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Sexual selection and reproductive strategies:
a general introduction

Mathew L. Berg

Chapter 1



FITNESS AND INDIVIDUAL OPTIMIZATION

The study of life-histories is concerned with strategic actions of an organism over the

course of it’s lifetime. Ever since Darwin’s (1859) seminal publication on evolution by

natural selection, biologists have recognised that organisms are selected to evolve life his-

tory traits and act in such a way as to maximise their fitness (i.e. their genetic contribu-

tion to future generations). Therefore, evolutionary theory predicts that animals will

evolve strategies1 that maximize their fitness (e.g. Maynard Smith 1978). This can be

accomplished by adopting strategies that enable them to compete with conspecifics for

territories and mates, avoid predation and ill-health, and raise successful offspring.

However, the best strategy to follow may vary between different time periods, locations

and individuals. Consequently, how individuals allocate resources such as time and ener-

gy to various aspects of reproduction is central to understanding life history strategies.

The resultant adjustment in the strategies of individuals according to their circumstances

is referred to as individual optimisation (e.g. Maynard Smith 1978; Drent & Daan 1980;

Högstedt 1980; Kisdi et al. 1998). One of the main implications of this notion is that indi-

viduals must differ in their phenotypic ‘quality’, and that this can result from both envi-

ronmental and genetic variation.

The presence of trade-offs between different life-history strategies is pivotal to the

study of individual optimization (e.g. Clutton-Brock 1991). These may include trade-offs

between survival and reproduction, but may also include trade-offs within those two

broad components of fitness. For instance, an individual may trade-off it’s allocation to

current reproduction with it’s allocation to future reproduction (Trivers 1972). Such

trade-offs arise because animals are not able to simultaneously pursue all strategies that

might enhance their fitness. If potential costs are involved, individuals are expected to

adopt particular strategies only if the costs are outweighed by the benefits, which may be

either direct (e.g. benefits of providing more care to offspring) or indirect (e.g. benefits of

breeding with a high quality mate).

Males and females are expected to experience many of these trade-offs in different

ways, leading to potential conflicts between the sexes (Trivers 1972). For example, in

species with internal fertilization, certainty of offspring parentage tends to be higher for

females than for males (Trivers 1972; Clutton-Brock 1991), and this is likely to have a

large influence on individual reproductive strategies in such species (Queller 1997; Wade

& Shuster 2002; Kokko 2003). Uncertain paternity is likely to diminish the potential fit-

ness gains of care-giving males below that of females. As a consequence, males are

expected to implement strategies in order to enhance their certainty of paternity and

improve their fitness without relying on offspring of uncertain paternity. This is likely to

be especially true in organisms such as the oscine passerines (songbirds), where most

species are genetically promiscuous (see Box 1.1). The ways in which individuals vary
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1 ‘Strategies’ can be considered a rule that specifies how an organism should react in a given circum-

stance (McNamara & Houston 1996). In general terms, this may refer any traits displayed by an indi-

vidual, including morphological, genetic, physiological or behavioural characteristics. However, in

this thesis I am primarily concerned with behavioural strategies for reproduction.



their reproductive strategies in the face of such competition and conflict are major themes

in this thesis.

COMPETITION AND CONFLICT: SEXUAL SELECTION AND

REPRODUCTIVE STRATEGIES

Natural selection (Darwin 1859; Fisher 1930) is not the only form of selection through

which evolution may act on individuals in the wild. Another process, sexual selection,

deals with the advantage individuals have over others of the same sex, in exclusive rela-

tion to reproduction (Darwin 1871; Andersson 1994). This form of evolution operates

through two main processes, where strategies are favoured that make males good at com-

peting with other males (intra-sexual selection), or that make males more attractive to

females (inter-sexual selection)2. Competition and conflict for reproductive advantages

(e.g. territories, mates or paternity) are at the heart of sexual selection. Thus, sexual

selection provides an explanation for sexually dimorphic characteristics that do not pro-

vide any obvious survival advantage (or indeed may be deleterious to survival). It can

operate throughout the life cycle of an individual and at all stages of reproduction.

In this thesis, we are primarily concerned with behavioural strategies associated with

reproduction, which may be expected to impinge on an individual’s reproductive success

(and hence fitness). Reproductive strategies may be intended to bolster pre-copulatory

competition (e.g. competition for a breeding position or a mate) or to promote post-copu-

latory reproductive success (e.g. paternity assurance or offspring care). In general, males

(or the sex with smallest gametes) are expected to invest most heavily in the former while

females (or the sex with the largest gametes) are expected to invest most heavily in the

latter (e.g. Maynard Smith 1977). Many of the same arguments that are applied to

parental investment in gametes can also be applied to post-fertilization offspring care

(Wade & Shuster 2002).

ENVIRONMENTAL INFLUENCES & FLEXIBLE STRATEGIES

In natural systems, there is often considerable variation within and between individuals in

the behaviour they express. This variation is often attributed to corresponding variation in

environmental circumstances (Clark & Ehlinger 1987; Wilson 1998). Members of a popu-

lation often experience different environmental conditions, and individuals may be

expected to react differently to different environments. Specifically, their strategies should

be individually tailored to their individual circumstances. Thus, whenever possible, strate-

gies should be flexible, i.e. individuals should be ‘phenotypically plastic’ (Nur & Hasson
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2 Broadly speaking, the words ‘male’ and ‘female’ are interchangeable in this context. However, in

most species it is males that compete for females, and females that are choosy (e.g. Trivers 1972;

Kokko & Jennions 2003), and songbirds are no exception (Lack 1968). Therefore, I use the termino-

logy applicable to this particular case for simplicity.



1984; Schlichting & Pigliucci 1998; Piersma & Drent 2003). Such flexibility may be con-

strained by physiological processes or the ability to perceive environmental variation

(Kisdi et al. 1998). Accordingly, plasticity in traits itself may be one of the most important

traits under selection, particularly in more variable or unpredictable environments.

In this context, environment encompasses a broad meaning, and includes not only

external variables (e.g. food availability, predator abundance or climate), but also variation

in the internal state of the individual (e.g. size, health, condition or energy reserves), and

social or population variables (e.g. density, sex ratio or pairing status). Environmental

variation may be largely stochastic, or fixed and predictable. Furthermore, it may exert an

influence on an individual basis (e.g. predation or parasite infection) or on the population

as a whole (e.g. climate or population density).

It is therefore crucial to consider environmental variation when ascribing observed

individual behaviour to reproductive strategies. In order to quantify the relationship

between observed behaviour, strategies and the environment, we can investigate pheno-

typic variation between and within individuals in relation to natural variation in the indi-

vidual’s environment. Where possible, an even better approach is to manipulate the envi-

ronmental factors of interest, because it may not always be clear what are the important

environmental variables. These are general approaches that we have used in this thesis,

particularly with respect to the presence of conspecifics and food availability as environ-

mental variables subject to manipulation.

MOTIVATION AND RATIONALE

In this thesis we attempt to unravel some of the evolutionary processes behind a range of

reproductive strategies of two species of songbirds. We do this by observing the reproduc-

tive behaviour of individuals, with knowledge and manipulations of their environmental

conditions (in this case food availability and social circumstances). Specifically, we used

two main approaches to manipulate the environment of the birds to study the effects on

different conditions on reproductive strategies: (1) manipulation of the social environ-

ment by simulating the presence of conspecifics (usually intruding competitors), and (2)

supplementary feeding to manipulate the territory quality (food availability). The general

aim is to examine how the behavioural patterns that emerge relate to evolutionary and

individual optimization theory.

The specific model systems used are two common species of songbirds: the winter

wren (Troglodytes troglodytes) and the Australian reed warbler (Acrocephalus australis) (see

Box 1.2). Common features of the songbird group include the use of complex acoustic

signals by one or both sexes in reproduction, almost universal parental care, and the

widespread occurrence of extra-pair paternity. All songbirds make multiple investments in

the course of reproduction, in territories, in gametes, and in offspring care, and corre-

spondingly we have attempted to consider the interplay between these modes whenever

possible. The broad reproductive strategies studied in this thesis are territory defence,

mate attraction and parental care (incubation and feeding offspring). In many songbirds,

CHAPTER 1
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sexual signalling is most prominent in males, and some of the aspects of reproductive

behaviour under consideration (e.g. territorial behaviour) are primarily the domain of

males. Therefore, in most cases we have studied traits from a largely male perspective.

OUTLINE OF THE THESIS

This thesis is organized into five parts, comprising this introductory chapter, eight empiri-

cal chapters (chapters 2 to 9) which deal in turn with the three main behavioural compo-

nents of reproduction in songbirds (parts II-IV), and a concluding discussion in part V

(chapter 10).

Part I.  Introduction

Part I contains a general introduction to the issues that we consider throughout this the-

sis (this chapter), followed by a chapter about the development of molecular tools that

are used in the study of mating systems and other aspects of molecular ecology (chapter 2,

with Marco van der Velde and Jan Komdeur).

Part II. Territory defence

The first stage in reproduction for most songbirds, as for many other animal taxa, is the

establishment of a stable territory or breeding position where reproduction can take place.

Territories are a crucial step in reproduction for many species, because they ensure access

to resources that are essential for successful reproduction (Stamps 1994). While the role

of sexual selection in driving the evolution of many sexual signals is well known and most

secondary sex traits3 studied have a dual function (Berglund et al. 1996), most research to

date has been focussed on inter-sexual processes (reviews in Andersson 1994; Berglund et

al. 1996). In part II, we discuss signal evolution (the song of winter wrens) primarily in

terms of territory defence. In many territorial systems, sexual signals can be considered as

quality signals or signals of individual identity (Dale et al. 2001). How a sexually selected

signal (song) is used in the territorial strategies of male winter wrens is the topic of part

II. We use playback experiments as the primary methodology in this section. In the first

place, chapter 3 (with Sanne Boessenkool, Margreet Drijfhout and Jan Komdeur) deals

with the need to recognize competitors individually in a territorial system (the wren), and

in particular competitors representing different levels of threat, such as familiar neigh-

bours and unfamiliar intruders. Furthermore, we examine how this issue might act on the

elaboration of song complexity in wrens. In the second place, chapter 4 (with Jan

Komdeur) also deals with the evolution of song as a sexual signal, but viewed primarily in

the context of a quality signal. We consider how male performance during intra-sexual

competitions may be used by females as a mate choice cue, and how males may conse-

quently adjust their defensive strategies to enhance their mating success.

GENERAL INTRODUCTION
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Part III. Mate attraction

The role of mate attraction has been one of the most intensively studied aspects of sexual

selection over the last three decades. Andersson’s (1982) classic study on tail length and

female choice in a widowbird (Euplectes progne) instigated a surge in empirical studies on

the topic, while Zahavi’s (1975, 1977) landmark papers on the handicap principle provid-

ed a theoretical framework for the evolution of secondary sexual traits through honest

signalling. In contrast to territory defence, sexual signalling for mate attraction is usually

considered in terms of quality advertisement only. In part III, we discuss signal evolution

(male song and nest building in Australian reed warblers) primarily in terms of mate

attraction. We adopted this emphasis on mate attraction because these signals have been

hypothesised to be largely driven by female choice in this and similar species (e.g.

Catchpole 1973; Courtney-Haines 1991; Hasselquist et al. 1996), and because we were

also looking for variation in pairing success in these studies. In chapter 5 (with Nienke

Beintema, Justin Welbergen and Jan Komdeur) we use a supplementary feeding experi-

ment to examine the role of food availability on song production in the Australian reed

warbler. One essential but often overlooked component of the handicap principle is flexi-

bility in the signal in the face of variation in the ‘condition’ of the signaller (Zahavi 1975;

1977; Nur & Hasson 1984). We address this issue by examining the flexibility in song

production within individuals in response to frequently changing environmental condi-

tions. In chapter 6 (with Nienke Beintema, Justin Welbergen and Jan Komdeur) we con-

tinue our experimental study of the role of food availability in sexual signalling. In this

chapter, we consider a unique ‘non-bodily’ signal, the display nests of Australian reed

warblers. We also report the outcomes of variation in this signal for mate attraction.

After investigating the settlement patterns of female winter wrens in one of the only

other recent detailed studies of the breeding biology of this species, Burn (1996) conclud-

ed that this species displays ‘neutral mate choice’ (i.e. females settle at random).

However, genetic mating patterns may reveal a different pattern. It is now known that in

many species of birds, females copulate with males other than their social mate, resulting

in extra-pair fertilizations (see Box 1.1). Molecular techniques have opened up the possi-

bility to measure paternity in wild populations with great accuracy. In chapter 7 (with

Marco van der Velde and Jan Komdeur) we study the occurrence of extra-pair paternity

(see Box 1.1) in wrens using the panel of five microsatellite markers described in chapter

2. We report the rate of extra-pair paternity in two populations of this species. In addi-

tion, we relate the occurrence of extra-pair paternity to the genetic quality of the social

father, revealing that the genetic diversity of males is strongly related to the presence of

extra-pair offspring in their nests.

Part IV. Parental care

If an individual has successfully obtained a breeding territory and acquired a mate, it then

has to decide when and how much to care for it’s offspring. Parental care is ubiquitous in

songbirds (e.g. Lack 1968; Clutton-Brock 1991), and most species display biparental care

to some extent. This care may take several forms, but the most commonly encountered

forms in birds are incubating the eggs and providing food to the offspring. Chapter 8

CHAPTER 1
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(with Jan Komdeur) incorporates both intra-sexual and inter-sexual processes to examine

parental care. We examine the trade-offs faced by Australian reed warblers parents

between caring for offspring, defending the breeding area and, in the case of males, pursu-

ing additional mating opportunities. We show that such trade-offs can have a profound

affect on the strategies of males, and that the expression of these trade-offs depends on

the spatial presence of conspecific individuals. This chapter thus combines male and

female perspectives on parental care, and deals with cooperation and conflict between the

sexes in reproductive strategies. In chapter 9 (with Cas Eikenaar and Jan Komdeur) we

again use a supplementary feeding experiment, in conjunction with video observations

and nest temperature loggers, to examine the role of food availability on incubation

strategies in Australian reed warblers. Unlike the previous chapters, this chapter focuses

on a female perspective; we show that incubation is an entirely female responsibility in

this species. Our data demonstrates that higher food availability on the breeding territory

leads to an increase in female incubation attendance, which in turns appears to result in

an increase in hatching asynchrony. We discuss the role of energetic constraints on incu-

bation and the adaptive potential for facultative adjustment of hatching asynchrony in

altricial birds.

Part V. Synthesis

Finally, in part V (chapter 10) I summarize the main findings of the thesis and discuss

them in a more general framework. I also discuss some limitations of the project, together

with some suggestions for future research.

GENERAL INTRODUCTION
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BOX 1.1. EXTRA-PAIR MATING IN BIRDS

Monogamy is the most common social mating system encountered in birds (Lack 1968;

Davies 1991) accounting for around 81% of species (Cockburn 2006). However, it is

now known that in many species females copulate with males other than their social

mate, resulting in extra-pair fertilizations. Indeed, extra-pair paternity is so common

that it must represent an extremely important component of the sexual selection in this

group. A meta-analysis by Møller & Ninni (1998) indicated that variance in male mat-

ing success, when taking into account extra-pair paternity (based on genetic parentage

analyses), was on average increased by a factor of 4.6 over the variance in putative male

mating success (based on observations of social pairing). Over the last two decades,

new molecular techniques such as DNA fingerprinting have opened up the possibility

to measure genetic parentage with great accuracy. Since the revolutionary application of

these techniques to the study of extra-pair mating of birds, the effects of sexual selec-

tion acting on this kind of sperm competition has been the subject of intense investiga-

tion. A recent review on the topic of extra-pair paternity in birds revealed that, in con-

trast to their social mating systems, genetic monogamy is the exception rather than the

rule in passerine birds (Griffith et al. 2002). Extra-pair paternity was found to occur



CHAPTER 1

16

BOX 1.2. THE STUDY SPECIES

For many research questions about the adaptations of animals in the wild, birds offer

an excellent research opportunity. This is because they can be individually marked, are

easily observable, and a plethora of field experiments are feasible. Furthermore, many

general aspects of their behaviour and ecology are already well known 

Winter wren (Troglodytes troglodytes Linnaeus 1758)

We studied winter wrens from 1999 to 2002 at two nearby field sites in the north of The

Netherlands (53º 8' N, 6º 35' E; Fig. 1.1). These two sites comprised ca. 60 ha of mostly

deciduous woodland, interspersed with some coniferous woodland and open pastures.

The winter wren (family Troglodytidae) is a small brown passerine (ca. 10g) that inhab-

its a variety of habitats, including any type of woodland, gardens and farmland. Males

sing a loud and complex song through-

out the year, although song production is

highest during the breeding season

(April to July). Wrens breed in fully

enclosed nests, which are usually located

low in a shrub, vine or tree stump. Nest

predation is common, and most females

attempt several broods during the breed-

ing season. Clutch size is usually 4-7

eggs, but decreases as the season pro-

gresses. Only the female incubates, and

the level of care provided by the male

during the nestling period is highly vari-

able. Polygyny is quite common, with up

to 50% of males obtaining one to 4 sec-

ondary females (reviewed in Burn 1996).

Figure 1.1. Map of field site locations for winter wrens (Troglodytes troglodytes).

Friescheveen

Vosbergen

regularly in 86% of species so far studied. On average, 11% of offspring in 19% of

broods have been the result of extra-pair fertilizations in these studies. Both winter

wrens (chapter 7) and Australian reed warblers (Berg 1998; M. Berg & M. Bleeker,

unpubl. data) are known to have a relatively high rate of extra-pair paternity. In most

birds, females are thought to have at least some control of whether extra-pair copula-

tions take place (Birkhead & Møller 1992a). However, it is still largely unknown why

females seek extra-pair fertilizations. Neither the characteristics revealing male and

female quality nor the benefits accruing to females that select attractive males (and

their offspring) have been fully identified.



GENERAL INTRODUCTION

17

Incubation takes 14-18 days, and the nestling period is 15-19 days. Most wrens are resi-

dent year round, but territoriality may decline outside the breeding season. Males often

defend the same territory for more than one year, but most individuals live for only 1-2

years. For further information on the general biology of wrens see Armstrong (1955)

and Cramp (1988).

Australian reed warbler (Acrocephalus australis Gould 1838)

We studied Australian reed warblers from 1997-2000 at two field sites on the outskirts

of Melbourne, Australia (38º 2' S, 145º 7' E; Fig. 1.2). These two sites consisted of

ca. 150 ha of predominately of common reed (Phragmites australis) surrounding lakes.

One of these sites, Edithvale-Seaford Wetlands, was designated a RAMSAR site in

August 2001 and represents the last remaining part of the once extensive Carrum

Carrum Swamp which was largely drained in the 1860s. The Australian reed warbler

(family Sylviidae) is a small brown passerine (ca. 18g) that inhabits vegetation sur-

rounding lakes and water courses, largely common reed, and bulrush or cumbungi

(Typha spp.). Males sing a loud and complex song thoughout the breeding season

(September to January). The birds breed in nests constructed between vertical reed

stems, and in our study sites produced up to four broods per year. Clutch size is usually

2-4 eggs. Polygyny occurs occasionally, but most pairs are socially monogamous and

males usually provide considerable food to offspring (although only the female incu-

bates). Incubation takes 13-14 days, and the nestling period is 9-11 days. Most juve-

niles disperse from the natal area (only one juvenile was recaptured on the study sites),

but adults often return to the same breeding site over several years. The Australian

reed warbler is migratory, and arrives on the breeding sites in south-eastern and south-

western Australia in

spring. The Australian

reed warbler is some-

times considered a sub-

species of the clamorous

reed warbler (Acro-

cephalus stentoreus), which

ranges through Asia and

the middle-east (Cramp

1992). For further infor-

mation on the general

bio-logy of the Australian

reed warbler see Higgins

et al. (2006), Cramp

(1992) and Courtney-

Haines (1991).

15 km

Altona 

Edithvale

Figure 1.2. Map of field site locations for Australian reed warblers (Acrocephalus australis).
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ABSTRACT

Microsatellites are the current markers of choice for studies of parentage and relatedness

between individuals. Their main practical disadvantage is the need to develop species-

specific loci. One solution to this problem is to test microsatellite markers developed in

closely related species. However, there have been relatively few published attempts to

examine cross-species amplification on a broad scale, using primers developed from a

wide range of source taxa. We tested 114 microsatellite primer pairs from a variety of

avian source taxa for use in two new passerine bird species. A high proportion of mark-

ers were successful in cross-amplification. Of 108 markers, 69 (64%) gave a product in

winter wrens (Troglodytes troglodytes) of which 23 (33%) were polymorphic. In the

Australian reed warbler (Acrocephalus australis) 84 of 87 markers (97%) gave a product of

which 31 (37%) were polymorphic. Fifty-five of the 81 primers tested in both target

species amplified a product (68%), of which 13 (24%) were polymorphic in both species.

From these, we identified five markers which should have good utility in wrens for stud-

ies of population genetics and parentage analysis. Our results suggest that cross-amplifi-

cation can be a valuable source of microsatellite markers for new studies, and that suc-

cess may be enhanced by choosing source species closely related to the target species.
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INTRODUCTION

The use of molecular markers for analysing genetic variation is an important tool for stud-

ies of evolutionary relationships, population genetics and genome organisation.

Microsatellite markers have become the preferred tool for many of these applications, in

particular of studies of relatedness and parentage (Bruford & Wayne 1993; Queller et al.

1993; Jarne & Lagoda 1996). These markers have many advantages for these applications,

including hypervariability, abundance throughout the genome and efficient polymerase

chain reaction (PCR) based typing procedures.

Microsatellites are 2–5 base pair repeat sequences that are highly polymorphic and

predominately selectively neutral. They are abundant throughout the genomes of all high-

er organisms (Tautz & Renz 1984; Tautz 1989). PCR techniques and gel electrophoresis

allow small amounts of even poor-quality DNA to be accurately typed to single nucleotide

resolution. This permits easy comparison of results (allele sizes) between studies and lab-

oratories. Fluorescently labelled microsatellite primers and automated genotyping sys-

tems that can efficiently type numerous loci are now widely available (Reed et al. 1994).

In addition, software packages such as CERVUS (Marshall et al 1998; Slate et al. 2000)

and KINSHIP (Goodnight & Queller 1999) facilitate the accurate assignment of related-

ness and parentage based on a likelihood approach (Blouin 2003; Butler et al. 2004). For

these reasons, microsatellites the current markers of choice for studies on parentage and

relatedness between individuals.

The main practical disadvantage of microsatellite markers for ecological studies is the

usual need to develop species-specific loci. This is because PCR primers require a high

degree of homology to the target sequence in order to function. However, mutations in

microsatellite flanking sequences will eventually prevent amplification in one species with

primers developed from another species (Jarne & Lagoda 1996). Unless a genetic map is

already available for the study species concerned the development of species specific

markers can be time-consuming and expensive, and requires laboratory equipment and

expertise beyond that needed for basic PCR-based genotyping (Hammond et al. 1998;

Slate et al. 1998). 

One solution to this problem is to attempt to use microsatellite markers developed in

closely related species. Some microsatellite flanking regions are relatively highly con-

served, and will amplify homologous products in some closely related species. Several

studies have utilized this capability, at least in part, for genetic studies (e.g. Moore et al.

1991; Ellegren 1992; Pêpin et al. 1995; Engel et al. 1996; Küln et al. 1996; Slate et al. 1998;

Fernández et al. 2000; Galan et al. 2003; Loyau et al. 2005), including several for parentage

analysis. However, most studies reporting on cross-species amplification (i.e. notes

reporting the development of new microsatellite markers) have focused on applying a

small set of primers developed in one species to a narrow set of other closely related

species. There have been relatively few published attempts to examine cross-species

amplification on a broader scale, using primers developed from a wider range of source

taxa (Primmer et al. 1996a; Slate et al. 1998; Dallimer 1999; Galbusera et al. 2000;

Primmer et al. 2005). 
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The purpose of this study is to report the results of an intensive screen of two species

of passerine birds with a panel of 114 polymorphic avian microsatellite markers developed

in other passerine taxa, and to evaluate their suitability for use in ecological studies. The

order Passeriformes is the largest and most diverse commonly recognised clade of birds

(Sibley & Ahlquist 1990). The two target species that we used are a Wren, the winter

wren (Troglodytes troglodytes; order: Passeriformes; family: Troglodytidae) and an Old

World Warbler, the Australian reed warbler (Acrocephalus australis; order: Passeriformes;

family: Sylviidae). Many studies documenting the isolation and characterization of novel

microsatellites from a particular species (such as those cited above) report cross-amplifi-

cation success in a small number of other, usually closely related species. This study takes

the opposite approach by testing a large number of existing microsatellite primers in

wrens and reed warblers. Broad cross-species amplification studies are particularly useful

to identify loci which might be usable over a broad range of species, and to potentially use

microsatellites for comparative maps (O’Brien et al. 1993; Primmer et al. 1996a; Slate et al.

1998). Such markers are highly desirable as they greatly reduce the requirement to devel-

op microsatellites for each new study species and may allow useful comparisons between

species (Gemmell 1997; Slate et al. 1998).

Our primary interest is in the assessment of relatedness and parentage in free-living

populations of wrens. The application of a panel of microsatellite markers from this study

to parentage analysis in winter wrens as reported in chapter 7. To our knowledge, only

one study has so far examined extra-pair mating in the winter wren, using multilocus

(minisatellite) DNA fingerprinting to analyze parentage in 19 complete broods. We repli-

cated this study with larger sample of broods collected over four years, and using the sin-

gle locus microsatellite markers described here.

METHODS

Field work

We collected data during the main breeding seasons from families of free-living winter

wrens (1999-2002) and Australian reed warblers (1997-2000). Data was collected from

two nearby study sites for wrens, Friescheveen and Vosbergen forest reserves,

Paterswolde, The Netherlands (ca. 50 ha, 53º08' N, 6º35' E), and two study sites (ca.

50km apart) for reed warblers, Cherry Lake, Altona North (6 ha, 37º53' S, 144º48' E) and

Edithvale Wetlands (10 ha, 38º02' S, 145º07' E), Melbourne, Australia. We caught adults

in mist-nets and nestlings on the nest. We collected 50-100 µl of blood from both adults

and nestlings, which was stored in 1–1.5 ml of 95% ethanol at room temperature. Blood

was collected by puncture of the brachial vein of adults or medial metatarsal vein of

nestlings, using a sterile needle. Care was taken to avoid contamination with maternal or

other tissue. Tissue samples from unhatched embryos and other dead individuals were

collected and stored at –20 °C for several weeks before transfer into 1–1.5 ml of 95%

ethanol for storage at room temperature. Blood and tissue sampling techniques and stor-

age were identical for both species.
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We found nests by searching systematically through occupied territories at least week-

ly. The nests of both species are highly distinctive. For wrens, all potential nest sites (i.e.

vegetation or structures such as tree stumps above ground) were examined carefully for

nests. In the case of reed warblers, nest searching was done on 5 m transects through the

reed beds (the minimum distance that can be seen through the reeds), parting the vegeta-

tion carefully to minimise disturbance. We marked all nests with a small piece of green or

yellow weather-proof plastic tape. For wrens, this was attached to a twig ca. 5 m either

side of the nest, and for reed warblers this was attached to a reed stem supporting the

nest. These methods allowed exact relocation of each nest even if it disappeared due to

depredation or adverse weather. Nest location coordinates were also determined with a

handheld satellite global positioning system (Garmin GPS 12®) to a precision of < 5 m.

DNA extraction and purification

DNA was extracted from either whole blood samples or tissue samples (embryos or dead

nestlings) stored in ethanol. We used a salt extraction method followed by precipitation

in ethanol, as described in Richardson et al. (2001). DNA extraction was identical for both

species to minimise the chance of species-specific variation in DNA quality, which could

bias the outcomes of PCR amplifications.

Markers tested

We tested markers for a total of 114 avian microsatellite loci, which had been derived

(cloned) from 12 source species representing 11 genera and 11 families of passerine birds

in previous studies (Table 2.1). These loci were presumed to be selectively neutral. Due to

time constraints or PCR failure, not all markers were tested in both species (108 markers

were tested on winter wrens and 87 were tested on Australian reed warblers). These mark-

ers were chosen from existing avian markers, based on their availability and their success

in cross-amplification among other passerine taxa. Our panel of markers included six of

the nine loci recently identified by Primmer et al. (2005) as being unusually successful at

cross-species amplification in passerines. Primers were screened on a panel comprising

high-quality DNA from 3-6 (see Table 2.2) presumably unrelated individual adult wrens

(5.9 ± 0.5 SD individuals) and reed warblers (5.9 ± 0.4 SD individuals). All markers were

screened initially for cross-amplification and polymorphism in the target species at the

Sheffield Molecular Genetics Facility by MB using identical protocols in both species.

PCR protocol

For cross-amplification tests, PCR amplification reactions were performed in a final 10 µl

volume containing approximately 20-50 ng of DNA, 0.2-1.0 µM of each primer, 0.2mM of

each dNTP, 0.05 units of Taq DNA polymerase (Advanced Biotechnologies) and 2 mM

MgCl2 in supplied reaction buffer. PCR amplification was performed using a Hybaid ther-

mal cycler using the following program: one cycle of 94 °C for 2 min, then 35 cycles of 94

°C for 20 s, 55 °C for 30 s and 72 °C for 60 s, followed by 72 °C for 5 min. The protocols

used were identical for both species and whenever possible both species were tested con-

currently in the same PCR run for each marker to be tested.
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Table 2.1. Summary of the 114 primer pairs tested for cross-amplification in this study. Single allele

sizes are from the cloned individual in source species (observed size range in parentheses, if known).

HO is the observed heterozygosity in the source species. A dash indicates the information was not

available from published literature. Classifications and common names follow Sibley & Ahlquist

(1990). Primer pairs are generally named with an abbreviation of the original organism’s scientific

name followed by the number of the clone (e.g. Ase = Acrocephalus sechellensis). All primer sequences

are previously published except for Pca6 (EMBL accession no. AJ279808), PK11 and PK12; see sour-

ces for primer sequences and GenBank/EMBL accession numbers.

Family Scientific name Common name Locus Size in source HO in Source
species, bp  source 
(range) species

Corvidae Pica pica Magpie Ppi2 – 0,85 Martinez et al. 1999
Emberizidae Melospiza melodia Song sparrow Mme12 (188-240) 0,53 Jeffery et al. 2001
Fringillidae Emberiza schoeniclus Reed bunting Escµ1 148 0.89a Hanotte et al. 1994
Fringillidae Emberiza schoeniclus Reed bunting Escµ2 210 0.86a Hanotte et al. 1994
Fringillidae Emberiza schoeniclus Reed bunting Escµ3 158 0.86a Hanotte et al. 1994
Fringillidae Emberiza schoeniclus Reed bunting Escµ4 152 0.92a Hanotte et al. 1994
Fringillidae Emberiza schoeniclus Reed bunting Escµ5 204 0.00a Hanotte et al. 1994
Fringillidae Emberiza schoeniclus Reed bunting Escµ6 196 0.90a Hanotte et al. 1994
Hirundinidae Hirundo rustica Barn swallow HrU2 (STG4) (131-139) 0,47 Ellegren 1992; 

Primmer et al. 1995
Hirundinidae Hirundo rustica Barn swallow HrU3 (214-300) 0,89 Primmer et al. 1995
Hirundinidae Hirundo rustica Barn swallow HrU4 (88-102) 0,76 Primmer et al. 1995
Hirundinidae Hirundo rustica Barn swallow HrU5 (118-137) 0,93 Primmer et al. 1995
Hirundinidae Hirundo rustica Barn swallow HrU6 (153-465) 0,97 Primmer et al. 1995
Hirundinidae Hirundo rustica Barn swallow HrU7 (142-168) 0,39 Primmer et al. 1995
Hirundinidae Hirundo rustica Barn swallow HrU8 (176-194) 0,93 Primmer et al. 1995
Hirundinidae Hirundo rustica Barn swallow HrU9 (295-»800) 0,95 Primmer et al. 1996b
Hirundinidae Hirundo rustica Barn swallow HrU10 (187-380) 0,95 Primmer et al. 1996b
Maluridae Malurus cyaneus Superb fairy-wren Mcyµ1 270 0,65 Double et al. 1997
Maluridae Malurus cyaneus Superb fairy-wren Mcyµ2 199 (165-206) 0,65 Double et al. 1997; 

Double et al. 2005
Maluridae Malurus cyaneus Superb fairy-wren Mcyµ3 250 (228-268) 0,71 Double et al. 1997; 

Double et al. 2005
Maluridae Malurus cyaneus Superb fairy-wren Mcyµ4 170 (140-188) 0,94 Double et al. 1997; 

Beck et al. 2003
Maluridae Malurus cyaneus Superb fairy-wren Mcyµ5 99 0,88 Double et al. 1997
Maluridae Malurus cyaneus Superb fairy-wren Mcyµ6 113 0,82 Double et al. 1997
Maluridae Malurus cyaneus Superb fairy-wren Mcyµ7 349 (169-401) 0,94 Double et al. 1997; 

Beck et al. 2003
Muscicapidae Ficedula hypoleuca Pied flycatcher FhU1 (PTC2) – 0.49a Ellegren 1992; 

Primmer et al. 1996b
Muscicapidae Ficedula hypoleuca Pied flycatcher FhU2 (PTC3) – 0.76a Ellegren 1992; 

Primmer et al. 1996b
Muscicapidae Ficedula hypoleuca Pied flycatcher FhU3 (168-177) 0.50a Primmer et al. 1996b
Muscicapidae Ficedula hypoleuca Pied flycatcher FhU4 (179-237) 0.90a Primmer et al. 1996b
Muscicapidae Ficedula hypoleuca Pied flycatcher FhU5C+D (174-223) 1.00a Primmer et al. 1996b
Muscicapidae Ficedula hypoleuca Pied flycatcher FhU6 (92-138) 0.68a Primmer et al. 1996b
Muscicapidae Phylloscopus occipitalis Large-crowned leaf warbler Pocc1 229 – Bensch et al. 1997
Muscicapidae Phylloscopus occipitalis Large-crowned leaf warbler Pocc2 195 – Bensch et al. 1997
Muscicapidae Phylloscopus occipitalis Large-crowned leaf warbler Pocc3 174 – Bensch et al. 1997
Muscicapidae Phylloscopus occipitalis Large-crowned leaf warbler Pocc4 214 – Bensch et al. 1997
Muscicapidae Phylloscopus trochilus Willow warbler Phtr2 (97-125) 0,72 Fridolfsson et al. 1997
Paridae Parus caeruleus Blue tit Pca1 125 0,00 Dawson et al. 2000
Paridae Parus caeruleus Blue tit Pca2 291 0,63 Dawson et al. 2000
Paridae Parus caeruleus Blue tit Pca3 191 0,75 Dawson et al. 2000
Paridae Parus caeruleus Blue tit Pca4 191 1,00 Dawson et al. 2000
Paridae Parus caeruleus Blue tit Pca5 132 0,75 Dawson et al. 2000
Paridae Parus caeruleus Blue tit Pca6 - - D. A. Dawson

pers. comm.
Paridae Parus caeruleus Blue tit Pca7 127 0,63 Dawson et al. 2000
Paridae Parus caeruleus Blue tit Pca8 295 0,88 Dawson et al. 2000
Paridae Parus caeruleus Blue tit Pca9 131 1,00 Dawson et al. 2000
Paridae Parus caeruleus Blue tit PK11 - - SM Tanner, H Richner, 

D Schuemperli (unpubl.); EMBL accession no. AF041465
Paridae Parus caeruleus Blue tit PK12 - - SM Tanner, H Richner, 

D Schuemperli (unpubl.); EMBL accession no. AF041466
Parulidae Dendroica petechia Yellow warbler Dpu16 162 0.63b Dawson et al. 1997
Passeridae Passer domesticus House sparrow Pdoµ5 230 0,92 Griffith et al. 1999
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Family Scientific name Common name Locus Size in source HO in Source
species, bp  source 
(range) species

Sylviidae Acrocephalus arundinaceus Great reed warbler Aar1 176 (166-176) 0,49 Hansson et al. 2000
Sylviidae Acrocephalus arundinaceus Great reed warbler Aar2 132 (130-142) 0,12 Hansson et al. 2000
Sylviidae Acrocephalus arundinaceus Great reed warbler Aar3 194 (180-284) 0,77 Hansson et al. 2000
Sylviidae Acrocephalus arundinaceus Great reed warbler Aar4 118 (112-124) 0,52 Hansson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase1 64 – Richardson et al. 2000c

Sylviidae Acrocephalus sechellensis Seychelles warbler Ase2 97 0,71 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase3 101 0,86 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase4 103 0,40 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase5 110 0,00 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase6 119 0,76 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase7 123 0,83 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase8 125 0,00 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase9 125 0,40 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase10 127 0,64 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase11 128 0,40 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase12 128 0,00 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase13 132 0,52 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase14 140 – Richardson et al. 2000c

Sylviidae Acrocephalus sechellensis Seychelles warbler Ase15 150 – Richardson et al. 2000c

Sylviidae Acrocephalus sechellensis Seychelles warbler Ase16 155 1,00 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase17 175 – Richardson et al. 2000c

Sylviidae Acrocephalus sechellensis Seychelles warbler Ase18 176 0,56 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase19 177 0,88 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase20 178 0,00 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase21 180 0,00 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase22 181 0,50 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase23 186 – Richardson et al. 2000c

Sylviidae Acrocephalus sechellensis Seychelles warbler Ase24 186 - Richardson et al. 2000c

Sylviidae Acrocephalus sechellensis Seychelles warbler Ase25 187 0,76 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase26 203 0,00 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase27 204 0,64 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase28 204 – Richardson et al. 2000c
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase29 207 0,14 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase31 216 – Richardson et al. 2000c
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase32 218 0,00 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase33 220 0,00 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase34 220 0,00 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase35 224 0,44 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase36 225 0,20 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase37 226 0,32 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase38 226 0,50 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase39 227 – Richardson et al. 2000c

Sylviidae Acrocephalus sechellensis Seychelles warbler Ase40 230 0,00 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase41 231 – Richardson et al. 2000c

Sylviidae Acrocephalus sechellensis Seychelles warbler Ase42 243 0,32 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase43 250 0,00 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase44 250 0,00 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase45 265 – Richardson et al. 2000c

Sylviidae Acrocephalus sechellensis Seychelles warbler Ase46 265 0,24 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase47 267 0,00 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase48 270 0,56 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase49 272 0,00 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase50 272 0,00 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase51 277 0,00 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase52 278 0,00 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase53 285 0,43 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase54 291 – Richardson et al. 2000c

Sylviidae Acrocephalus sechellensis Seychelles warbler Ase55 292 0,00 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase56 298 0,44 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase57 299 0,00 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase58 311 0,76 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase59 318 – Richardson et al. 2000c

Sylviidae Acrocephalus sechellensis Seychelles warbler Ase61 369 0,40 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase62 372 0,00 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase63 400 0,29 Richardson et al. 2000
Sylviidae Acrocephalus sechellensis Seychelles warbler Ase64 412 0,50 Richardson et al. 2000

a HE is presented because HO was not available from published literature
b We present the mean of the HO values presented for two populations in Dawson et al. 1997
c See also http://www.shef.ac.uk/misc/groups/molecol/SeychellesWarblerASEPRIMERTABLE1.xls
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Table 2.2. Cross-amplification of the 114 microsatellite loci examined in winter wrens and

Australian reed warblers. For each loci and test species, the number of individuals tested (presuma-

bly unrelated), the number of alleles observed and the number of unique banding patterns generated

(for polymorphic loci, where recorded) are shown. – indicates not tested (number of individuals and

alleles) or not known (number of banding patterns).

