
adaptations in both hosts and parasites [4,37]. In theory, coe-
volution of brood parasites and hosts should lead to
increased rates of diversification and increased phenotypic
diversity [2,19]. We used two recently developed methods
and phylogenies to test these hypotheses explicitly. We
found no evidence that honeyguides and parasitic cuckoos
have increased speciation or extinction rates; however, in
one of the methods employed, we found higher speciation
rates for Vidua finches, corroborating the findings of
Sorenson ef al. [15]. Interestingly, both methods employed
estimated higher extinction rates for Vidua finches compared
with their closest relatives. The lack of higher diversification
rates in parasitic cuckoos appears to contrast with the finding
of Kruger et al. [19] that subspecies richness and cladogenesis
was over twice as high in parasitic cuckoos as in parental
cuckoos. Our findings highlight the importance of using

novel methods and phylogenies to re-evaluate previous find-
ings, and further suggest that the number of subspecies is not
necessarily correlated with the actual rates of speciation of a
lineage. Although coevolution between brood parasites and
their hosts may select for genetic divergence of brood para-
sites into female host races [38,39], or subspecies [19], this
does not necessarily lead to accelerated rates of speciation.
Speciation of host races may be constrained by incomplete
assortative mating, as has been proposed for the common
cuckoo [39] and the greater honeyguide [18].

Regarding trait evolution, we found that the rates of sev-
eral traits have changed in those nodes where brood parasitic
lineages evolved. In parasitic cuckoos (Cuculinae), rates
of evolution of coloration were three times faster than in
non-parasitic cuckoos. This increase was found for the com-
ponents associated with hawk-mimicry (e.g. barred-chest,
yellow eyes and legs, etc.), but not with other components
of colour. This finding supports the hypothesis that hawk-
like coloration is an adaptation of parasitic cuckoos [23],
and it also suggests that there is high diversity in the specific
morphology of this plumage. For instance, the little bronze-
cuckoo (Chalcites minutillus) sports a barred chest, but this
trait has been lost in its close relative, the black-eared
cuckoo (Chalcites osculans). Moreover, species from the
genus Surniculus resemble black drongos instead of hawks,
which may also be a case of mimicry [4]. Therefore, it is pos-
sible that there is diversifying selection on cuckoos to mimic
different models, thereby increasing selection for divergence
in traits such as barring and colour conspicuousness [40].

The opposite pattern was found for honeyguides, which
showed a strong deceleration in rates of plumage evolution.
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Figure 2. Phylorate plots of BAMM results of rates of phenotypic evolution. Panels (a,b) show increase in rates of evolution in parasitic cuckoos in coloration and egg
size, respectively, and (c) shows decrease in rate of plumage evolution in honeyguides. Blue and red circles indicate the position of the most frequent shift in
evolutionary rates; a blue circle indicates a shift in rate towards deceleration and red circle indicates a shift towards acceleration. Size of the circle is proportional
to the frequency (from 0 to 1) with which the shift was observed. Green circles indicate the basal node of parasitic lineages, and green shading indicates the
parasitic species for each dataset. Note that in these three cases the shift in rates occurs at the base of the parasitic lineages, suggesting strong correlation between

a change in rates and the evolution of brood parasitism.

Honeyguide species diverged about 10 Ma, allowing ample
time for the evolution of plumage divergence, but our results
show that plumage varies little between species even though
they parasitize hosts from different orders. Although our
colour analysis was not performed using spectral measures,
we are confident of this pattern of reduced plumage diversity
because, if anything, our method tends to overestimate differ-
ences between species (electronic supplementary material,
Material and methods). Moreover, the pattern we detected
is very evident; all honeyguides have dull, pale green or
grey plumage, which may be cryptic, and there is no sexual
colour dimorphism in most of the species. It would be
interesting to know whether dull plumage offers benefits
to parasitic females when monitoring or parasitizing host
nests, such that plumage divergence is constrained by
selection for crypsis.

