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General introduction

The image of a small bird feeding a huge common cuckoo Cuculus canorus

young has been attracted scientists and other people for thousands of years. More than

2000 years ago, Aristotle (384-322 BC) wrote about the wonder behaviour of the

cuckoo (Peck 1993; Hett 1936). He already knew that female cuckoos lay eggs in nests

of small birds, and that the cuckoo nestling evicts all other nest mates from the nest

(Davies 2011). The small birds (hereafter “host™) raise the cuckoo nestling even though

the nestling kills their offspring (Payne 2005), and grows up to 10 times the size of the

adult host (Wyllie 1981). Avian brood parasitism is not uncommon, at least 100 species

from 5 families (Cuculidae, Icteridae, Indicatoridae, Viduidae and Anatidae) parasite

their hosts, which represents one percent of all bird species in the world (Davies 2000).

Scientists and naturalists, however, principally focus on only one species, the common

cuckoo, as model for this co-evolutionary arms race (Rothstein and Robinson 1998;

Davies 2000; Payne 2005).

Since parasitism by the common cuckoo reduces the breeding success of its

hosts, many hosts have evolved anti-parasite behaviour such as parasite egg rejection,




and the behaviour promotes parasites to evolve counter-adaptations such as laying

mimetic eggs. This is a good example of a co-evolutionary arms race (Dawkins & Krebs

1979; Rothstein 1990).

The arms race between the common cuckoo and its hosts occurs in various

stages of the hosts” breeding. When a female cuckoo approaches a host nest to lay her

egg, many hosts attack the cuckoo (Reskaft et al. 2002; Welbergen & Davies 2009).

This behaviour promotes counter-adaptation in female cuckoos: swift and secretive

parasitism at times when their hosts are absent from the nest (Chance 1940; Davies &

Brooke 1988). Although female cuckoos sometimes lay successfully their eggs in the

nest of their hosts, some hosts have developed advanced defense behaviour, such as egg

ejection (Ban et al. 2013) or nest desertion (Moskat et al. 2011), and this behaviour

promoted that cuckoos evolved laying mimetic eggs (Brooke & Davies 1988).

However, hosts of the common cuckoo have never evolved anti-parasite

behaviour against cuckoo nestlings, even though they are not similar to host young and

much larger (Davies 2000). This paradox of “lack of nestling rejection in hosts of

common cuckoo” (Davies 2000) has been a long-standing question in evolution.




However, recent discoveries of alien nestling recognition and ejection in two Australian

warbler species (Gerygone spp.) that are hosts of bronze-cuckoos (Chapter I; Tokue &

Ueda 2010) provide an opportunity to disentangle the paradox. In the first chapter, I

show that large-billed gerygones G. magnirostris can eject alien nestling from the nest.

In the second chapter, 1 specifically address the question how the two species of

Australian warblers are able to recognize and reject parasitic nestlings. In chapter 111, 1

show that nestling ejection by Gerygone species is adaptive even though they recognize

parasites by learning. I show in chapter IV that nestling ejection is more adaptive than

egg ejection when clutch size is small and double parasitism occurs. In chapter V, 1

compare behaviour among Gerygone species. Their behaviour supports my hypothesis.

Finally, I discuss all these aspects in the general discussion.




Chapter I  Evicting cuckoo nestlings from the nest: a new

anti-parasitism behaviour.

Introduction

Since brood-parasitic cuckoos usually reduce their host’s reproductive

success, hosts exhibit strong defence behaviour against parasitism (Wyllie 1981). The

ejection of cuckoo eggs from host nests is one of effective defence mechanism, but it

depends on hosts having the ability to discriminate cuckoo egg (Davies 2000). If cuckoo

eggs slip through the hosts’ detection system, and hatch, hosts accept the cuckoo

nestlings and take care of them until when they become independent (Payne 2005).