Winter wren Australian reed warbler

No. No. No. No.
Locus individuals tested No. alleles banding patterns individuals tested No. alleles banding patterns

Aar1 6 1 1 6 1 1
Aar2 6 1 1 - - -
Aar3 6 0 0 6 7 -
Aar4 4 3 - 6 3 -
Ase1 6 1 1 6 1 1
Ase2 6 1 1 6 1 1
Ase3 6 1 1 6 1 1
Ase4 6 0 0 6 1 1
Ase5 6 1 1 6 1 1
Ase6 6 1 1 6 1 1
Ase7 - - - 6 2 2
Ase8 6 7 6 6 3 3
Ase9 6 2 2 6 3 4
Ase10 6 >2 >1 5 9 5
Ase11 6 1 1 6 7 6
Ase12 6 1 1 6 4 3
Ase13 6 2 2 5 5 4
Ase14 6 1 1 6 1 1
Ase15 6 2 2 6 1 1
Ase16 - - - 6 5 5
Ase17 6 0 0 6 1 1
Ase18 6 5 4 6 1 1
Ase19 6 3 3 6 3 2
Ase20 6 1 1 6 1 1
Ase21 6 0 0 6 9 5
Ase22 6 1 1 6 1 1
Ase23 6 1 1 6 1 1
Ase24 6 1 1 6 1 1
Ase25 6 0 0 6 1 1
Ase26 6 1 1 6 1 1
Ase27 6 1 1 6 1 1
Ase28 6 0 0 6 1 1
Ase29 6 5 3 6 1 1
Ase31 6 1 1 6 1 1
Ase32 6 1 1 6 1 1
Ase33 6 1 1 6 1 1
Ase34 6 2 2 5 3 4
Ase35 6 0 0 6 1 1
Ase36 6 1 1 6 1 1
Ase37 6 3 3 6 2 2
Ase38 6 0 0 - - -
Ase39 6 0 0 6 1 1
Ase40 5 2 2 6 3 -
Ase41 6 0 0 6 1 1
Ase42 6 1 1 6 1 1
Ase43 6 3 2 6 2 2
Ase44 6 1 1 6 1 1
Ase45 6 0 0 - - -
Ase46 6 3 4 6 1 1
Ase47 6 1 1 6 4 2
Ase48 6 0 0 5 7 5
Ase49 6 0 0 6 1 1
Ase50 6 0 0 6 1 1
Ase51 6 1 1 6 1 1
Ase52 6 1 1 6 1 1
Ase53 6 0 0 6 1 1
Ase54 6 1 1 6 1 1
Ase55 6 5 4 6 1 1
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Winter wren Australian reed warbler

No. No. No. No.
Locus individuals tested No. alleles banding patterns individuals tested No. alleles banding patterns

Ase56 6 6 5 6 5 6
Ase57 6 1 1 6 6 5
Ase58 6 0 0 6 1 1
Ase59 - - - 6 1 1
Ase61 6 0 0 6 0 0
Ase62 6 1 1 6 1 1
Ase63 - - - 6 2 2
Ase64 - - - 6 7 5
Dpu16 6 1 1 6 1 1
Escµ1 6 1 1 - - -
Escµ2 6 0 0 6 1 1
Escµ3 6 1 1 - - -
Escµ4 6 0 0 - - -
Escµ5 6 0 0 - - -
Escµ6 6 0 0 6 3 -
FhU1 (PTC2) 6 0 0 - - -
FhU2 (PTC3) 6 4 - 6 1 1
FhU3 6 0 0 - - -
FhU4 6 0 0 - - -
FhU5 6 0 0 - - -
FhU6 6 0 0 - - -
HrU2 (STG1) 6 3 - 6 1 1
HrU3 6 1 1 6 6 -
HrU4 6 1 1 6 1 1
HrU5 6 0 0 6 1 1
HrU6 6 4 4 6 5 5
HrU7 6 1 1 5 2 2
HrU8 6 0 0 6 0 0
HrU9 6 0 0 6 1 1
HrU10 6 0 0 6 0 0
Mcyµ1 6 1 1 - - -
Mcyµ2 6 3 3 - - -
Mcyµ3 6 0 0 - - -
Mcyµ4 6 4 4 6 4 4
Mcyµ5 6 0 0 - - -
Mcyµ6 6 1 1 - - -
Mcyµ8 6 1 1 - - -
Mme12 6 1 1 6 3 2
Pca1 6 0 0 - - -
Pca2 6 1 1 6 1 1
Pca3 6 0 0 6 1 1
Pca4 6 5 4 - - -
Pca5 3 0 0 3 1 1
Pca6 6 1 1 - - -
Pca7 6 0 0 6 1 1
Pca8 6 0 0 - - -
Pca9 6 0 0 6 2 2
Pdoµ5 6 1 1 6 1 1
Phtr2 6 1 1 - - -
PK11 6 1 1 - - -
PK12 6 0 0 6 7 5
Pocc1 - - - 6 1 1
Pocc2 6 1 1 - - -
Pocc6 6 1 1 - - -
Pocc8 6 6 5 - - -
Ppi2 3 1 1 6 5 5

Table 2.2. Continued
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For detailed investigation of allele frequencies (wrens only), PCR amplification reac-

tions were the same as for cross-amplification, except for optimisation of annealing tem-

peratures and MgCl2 concentrations in some cases (Table 2.4). Amplification was per-

formed using a Thermolyne Amplitron II or Corbett Research thermal cycler. The follow-

ing program was used: one cycle of 94 °C for 2 min, then 35 cycles of 94 °C for 30 s, 45 s

at the annealing temperature (Table 2.4) and 72 °C for 45 s, followed by 72 °C for 3 min.

For touchdown program, the annealing temperature started at 60 °C and decreased by 1

°C  every cycle until 49 °C, and finished with 19 cycles at 48 °C. Samples were amplified

using the forward primer 5’ end-labelled with fluorescent phosphoramidite (6-FAM, HEX

or NED).

Visualization of PCR products

For cross-amplification testing, products were run on 6% polyacrylamide gels and visual-

ized with silver staining (Promega). If products were not near the bottom of the gel and

thus maximally separated they were rerun for a longer period based on the distance down

the gel in the first run. We recorded by eye the number of different alleles for each locus

and, in some cases, the number of unique banding patterns displayed across the panel of

test individuals. If no product was seen after two PCR amplications, then the locus con-

cerned was considered not conserved in the test species. If a single-band or polymorphic

PCR product was found, it was considered to be the target microsatellite providing the

band showed a ‘stutter’ band typical of a microsatellite and was close to the size range in

the original species. 

For detailed investigation of allele frequencies in wrens we used a subset comprising

the five most successful loci, based on the variability observed in the prior tests and the

expected size range (to permit multiplexing). One µl of each sample was denatured (heat-

ed at 100 °C for 3 min and placed directly on ice) and then electrophoresed on a 10%

denaturing polyacrylamide gel, with an internal lane standard (ROX500, Applied

Biosystems). The DNA fragments were detected using an Applied Biotechnologies (ABI)

377 XL DNA sequencer. We included negative controls on all gels along with our samples

to ensure there was no spurious amplification. The fluorescently labelled DNA fragments

were analysed using GENESCAN software (Applied Biosystems). In some cases, samples

were organized into multiplex loading groups containing 3-5 loci of non-overlapping allele

lengths with a single fluorescent dye, and in total three fluorescent dyes were used. For

the subset of five loci chosen for further analysis in wrens (see also chapter 7), elec-

trophoresis of PCR products was conducted by GreenomicsTM (Plant Research

International B.V., The Netherlands). Due to PCR failure, not all 215 individual wrens

were typed at all loci (0 loci: 4 individuals, 2 loci: 2 individuals, 3 loci: 6 individuals, 4

loci: 26 individuals, 5 loci: 177 individuals).

Data analyses

Microsatellite banding patterns were analysed with GENOTYPER software (Applied

Biosystems). Basic genetic statistics (observed (HO) and expected heterozygosity (HE),

polymorphic information content (PIC), parental exclusion probabilities, Hardy-Weinberg
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probability and the estimation of null allele frequency) were calculated using CERVUS 2.0

software (Marshall et al. 1998). The observed heterozygosity (HO) represents proportion

of heterozygous individuals at each locus, while the expected heterozygosity (HE) is the

unbiased expected heterozygosity calculated from the observed allele frequencies, assum-

ing Hardy-Weinberg equilibrium. Polymorphic information content (PIC) is an additional

measure of the informativeness of a locus, which is related to expected heterozygosity and

also assumes Hardy-Weinberg equilibrium (Hearne 1992). Parental exclusion probabili-

ties are calculated from the observed allele frequencies, and represent the power of the

locus to exclude a randomly-selected unrelated candidate parent from parentage of an

arbitrary offspring, given the genotype of either only the offspring (PE1), or of the off-

spring and the parent of the opposite sex (PE2). Hardy-Weinberg (H-W) p-values indicate

whether the frequency of genotypes in the population deviates significantly from Hardy-

Weinberg equilibrium. Statistical analyses were performed in SPSS 12.0.1 for Windows

(SPSS Inc., USA) and followed Quinn & Keough (2002). All P-values are two-tailed and

the null hypothesis was rejected when P < 0.05.

RESULTS

Microsatellite marker cross-amplification

Table 2.2 shows the cross-species amplification success of all of the tested primers in each

target species. We found that 69 of 108 (64%) of the primers tested in wrens amplified a

product, and of these 23 (33%) were polymorphic. In reed warblers, 84 of 87 (97%) of

the primers tested amplified a product, of which 31 (37%) were polymorphic. Fifty-five of

the 81 primers tested in both target species amplified a product (68%), of which 13

(24%) were polymorphic in both species.

Table 2.3 summarises the cross-species amplification success of the microsatellite

markers used in this study, categorised by the Family of the source species (the species in

which the microsatellite was originally cloned). It shows the number and proportion of

loci amplifying in each of our target species and the number and proportion of loci dis-

playing polymorphism in each of our two target species. The rate of successful amplifica-

tion and polymorphism from the total panel of markers tested was considerably higher in

reed warblers (97% and 36%, respectively) than wrens (64% and 21, respectively). This

was the case across all source families, with the exception that neither of the two

Muscicapidae loci tested in our panel of six reed warblers were polymorphic. There was

no correlation between the proportion of loci from each family amplifying (Spearman

rank correlation: rs = 0.107, n = 10, P = 0.768) or polymorphic (rs = 0.073, n = 10, P =

0.841) in wrens and reed warblers.

The majority of loci tested in the Australian reed warbler (72%) were sourced from

the same family (Sylviidae). In contrast, no loci tested in wrens were sourced from the

same family (Troglodytidae). As expected from this, amplification success was consider-

ably higher in reed warblers than wrens in our study, including with Sylviidae primers

(98% in reed warblers and 72% in wrens; Table 2.3). However, amplification success was
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just as high or higher in loci sourced from other families as those from Sylviidae, and the

proportion of polymorphic loci was relatively similar between wrens and reed warblers

(Table 2.3).

Relatedness and parentage assessment

Table 2.4 describes the five loci chosen for further analysis in wrens, along with the PCR

conditions that were used (annealing temperature and MgCl2 concentration) and allele

frequency statistics calculated by CERVUS. These statistics are derived from a larger sam-

ple of wrens (n = 180-211 individuals depending on the locus). All loci had relatively high

Table 2.3. Summary of cross-amplification success of (a) 108 microsatellite loci tested in winter

wrens, and (b) 87 microsatellite loci tested in Australian reed warblers. For each family, the number

of loci tested, the number and proportion of loci amplifying a product, and the number and propor-

tion of polymorphic loci are shown.

a      Winter wren

No. loci No. loci No. loci
Family tested amplifying % amplifying polymorphic % polymorphic

Corvidae 1 1 100% 0 0%

Emberizidae 1 1 100% 0 0%

Fringillidae 6 2 33% 0 0%

Hirundinidae 9 5 56% 2 22%

Maluridae 7 5 71% 2 29%

Muscicapidae 10 5 50% 2 20%

Paridae 11 4 36% 1 9%

Parulidae 1 1 100% 0 0%

Passeridae 1 1 100% 0 0%

Sylviidae 61 44 72% 16 26%

Total 108 69 64% 23 21%

b      Australian reed warbler

No. loci No. loci No. loci
Family tested amplifying % amplifying polymorphic % polymorphic

Corvidae 1 1 100% 1 100%

Emberizidae 1 1 100% 1 100%

Fringillidae 2 2 100% 1 50%

Hirundinidae 9 7 78% 3 33%

Maluridae 1 1 100% 1 100%

Muscicapidae 2 2 100% 0 0%

Paridae 6 6 100% 2 33%

Parulidae 1 1 100% 0 0%

Passeridae 1 1 100% 0 0%

Sylviidae 63 62 98% 22 35%

Total 87 84 97% 31 36%
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HO and HE values (≥ 0.635). No significant deviations from H-W equilibrium were

reported for any of the loci selected for further analysis in wrens, and the estimates of null

allele frequency were low in all cases (≤ 0.049). However, in one case (Ase8), the devia-

tion from H-W equilibrium was not calculated by CERVUS. The allele frequencies

observed in these five loci are shown in figure 1.

Using the panel of five markers described in Table 2.4 to analyse parentage in 29 wren

families, we found that 11 nests (37.9%) contained extra-pair young, accounting for 25 of

134 typed offspring (18.7%). The analysis of parentage and individual genetic diversity in

wrens is reported in detail in chapter 7.

DISCUSSION

Cross-amplification and the genetic distance between taxa

In this study we examined cross-species amplification and polymorphism of 114

microsatellite markers developed from a wide range of passerine birds in two other

passerine species, the winter wren and the Australian reed warbler. Our results show that

a large proportion of microsatellite primers will amplify a microsatellite across families

within the order Passeriformes, and that many of these will be polymorphic to some

extent. When grouped by source family, there was no correlation between the proportion

of primers amplifying or polymorphic in wrens and reed warblers.

The degree of genetic distance between the source and tested species is generally con-

sidered the most important factor in determining the success of cross-species amplifica-

tion and polymorphism (Primmer et al. 2005). However, there is some debate as to the

rate at which cross-species amplification will decrease with increasing genetic distance

(Dallimer 1999; Primmer et al. 2005). The results of several previous studies of diverse

taxa have indicated that for species that diverged ca. 10-20 million years ago 40-50% of

primer sets will amplify, of which ca. half will be polymorphic (Moore et al. 1991; Pêpin et

al. 1995; Primmer et al. 1996a; Gemmell et al 1997). Recently, Primmer et al. (2005) have

suggested that divergence times for 50% amplification and polymorphism success in

passerines would be approximately 8.5-24 and 5-14.3 million years ago, respectively. With

the origin of passerine family level clades thought to be approximately 21-25 million years

ago  (Sibley & Ahlquist 1990), these values would seem to be broadly in agreement with

the level of success in our study. However, it should also be noted that our study was

based on a biased sample of loci, because we initially selected the panel of primers to test

based on ease of use and high cross-species polymorphism success in passerines. The ten-

dency of certain microsatellite loci to be much more highly conserved across species than

others is well known (Primmer et al. 1996a; Primmer et al. 2005), and this could be expect-

ed to inflate our rates of cross-species amplification and polymorphism considerably.

Furthermore, most of the loci tested in the Australian reed warbler (72%) were

sourced from the same family as reed warblers, while no loci tested in wrens were

sourced from the wren family. As expected, amplification success was considerably higher

in reed warblers than wrens in our study, including with Sylviidae primers (Table 2.3).
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However, amplification success of loci sourced from families other than Sylviidae were

often just as high or higher than those from Sylviidae in both reed warblers and wrens

(Table 2.3), which suggests that this alone was not the cause of the unusually high suc-

cess rate in reed warblers. Furthermore, the proportion of polymorphic loci was more

similar between wrens and reed warblers than the proportion of loci amplifying. This sug-

gests that the use of a large proportion of loci sourced from the same family did not

enhance cross-species polymorphism success in reed warblers to the same degree as it

enhanced amplification success. More detailed analyses based on genetic distances

between the source and target species (e.g. derived from DNA-DNA hybrization studies)

will be required to fully quantify the influence of genetic distance in cross-species amplifi-

cation and polymorphism in our study.

The utility of cross-amplified markers

When considering the utility of new markers for further genetic studies, it is essential to

consider a large sample of genotypes from presumably unrelated individuals of the target

species. This is necessary to make accurate estimates of population allele frequencies

(Blouin 2003) and, of particular importance to parentage and population studies, to

examine deviations from Hardy-Weinberg equilibrium and the occurrence of non-amplify-

ing (null) alleles (Pemberton et al. 1995). The heterozygosities of the five loci chosen for

further analysis in wrens (Table 2.4) compared favourably to that in similar studies (e.g.

Dallimer 1999; Galan et al. 2003; Loyau et al. 2005), and the high exclusion probabilities

(0.96 for the first parent and 0.99 for the second parent) will ensure a high confidence

level in parentage studies (Marshall et al. 1998). No significant deviations from Hardy-

Table 2.4. Characteristics of the five microsatellite markers chosen for parentage, heterozygosity and

relatedness analysis in winter wrens (see chapter 7), with the results of an allele frequency analysis.

Table presents the fluorescent label used for each marker, PCR conditions (annealing temperature

(Ta), and magnesium chloride (MgCl2), concentration), allele frequency and size data, polymorphism

information content (PIC) values, exclusion probabilities for the first (PE1) and second (PE2)

parents, Hardy-Weinberg (H-W) p-values, and estimates of the frequency of null alleles (NA). These

variables are described fully in the text (see Methods). Genetic statistics were calculated using CER-

VUS 2.0 software were derived from the complete datasets for each species (i.e. based on all indivi-

duals typed in the study for each locus). TD = touchdown program (see Methods).

Locus Label Ta, MgCl2 No. Size range, bp HO HE PIC PE1 PE2 H-W NA freq. 
°C conc., alleles P- estimate

mM (no. ind.) values

Ase8 HEX TD 1.5 30 (208) 63 (124-187) 0.894 0.939 0.933 0.773 0.872 NA 0.022

Ase55 NED 62 1.5 10 (210) 28 (285-313) 0.652 0.668 0.611 0.257 0.419 NS 0.012

Ase56 6-FAM 60 1.5 16 (180) 45 (291-336) 0.761 0.844 0.824 0.523 0.689 NS 0.049

FhU2 6-FAM 50 1.5 7 (211) 18 (122-140) 0.635 0.588 0.521 0.186 0.330 NS -0.047

Mcyµ4 NED 55 1.5 18 (211) 44 (133-177) 0.773 0.774 0.743 0.399 0.578 NS -0.002

Overall 16.2 (204) 39.4 0.705 0.719 0.675 0.961 0.993 0.003
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Weinberg equilibrium were detected and the estimated null allele frequencies were low

(see chapter 7 for further assessment of the occurrence of null alleles). Therefore, these

loci should have good utility in studies of population genetics, genetic diversity, and relat-

edness or parentage in natural populations of this species (see chapter 7). In the future, a

set of microsatellite markers selected from this study will also be applied to parentage

analysis of Australian reed warblers.

It should be noted that we have assumed that the PCR products that we scored in the

target species were homologous loci. This is likely to be the case. However, to fully

demonstrate that we were amplifying homologous loci would require sequence compar-

isons of the products between the source and target species (Slate et al. 1998). Therefore,

we can not claim to be amplifying homologous loci with complete certainty. All of the

products that we scored in the target species were a similar size to that reported in the

source species and displaying the stutter band patterns typical of microsatellites.  In a

similar study of cross-amplification in passerine birds, Primmer et al. (1996a) sequenced

10 amplification products and all were found to be true homologues of the original loci.

Despite this caveat, the large number of primer sets that amplified polymorphic loci in

winter wrens and Australian reed warblers augers well for future studies on the molecular

ecology of these species. Furthermore, some of the markers identified as successful in this

study, in particular those that worked well in both wrens and reed warblers, may prove

useful in other passerine species for which insufficient loci have been developed. More

detailed analyses of the data presented here may reveal more intricate associations

between cross-amplification success or heterozygosity and species relatedness or charac-

teristics of the loci such as allele size, repeat type or repeat number (Primmer et al.

1996a). To further our knowledge of microsatellite conservation across taxa, still more

studies are required that test a large number of loci on a large number of target species

(Primmer et al. 2005).
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ABSTRACT

The ‘dear-enemy’ effect, where neighbouring territory-holders display less aggression to

one another than to strangers, is widespread in animals. This effect has been particularly

well studied in male songbirds through vocal recognition of individuals, where it appears

to be almost universal. However, at least two important aspects of such relationships

remain poorly studied. First, the role of a territory-holder’s previous experience with

particular intruders in developing and maintaining such relationships. Second, the extent

to which such relationships are subject to proximate constraints on recognition, such as

from song-type repertoire usage. We simultaneously tested these effects experimentally

in the winter wren (Troglodytes troglodytes) with consecutive series of playbacks of both

neighbour and stranger songs (adjacent to the boundary shared with the neighbour)

with both small and large song-type repertoires. For each trial, we measured the latency

of territory-holders to respond to the intrusion and the rate of singing in response. Our

results showed that wrens display vocally-mediated dear-enemy relationships between

neighbouring males, but that even a single intrusion experience with a previously

unknown intruder can result in a substantial decrease in territorial response (longer

latency to respond) to that individual. Furthermore, both the dear-enemy relationship

between neighbours and the effect of previous experience were unaffected by the song-

types used. We discuss the roles of previous experience with individual intruders and

song-types in mediating territorial interactions among male birds.
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INTRODUCTION

A special case of territorial conflict and cooperation often occurs in territorial systems

where displays by neighbours represent a lesser threat than non-neighbours or strangers,

due to established territorial relationships existing between neighbouring individuals

(reviewed in Ydenberg et al. 1988; Temeles, 1994). Neighbouring territory owners may

then avoid costly and unnecessary confrontations by recognising and responding less

aggressively to one another. Neighbour-stranger discrimination (NSD) of this type is

referred to as the ‘dear-enemy’ effect (Fisher 1954; reviews in Ydenberg et al. 1988;

Temeles 1994), and has been documented in numerous taxa, including mammals, birds,

reptiles, amphibians, fish and insects (e.g. Barash 1974; Jaeger 1981; Pfennig & Reeve

1989; Armstrong 1991; Qualls & Jaeger 1991; Leiser & Itzkowitz 1999; Bee & Gerhardt

2001; Bee 2003; Leiser 2003; Husak 2004). Recognition through song in birds has been

the most studied model, and results from experiments using song playback to territorial

male songbirds indicate that vocally mediated NSD and the dear-enemy effect are almost

ubiquitous in this group (reviews in Ydenberg et al. 1988; Temeles 1994; Stoddard 1996;

see also Lovell & Lein 2004).

Although common and widespread, the expression of dear-enemy relationships could

be strongly influenced by (a) the costs of reduced territory defence, and (b) proximate

constraints on recognition. Between neighbouring songbirds, costs of reduced defence are

most likely to arise from territory expansion or cuckoldry by neighbours (Gibbs et al.

1990; Hyman 2002). Benefits may also arise from reduced predation risk or increased for-

aging time. This may mean that dear-enemy relationships are commonly based on ‘tit-for-

tat’ reciprocal (conditional) cooperation between neighbours, rather than by-product

mutualism (Getty 1987; Godard 1993a; Hyman 2002; Olendorf et al. 2004).

Consequently, one might expect that previous experience with neighbours would be of

great importance, with territory-holders retaliating against ‘unreliable’ neighbours who

trespass. Additionally, the costs of reduced defense could be related to the magnitude of

the threat posed by a particular intruder, such as his ability to consolidate new territorial

areas or successfully cuckold the territory-holder (Goddard 1993b; Olendorf et al. 2004).

In principle, these threats may vary independently of the territory holder’s familiarity

with the intruder. Therefore, signals of strongly aggressive intentions or sexual attractive-

ness, such as large or complex repertoires in birds (e.g. D’Agincourt & Falls 1983; Kramer

et al. 1985; Catchpole & Slater 1995; Searcy & Yasukawa 1996; but see Peake et al. 2005),

can also be expected to influence territorial aggression and the expression of the dear-

enemy effect (Lambrechts 1992; Olendorf et al. 2004). Currently, little is known about the

effects of previous experience on vocal recognition in birds, and species displaying the

dear enemy effect offer a useful model in which to study this. 

Proximate constraints on the ability of territorial individuals to signal their identity or

reliably recognise each other might also influence dear-enemy relationships (Colgan 1983;

Sherman et al. 1997). Although the mechanisms allowing NSD in songbirds remain large-

ly unclear, previous research suggests that birds do not simply habituate to frequently

heard songs or associate particular songs with particular locations (e.g. territory bound-
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aries), but rather associate particular songs with particular individuals (e.g. Godard

1993b; Stoddard 1996; Langmore 1997).  In order to do this, birds may use unique voice

characteristics or minor variations in song-type versions between individuals, or they may

learn all of the song-types in a frequently encountered individual’s repertoire (e.g.

Beecher et al. 1994). Constraints on recognition may then arise from song complexity or

the number of different song-types used by an individual. Large repertoires may facilitate

individual recognition by being more likely to contain song-types, combinations of songs

or sequences of songs unique to an individual (Hultsch & Todt 1981). Birds may need to

hear several different song-types to enable accurate discrimination (Weary et al. 1987). On

the other hand, several authors have suggested that complex songs or large repertoires

may hinder individual recognition, due to cognitive or temporal constraints on perceiving

and remembering the differences between a large number of song variants and assigning

particular patterns to particular individuals (reviews in Falls 1982; Stoddard 1996).

Although many studies have provided good evidence for accurate NSD in many species,

the effects of different song-types on recognition remain unclear (Naguib & Todt 1998).

In this study, we use simulated intrusions (song playbacks) to investigate whether ter-

ritorial male Winter wrens (Troglodytes troglodytes) discriminate behaviourally between the

songs of neighbours and strangers, and to what extent this effect is influenced by song-

type repertoire and previous experience with intruders. Specifically, we aimed to address

three questions. First, do wrens discriminate between intruding neighbours and

strangers, and establish dear-enemy relationships, based on song? Male wrens vigorously

defend stable long-term territories containing food and breeding resources, often year-

round (e.g. Armstrong 1955; Cramp 1988). Acoustic signalling plays a central role in their

intraspecific communication. Territorial intrusions among males occur frequently

(Armstrong 1955; pers obs). These features make wrens a good candidate for displaying

dear-enemy relationships (Temeles 1994). Second, does recent experience with individual

intruders influence the subsequent response of male wrens to those intruders? In our

experimental design, focal birds received two simulated intrusions by each of two intrud-

ers (a neighbour and a stranger). We compared the responses of focal males to intruders

both before and after interacting with the same intruder in the preceding days. We pre-

dicted that if territorial relationships are based on reciprocal cooperation between individ-

uals, males would show an elevated response to ‘unreliable’ individuals that had recently

intruded onto their territory, particularly neighbours (Olendorf et al. 2004). Third, does

the song-type repertoire of intruders affect individual discrimination? To test this, we

compared playbacks featuring either two or five different song-types, and looked at the

interaction between the song-types presented and whether an intruder was a neighbour

or a stranger. Wrens sing complex songs in repertoires consisting of up to seven song-

types, which are repeated in bouts of several songs before switching (Kreutzer 1974;

Catchpole & Rowell 1993; own unpubl. data). These song-types show strong microgeo-

graphical variation (Catchpole & Rowell 1993).



PREVIOUS EXPERIENCE, SONG REPERTOIRE AND DEAR-ENEMY INTERACTIONS

41

METHODS

Study area and population

This study was conducted in Vosbergen forest reserve, Paterswolde, The Netherlands (ca.

50 ha, 53º08' N, 6º35' E). Data were gathered during the main breeding season of the

winter wren, in 2002. Adult male wrens were caught in mist-nests and colour-banded for

individual identification. Sexes were distinguished based on the presence of a brood patch

and behavioural cues such as singing and intra-sexual aggression (see Armstrong 1955).

Territory borders were estimated by plotting the location of singing males and noting ter-

ritorial interactions on a weekly basis. All individuals used in this study were breeding

territorial residents.

Playback experiments

In order to quantify intra-sexual territorial aggressiveness of male wrens, intrusions were

simulated using a single speaker song playback of male wren song. Playback trials (n = 62

trials on 16 focal males) were conducted from 10 June through 21 June 2002, between

0700 and 1000 h (the peak singing time of wrens at this time of the year (Armstrong

1955; chapter 4)). Territories are well established and vigorously maintained by male

wrens at this stage of the breeding season. To create the playbacks, we recorded singing

males in early June onto Sony Metal-XR cassettes using a Sony WM-D6C professional

cassette recorder and a Telinga directional microphone with a fibreglass parabolic reflec-

tor. Each male was recorded for 20 minutes each day (ca. 50–60 songs) on two separate

days between 0700 and 1000 h; as such each recording can be expected to contain the full

repertoire of songs types used by each male recorded (Catchpole & Rowell 1993).

Recordings were always made from ca. 30 m to reduce variation in sound degradation

while not disturbing the singing male (this distance was sufficient to avoid alarm calling

or interrupted songs caused by the presence of the recordist). Songs were digitized using

a Sound Blaster Pro 16 sound card (Creative Technologies Ltd, Singapore) at 44.1 kHz

and analyzed using SASLab Pro software (Avisoft Bioacoustics, Germany). Audio spectro-

grams were inspected visually and songs were classified into song-types based on the

presence of a unique combination of syllables (see Catchpole & Rowell, 1993; Figure 1).

Individual songs were filtered below 2 kHz to remove excess noise and transferred to

compact discs (CDs) at a rate of four songs per minute. Four playback CDs were created

for each focal male as follows: 1) a random selection of two song-types from a neighbour

(a presumably familiar male with a directly adjoining territory) with each song-type

played for one minute at a time and repeated five times (‘small repertoire neighbour’

trial), 2) a random selection of five song-types from the same neighbour with each song-

type played for one minute at a time and repeated twice (‘large repertoire neighbour’

trial), 3) a random selection of two song-types from a presumably unfamiliar individual

(≥ 4 territories away) with each song-type played for one minute at a time and repeated

five times (‘small repertoire stranger’ trial), and 4) a random selection of five song-types

from the same unfamiliar individual with each song-type played for one minute at a time

and repeated twice (‘large repertoire stranger’ trial). Thus, the playbacks differed in the
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number of song-types featured and whether the singer was a neighbour of a stranger to

the focal bird. Additionally, the song-types used for the matched large repertoire and

small repertoire playbacks were chosen at random from each recorded individual’s reper-

toire. This approach was intended to reduce the possibility of habituation to particular

song-types across the small and large repertoire trials performed on each focal male. In

this way, only three of the 31 large repertoire playbacks consisted of the same combina-

tion of songs in the first two minutes as the corresponding small repertoire playback

recorded from the same individual. The song rate and the rate of song-type switching

were the same for all playbacks and within the natural range for wrens (Clark 1949;

Armstrong 1944, 1955; Brémond & Aubin 1992; Catchpole & Rowell 1993; chapter 4). To

avoid effects associated with a particular playback (Kroodsma 1989), different individuals

were used as strangers for each focal male.

Figure 3.1. Audio spectrograms of two advertisement songs from two individual winter wrens, indi-

cating variation in song-types within and between individuals.

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 s

2

4

6

8

10

kHz

Male A, song type 1

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 s

2

4

6

8

10

kHz

Male A, song type 2

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 s

2

4

6

8

10

kHz

Male B, song type 1

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 s

2

4

6

8

10

kHz
Male B, song type 2



PREVIOUS EXPERIENCE, SONG REPERTOIRE AND DEAR-ENEMY INTERACTIONS

43

Playback trials were made using a Sony CFD-V3 portable CD player (Sony

Corporation, Japan) adjusted to a natural volume of 67 dB at 10 m in front of the speaker.

This approximately corresponds to the volume of naturally singing wrens (Holland et al.

2000). All focal males were separated by at least one territory, to reduce the chance of ter-

ritory-holders reactions to playbacks being influenced by their eavesdropping on a previ-

ous playback in a neighbouring territory (Peake et al. 2001; Naguib et al. 2004). All play-

backs (neighbour and stranger) for each focal male were performed from the same posi-

tion, on the ground ca. 10 m inside the boundary between the focal male and the neigh-

bour concerned, with the speaker facing the centre of the focal bird’s territory. Thus, we

tested for discrimination during a small-scale intrusion between stranger song and neigh-

bour song at the correct boundary, and we avoided effects associated with different posi-

tions or previous interactions on other territorial boundaries (e.g. Langmore 1997). We

presented playbacks in a crossover design with the neighbour-stranger and large reper-

toire-small repertoire treatments alternating and each male receiving each of the four pos-

sible treatments sequentially, such that there was an equal number of males receiving the

neighbour treatment and large repertoire treatment first (Table 3.1). This design should

eliminate any bias resulting from carryover effects of previous treatments. The four play-

back treatments (large repertoire neighbour song, small repertoire neighbour song, large

repertoire stranger song and small repertoire stranger song) were performed one per day

in a randomized order on each focal male, with the exception of one male which did not

receive a large repertoire neighbour trial and one male which did not receive a small

repertoire neighbour trial (due to the absence of the male from the territory or adverse

weather conditions); thus we performed 62 playback trials on 16 focal males. To minimize

seasonal effects, we performed all trials for each male on consecutive days with the excep-

tion of days with rain or high wind, in case this affected the response or sound transmis-

sion. This led to a mean interval between trials on each focal male of 1.6 ± 0.2 days

(range 1–8). All four trials for each male were conducted at the same time of day. We used

two different observers who were randomly assigned to focal males, so that the same

observer performed all four trials on each focal male to control for differences between

observers. Each trial lasted for 10 min to allow enough time for the effects of a large

repertoire to be assessed by the focal male. Before trials started, we confirmed that the

focal male was present (observed singing) on his territory, to prevent large-scale variation

associated with male presence or absence on the territory.