Parasitic cuckoos also showed rates of evolution of
egg size that were nine times higher compared with non-
parasitic cuckoos. This supports the idea that, in cuckoos,
the parasitic breeding strategy probably increased phenotypic
diversity between species, at least in traits that have proved to
be adaptive in parasites, such as egg size [22]. Nevertheless,
we detected no shifts in rates of evolution of egg size for
the other lineages. This is unsurprising for Vidua finches,
which are less virulent (except for A. imberbis) and parasitize
very closely related species mostly belonging to the same
family and mostly of similar size, so there is little reason to
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expect diversifying selection. For the honeyguides, we
expected higher diversity in egg size, given the evidence
showing that they match the egg sizes of several hosts of
varying size [18]; however, that study reported major host-
specific differences in egg size within the greater honeyguide
(Indicator indicator), suggesting that high egg size diversity
might be occurring at the level of host races rather than at
species. Body size did not show increase in rates of evolution
associated with the appearance of brood parasitism in any of
the three lineages. Interestingly, we also found that the New
World cuckoos (genus Tapera, Clamator and Dromococcyx), just
like the Old World cuckoos, presented a smaller body size
and smaller egg size than non-parasitic cuckoos. However,
these three genera did not show changes in rates in any of
the traits. This could be owing, however, to the small size
of the clades (max three spp.), which makes it harder to
detect macroevolutionary patterns.

From the three largest lineages of brood parasites, only
the cuckoos (the largest radiation) showed a signal of
higher rates of phenotypic evolution. We hypothesized that
host breadth could be associated with such differences
between lineages. Brood parasites from the three lineages
are present in southern Africa, allowing us to compare how
wide and diverse the host niche is when the three parasitic
lineages are sympatric. Our results partially agree with the
expectation that lineages of brood parasites that exploit a
higher diversity of hosts (e.g. more distantly related among
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Figure 3. (a) Host niche breadth of parasitic cuckoos, honeyquides and Vidua finches. Honeyguides have the highest average breadth, because the lineage para-
sitizes host species from different taxonomic orders, whereas Vidua finches parasitize species from the same family and thus show a narrow host breadth.
(b) Relationship between overlap in host use, geographical overlap and rates of evolution of plumage (blue online, dark grey in print) and egg size (green
online, light grey in print) within clades of parasitic cuckoos. Parasitic cuckoo clades that overlap more in use of host genera and geographically, show higher

rates of phenotypic evolution. (Online version in colour.)

them) experience higher rates of phenotypic evolution. Cuck-
oos had a wider host breadth and increased evolutionary
rates compared with Vidua finches. However, honeyguides
do not follow this pattern, and despite having the widest
host niche of the three lineages, they show no signs of
increased evolutionary rates, and even show a deceleration
in rates of plumage evolution.

Within parasitic cuckoos, we explored whether host parti-
tioning (or geographical isolation) could explain differences
in rates of phenotypic evolution. We predicted that clades
of cuckoos with low overlap in host use would have higher
rates of evolution, because selection would favour diversifica-
tion in traits to parasitize different genera. Our results show
the opposite pattern, and cuckoo genera that have species
with high geographical overlap and high overlap in host
genera presented higher rates of evolution. In fact, it seems
that sharing the same host genera with other phylogenetically
related parasites is associated with faster phenotypic evol-
ution. It is important to point out that we measured host
overlap at the genus level, so a high overlap index does not
mean that parasites are sharing the same host species; it
rather means that the species they exploit are within the
same genus. We suggest that geographical overlap, when
combined with overlap in host genera, may lead to compe-
tition for hosts between parasitic species. This idea has
been specifically suggested for brood parasites in Australia
[41]; accordingly, competition may drive the evolution of
more finely tuned adaptations than in non-competitive
environments, which, in turn, can lead to increased rates of
phenotypic evolution [42,43]. Similarly, this could also
explain why the genus Cuculus, which shows low overlap

in host use and, in general, more geographical isolation
between species (broad Old World distribution), shows
relatively low rates of phenotypic evolution.