Why do hosts accept cuckoo nestlings? One hypothesis is that learning to

recognize parasitic nestlings is costly (recognition error overweighing benefit) and thus

maladaptive for hosts (Lotem 1993). However, two recent studies have shown that two

host species; reed warbler Acrocephalus scirpaceus and superb Fairy-wren Malurus

cyaneus have defence mechanisms against parasitism at the nestling stage (Grim et al.

2003, Langmore et al. 2003). These hosts recognize that their brood has been

parasitized by using cues such as the begging call by cuckoo nestling (Langmore et al.




2003) or unusually prolonged parental care (Grim ef al. 2003) and then abandon the

nests. It has been suggested that this defense mechanism at the nestling stage should

evolve when host defense at the egg stage had been breached by the parasite and is

beneficial for hosts because they avoid a future parental investment (Langmore et al.

2003). However, the hosts cannot salvage their progeny. Thus, in theory hosts should

rescue their progeny by selectively ejecting cuckoo nestlings from their nest before the

cuckoo young ejects the hosts’ brood, but the behaviour has never been reported until

now.

In this chapter, I report this previously unknown behaviour in a host species

of an Australian bronze-cuckoo, and discuss whether it represents an anti-parasitic

strategy. Using video cameras, I successfully recorded the moment when host birds

ejected live cuckoo chicks from their nests.

Methods

The little bronze-cuckoo Chalcites minutillus is common in mangroves and

rainforests of tropical Australia and Southeast Asia, and specializes in parasitizing

warblers of the genus Gerygone (Higgins 1999; Noske 2001). The study was conducted



in mangroves in Darwin, Northern Territory, Australia, where I focused on the main

Australian host species, the large-billed Gerygone Gerygone magnirostris (Brooker &

Brooker 1989a). The frequency of parasitism was recorded during 2000-2002. The

cuckoos parasitized 41% of the nests of the species (Mulyani 2004), and during

2007-2009, 36% (Tokue unpublished data). Immediately after the cuckoo chick hatches

it physically ejects any host eggs and chicks from the nest (Friedmann 1968). The

appearance of cuckoo eggs is very different from those of their hosts (Figure 1). In the

contrast the cuckoo chicks have blackish skin and white down on the dorsal surface. It

is closely resemble to the nestlings of its hosts (Figure 1). Nestling mimicry in the

Vidua and its host systems is based on being accepted by the foster parents (Payne

2005) and facilitate in parasite young competing for foods (Schuetz 2005, but see also

Hauber & Kilner 2007). These conditions cannot explain the nestling similarity of the

present system because the cuckoo evicts the host’s eggs and young soon after hatching.

[ looked for host nests during four years (2006-2009) and recorded the nests

and behaviour during the nestling stage at 22 nests (523 hours); 11 parasitized (254

hours) and 11 unparasitized (268 hours) with video cameras (Canon mini-DV FV30 &




FV M 200). The recording period was from the expected hatching date to the day of

nestling ejection event or to the fifth day since hatching of parasitic young. The average

recording time for each nest was about 7 hours per day.

Results

Of 22 nests I succeeded in capturing live nestling(s) being ejected by an adult

host at 5 different host nests (one case was unparasitized nest, four cases were

parasitized ones, Table 1). In two cases, only a cuckoo nestling was removed. In other

two cases, only a host nestling was evicted. In the fifth case, both cuckoo and host

nestlings and a host egg were ejected. In all cases, the host dragged the resisting

nestling(s) from the nest, and dropped it under the nest, presumably resulting in its

death (Figure 2). Although only two of the adult hosts from the five nests were marked

with colour rings, I concluded that the five adults were different individuals judging

from their nest position and breeding year. These two marked individuals were known

to be the owners of the nests from which they ejected nestlings because they incubated

the eggs in those nests.

Any other different types of rejection were not taken on the video in other 17




nests. Host young fledged in 4 out of 10 unparasitized nests. In two nests, outcomes are

not known, while the rest of unparasitized nests failed to produce any young. In contrast,

cuckoo young fledged from two nests, host young fledged from two nests (cuckoo

egg/young disappeared from nest), and from three nests young disappeared before the

day that they were expected to fledge.