During each 10 min playback trial the following two response variables of the focal

male were recorded by an observer hiding outside the territory of the focal male, 20m

behind the speaker: 1) latency to approach within 20 m of the speaker, and 2) the number

of songs sung within 20 m of the speaker. Simulated intrusions elicit a high level of

aggression in wrens (see also chapter 4), and all focal males responded (within 20m)

within the first five minutes of each trial (see Results). We interpreted shorter latencies

and higher song rates as an indication of increased territorial aggression or motivation.

These variables provide a useful indication of overall male territorial behaviour in wrens

(chapter 4), which primarily consists of patrolling and searching for intruders, followed

by protracted song contests between competitors. This approach also reduces problems
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with conflicting or meaningless measures (Stoddard 1996). We also recorded closest

approach distance in four distance classes (0-5 m, 5.1-10 , 10.1-20 m, >20 m), but we did

not analyze this variable due to lack of variation between trials; during most trials (76%)

males approached <5 m to the speaker (93% <10m). We did not record precise distances

to the playback due to the difficulties of assessing this during experiments, and because

this depends heavily on the distribution and layout of the vegetation surrounding the

speaker. All conclusions reported regarding latency were qualitatively the same when con-

sidering latency <5 m. Where recorded separately, song rates during the first 5 min of

each playback with correlated significantly with song rates during the second 5 min (rs =

0.348, n = 56, P = 0.009). We never observed alarm calls during trials, and neighbouring

individuals or females were not observed to interfere with the experiments (never

approaching within 20 m).

Analyses of playback experiments

Statistical analyses were performed in SPSS 12.0.1 for Windows (SPSS Inc., USA) and fol-

lowed Quinn & Keough (2002). As is common with such data, latency displayed a log-

normal distribution (skewness 1.582 ± 0.304 SE) and was therefore log10-transformed

prior to all analyses to improve normality and homoscedascity (skewness following trans-

formation 0.263 ± 0.304 SE). To model within-subjects effects in our repeated measures

design, all analyses were performed using the linear mixed model (MIXED) procedure

with restricted maximum likelihood (REML) estimation, and included male identity as a

‘subject’ (random) effect and trial number (1-4) as a ‘repeated’ effect. We set the repeated

covariance type to scaled identity (assumes constant variance and zero covariance), which

provided qualitatively similar estimates to unstructured and first-order autoregressive

covariance types and provided the best fitting model as assessed by information criteria

Table 3.1. The four treatment sequences forming the crossover experimental design used in this

study. The use of neighbour or stranger playbacks was always alternated to each focal male. Large

repertoire playbacks consisted of five song types and small repertoire trials consisted of two song

types. Trials 1 to 4 indicate the order of trials. Focal males (n = 16) were randomly assigned to one

of the four experimental sequences. * indicates experimental combinations performed on three focal

males; all other combinations performed on four.

Sequence 1 Sequence 2 Sequence 3 Sequence 4

First trial Neighbour Stranger Neighbour Stranger
Large repertoire Large repertoire Small repertoire* Small repertoire

Second trial Stranger Neighbour Stranger Neighbour
Small repertoire Small repertoire Large repertoire Large repertoire

Third trial Neighbour Stranger Neighbour Stranger
Small repertoire Small repertoire Large repertoire Large repertoire

Fourth trial Stranger Neighbour Stranger Neighbour
Large repertoire Large repertoire* Small repertoire Small repertoire
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and changes in deviance. Unless stated otherwise, we reduced models by excluding non-

significant (fixed effect P > 0.1) higher-order terms from the saturated model; all main

effects of interest were retained in each model. To present log10-transformed latency data

(Figure 2 and 3), we show the geometric mean (10mean) ± standard error (SEGM,

10mean±SE); the geometric mean (which approximates the median, but is lower than the

arithmetic mean) is less affected by extreme values than the arithmetic mean and pro-

duces an asymmetrical SE. Similarly, for model-derived estimates of effect sizes of log10-

transformed latency data we report back-transformed estimates of means (10estimate),

which represent the ratios of the geometric mean of latency between the treatments (i.e.

an estimate of 1 indicates no effect; Sokal and Rohlf 1995). For song rate, estimates repre-

sent songs per minute. Estimates of fixed effects are reported with Type III tests of signifi-

cance (t-statistics and P-values), along with 95% confidence intervals (CI) to indicate

accuracy and aid the interpretation of non-significant results. All P-values are two-tailed

and results are considered significant when P < 0.05 unless otherwise stated.

RESULTS

The results of the model considering the effects of whether the intruder was a neighbour

or stranger, the number of song-types used (two or five) and previous experience of the

same intruder are summarized in Table 3.2. The mean latency to respond during all trials

was 65 s ± 8.8 SEM (range 9-290 s). We found that latency was significantly longer in

response to large repertoire playbacks than to small repertoire playbacks (Figure 3.2). In

addition, latency was significantly shorter when the focal male had no previous experi-

mental experience of the intruder compared to when he did, but there was also a signifi-

cant interaction between whether the playback was from a neighbour or a stranger, and

previous experimental experience of the intruder. Latency was longer in response to

stranger playbacks that had been previously encountered compared to strangers that had

not been encountered (Figure 3.3). Overall there was no significant effect of whether a

playback was from a neighbour or stranger when controlling for previous experience and

the interaction (Table 3.2). However, when considering only trials where the focal male

had no previous experimental experience of the intruder (i.e. first and second trials, Table

3.1) latency was significantly longer to neighbour playbacks than stranger playbacks (esti-

mate 2.487 (95% CI 1.385-4.466), t13.315 = 3.353; P = 0.005; song-type repertoire: esti-

mate 1.414 (95% CI 0.781-2.560), t14.146 = 1.251, P = 0.231; Figure 3.3).

In contrast to the results with latency, we did not detect any significant main effects

on song rate of any of our experimental treatments (Table 3.2). The mean song rate dur-

ing all trials was 4.0 ± 0.2 SE. When included in the final reduced model (as presented

in Table 2), there were no significant interactions between whether the playback was of a

neighbour or stranger, and song-type repertoire (latency: estimate = 0.828 (95% CI

0.356-1.926), t40.489 = 0.451, P = 0.654; song rate: estimate = 0.347 (0.024-4.941),

t41.192 = 0.805, P = 0.425), or between playback song-type repertoire and previous

experimental experience with the intruder (latency: estimate = 0.810 (0.342-1.920),
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t43.031 = 0.493, P = 0.625; song rate: estimate = 0.485 (0.031-7.548), t42.573 = 0.0.532,

P = 0.598). Similarly, when considering song rate there was no significant interaction

between whether the playback was of a neighbour or stranger and previous experience

(estimate = 0.157 (0.011-2.152), t41.220 = 1.428, P = 0.161).

The latency time during trials when the focal bird had previous experimental experi-

ence with both intruders (neighbour and stranger) was estimated to be 2.024 (95% CI

1.140-3.997) times as long as when the focal bird had no previous experimental experi-

ence of either intruder (P = 0.017; Table 3.2). Although it is possible that such a decline

in territorial response or vigilance with previous experience of an intruder could arise due

to habituation to the experimental procedure, we expected to be able to distinguish this

from previous experience of each individual intruder because our experimental design

alternated neighbour and stranger trials (Table 3.1). Accordingly, the interaction between

previous experience and whether the playback was of a neighbour or stranger (P = 0.011;

Figure 3), along with the relatively good fit of the simple scaled identity repeated covari-

ance structure, indicate that habituation to the experimental intrusions was not an impor-

tant determinant of the territorial response. The scaled identity structure assumes con-

stant fit and no correlation between any elements (see Methods). Furthermore, when

tested as a fixed effect (controlling for within-subject random effects), trial number (1-4)

Table 3.2. Estimates of fixed effects (with 95% confidence intervals and statistics) of response vari-

ables (log10 latency to approach <20m, song rate) during each trial for the four playback treatments

derived from repeated measures model. Fixed effects included playback identity (neighbour-stran-

ger), number of song-types used in the playback (repertoire) and previous experimental experience

of the same intruder (experience); non-significant (P > 0.1) higher order terms were excluded from

the saturated model and the reduced model is reported (see text). Estimates for the log10-transfor-

med latency data have been back-transformed, and thus represent the ratios of the geometric mean

of latency (approximates to the median) between the treatments (i.e. an estimate of 1 indicates no

effect). Estimates for song rate represent songs per minute. Significant effects are in bold. N = 62

playback trials on 16 individual males (see Table 3.1).

Response Estimate Comparison† t df P
variable (95% CI)

Latency (s) 0.855(0.481-1.522) Neighbour-stranger 0.547 42.493 0.587

1.577(1.038-2.395) Repertoire 2.199 42.492 0.033

0.494(0.278-0.877) Experience 2.479 42.301 0.017

2.986(1.300-6.860) Neighbour-stranger x Experience 2.653 42.449 0.011

Song rate -0.039(-0.590-0.512) Neighbour-stranger 0.143 42.281 0.887

(songs/min) 0.155(-0.398-0.709) Repertoire 0.565 42.369 0.575

-0.108(-0.661-0.446) Experience 0.392 42.369 0.697

†Neighbour-stranger: playback of a neighbour compared to playback of a stranger; Repertoire: playback of a large repertoi-

re (5 song types) compared to playback of a small repertoire (2 song types); Experience: no previous experimental expe-

rience of the intruder compared to previous experience; Neighbour-stranger x Experience: interaction
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Figure 3.2. Latency (s) to respond to playback (approach within 20m) plotted against playback

song-type repertoire (two or five song-types). Latency was significantly longer to large repertoire pla-

ybacks (five song-types) than small repertoire playbacks (two song-types; P = 0.033). Grey bars

represent neighbour playback, white bars represent stranger playback. Values shown are the geome-

tric mean ± SEGM (which is smaller than the arithmetic mean). Males (n = 16) are each represented

four times (once for each level of neighbour or stranger playback x song-type repertoire), except for

two males represented only three times (see Table 3.1).
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Figure 3.3. Latency (s) to respond to playback (approach within 20m) plotted against previous expe-

rimental experience with the same intruder. Grey bars represent neighbour song playback, white bars

represent stranger playback. There was a significant effect of previous experience (P = 0.017) and a

significant interaction between previous experience and whether the playback was of a neighbour or

a stranger (P = 0.011). When comparing only trials where the focal male had no experience with the

intruder, latency was significantly longer to neighbours than to strangers (P = 0.005). Values shown

are the geometric mean ± SEGM (which is smaller than the arithmetic mean). Males (n = 16) are

each represented four times (once for each level of neighbour or stranger playback x previous expe-

rience; trials performed 1-8 days apart), except for two males represented only three times (see Table

3.1).

0

20

40

60

80

la
te

nc
y 

(s
)

large
(5 song types)
playback song type repertoire

neighbour
stranger

small
(2 song types)



CHAPTER 3

48

did not have a significant effect on latency (estimate = 1.062 (0.870-1.298), t45.937 =

0.609, P = 0.545) and explained only 1.69% of variation in latency. This further indicates

that a simple habituation effect was not responsible for the association between previous

experience with an intruder and latency.

DISCUSSION

The “dear-enemy” effect and previous experience

We used song playback to determine whether male wrens differ in their territorial

response in relation to the whether an intruder was a neighbour or a stranger, the song-

type repertoire sung by the intruder, or their previous recent experience with an intruder.

When considering latency to approach only during the first trials (i.e. those when the

focal male had no previous experimental experience with the intruder), we did detect a

strong dear-enemy effect in wrens as expected in the form of shorter latencies to respond

to strangers compared to neighbours (Figure 3.3). Thus, our results provide evidence that

wrens are able to discriminate between neighbouring and stranger conspecifics based on

song, and respond accordingly in a territorial context (i.e. the dear-enemy effect).

However, our results indicated that the dear-enemy effect is strongly mediated by pre-

vious experience with non-neighbouring intruders. Latency to approach the speaker was

shorter for stranger than neighbour intruders when the focal male had no previous experi-

ence with each intruder, but was similar when he had recent experimental experience

with the same intruders. This result is surprising, as we predicted that males would

increase their response towards individuals that had recently intruded onto their territo-

ries because such individuals would be deemed untrustworthy, and that this shift would

be stronger for intruding neighbours if dear-enemy relationships were based on reciprocal

cooperation (Hyman 2002; Olendorf et al 2004). In fact, this pattern was absent for

neighbour playbacks. Wrens evidently did not retaliate against untrustworthy neighbours.

For stranger playbacks, this pattern went in the opposite direction (after only one recent

intrusion experience), i.e. wrens responded less quickly to previously unknown intruders

with whom they had recent experience. This result is in line with Hyman’s (2002) study

on Carolina wrens (Thryothorus ludovicianus), although Godard (1993b) found that male

hooded warblers (Wilsonia citrina) responded more aggressively to neighbours after expe-

riencing an intrusion by the same neighbour compared to a stranger earlier the same day.

Similarly, Olendorf et al. (2004) found that red-winged blackbirds (Agelaius phoeniceus)

displayed increased vigilance against intruding neighbours that persisted for days. In con-

trast, our results suggest that the relationships between neighbouring winter wrens are

quite stable and not greatly influenced by small-scale incursions into each other’s territo-

ries. Furthermore, in contrast to the surprising results of Hyman (2002), our data support

the idea that intrusions by strangers should not affect dear-enemy relationships between

neighbours, because we did not find that latency to approach neighbour playbacks was

changed following experimental intrusions. One potentially important difference between

our study and that of both Godard (1993b) and Hyman (2002) is that our trials were per-
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formed on different days rather than in a single day, which may have given neighbouring

birds a chance to re-establish dear enemy relationships following experimental intrusions.

Nevertheless, it is unclear why wrens responded less strongly to previously unknown

intruders with whom they had recent experience (after only one intrusion experience),

but intruder-specific habituation may be the most likely mechanism (Bee 2003). Wrens

that respond less quickly to known intruders that have been successfully overcome in pre-

vious contests, may benefit by decreasing the likelihood of escalated contests when the

outcome should be predictable. Alternatively, it may only take one interaction with a pre-

viously unfamiliar male for him to be considered a trustworthy neighbour, but this seems

unlikely to explain our results given the number of repeated interactions between wrens

and their neighbours throughout each day. To our knowledge, no previous studies have

considered territorial responses to previously unknown intruders (non-neighbours) fol-

lowing a recent intrusion.

In contrast to the results with latency, we found no significant effects of any experi-

mental treatment (whether the playback was of a neighbour or stranger, song-type reper-

toire or previous experimental experience with intruders) on song rate, with estimated

effect sizes of <0.2 songs per min (Table 3.2). One explanation for this discrepancy is

that, after detecting and approaching the intruder, focal males spent time on aggressive

behaviour not measured here other than attempting to sing more songs relative to their

opponent. Such behaviour might include antiphonal singing (Brémond & Aubin 1992),

elongating songs or song-type matching (e.g. Krebs et al. 1981; McGregor & Horn 1992;

Dabelsteen et al. 1996; Balsby & Dabelsteen 2001; Burt et al. 2001; M. Berg unpubl.

results), searching for the intruder or performing visual displays (Armstrong 1955;

Catchpole 1989; Peake et al. 2005). Alternatively, approach behaviour and song rate dur-

ing singing contests may represent different kinds of information; in wrens, song rate dur-

ing singing contests may function primarily in quality advertisement rather than as a

direct form of territory defence (chapter 4).

Territorial interactions and song-type repertoires

There are several ways in which song-type repertoire has been suggested to influence ter-

ritorial responses: larger repertoires may indicate sexual attractiveness (e.g. Catchpole &

Slater 1995; Hasselquist et al. 1996) or aggressive intentions (e.g. D’Agincourt & Falls

1983; Kramer et al. 1985), or repertoires of song-types may operate on individual recogni-

tion (e.g. Falls 1982; Weary et al. 1987; Stoddard 1996). Although song clearly plays a

major role in the territorial behaviour of many bird species including wrens (e.g.

Catchpole & Rowell 1993; Catchpole & Slater 1995; Stoddard 1996), relatively little is

known about the role of song-type repertoires in territory defence or individual recogni-

tion.

Our results indicate that wrens responded with shorter latencies to the small reper-

toire playbacks (two song-types repeated in five bouts) compared to the large repertoire

playbacks (five song-types repeated in two bouts). This effect could potentially be related

to the size of the song-type repertoire, song-type usage (i.e. continual switching to novel

song-types as opposed to repetition of previously used song types), or the actual song-
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types used. While the song rate and rate of song-type switching was constant across all

playbacks, in most cases (90%) the song-types used were different, with the matched

small repertoire and large repertoire playbacks produced from each recorded male pre-

senting a different combination of song-types in the first two minutes in 28 out of 31

cases (90%). In our study the differences in song-type repertoire size and song-type repe-

tition (i.e. repeating previously sung song-types in a single singing bout) between the

large and small repertoire playbacks were only revealed after the first 2 min. During the

first two minutes of playback, both small and large repertoire playbacks presented two

different song-types, each repeated for 1 min. However, the mean latency time in our tri-

als was only 65 s ± 8.8 SE, and in 48 (77%) of the trials the focal male responded in less

than 2 min. Furthermore, of the 14 trials that elicited a latency to approach the playback

of >2 min, only nine (64%) were large repertoire trials. Thus, most males in our study

could not have been influenced by differences between small and large repertoire play-

backs in the number of song-types presented of song-type usage. Instead, it seems likely

that this effect arose at least in part from unknown differences in the song-types them-

selves presented by small and large repertoire playbacks in the first two minutes of the

playback. Although the importance of song repertoires and song structure on female mate

choice has been well established, far fewer studies have addressed the question of how

variation in song-types and song structure can influence territorial interactions (e.g.

Catchpole & Slater 1995; Leitão & Riebel 2003; Collins 2005; Illes et al. 2006; Leitão et al.

2006). Further study will be needed to unravel the role of song-type variation in territorial

interactions in winter wrens.

A further question of this study was whether hearing different song-types might facili-

tate (Weary et al. 1987; Stoddard 1996) or hinder (Wiley & Wiley 1977; Krebs &

Kroodsma 1980; Falls & d’Agincourt 1981; Searcy et al. 1981; Falls 1982) individual dis-

crimination by focal males. We found no significant interactions between the song-types

presented on the playback and either the focal male’s previous experience with the intrud-

er or whether the playback was of a neighbour or stranger (Fig. 1, Table 2). To date only a

few studies have tested directly the hypothesis that song-type repertoire influences neigh-

bour-stranger discrimination within the same or closely related species, although compar-

ative analyses have suggested that species that possess larger repertoires exhibit weaker

neighbour-stranger discrimination. Weary et al. (1992) have shown that both American

redstarts (Setophaga ruticilla) and yellow warblers (Dendroica petechia) discriminated equal-

ly well between neighbours and strangers when presented with playbacks of a repertoire

of song-types in series (‘serial mode’) or a single song-type repeatedly (‘repeat mode’).

Furthermore, the yellow warbler showed discrimination as strong as the redstart despite

having a substantially larger repertoire. Similarly, Godard & Wiley (1995) found that male

hooded warblers discriminate neighbour songs broadcast from the correct shared bound-

ary from those broadcast from the opposite side of the focal male’s territory regardless of

whether playbacks of one song-type (‘repeat mode’) or two song-types (‘mixed mode’)

were used. In most cases in these studies the song-types used for repeat mode singing dif-

fered from those used for serial or mixed mode. This means that there is a possibility that

song-types used in a particular singing mode have features that promote neighbour-



PREVIOUS EXPERIENCE, SONG REPERTOIRE AND DEAR-ENEMY INTERACTIONS

51

stranger recognition other than the differences in the number of song-types used. In con-

trast, wrens have only a single mode of singing, and the song-types that we used for each

matching pair of large repertoire and small repertoire playbacks were chosen at random

from the same repertoires.

Conclusions

Overall, our results indicate that wrens, like most songbirds (reviews in Ydenberg et al.

1988; Temeles 1994; Stoddard 1996), are able to discriminate between individuals based

on song and display a stronger response (shorter latency to respond) to intruding

strangers which have not been encountered previously than to familiar neighbours.

However, this was only true when the territorial male had never encountered the stranger

before. This discrimination ability did not seem to be affected by variation in song-type

repertoire within the natural range, although song-type repertoire did have a surprising

effect on territorial response overall. Thus, our results provide no indication of either a

cost or benefit to song repertoires in terms of individual recognition. Further, our results

suggest that dear-enemy relationships in wrens are robust to at least a low-level of intru-

sion between neighbours. However, it appears that territorial relationships between non-

neighbouring wrens are highly flexible and adjusted rapidly to experience with previously

unknown individuals. The dynamics of this relationship, together with the role of song-

type repertoires in male-male interactions, deserve further attention in future studies.
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ABSTRACT

Males may increase their fitness through extra-pair copulations (EPCs) that result in

extra-pair fertilisations, but they also risk lost paternity when their own mate engages in

EPCs. Like many birds, winter wrens (Troglodytes troglodytes) commonly engage in EPCs

so the fitness costs of cuckoldry to males are considerable. Males may minimise their

loss of paternity by defending the mate or breeding territory against intruding males or

advertising their own quality when their mate is fertile (e.g. through singing perform-

ance). In this paper, we provide evidence that investment in singing during song contests

is adjusted to the likelihood of cuckoldry. When faced with simulated territory intrusions

by unfamiliar males (male models and song playback), male wrens sang significantly

more during the fertile breeding stage than before or after this period. However, males

did not adjust their song rate according to breeding stage when intruders were not pres-

ent. Other measures of territorial response were not consistent with the idea that males

use territory or mate defence as paternity assurance, instead indicating that territory

defence either remains stable or declines as the breeding cycle progresses. Our data sug-

gest that song rate and approach behaviour may be distinct functional components of

resource defence in wrens, and we discuss how such behaviour may function as paternity

assurance.
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INTRODUCTION

Extra-pair copulations (EPCs) resulting in extra-pair fertilisations (EPFs) are widespread

in birds (e.g. Birkhead et al. 1990; Gibbs et al. 1990; Birkhead & Møller 1992a;

Kempenaers et al. 1992; Dixon et al. 1994; Wetton et al. 1995; Griffith et al. 2002). In order

to increase reproductive success, males should not only seek EPCs for themselves, but

also prevent their mates from copulating with extra-pair males. Males may employ a num-

ber of anti-cuckoldry tactics to achieve this (Birkhead et al. 1987; Birkhead & Møller

1992a; Birkhead 1998). These may involve following the female or staying near her for

long periods (mate guarding), frequent copulations, territorial behaviour to deter compet-

ing males, or singing to advertise quality (Birkhead 1998). Because these behaviours are

all likely to entail substantial costs in terms of energy, temporal constraints on other activ-

ities, or risk of injury or predation (e.g. Stamps 1994; Catchpole & Slater 1995; Birkhead

1998; Komdeur 2001), males are expected to adjust their investment in such anti-cuck-

oldry behaviour to the risk of paternity loss (e.g. their mate’s fertile period or the pres-

ence of male intruders; Møller 1987a; Askenmo et al. 1992; Hanski 1994). Evidence from

several studies in birds has indicated that mate guarding (e.g. Alatalo et al. 1987; Møller

1987b; Hanski 1994; Gray 1996; Komdeur et al. 1999; Komdeur 2001) and copulation fre-

quency (e.g. Sheldon 1994; Mougeot et al. 2001) are important paternity guards that are

adjusted to the risk of paternity loss. However, despite much recent interest, correspon-

ding evidence relating to territory defence and singing is limited (see Møller 1990;

Birkhead 1998; Rodrigues, 1998).

Two main mechanisms have been proposed to explain the role of singing and territory

defence in paternity assurance. First, territorial behaviour may reduce cuckoldry by keep-

ing competing males away from the main breeding area and thereby limiting their access

to the pair female (‘mate defence’ hypothesis, e.g. Hinde 1956; Birkhead 1979; Møller

1987a; Stamps 1994; Maher & Lott 1995; Langmore 1996; Tobias & Seddon 2000). This

hypothesis predicts that males should invest more in territorial activity during the pair

female’s fertile period, such as territory advertisement, patrolling and aggressively

responding to intruders.

Second, the ‘fertility announcement’ hypothesis (Møller 1991a) postulates that males

advertise the fertility of their mate by singing in order to signal their quality. By doing so,

they may reduce cuckoldry by deterring competing males and encouraging mate fidelity.

This may also increase a males own EPC success if females prefer to mate with males

singing at a high rate (Møller 1991a). This hypothesis specifically predicts that males will

engage more in advertisement singing during the fertile period (e.g. Møller 1991a; Gil et al.

1999). Following Møller’s (1991a) paper, a number of studies have tested this hypothesis

by examining the natural singing behaviour of males during the breeding season, with con-

flicting results. While several studies have found no support for this prediction (11 out of

13 studies reviewed in Gil et al. 1999; Amrhein et al. 2004; Turner & Barber 2004), a num-

ber of other studies have found patterns of male singing corresponding to female fertility

(e.g. Greig-Smith 1982; Mace 1987; Møller 1988; Pinxten & Eens 1998; Forstmeier and

Balsby 2002). In light of these contradictory results, the generality of the fertility announce-
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ment hypothesis is clearly in doubt and further studies are needed to elucidate the circum-

stances and mechanisms through which song production can be adjusted to female fertility. 

Two recent studies on eavesdropping and extra-pair mating (Otter et al. 1999; Mennill

et al. 2002) suggest an intriguing mechanism through which this process may operate. In

these studies, female black-capped chickadees (Poecile atricapilla) and great tits (Parus

major) were shown to eavesdrop on male song contests, and use the information gathered

on the relative quality of males in their subsequent extra-pair mating decisions. In this

way, male performance during song contests may represent a link between singing per-

formance and paternity assurance. Males would then be expected to increase their invest-

ment specifically in song contests when paternity is at risk (i.e. the pair female’s fertile

period). In this way, singing during song contests, advertisement singing and other forms

of territorial activity (e.g. patrolling and approaching intruders) could be considered func-

tionally distinct behaviour.

Few studies examining the relationship between male sing production and female fer-

tility have simultaneously gathered data on male territory defence and singing in the con-

text of direct singing contests. As such, there is little empirical evidence to date from

species that exhibit a high rate of singing after pair formation to compare the relative

roles of mate defence and quality advertisement in paternity assurance. Here, we examine

these explanations by simultaneously studying advertisement singing, territory patrolling

and territorial response to intruders (counter-singing and approach behaviour) through-

out the breeding season in the winter wren (Troglodytes troglodytes). An increase in adver-

tisement singing during the fertile period would offer support for the fertility announce-

ment hypothesis, while a corresponding increase in territory patrolling and response

against intruders during the fertile period would support the mate defence hypothesis.

However, if only singing effort against intruders increases during the fertile period, this

would be consistent with the idea that male wrens invest more in singing contests to

advertise their quality to eavesdropping females as a way to enhance their paternity.

In the wren, sexes are morphologically similar and highly cryptic, but males vigorously

defend exclusive breeding territories and sing in bouts regularly throughout the breeding

season, even after pairing (e.g. Armstrong 1955; Cramp 1988). Territory intrusions by

males are common and result in vigorous bouts of counter-singing and posturing, occa-

sionally culminating in chases and fights (Armstrong 1955; pers. obs.). In contrast, female

wrens rarely leave their breeding territories (Armstrong 1955; pers. obs.). Therefore, most

EPCs probably occur on the female’s territory and will be at least in part a reflection of

male-male competition. The level of EPFs is substantial, accounting for 18.7% offspring

(n = 134) in 37.9% of broods in our population (n = 29; chapter 7; see also Burn 1996).

Nevertheless, males commonly provide care to nestlings (Armstrong 1955; Burn 1996;

pers. obs.). Given the opportunities for EPCs and the high fitness costs of cuckoldry, male

wrens should be under strong selection to develop effective paternity guards. However, in

contrast to many birds (Birkhead et al. 1987; Birkhead & Møller 1992a), male wrens typi-

cally do not guard their fertile mates and copulations are relatively infrequent (Burn 1996;

this study; pers. obs.). Thus, singing to advertise quality and/or deter competing males

may be a particularly important means of paternity assurance for male wrens.
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MATERIAL AND METHODS

Study population

This study was conducted in Vosbergen forest reserve, Paterswolde, The Netherlands (ca.

50 ha, 53º08' N, 6º35' E). Data were gathered during the main breeding season, after ter-

ritory establishment, of the winter wren, in 2001-2002 (intrusion experiments) and 2002

(natural behavioural observations). Adult wrens were caught in mist-nests and colour-

banded for individual identification. Sexes were distinguished based on the presence of a

brood patch and behavioural cues such as singing and intra-sexual aggression (see

Armstrong 1955). During catching, males were frequently caught intruding onto neigh-

bouring territories.

Territory borders were estimated by plotting the location of singing males and noting

territorial interactions weekly. Nests were located by searching through the vegetation on

every territory weekly, and breeding activities were monitored by checking all known

nests twice weekly. During each check the status of each nest was classified as follows: (i)

incomplete/in construction, (ii) finished but unlined (not occupied by a female), (iii)

feather lined (occupied by a female), (iv) laying (eggs cold, clutch incomplete), (v) incu-

bated eggs, (vi) nestlings, (vii) previously occupied, and (viii) predated. Nests were never

used for more than one breeding attempt. Males build and maintain several nests contin-

uously throughout a season, to which they attempt to attract females. When a female

selects a male, she lines the nest with feathers (Armstrong 1955). The precise period of

fertility of wrens is not known, but in most birds the fertile period begins about 10 days

before the first egg is laid and ends when the final egg is fertilized (Birkhead and Møller

1992b). Therefore, males were considered paired to a fertile female from ten days before a

new egg appeared in one of his nests until the penultimate egg of the clutch was laid.

Although some wrens are polygynous, we did not use males paired to both a fertile and a

non-fertile female at the time of the experiment. All males tested were mated during the

breeding season.

Natural territorial behaviour observations

To examine natural levels of singing and investment in territorial defence, we performed

focal watches of 17 males from 7 May through 18 June, between 0700 and 0900 h WEST,

because territorial intrusions and EPCs in most bird species occur more frequently in the

morning (e.g. Møller 1987a; Birkhead and Møller 1992a; but see Birkhead et al. 1996).

One to five focal watches (1.9 ± 1.2 SD per male) were performed on each male, on dif-

ferent days, during one or more of the following breeding periods: paired with fertile

mate, incubation (after clutch completion), nestlings and the post-nesting non-fertile

period (following nest predation and/or fledging, until 10 days before the next egg

appears on the territory). No observations were made before pairing as males may use

song more during this period to advertise for a mate. It was easy to locate and follow male

wrens due to their conspicuous behaviour and frequent vocalisations, and the relatively

open habitat of the study site. During focal watches a single male was followed for a con-

tinuous period of 20 mins during which we recorded the following male behaviour: (i) the
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number of separate songs (hereafter referred to as ‘spontaneous songs’, assumed to func-

tion in territory advertisement or mate attraction  (Armstrong 1944, 1955; Catchpole &

Slater 1995)), (ii) the number of alarm calls, and (iii) the number of single movements >

10 m (this is assumed to indicate the rate of territory patrolling or vigilance). During 11 h

of focal watches involving 17 males with a fertile female, mate guarding (female initiated

movements > 10 m when followed by the male) or copulations were never observed. As

song length does not vary much the number of songs over such a period is an accurate

indication of overall song output in wrens (i.e. the product of song rate and song length;

Clark 1949). We considered movement rate an indication of investment in territory

patrolling. Males were followed from a distance of approximately 20 m and care was taken

to avoid disturbance; as the study site is a popular public recreational reserve the birds

were accustomed to regular close human presence. Focal watches were not performed

during rain because the birds are relatively inactive and rarely sing when it is raining.

Simulated territory intrusion experiments

In order to quantify intra-sexual territorial aggressiveness of male wrens, intrusions were

simulated using a mount and song playback of a male wren (n = 38, including three

males with unknown breeding stage). Trials were conducted from 15 May through 20

June (mean trial date 27 May ± 12 days SD) during the post dawn morning period 06.00

and 12.00 h (mean trial time 09.08 ± 1.47 h SD). Mounts consisted of freeze-dried wrens

collected in The Netherlands but away from the study site, and mounted on sticks ca. 1 m

high in a neutral posture. To reduce effects arising from particular mounts or songs

(Wiley 2003), mounts of three wrens and song playbacks from three territory-holding

individuals (separated by > 3 territories) were selected randomly for each trial (giving a

total of nine different combinations of experimental stimuli). Playbacks comprised con-

secutive songs recorded from a spontaneously singing unfamiliar male (> 3 territories

away from focal birds) on the study site. Songs were recorded onto Sony Metal-XR cas-

settes (to maintain fidelity at high frequencies) using a Sony WM-D6C cassette recorder

and a Telinga directional microphone with a fibreglass parabolic reflector. Songs were

transferred to CD with an inter-song interval of 10 s and played back using a Sony CFD-

V3 portable CD player (Sony Corporation, Tokyo, Japan) adjusted to 67 dB SPL at 10 m in

front of the speaker. These values approximately correspond to the volume (Holland et al.,

2000) and song rate during natural antiphonal (competitive) song bouts between male

wrens (Armstrong, 1944, 1955; Clark 1949; Brémond & Aubin 1992; Holland et al. 2000).

Playbacks lasted for 20 min, which corresponds with the duration of bouts of high fre-

quency singing among male wrens during the breeding season in natural situations (Clark

1949; Armstrong 1955; pers. obs.) or during interactive playback experiments (Brémond

& Aubin 1992). The length of the playbacks gave us a good ability to distinguish differ-

ences in song rate between males and detect males that were unwilling to maintain high

song rates for extended periods. Wrens typically responded actively for the entire duration

of playbacks (see Results).

As a control, the experiments were replicated on a random sub-sample of focal males

(n = 21, including three males with unknown breeding stage) using a mount and song
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playback of a blue tit (Parus caeruleus) during 2001, a presumably neutral avian intruder

(non predator, non-wren) that occurs naturally on the study site. Wren and blue tit trials

were performed on consecutive days and the order was randomised. Unlike the natural

singing observations, the playback experiments included the pre-fertile, fertile or post-

nesting non-fertile periods. We included the pre-fertile period as we were directly testing

territorial behaviour, and we did not perform experiments during the incubation and

nestling periods so that male parental effort would not influence the experimental results.

Each focal male was used only once, during a randomly assigned breeding period, to avoid

habituation effects. The mount and song playback was placed 30 m from the focal male on

his territory and at least 20 m inside the territory borders, in order to eliminate variation

associated with detection time or male presence or absence on the territory, or interfer-

ence from neighbours. From a distance of 20 m from the male and mount, we scored the

following response variables for a period of 20 mins from the start of the trial (at 30 s

intervals): the number of songs sung by the focal male (hereafter referred to as ‘challenge

songs’, i.e. singing when directly challenged by an intruder) within 10m (measured hori-

zontally) of the model/playback, the latency to approach within 10 m of the model/play-

back (males that did not approach within 10 m during the trial were given a latency of 20

mins), the time spent within 10 m of the model/playback, the closest approach (scored in

four distance classes horizontally from the model/playback: 0.0-1.0 m, 1.1-5.0 m, 5.1-10.0

m and >10.0 m) and the number of 30 s periods during which the focal male made physi-

cal attacks on the model (the actual number of individual attacks happen too quickly to be

quantified under field conditions). Attacks consisted of landing on the model with bouts

of rapid pecks on the head and body of the model for a period of time from 1 s up to

approximately 1 min. When calculating the song rate, we excluded the time period before

the male began responding (latency), and any 30 s intervals when the male was observed

to physically attack the model since the birds can not sing during this activity and the

actual duration of attacks (i.e. the proportion of the 30 s period actually spent attacking)

varied greatly. 

In all cases, the observers were randomly assigned to observations and were blind to

the breeding period. Observers sat quietly behind vegetation and took great care to avoid

disturbing the wrens excessively during trials.