In conclusion, we found evidence that the strategy of brood
parasitism can affect rates of phenotypic evolution but not
necessarily speciation. Our results show that a brood parasitic
breeding strategy can lead to divergent evolutionary scenarios,
where phenotypic rates may increase, decrease or remain the
same, depending on the trait and the ecology of the lineage
studied. Brood parasitism seems to have a greater effect on
the evolution of egg size and coloration than body size. More-
over, our results support the idea that competition for hosts (or
at least evolution in sympatry) may be an important factor
leading to increased trait diversity, and we encourage
more studies to understand how host use affects phenotypic
diversity in host—parasite systems.
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SYNTHESIS & CONCLUSIONS

Since Darwin (1859), co-evolutionary interactions such as competition,
mutualism, parasitism and predation have been suggested to have macro-evolutionary
effects and lead to diversification over time. Macro-evolutionary processes are defined
as long timescale phenomena that occur at or above the level of species, in contrast to
micro-evolutionary processes, which occur within species or populations and over a
short timescale (Brooks 1988). Despite the long-standing prediction that coevolution
should lead to macro-evolutionary effects (Darwin 1859; Klassen 1992), rigorous
exploration of this path has only been possible in recent years, with the development of
robust phylogenies and novel phylogenetic methods. Interestingly, there is still limited
evidence supporting the role of coevolution in the generation of diversity (Summers et
al. 2003; Nunn et al. 2004). In plants, for example, mutualism with pollinators has long
been used to explain the huge diversity of angiosperms, but while some studies have
supported this claim, such studies involve only 1.4% of all the angiosperm species and

there is no consistent pattern (van der Niet and Johnson 2012).

A few years ago, Yoder and Nuismer (2010) used an evolutionary model to
propose that, although interactions such as mutualism and predation may lead to arms
races, not all types of co-evolutionary interactions necessarily lead to diversification.
Specifically, their results show that only in cases of antagonistic interactions, and
where there is phenotype matching, will both exploiters and their victims evolve
greater phenotypic diversity (Yoder and Nuismer 2010). One, highly tractable example
of this type of interaction is brood parasitism. Avian brood parasites lay their eggs in
the nest of other species, their hosts, which take care of a foreign chick (Davies 2000).
This strategy is very costly to the host, and has led to the evolution of different types of
defences, such as rejection of the parasitic egg and mobbing of adult brood parasites
(Davies 2000). Egg rejection by hosts has led to the evolution of phenotype matching;
rejection of odd-looking eggs by the host selects for parasite eggs that match the size

and colouration of their host’s eggs and thereby evade detection (Kriiger and Davies
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2004; Stoddard and Stevens 2010). These phenotypic changes can occur in as little as 40
years (Spottiswoode and Stevens 2012). Therefore, avian brood parasitism seems to be
the ideal system to test whether coevolution can lead to increased diversity in both
hosts and parasites. Moreover, brood parasitic interactions may involve few species,
contrary to many other host-parasite interactions that involve several parasite species
exploiting the same host, making it much easier to isolate the source of selection,

identify patterns and test predictions (Rothstein 1990).

In this thesis I investigated the role of brood parasitism in the phenotypic and
species diversity of hosts and parasites. Specifically, I explored in different chapters
whether brood parasitism was linked with the evolution of variation in egg rejection
behaviour, clutch size, cooperative breeding, egg phenotype, breeding phenology and
rates of phenotypic evolution. In the next lines I will summarize the results of these

studies and discuss these findings collectively.

Coevolution of brood parasites and their hosts

The outcomes of the evolution between two interacting species greatly depend
on the costs of the interaction (Yoder and Nuismer 2010). Dawkins and Krebs (1979)

illustrate this principle with an example from Aesop’s fables:

"The rabbit runs faster than the fox, because the rabbit is running for his life while the fox is

only running for his dinner.” Aesop

There are strong selective pressures on both hosts and brood parasites. If hosts
don't defend they will lose all their progeny and if parasites don't parasitize effectively
they won't reproduce. However, only a few individuals in the host population will be
parasitised, but all brood parasites in the population will need to parasitise in order to
reproduce. Therefore, selective pressures might be stronger in brood parasites than
their hosts. In the next sections I will show evidence of the effects at macro-

evolutionary level of brood parasitism in both the exploiters and the victims.
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Host evolution

Hosts of avian brood parasites suffer very high costs as a result of parasitism;
they invest time and energy feeding a chick that is not their own and in many cases
also lose all their progeny ((Davies 2000). More than 500 species of passerines are hosts
of brood parasites, in addition to some non-passerines such as woodpeckers and bee-
eaters (Friedmann 1955; Friedmann and Kiff 1985; Brooker and Brooker 1989b; Soler

2014).