Discussion

This is the first report of cuckoo hosts physically ejecting cuckoo nestlings

from their nests, although nestling rejection (i.e. nest abandonment by hosts containing

parasite young) has been reported previously (Langmore et al. 2003; Grim et al. 2003).

I speculate that this ejection behaviour is an anti-parasitism strategy, for the following

reasons. First, at least two confirmed nest-owners ejected live nestlings from their nest,

suggesting that this behaviour was not infanticide by intruders. Secondly, the similarity

between the nestling of the cuckoo and that of its host (Figure 1) suggests that this

similarity is a consequence of the host’s ability to discriminate odd looking cuckoo

nestlings, similar to the outcome seen in cuckoos mimicking hosts’ eggs to avoid

detection (Brooke & Davies 1988).

12




Although mangrove gerygone G. levigaster save own nestling by ejection

behaviour (Tokue & Ueda 2010), this study did not provide sufficient evidence to show

that the host adults rescued progeny from host-evicting cuckoo young. Rather some of

them killed their own offspring, but this is to be expected since similar recognition

errors are known in egg ejecting host species (e.g. Davies & Brooke 1988). Therefore, |

need to examine whether the hosts are able to achieve higher fitness by ejecting cuckoo

nestlings even with the cost of ejecting their own young.

The evolutionary trajectory of this probable anti-parasitism strategy at the

nestling stage may be quite different from that of abandonment of parasitized nests at

the same stage. Langmore er al. (2003) suggested that defence mechanisms at the

nestling stage would evolve only after host defense at the egg stage had been breached

by the parasite. Interestingly, the hosts seem to lack any anti-parasitism strategy at the

egg stage (cuckoo egg does not mimic host eggs, Figure 1). In fact, I observed only one

case of own egg ejection in four years of research and this happened when the egg did

not hatch after the full incubation period (Table 1, no. 5).

These factors suggest that the host may have by passed the egg rejection, and




went straight to the evolution of nestling ejection. The lack of egg rejection, and the

evolution of nestling ejection, may be due to a coincidence, or constraints such as small

bill size (Rohwer & Spaw 1988), physical structure of the nest, e.g. domed nest

(Langmore et al. 2009b; Brooker et al. 1990). Future research on this apparently unique

system may give us new insights into the co-evolution of avian brood parasitism.




Table 1. Details and outcomes of nests from which nestlings were ejected.

Nest contents when 1%

nestling was ejected

Which was ejected

No. Outcome
Cegg C young H egg H young C H
1 - 1 2 - 1 0 depredated
2% = 1 - R 1 - depredated
3 - - - 3 E 1 two host young fledged
o> 2 - B 1 0 1 one cuckoo fledged
5 - 1 2 - 1 2% failure, entire brood ejected

C = cuckoo, H = host

*both adults at the nest were colour-banded for individual recognition.

**one young and one host egg ejected.

15




(b)

Figure 1. An Australian brood parasite and its host, (a) little bronze-cuckoo nestling

(left) and egg (right); (b) large-billed gerygone nestling (left) and egg (right).

16



Figure 2. Nestling ejection behaviour. The nestling of little bronze-cuckoo Chalcites

minutillus was ejected from the nest by the nest owner; large-billed gerygone Gerygone

magnirostris that has colour band.

17



Chapter II Do hosts of bronze-cuckoos recognize foreign nestlings
through learning? Effects of small clutch size and delays in host chick

eviction (idea)

Introduction

As avian brood parasites reduce the breeding success of their hosts, many
hosts have evolved anti-parasite behaviours such as parasite egg rejection, and these
behaviours promote parasites to evolve adaptations such as mimetic eggs (Winfree
1999). These interactions are a good example of a co-evolutionary arms race (Kilner
2013). For rejection of foreign eggs by hosts, there are two main possible cognitive
mechanisms of egg discrimination: recognition by discordance and template-based
recognition (Moskat et al. 2010). Although both mechanisms are valuable for egg
recognition, they do not seem to be suitable for nestling recognition by hosts of the
Common Cuckoo Cuculus canorus, because the cuckoo nestling evicts all eggs from the
nest before they hatch (Wyllie 1981). Therefore hosts cannot recognize parasites by
discordancy. It is also risky for these hosts to learn a template for recognition, because it

is possible that hosts treat the cuckoo nestling as the template for their own progeny if

18



they are parasitized in their first breeding attempt (Lotem et al. 1992; Lotem 1993).