Data analyses

Statistical analyses followed Quinn and Keough (2002) and were performed in SPSS 12

for Windows (SPSS Inc., USA). We compared the behaviour of males in relation to time

of day, date, year and breeding stage. Latency to respond during experimental trials dis-

played a highly skewed distribution (skewness 2.453 ± 0.383 SE) and was therefore rank-

transformed prior to analysis. Unless otherwise stated, analyses were performed using

general linear models (MIXED procedure) with fixed effects, using restricted maximum

likelihood (REML) estimation to account for missing data (breeding stage unknown for

three males). Because focal watches of spontaneous singing patterns were performed on

some males several times across different days and at different breeding periods, these

analyses were performed with male identity as a ‘subject’ (random effect). One male did
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not respond during the trial period and was excluded from the subsequent analyses. To

aid the interpretation of non-significant comparisons, we report the estimates and 95%

confidence intervals (CI) supported by the data (Colegrave & Ruxton, 2003). To account

for multiple comparisons between groups, we report significance and adjusted _ values

based on the Bonferroni method (Holm 1979). Means are given ± SEM, P-values are two-

tailed and the null hypothesis was rejected when  P < 0.05. 

RESULRESULTSTS

Natural territorial behaviour

We observed a mean male song rate (songs per minute) during focal watches (‘sponta-

neous’ song rate) of 2.61 ± 0.18 SE (range 0.40-4.35). We found no relationships

between date (independent variable) and either spontaneous song rate (F1,29.923 = 0.139,

P = 0.712, estimate = 0.005 ± 0.013 songs per min, 95% CI -0.022 to 0.032; Fig. 4.1a) or

movement rate (F1,29.740 = 0.047, P = 0.829, estimate <0.001 ± 0.002 moves per min,

95% CI -0.003 to 0.004). Similarly, we found no relationships between time of day (inde-

pendent variable, h) and either spontaneous song rate (F1,28.294 = 0.374, P = 0.546, esti-

mate = -0.238 ± 0.389 songs per min, 95% CI -1.034 to 0.559; Fig. 4.1b) or movement

rate (F1,28.509 = 0.323, P = 0.574, estimate = -0.026 ± 0.046 moves per min, 95% CI -

0.120 to 0.068).

Comparing breeding periods (fertile, incubation, nestlings and post-nesting non-fer-

tile), we detected no significant difference in either spontaneous song rate (F3,27.852 =

0.157, P = 0.924, 95% CI of differences ≥ -1.6 to ≤ 1.1 songs per min; Fig. 4.2) or move-

ment rate (F3,27.572 = 0.046, P = 0.987, 95% CI of differences ≥ -0.16 to ≤ 0.15 moves

per min). Alarm calling was only observed on one occasion (five calls) during focal watch-

es and was not incorporated into the analyses.

Experimental responses to intruders

To ensure that male wrens were responding to the simulated intrusions directly and not

some other aspect of the experimental treatment, we compared responses during the

wren trials (male wren mount and playback) with the responses of the same males during

control blue tit trials (blue tit mount and playback, n = 21). Male wrens displayed signifi-

cantly stronger territorial responses during wren trials than during control trials according

to all response variables (Table 4.1).

In order to test whether male wrens differed in their responses to either experimental

or control trials between breeding periods, we compared male behaviour during the pre-

fertile, fertile (up to 10 days prior to egg laying) and post-fertile (following nest depreda-

tion or fledging but prior to the subsequent fertile period) breeding stages. During control

trials, we found no effects of breeding stage on any response variable (song rate: F2,15 =

0.220, P = 0.805, 95% CI of differences ≥ -1.944 to ≤ 3.580 songs per min; latency: F2,15

= 0.554, P = 0.586, 95% CI of differences ≥ -12.319 to ≤ 9.521 latency ranks; time spent

<10m: F2,15 = 2.667, P = 0.102, 95% CI of differences ≥ -3.199 to ≤ 7.848 min; closest



TERRITORY DEFENCE, SINGING AND PATERNITY RISK

61

approach: logistic regression, χ2
4 = 3.033, P = 0.552, Nagelkerke pseudo r2 = 0.178).

These conclusions were robust to controlling for date, time and year. Wrens other than

the territory-holding male never responded to control trials, and no physical attacks on

the blue tit model were observed.

We observed a mean challenge song rate (songs per minute during experimental intru-

sions) of 4.5 ± 0.4 (range 2.6-7.0; n = 11) during pre-fertile trials, 5.6 ± 0.9 (0.74-12.0;

n = 13) during fertile trials, and 2.7 ± 0.5 (0.4-4.8; n = 11) during post-fertile trials. We

detected no significant relationships between challenge song rate (dependent variable)

and date (F1,31 = 0.360, P = 0.553, estimate –0.025 ± 0.042 SE songs per min, 95% CI of

Figure 4.1. (A) The relationship between date and spontaneous song rate produced by male wrens

during focal watches throughout the main breeding season. Dashed line indicates non-significant fit

line (P = 0.712). Note that nine males are represented on two or more different days (1.9 ± 0.3 SE

observations per male) in this figure, and these males are labelled (one to nine). Statistical analyses

use a repeated measures design (see text). n = 17 males. (B) The relationship between time of day

and spontaneous song rate produced by male wrens during focal watches during the post-dawn mor-

ning period. Day 121 is May 1st. Dashed line indicates non-significant fit line (P = 0.546). Note that

nine males are represented on two or more different days (1.9 ± 0.3 SE observations per male) in

this figure, and these males are labelled (one to nine). Statistical analyses use a repeated measures

design (see text). n = 17 males.
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difference –0.111 to 0.0605), time of day (F1,31 = 0.139, P = 0.712, estimate –0.103 ±

0.276 SE songs per min, 95% CI of difference –0.664 to 0.458) or year (F1,31 = 0.730, P =

0.399, estimate –0.880 ± 1.030 SE songs per min, 95% CI of difference –2.980 to 1.221).

Therefore, these variables were not included in further analyses. In addition, all conclu-

sions were robust to controlling for these variables.

Figure 4.2. Mean spontaneous song rate ± SE produced by male wrens during focal watches across

different breeding periods. When males were observed more than once in a single breeding period,

their average score for each breeding period is shown.  No significant differences were found bet-

ween groups (see text). Sample sizes for each breeding period (number of individuals) are given on

the figure.
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Table 4.1. The territorial behaviour of male wrens when compared between male wren and blue tit

simulated territory intrusions (model and song playback). Wren and blue tit trials were performed

on each male on consecutive days, during the same breeding stage and in random order. Closest

approach is expressed in four distance classes (1 = 0.0-1.0 m, 2 = 1.1-5.0 m, 3 = 5.1-10.0 m, 4 =

>10.0 m). Values show mean ± SEM (range); for latency we present the geometric mean (see

Methods). Paired t-tests, n = 21 males.

Behaviour Wren intrusion Blue tit intrusion 95% t P
confidence
interval of 
difference

Song rate (songs min-1) 4.06 ± 0.40 (0.40-7.03) 0.65 ± 0.34 (0.0-7.00) 2.27-4.55 6.238 <0.001

Latency (min) 2.6 ± 0.6 (0.0-19.0) 11.8 ± 1.7 (0.0-20.0) 5.8-13.0 5.059 <0.001

Time spent < 10 m (min) 13.0 ± 1.5 (1.0-20.0) 1.6 ± 0.6 (0.0-10.0) 8.2-14.5 7.444 <0.001

Closest approach 0-1m 42.9% 0.0% 0.9-1.9 5.451 <0.001

1.1-5m 33.3% 19.0%

5.1-10m 23.8% 42.9%

>10m 0.0% 38.1%
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Challenge song rate differed significantly among the breeding stages (F2,32 = 4.610,

P = 0.017, partial Eta2 = 0.224; Fig. 4.3). To examine hypothesised differences between

breeding periods, we used planned comparisons to test for a difference in song rate during

the fertile period compared to the pre-fertile and post-nesting periods combined, and for a

difference in song rate between the pre-fertile and post-fertile periods. These comparisons

revealed that challenge song rates were significantly higher during the fertile breeding

period compared to the pre-fertile and post-nesting periods (t32 = 2.470, P = 0.019, con-

trast estimate = 2.009 ± 0.813 SE; Fig. 4.3), and this conclusion is robust to Bonferroni

correction for multiple comparisons (adjusted α = 0.025). In addition, we found a non-

significant tendency for challenge song rates to be higher during the pre-fertile period

compared to the post-fertile period (contrast estimate = 1.752 ± 0.992 SE, t32 = 1.767,

P = 0.087).

We detected no significant effects of date, time of day or year on latency (all main

effects: P > 0.070), time spent <10m (P > 0.410) or closest approach (P > 0.713). We

found no significant differences between breeding periods any of time spent <10m or

closest approach, but there was a significant effect of breeding stage on latency (Table

4.2).  Post-hoc analyses revealed that latencies were significantly shorter in the pre-fertile

breeding compared to the fertile (mean difference –9.601 ± 4.038 SE latency ranks, P =

0.024, 95% CI of difference –17.826 to –1.376) and post-fertile breeding stages (mean dif-

ference –10.097 ± 4.203 SE latency ranks, P = 0.022, 95% CI of difference –18.652 to

–1.530), while latency did not differ between the fertile and post-fertile breeding stage

(mean difference –0.490 ± 4.038 SE latency ranks, P = 0.904, 95% CI of difference

–8.715 to 7.736).

During experimental trials (wren model with playback), physical attacks on the model

were observed from only three males: one during the pre-fertile stage (occurring during

Figure 4.3. Mean challenge song rates ± SEM produced by male wrens in response to simulated

male intrusions (male wren model and song playback) during the pre-fertile, fertile (up to 10 days

prior to egg laying) and post-fertile (following nest depredation or fledging but prior to the subse-

quent fertile period) breeding stages. Sample sizes (number of individuals) are given on the figure.
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one 30 s observation interval), and two during the fertile period (comprising seventeen

30 s observation intervals). Alarm calls (two) were only observed during one blue tit trial.

We never observed copulations, courtship displays or mate guarding between the focal

male and his partner during trials. Females were never observed responding to playbacks

of responding males, although their cryptic habits made systematic observations of female

activities during trials impossible.

DISCUSSION

Fertility announcement

Our results indicated that spontaneous singing or territory patrolling (movement rate)

were not adjusted to the breeding period, and in particular the fertile period of the pair

female. We also found no relationship between these behaviours and either time of day or

date, although the latter pattern was not unexpected even if wrens did adjust singing to

fertility as a high rate of nest predation (ca. 85%) and frequent renesting resulted in low

breeding synchrony in the local wren population in this study. Although the relatively

small sample sizes of these observations dictate that such negative relationships should

be interpreted with some caution, in most cases the estimates of effect sizes derived from

these analyses indicate that the effect sizes supported by these data are likely to be fairly

small and not very biologically significant. Furthermore, we found no relationship

Table 4.2. The territorial behaviour of male wrens during simulated territory intrusions (male wren

model and song playback) during the pre-fertile, fertile (up to 10 days prior to egg laying) and post-

fertile (following nest depredation or fledging but prior to the subsequent fertile period) breeding

stages. Closest approach is expressed as frequencies (% cases) in four distance classes. Latency rank-

transformed prior to analysis. Model fit is an indication of the proportion of variance in the behavi-

our explained by the breeding period; for multinomial logistic regression analysis of closest appro-

ach, we have presented the Nagelkerke pseudo r2. See the text for post-hoc comparisons between

breeding periods. Values show untransformed mean ± SEM (range). n = 11 (pre-fertile), 13 (fertile)

and 11 (post-fertile).

Behaviour Pre-fertile Fertile Post-fertile Statistic d.f. P Model fit

Latency (mins) 1.6 ± 1.0 3.2 ± 1.4 3.1 ± 0.9 3.755* 2, 32 0.034 0.190‡
(0.0-19.0) (0.0-9.5) (0.0-9.5)

Time spent <10 m (mins) 14.1 ± 1.6 14.7 ± 1.9 10.2 ± 2.1 1.604* 2, 32 0.217 0.091‡
(5.5-20.0) (2.0-20.0) (1.0-20.0)

Closest approach 0-1m 54.5% 46.2% 27.3% 4.765† 4 0.312 0.144**

1.1-5m 36.4% 38.5% 27.3%

5.1-10m 9.1% 15.4% 45.5%

>10m 0% 0% 0%

* ANOVA (F)

† multinomial logistic regression (x2)

‡ Partial Eta2

** Nagelkerke statistic (pseudo r2)
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between breeding stage and either song rate or other measures of territorial response dur-

ing control intrusion trials, which provides additional support for the idea that male

wrens do not adjust territorial patrolling to female fertility.

The fertility announcement hypothesis (Møller 1991a) predicts that males will engage

more in spontaneous (advertisement) singing during their mate’s seasonal and diurnal

fertile periods. Thus, our observations of singing in wrens are not consistent with this

hypothesis. In line with our results, the majority of studies testing this hypothesis to date

have found no support for this prediction (11 out of 13 studies reviewed in Gil et al. 1999;

Amrhein et al. 2004; Turner & Barber 2004; but see Greig-Smith 1982; Mace 1987; Møller

1988; Pinxten & Eens 1998; Forstmeier and Balsby 2002). In species where spontaneous

singing does seem to increase with fertility, song may instead function to stimulate the

female reproductive cycle, to promote copulation solicitations from the pair female or to

gain copulations with extra-pair females (Hinde & Steel 1978; Greig-smith 1982; Morton

et al. 1985; Pinxten & Eens 1998; Mota 1999; Amrhein et al. 2004). Alternatively, some

studies intending to report only spontaneous song rate may report a greater proportion of

singing during natural contests between males during the fertile period, as intrusions by

extra-pair males may be higher during the female’s fertile period (e.g. Currie et al. 1998).

More detailed studies in species where fertility announcement through song has been

reported would be required to investigate this possibility.

Mate defence and paternity assurance

In general, our results do not support the mate defence hypothesis (e.g. Hinde 1956;

Birkhead 1979; Møller 1987a; Stamps 1994; Maher & Lott 1995; Langmore 1996; Tobias

& Seddon 2000). In addition to the lack of any significant associations involving adver-

tisement singing or territory patrolling (discussed above), our experiments revealed that

latency to respond, time spent in close proximity of the intruder and distance of closest

approach did not indicate a stronger response during the pair female’s fertile period com-

pared to the pre-fertile and post-nesting post-fertile periods. Instead, latency to approach

the intruder was significantly shorter in the pre-fertile period (presumably indicating a

stronger territorial response). This pattern was apparently associated with the breeding

cycle itself rather than other seasonal variation because there were no significant effects of

date or time of day on any of the territorial response variables that we recorded. These

three variables are measures of territorial approach behaviour, which presumably indicate

vigilance, aggression and/or territorial motivation (see also chapter 3).

Singing as paternity assurance

Challenge song rate (i.e. song rate in the presence of a male conspecific intruder) showed

a markedly different pattern in relation to breeding stage compared to the measures of

territorial approach behaviour discussed above. Challenge song rate was significantly

higher during the fertile period compared to the pre-fertile and post-fertile periods com-

bined, but tended to decline between the pre-fertile and post-fertile periods. Such fine-

tuning of male behavioural mechanisms with the female fertility period may suggest that

they are adaptations to sperm competition (Birkhead 1998).



CHAPTER 4

66

The mate defence hypothesis provides one explanation for why males should increase

investment in singing when faced with a male conspecific intruder and when the pair

female is fertile (Langmore 1996). However, as discussed above this pattern was not

reflected in any of our other measures of territorial response, such as latency to respond

to an intruder. This suggests that performance (song rate) during singing contests

between males has a function during the fertile period distinct from territorial competi-

tion and the expulsion of intruding males, and may represent a different kind of informa-

tion. In light of recent findings about the importance of eavesdropping by females on male

singing contests for female (extra-pair) mate choice, it is possible that these results may

be related to advertising male quality to females that are eavesdropping on male singing

contests. Males could encourage mate fidelity and increase their own mating opportuni-

ties if females prefer to copulate with males that perform well in singing contests. A

recent experiment on black-capped chickadees (Poecile atricapillus) has shown that better

performance of males during song contests decreased the rate of cuckoldry in the subse-

quent nests of those males (Mennill et al. 2002). Male great tits (Parus major) that per-

formed better during experimental song contests decreased the subsequent frequency of

excursions onto neighbouring territories by their mates (Otter et al. 1999). Apparently,

females in these species use information gathered by eavesdropping on male singing con-

tests to guide their future mating decisions, and this may lead to more escalated singing

contests between males when fertile females are eavesdropping (Johnstone 2001). In this

way, the pair female rather than the intruding male may be the primary receiver of male

challenge songs during the fertile period, and the primary purpose of singing during con-

tests may be to advertise quality rather than direct defence of the breeding territory. It

should be possible to further address this issue by considering how males behave during

sing contests in relation to the proximity or within-pair and extra-pair females. Future

work is also required to investigate how females respond to male singing contests in this

species Unfortunately, we have no information on the role of singing performance on

(extra-pair) mate choice in wrens, and no data regarding the behaviour of female wrens

during male singing contests. 

Our results are in contrast to the outcomes of playback experiments in yellowham-

mers (Hiett & Catchpole 1982) and stonechats (Greig-smith 1982), which showed that

the peak of singing is also when males are most aggressive. Langmore (1996) has offered

experimental evidence in polygynandrous dunnocks (Prunella modularis) that both song

and territory defence function as mate defence. Dunnock males produced more sponta-

neous songs, and were more likely to respond and sang more in response to song play-

backs when they were part of female biased breeding groups. Furthermore, when females

were experimentally removed from breeding groups males dramatically decreased their

song output and eventually abandoned their territories. Tobias and Seddon (2000) have

shown that male robins exhibit more territorial aggression (significantly closer approach

and more physical attacks, tendency for shorter latency) to experimental intrusions (male

conspecific mounts with no song playback) during the pair female’s fertile period com-

pared to the pre-fertile and post-fertile periods, but did not find a difference in challenge

song rate between breeding periods. To our knowledge, no previous study has demon-
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strated an increase in singing in response to intruders during the fertile period of the pair

female.

One shortcoming of our experimental design is that we used only three model wren

and three playback stimuli, leading to some degree of pseudoreplication (Kroodsma 1989;

Wiley 2003). Both models and playbacks were presented at random with respect to the

focal male and the breeding stage (observers were blind with respect to the breeding

stage), but our conclusions are based on the assumption that these models and playback

songs represent a single class of stimulus (Wiley 2003). Irrespective of this concern, we

believe that the differences found between territorial approach (e.g. latency) and chal-

lenge song rate are worthy of consideration.

Conclusions

Investment in challenge song could be a particularly effective form of paternity assurance

for wrens if female wrens do make mate choice decisions based on information gathered

by eavesdropping on male singing contests. Strong performance during sing contests may

not only reduce the likelihood of cuckoldry and mate-switching (which is common in

wrens; Armstrong 1955; Garson 1980), but also enhance a male’s territory persistence

(Naguib et al. 1999; Peake et al. 2001; Peake et al. 2002) and his success in obtaining extra-

pair copulations with neighbouring females. Conversely, mate guarding may be a relative-

ly poor paternity assurance strategy in wrens because of their cryptic habits and dense

habitat, and because it is often mutually exclusive with territory defence or engaging in

song contests with competitors (Slagsvold et al. 1994). We never observed mate guarding

during this study.
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ABSTRACT

Bird song is generally regarded as a sexually selected trait, and may represent a reliable

handicap signal under at least certain conditions. Females may use the degree of male

song production as a reliable cue to male condition or territory quality. We investigated

the effect of supplementary feeding on song output in the migratory Australian reed war-

bler (Acrocephalus australis). We experimentally increased the food availability on alter-

nate days, and recorded several weather variables. We measured song rate and song

length independently. Supplementary fed birds sang more on feeding days than on non-

feeding days, while control birds did not show this effect. Song output was not signifi-

cantly associated with any of the weather variables examined. Our results indicate that

singing has the potential to serve as a reliable handicap signal to territorial food avail-

ability irrespective of the prevailing weather conditions. We discuss the role of energetic

constraints and behavioural flexibility on the signalling function of song.
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INTRODUCTION

The handicap principle (Zahavi 1975, 1977) proposes that male traits that impose a cost

on the signaller may reliably advertise male ‘condition’ (e.g. energetic or nutritional state;

Nur & Hasson 1984). Males that display a larger handicap should be in better condition,

which may in turn reflect territory quality (food availability) or genetic qualities of the

male (Greig-Smith 1982; Tamm 1985; Reid 1987). The handicap principle further requires

that the optimal expression of a costly trait depends on the current condition of the bear-

er of the trait, and as such, plasticity in the expression of male phenotypic traits is essen-

tial to the handicap principle (Zahavi 1977; Nur & Hasson 1984). Such flexibility will be

advantageous to individuals bearing costly traits when there is temporal or spatial varia-

tion in the costs of a trait, by allowing the trait to be maintained at the optimum level of

expression (Brooke et al. 1998). Indeed, phenotypic plasticity may be more important to

fitness than the actual value for a particular trait (Jordan & Snell 2002), although few

studies have addressed this point for commonly observed signalling systems.

Singing by male songbirds may represent one such male handicap trait. Singing is

used by male songbirds to compete with other males in establishing and defending terri-

tories and to attract both social and extra-pair mates (e.g. Searcy & Andersson 1986;

Catchpole & Slater 1995). Singing is thought to be costly because of the energetic

demands of song production (e.g. Lambrechts & Dhondt 1988; Eberhardt 1994; Chappel

et al. 1995; Oberweger & Goller 2001), the temporal constraints imposed on other activi-

ties such as foraging (e.g. Reid 1987, Galeotti et al. 1997, Saino et al. 1997; Lucas et al.

1999) and the increased risk of depredation (Krams 2001). Such costliness should pre-

vent cheating (Grafen 1990), so singing may represent a reliable cue to male health and

energetic state (e.g. Reid 1987; Catchpole & Slater 1995; Lucas et al. 1999; Oberweger &

Goller 2001). Accordingly, males that have a higher song output (more and/or longer

songs) may be more attractive to females because they are likely to occupy better territo-

ries (Yasukawa 1981), or be in better condition (Hutchinson et al. 1993; Beani & Dessi-

Fulgheri 1995).

So far, most studies have assessed male song output by measuring song rate. A positive

association between male song rate and pairing or mating success has been reported in

studies on sedge warblers (Acrocephalus schoenobaenus; Buchanan & Catchpole 1997), wil-

low warblers (Phylloscopus trochilus; Radesäter et al. 1987; Nyström 1997) and pied flycatch-

ers (Ficedula hypoleuca; Alatalo et al. 1990a), but not in others (e.g. stonechats (Saxicola

torquata; Greig-Smith 1982) and dunnocks (Prunella modularis; Davies & Lundberg 1984)).

It is therefore important to understand under which environmental conditions singing has

the potential to act as a reliable handicap signal, because these may have implications for

the sexual selection of song. Climate, for instance, may have a crucial but often overlooked

influence on the value of energetically costly handicap signals such as singing, because

variables such as ambient temperature may affect the energetic demands of signal produc-

tion and thus the reliability of the signal (Gottlander 1987; Reid 1987).

In this study, we examine the proximate causes of variation in song output, taking into

account both song rate and song length, in male Australian reed warblers (Acrocephalus
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australis). We report the results of a long-term supplementary feeding experiment and

examine several weather variables to investigate: 1) whether song output may act as a

reliable, behaviorally flexible handicap signal to territorial food availability, and 2) to what

extent other external factors (weather conditions, date) influence song rate independently

of food availability. Although song output has been well studied in several closely related

European Acrocephalus species (e.g. Catchpole 1973, 1983; Hasselquist & Bensch 1991;

Hasselquist et al. 1996; Buchanan & Catchpole 1997; Feßl & Hoi 2000; C
v

apek & Kloubec

2002), this is the first detailed study on singing behaviour in the Australian reed warbler. 

METHODS

Study Site and Species

Migratory Australian reed warblers arrive in south-eastern Australia over the course of

several weeks and establish small breeding territories, which are vigorously defended

against conspecific males and persist throughout the breeding season. Foraging takes

place both on the breeding territory and on communal, non-defended feeding areas out-

side the reed beds (no singing occurs here). All males sing on their territories frequently

throughout the breeding season, even after acquiring a mate (Cramp 1992), and extra-

pair fertilizations are common (affecting approximately 50% of clutches; Berg 1998; M.

Bleeker & M. Berg unpubl. data). The social mating system is generally monogamous,

although polygyny may occur (Brown and Brown 1986; M. Berg & J. Welbergen unpubl.

data).

The study was conducted at Edithvale-Seaford Wetlands, Australia (38º02' S, 145º07'

E) in 10 ha of Australian reed (Phragmites australis) bordering a lake. We selected two

equally sized ‘blocks’ of reed, each ca. 300 m x 50 m and situated on opposite sides of a

lake (ca. 500 m apart), on the basis of their subjective homogeneity, comparability in reed

structure, and proximity to water (in order to minimize natural differences in food avail-

ability and nesting sites between the treatments). Data were gathered from 7 October to 7

December 2000, the main breeding season of the Australian reed warbler. Birds were

colour-ringed for individual identification. Comprehensive weather data (ambient tempera-

ture, relative humidity, dew point temperature, atmospheric pressure and wind speed) were

obtained from the Bureau of Meteorology (Melbourne), and were recorded in an open area

adjacent to the study site. Weather variables were recorded on a 3 hourly basis and averaged

for each night time (21.00 to 06.00 h) and day time period (09.00 to 18.00 h).

Supplementary Feeding Experiment

We experimentally manipulated habitat quality by providing an artificial supplementary

food source. Each of the two blocks of reed forming the study site was divided into two

equally sized treatment ‘areas’ which were randomly assigned to either receive supple-

mentary feeding or to serve as a control for disturbance arising from the supplementary

feeding treatment. We provided supplementary feeding in only two areas, comprising sev-

eral adjacent territories each, rather than more smaller areas or individual territories, in
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order to reduce the potential for intrusions between treatment areas to affect song rate

(see Discussion). In each block, we made parallel transects spaced 20 m apart and run-

ning perpendicular to the lake edge. Plastic trays (20 cm diameter, 3cm deep, supported

ca. 1m high on a pole) were placed every 20 m along the transects in the supplementary

feeding areas (breeding territory size is typically at least 20 m in diameter (J. Welbergen &

M. Berg unpubl. data). Each tray was filled with ca. 30 g of live blowfly maggots

(Calliphora sp. larvae; Ritebait) in processed bran or rice husks every other morning at

approximately 11.00 hours. Feeding on alternate days allowed us to make a powerful

within area comparison between supplementary feeding days and control days to examine

the effects of the experimental treatment on song rate. The estimated field metabolic rate

for a breeding Australian reed warbler is 80 kJ per day (Williams 1996), so 30 grams of

maggots at approximately 4.5 kJ/g (Inaoka et al. 1999) represents more than 1.25 times

the daily energy requirements of one individual during reproduction assuming an assimi-

lation efficiency of 75% (Castro et al. 1989). Maggots were unable to escape from the

trays. Supplementary feeding was carried out from 7 October to 7 December. When feed-

ing, we also walked along the transects in the control areas to generate equal disturbance.

Remote video observations at random feeding trays (2.75 h ± 0.90 SD each, n = 7)

revealed that Australian reed warblers routinely consumed the supplementary food and

that no other bird species fed on the maggots. The maggots were usually largely depleted

within several hours and were always gone by the following day. In other studies on this

species, this supplementary feeding method increased female incubation attendance

(males do not incubate; chapter 9) and nestling food provisioning by both sexes, but had

no detectable effect on nest predation rates (J. Welbergen & M. Berg unpubl. data).

Singing Observations

We made singing observations of the colour-banded population from a 3.5 m high step-

ladder ladder on 16 random days from 4 November to 7 December. Most males were

paired and breeding during this period. By using both visual and auditory cues we could

assign territories to all males (supplementary fed areas: 28, control areas: 22). We made

observations from the ends of each transect, and moved to the next transect every 15

minutes. From each position we observed males in the reed as far as the next transect on

each side, thus each area of reed was observed during two consecutive 15 minute periods

per day. Observations were made once from each end of each transect. To avoid effects

from observation order, each of the areas was observed both from left to right and from

right to left. Each area was observed as described on four different days, yielding a total

observation time of two hours. Time constraints precluded us from observing more than

one area per day. Australian reed warblers sing throughout the day and occasionally at

night, but they have two diurnal peaks of song activity at morning and at evening, like

most song birds (Møller 1991a; Staicer 1996). Singing during dusk is most likely to be

affected by previous foraging success (Thomas 1999). We observed one area per day,

alternating between experimental and control areas, during the evening singing peak

(16.00 to 19.00 h). We avoided making observations on the four days with some rain

(20.2 mm) because birds stop singing. For each singing observation we plotted the loca-
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tion of males on a map and recorded the number of separate songs (at least 5 seconds in

between vocalisations) sung by each male during the 15 minutes. Due to the length of the

observation period and the fact that males continue to sing frequently throughout the

breeding season, all males were located during singing observations. Territories remained

stable throughout the period of singing observations. In order to compare song length

variation between treatments, the lengths (to nearest second) of up to 20 (17.7 ± 5.6 SD)

separate consecutive songs were timed using a stop watch from a random sub-sample of

11 control and 8 supplementary fed non-neighbouring males after pairing.

Data Analyses

All statistical tests were performed using SPSS 11 for Windows (SPSS Inc. 2001) and fol-

lowed Quinn & Keough (2002). Individual song rates were log transformed prior to

analysis to improve normality and equalize variance between groups. Non-parametric

tests were used when data were non-normally distributed. All P-values reported are two-

tailed and considered significant when P <0.05.

To examine the relationship between date, climate and song rate, we conducted a princi-

pal component analysis on date and the five weather variables (ambient temperature, rela-

tive humidity, dew point temperature, atmospheric pressure and wind speed) for the

night time and day time periods immediately preceding each singing observation.

Collinearity between several of these variables made their use together in a model inap-

propriate (tolerance values < 0.1). Varimax rotation had little effect on the variance

explained by each component but was used to improve the biological interpretability of

the components. We used analysis of covariance to compare mean song rate for each day

to the principal components derived from date and the weather variables while control-

ling for the experimental treatment (fixed factor).

Males within each treatment area (two supplementary fed and two control) may not

be independent (e.g. if individual song rates are influenced by unforeseen similarities

between the two areas in each experimental group or neighbouring song rates), leading to

pseudoreplication (see Hurlbert 1984). Therefore, as there are only two independent

treatment area replicates we have refrained from presenting statistical comparisons of

song rates between the supplementary fed and control groups. To examine the effect of

supplementary feeding on song rate more effectively, we carried out a randomized com-

plete block design analysis of variance with paired comparisons (treatment day as a fixed

factor and male as a random factor) to compare individual song rates between feeding

days and control (non-feeding) days separately for both the supplementary fed and con-

trol areas. Song lengths were taken from a random sample of males from throughout the

study site and the mean value for each male was used as the unit of comparison.

RESULTS

The mean song length of supplementary fed males did not differ from control males. The

mean song length was 1.74 s ± 0.34 SD (range 1–5 s, n = 11) for control males and 1.53
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s ± 0.30 SD (range 1–4 s, n = 8) for supplementary fed males (Mann-Whitney U-test:

Z = 1.274, P = 0.211).

We retained the first four components of a principal component analysis on the

weather variables (day time and night time periods preceding each singing observation)

and date, as they had eigenvalues greater than one and together explained more than 85%

of the total variance. Furthermore, all components greater than four had no simple biolog-

ical interpretation. Table 5.1 shows the factor loadings from the principal component

analysis. In summary, PC1 (31.5% variance) had strongly positive loading from humidity

and dew point temperature (day time and night time). PC2 (22.4% variance) had strongly

positive loading from ambient temperature (day time and night time) and moderately

positive loading from day time dew point temperature, and strongly negative loading from

day time wind speed. PC3 (20.1% variance) had strongly positive loading from atmos-

pheric pressure (day time and night time) and date. PC4 (11.6% variance) had strongly

positive loading from night time wind speed and moderately positive loading from day

time atmospheric pressure. 

To examine the relationships between song rate and date and weather, we compared

the mean song rate for each day with the four principal components derived from date

and the weather variables (Fig. 5.1). We included feeding treatment as a fixed factor with

four levels (control areas on control days, control areas on feeding days, feeding areas on

control days, and feeding areas on feeding days) to control for the effect of experimental

food availability. There were no significant relationships between mean daily song rate

and any of the principal components (ANCOVA: PC1, F1,15 = 1.532, partial Eta2 = 0.161,

P = 0.251; PC2, F1,15 = 0.673, partial Eta2 = 0.078, P = 0.436; PC3, F1,15 = 0.199, par-

tial Eta2 = 0.024, P = 0.667; PC4, F1,15 = 0.881, partial Eta2 = 0.099, P = 0.375). The

partial Eta2 is the proportion of the total variability attributable to an individual variable.

The conclusions of this analysis were robust to the exclusion of feeding treatment as a

Table 5.1. Factor loadings for the first four principal components extracted from the weather variab-

les and date.

PC1 PC2 PC3 PC4

Day temperature -0.41 0.67 0.39 -0.33

Night temperature 0.00 0.88 -0.27 0.09

Day humidity 0.91 0.00 -0.28 0.15

Night humidity 0.83 -0.36 0.25 -0.20

Day dew point 0.77 0.61 -0.04 -0.07

Night dew point 0.89 0.21 0.08 -0.19

Day pressure 0.38 0.00 0.70 0.52

Night pressure 0.12 -0.12 0.94 -0.10

Day wind speed -0.15 -0.79 -0.05 0.01

Night wind speed -0.20 -0.01 -0.04 0.90

Date -0.37 0.03 0.72 -0.04
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factor (PC1, F1,15 = 2.289, partial Eta2 = 0.172, P = 0.158; PC2, F1,15 = 0.678, partial

Eta2 = 0.058, P = 0.428; PC3, F1,15 = 0.026, partial Eta2 = 0.002, P = 0.875; PC4, F1,15

= 3.703, partial Eta2 = 0.252, P = 0.081).

The mean song rates (songs per 15 minute observation) of supplementary fed males

were 5.4 ± 0.6 SEM on feeding days and 3.8 ± 0.5 on non-feeding days (mean 4.6 ± 0.4),

and for control males they were 3.0 ± 0.6 on feeding days and 2.4 ± 0.7 on non-feeding

days (mean 2.8 ± 0.4; Fig. 5.2). To examine the association between the supplementary

feeding treatment and song rate, we made paired comparisons of individual song rates

between control and supplementary feeding days separately for both the control and sup-

plementary fed areas. There was no difference between feeding and non-feeding days in

control areas (ANOVA: F1,21 = 0.030, P = 0.865), but males in supplementary fed areas

sang at significantly higher rates on feeding days than non-feeding days (F1,27 = 13.180,

P = 0.001; Fig. 5.2).

Figure 5.1. Relationships of mean song rate for each day versus PC1 to 4 (principal components

derived from date and ten weather variables; see Table 5.1). Filled symbols correspond to supple-

mentary fed areas and open symbols to control areas; squares correspond to supplementary feeding

days and triangles correspond to control days. No regression was significant (see text). Each area

(two supplementary fed and two control) was observed four times on random days (n = 16 days).
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DISCUSSION

Song as a handicap signal

If song is to be an effective handicap signal, it must be costly to the bearer and behav-

iourally flexible (Zahavi 1975, 1977; Nur & Hasson 1984; Grafen 1990), and our results

on song rate support these notions. Supplementary fed males sang significantly more on

feeding days than on non-feeding days while control males did not. Each feeding day

alternated with a non-feeding day, and such flexibility should be beneficial to males by

allowing them to maintain their song output at the optimum level under varying environ-

mental conditions (Brooke et al. 1998). The increase in song rate observed on supplemen-

tary feeding days equated to 6.4 (42%) extra songs per hour for supplementary fed males,

and is thus likely to be important in mate attraction and/or territory tenure. By contrast,

control males showed an increase of 2.4 (25%) extra songs per hour. Song length did not

differ significantly between treatments, indicating that males with reduced energetic con-

straints invest in more frequent singing rather than longer songs.

These results suggest that song rate is directly constrained by energy reserves (e.g.

Lambrechts & Dhondt 1988; Eberhardt 1994; Chappel et al. 1995; Oberweger & Goller

2001) and/or imposes temporal constraints on foraging (e.g. Reid 1987; Galeotti et al.