Hosts have evolved effective defences, such as egg rejection and mobbing, that
are specific to the context of brood parasitism, but does brood parasitism also select for
the evolution of changes to broader life history traits (or behaviours) besides these,
such as changes to mating systems, breeding phenology or reproductive investment?

Two new forms of defence were investigated in this thesis.

Firstly, hosts that exhibit cooperative breeding may gain a benefit if larger
groups can defend their nests better from brood parasites than a pair. Conversely,
brood parasites may also benefit by exploiting cooperatively breeding species, because
there are more individuals to provision their young. There is evidence for one species,
the superb fairy-wren Malurus cyaneus, that helpers at the nest strengthen host defences
and lead to lower parasitism rates (Feeney et al. 2013). My comparative analysis
(Chapter 4) suggests that this may be a general pattern across cooperative breeders;
there was a highly significant correlation between being a cooperative breeder and
being a host of a brood parasite, and this pattern is true on the two continents with the

largest number of virulent brood parasites: Africa and Australia.

Another potential defence mechanism against parasites is tolerance, where
hosts reduce the costs of parasitism by adjusting life-history traits (Svensson and
Réaberg 2010). Clutch size reduction has been proposed as a tolerance mechanism
(Brooker and Brooker 1989a; Hauber 2003). In hosts of parasites like cuckoos (where all
the host progeny is lost), species with smaller clutches will lose less progeny when
parasitized than hosts with a large clutch (Hauber 2003). In Chapter 2, I explored

whether clutch size reduction has evolved as a form of tolerance across host species. By
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using an analytical model, my collaborators and I found no theoretical support for the
evolution of a reduced clutch size in hosts. Moreover, through a comparative analysis
we showed that hosts and non-hosts did not have different clutch sizes, after
controlling for other variables known to influence clutch size, such as body size,
latitude and nest type. This study also shows experimentally that it is unlikely that a
small clutch size in hosts evolved as a result of parasites targeting species with smaller
clutches. Cuckoo chicks do not benefit from evicting fewer eggs from their host’s nest,
and it was equally costly for a cuckoo chick to evict one or five eggs. Despite the
importance of brood parasitism in the evolution of other characters, such as

cooperative breeding, it does not seem to be linked to the evolution of clutch size.

Brood parasitism is linked to variation in egg phenotype, both within and
among host species. Theory suggests that hosts should evolve high variation in egg
phenotype between individuals of the same population, since it would be harder for
the parasite to mimic different types of eggs (Jien et al. 1995; Soler and Meller 1995).
This micro-evolutionary prediction has been supported by many studies (Stokke et al.
2002; Lahti 2005; Landstrom et al. 2010), and we found evidence for the same pattern in
Australia (Chapter 7). Moreover, Yoder and Nuismer (2010) specifically suggested that
antagonistic interactions with phenotype matching (such as in brood parasites) should
lead to phenotypic diversity among host species. For instance, in a microcosm
experiment, Buckling & Rainey (2002) showed that the diversity between isolated
populations of the bacteria Pseudomonas fluorescens was higher in communities with
parasites, since P. fluorescens populations followed divergent evolutionary trajectories
to resist the parasite, resulting in increased diversity. We found a directly analogous
result for the hosts of Australian cuckoos (Chapter 7); species that are hosts of brood
parasites have diverged more in their egg pattern than those species that are non-hosts,
after controlling for time. We propose a similar scenario to that described by Buckling
& Rainey (2002), namely, the egg phenotype of each species of host is evolving in
response to parasites along a different evolutionary trajectory. Thus, we observe a
higher diversity of egg patterns among host species, supporting the predictions of

Yoder and Nuismer (2010).
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The development of new phylogenetic techniques and robust phylogenies has
also allowed us to make use of pre-existing data to explore the evolution of defences
from a macro-evolutionary perspective. In Chapter 3, I explored which variables best
predict the evolution of egg rejection behaviour in hosts. By collating experiments
performed on almost 200 species, this study shows that it is possible to predict which
species will evolve egg rejection behaviour, based on whether the parasite is highly
virulent (e.g. kills all the progeny of the host) or not, and on the relative size of the host
compared to it’s parasite. Hosts that are small relative to the parasite, and are exploited

by a highly virulent parasite, are more likely to express egg rejection behaviour.