However, two Gerygone species do eject foreign nestlings even though the cuckoo

nestlings mimic the host nestlings (Chapter I; Tokue & Ueda 2010). This raises the

question of how hosts distinguish own nestlings from cuckoo nestlings. In the chapter, |

argue that hosts reject cuckoo nestlings by using template-based recognition because the

small clutch size in Gerygone hosts makes it difficult to recognize by discordancy and

because host and parasite chicks coexist in the nest.

How might hosts recognize alien nestlings?

The lack of nestling recognition by many hosts of avian brood parasites has

been a long-standing mystery. However, recent discoveries of nestling recognition in

some hosts (Chapter I; Langmore et al. 2003; Shizuka and Lyon 2010; Tokue and Ueda

2010) provide an opportunity to begin disentangling the cognitive mechanisms involved

in such anti-parasitism behaviours. Here, I discuss why two species of Australian

warblers, Gerygone magnirostris and G. levigaster, are able to recognize and reject

parasitic nestlings.

Many hosts of avian brood parasites have evolved anti-parasitism behaviour

19



such as foreign egg rejection (Davies 2011). Two main cognitive mechanisms of egg

discrimination have previously been proposed: recognition by discordancy and

template-based recognition (Rothstein 1974; Lahti & Lahti 2002; Moskat et al. 2010).

These two mechanisms do not seem to be mutually exclusive and it has been shown that

some hosts use both mechanisms (Moskat et al. 2010).
(1) Recognition by discordancy of eggs vs. chicks

In recognition by discordancy, hosts reject the minority egg type in a clutch

(Moskat et al. 2010). In this case, hosts can recognize an alien egg if own eggs are

representing the majority of eggs in the nest. During the chick stage, in contrast, chicks

of some brood parasites, such as those of the Common Cuckoo Cuculus canorus, evict

all other eggs in the nest before they hatch (Willie 1981), thus making it impossible for

hosts to reject parasite chicks by discordancy.
(2) Template-based recognition of eggs vs. chicks

In template-based recognition, hosts compare the characteristics of eggs with

a template that is inherited and/or learned. For example, Great Reed-warblers

Acrocephalus arundinaceus use an imprinting-like mechanism to recognize their own

eggs during the first breeding attempt (Lotem et al. 1992). Template-based recognition

20



that relies on learning in this way is limited however by the host’s opportunity to use its

own chicks as templates for recognition. If the parasite nestling evicts all host eggs,

naive hosts that are parasitized at the first breeding would only learn to recognize the

cuckoo nestling and reject their own chicks for the rest of their lives (Lotem 1993).

Both discordancy and template-based recognition mechanisms are therefore

influenced by the behaviour of cuckoo nestling, and makes hosts difficult to recognize

foreign nestlings. However, recent discoveries suggest that at least two Australian

warbler species Gerygone spp., hosts of the little bronze-cuckoo Chalcites minutillus,

reject parasite nestlings (Chapter I; Tokue & Ueda 2010). Host parents of both species

eject parasite nestling even though host and parasite nestlings coexist in the nest (Tokue

& Ueda 2010), presumably by discriminating between them despite parasite nestlings

visually mimicking host nestlings (Langmore et al. 2011). This requires an explanation

for how the hosts distinguish their own nestlings from cuckoo chicks. In this chapter, I

suggest that the hosts reject cuckoo nestlings by using template-based recognition and

that small clutch size of the hosts plays an important role in the evolution of nestling

discrimination.