1997; Saino et al. 1997; Lucas et al. 1999). Of nine previous studies considering the effect

of supplementary feeding on song output in free-living birds (see Thomas 1999), seven

reported a significant positive relationship between food supplementation and either

overall time spent singing (Cuthill & MacDonald 1990; Cucco & Malacarne 1997;

Thomas 1999), or song rate (Searcy 1979; Davies & Lundberg 1984; Gottlander 1987;

Strain & Mumme 1988). Laboratory studies have indicated that singing increases meta-

bolic rates considerably over basal metabolic rates (see Ward et al. 2003). However, these

energetic costs may represent only a slight increase in metabolic rate relative to other

Figure 5.2. Song rate (number of songs per 15 minutes) grouped by supplementary feeding treat-

ment and separated into control days and supplementary feeding days. n = 22 control males and 28

supplementary fed males. Mean ± SEM.
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common daytime activites such as perching (Ward et al. 2003). Thus, temporal con-

straints on foraging rather than direct energetic costs may be the main energetic con-

straint on song output.

All previous studies examining the effect of supplementary feeding on song output

were conducted in climates considerably cooler than that of our study (average hourly

temperature during our study period 17.4 °C, range 7.8–33.4 °C). Moreover, Strain and

Mumme (1988), and Thomas (1999) undertook experimental observations primarily dur-

ing the winter, non-breeding period, while Gottlander (1987) only found a significant

effect during the coldest periods (4–11 °C) of the study. Energetically costly signals such

as singing may be less reliable under less physiologically stressful environmental condi-

tions, such as warm temperatures and at dusk rather than dawn (Reid 1987). Reid

(1987), studying Ipswich sparrows (Passerculus sandwichensis princes) in Nova Scotia,

Canada, observed that song rates were less sensitive to ambient temperature in a mild

year, in June (the warmest month of the study) and in the afternoon.

Climate and seasonal variation

In addition to variation in food availability or foraging success, date and climate variation

may be an important source of variation in song rates (e.g. Gottlander 1987). Breeding sta-

tus may have a large impact on song rates (see Møller 1991a), so one might expect a popu-

lation wide relationship between date and song rate if birds breed reasonably synchronous-

ly. Ambient temperature has been linked to variation in song output in a number of species

due to the higher energetic costs of maintaining body temperature at low ambient temper-

atures (e.g. Gottlander 1987; Reid 1987; Thomas 1999). Such relationships are often diffi-

cult to interpret because there are frequently strong inter-relationships between such vari-

ables (e.g. date, temperature and relative humidity), but this can be overcome with factor

analysis. We found no significant relationships between song rate and the first four princi-

pal components derived from date and ten weather variables (Table 5.1). Thus date and the

prevailing weather conditions did not seem to strongly influence song output in our study.

High nest depredation rates and rapid renesting mean that breeding synchrony is low in

our study population, and extra-pair fertilizations commonly occur throughout the breed-

ing season (Berg 1998; M. Bleeker & M. Berg unpubl. data), which may explain the lack of

a relationship between song rate and PC3 (date and atmospheric pressure). Temperature

may be less influential on singing in warm conditions and at dusk (when the birds have

foraged throughout the day (Reid 1987; Thomas 1999)), as in our study.

Experiments where supplementary food is provided over relatively long time periods,

as in this study and a number of others (see Thomas 1999, Table 2), may introduce a

number of problems. Territory size and density may be affected (Davies & Lundberg

1984, 1985), and this could have a large effect on song rate (e.g. McShea & Rappole

1997). Male density did not appear to differ significantly between the equally sized sup-

plementary fed (28 males) and control areas (22 males; χ2 = 0.641, P = 0.423).

Territories with high food availability may suffer from more conspecific intrusions,

particularly from territories with lower food availability (e.g. Tobias 1997). This may lead

to increased song rate in supplementary fed territories (e.g. Wolf 1975; Møller 1991b),
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although studies of calliope hummingbirds Stellula calliope (Tamm 1985) and red-winged

blackbirds (Agelaius phoeniceus; Searcy 1979) found that supplementary feeding had no

effect on intruder pressure. Furthermore, we do not believe that control individuals

intruding onto supplementary fed territories led to the observed increase in song rates for

the following reasons: 1) no individuals from control areas were observed feeding at sup-

plementary feeding trays (n = 7 random trays observed for 2.75 h ± 0.90 SD each, and all

observations were performed immediately after feeding), 2) extensive catching in all areas

during colour-banding revealed only one case of an inter-area intrusion, and 3) since our

supplementary feeding was conducted in two areas of several contiguous territories most

fed territories did not have non-fed neighbours nearby. All previous studies reviewed in

Thomas (1999) that examined the effect of supplementary feeding on song output except

one directed supplementary feeding to single, non-adjacent territories. The exception

(Enoksson 1990) provided food to a block of contiguous territories but failed to find an

effect of supplementary feeding on song output. It is possible that single male feeding,

even when relatively short-term, is more likely to lead to a substantial increase in the

intrusion pressure from non-fed conspecifics in adjoining territories. Short-term supple-

mentary feeding experiments are an alternative to long-term supplementary feeding.

However, some individuals may not become fully accustomed to the experimental feed-

ing, intruder pressure may still increase and effects of food availability arising from more

long-term changes in individual condition will not be detected.

Conclusions

It appears that the benefits to females of choosing a male with a high song rate would

include non-genetic (direct) benefits, such as a better territory. To date, most studies on

the signalling function of song have been conducted in relatively cool climates, and until

more studies from other climates are published it may be difficult to know if the results

are general or specific to certain environments. Future research should also focus on iden-

tifying potential female preferences for high male song output and on quantifying the

potential fitness outcomes of female choice for male song production. Finally, if song rate

is to be a proper ‘strategic choice’ handicap signal, the costs of singing must also increase

differentially for individuals of different quality (Grafen 1990), and this point remains to

be adequately tested.
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ABSTRACT

The vast majority of bird species build a nest in which to breed. Some species build more

than one nest, but the function of most multiple nest building remains unclear. Here we

describe the unusual nest building behaviour of the Australian reed warbler (Acrocephalus

australis), and test experimentally the hypotheses that multiple nest building is related to

individual condition or territory quality, and plays a role in mate assessment. Australian

reed warblers built two types of nest structures: ‘type I’ nests, which were used for eggs

and nestlings, and ‘type II’ nests, which were structurally distinct from type I nests, did

not support eggs, nestlings or adults and were not essential for successful breeding. The

number of type II nests built in each territory varied. Type II nests were only built before

breeding had commenced in a territory and females were not observed participating in

their construction, supporting a role in female mate choice. Birds provided with supple-

mentary food built significantly more type II nests than control birds. However, supple-

mentary-fed birds did not have greater pairing success, and the addition of further type II

nests to territories did not increase the pairing rate or type II nest construction in those

territories. There was no relationship between the presence of type II nests and either

reproductive success or likelihood of nest predation. We discuss the implications of

these results in light of previous suggestions regarding the function of multiple nest

building in birds.
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INTRODUCTION

Nest building is an essential activity for successful reproduction in most birds and many

species expend considerable time and energy in the construction of one or more elaborate

nests for breeding (Verner & Engelsen 1970; Collias & Collias 1984; Metz 1991). There is

evidence that both the selection of a nest site and the quality of a nest can have important

effects on breeding success (Thompson & Furness 1991; Hoi et al. 1994; 1996; Weidinger

2002). While most species typically build only one nest per breeding attempt, some

species simultaneously build more nests or nest-like structures than are used for breeding

(e.g. Verner & Engelsen 1970; Garson 1980; Savalli 1994; Friedl & Klump 1999). To date

there has been remarkably little empirical work on this unusual behaviour, but several

hypotheses have been proposed to explain the adaptive significance of multiple nest

building. These include: (a) to reduce excess energy (Forbush 1929), (b) to practice nest

building (Hunter 1900), (c) to outline territory boundaries (Allen 1923), (d) to provide

shelter for adults or fledglings (Verner 1965), and (e) to act as decoys to reduce predation

(Shufeldt 1926; Leonard & Picman 1987). However, the most commonly invoked hypoth-

esis is that of mate attraction (e.g. Verner & Englesen 1970; Collias & Collias 1984; Evans

& Burn 1996; Soler et al. 1998; Brouwer & Komdeur 2004). If this is the case, individuals

might signal their current condition or the quality of their territory (e.g. food availability,

nest site quality or the absence of nest predators) through constructing multiple nests

(e.g. Leonard & Picman 1987; Moreno et al. 1994; Savalli 1994; Evans & Burn 1996;

Kusmierski et al. 1997; Friedl & Klump 2000). In this way, even non-breeding nests may

be considered as (non-bodily) ornaments in the same way as other secondary sexual char-

acters (Andersson 1994). Moreover, when both sexes participate in nest building it may

be a sexually selected display that allows each sex simultaneously to gain reliable informa-

tion on the condition or quality of the other (Soler et al. 1998), and may function in mutu-

al mate assessment or pair bonding.

The Australian reed warbler (Acrocephalus australis) arrives at breeding sites in south-

ern Australia from September to December. Males arrive before females and defend small

breeding territories throughout the breeding season (Cramp 1992; M. Berg, J. Welbergen

& R. Kats unpubl. data). Pair-bonds typically persist throughout the season and the social

breeding system is primarily monogamous, although polygyny and extra-pair fertilizations

can occur (J. Welbergen & M. Berg unpubl. data; Brown & Brown 1986). Nests are con-

structed in beds of common reed (Phragmites australis), where potential nest sites are

extremely abundant. The birds frequently build more nest structures than are actually

used for breeding (Courtney-Haines 1991; this study), however in contrast to similar sys-

tems well documented previously, there is a clear and consistent structural difference

between the nests that are used for breeding (‘type I nests’, Fig. 6.1A) and the nests that

are not used for breeding (‘type II nests’, Fig. 6.1b). Type I nests are typically supported

by three or more closely placed reed stems and have a distinct cup shape suitable for con-

taining a clutch or brood. Type II nests are much smaller, rudimentary structures that are

always built on only two reed stems and which, lacking a cup shape, are not suitable for

egg-laying, or for the shelter of offspring or adults (see Verner 1965). Several broods are
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usually attempted in a season, with a new type I nest being built for each breeding

attempt (Brown & Brown 1986; this study).

In this study, we describe the unusual nest-building behaviour of the Australian reed

warbler, which has not been documented in detail previously. As has commonly been pro-

posed in other species (e.g. Verner & Englesen 1970; Evans & Burn 1996), previous

workers have suggested that multiple nests may be built by male Australian reed warblers

for mate attraction purposes (so-called ‘cock nests’, Courtney-Haines 1991). We predict-

ed that if type II nests function in mate assessment, these nests will only be built during

the period of pair formation, while if they have a different function or are by-products of

type I nest building attempts they should appear throughout the breeding cycle or during

re-nesting attempts. We also conducted two experiments designed to further examine the

functional significance of multiple nest-building in this species, with particular attention

to a potential role of type II nests in mate and/or territory assessment and pair formation

(‘sexual selection’ hypothesis). Firstly, we conducted a supplementary-feeding experiment

to examine the role of territorial food availability on nest building. If the construction of

multiple nests is energetically constrained the number of type II nests built by an individ-

ual or pair may be a signal of condition or territory quality (Zahavi 1987). Secondly, we

performed a nest addition experiment (Leonard & Picman 1987) using artificial type II

nests (Fig. 6.1C). With this experiment we could test directly the relationship between

type II nest number or density and subsequent nest building or pairing success, without

the confounding effects of associated variation in nest quality, individual quality or territo-

ry quality.

Figure 6.1. Type I nest (A) and type II nest (B) of an Australian reed warbler, and artificial type II

nest (C) used in the nest addition experiment.

A B C
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MATERIAL AND MEYHODS

Study area and data collection

The study was conducted on a colour-banded population of Australian reed warblers in 10

ha of Common Reed at Edithvale-Seaford Wetlands (38º 02' S, 145º 07' E), Australia. The

study was conducted from October 2000 to January 2001, the main breeding season of

the Australian reed warbler. We found nests by searching systematically through the reeds

every 1–2 weeks on 5-m transects, parting the vegetation carefully to minimize distur-

bance. Nests were classified as either of type I or type II, marked with a small piece of

green or yellow plastic tape on a nest support stem (to match the surrounding vegetation

and allow exact relocation of the nest even if it disappeared) and located with a hand-held

satellite global positioning system (Garmin GPS 12®) to a precision of < 5 m. Type I

nests were considered active if they contained a clutch or brood, or if their construction

had been completed since last searching the area (clutches are always initiated within 1

week of nest completion, J. Welbergen & M. Berg unpubl. data). All type I nests were

monitored every two days for changes in their contents and the appearance of new nests

within 10 m (0.04 ha). This arbitrary area centred around a type I nest was chosen as a

compromise intended to incorporate most of the surrounding territory but to minimize

overlap with neighbouring territories. It is very difficult to make direct behavioural obser-

vations and to map large numbers of territories accurately in this species because of its

cryptic habits, the small size of the territories, and the dense and homogenous vegetation

that it inhabits. Clutches were considered complete when incubation had commenced and

more than one day had elapsed since the laying of the previous egg (eggs are laid on con-

secutive days, Welbergen et al. 2001). Nests were considered predated when eggs disap-

peared, when eggshells were found in the nests, or when nestlings disappeared before

nine days of age (fledging occurs at approximately ten to eleven days of age, Berg 1998). 

Observations of nest building were made with 8 mm video cameras (Sony Handycam)

on tripods 1–3 m from the nests. The video cameras were covered with hessian bags,

which are known substantially to reduce the disturbance caused to the breeding birds

(pers. obs.). Nine type I nests were filmed in the construction stage (3.09 h ± 0.02 SD

each), and 18 newly-discovered type II nests were filmed (2.33 h ± 0.03 SD each). From

these videos we recorded all nest-building activity by both sexes. We also marked some

nest material in each of five type II nests with spray paint or an indelible marker to deter-

mine whether this material was later used for the construction of other nests.

Supplementary-feeding experiment

In order to test whether the construction of type II nests is energetically constrained and

may therefore indicate territory quality or individual condition, we conducted a supple-

mentary-feeding experiment (see also chapters 5 & 9). Two approximately rectangular,

equally-sized ‘sections’ of reed, each ca. 300 m x 50 m and situated on opposite sides of a

lake (ca. 500 m apart), were selected on the basis of their homogeneity and subjective

comparability in reed structure and proximity to water (in order to minimize natural dif-

ferences in food availability and nesting sites between the treatments). Each section was
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divided into two equal ‘areas’ which were randomly assigned to either receive supplemen-

tary-feeding or to serve as a control. In each area, we made parallel transects spaced 20 m

apart and perpendicular to the lake/reed edge. Plastic trays (20 cm diameter, 3 cm deep,

supported ca. 1 m high on a bamboo pole) were placed every 20 m along the transects in

the supplementary-feeding areas (a typical breeding territory size is at least 20 m in diam-

eter, M. Berg & J. Welbergen unpubl. data). Each tray was filled with ca. 30 g of live

blowfly maggots (Calliphora sp. larvae, Ritebait, Australia) in processed bran or rice husks

every other morning at approximately 09:00 h AEST; 30 g represents approximately 135

kJ (at 4.5 kJg-1, Inaoka et al. 1999), which is expected to be > 1.25 times the field meta-

bolic rate of an Australian reed warbler (ca. 18 g) when raising nestlings (90 kJd-1,

Dawson & O’Connor 1996), assuming a 75% assimilation efficiency (Castro et al. 1989).

Maggots were unable to escape from the trays. Supplementary-feeding was carried out

from 7 October to 7 December. When feeding, we also walked along the transects in the

control areas to generate equal disturbance. Individuals in these areas were caught in mist

nets and colour banded for individual identification. All territories in the supplementary-

fed and control areas were accurately mapped and monitored during November and

December (described in chapter 5). Remote video observations at random feeding trays

(2.75 h ± 0.90 SD each, n = 7) revealed that reed warblers of both sexes routinely con-

sumed the supplementary food and that no other bird species fed on the maggots. The

maggots were usually largely depleted within several hours and were always gone by the

following day. This supplementary-feeding treatment is known also to increase incubation

attendance (chapter 9), male song rate (chapter 5) and nestling food provisioning rate (J.

Welbergen & M. Berg unpubl. data).

Type II nest addition experiment

If supplementary-fed birds were induced to build more type II nests, we could test to

some extent the role of type II nests in pairing success. However, the supplementary-feed-

ing experiment alone is not adequate to test for a direct role of type II nests on mate

attraction, because female settlement could be affected by the supplementary food directly

or indirectly through changes in other behaviours, such as singing (chapter 5). In order to

investigate further the potential role of type II nests in mate attraction, we conducted an

artificial nest addition experiment. Between 27 November and 6 December, during the

main nesting period, we randomly selected 11 pairs of quadrants throughout the study

site, excluding the supplementary-feeding areas and their control areas. Each quadrant

was centred around the average position of a singing male observed for approximately 30

min (considered the approximate ‘centre’ of the territory), and measured 20 m by 20 m

(0.04 ha) in order largely to encompass the area of a typical breeding territory. Such a

quadrant was considered suitable for the experiment if it did not contain any type I nests,

thus indicating that the males were almost certainly unpaired (old type I nests almost

always persist throughout the season, see Results). The quadrants forming most pairs

were located approximately 50 m apart, and always at least 5 m to reduce interference.

Quadrants were randomly assigned to either the experimental or control group. In the

centre of each experimental quadrant, we constructed a cluster of 10 randomly placed
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artificial type II nests (Fig. 6.1C). The artificial nests were made from hessian string (a

material which resembled the natural nesting material and is readily used by Australian

reed warblers in nest construction, see Results) and strongly resembled natural type II

nests except that they were resistant to destruction. The heights (1–2 m) and distances

between the nests (1–2 m) were in line with those that may occur naturally, but the num-

ber in experimental territories now substantially exceeded the observed natural range for

such an area (0–3). We checked all experimental and control quadrants (thereby equaliz-

ing disturbance between experimental and control quadrants) two days, one week, and

four weeks after the onset of the individual experiments for the appearance and status of

new nests and for the condition of the artificial type II nests.

Data analyses

Two variables were used to quantify the relative density of type II nests: the distance from

a type I nest to the nearest type II nest in the study area, and the number of type II nests

within 10 m of a type I nest. These two measures were strongly correlated (r = -0.402,

n = 224, P < 0.001), and yielded qualitatively similar results in the analyses; therefore,

only results from the former are presented since this measure does not invoke an estima-

tion of territorial area. When relating rates of predation and clutch completion to the

presence of type II nests, data from both supplementary-feeding and control areas were

pooled since there were no differences between these areas in predation rate or probabili-

ty of clutch completion (see Results).

All statistical tests were performed using SPSS 11 for Windows (SPSS Inc., 2001) and

followed Sokal & Rohlf (1995). We used non-parametric tests when data were not nor-

mally distributed or variances were unequal. All proportions were arcsin transformed

before testing. All P-values reported are two-tailed and considered significant when

P <0.05.

RESULTS

Patterns of nest building, placement and usage

Throughout the study site we located 357 nests, of which 250 (70%) were originally clas-

sified as type I and 107 (30%) as type II. Each estimated territory contained 0–3 type II

nests. One type I nest was built for each breeding attempt, and most territories ultimately

contained more than one type I nest from multiple breeding attempts. Three type I nests

(1%) were reclassified as type II nests during subsequent visits, which may represent mis-

classification of type I nests after destruction by predators. Twelve type II nests (11%)

were subsequently reclassified as type I nests, which is probably due to type I nests being

built on the position of an existing type II nest or, less commonly, a misclassification of a

type I nest in construction as a type II nest. New type I and type II nests in construction

could be identified easily because they were invariably wet and contained fresh, green veg-

etation; reed warblers apparently wet material before adding it to nests (Courtney-Haines

1991). Nest building was observed on four of the nine type I nests filmed in the construc-
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tion stage, and in all four cases both the male and female were observed contributing reg-

ularly to nest building. Construction of type I nests was always completed within three

days and, once completed, no further material was added to type I nests for the remainder

of the breeding attempt. Construction of type II nests appeared to occur more rapidly. Of

the 18 new type II nests filmed, one recording showed a male inspect the nest briefly and

leave. On another three recordings male reed warblers were observed to sing loudly and

manipulate the nest material, although in no cases was material added to or taken away

from the nest. No other displays were observed at type II nests, and no females were

observed in contact with type II nests.

After the observed completion of type I nests (n = 151), new type II nests were never

observed to appear within 10 m of these nests. Marked nest material from three type II

nests was found in type I nests in the same territory. In addition, warblers readily used

artificial material present in their territory for nest construction (particularly hessian from

the bags used to disguise video cameras). Although some type II nests remained intact

throughout the season, most were destroyed or decayed and gradually disappeared after a

short period of time. It was usually difficult to determine whether damaged type II nests

had been actively destroyed by reed warblers. Type I nests persisted throughout the breed-

ing season, except in rare cases (< 10%) when they were apparently destroyed by a large

predator (which are likely to include domestic cats and gallinules; Cramp 1992). We

observed no cases where type I nests appeared to have decayed or fallen down over the

course of a single season. Type I nests were never reused after a previous clutch.

The presence of type II nests did not correlate with any measure of reproductive suc-

cess. There were no significant correlations between clutch size, the number of hatchlings

or the number of fledglings (excluding predated nests) and the distance to the nearest

type II nest (r = 0.112, n = 139, P = 0.187; r = 0.180, n = 85, P = 0.099 and r = 0.219,

n = 55, P = 0.108, respectively). Considering only nests where the predation status was

known, there was no significant correlation between predation of type I nests and the dis-

tance to the nearest type II nest (logistic regression: χ2
1 = 0.263, n = 171, P = 0.608).

Note that the conclusions of these analyses remain unchanged when the number of type

II nests within 10m is used instead of the distance to the nearest type II nest.

Supplementary-feeding experiment

The density of male territories was the same in supplementary-fed and control areas, as

were the densities and number per male of type I nests (i.e. breeding attempts, Table 6.1).

However, the densities of type II nests and the number of type II nests per male and per

type I nest were significantly higher in supplementary-fed than in control areas (Table

6.1). To gain additional insight into the spatial distribution of nests, we also examined

distances between nests in these areas. Accordingly, the mean distance from each type I

nest to the nearest type II nest tended to be smaller in the supplementary-feeding areas

than in the control areas while the average distance between type II nests was significant-

ly smaller in supplementary-feeding areas (Fig. 6.2). However, there was no effect of the

supplementary-feeding treatment on the mean distances between type I nests and the

closest type I nest, or between type II nests and the closest type I (Fig. 6.2).
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There were no significant differences in the percentage of nests predated between the

supplementary-fed areas (26%, n = 23), the control areas (32%, n = 19) and the rest of

the study site (26%, n = 208) (χ2
2 = 0.34, P = 0.845), nor in the percentage of clutches

completed once the construction of a type I nest was commenced (64%, 76% and 80 %,

respectively; χ2
2 = 3.58, P = 0.167).

Table 6.1. Numbers and densities (per hectare and per male/territory) of type I and type II nests and

males in supplementary-fed and control areas (chi-square test). Number of males based on territory

mappings (see chapter 5).

Supp. fed Control χ2 P

Males n = 28 n = 22

ha-1 21.78 17.11 0.641 0.423

Type I nests n = 23 n = 19

ha-1 17.89 14.78 0.273 0.602

male-1 0.82 0.86 0.026 0.872

Type II nests n = 21 n = 7

ha-1 16.33 5.44 5.762 0.016

male-1 0.75 0.32 4.613 0.032

Type I-1 0.91 0.37 4.102 0.043

Figure 6.2. The mean distance ± s.e. of type I or type II nests to the nearest type I or type II nest in

supplementary-fed and control areas (Mann-Whitney U test). I   II: n = 23 (supp. fed) and 19 (con-

trol); Z = -1.669, P = 0.095. II   II: n = 21 (supp. fed) and 7 (control), Z = -2.128, P = 0.031. I   I:

n = 23 (supp. fed) and 19 (control); Z = -0.456, P = 0.648. II   I: n = 21 (supp. fed) and 7 (control),

Z = -0.956, P = 0.348. 
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Type II nest addition experiment

The birds appeared to treat the artificial nests as they do natural type II nests: in one case,

a type I nest was constructed on top of an artificial type II nest, and in numerous cases

small quantities of the hessian material from the artificial type II nests was used in the

construction of type I nests. The numbers of type I nests and type II nests appearing dur-

ing the 4 weeks after the onset of the experiment did not differ between treatment and

control areas (Fig. 6.3). None of the males in these areas attracted more than one female

during this period. This implies that the construction of both type I and type II nests, and

commencement of breeding, occurred independently of the number of artificial type II

nests already present on the territory.

DISCUSSION

Patterns of nest building

Type II nests represented at least 27% of the nests built by Australian reed warblers dur-

ing our study, even taking into account possible classification errors. For the most part,

nests did not change status between type I and II. Together with the consistently different

materials and structures between these nest types, this indicates that type I and type II

nests fulfil distinct, independent roles in the breeding biology of this species.

Despite the large number of breeding attempts monitored, type II nests never

occurred within 10 m of a completed type I nest (an area of 10 m either side of a type I

nest (0.04 ha) would in most cases be sufficient largely to encompass the surrounding

territory). This finding implies that no type II nests are built in a territory after pairing

has taken place and the first breeding attempt has been made; this is the key distinction

between this system and most multiple-nest building species studied previously, where

males are often polygynous and typically continue to build nests even after acquiring a

Figure 6.3. Mean ± SE number of type I nests and type II nests which appeared in experimental (ten

artificial type II nests added) and control areas (20 m x 20 m) within 4 weeks after the type II nest

addition (paired t-test). Type I nests: t10 = 0.671, P = 0.518; type II nests: t10 = 0.614, P = 0.553.
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mate and commencing breeding activities. Accordingly, the function of type II nests is

likely to involve the selection of a mate or breeding territory; it is unlikely to include the

selection of a suitable nest site because no type II nests were built during renesting

attempts and relatively few type I nests were built on the site of a type II nest. After con-

struction, type II nests were either left to decay or were destroyed; several observations

showed that reed warblers sometimes use the material for the construction of other nests.

Only males were observed in direct contact with type II nests, and type II nests occurred

in the territories of unpaired males. These observations lead us to believe that males are

probably responsible for the maintenance of type II nests with little involvement of

females (Courtney-Haines 1991), a view consistent with the idea that type II nests are

‘non-bodily’ male ornaments. However, due to the small number and ambiguous nature

of the type II nest building observations, and given that both sexes are involved in the

construction of type I nests in this species (this study, Brown & Brown 1986), it is still

possible that type II nests could be used by both sexes to gain information on each other

or the breeding site during pair formation (Soler et al. 1998).

We found no evidence that type II nests significantly affected reproduction post-pair-

ing. We found no significant relationships between the presence of type II nests and nest

predation, the probability of clutch completion or four measures of reproductive success

for individual breeding attempts (clutch size, number of hatchlings, number of fledglings

or predation). Some of these measures did tend to increase with decreasing proximity to a

type II nest, which may reflect a lower breeding success with increasing local breeding

density (Sinclair 1989).

Condition dependent nest building 

If the construction of type II nests is functionally significant, then we predicted that birds

freed from the energetic and temporal constraints of foraging would invest more in the

construction of type II nests. Furthermore, if the construction of type II nests is con-

strained by food availability it could provide an honest signal for other individuals to

assess the quality of the territory or the condition of the builder (Zahavi 1975, 1977;

Andersson 1982).

In line with this expectation, reed warblers in supplementary-fed areas built signifi-

cantly more type II nests, both per territory and per breeding attempt (i.e. type I nest).

This led to correspondingly smaller distances between type II nests and between type I

nests and the nearest type II nest (Fig. 6.2). These results were not related to nest preda-

tion, and supplementary-fed and control areas were specifically chosen in pairs to have as

similar vegetation structure and topography as possible. However, these results should be

interpreted with some caution, because we used only two supplementary-fed and two

control areas and it is possible that all individuals in a single area may not have been com-

pletely independent in terms of nest building behaviour. Nevertheless, these data strongly

suggest that the construction of type II nests is energetically or temporally constrained by

food availability or foraging ability.

Previous research has shown that the energetic costs of nest building in several bird

species amounted to 1.5–4.9 times the basal metabolic rate (Dolnik 1991). However, to
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our knowledge the current study is the first to show that nest building is directly related

to condition or food availability in any bird, and contrasts with previous studies on multi-

ple nest building species. Longitudinal and cross-sectional analyses by Evans (1997a) sug-

gested that nest number is a reliable indication of male body condition in winter wrens

(Troglodytes troglodytes), even when controlling for age and experience. However, a subse-

quent experiment involving the manipulation of nest-site availability indicated that nest

number was primarily determined by habitat structure rather than male characteristics

directly (Evans 1997b). In their study on red bishops (Euplectes orix), Friedl and Klump

(1999) also found no direct evidence that the rate of nest building by males was related to

male condition or quality. However, males that held a territory for longer and subsequent-

ly built more nests throughout the season were more likely to establish a territory in the

following season, leaving open the possibility that the length of territory tenure and the

number of nests built over the course of a season may reflect some aspects of male condi-

tion or quality in that species. In the European starling (Sturnus vulgaris), a species that

uses nest building (the addition of fresh green material to the nest) in mate attraction,

nest building is unrelated to male body size or subsequent paternal care (Brouwer &

Komdeur 2004). Finally, Leonard and Picman (1987) suggested that nest number was not

related to either male- or territory-quality in marsh wrens (Cistothorus palustris) because

all males in their study ultimately built a similar number of nests; however this is not the

case in the Australian reed warbler.

Nest number and pairing success

In contrast to expectations, two further lines of evidence did not indicate that type II nest

number influenced pairing success. First, there was no evidence that supplementary-fed

males were more successful at pairing. There were not more breeding attempts (type I

nests) by area or per male in the supplementary-feeding areas, the mean distances

between type I nests were very similar in supplementary-fed and control areas (indicating

even distributions of nests in both areas) and there was no evidence from observations of

nest attendance of colour-banded birds for increased polygyny in the supplementary-feed-

ing areas (N. Beintema, M. Berg, & J. Welbergen unpubl. data). Secondly, the outcome of

the nest addition experiments did not support the sexual selection hypothesis: the addi-

tion of artificial type II nests to estimated ‘territories’ did not increase the likelihood of

pairing (Fig. 6.3). This result also refutes further the possibility that type II nests are used

to select a suitable type I nest site, as type I nests were not more likely to be built on or in

the vicinity of persistent artificial type II nests.

Research concerning the role of nest number in mate attraction in other species has

yielded conflicting results. Field studies in yellow-shouldered widowbirds (Euplectes

macrourus; Savalli 1994), red bishops (Goddard et al. 1998; Friedl & Klump 1999) and

winter wrens (Garson 1980; Evans & Burn 1996) indicates that males that build more

nests have greater mating success. However, these species differ from the Australian reed

warbler in that all nests are suitable for use by a female for breeding and appear to have

an equal chance of being occupied by a female. Thus, there is a linear relationship

between the number of vacant nests and apparent attractiveness to females, so these
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results may result from random female settlement rather than direct sexual selection on

nest-building (Evans & Burn 1996, Friedl 1998). In contrast, male marsh wrens build

clusters of nests in ‘courting’ centres. Females choose one of these nests or build a new

nest, and males subsequently begin to build a new courting centre (Leonard & Picman

1987). In this species, Tintle (1982) and Verner and Engelsen (1970) have reported a pos-

itive correlation between male pairing success and the number of nests built over a season

by males, but more recently Leonard and Picman (1987) and Metz (1991) failed to repli-

cate these findings for reasons that remain unclear. Moreover, in the only other nest addi-

tion experiment published to date (using natural nests), Leonard and Picman (1987)

found no relationship between nest number and pairing success in marsh wrens.

There are at least three possible reasons why our nest addition experiment may not

have revealed a genuine relationship between nest number and pairing success. First, due

to the extended interval between nest searches and the difficulty of detecting the precise

date of pairing in such a cryptic bird we have only considered pairing success at the end of

the study period and not differences in the date of pairing. Individuals that build more

type II nests may gain a fitness advantage by pairing earlier. However, as several males in

the nest addition experiment remained unpaired throughout the season, a strong effect of

nest number on pairing success should still have been detected. Secondly, there is a possi-

bility that the birds did not regard the artificial nests as genuine or that the experiment

affected the behaviour of the birds in ways not measured. Our observations that a type I

nest was built on top of an artificial type II nest and that material from type II nests was

frequently used in the construction of type I nests (as with real type II nests) suggests at

least that the former was probably not the case. Of similar studies to address these issues,

Evans and Burn (1996) found that male winter wrens disregard artificially added nests,

while Leonard and Picman (1987) have shown that a similar nest addition experiment did

not influence male time budgets in marsh wrens. Finally, the nest addition experiment

may not have revealed differences in mate attraction if the act of nest building itself is an

important component of the display. For example, male European starlings appear to

carry fresh green material to their nests for mate attraction, and males are stimulated to

add such material by the experimental presence of a female (Brouwer & Komdeur 2004).

Conclusions

Previous authors on this and similar systems have suggested that multiple nest building

may be involved in mate assessment by one or both sexes (e.g. Leonard & Picman 1987,

Courtney-Haines 1991; Evans & Burn 1996; Soler et al. 1998; Friedl & Klump 2000), and

two key results in this study supported this notion. First, type II nests were built only

before breeding had commenced on a territory (i.e. during mate attraction or pair forma-

tion, and not during subsequent nesting attempts). Secondly, the number of type II nests

varied between territories and was positively related to food supplementation, suggesting

that type II nests could provide an honest signal of the builders’ condition or territory

quality. However, two further lines of evidence failed to show that type II nest number

was related to overall pairing success: supplementary-fed individuals and territories with

artificially-added type II nests did not have a higher rate of pairing. Consequently, the
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function of multiple nest building in Australian reed warblers remains unclear, and, on

the basis of our current findings, this system warrants further study. Future work should

focus on the relative contributions of each sex to the construction of type II nests, the

relationships between type II nests, pairing date and other measures of reproductive

investment by either parent, and the potential role of the act of building itself as an

important signal.
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ABSTRACT

Females in many socially monogamous avian species engage in extra-pair copulations

(EPCs) which lead to extra-pair fertilizations (EPFs). A leading explanation put forward

to explain this is that females engage in EPCs to increase the genetic quality of their off-

spring. One process through which this may occur is for females to seek more EPFs

when paired with less genetically diverse (measured by standardized heterozygosity,

internal relatedness or d2) males. We examined the occurrence of EPFs in the winter

wren (Troglodytes troglodytes), and tested the hypothesis that female promiscuity will be

higher when paired to a less genetically diverse male. We genotyped wren families at five

microsatellite loci over four years in The Netherlands. We detected extra-pair young

(EPY) at eleven of 29 nests (37.9%), accounting for 25 of 134 typed offspring (18.7%).

Our study provided two novel lines of evidence that male heterozygosity influenced the

rate of extra-pair paternity in their own nests. Surprisingly, we found that more het-

erozygous males were more likely to have EPY in their brood than less heterozygous

males. However, once cuckolded, more heterozygous males had fewer EPY than less het-

erozygous males. Moreover, males with larger d2 (size difference between alleles) had

higher body condition, although we found no associations between male morphology

and paternity loss. We did not find a difference in the genetic diversity of within-pair and

extra-pair offspring, but we had no information on the genetic diversity of extra-pair

sires. We discuss the implications of these results for genetic hypotheses for female mate

choice.
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INTRODUCTION

In many bird species, females copulate with males other than their social mate. Recent

advances in genetic techniques have revealed that such extra-pair copulations (EPCs)

often result in extra-pair fertilizations (EPFs; e.g. Westneat et al. 1990; Birkhead & Møller

1992a; Griffith et al. 2002). In most species, females appear to play an active role in

obtaining EPCs (e.g. Birkhead & Møller 1993; Kempenaers & Dhondt 1993). However,

despite much intensive research, the selective forces behind the evolution of such female

promiscuity remain largely unresolved.

Several processes have been proposed to explain the benefits of EPCs for females. In

many ways these processes mirror those proposed to explain the evolution of sexually

selected traits (Griffith et al. 2002). These explanations can be grouped broadly into two

categories: (1) those which deal with direct benefits to females, and (2) those which pro-

pose that females gain indirect (genetic) benefits from EPCs (Birkhead & Møller 1992a;

Griffith et al. 2002). Direct benefits consist of immediate benefits that can improve brood

fitness, such as access to better foraging areas or more paternal care. However, to date

there has been little empirical support for the direct benefits hypotheses and in most

cases males do not provide additional care or other direct benefits to extra-pair females

(but see Gray 1997; Hunter & Davis 1998).