Although some variables can predict the evolution of egg rejection, it is also an
interesting research avenue to understand why some populations lack egg rejection,
and how alternative defences evolve. In en empirical study (Chapter 6) I explored
whether the evolution of egg rejection is associated with light availability. The yellow-
rumped thornbill (Acanthiza chrysorrhoa) is the main host of the shining bronze-cuckoo
(Chalcites lucidus) in Australia, however, egg rejection and chick rejection are very rare
in this host. Yellow-rumped thornbills have closed domed nests, which may constrain
discrimination of cuckoo eggs and chicks, and therefore the evolution of egg rejection
behaviour. We used this system to test experimentally whether increasing the
illumination inside the nest affects the likelihood of egg rejection. Contrary to
expectations, rejection levels remained very low with increased light levels; moreover,
we found very high variation in the natural light levels of the nests, with some nests
being as bright as those of other rejecter species with cup nests. These results suggest
that other constraints besides light availability may explain the absence of egg rejection

in some species.

Given that egg rejection (and chick rejection) rates are very low in yellow-
rumped thornbills, in Chapter 5 I explored the evolution of alternative defences. We
show that this host has front-line defences, and can recognize and mob cuckoos. Most
importantly, we provide evidence that this host breeds earlier than other sympatric

and congeneric species, when parasitism rates are lower. We suggest that selection
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may favour a shift in the breeding phenology of this host in order to avoid the costs of

brood parasitism.

Brood parasite evolution

Brood parasites depend exclusively on their hosts to reproduce and this
strategy has evolved independently in seven lineages of birds (Payne and Payne 1998).
Parasitic cuckoos (Cuculidae, 52 spp.) have a worldwide distribution and constitute the
largest radiation, followed by honeyguides (Indicatoridae, 20 spp.) and Vidua finches
(Viduidae, 17 spp.), which are exclusively African, cowbirds (Molothrus spp., 6 spp.)
and one species of duck (Heteronetta atricapilla), which occur in the Americas. These
lineages have different strategies; most of the cuckoos and honeyguides kill all the
progeny of their host (highly virulent sensu Kilner 2005), while chicks of Vidua finches
and cowbirds can be raised alongside host progeny (Kilner 2005). Such differences in
the cost of the interaction may have macroevolutionary consequences. For instance, in
plant-herbivore systems, communities where herbivory is less costly are less diverse
than communities where herbivory is very costly (Fornoni 2011). Also, mutualistic
interactions, where both participants benefit, are much less likely to lead to
diversification (Yoder and Nuismer 2010). Consideration of these differences is
important in understanding the role of brood parasitism in diversification processes.
For example, an almost mutualistic relationship has evolved between the great spotted
cuckoo (Clamator glandarius) and it’s host, the carrion crow (Corvus corone), where crow
chicks benefit from repellent secretions produced by cuckoo chicks, which decreases
predation rates (Canestrari et al. 2014). Diversification would not be expected in this

type of system.

Although brood parasitism is very costly to hosts, brood parasites are under
even stronger selective pressures. In order to reproduce, brood parasites, which are
usually much larger than their host, have evolved very small eggs and even body size
in order to effectively parasitize their hosts (Kriiger and Davies 2004). Moreover, some
brood parasites have also evolved plumage that resembles other bird species to avoid