21



Effect of small clutch size in recognition by discordancy

Recognition by discordancy can only lead to parasite egg/nestling rejection if

host offspring represent the majority in the clutch, unless hosts have a prior knowledge

about the appearance of their eggs (Lahti & Lahti 2002). Given that female brood

parasites remove a host egg while they lay their egg (e.g. many species of cuckoos

including Chalcites), discordancy requires that the clutch size of hosts is at least three.

In the two Gerygone species, however, the clutch size consists mostly of two or three

eggs (Yom-Tov 1987; Noske 2001; Tokue 2011). This suggests that these two host

species would not always be able to use discordancy as a reliable cue for egg/nestling

rejection. Moreover, females of Chalcites cuckoos occasionally lay egg in already

parasitized nests by another female (multiple parasitism) (Brooker & Brooker 1989),

which increases the chances that the host offspring would become the minority in the

clutch if the clutch size is small (see Moskat et al. 2010). Therefore, as long as such a

life history trait is invariable, the small clutch size of hosts will sometimes prevent the

recognition of parasite eggs and nestlings by discordancy, which should affect the

evolution of their defense strategy against cuckoo parasitism.




Importance of hatching patterns for the evolution of nestling distinction by

template-based recognition

In template-based recognition, the host uses learned and/or innate information

regarding its own eggs to discriminate against alien eggs. Lotem (1993) hypothesized

that template-based recognition using a learning mechanism has risk for hosts that reject

alien nestlings (also see discussion above). A key component of this hypothesis is the

hatching pattern. Due to special adaptations such as a short incubation period, Cuculus

eggs can typically hatch earlier than those of hosts and the cuckoo nestling evicts host

eggs before they hatch (Davies 2000). Therefore, these hosts do not have the

opportunity to learn to recognize their own chicks when they are parasitized. In contrast,

eggs of American Coots Fulica americana, typically hatch ahead of conspecific brood

parasite eggs, thus these hosts are able to imprint correctly on their own chicks and

reject parasitic eggs (Shizuka & Lyon 2010). In light of these patterns, it is worth

examining the relative timing of egg-laying and incubation periods of the hosts of

Chalcites bronze-cuckoos. The little bronze-cuckoos and shining bronze-cuckoos (C.

lucidus) sometimes lay their eggs during the incubation period of hosts (Gill 1983;




Tokue 2011). In addition, the incubation period of the little bronze-cuckoo (ca. 16+1

days) is equal to that of their host, the mangrove Gerygone, G. levigaster (Tokue 2011).

As a result, the host nestlings sometimes hatch before the cuckoo chick is able to evict

them (Gill 1998; Tokue 2011). I hypothesize that, despite the efforts by the cuckoo

chick to eliminate its nest mates, the relative hatching pattern and the delay in eviction

could provide host parents the opportunity to learn recognizing their own chicks. Even

if the host imprints on both the cuckoo and their own chicks, the cost of misimprinting

would be significantly reduced, it would be no worse than that of a host that accepts all

chicks (Lotem 1993; Shizuka & Lyon 2010).

Possibility of template-based recognition in Gerygone spp.

The two gerygones mostly lay only 2-3 eggs in one breeding attempt, which

makes it difficult to recognize their own eggs and nestlings by discordancy. They can

eject alien chicks that do not represent the minority in the nest (Chapter I; Tokue &

Ueda 2010). Therefore, they might recognize alien chicks by template-based

recognition. In this case, the hosts could have evolved ejection behaviour against alien

eggs and nestlings. Why the hosts would eject only nestlings? I proposed one possible




answer in the chapter IV of this thesis: the chick ejection strategy is more adaptive than

egg ejection when hosts have small clutch size and their nests are often several times

parasitized by cuckoos (egg dilution effect hypothesis). This is because a cuckoo egg in

a host nest reduces the risk of a remaining host egg being replaced by another cuckoo

female that parasitizes the same nest subsequently, thus hosts can achieve greater

success when they accept cuckoo eggs and only eject cuckoo chicks. The egg dilution

effect should increase with smaller clutch size (Chapter IV) and under the conditions

that cuckoos selectively remove the rival cuckoo eggs to prevent their own chick from

being evicted by the rival cuckoo chick. Nevertheless, there are only few previous

studies reporting removal of a cuckoo egg by another cuckoo (Davies & Brooke 1988;

Brooker et al. 1990; also see Langmore et al. 2009), so this requires further

investigation.