The second group of hypotheses revolves around potential indirect or genetic benefits

to females of mating with extra-pair males. These hypotheses suggest that females may

enhance the genetic quality of their offspring through EPFs (reviewed in Griffiths et al.

2002). So far, two specific forms of genetic benefits have received most support from

empirical studies. First, females may prefer to mate with high quality or more attractive

males, thereby securing genes for quality or attractiveness for their offspring (‘good

genes’ hypothesis; e.g. Petrie 1994; Hasselquist et al. 1996; Kempenaers et al. 1997). This

hypothesis assumes that there is a uniformly ‘good’ genotype to be chosen. Second,

females may prefer to mate with males who are less related to themselves, in order to

increase offspring genetic diversity and reduce the effects of inbreeding depression

(‘genetic compatibility’ hypothesis; Blomqvist et al. 2002; Tregenza & Wedell 2002;

Foerster et al. 2003; Eimes et al. 2005; but see Schmoll et al. 2005). According to this

hypothesis, the best male genetically will be relative to the female’s own genotype.

A further genetic benefits hypothesis, the ‘genetic diversity’ hypothesis (Williams

1975; Westneat et al. 1990), also postulates that females seek EPFs to maximise the

genetic diversity of their offspring. However, this hypothesis differs from the genetic com-

patibility hypothesis in not assuming that females can assess the extent of genetic similar-

ity between themselves and males. Simply mating randomly with multiple males should

increase the genetic diversity in broods (Williams 1975; Westneat et al. 1990; Griffith et al.

2002). However, Brown’s (1997) heterozygosity theory of mate choice provides an exten-

sion of this idea, whereby females may prefer to mate with males with greater heterozy-

gosity or genic diversity in order to produce more genetically diverse offspring. As such,

this hypothesis combines principles of the two aforementioned hypotheses: the good

genes that females seek when choosing mates may be individual genetic diversity (Brown
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1997; Weatherhead et al. 1999). Heterozygosity and genetic diversity has been positively

associated with fitness, survival and recruitment in several taxa, especially in inbred pop-

ulations (Allendorf & Leary 1986; Keller & Waller 2002). Furthermore, in at least three

avian species male genetic diversity is revealed by sexually selected traits including

plumage coloration (Foerster et al. 2003) and song complexity (Marshall et al. 2003;

Seddon et al. 2004).

Although the genetic diversity hypothesis has received recent theoretical support

(Brown 1997), to date there has been only limited empirical support for a link between

genetic diversity on extra-pair mating in birds. In a comparative analysis of 432 bird studies,

Petrie et al. (1998) found a positive correlation between the genetic variability of popula-

tions and the proportion of extra-pair paternity. In a study on great tits (Parus major), Otter

et al. (2001) reported a negative association between male cuckoldry (i.e. loss of paternity in

their own nest) and a measure of genic diversity (mean d2) at five microsatellite loci.

Here we examine the occurrence of extra-pair parentage in the winter wren

(Troglodytes troglodytes). Furthermore, we test a major prediction of the genetic diversity

hypothesis, extended according to Brown (1997), that rates of female promiscuity will be

higher when paired to less genetically diverse males (Bartos Smith et al. 2005). The wren

is a small polygynous oscine songbird, in which the sexes are morphologically similar,

although males are slightly larger. Male wrens sing regularly throughout the breeding sea-

son and vigorously defend exclusive breeding territories to which they try to attract

females (Armstrong 1955). Males commonly provide care to their within-pair nestlings

(Armstrong 1955; Burn 1996; pers obs). Only one previous study has investigated extra-

pair paternity in a population of wrens in Oxfordshire, United Kingdom (Burn 1996).

Using multilocus (minisatellite) DNA fingerprinting, Burn (1996) found that 13 of 94 off-

spring (13.8%) were sired by extra-pair males, and six of 19 broods (31.6%) contained

extra-pair young. This study was designed to address three questions. First, is the rate of

cuckoldry reported by Burn (1996) similar in a Dutch population of wrens, using data col-

lected over four years and more reliable microsatellite markers for parentage analysis?

Second, is there evidence that, once cuckolded, male genetic diversity influences the rate

of extra-pair fertilizations by their social mate? Third, is male quality (morphometrics,

body condition and feather mite infection) related to the rate of extra-pair mating or indi-

vidual genetic diversity?

METHODS

Field work

We collected data during the main breeding seasons (April to June) from families of free-

living winter wrens (1999-2002). Data was collected from two nearby study sites,

Friescheveen and Vosbergen forest reserves, Paterswolde, The Netherlands (ca. 50 ha,

53º08' N, 6º35' E). We caught adults in mist-nets, which were then banded with a num-

bered aluminium band and with a unique combination of three colour bands for individ-

ual identification. We collected several morphological variables. Wrens were weighed to
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the nearest 0.1 g with a spring balance (Pesola), right tarsus length was measured to the

nearest 0.1 mm with vernier calipers, and wing and tail length were measured to the near-

est 1 mm with a stop rule. Feather mite prevalence (infected or not, n = 23 males) and

abundance (number of mites on each infected individual, n = 16 males) were estimated

by counting the number of feather mites visible with the naked eye on the primary and

secondary feathers of both wings when held up to the light. This technique has been

shown to provide a reliable estimate of total feather mite load in several other species (see

Dowling et al. 2001 and references therein). We collected 50-100 µl of blood from all indi-

viduals, which was stored in 1-1.5 ml of 95% ethanol at room temperature. Blood was

collected by venipuncture at the brachial vein of adults or medial metatarsal vein of

nestlings, using a sterile needle. Nestlings were blood sampled as soon as possible after

hatching to minimise the chance of depredation before sampling. Tissue samples from

unhatched embryos and other dead individuals were collected and stored at –20 °C. Thus,

in most cases all offspring in each nest were sampled. Care was taken to avoid contamina-

tion with maternal or other tissue.

We identified the parents of nests through a combination of territory mapping and

observations at nests. We mapped territories by regularly plotting the location of catching

and resighting sites, singing males, and territorial interactions on detailed maps of the

field sites. We found nests by searching systematically through occupied territories at

least weekly. The nests of wrens are highly distinctive. All potential nest sites (i.e. vegeta-

tion or structures such as tree stumps above ground) were examined carefully for the

nests. We marked all nests with a small piece of green or yellow weather-proof plastic

tape on a twig 5 m either side of the nest. This method allowed exact relocation of each

nest even if it disappeared due to depredation or adverse weather. Nest location coordi-

nates were also determined with a handheld satellite global positioning system (Garmin

GPS 12®) to a precision of < 5 m. All eggs were marked upon laying and we subsequent-

ly monitored all known nests every two days throughout the breeding seasons for changes

in their contents.

DNA analyses

DNA was extracted from either whole blood samples or tissue samples (embryos or dead

nestlings) stored in ethanol. We used a salt extraction method followed by precipitation

in ethanol, as described in Richardson et al. (2001). We assessed parentage using five

polymorphic microsatellite loci (see Table 2.4). There was no evidence of non-amplifying

(null) alleles for any of these loci from statistical analysis of allele frequencies (chapter 2)

or when examining known mother-offspring pairs (n = 38 pairs with 8 mothers). PCR

conditions and the visualization of PCR products were as described for wrens in chapter

2. Due to PCR failure, some individuals used in the parentage analysis were analysed at

only three (2.5%) or four (14.6%) loci (mean loci typed per individual 4.8 ± 0.5 SD).

Microsatellite banding patterns were analysed with GENOTYPER software (Applied

Biosystems). Basic genetic statistics (observed (HO) and expected heterozygosity (HE),

polymorphic information content (PIC), Hardy-Weinberg probability and estimation of

null allele frequency) were calculated using CERVUS 2.0 software (Marshall et al. 1998).
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We used the likelihood-based approach implemented by the CERVUS software

(Marshall et al. 1998) to assess the parentage in wren nests. CERVUS compares the likeli-

hood of the most likely candidate parent against the likelihood of the next most likely can-

didate parent, using the statistic Delta. The confidence level reported, determined by sim-

ulation, indicates the probability that an unrelated individual would by chance obtain a

Delta score of this value or larger. CERVUS provides a Delta score and confidence level, set

as 80% (relaxed) and 90% (strict), that indicates how the candidate parent who matches

best compares to all the other possible candidate parents, and hence whether it can be iden-

tified with confidence as the true parent. A further advantage of CERVUS is that it provides

a feature to take into account genotyping errors. We used CERVUS to assess parentage in

wrens (i.e. true father-offspring relationships). We tested two candidate males, including

the putative father and an unsampled candidate father, using the following CERVUS simu-

lation parameters: 10,000 cycles, 2 candidate parents present and 50% candidate parents

sampled, genotypes available for 94% of loci and 0.01% of loci were assumed to be

mistyped. Candidate fathers were only accepted as the genetic parent with at least 80%

confidence level and ≤ 1 mismatching allele. All comparisons used at least 3 loci.

To test the relationship between individual genetic diversity of male wrens and cuck-

oldry, we calculated three measures of individual heterozygosity or genetic diversity for

each male from their microsatellite genotypes. These measures are all designed to indi-

cate inbreeding depression in the absence of individual inbreeding coefficients. First, we

calculated standardized individual heterozygosity (hereafter HS), such that HS = propor-

tion of heterozygous typed loci/mean heterozygosity of typed loci (Coltman et al. 1999).

Higher HS values indicate more heterozygous individuals at the loci considered. HS is an

improvement over unstandardized individual heterozygosity (i.e. the proportion of het-

erozygous loci) when not all individuals are typed at all loci, because the scores at each

locus are weighted by the heterozygosity at that locus and consequently heterozygosity

for each individual is measured on the same scale (Coltman et al. 1999; Amos et al. 2001).

Most males in our study were typed at all five loci, and we found a very strong correlation

between unstandardized heterozygosity and HS (Spearman correlation, rs = 0.976, n =

23, P < 0.001). Second, we calculated internal relatedness (IR), such that IR = ((2 x

number homozygous loci)-∑f i)/((2 x number typed loci)-∑f i), where f i = the frequency

of the ith allele contained in the genotype (Amos et al. 2001). Unlike HS, IR is approxi-

mately normally distributed and centred approximately on zero (for individuals born to

unrelated parents), with more negative values indicating relatively outbred individuals

and more positive values indicating relatively inbred individuals (Amos et al. 2001). Third,

we calculated mean standardized d2 (hereafter d2
S) for each individual, such that for each

locus d2
S = d2 for the individual/maximum d2 for the given locus (Coulson et al. 1998).

For each typed locus, d2 was calculated as (size of first allele-size of second allele)2. d2
S

has a more even weighting over all alleles than unstandardized d2 due to the differences

in allele size ranges between loci (Amos et al. 2001), although these two measures were

significantly correlated (rs = 0.447, n = 23, P < 0.032). Like IR, d2
S displayed a normal

distribution in our dataset. While HS and IR give a direct measure of individual heterozy-

gosity (marker polymorphism), d2 provides an alternative measure of individual genetic
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diversity. d2 is thought to indicate long-term mutational differences, so should reflect the

genetic distance between the two parental gametes (Coltman & Slate 2003). However,

although d2 has been associated with fitness in several studies (Tsitrone et al. 2001; Slate

& Pemberton 2002), actual heterozygosity is generally considered a more robust measure

of inbreeding (Amos et al. 2001; Tsitrone et al. 2001; Goudet & Keller 2002; Slate &

Pemberton 2002; Coltman & Slate 2003). For clarity, throughout this paper we use the

term ‘genetic diversity’ to refer to genetic variation as measured by any of the above

measures, while restricting the term ‘heterozygosity’ to measures of the number of alleles

present at individual loci (i.e. HS and IR).

Statistical analyses

Statistical analyses were performed in SPSS 12.0.1 for Windows (SPSS Inc., USA) and fol-

lowed Quinn & Keough (2002). When data were not normally distributed or displayed

unequal variances between groups, we used non-parametric tests. The proportion of

extra-pair young (EPY) in broods was arcsin-squareroot transformed prior to analyses to

improve normality. A body condition index was calculated for each male as the residuals

from a linear regression of body mass on tarsus length (r = 0.446, df = 22, P = 0.033, B

= 0.658 ± 0.288 SE; Packard & Boardman 1987). Male wrens were caught from March 26

to May 15, and from 07.00 h to 16.30 h. Due to this variation, we tested for associations

between date and time and the flexible morphological variables, body mass and feather

mite abundance. We found no significant correlations between capture time and body

mass (Pearson correlation, r = 0.015, n = 23, P = 0.947) or feather mite abundance (r =

0.224, n = 16, P = 0.404), nor between capture date and body mass (r = -0.064, n = 23,

P = 0.771). However, we found a tendency for feather mite abundance to decline with

capture date (r2 = -0.226, n = 16, P = 0.063, B = -0.311 ± 0.154). Therefore, we con-

trolled feather mite abundance for capture date in all analyses, although all conclusions

were robust to excluding capture date. We weighted all regressions involving the propor-

tion of EPY by the brood size to account for the greater confidence in this value with larg-

er broods. All P-values are two-tailed and the null hypothesis was rejected when P <0.05.

RESULTS

Frequency of extra-pair parentage

We were able to assign paternity in nests of 29 wren pairs. Of these, eleven contained at

least one extra-pair young (EPY; 37.9%). Overall, 25 of 134 offspring typed were fathered

by extra-pair males (18.7%), with the mean proportion of EPY in broods a similar 20%.

The proportions of EPY tended to be evenly distributed across broods, except for a large

excess of nests with no EPY (Fig. 7.1). We found no evidence of conspecific brood para-

sitism: all putative mothers that were sampled (n = 8) were assigned to all offspring in

their broods (>95% confidence). Furthermore, we never observed two eggs to appear in

any nest in one day, nor were marked eggs observed to disappear from nests in the

absence of nest depredation (Yom-Tov 1980).
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Between sites, the proportion of nests containing at least one EPY was very similar

(Friescheveen: 38.9%, n = 18; Vosbergen: 36.4%, n = 11). There was a larger but non-sig-

nificant difference in the proportions of EPY between the sites (Friescheveen: 24.0%,

Vosbergen: 11.9%; χ2
1 = 2.610, P = 0.106). Similarly, we found no significant difference

in the proportions of EPY across the four study years (χ2
3 = 4.308, P = 0.230).

Male quality and extra-pair paternity

The mean male HS was 1.00 ± 0.06 SEM (range 0.32-1.35, n = 23), IR was –0.007 ±

0.070 SEM (-0.534-0.708), while d2
S was 0.074 ± 0.011 SEM (0.004-0.196). Higher HS

values and lower IR values indicate more outbred individuals. HS and IR were strongly

correlated (rs = -0.952, n = 23, P = <0.001), while d2
S was less strongly but still signifi-

cantly correlated with both HS (rs = 0.504, n = 23, P = 0.014) and IR (rs = -0.477, n =

23, P = 0.021). Males that were cuckolded and for which we had genetic and morphomet-

ric data (n = 9) had significantly higher HS (Mann-Whitney test, Z = 2.698, n = 23, P =

0.007) and significantly lower IR (t-test assuming equal variance, t21 = 3.058, P = 0.006,

95% CI of difference 0.119-0.625; Fig. 7.2) than males that were not cuckolded (n = 14).

This effect size corresponds to approximately one heterozygous loci out of five. In con-

trast, there was no significant difference in d2
S between cuckolded and non-cuckolded

males, and the effect size approximated to zero (t21 = 0.752, P = 0.460, 95% CI of differ-

ence –0.063-0.030; Fig. 7.2A). When considering only broods with one or more extra-pair

offspring, there was a significant positive effect of IR on the proportion of EPY (linear

regression, r = 0.854, n = 9, P = 0.003; Fig. 7.3A). All nine cuckolded males had negative

IR values (mean IR of cuckolded males –0.234 ± 0.195 SD, range -0.534 to –0.027); Fig.

7.3A), while only six out of 14 non-cuckolded males had negative IR values (43%, mean

IR of non-cuckolded males 0.138 ± 0.328 SD, range –0.453 to 0.708)). There was also a

significant negative effect of HS the proportion of EPY (r = -0.770, n = 9, P = 0.015), but

this effect was not present when considering d2
S (r = -0.464, n = 9, P = 0.208; Fig. 7.3B).

To investigate whether females might pursue EPFs to increase the genetic diversity of off-

spring, we compared the genetic diversity of within-pair and extra-pair young in mixed

Figure 7.1. Observed distributions of extra-pair young across twenty-nine broods of winter wrens.

0.0
0

10

20

5

15

fr
eq

ue
nc

y

0.2 0.4 0.6 0.8 1.0
proportion of EPY



GENETIC DIVERSITY AND EXTRA-PAIR PATERNITY

107

paternity broods (when more than one within-pair young or EPY were present we took

the average). However, we found no evidence that extra-pair young had different het-

erozygosity (HS, Wilcoxon signed ranks: Z = -0.140, n = 8, P = 0.889; IR, paired t-test:

t7 = -1.213, P = 0.264, 95% CI of difference –0.364 to 0.117; Fig. 7.4A) or d2
S (Wilcoxon

signed ranks: Z = -0.911, n = 8, P = 0.362; Fig. 7.4B) than their within-pair siblings.

Similarly, overall within-pair young did not have different genetic diversity than EPY by

any measure of diversity (p ≥ 0.2).

Figure 7.2. The differences in genetic diversity (mean ± SEM) between non-cuckolded (n = 14) and

cuckolded (n = 9) male wrens expressed as (A) internal relatedness and (B) mean standardized d2.

For internal relatedness, more positive values indicate less heterozygosity (more inbred), while for

mean standardized d2 higher values indicate more genetic diversity (less inbred).
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We found significant correlations between d2
S and both body mass (r = 0.463, n = 23,

P = 0.026, B = 4.151 ± 1.736) and body condition index (r = 0.534, n = 23, P = 0.009;

Fig. 7.5), although the former comparison can not be considered significant after sequen-

tial Bonferroni correction for multiple comparisons involving d2
S (adjusted _ = 0.0125).

We did not find any significant correlations between the other male morphometric vari-

ables (tarsus length, wing length, tail length) and d2
S (all comparisons, r < 0.130, n = 23,

P > 0.558). Similarly, there were no significant correlations between any of the male mor-

phometric variables and either HS (all comparisons, rs < 0.301, n = 23, P > 0.164) or IR

Figure 7.4. The differences in mean genetic diversity of within-pair young and extra-pair young for

mixed paternity broods (n = 8). Genetic diversity is expressed as (A) internal relatedness and (B)

mean standardized d2. For internal relatedness, more positive values indicate less heterozygosity

(more inbred), while for mean standardized d2 higher values indicate more genetic diversity (less

inbred).
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(all comparisons, r < 0.243 , n = 23, P > 0.265). There were no correlations between

feather mite abundance (controlled for capture date) and any of our measures of genetic

diversity (all comparisons, partial correlation, r < 0.212, n = 13, P > 0.450).

Cuckolded males did not differ morphometrically in comparison to non-cuckolded

males, and there was no significant difference in the feather mite abundance between

cuckolded and non-cuckolded males (Table 7.1). We found no significant effects of any

male morphometric variables on the proportion of EPY in broods. This was true both

when considering non-cuckolded and cuckolded males together (all comparisons, r <

0.306 , n = 23, P > 0.156), and when considering only cuckolded males (all comparisons,

r < 0.579 , n = 9, P > 0.102).

DISCUSSION

Extra-pair parentage in the wren

Extra-pair paternity has been found to occur frequently in 86% of passerines studied so

far (Griffith et al. 2002). The wrens in our study population were no exception, and we

found that 37.9% of broods contained at least one extra-pair young (EPY) and that extra-

pair paternity accounted for 18.7% of offspring. There was no evidence for conspecific

brood parasitism (egg dumping). To our knowledge, only one other study has attempted

to assess extra-pair parentage in winter wrens. Burn (1996), studying a population in

Oxfordshire, England, reported that 13 of 94 of offspring (13.8%) were attributable to

extra-pair paternity, and that six of 19 broods (31.6%) contained at least one EPY. Again,

Burn (1996) found no evidence of conspecific brood parasitism, and detected no cases of

multiple paternity. In both our study and Burn’s (1996), two nests were found to contain

only EPY (6.9% and 10.5%, respectively). In many species, considerable variation in the

rates of extra-paternity has been reported between study years and populations, which is

generally considered to be a result of variation in the opportunities or the benefits to

Table 7.1. Comparison of male morphometrics and feather mite abundance between cuckolded (n =

9) and non-cuckolded (n = 14) male wrens. Condition index is the studentized residual of body mass

regressed over tarsus length. Values show mean ± SEM.

Male trait Non-cuckolded Cuckolded t P 95% CI of
males males difference

Body mass (g) 10.50 ± 0.13 10.60 ± 0.21 0.243 0.810 -0.372-0.471

Tarsus length (mm) 17.20 ± 0.07 17.17 ± 0.19 0.324 0.749 -0.241-0.330

Wing length (mm) 49.7 ± 0.21 50.0 ± 0.58 0.276 0.948 -0.780-0.732

Tail length (mm) 32.3 ± 0.61 32.7 ± 1.20 0.223 0.984 -1.657-1.625

Condition index -0.398 ± 0.276 -0.107 ± 0.270 0.346 0.871 -0.856-1.003

Mite abundance 17.2 ± 6.4 34.3 ± 9.6 2.100* 0.171 -42.5-8.4

* ANCOVA controlling for capture date (F statistic)
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females of promiscuity (Petrie & Kempenaers 1998). In this respect, the variation we see

in the rates of extra-pair paternity between these two populations of wrens is not remark-

able. A further finding of Burn (1996) was that larger males were less likely to be cuckold-

ed than smaller males, and that smaller males were cuckolded by larger males. This sug-

gests that female wrens may seek EPCs with larger males. In contrast, we found no evi-

dence that male size or condition was related to cuckoldry.

Male quality, genetic diversity and female promiscuity

Our study provided two novel lines of evidence that male heterozygosity influenced the

rate of extra-pair paternity in their own nests. First, more heterozygous males were more

likely to be cuckolded. Second, once cuckolded, more heterozygous males had a lower

proportion of EPY in their brood. These patterns were not reflected in male d2
S. Taken

together, these results indicate that male heterozygosity could be an important factor in

the evolution of female promiscuity. However, they suggest opposing directions of the

effect of male heterozygosity on the rate of extra-pair paternity. We currently have no clear

explanation for why less heterozygous males were less likely to be cuckolded. If mating

with more heterozygous males does provide fitness benefits to females (Allendorf &

Leary 1986; Brown 1997; Keller & Waller 2002), this may explain why more heterozygous

males, when cuckolded, suffered from a lower proportion of EPY in their broods than less

heterozygous males that were cuckolded. Females paired socially to males with low het-

erozygosity might be more likely to engage in EPCs in order to increase the heterozygosi-

ty and hence the viability of their offspring, by choosing extra-pair mates that are either

more genetically diverse or that possess different alleles to the female (genetic compatibil-

ity hypothesis). We found no evidence that females increase the genetic diversity of their

offspring by pursuing EPCs, because within-pair young did not have significantly different

genetic diversity than their extra-pair nest-mates. This is in line with Masters et al.

(2003), who found no difference in heterozygosity between within-pair and extra-pair

males. In our sample, we were unable to identify enough extra-pair sires to compare these

directly with the extra-pair females that they fertilized or the males that they cuckolded. 

If genetic diversity is associated with the genetic health of males (e.g. Hawley et al.

2005; MacDougall-Shackleton et al. 2005), this might be expressed in condition-depend-

ent cues that females could use for assessment purposes (Otter et al. 2001). We found

some evidence for this with a positive association between d2
S and male body condition.

However, we found no relationships between male d2
S and female promiscuity, and no

relationships between the other measures of heterozygosity that were related to female

promiscuity, and either male size or condition. Further work will be required to uncover

links between male genetic diversity and cues of potential use to females, which may

include plumage features (Foerster et al. 2003), song (Marshall et al. 2003; Seddon et al.

2004; Reid et al. 2005) or territorial performance (Seddon et al. 2004).

As a whole, these surprising patterns raise questions about the proximate and ulti-

mate factors underlying the role of male heterozygosity in male quality, female choice and

male extra-pair mating success. To understand these phenomena further, there is a press-

ing need to determine whether females should prefer to mate with more heterozygous
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males at all, and if so under which circumstances. This is complicated by several factors.

Heterozygosity itself is not a heritable trait and is a property of both the male’s and the

female’s genotypes. Nevertheless, females that mate with more heterozygous males can,

on average, expect to produce more heterozygous offspring because heterozygosity of off-

spring is correlated with the heterozygosity of their parents (Mitton et al. 1993; Brown

1997; but see Tregenza & Wedell 2000). One way that this will occur is because heterozy-

gous individuals carry more rare alleles (Mitton et al. 1993; Brown 1997). However,

despite the well documented effects of inbreeding depression (Keller & Waller 2002) such

alleles are more likely to be deleterious recessives and may not increase the fitness of the

bearer (Tregenza & Wedell 2000, but see Masters et al. 2003). From this perspective,

females may not benefit by mating with more heterozygous males. Males that possess a

high proportion of heterozygous loci without carrying many rare alleles could still provide

a benefit to females in terms of enhanced offspring viability through heterozygosity. Since

the most rare alleles often occur towards the extremes of the size range (e.g. Primmer et

al. 1995; Xu et al. 2000), such males might be characterized by high heterozygosity values

(high HS or strongly negative IR) but moderate or low d2
S values.

On the other hand, females would benefit by mating with males that are heterozygous

at loci showing a fitness advantage of rare alleles, such as major histocompatibility com-

plex (MHC) loci (Edwards & Hedrick 1998; Tregenza & Wedell 2000). Masters et al.

(2003) found that male house wrens (Troglodytes aedon) that carried rare microsatellite

alleles were more successful at siring EPY. Variation at neutral genetic markers such as

microsatellites may not necessarily reflect variation at unlinked fitness-related loci such as

MHC loci (Jarne & Lagoda 1996; Reed & Frankham 2001; Westerdahl et al. 2004). This

means that female wrens may achieve benefits related to genetic diversity that are not

revealed consistently by the microsatellite markers used in this study.

To date, intra-specific empirical support for an association between paternity and male

heterozygosity or d2 comes from only one study. In the great tit (Parus major), Otter et al.

(1998) found that males that were more variable at five microsatellite loci, measured as

mean d2, were less likely to have EPY in their nest than males with lower d2 values. This

pattern was not present in females, and there was no difference in d2 between the puta-

tive parents of broods containing EPY. Otter et al. (1998) did not report on the relation-

ship between male d2 and the proportion of EPY in broods, and they did not present

measures of genetic diversity other than d2. The results of this study are in contrast to our

study in two important ways. First, we found no relationships between a d2 measure of

genetic diversity and extra-pair paternity. Second, our study indicated that more heterozy-

gous males were more likely to have at least one EPY in their nest.

Several other studies have not found an association between male genetic diversity

(heterozygosity or d2) and (extra-pair) mating success, although some of these studies

have found that females chose extra-pair males more genetically dissimilar to themselves

(Weatherhead et al. 1999; Aparicio et al. 2001; Foerster et al. 2003; Masters et al. 2003;

Bartos Smith et al. 2005; Kleven & Lifjeld 2005). One explanation for the apparent dis-

crepancy between studies may be that populations can differ markedly in their inbreeding

history and levels of heterozygosity at microsatellite loci, even within species (e.g.
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Dawson et al. 1997). Bartos Smith et al. (2005) also pointed out that the sample sizes and

numbers of loci typed in most similar studies to date are far too small to reliably detect all

but a pronounced effect. Accordingly, we must also consider the possibility that our fail-

ure to find similar associations between d2 and mating success may be due to type II

errors, rather than other biological explanations. Amos et al. (2001) have shown that the

effect sizes when relating genetic diversity to life history and morphometric traits are

smaller when using d2 than heterozygosity. For this reason, future studies should endeav-

our to use a large number of markers and interpret negative results cautiously.
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ABSTRACT

Offspring care, mating effort and somatic effort are major components of reproductive

effort in many species. Trade-offs between these activities can be expected when time

and energy are limited, and this conflict will usually be greater for males. The possible

trade-offs between paternal care, extra-pair mating effort and territory defence are

expected to vary with the spatial and temporal incidence of mating opportunities or ter-

ritorial competitors. We investigated whether male Australian reed warblers

(Acrocephalus australis) vary their food provisioning effort to nestlings in response to the

availability of extra-pair mating opportunities and territorial intrusions by conspecific

males. Male investment in offspring care was negatively related to the number of neigh-

bouring territories, while female care remained unchanged. This suggests that behav-

ioural trade-offs lead to a reduction in male care when the chance of encountering con-

specifics is greater. To investigate whether extra-pair mating or territorial activities may

lead to this pattern, we presented reed warbler parents with caged conspecifics during

the nestling period. Male feeding rates were lower in the presence of either a female or a

male conspecific, while female behaviour was not affected. The reduction in paternal

feeding rate was similar to either sex of intruder. Neither parental sex reduced feeding in

response to a caged heterospecific. This study thus demonstrates that male Australian

reed warblers reduce their food provisioning effort to nestlings in response to increased

opportunities for extra-pair mating and increased territory intrusions from other males.

We discuss the outcomes of this behaviour for offspring growth and parental fitness.
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INTRODUCTION

Parental effort (PE), mating effort (ME) and territorial effort (TE) are major components

of reproductive behaviour (Williams 1966; Maynard Smith 1977). In many animals, males

contribute substantially to parental care (Clutton-Brock 1991; Ketterson & Nolan 1994)

but can also enhance their reproductive success by attracting additional mates (Webster

1991) or by gaining extra-pair copulations (EPCs) which result in extra-pair fertilizations

(EPFs; Westneat et al. 1990; Birkhead & Møller 1992a). A conflict between male PE and

ME is thus likely to occur when the periods of PE and ME occur simultaneously

(Westneat et al. 1990; Whittingham 1993; Magrath & Komdeur 2003). In addition, peri-

ods of ME and TE are often likely to covary, because the main periods for territory estab-

lishment and mate attraction will often coincide early in the breeding season, or with

changes in breeding density or synchrony. The potential trade-off facing males between

investing in PE or ME is well accepted in the theory of mating systems (Oring 1982;

Westneat et al. 1990; Westneat & Sherman 1993), although empirical data is scant

(Magrath & Komdeur 2003).

When a conflict between PE, ME and TE arises males are expected to adjust their

investment in these behaviours in a way that maximizes their fitness (Trivers 1972;

Maynard Smith 1977; Beecher & Beecher 1979; Fitch & Shugart 1984). The benefits of

caring for the offspring, such as improved quality or survival of offspring, should be bal-

anced against the need to engage in territory defence and the opportunities for attracting

additional mates (Trivers 1972; Emlen & Oring 1977; Patterson et al. 1980; Magrath &

Komdeur 2003), such as the temporal (e.g. Westneat 1988; Magrath & Elgar 1997) or

spatial (Westneat & Sherman 1997) availability of intruding males or fertile females.

These factors have a potentially important and often overlooked influence on parental

behaviour (Magrath & Komdeur 2003). A number of studies have shown that the amount

of time a male spends off-territory increased with the number of neighbouring females

that were fertile, although no corresponding reduction in male care was observed

(Westneat 1988; Green et al. 2000; Pitcher & Stutchbury 2000; Chuang-Dobbs et al.

2001). In the fairy martin (Cecropis ariel), the contribution to incubation of individual

males has been shown to decline with the proportion of fertile females present in the

colony (Magrath & Elgar 1997). Furthermore, the incubation period was longer at nests

where males contributed less to incubation. Similarly, a higher breeding density may lead

to a greater spatial availability of potential mates for males seeking extra-pair copulations.

Several lines of evidence indicate that the frequency of EPFs within species can increase

with female density (reviewed in Westneat & Sherman 1997; Møller & Ninni 1998;

Griffith et al. 2002). Owens (2002) has shown a strong link across avian families between

nesting density (considered an index of remating opportunities) and the presence of uni-

parental male or female care. However, to our knowledge no previous studies have report-

ed on male PE or ME in relation to density within a species.

In order to demonstrate that a trade-off between PE and either ME or TE exists it is

necessary to show a causal and inverse relationship between PE and ME or TE. For exam-

ple high level of ME or TE might not necessarily result in a low level of PE, because high-
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quality or experienced males might be able to invest relatively more in both activities

because they can afford to invest less in somatic effort (activities to increase survival;

Lessells 1991; Whittingham 1993). In addition, for a trade-off to be necessary positive

relationships between male fitness and PE, ME and TE would generally be anticipated

(Magrath & Komdeur 2003).

We examined variation in male and female PE (frequency of food provisioning to

nestlings) in the Australian reed warbler (Acrocephalus australis) in relation to (a) natural

spatial variation in breeding pairs (number of neighbouring territories), and (b) experi-

mental variation in the presence of males or females. In our study population, Australian

reed warblers are typically socially monogamous and produce several broods from

September to January in dense beds of Australian reed (Phragmites australis; chapter 6).

Only the female incubates the eggs (chapter 9), but males contribute substantially to the

feeding of nestlings. This species maintains strict breeding territories in which nest sites

are unlikely to be limited (chapter 6). Genetic parentage analyses have reveled that extra-

pair paternity is extremely common (affecting ca. 50% broods) and, due to renesting fol-

lowing depredation, occurs throughout the season (Berg 1998; M. Bleeker & M. Berg

unpubl. data). Thus, both parental effort and mating effort occur simultaneously. These

features make this a good system in which to study the trade-off between PE and ME.

This study was designed to answer three questions: (i) is there a decline in male PE

with increasing spatial availability of conspecifics of either sex, (ii) what are the benefits

of male PE in terms of offspring growth and relieving the female partner, and (iii) do

males adjust their PE directly in relation to the presence of male or female conspecifics.

The last question was addressed experimentally by presenting live Australian reed war-

blers in a cage to parents during the nestling feeding period.

METHODS

Study population

This study was conducted during the main breeding season of the Australian reed warbler

in 1997 (23 October to 13 January), 1999 (20 November to 25 November) and 2000 (1

November to 13 December). Two nearby field sites in south-eastern Australia were used:

Cherry Lake, Altona North (6 ha, 37º53' S, 144º48' E) and Edithvale Wetlands (10 ha,

38º02' S, 145º07' E). Both sites consisted of homogenous beds of Australian reed sur-

rounding a lake or watercourse. Birds were caught using mist-nests, and each individual

was banded with a numbered aluminium band (Australian Bird and Bat Banding Scheme)

and with a unique combination of three colour bands. Approximately 50 µl of blood was

collected from each bird by puncturing the brachial vein and stored in 99% ethanol. DNA

was extracted from blood samples using a salt extraction method following Richardson et

al. (2001) and birds were sexed using the molecular method described by Griffiths et al.

(1998). All individuals sexed by this method and validated by behavioural observations,

morphology and presence or absence of a brood patch were correctly assigned (n = 55).

Territory borders were estimated based on catching and resighting, nest locations, the
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location of singing males and noting territorial interactions on a regular basis (see chap-

ters 5 & 6). Locations were plotted to the nearest 5 m using a 10 m grid system through-

out the study area.

Nests were found by searching systematically through the reeds every 1-2 weeks on 5

m transects, parting the vegetation carefully to minimise disturbances. Nests were

marked with a small piece of green or yellow plastic tape on a nest support stem (to

match the surrounding vegetation and allow exact relocation of the nest even if it disap-

peared) and located with a handheld satellite global positioning system (Garmin GPS

12®) to a precision of <5 m. All nests were monitored every second day for changes in

their contents. The nestlings in each nest were measured regularly (in most cases every

second day) from soon after hatching (day 0) or after the nest was located, until fledging

(day 10-11) or depredation. In this way, each nest was measured on a mean of 3.5 days ±

1.7 SD. Nestlings were weighed to the nearest 0.1 g with a spring balance (Pesola) and

tarsus length (mean of right and left tarsus) and bill  (exposed culmen) length measured

to the nearest 0.1 mm with vernier callipers.

Throughout this study, we used the rate of food provisioning to nestlings (number of

feeding visits to the nest) as the measure of parental effort (PE). Nestling feeding is likely

to be the most energetically and time consuming form of parental care in most bird

species (Moreno & Hillström 1992). Food provisioning observations (2.8 hours ± 1.5

SD) were performed at nests on day 5-8 after hatching (one nest per territory). During

each observation, the number of feeding visits to the nest by both the male and female

parent was recorded. In order to reduce disturbance to the breeding birds, observations

were made with Sony Handycam® 8 mm video cameras (Sony Corporation, Japan) setup

on tripods 1-3 m from the nests and covered with hessian.