detection (Feeney et al. 2015) or to intimidate their hosts (Davies and Welbergen 2009).
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In Chapter 8 I explored whether brood parasites are more diverse and have higher
rates of phenotypic evolution in traits associated with a parasitic lifestyle. Contrary to
expectations (Kriiger et al. 2009; Yoder and Nuismer 2010), there is no evidence of
increased rates of speciation in avian brood parasites. However, our study shows for
the first time that rates of phenotypic evolution are higher in parasitic cuckoos than in
non-parasitic cuckoos and other brood parasites. Egg size and a component of plumage
associated with brood parasitism evolve faster in parasitic cuckoos, suggesting that
brood parasitism can lead to increased phenotypic diversity in the exploiters, as
predicted by Yoder and Nuismer (2010). This study also points out that differences in
the costs of parasitism and the particular history of the clade make it very hard to
generalize predictions. Cuckoos seem to be the only lineage where brood parasitic
behaviour is linked to increased diversity, compared to honeyguides and Vidua finches.
This is not totally unexpected, given the differences in virulence between the three
lineages, the age of the clades, and their contrasting parasitic strategies. Cuckoos
parasitise hosts from very distantly related taxa, and constitute the oldest radiation of
brood parasites (~65 MYA). Honeyguides also parasitise very distantly related hosts,
including passerines and bee-eaters, but they are a much younger lineage (~20 MYA).
Finally, Vidua finches are less virulent than both cuckoos and honeyguides, and they
are very young clade (~2.5 MYA, Spottiswoode et al. 2011), additionally, this clade
parasitises hosts from their sister family, Estrildidae. Therefore, it is not unexpected
that Vidua finches did not show any signal of an increase in rates of phenotypic
evolution. As suggested by Yoder and Nuismer (2010), not all co-evolutionary
interactions are likely to lead to increased diversity, and even within types of
interactions, differences in parameters such as the strength of selection determine the

likelihood of diversification.

In conclusion, this thesis provides novel evidence that brood parasitism has
important macro-evolutionary effects in brood parasites and their hosts, an area that
has received relatively little attention. Brood parasitism can be a strong selective
pressure, tightly linked to the evolution of important traits such as egg pattern, egg

size, plumage, cooperative breeding and breeding phenology, and should be
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considered an important factor in the evolution of birds. Coevolutionary interactions
between brood parasites and their hosts appear to generate phenotypic diversity in
both hosts and parasites, mainly in the cuckoo-host system. Hopefully this thesis has
paved the way for further research on the macro-evolutionary side of the brood

parasitic interaction.
Future directions

1. This thesis has incidentally shown that cuckoos in Australia are a special case. The
Australo-papuan genus Chalcites has evolved a very small body size compared to other
cuckoos, and also shows higher rates of evolution than any other cuckoo genus. Thus
the interactions between Australian cuckoos and their hosts are fundamental to
understanding rates of speciation in brood parasites and the evolution of tolerance in

their hosts.

2. The current availability of robust phylogenies and reliable phylogenetic methods
provides the opportunity to test many predictions about brood parasitism, it’s
evolution and it’s implications at the macroevolutionary level. For instance, in the last
years some parasitism studies in primates (Nunn et al. 2004; Cooper et al. 2012) have
incorporated phylogenetic information into analyses of parasite specialization. This
avenue that has not been explored in the brood parasite literature (although see
Medina & Langmore, in prep), where specialization is often measured simply as the
number of host species, without taking into account whether the species belong to the
same clade. The evolution of specialization in brood parasites has not been fully
explored; it is widely assumed that the evolutionary trajectory is to transition from host
generalist to host specialization but there is no rigorous evidence available (Winfree
1999). The main support for this idea is the fact that the oldest lineage of brood
parasites (parasitic cuckoos, ~65 MYA), is more specialized than the very young
lineage of cowbirds (~3.4 MYA, (Jetz et al. 2012). It would be worth exploring the

evolution of specialization in brood parasites from a phylogenetic perspective.
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3. Genetic and phenotypic variation among populations have been widely explored in
brood parasites (although see Martinez et al. 1999), where several species have evolved
host-specific races (Beruldsen 2003; Starling et al. 2006; Spottiswoode et al. 2011).
Theory predicts that hosts should also evolve genetic and phenotypic divergence
between populations as a consequence of different parasitism regimes (Laine 2009).
Recent evidence shows that brood parasitism is linked to host phenotypic diversity at a
macro-evolutionary level (chapter 8), and there is ample evidence that parasitism rates
(and egg rejection and mobbing) can differ between populations of the same host
species (Lindholm and Thomas 2000; Welbergen and Davies 2009). In a review on host-
parasite and plant-herbivore systems, Laine (2009) showed that in 100% of the studies,
geographic variation in the strength of the interaction has led to the evolution of
genetic and phenotypic diversity in hosts. In the case of brood parasites, host
populations of the same species that vary in parasitism rates and defences might also
be evolving genetic and phenotypic differences, in addition to the observed differences
in defences. This possibility has received little attention to date and would be an

interesting avenue to explore further.
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