Conclusion

The clutch size of hosts is not only important for the “egg dilution effect” but

also for the mechanism of recognition of alien offspring. Small clutch size of 1-2 makes

recognition by discordancy impossible. In contrast, small clutch size does not affect

25



against template-based recognition as long as the template is correctly acquired.

Therefore, hosts with small clutch size such as the two Gerygone species may use

template-based recognition for the rejection of alien nestlings. Nevertheless, since the

hosts have to learn recognizing their own offspring, or to evolve an innate template,

template-based recognition may have an evolutional disadvantage over recognition by

discordancy, which does not require learning or another prerequisite mechanism. If so,

it would make anti-parasitic defense strategies difficult to evolve per se. In fact, many

hosts of Chalcites cuckoos, which usually lay a clutches of 2-4 eggs in Australia

(Langmore et al. 2005), have not evolved any rejection behaviour (Davies 2000). Also

temporal coexistence of both nestlings of cuckoo and its host can affect the recognition

mechanisms (Lotem 1993). When the cuckoo nestlings expel host eggs before they

hatch, hosts lose the reference required for a template-based recognition mechanism of

nestlings, particularly if parasitism occurs during the first breeding attempt (Lotem

1993). This risk of misrecognition, however, is much lower for hosts those nestlings

coexist with parasite nestlings in the same nests (Lotem 1993). Therefore, I argue that

these factors, namely small clutch size of the hosts and coexistence of parasite and host

26




nestlings may have promoted the evolution of nestling ejection behaviour through

template-based recognition.
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Chapter III  Discrimination by learning against parasite chicks drives

the cuckoo-host co-evolutionary arms race

Introduction

In the previous chapter, I suggested that discrimination for nestling ejection

by two Gerygone spp. uses template-based recognition even though this mechanism is

not adaptive for hosts of common cuckoo Cuculus canorus (Lotem 1993). In this

chapter, I provide theoretical reconciliation to this controversy by evaluating the

conditions in which cuckoo chick rejection through learning is more adaptive than chick

acceptation.

One mystery in nature is why cuckoo hosts indifferently raise alien-looking

parasite chicks despite their fine discrimination against parasite eggs (Davies 2000).

Lotem (1993) provided a theoretical solution to this question by postulating that

monopolization of host nests by common cuckoo Cuculus canorus chicks deprives host

parents of the opportunity to learn which is their own offspring, thereby preventing the

evolution of host discrimination ability. However, recent discoveries contradict this

theory: host parents of some bronze-cuckoos (Chalcites spp.) actually discriminate

28




against parasite chicks though the parasites eventually monopolize host nests (see

chapter I), and even further, parasite chicks evolved visual mimicry as resistance

(Langmore et al. 2011). Here, I propose a theoretical reconciliation to this controversy

by showing how the hosts’ ability to learn to recognize nestlings can be adaptive.

In the case of the common cuckoo, parasite chicks evict host eggs from the

nest before they hatch (Davies 2000; Lotem 1993; Figure 1A). Under this condition,

naive parents that are parasitized during their first breeding attempt would encounter

only a cuckoo chick, thereby imprint on the parasite and kill all future progeny of their

own as alien. This deficit critically damages the advantage of a chick rejecter, thus its

fitness can never surpass even that of an acceptor who indiscriminately accepts cuckoo

parasitism (Lotem 1993). However, if eviction by parasite chicks occurs well after host

chicks hatch, this will give naive hosts time to imprint on their own offspring. Such a

delayed host chick eviction typically occurs in Chalcites cuckoo-host systems, resulting

in temporal coexistence of host and parasite chicks generally lasting several days

(Tokue 2011; Gill 1998; Figure 1B). I included this aspect into the model (i.e., /) to

consider whether a naive parasitized host correctly imprints on its own offspring, hence
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acquiring a tolerable template by which hosts would not mistake their own chicks as

alien (Figure 1C).