In order to investigate how the local spatial availability of conspecifics influences

parental care, we classified territories (n = 29 breeding pairs) into two categories accord-

ing to the number of adjoining territories. ‘Low neighbour number’ (LN) territories (n =

8) had 1-2 neighbouring breeding territories, while ‘high neighbour number’ (HN) terri-

tories (n = 21) had 3-4 neighbouring breeding territories. The number of neighbouring

territories was determined by the spatial arrangement of the territories. LN territories

occurred in a linear strip one territory wide, while HN territories occurred in a clumped

arrangement. The narrow linear arrangement of LN territories was created artificially by

mowing reeds around property boundaries and to create open access areas and fire-

breaks, which was done regularly as part of the Melbourne Water management program.

This meant that we could analyse the effect of neighbour number through the spatial

arrangement of territories largely independently of variation in the actual territory density

(territory size) and territory quality. Both classes of territory occurred on the borders of a

series of lakes on the study site. There were no indications of differences in habitat quality

between LN and HN nests (other than the variation in paternal food provisioning pre-

sented in this paper), as breeding dates, clutch size and fledging success were the same

(see Results). Furthermore, we did not detect any differences in vegetation structure

between LN and HN territories (M. Berg & J. Welbergen, unpubl. data). Only one nest or

breeding attempt per territory was observed.
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Intruder experiments

In order to test how changes in male and female PE may arise from the presence of either

a male or female conspecific on the breeding territory, we conducted experimental intru-

sions in reed warbler breeding territories during 1999 and 2000. Male Australian reed

warblers defend their territories vigorously against intruding males. The presence of

females on the territory may be interpreted by males as an extra-pair mating opportunity,

as females in this and several other species (Double & Cockburn 2000 and references

therein) frequently undertake extra-territorial forays. We presented the ‘focal’ birds (male

and female parent) at each experimental nest with caged ‘trial’ birds approximately

halfway through the nestling period (day 5-7 after hatching). Cages were made of black-

ened wire-mesh (to eliminate glare), measured approximately 0.4 m cubed and were

mounted on a pole approximately 1.2 m above the ground. Each cage had two horizontal

reed stems for perches. Cages were placed approximately 5 m from the nest to ensure

they were within the breeding territory of the focal pair (chapter 6), and left in the same

position for each trial. An empty cage was put into place at each focal nest at least one day

before the trials, and remained there throughout the experimental period on that nest

(2–3 days), so the focal birds would become accustomed to its presence. In a random

order, each focal nest underwent a empty cage control trial to test the reaction of the focal

birds to the cage treatment, and one of the following three experimental trials chosen ran-

domly: 1) female Australian reed warbler, 2) male Australian reed warbler to control for

intra-specific aggresssion, and 3) a greenfinch (Carduelis chloris) as a neutral (non-war-

bler) control. This design allowed us to make paired comparisons of experimental and

control trials on each nest, thereby avoiding potentially confounding effects of clutch size,

density or territory quality (although focal nests were chosen randomly with respect to

these variables). Trial reed warblers were adults caught in the study population but at

least 100 m (approximately five territories; cf. chapter 6) away from the focal birds to

reduce the chance of familiarity between focal and trial individuals affecting the experi-

mental results. A different trial reed warbler was used for each trial. All trial female reed

warblers had brood patches, indicating that they were approaching or engaging in incuba-

tion, but were not necessarily fertile, at the time of the experiments (Rogers et al. 1986);

in only two cases were trial females known to be fertile (egg laying) at the time of the

experiment. The greenfinch is an introduced passerine approximately the same size as the

Australian reed warbler that is well established throughout the breeding range of the

Australian reed warbler in south-eastern Australia (e.g. Slater et al. 1989) and is abundant

on the study site. This species was chosen to be a familiar, non-predatory or brood para-

sitic species but to minimise the possibility of any sort of innate reaction (e.g. nest

defence), thus testing only the reaction of the focal birds to the cage with a bird treat-

ment. We randomly selected one of six adult greenfinches of unknown sex for each trial.

These greenfinches had been recently captured from sites elsewhere in Melbourne and

kept in flight cages with ad libitum food and water. Trials lasted for one hour and were per-

formed on consecutive days at each focal nest or on the same day but separated by at least

two hours. To quantify parental effort during each trial, feeding observations (one hour)

were made as described above. All experimental nests had biparental care (i.e. both the
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male and female parent were observed contributing substantially to feeding the nestlings

during control observations).

Data analyses

All statistical tests were performed using SPSS 11 for Windows (SPSS Inc., USA) and fol-

lowed Quinn & Keough (2002). Feeding rate data were often not homoscedastic or nor-

mally distributed, so we used non-parametric statistical tests. Growth rates were analysed

using the linear mixed model (MIXED) procedure with restricted maximum likelihood

(REML) estimation, and included class of territory (LN or HN) and nestling age as fixed

effects, and nest, nestling identity and brood age as random effects. We tested the effects

of number of neighbours (LN or HN) and brood age with Type III tests of fixed effects.

Means are given ± SEM unless otherwise stated, P-values are two-tailed and corrected for

ties, and the null hypothesis is rejected at  P < 0.05.

RESULTS

Parental care and spatial availability of conspecifics

We detected significant differences in the food delivery rate to nestlings between LN and

HN territories. Male reed warblers fed at a significantly lower rate in HN territories than

LN territories (Mann-Whitney test, Z = 2.302, n = 29, P = 0.021; Fig. 8.1), with a mean

difference of 3.2 ± 1.3 more feeds per hour at LN nests (52%). In contrast, maternal feed-

ing rates did not differ between these same LN and HN territories (Z = 0.196, n = 29,

P = 0.867; Fig. 8.1), with a mean difference of 0.5 ± 1.2 more feeds per hour at LN nests

(9%). As a result of the lower paternal feeding rate, the total feeding rate (male parent +

female parent) was significantly lower to HN nests than to LN nests (Z = 2.028, n = 29,

P = 0.041; Fig. 8.1), with a mean difference of 3.6 ± 1.7 feeds per hour (32%). The con-

clusions of these analyses were qualitatively similar when controlling for brood size (food

delivery rate per nestling), and we found no significant associations between any measure

of feeding rate and observation date (r < 0.111, n = 29, P > 0.572).

Brood size may affect nestling growth rates or feeding rates due to the greater nutri-

tional needs of larger broods. In addition, brood size may change the value of parental

care and thus the trade-off between PE and ME, with larger broods resulting in a shift

from ME to PE (Westneat 1988). Brood size in our study varied from 2 (n = 7) to 3 (n =

16), but we found no significant difference in brood sizes between LN and HN nests

(χ2
1 = 0.163, P = 0.686). Furthermore, the larger (three nestling) broods were slightly

over-represented in HN nests (75%) compared to LN nests (67%).

To further examine the possibility that females compensated for the lower feeding

rates of their mates at HN nests, we tested the correlation between male and female feed-

ing rate at each nest. A negative correlation could indicate that females were compensat-

ing for lower male feeding rates (or vice versa). Instead, we found a non-significant posi-

tive correlation between male and female feeding rates (Spearman’s rank correlation, rs =

0.280, n = 29, P = 0.142; Fig. 8.2). Both paternal and maternal feeding rates were strongly
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correlated with total feeding rate at the nest (rs = 0.819 and 0.753 respectively, n = 29,

P < 0.001).

To investigate whether the differences in feeding rates between LN and HN nests were

reflected in offspring growth, we compared growth rates of body mass, tarsus length and

bill length between the nestlings in LN and HN nests (Fig. 8.3). Nestlings in LN nests

grew significantly faster than nestlings in HN nests as measured by mass (F1, 48.787 =

7.779, P = 0.008, age: F1, 36.419 = 1615.915, P < 0.001), tarsus length (F1, 41.481 = 9.811,

P = 0.003, age: F1, 36.597 = 1673.946, P < 0.001) and bill length (F1, 54.770 = 7.521, P =

0.008, age: F1, 37.355 = 858.209, P < 0.001). Despite these differences in growth rates,

nestling mortality was not observed in any of the 29 nests included in this analysis.

Figure 8.1. Mean ± SEM male (white bars), female and total feeding rates (feeds per hour) breeding

in territories with a low number (LN, n = 8) or high number (HN, n = 21) of neighbours. Male and

consequently total feeding rate to HN nests was significantly lower, while female feeding rate did not

change (see text).
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Intruder experiments

When compared to a control empty cage, male parents dramatically reduced their feeding

rate in the presence of both a male (65% decline in mean feeding rate; Z = 2.462, n = 12,

P = 0.012; Fig. 8.4) and a female (63% decline; Z = 2.847, n = 12, P = 0.003; Fig. 8.4)

conspecific territorial intruder. There was no significant difference in male feeding rate in

the presence of a greenfinch intruder (27% decline; Z = 1.705, n = 12, P = 0.109;

Fig. 8.4). In contrast, female parents did not change feeding rate significantly to conspecif-

ic intruders of either sex compared to the control empty cage (male intruder: Z = 0.572,

n = 12, P = 0.648, <1% increase; female intruder: Z = 0.893, n = 12, P = 0.432; 22%

decline) or to a greenfinch intruder (Z = 0.380, n = 12, P = 0.788, 35% increase). As a

result, total feeding rates (Fig. 8.4) declined significantly compared to control empty cage

trials in the presence of a conspecific intruder of either sex (male conspecific: Z = 2.457,

n = 12, P = 0.012, 42% decline; female conspecific: Z = 2.192, n = 12, P = 0.030; 48%

decline), but not in the presence of a greenfinch intruder (Z = 0.567, n = 12, P = 0.648,

5% decline).

Figure 8.3. Nestling growth measured by (A) body mass (g), (B) tarsus length (mm), and (C) bill

length (mm). Open circles represent low neighbour number (LN) nests, and closed circles represent

high neighbour number (HN) nests. Values show mean ± SEM. Hatching is day 0. Nestlings grew

significantly faster in LN nests than HN nests according to all three morphometric variables.

0

15

20

5

25

10ta
rs

us
 le

ng
th

 (
m

m
)

102 4 6 8
age

A

B C

0

12

20

8

16

m
as

s 
(g

)

0

12

2

4

6

8

10

bi
ll 

le
ng

th
 (

m
m

)

102 4 6 8
age

4



CHAPTER 8

126

DISCUSSION

Parental effort and the spatial availability of conspecifics

We examined how the local spatial availability of conspecifics of both sexes affects the PE

of Australian reed warblers, by comparing the feeding rates of both parents in nests with

few (1-2; LN nests) and many (3-4, HN nests) territorial neighbours. Our study design

was such that we could isolate the effect of number of neighbours independently of terri-

tory density, but such variation in the number of neighbours can be expected to covary

with territory density in most territorial arrangements along with nearest neighbour dis-

tances. Our results show that male reed warblers reduced their feeding rate when breed-

ing with more neighbours. In contrast, there was no difference in female feeding rate

between LN and HN territories. This decline in the male share of food provisioning with

the number of neighbouring territories suggests that males face a trade-off between PE

and activities directed at conspecifics. As breeding territories in Australian reed warblers

typically consist of socially monogamous breeding pairs, such activities could include

(extra-pair) ME (directed towards neighbouring females) and TE (directed towards neigh-

bouring males). There was no evidence that this variation was related to seasonal factors.

Larger (3-nestling) broods were slightly over-represented in HN territories (75%) com-

pared to LN territories (67%), which means that the food demands of larger broods was

not responsible for the higher feeding rate in LN nests.

Unfortunately, due to the dense habitat and cryptic habits of reed warblers, the activity

of individuals could not be monitored away from the nest sufficiently to assess the rela-

tive importance of ME and TE in the trade-off with PE. Similarly, we could not collect

adequate data on natural intrusion rates by males or females. However, both male and

female Australian reed warblers frequently make extra-territorial forays of up to several

Figure 8.4. Mean ± SEM male, female and total feeding rates (feeds per hour) in response to the

experimental presence on the breeding territory of an unknown male or female conspecific, or a

greenfinch. Male feeding rate was significantly lower in the presence of a male or female conspecific

but not a greenfinch, while female feeding rate did not change in response to any intruder.
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hundred metres during the breeding season (pers. obs.). The specie-level rates of extra-

pair paternity and territorial intrusions have been previously shown to increase with

breeding density in a number of avian taxa (reviewed in Birkhead & Møller 1992a;

Westneat & Sherman 1997; Møller & Ninni 1998; Griffith et al. 2002; Charmantier &

Perret 2004; Mougeot 2004).

In addition, a number of alternative explanations exist for the pattern of PE described

above. Undetermined differences in habitat quality between LN and HN territories may

lead to differences in feeding rates, although this is unlikely to explain our results since

only male care and not female care was affected. Furthermore, a decline in male care with

increasing spatial availability of conspecific males may also be related to the male’s actual

or perceived paternity in his own nest (Westneat & Sherman 1993; Wright 1998;

Whittingham & Dunn 2001; Neff & Sherman 2002; Sheldon 2002). For these reasons,

experimental investigation of these trade-offs in direct response to the presence of con-

specifics of both sexes is required.

Our results from experimentally increasing the presence of conspecifics indicate that

trade-offs with both ME and TE may have significant effects on the level of male PE.

Paternal feeding rates were lower in the presence of either a male or a female conspecific,

while maternal feeding rates were not affected. As when comparing LN and HN territories,

the reduced share of male food provisioning led to lower total food provisioning rates were

lower when another reed warbler was present on the territory. The reductions in paternal

feeding rates were similar regardless of the sex of the caged bird. Neither parent reduced

feeding in response to a caged European greenfinch, a common introduced species on the

field site. Thus our experimental results suggest that males trade-off PE against both ME

and TE, in the form of intrusions from female and male conspecifics, respectively.

A notable shortcoming of the present experiment is that we did not directly address

the issue of whether males distinguished between sexes of intruders. Furthermore, the

fertility status of the females presented during experiments was in most cases not known,

so it is unknown whether males would distinguish between fertile and non-fertile females

as potential mates and adjust their ME accordingly. Nevertheless, our experimental

results demonstrate that male, but not female, PE is affected by the availability of con-

specifics of either sex. We believe this is likely to involve both TE towards male con-

specifics and ME towards female conspecifics. The presence of a female on the territory is

likely to be interpreted by males as an extra-pair mating opportunity, as females in this

and several other species (Double & Cockburn 2000 and references therein) frequently

undertake extra-territorial forays. Furthermore, extra-pair copulations occur throughout

the breeding season (M. Berg & M. Bleeker, unpubl. data). We have not observed males

reacting aggressively to extra-pair females in this species (pers. obs.). However, male

Australian reed warblers defend their territories vigorously against intruding males

throughout the breeding season (chapter 5). Future experiments could tease apart the

basis of male responses to intruding males, and fertile and non-fertile females.

Trade-offs between PE and ME

Despite the robust predictions there has been little empirical support for a trade-off
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between male parental care and the opportunity for extra-pair copulations, and few studies

have simultaneously considered corresponding female behaviour (Magrath & Komdeur

2003). The extent to which males should invest in PE or ME may depend on several fac-

tors (reviewed in Magrath & Komdeur 2003). These include: (i) variation in female com-

petence to provision a brood without male help (e.g. Whittingham 1989; Beletsky &

Orians 1990; Dunn & Robertson 1992), (ii) the value of the brood (e.g. Westneat et al.

1990; Magrath & Elgar 1997; Komdeur et al. 2002), (iii) stochastic factors that may affect

the chance of successful reproduction, such as nest predation (e.g. Komdeur & Kats 1999;

Veiga et al. 2002), and (iv) the opportunity for males to gain additional matings (e.g. Smith

1995), such as the experience or quality of the male (e.g. Morton & Derrickson 1990), the

social organisation of the population (e.g. Mulder et al. 1994), or the temporal (e.g.

Westneat 1988; Magrath & Elgar 1997) or spatial availability of potential mates (Westneat

& Sherman 1997). Of these factors, we expect that the spatial availability of potential

mates is likely to be the most important difference between the LN and HN nests used in

our analyses because the spatial arrangement of territories was largely controlled artifi-

cially and should have been independent of territory quality (see Methods).

Among birds, trade-offs between PE and ME have more commonly been observed

during the incubation rather than the nestling feeding period. This may be because in syn-

chronously breeding populations fertile females are more abundant in the population dur-

ing incubation than later during nestling feeding (Magrath & Elgar 1997; Magrath &

Komdeur 2003). Furthermore, incubating birds are usually confined to the nest for

extended periods whereas nestling feeding involves regular trips away from the nest,

which might enable greater interaction with fertile neighbours without a large impact on

the level of PE (Magrath & Komduer 2003). In European starlings (Sturnus vulgaris),

Komdeur et al. (2002) have found a trade-off between ME and PE in relation to early incu-

bation but not nestling feeding, while Smith (1995) has reported a trade-of between ME

and PE during the early, but not late, incubation period. Males with an additional easily

defended nest-box spent less time incubating, more time singing and had a greater chance

of attracting a secondary female. There was no relationship with male incubation during

the late incubation period or male feeding of nestlings, presumably because breeding is

highly synchronous in starling populations and males attract most females during the

early incubation period  (Komdeur et al. 2002).

If the spatial availability of additional mates mediates a trade-off between PE and ME,

with higher breeding densities generating to a shift towards ME, one would also expect a

positive association between breeding density and mating success. In line with this, previ-

ous studies have supported such a relationship between breeding density and extra-pair

paternity (EPP) within species (e.g. Møller & Birkhead 1993; Westneat & Sherman 1997;

Møller & Ninni 1998; Charmantier & Perret 2004; Mougeot 2004). Two studies consider-

ing the rate of EPP following experimental manipulation of nest density found a positive

effect of breeding density on the rate of EPP  in eastern bluebirds (Sialia sialis; Gowaty &

Bridges 1991) and blue tits (Parus caeruleus; Charmantier & Perret 2004) although a fur-

ther study using this approach found no such effect in pied flycatchers (Ficedula hypoleuca;

Rätti et al. 2001).
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Trade-offs between PE and TE

Few studies considering the trade-off between PE and ME have adequately taken into

account concurrent trade-offs involving TE and somatic activities. This is a particular

shortcoming in the absence of direct information about changes in mating effort (Magrath

& Komdeur 2003). Our results suggest that trade-offs between PE and TE could be of

similar importance to those trade-offs involving PE and ME. Male Australian reed war-

blers maintain small breeding territories vigorously throughout the breeding season

(chapter 5), which may be important to secure ongoing access to food resources and

future breeding opportunities. Our results suggest that the necessity of being aggressive

to maintain breeding resources throughout a breeding season may constrain male PE. The

high cost of losing a minimum breeding site may select for the maintenance of aggressive

behaviour and low paternal investment, even when paternal care improves short-term

reproductive success.

Costs of reduced male care

We found no evidence that females compensated for reductions in male PE. There was a

weakly positive correlation between the feeding rates of the male and female parents at

each nest (rs = 0.280; Fig. 8.2), and no evidence that females responded to the reduced

male feeding during experiments by increasing their own feeding rate. Thus, lower male

feeding rates led to lower total feeding rates at both observational and experimental nests.

Although females could have been expected to compensate for reduced male feeding to

some extent, complete compensation is unlikely because that would lead to selection

favouring males that provide less care (Houston & Davies 1985; Winkler 1987; Wright &

Cuthill 1989).

Variation in the level of male feeding is likely to have an important influence on the

success of a reproductive attempt in many species with biparental care (e.g. Nur 1984a;

Whittingham et al. 1994; Møller 2000). Nestling growth rates were significantly lower in

HN nests than in LN nests, reflecting the variation in male and total feeding rates to these

groups of nests. Although starvation was rare in this population (pers. obs.), and was not

observed in any of the 29 nests used in this study, there are likely to be significant costs to

reduced male feeding in terms of post-fledging survival and recruitment among these nests

(e.g. Garnett 1981; Gustafsson & Sutherland 1988; van Noordwijk et al. 1988; Tinbergen &

Boerlijst 1990; Lindén et al. 1992; Verboven & Visser 1998; Merilä et al. 1999).
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ABSTRACT

The amount of time a bird allocates to incubation is likely to be limited by energetic con-

straints. If food is abundant, energetic constraints may be reduced and the time spent

incubating (incubation attendance) may increase. Moreover, the onset of incubation in

relation to clutch completion may be advanced, resulting in a higher degree of hatching

asynchrony. We measured the effect of experimentally increased food availability on

incubation attendance and an estimate of hatching asynchrony in the Australian reed

warbler (Acrocephalus australis). Supplementary food was provided every other day, from a

few days before the start of egg laying until just prior to hatching. Incubation attendance

was measured with temperature loggers at nests receiving supplementary food and con-

trol nests . Hatching asynchrony was inferred from mass and size differences between

siblings shortly after hatching. We found that 1) food supplementation resulted in an

increase in incubation attendance, when comparing both nests receiving supplementary

food to control nests as well as feeding to non-feeding days in nests receiving supple-

mentary food, and 2) food supplementation resulted in a greater hatching asynchrony,

without affecting clutch size, average egg volume or the likelihood of eggs hatching. This

suggests that food availability acts in a proximate way to modify the extent of incubation

attendance and hatching asynchrony. We discuss the adaptive significance of increased

incubation attendance and a shift in the degree of hatching asynchrony in relation to

food availability.
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INTRODUCTION

The importance of the level of incubation attendance (i.e. the proportion of time a bird

spends incubating) for parental fitness has been underestimated in studies on avian

breeding biology compared to physical factors such as clutch size and egg volume (Hébert

2002). Since incubation is an energetically costly activity, the level of incubation atten-

dance should be connected to either proximate or ultimate energetic constraints

(Slagsvold 1986; Slagsvold & Lifjeld 1989). The greater the energetic demand, the greater

the need for the incubating bird to forage (MacCluskie & Sedinger 1999; Ellis et al. 2001).

The amount of food available to an incubating bird is therefore expected to have a direct

effect on the trade-off between foraging and incubation (Moreno 1989; MacCluskie &

Sedinger 1999), and this effect should be particularly strong in species in which only the

female incubates and which lack male incubation feeding (Lyon & Montgomerie 1985;

Nilsson & Smith 1988). Consequently, an increase in food availability may result in an

increase in incubation attendance (Drent et al. 1985; Rauter & Reyer 1997).

Energetic constraints on incubation may be particularly strong during the period of

egg production and may affect the onset of incubation in many species. Thus, birds which

are less constrained by the need to forage may start incubating before clutch completion,

thereby generating a higher degree of hatching asynchrony (‘energetic constraints hypoth-

esis’; Slagsvold 1986). Asynchronous hatching of a clutch has been shown to have an

effect on parental fitness in many species (see Krebs 1999 for a review). Whether asyn-

chronous hatching increases (e.g. through ‘time saving’ benefits, see Discussion) or

decreases (e.g. through higher mortality of last hatched nestlings) fitness will depend,

among other factors, on the prevailing food circumstances while raising the young

(Hillstrom et al. 2000; Royle 2000). 

During periods of abnormally cold weather, hatching asynchrony is lower (Enemar &

Arheimer 1989; Slagsvold & Lifjeld 1989). During such periods, incubation will be more

strongly constrained because the incubating bird’s energy requirements, and thus the

need to forage, will be high and foraging efficiency might be reduced (Neal et al. 1993;

Pasinelli 2001). These studies suggest that incubation behaviour is constrained by food

availability both before and after clutch completion.

If high food availability alleviates the costs of incubation, then incubation attendance

and the extent of hatching asynchrony resulting from an advanced onset of incubation

should increase, irrespective of the benefits (Nilsson 1993). There is very little evidence

for an effect of food availability on incubation attendance, and only one study has shown

that the broods of females which received extra food during egg-laying had greater hatch-

ing asynchrony than control broods (marsh tits Parus palustris; Nilsson 1993). Further-

more, no previous study has addressed the effect of food availability on both incubation

attendance and hatching asynchrony simultaneously. The aim of this study was to meas-

ure the effect of experimentally increased food availability on incubation attendance and

an estimate of hatching asynchrony in the Australian reed warbler Acrocephalus australis.

The Australian reed warbler forages mainly on aerial insects (Barker & Vestjens 1990) and

has several clutches per season. Males vigorously defend small territories around the nest
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against conspecifics. Only the female incubates (Welbergen et al. 2001) and male incuba-

tion feeding is negligible (occurred only twice in approximately 30 h of incubation obser-

vations). These features make it a good species to study the effect of food supplementa-

tion on incubation attendance and hatching asynchrony. We predicted that an increase in

food availability would result in both an increase in incubation attendance and a higher

estimate of hatching asynchrony.

METHODS

Supplementary feeding

This study was conducted during two breeding seasons (September to January) in

1999/2000 and 2000/2001 in a 10 ha. plot of Australian reed (Phragmites australis) sur-

rounding a lake near Melbourne, Australia (38º 02’S, 145º 07’E). The supplementary

feeding experiment was carried out throughout both breeding seasons. Twenty-nine (12

in 1999/2000; 17 in 2000/2001) experimental and 97 (46 in 1999/2000; 51 in

2000/2001) control nests were randomly assigned, but the number of experimental nests

was limited by the amount of supplementary feeding that could be performed. Control

nests were treated in exactly the same way as experimental nests, except for the presence

of supplementary food trays. In the breeding territories of experimental nests, escape-

proof plastic trays (20 cm diameter, 3 cm deep) were placed approximately 2 meters from

the nest and were filled with 30 g of live blowfly maggots (in processed bran or rice

husks) every other morning at approximately 11.00 h AEST. The alternation of a feeding

and non-feeding day provides the opportunity for an intra-nest comparison. The energy

content of these maggots is approximately 4.5 kJ/g (Inaoka et al. 1999). For an incubating

female Australian reed warbler with an estimated field metabolic rate of 80 kJ per day

(Williams 1996), 30 grams of maggots represent over 1.5 times her daily energy require-

ments. Supplementary feeding in each territory was stopped prior to the hatching of the

first egg in that territory and therefore was very unlikely to have an effect on early

nestling growth. The supplementary feeding always started shortly (2.5 days ± 1.7 SD)

before the beginning of egg laying, therefore the potential effect on female body condition

during egg laying would be minimal (Wiggins 1990; Erikstad et al. 1993; Pietiäinen &

Kolunen 1993). Most individuals were caught in mist nests and colour banded with a

unique colour combination for individual recognition. Remote video observations (2.75 h

± 0.9 SD each, n = 7) of colour-ringed birds revealed that both male and female reed war-

blers routinely consumed the majority of the supplementary food and that no other bird

species fed on the maggots. Supplementary food was almost always completely gone by

the following morning. Excess food was not removed, and practical considerations pre-

cluded us from providing maggots on an ad libitum basis.

Incubation attendance

Temperature logger (TL; Gemini Data Loggers Ltd., Chichester, U.K.) measurements were

gathered in November 2000 only. On a random day during incubation, after clutch com-
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pletion, small temperature probes were inserted into the nest-cups of both experimental

(randomly with respect to supplementary feeding and non-feeding days) and control

birds, to a level just below the top of the eggs. The TL recorded the temperature in the

nest every 60 seconds for a continuous period of either 36 or 72 hours, depending on the

type of logger. In a TL temperature graph, a large and sudden increase in temperature cor-

responded with the start of an incubation bout and a large and sudden drop with the end

of the incubation bout. Three nests were filmed for 3-4 h at the beginning of the TL

recording period in order to validate the analyses of the temperature graphs and measure-

ments of incubation attendance were very similar for TL and video analyses (only 3.4 %

time difference). A comparison of incubation attendance between experimental and con-

trol nests was made over the final 24-h of the TL recording period. In experimental nests,

an intra-nest comparison of incubation attendance was also made between a single feed-

ing and a single control day (in random order) from 12.00-18.00 h (this corresponds to

the period directly after feeding on feeding days). In addition, incubation attendance was

recorded between the laying of the second and third eggs in two experimental nests and

one control nest. Weather data were taken from the Moorabin airport weather station,

five km from the study site.

Egg and nestling measurements

For all eggs found in the breeding season of 2000/2001, maximum length and width was

measured (to the nearest 0.1 mm) using a vernier calliper. Egg volume was calculated

using the equation: Volume = 0.507 x length x width2 (Hoyt 1979). Hatchability of a

clutch (i.e. the proportion of the eggs in a clutch that hatched) was calculated for non-pre-

dated clutches. In both years, one to three days after hatching, nestling mass (to the near-

est 0.1g) and tarsus length (to the nearest 0.1 mm) were measured using a spring-balance

(Pesola) and a vernier calliper, respectively. 

Hatching asynchrony

The estimate of hatching asynchrony was quantified as the relative difference in mass and

tarsus size of nestlings. The relative differences in nestling mass or size were calculated as:

[(first-hatched nestling) – (last-hatched nestling)] / (mean of all nestlings) (following

Skagen 1988; Bryant & Tatner 1990; Amundsen & Slagsvold 1991; Wiebe & Borlotti 1994;

Krebs 1999). In order to exclude a possible effect of competitive interactions between sib-

lings on the estimate of hatching asynchrony, measures of the mass or size hierarchy with-

in a brood were only calculated for broods in which the mass of the heaviest nestling was

less than 5 g (corresponding to mass at 3 days; Berg 1998). Although actual hatching time

differences within a clutch were not routinely measured in order to minimise disturbance,

we did identify eleven additional broods that did not receive supplementary food and were

known to hatch with < 1 day asynchrony (by checking these nests for two consecutive

days around hatching time). This enabled verification that large relative differences in

nestling mass or size did not develop in relatively synchronously hatching broods (see

results). Data on chick mass and size have been pooled for the two years (1999/2000: 4

experimental and 7 control nests; 2000/2001: 6 supplementary and 11 control nests).
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The relative differences in size of young nestlings may depend on the relative difference in

egg volume in a clutch (Perrins 1996). Therefore, a comparison of egg volume differences

was made between experimental and control nests by calculating a measure of egg vol-

ume asymmetry in a similar way to the hatching asynchrony estimate (2000/2001 only). 

Statistical analyses

All statistical tests were performed using SPSS 11.0 for Windows and methods followed

Quinn & Keough (2002). Proportional data were arcsin transformed prior to testing

which improved normality. We used univariate general linear models (GLM) to test

hypotheses about the effect of supplementary food on both incubation attendance and rel-

ative size and mass differences of hatchlings (dependent variables). In the GLM examin-

ing incubation attendance (dependent variable), we included supplementary feeding treat-

ment as a fixed factor and weather (temperature (°C), precipitation (mm), dew point tem-

perature (°C) and wind speed (km/h)), clutch size, laying date, and age of the clutch

(days since clutch completion) as covariates. There was little collinearity between the

covariates (all tolerance values ≥ 0.2). All measurements were taken in a single study year.

To examine relative mass and size differences, we used GLMs with the hatching asyn-

chrony estimate as the dependent variable, treatment (supplementary feeding, control) as

a fixed factor, and brood size as a covariate. The distribution of year and brood sizes

across the two treatments was equal, so these variables were not including in the model.

An additional GLM which included brood size was used to compare the experimental and

control nests with nests known to have < 1 day hatching asynchrony.

For the intra-nest comparison of incubation attendance, a paired samples t-test was

used. We compared clutch size, average egg mass of a clutch, mean volume, volume asym-

metry and hatchability between experimental and control nests using t-tests. The start,

duration and end of the nightly incubation bout, daytime incubation bouts, daytime

recesses and the frequency of recesses were also compared between experimental and

control females using t-tests. Power analysis was carried out using the G*Power computer

program (Faul & Erdfelder 1992). All P-values reported are 2-tailed and considered signif-

icant when α <0.05.

RESULTS

Clutch variables

Although it is likely that Australian reed warblers produce eggs primarily using energy

and nutrients consumed during the previous day (income breeders; Perrins 1996), supple-

mentary feeding did not have an effect on clutch size, average egg volume or relative egg

volume differences within a clutch (Table 9.1). Hatchability did not differ between experi-

mental and control nests (Table 9.1).

Incubation attendance

Incubation attendance was significantly increased by the supplementary feeding treatment
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and was negatively affected by dew point temperature (GLM: F2,20 = 11.9, P = 0.008 and

F2,20 = 11.3, P = 0.004, respectively), but not by temperature, precipitation, wind speed,

clutch size, laying date, or age of the clutch (P ≥ 0.1). There was no significant difference

in the duration of the night time incubation bout between treatments or in the start or

end of this bout (Table 9.2), so we present incubation for the day time period only (Fig.

9.1A). 

Table 9.1. Hatchability, mean egg volume within a clutch, clutch size and relative egg volume diffe-

rences (volume hierarchy) in clutches of females receiving supplementary food and control females.

Power is the probability that the test will yield statistically significant results (α = 0.05).

Treatment n Mean ± SD t P Power

Hatchability (%) Supplementary fed 12 0.92 ± 0.14 1.01 0.32 0.18

Control 41 0.86 ± 0.20

Mean volume (ml) Supplementary fed 17 2.43 ± 0.12 0.80 0.43 0.11

Control 51 2.40 ± 0.17

Clutch size Supplementary fed 17 2.82 ± 0.39 -0.39 0.70 0.07

Control 51 2.86 ± 0.35

Volume asymmetry Supplementary fed 17 0.25 ± 0.09 0.47 0.64 0.07

Control 51 0.24 ± 0.08

Table 9.2. Start time and duration of the nightly incubation bout and daytime incubation bouts,

duration of daytime recesses and the frequency of recesses in females receiving supplementary food

and control females. Power is the probability that the test will yield statistically significant results (α
= 0.05).

Treatment n Mean ± SD t P Power

Start of night time Supplementary fed 12 0827 ± 0043h -0.46 0.66 0.07

incubation bout (time) Control 12 0835 ± 0038h

End of night time Supplementary fed 12 0545 ± 0018h 0.76 0.46 0.14

incubation bout (time) Control 12 0537 ± 0022h

Duration of night time Supplementary fed 12 9.38 ± 0.81 0.45 0.65 0.07

incubation bouts (h) Control 12 9.24 ± 0.83

Duration of daytime Supplementary fed 12 4.87 ± 1.47 1.54 0.14 0.32

incubation bouts (min) Control 12 3.98 ± 1.30

Duration of daytime Supplementary fed 12 3.69 ± 1.15 -0.36 0.72 0.06

recesses (min) Control 12 3.85 ± 1.18

Recess frequency           Supplementary fed 12 7.45 ± 1.70 0.94 0.36 0.15

(per hour) Control 12 8.15 ± 1.94
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Since dew point temperature significantly affected incubation attendance, we used the

residuals of incubation attendance regressed on dew point temperature in the intra-nest

comparison of incubation attendance. Females incubated more on a feeding day than on a

control day (paired samples t-test: t7 = 3.67, P = 0.01; Fig. 9.1B).  Of the three nests for

which incubation attendance was recorded before clutch completion, all females were

already incubating between the laying of the second and third egg. Since there was no sig-

nificant difference in the start, duration or end of the nightly incubation bout, the higher

incubation attendance of experimental females that we observed must be explained by

differences in incubation behaviour during the day. While experimental females tended to

reduce the recess frequency and duration of daily recesses, and increase the duration of

incubation bouts, no significant differences were found between experimental and control

females in these variables (Table 9.2), however, the power of these tests was low.

Hatching asynchrony

The hatching asynchrony estimates were higher in experimental nests than in control

nests (GLM: F1,28 = 7.06,  P = 0.013 for mass, and F1,28 = 6.80, P = 0.015 for size; Fig.

9.2). The hatching asynchrony estimates of broods known to hatch with < 1 day asyn-

chrony were the same as those of control (not supplementary fed) broods (GLM: F2,39 =

5.10,  P = 0.011; contrast estimate = 0.02, P = 0.730 for mass; contrast estimate = 0.02,

P = 0.471 for size), but significantly smaller than those of experimental broods (GLM:

F2,39 = 4.86,  P = 0.014; contrast estimate = 0.17, P = 0.009 for mass; contrast estimate

= 0.07,  P = 0.007 for size; Fig. 9.2). This rules out the possibility that the increased

hatching asynchrony estimates in the experimental group were established after synchro-

nous hatching.  The estimate of hatching asynchrony was higher in larger broods (F2,39 =

6.61, P = 0.014 for mass; F2,39 = 6.92, P = 0.013 for size).