The Model

The model subtracts the fitness of two respective confronting strategies,

acceptor and egg rejecter, from that of chick rejecter to determine its fitness advantages

over the opponents. | assumed that both egg and chick rejecters learn the characteristics

either of the eggs or chicks in the nest during their first breeding attempt in life (i.e.,

imprinting), and reject or accept parasites based on this template in the all subsequent

breeding attempts (Lotem et al. 1992). Acceptors never learn, hence always raise

cuckoo chicks when parasitized in any stage of life (Lotem 1993). Rejecters during the

first breeding respond to parasitism in the same way as the acceptor because they have

no prior template to detect parasitism.

I defined the fitness of rejecters as wy;, consisting of the sum of reproductive

successes gained in all possible situations times the probabilities of being parasitized

(Table 1). Symbols i and j denote the number of parasitism events a host nest suffers in

the first breeding attempt in life (/) during which the hosts acquired the template, and




those in later life (/) when they actually exert their template to deal with parasitism.
Occurrence probability of parasitism events is represented by the product of
probabilities p and m as follows: 1 — p for 0 (no parasitism), p(1 — m) for 1 (singular
parasitism), and pm for 2 (multiple parasitism), as I do not assume more than two
cuckoo females parasitizing the same host nest. [ assume that p is constant for all years.
The fitness of acceptor is thus defined as (1 — p)C times the number of breeding
attempts through life (C = clutch size of host).

Due to the lack of templates in naive rejecters, the difference in fitness
between a chick rejecter and an acceptor is the fitness benefit gained during breeding
attempts in later years. The formula for the predicted advantage of chick rejecter over
acceptor reduces to
m(l—l)+lC—l>0, [1]

(5
given that / is 1 (i.e., chick rejecter surely learn own nestling), and the C, clutch size of
host is greater than 2. The left side of this inequation yields the surfaces in figure 2A &
3. Graphs were drawn using R (R Core Team 2013) with the wireframe function of the

lattice package (Sarkar D 2008).
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Apart from /, the difference between chick and egg rejecters is represented by
the benefit of the chick rejecter, described as b,, (chick rejecter of wy, — egg rejecter of
wyz) in figure 1C (see Table 1; Chapter IV): b,, depends on whether the subsequently
parasitizing cuckoo female removes a rival cuckoo egg or a host egg in replacement of

its own. The resulting pay-offs are as follows: removing a host egg results in host’s

1

pay-off C — 1 at probability (C); replacing a cuckoo egg results in host’s pay-off C — 2
C-1

at probability ( C ), as 1 cuckoo egg out of C eggs had been in the nest. The

assumed intolerance of egg rejecters toward parasite eggs is consistent with empirical
evidence (Lawes & Marthews 2003), which eventually reduces the fitness benefit of
hosts by the number of parasitism events their nest suffers (Chapter IV). The inequation

for the difference in fitness reduces to

%+c(1-1)>0 2]

’

under the same condition as [ 1], described graphically as well in figure 2B & 4.

Discussion

The predicted advantages of chick rejecters differ depending on the opponent

strategies (Figure 2); compared to acceptors, chick rejecters are favored as chick rejecter
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hosts gain greater fitness benefits when at least half of naive host parents in a

population could achieve imprinting own nestling, i.e., / = 0.5 and m = 0 (Figure 2A, 3).

In contrast, to outstrip egg rejecters, perfect learning (/ = 1) is not sufficient for chick

rejecters because egg rejecters always correctly imprint on their own eggs (Lotem 1993),

and both rejecters thus gain equal benefits (when m = 0 in Figure 2B). Therefore, chick

rejecters need additional benefits to be favored. I introduced m (frequency of multiple

parasitism) to the model, representing how likely a single host nest is parasitized by

multiple cuckoo females (Figure 1C; Chapter 1V). Under multiple parasitism, chick

rejecters that accept cuckoo eggs laid in replacement of their own, give subsequently

parasitizing cuckoo females the possibility to remove the rival cuckoo egg. Therefore,

chick rejecters can have one more surviving offspring than egg rejecters (b,, in Figure

1C) that reject every parasite egg (Pozgazova 2011). This benefit decreases marginally

with increasing clutch size, C (Chapter IV). Acceptance of cuckoo eggs, small clutch

sizes and multiple parasitism are indeed common in host-parasite systems of

bronze-cuckoos (Davies 2000).

The model predicts that chick rejection per se is difficult to evolve as it




depends not only on stationary coexistence of host and parasite chicks but also on
additional benefits. This is consistent with the rarity of chick rejection in cuckoo-host
systems, hitherto found only in some bronze-cuckoos (Chapter I, IV; Lamgmore et al
2008; Davies 2011 ;Colombelli-Négrel 2012). If multiple parasitism has actually an
effect on the evolution of observed chick rejection (Pozgazova et al 2011), this implies
that hosts even need to exploit the competition among parasites. Moreover,
bronze-cuckoo chicks mimic not only the appearance of host chicks (Langmore et al.
2011), but even their vocalization to secure host care (Shizuka & Lyon 2010). It is
unclear whether host parents’ learning is the major evolutionary drive of these
mimicries (but see Jetz et al 2008); however, it is probable because innate responses can
easily lead to misidentification of nestlings where traits serving as cues for host parents
could be phenotypically variable (Lotem 1993; Jetz et al 2008; Langmore 2011).

The model also provides insights into how most parasitic cuckooé and their
hosts have fought fierce battles to disguise and to detect the identity of parasite chicks in
their co-evolutionary arms races. The original clutch size of hosts might play a major

role here, as larger clutch size gives advantage to chick rejecters when confronting

34



acceptors, while it disfavors chick rejecters against egg rejecters (Figure 2), which

previous models failed to detect (Brooker & Brooker 1996; Lawes & Marthews 2003).

In the light of the prevalence of egg mimicry by brood parasites (Davies 2000;

Colombelli-Négrel et al. 2010), these predictions indicate that egg rejecters would

outcompete chick rejecters in most cases, which would be the case in Cuculus hosts as

they have relatively larger clutches. Thus in Cuculus cuckoos, females strive to help

their non-mimetic chicks evict all host eggs before they hatch (e.g., finely tuned timing

of egg-laying) (Davies 2000; Colombelli-Négrel et al. 2010) to avoid coexistence with

host chicks. By contrast, controlling the timing of hatching seems difficult for Chalcites

cuckoos because of the relatively small clutch sizes of hosts (Chapter V), which provide

cuckoo females a small margin to lay their eggs at a proper timing. This should favor

mimetic parasite chicks among already hatched host brood mates to avoid

discrimination (Figure 1B).
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Table 1. Fitness w;; of both types of rejecters as experienced breeders

1 Egg rejecter

Chick rejecter

2 2 |pmpm

2 1 |pmp(l-m)

2 0 |pm(-p)C

1 2 | p(l-m)pm

1 1 | p(l-m)p(l-m)

1 0 |pl-m)(1-p)C

0 2 |(t-p)pm(C-2)

0 1 |(-p)pl1-m)C-1)

0o o |(-pQ-p)c

pm:pm

pm: p(1=m) 1

pml-(1-p)C

p(1-m) pmi
p(1-m)-p(1-m)1
p(1-m)l-(1-p)C

(=) pmf(c-1) 1) +(c-2)
(1-p) p(1-m)(C-1)

(1-p) (1-p)C

Fitness pay-offs in boldface, which lack in situations where hosts accept par