Figure 9.1. (A) Percent incubation time ± SE of females receiving supplementary food (n =12) and

control (n = 10) females during the day. (B) Intra-nest comparison of percent incubation time ± SE

in nests receiving supplementary food  from 12.00-18.00 h (the period directly after feeding on fee-

ding days) on feeding and control days (n =7).
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DISCUSSION

Incubation performance

We found a positive relationship between food availability and incubation attendance in

the Australian reed warbler. Notably, this relationship existed not only when comparing

experimental and control nests, but also when comparing feeding and non-feeding days in

experimental nests. Apparently, incubating female Australian reed warblers are energeti-

cally constrained and face a trade-off between incubation and foraging. 

Previous studies on wheatears (Oenanthe oenanthe; Moreno 1989), blue tits (Parus

caeruleus; Nilsson & Smith 1988) and pied flycatchers (Ficedula hypoleuca; Sanz 1996)

have found that females, which received supplementary food during incubation had a sig-

nificantly shorter incubation period. If increased incubation attendance caused the clutch-

es of experimental females to hatch sooner (Rodriguez-Teijeiro et al. 1997), this should

significantly improve their reproductive success, mostly through “time saving benefits”.

The probability of depredation of the eggs may be lower due to the reduced period of vul-

nerability (Clark & Wilson 1981; Swennen et al. 1993; Persson & Göransson 1999;

Conway & Martin 2000a). A shorter incubation period means that the young hatch earlier

in the season, which may increase their survival chances (Perrins 1965; Spear & Nur

1994; Dzus & Clark 1998) and enhance their probability of recruitment (Hochachka

1990; Spear & Nur 1994; Verhulst et al. 1995; Dzus & Clark 1998). 

Dew point temperature negatively affected incubation attendance. A change in dew

point may affect the warblers prey availability and consequently their foraging efficiency

(Jones 1987), or the water loss of eggs. It remains uncertain which of these factor(s) are

responsible for the observed effect of dew point, however, as dew point positively affects

male song rate in Australian reed warblers (chapter 5), it is unlikely that a high dew point

Figure 9.2. Hatching asynchrony estimate ± SE (calculated from size and mass) of hatchlings in

broods of  females that received supplementary food  (n = 10) and control females (n = 19). The clo-

sed circles (± SE) represent the hatching asynchrony estimates for broods known to have hatching

asynchrony of < 1 day (n = 11).
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increases the birds energetic needs.

Contrary to our findings, several studies have shown that various aspects of incuba-

tion behaviour, including nest attendance, duration of incubation bouts and duration of

recesses were affected by ambient temperature (e.g. Bryan & Bryant 1999; Reid et al.

1999; Conway & Martin 2000a), clutch size (e.g. Arcese & Smith 1988; Wiebe & Martin

2000; Wallander & Andersson 2002), laying date (MacRoberts & MacRoberts 1972;

Sockman & Schwabl 2001) and precipitation (Skutch 1962). It is possible that these vari-

ables would have affected incubation attendance if they had varied more during the period

of measurements. In this study, temperature was measured in open habitat at Moorabin

airport, but our population nested in dense reed beds in which fluctuations in tempera-

ture may not be as pronounced as at the airport (Kadlec & Knight 1996). Variation in

clutch size was very low: 80 % of the nests in which incubation attendance was measured

contained three eggs. Measurements of incubation were taken over only a quarter of the

entire breeding season (30 days), and precipitation during this period was limited to 4

days. 

The energy supplied by the maggots should confer substantial energetic and temporal

gains to experimental birds. It is notable then, that the duration of daytime recesses,

clutch size, egg volume (Wiebe & Bortolotti 1995; Oro et al. 1999) were essentially

unchanged in experimental females. We offer four possible explanations for this anomaly.

Firstly, females could invest energetic gains from supplementary food into increasing their

own survival (Stearns 1992) since for bird species in which only the female incubates, the

high energy expenditure during incubation could translate into increased mortality

(Williams 1996). Secondly, females may still need to forage for specific nutrients not pro-

vided in sufficient quantities by the maggots. Thirdly, the periodic cooling that eggs

undergo during recesses may be important to maintain hatching success, particularly in

the rather high ambient temperatures most commonly encountered by our population

(Kendeigh & Baldwin 1932; Westerskov 1956; Landauer 1967; Batt & Cornwell 1972;

Oppenheim & Levin 1975). Finally, Conway & Martin (2000b) argue that species that

endure high nest depredation have evolved an incubation strategy that minimizes activity

that could attract predators (long incubation bouts and recesses). It is possible that in our

study population, predation pressure has constrained the effect of supplementary food on

incubation behaviour, especially recess duration.

Hatching asynchrony

The hatching asynchrony estimates (relative mass and size differences between hatchlings

≤ 3 days old) were significantly larger in experimental nests than in control nests. We

used an indirect measure of hatching interval and it is possible that the observed size and

mass asynchrony may arise after hatching, irrespective of the actual hatching interval.

However, we believe that this measure does provide a reliable indication of the actual

hatching interval, for several reasons. Firstly, nests known to have relatively short hatch-

ing intervals (< 1 day) yielded hatching asynchrony estimates similar to the control group

and significantly smaller than the supplementary feeding group, showing that low hatch-

ing asynchrony estimates provide reliable indications of short hatching intervals.
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Secondly, supplementary feeding was stopped prior to the hatching of the first egg, and

remote video observations of food provisioning show that food is equally distributed

between the nestlings with respect to size (Berg 1998), so it is unlikely that our hatching

asynchrony estimates became disproportionally larger after hatching in experimental

nests relative to control nests. Finally, this technique has been used successfully in several

previous studies (Bryant & Tatner 1990; Wiebe & Borlotti 1994; Krebs 1999).

Hatching interval may depend on the length of the laying interval, egg volume differ-

ences within a clutch, incubation efficiency for each egg and the onset of incubation

(Slagsvold 1986). We have no evidence that supplementary feeding affected the laying

interval in the Australian reed warbler (M. L. Berg & J. A. Welbergen unpubl. data),

although the length of the laying intervals was shortened in the European kestrel (Falco

tinnunculus; Aparicio 1994) and unaffected in the Nazca boobie (Sula granti; Clifford &

Anderson 2001) as a result of supplementary feeding. Egg volume asymmetry did not dif-

fer between clutches of experimental and control females in the Australian reed warbler.

Clutch sizes were relatively small in the Australian reed warbler (2.6 ± 0.7 SD, n = 213),

so the incubation efficiency is unlikely to be different between eggs, and there was no dif-

ference in clutch size between experimental and control nests. It is therefore most likely

that the experimental females advanced the onset of incubation. This interpretation is in

accordance with the findings of Nilsson (1993), who showed that female marsh tits pro-

vided with supplementary food significantly advanced the onset of incubation compared

to control females. Apparently not only incubation attendance, but also the onset of incu-

bation is constrained by the energetic requirements of the female reed warblers, which

further supports the energetic constraints hypothesis (Slagsvold 1986).

We found that both experimental females (n = 2) and one control female incubated

during laying, raising the possibility that increased incubation attendance alone of experi-

mental females may have resulted in the sibling mass and size hierarchies that we

observed, rather than a change in the onset of incubation. However, the 4% increase in

incubation attendance of experimental females compared to control females would

amount to no more than 2 h of extra incubation time, assuming equal incubation intensi-

ty, which would be insufficient to cause the difference in hatching asynchrony observed

between experimental and control nests.

Our finding that the estimate of hatching asynchrony is higher in larger clutches has

also been shown in the green-rumped parrotlet (Forpus passerinus; Beissinger & Waltman

1991) and in the pied flycatcher (Moreno & Carlson 1989). This may simply be due to the

greater age (and growth) advantages of the first hatched nestling in relation to the last

hatched nestling in more asynchronously hatching nests.

An earlier onset of incubation may confer similar benefits to those that may arise from

a shorter incubation period because a part of the brood hatches earlier. Another benefit of

earlier onset of incubation and greater incubation attendance might be better hatchability

of the eggs, especially of the first laid egg (Lyon & Montgomerie 1985; Nilsson & Smith

1988; Arnold 1993; Veiga & Viñuela 1993; Viñuela 2000). We did not find an increase in

hatchability with increased hatching asynchrony, however, we do not have data on hatcha-

bility linked to laying order. In addition, earlier hatched Australian reed warblers may
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have a greater ability to escape predators because the chicks of this species readily climb

out of their nests and into the reeds in order to escape potential predators prior to fledg-

ing (pers. obs., Brown & Brown 1986), and the ability to do so effectively depends largely

on their age (pers. obs.). This behaviour also makes it very difficult to accurately deter-

mine the true fledging time.

If an earlier onset of incubation has the potential to provide tangible benefits, why is it

not a more common strategy? Firstly, the extent to which parents may be able to influ-

ence the degree of hatching asynchrony through an earlier onset of incubation will likely

be dependent on energetic constraints on incubation (Slagsvold & Lifjeld 1989). These

constraints are likely to be particularly important for females during the egg laying period

due to the costly energetic and nutrient requirements of egg production (Visser &

Lessells 2001), and will be influenced strongly by food availability during this period

(Perrins 1996). Secondly, in many species of birds last-hatched nestlings in asynchronous

broods have lower growth and survival rates due to their inferior competitive abilities

(see Krebs 1999 for a review). If food availability is high during the nestling period, how-

ever, the discrepancies in growth and survival between differently aged siblings may be

less pronounced (Royle 2000). For these reasons, advancing the onset of incubation may

only be a successful strategy during periods of high food availability (Stoleson & Beisinger

1997). By using the food availability during laying as a cue to predict food availability dur-

ing chick rearing, incubating parents may be able to adaptively manipulate the extent of

hatching asynchrony (Royle & Hamer 1998; Wiebe & Bortolotti 1994). As with incuba-

tion attendance after clutch completion, this suggests that while other evolutionary forces

may favour the outright presence or absence of hatching asynchrony, food availability may

act in a proximate way to modify the extent of hatching asynchrony.

In the future, detailed observations on the actual onset of incubation, time of hatch-

ing, and measurements of chick growth in relation to food availability are required to fully

understand the role of incubation behaviour in hatching asynchrony. Data on survival and

recruitment are needed to gain further insights into the adaptive significance of an

advanced onset of incubation and increased incubation attendance. Furthermore, this

study highlights the need for a greater understanding of the allocation of time and energy

by incubating birds in a life-history context.
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INTRODUCTION

The basic components of reproduction studied in this thesis are territory defence, mate

attraction and parental care of offspring (Fig. 10.1). The main premise is that not all indi-

viduals of the same sex should exhibit the same reproductive behaviour at all times, but

that these should show facultative adjustment to the broader environment in which they

find themselves. In particular, we tested the notion that habitat quality (broadly speaking,

condition) and social circumstances (i.e. breeding status) will affect the way individuals

go about maximising their success in reproductive ventures. We wanted to identify some

of the key processes that affect reproductive behaviour in songbirds, and identify some of

the potential for interplay between these processes at different stages of reproduction.

Basic questions are: how does variation in condition and social circumstances affect the

use of sexual signals?, to what extent is sexual signal use plastic and optimised to individ-

ual circumstances?, how do continued investment in territorial behaviour or mate attrac-

tion affect parental care?, and how does condition affect parental care? In this chapter I

would like to summarize the major findings of this thesis, discuss some of the key issues

in a more general framework (with a focus mostly on recent literature), touch upon some

methodological issues, and suggest some directions for future research.

Figure 10.1. Simple flow diagram showing the main components of songbird reproductive behaviour

studied in this thesis, and the hypothesised inter-relationships between these components, and vari-

ation in food availability (individual condition) and individual social conditions (e.g. pairing status).

Numbers in parentheses indicate the chapters where these issues are addressed.

territorial behaviourfood availability
(5,10)

social conditions
(3,4,8)

mate attraction (7)food availability
(5,6)

social conditions
(4,8)

offspring carefood availability
(9)

social conditions
(8)

REPRODUCTION
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THE EVOLUTION OF TERRITORIAL BEHAVIOUR

Much of our knowledge about both inter- and intra-sexual selection processes comes from

studies on birds. Competition and conflict between males for resources, whether for

mates or territorial space or other resources, is central to sexual selection. There has been

considerable interest over the last two to three decades in sexually selected traits, but

most research attention has been focussed on the evolution of ornaments through female

choice (Andersson 1994; Berglund et al. 1996). Nevertheless, it has always been acknowl-

edged that intra-sexual selection, based on competition between males, can also have a

substantial influence on the evolution of such traits as well (Andersson 1994; Berglund et

al. 1996). Territorial interactions largely determine the breeding environment, and so have

the potential to strongly influence the fitness and selection pressures that an individual

experiences. Males of most species of songbirds compete to some extent for territorial

space to control resources or their social arena.

Evolution of traits through intra-sexual selection can be driven by similar mechanisms

to those that are thought to be involved in the evolution of most mate attraction orna-

ments (i.e. signalling the quality or condition of the bearer). However, it may also be

strongly influenced by processes such as the need for individual recognition (Dale et al.

2001). This is a key distinction in the evolution of many signals (Dale et al. 2001), and of

course, individual recognition may also be important from an inter-sexual perspective

(e.g. O’Loghlen & Beecher 1999). In this thesis, I studied the role of song in two aspects

of territorial behaviour in winter wrens (Troglodytes troglodytes). In the first place (chapter

3), I studied how individual recognition and previous experience affect territorial respons-

es. In the second place (chapter 4 & Fig. 10.2), I studied the potential for song output

during territorial interactions to act as a quality signal directed at fertile females. Table

10.1 summarizes the results of this thesis with regard to the variation found in male terri-

torial behaviour.

Territorial behaviour and individual recognition

The evolution of conspicuous signals can be a means of resolving conflicts of interest in

an economical manner. Instead of solving a conflict by costly fighting, competitors can

assess each other through signals that honestly indicate the bearer’s quality or identity.

Neighbour-stranger recognition and the ‘dear enemy’ effect (where territorial individuals

display lower aggression towards familiar neighbours than unfamiliar individuals) is seen

in many territorial animals (chapter 3) and represents a good example of the latter. Good

fighters need to be recognizable and memorable to competitors, so signalling individual

identity might be advantageous to competing males. The dear enemy phenomenon based

on complex song in birds provides an excellent opportunity to study individual recogni-

tion, and the role of territory defence in the evolution and use of sexual signals.

Neighbour-stranger recognition based on song is very common in birds (chapter 3),

and is likely to occur in both of the species studied in this thesis (the winter wren and the

Australian reed warbler, Acrocephalus australis). However, at least two important aspects of

dear enemy relationships remain poorly understood. First, the extent to which such rela-
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Figure 10.2. The relationship between male winter wren body condition and response to a 20 min

simulated intrusion (model wren with song playback). The response variables are (A) song rate

(songs per min; Spearman’s rank correlation: rs = -0.187, p = 0.457), (B) latency to approach <10m

from intruder (min; rs = 0.192, p = 0.446, (C) time spent within 10m of intruder (min; Pearson cor-

relation: r = -0.201, p = 0.424), and (D) closest approach of intruder (<1m, 1-5m, 5-10m; logistic

regression: Χ2 = 0.627, p = 0.731; Nagelkerke pseudo r2 = 0.039). Body condition is calculated as

the studentized residuals of mass regressed over tarsus length (t40 = 2.489, p = 0.017, B = 0.496 ±

0.199 SE) and capture date (t40 = 3.026, p = 0.004, B = 0.018 ± 0.006 SE), based on a larger sam-

ple of individuals than that tested for territorial behaviour. See chapter 4 for further details of play-

back methodology.
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Table 10.1. Summary of the results of this thesis regarding variation in male territorial behaviour.

Numbers in parentheses indicate chapters where these issues are addressed.

Effect Advertisement Song rate Territorial vigilance &
song rate during contests approaching intruders

Condition dependent Yes (5) Fig. 10.2a Fig. 10.2b-d

Female fertility No (4) Yes (4) No (4)

Neighbour vs stranger Not tested (3) No (3) Yes (3)

Previous experience with intruder Not tested (3) No (3) Yes (3)

Intruder’s repertoire Not tested (3) No (3) Yes (3)
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tionships are subject to proximate constraints on recognition, such as from song-type

repertoire usage. Second, the role of a territory-holder’s previous experience with known

intruders in developing and maintaining such relationships. Using a series of playback

experiments to simulate intrusions, we simultaneously tested these effects on male-male

recognition and the dear enemy effect in winter wrens (chapter 3). Recognition of neigh-

bouring males did not appear to be affected by song repertoire, because we did not detect

an interaction between the ability of males to discriminate neighbours from strangers

and song-types presented during trials. In contrast, even relatively small amounts of pre-

vious experience with competing males had a large effect on territorial aggression, with

territorial males responding less aggressively (longer latency to respond) to males that

they knew (and had ‘defeated’) based on a single recent intrusion. Furthermore, we

found an intriguing relationship between latency to respond and the song-types present-

ed by the playbacks (see also Box 10.1). In contrast to latency, no characteristics of

intruder (neighbour or stranger, familiar or unfamiliar) affected song rate during experi-

mental intrusions.

Territorial behaviour and sperm competition

Territorial behaviour and male-male competition in wrens was also investigated in rela-

tion to the breeding stage (from pre-fertilization through to post-breeding). This

approach should provide insight into the interplay between inter-sexual selection process-

es and male-male competition, but has been often neglected by many previous researchers

(perhaps due to the added complications of considering breeding parameters when study-

ing male territorial behaviour). In songbirds, most species including winter wrens (chap-

ter 7; Burn 1996) are genetically promiscuous to some extent (see Box 1.1). The fitness

costs of cuckoldry to males in such species are likely to be considerable. Due to the

decrease in certainty of paternity (Trivers 1972; Clutton-Brock 1991), one strategy for

males in this case is to reduce their investment in offspring care (see discussion below).

However, males may also attempt to minimise their loss of paternity by defending the

mate or breeding territory against intruding males or, if females prefer to mate with high-

quality males, advertising their own quality when their mate is fertile (e.g. through count-

er-singing performance, as discussed in chapter 4, or fertility announcement).

Møller’s (1991a) ‘fertility announcement’ hypothesis has been the foremost contem-

porary hypothesis to explain a peak in male singing activity during their mate’s fertile

period. This hypothesis proposes that males sing more during the female fertile period

because this will lead to greater paternity with females that prefer to mate with males that

sing at a high rate. Our results did not specifically support this hypothesis in wrens (chap-

ter 4), because males did not increase advertisement singing during the fertile period of

their mate (when the risk of cuckoldry is highest). This is in accordance with many of the

studies that have directly tested the predictions of this hypothesis (reviewed in Gil et al.

1999; Turner & Barber 2004; but see Forstmeier & Balsby 2002; Amrhein et al. 2004).

However, our results did show that male wrens increase their investment in counter-

singing during intrusions by competing males during their mate’s fertile period. Since

variation in song rate during intrusions was not reflected in other territorial behaviour
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(measures of vigilance and approach behaviour), a discrepancy also found in chapter 3,

this result is not consistent with the idea that males use territory or mate defence as

paternity assurance. Instead, we argue that song rate in the context of male-male singing

competitions, is actually driven at least partly by female choice. Specifically, if fertile

females eavesdrop on competitions between males (i.e. gather information from such

episodes without directly taking part), they may use the singing performance of males

that they overhear during such contests as a basis for their subsequent choice of (extra-

pair) mates. Primarily due to high nest predation rates in our study population, we could

not determine whether the territorial performance of males was related to their actual

mating success, but this effect has been shown previously in black-capped chickadees

(Poecile atricapilla) and great tits (Parus major; reviewed in chapter 4).

As with traits used in mate attraction, the evolution of conspicuous signals used in

competition within the sexes is thought to be a means through which animals can assess

others in an effective and efficient manner. In many cases, these signals may have a dual

function (e.g. Searcy & Andersson 1986; Catchpole & Slater 1995). They may operate in a

similar way for both territorial and mate choice functions, by conveying honest informa-

tion about certain qualities of the signaller. Our results in chapter 5 suggest that the use

of flexible sexual signals such as song during male-male contests may also be influenced

by the other side of the sexual selection coin, female choice. This may be a more wide-

spread phenomenon than hitherto acknowledged. In order to avoid males that unreliably

signal their quality, females might evolve to select mates from aggregations of males,

where a trait is likely to be put to the test in male-male contests. Performance in such

contests may be an effective way to enforce honesty (Berglund et al. 1996). If this is the

case, females may often exploit intra-sexual signals, which contrasts with the idea that

males exploit pre-existing female sensory biases (Berglund et al. 1996). More specifically,

this may provide a framework for understanding why females may have evolved the habit

of eavesdropping on singing contests between males in order to direct their choices of

mates. It will be interesting to investigate further how males balance the potentially con-

flicting demands on dual-function signals of male-male competition and female attrac-

tion. Future research should look at variation in the composition of the songs used by

male wrens during different breeding stages, in addition to the rate of singing, as this

should help elucidate how intra- and inter-sexual processes together contribute to varia-

tion in song structure. Preliminary data indicates that male wrens employ tactics includ-

ing song lengthening and song-type matching frequently during singing contests (Box

10.1).

In conclusion, I suggest that song complexity (e.g. song-type repertoire), a trait which

is frequently linked to female attraction (Catchpole & Slater 1995), may be also strongly

driven by its role in mediating territorial interactions among males. Conversely, recent

evidence suggests that singing behaviour during male-male contests may be driven in part

by selection imposed by female (extra-pair) mating behaviour and male efforts to compete

for paternity, rather than just territorial space (Otter et al. 1999; Mennill et al. 2002; chap-

ter 4). There is potentially a large amount of interplay between the way song functions in

both inter-sexual and intra-sexual selection which is largely unrecognised, and how these
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selective forces interact deserves greater attention in future studies. In the next section, I

discuss more specifically how signals, including male song and the construction of display

nests, can be honest indicators of male condition, and examine more directly how some

male traits may function in reproduction is terms of female mate choice.

THE EVOLUTION OF MATE CHOICE

Honest signalling and the handicap principle

Females in many animal species have been shown to base their choice of mates on the

degree of exaggeration of males’ secondary sexual characters (Andersson 1994). These

characters are thought to communicate information about a male’s viability or attractive-

ness (Fisher 1930; Andersson 1994). An important prerequisite of such sexual advertise-

ment is honesty. That is, the level of advertisement must reliably reveal the true qualities

of the male (Grafan 1990), at least on average (Johnstone & Grafan 1993; Kokko 1993).

The costliness of signals and the evolution of honesty gained renewed interest following

Zahavi’s landmark theoretical work, and has subsequently been the focus of much

research in the field of sexual selection. Zahavi’s handicap principle (Zahavi 1975, 1977)

now provides the most commonly invoked and widely accepted mechanism to explain

honesty in all natural signalling systems, particularly those involving mate choice. This

principle proposes that traits that impose a cost on the signaller (i.e. are a ‘handicap’)

may reliably advertise individual ‘condition’ (e.g. energetic or nutritional state; Nur &

Hasson 1984). In essence, the idea put forward is that more viable males will be in better

condition and better able to pay the costs of expression of costly signals, and thus express

costly signals to a greater degree. Signal costliness should preventing cheating and thus

ensures honesty (Grafan 1990). 

Before discussing condition-dependent signalling further, two additional points should

be considered. First, condition is rather loosely defined in this context (Nur & Hasson

1984). Males might be considered to be in better condition if they have better nutritional

histories, better social status, are better foragers or occupy higher quality territories.

Females would be expected to benefit from choosing males in better condition if that

aspect of condition has a heritable genetic basis (Andersson 1994), in terms of good

genes. However, even if that is not the case, females might also benefit from choosing

males in better condition if males provide direct benefits such as territorial food resources

or parental care. In this way, the handicap principle encompasses not only the good genes

(indirect benefits) models of mate choice, but also direct benefits. In short, females that

discriminate amongst males on the basis of condition dependent signals may get a high-

quality territory and/or a mate with good genes. Second, it should be pointed out that the

direct relationship between signal expression and physical condition need not always be

positive, as the most viable males also express the most costly signals and these may ‘can-

cel out’ (e.g. Nur & Hasson 1984). Nevertheless, a positive relationship is the pattern

that has been most commonly reported in previous studies on this topic (reviewed in

Andersson 1994).
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With these points in mind, one way to study the expression of condition dependent sig-

nals in a natural setting is to offer supplementary food as a means to artificially manipu-

late male condition. This experimental approach does not rely on direct assessment of the

physical condition of males, but instead operates on the assumption that an increase in

territorial food availability will result in an increase in male condition as defined above. As

territorial food availability cannot be considered a heritable trait of males, this approach is

only appropriate in systems where males typically provide direct benefits such as parental

care, which is the case in most songbirds including Australian reed warblers. In this thesis,

we used this approach to study two potential male mate attraction signals in Australian

reed warblers, from the viewpoint of signal costliness and the handicap principle. The two

signals studied were: 1) male song, a well-known sexually selected signal in birds, and 2)

the construction of display nests, An unusual behavioural trait in the same species.

Condition-dependent signals

Bird song is often considered to be a good example of a reliable handicap signal due to the

costs potentially associated with song production. In addition to costs related to social

competition, as touched upon in part II of this thesis, other costs are thought to arise

from the energetic demands of song production (e.g. Lambrechts & Dhondt 1988,

Eberhardt 1994, Chappel et al. 1995, Oberweger & Goller 2001), the increased risk of

depredation (Krams 2001) or the temporal constraints imposed on other activities such as

foraging (e.g. Reid 1987; Galeotti et al. 1997, Saino et al. 1997, Lucas et al. 1999). These

costs of production are particularly relevant to the handicap principle, however there is

surprisingly little empirical data on the potential costs of bird song. While variation in

song rate should clearly involve a change in energy expenditure, recent work (e.g. Ward et

al. 2003, 2004) measuring the energetic demands (oxygen consumption) of singing

directly in captive canaries (Serinus canaria) and pied flycatchers (Ficedula hypoleuca) has

suggested that singing is not particularly energetically costly itself when compared to

other normal activities, such as perching. Both of these studies indicated that the meta-

bolic costs of singing, while 2.2-2.7 times higher than the basal metabolic rate, were in

fact only marginally higher (1.05-1.12 times) than simply perching or standing. Thus, the

actual extent and nature of the costs associated with singing in free-living birds remains a

subject of current debate.

We found that male reed warblers that were provided with supplementary food on

their breeding territories sang at a higher rate than controls (chapter 5). Thus, our data

supports the notion that song production is constrained by food availability. In light of the

aforementioned studies on the energetics of singing, this suggests that costs of song pro-

duction may arise principally through constraints imposed on foraging (temporal con-

straints or reduced foraging efficiency). In line with this, song production did not appear

to be affected by several weather variables including ambient temperature, which might

be expected of a signal constrained by the energetic costs of production (e.g. Gottlander

1987, Reid 1987, Thomas 1999; Godfrey & Bryant 2000). Therefore, male song rate may

be a good cue to territory quality, and the main benefit accruing to females choosing

males with a high song rate could therefore be not just a high quality male (able to



GENERAL DISCUSSION

155

acquire and defend a high quality territory) but also direct benefits arising from a good

breeding territory (e.g. Yasukawa 1981; Alatalo et al. 1990a).

In chapter 6, we employed the same supplementary feeding experiment reported in

chapter 5 to study the functional significance of multiple nest building. Australian reed

warblers build two types of nest structures: ‘type I’ nests, which are used for eggs and

nestlings, and ‘type II’ nests, also sometimes referred to as ‘display’ nests or ‘cock’ nests,

which are structurally distinct from type I nests, never support eggs, nestlings or adults,

and are not essential for successful breeding. Interestingly, more type II nests were built

on territories supplied with supplementary food, indicating that constructing such nests,

like singing, is constrained by food availability. It may therefore function as a ‘non-bodily’

condition-dependent signal. Although several bird species build more than one nest (see

studies reviewed in chapter 6), the function of most multiple nest building remains

unclear. Notably, this interesting system differs from other similar ones in that the addi-

tional (type II) nests can only function for display, i.e. they are distinct from breeding

nests, and breeding can take place with only a type I nest.

Taken together, the results in chapters 5 and 6 suggest that food availability may be a

primary mediating factor in avian handicap signals (Berglund et al. 1996). This would

make territoriality integral to the process in species that gain most or all of their food

from their defended territory. We also examined the potential for condition-dependence

in song output and other measures of territorial aggression during experimental intru-

sions in the wren (Fig. 10.2). We compared the strength of male responses with an esti-

mate of male body condition (mass controlled for body size). In this case, we found no

effects of body condition on any of these behavioural traits. However, such non-experi-

mental data should be interpreted with caution. This is particularly true as the optimum

body condition may not be the heaviest mass for a given body size, but lower (e.g. to

reduce flight or predation costs; Witter & Cuthill 1993). Further experimental work will

need to be carried out to investigate the potential condition dependence of sexual sig-

nalling in the context of territory defence.

The existence of multiple condition-dependent signals (e.g. singing and nest-building)

may also limit dishonest signalling by males (Møller & Pomiankowski 1993), even if the

information content of the signals is usually similar. For example, multiple condition

dependent ornaments may allow more reliable signalling and assessment of male condi-

tion, especially when environmental circumstances (e.g. high predation or abnormal

weather) make one signal less suitable at a given time. Although there is a rapidly grow-

ing body of theoretical and empirical research into the evolution of multiple ornaments,

few studies have examined both physical and non-bodily ornamentation simultaneously;

although studies on Australian bowerbirds (family Ptilinorhynchidae) being one notable

exception (e.g. Endler et al. 2005). Australian reed warblers would now seem to provide

another useful system in which this could be further studied.

The handicap principle revisited: the importance of flexibility

From an individual optimisation viewpoint, behavioural signals such as singing and nest

building should be viewed as ‘strategic choice’ handicap signals (Grafen 1990). This is
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where each signaller (male) chooses the level of handicap they advertise in a way that

maximises their fitness, given their individual circumstances. Our results indicate that

both song and building type II nests are constrained by food availability in Australian reed

warblers. This suggests that these activities are costly in some way, which is a key feature

for all handicap signals. However, two additional features are required in order for signals

to function as effective strategic handicap signals (Zahavi 1977; Nur & Hasson 1984;

Grafen 1990), which I will now briefly discuss.

First, the handicap must be phenotypically plastic, i.e. predictable variation in the level

of handicap displayed by an individual (Zahavi 1977; Nur & Hasson 1984). This is an

important feature that means the signal in question can be adjusted in response to variation

in the environment. This will allow the signal to reliably and accurately convey the current

condition of the bearer. Clearly, such flexibility will be important when there is temporal or

spatial variation in the costs of a trait, by allowing the trait to be maintained at the opti-

mum level of expression (Brooke et al. 1998). Plasticity will itself have a genetic basis (Nur

& Hasson 1984), and in many cases flexibility in the expression of costly signals may be

under selection, and more important to fitness than the actual value for a particular signal

(Jordan & Snell 2002). In showing predictable effects from randomly supplying supplemen-

tary food to experimental groups, we already demonstrated some degree of behavioural

flexibility. Additionally, our experimental design (providing supplementary food only every

other day) allowed us to determine whether male reed warblers are able to adjust their level

of song production according to food availability on a daily basis. This shows that this sig-

nal can be highly flexible (chapter 5). Meaningful data on the plasticity of nest-building

behaviour were not available. This is because although type II nests appear to be built very

rapidly (in the order of hours rather than days), males accumulate relatively few nests

(compared to the number of songs sung) and finding them is very labour intensive. This

means that day-to-day changes in the rate of nest building are hard to record.

The other essential component of strategic handicap signals is that the costs of sig-

nalling must increase differentially for individuals of different quality (Grafen 1990).

Consider the case of a signal where individuals are able to choose their level of signalling

strategically, and where it is always advantageous to signal the highest condition or viabil-

ity possible. All males would then do best by signalling the highest possible condition,

irrespective of their actual state. Therefore, in order for strategic handicap signals to be

honest, not only must the signal be costly, but the marginal cost of the signal must be

higher for an individual of low viability than for one of high viability. We are not aware of

how the costs or constraints related to song production or nest construction differed

among individuals in our studies, and unfortunately this point has not been adequately

investigated in most other studies on these topics. It would be most feasible to test these

ideas by manipulating sexual signals in a species where information about the intrinsic

quality of males is available (e.g. age, spring arrival timing or extra-pair mating success).

Condition-dependent signals and female choice

So far, I have discussed male advertisement purely in terms of the costs of signalling, as

this is what is thought to maintain essential honesty. However, a full understanding of
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any signalling system requires knowledge not only of the costs but also the benefits of

producing the signal. The function and benefits of singing has not been directly tested in

the Australian reed warbler, although it is clear from playback trials that song is used

extensively in male-male competition by this species (J. Welbergen & M. Berg, unpubl.

data). In other species, a positive association between male song rate and pairing or mat-

ing success has been reported in several field studies (Radesäter et al. 1987; Alatalo et al.

1990a; Buchanan & Catchpole 1997; Nyström 1997; Møller 1998), but not in others (e.g.

Greig-Smith 1982; Davies & Lundberg 1984). Playback of higher song rates has been pos-

itively related to female display rates (e.g. copulation solicitation) in several studies

(Wasserman & Cigliano 1991; Collins et al. 1994). Furthermore, song rate has been asso-

ciated with female fertility (Møller 1991a; Pinxten & Eens 1998; Forstmeier & Balsby

2002; Amrhein et al. 2004; chapter 5; but see Gil et al. 1999).

On the whole, these results suggest that the relationship between male song rate and

female choice may be far from simple or universal. In some cases, particularly those relat-

ing mating success to natural variation in song rates, this effect is potentially confounded

by female preferences for high quality territories rather than song rate itself (Nyström

1997). Model systems in which females are attracted to unoccupied nests on the basis of

song playback, such as pied flycatchers (Ficedula hypoleuca; Eriksson & Wallin 1986) and

house wrens (Troglodytes aedon; Johnson & Searcy 1996) provide an excellent opportunity

to gain further insight into the direct effect of song rate on female choice.

The multiple nests of Australian reed warblers have not been described in detail previ-

ously. The function of multiple-nest construction remains unclear in this and other species

where it has been studied (reviewed in chapter 6). As with song rate (chapter 5), unpaired

male reed warblers that built more type II nests as a result of supplementary feeding did

not appear to be more successful at becoming paired. We also conducted an experiment

involving the addition of artificial type II nests to the breeding territories of unpaired males,

to investigate the effect of the number of type II nests on pairing success in the absence of

the potentially confounding effect of food availability. This experiment did not reveal a

change in pairing success in relation to display nests either. One possibility to explain these

results is that our study population was relatively successful and that almost all males were

able to pair at some point during the season. Perhaps more detailed data on pairing date

would reveal a female preference for certain males. Unfortunately, our experiment was only

conducted late in the breeding season and detailed information on pairing dates was not

collected due to time constraints. Alternatively, female preferences for male signalling per-

formance may be revealed by their behaviour subsequent to pairing, such as extra-pair mate

choice (Mennill et al. 2002), or their investment in clutch size or incubation attendance (see

discussion about chapter 9 below) or offspring feeding. For example, several studies indi-

cate that females lay larger clutches when paired with high quality males (e.g. Slagsvold et

al. 1988, 1990). As male offspring care seems to increase with food availability in Australian

reed warblers (M. Berg & J. Welbergen, unpubl. data), signals that reliably communicate

food availability might be a useful cue for females to how much offspring care they can

expect from a male. This might in turn lead them to produce a larger clutch in anticipation

of a higher level of male care (Slagsvold & Lifjeld 1988; Davies & Hatchwell 1992).
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Genetic diversity and mating success

A leading explanation put forward to explain female promiscuity in birds is to increase

the genetic quality of their offspring, and several hypotheses based on the genetic benefits

of extra-pair mate choice have been put forward (Box 10.2). One process through which

this may occur is for females to prefer to copulate with the most heterozygous or geneti-

cally diverse males. In this way, promiscuous females may avoid the costs of inbreeding. It

was from this perspective that we set out to investigate the occurrence of extra-pair pater-

nity, and the relationship between cuckoldry and male genetic diversity, in wrens (chapter

7). We used a panel of five microsatellite markers identified using efficient cross-species

amplification approach (chapter 2). Genetic diversity was calculated using three common-

ly used indices of individual heterozygosity or allelic diversity (see Box 10.3). We detected

extra-pair young (EPY) at eleven of the 29 nests analysed (38%), accounting for 25 of 134

typed offspring (19%). Surprisingly, we found that more heterozygous males (estimated

by the proportion of heterozygous microsatellite loci) were more likely to have EPY in

their brood but, once cuckolded, had fewer EPY than less heterozygous males (Fig. 10.3).

In addition, more genetically diverse males (measured by the distance between alleles at

microsatellite loci) had higher body condition (body mass and mass controlled for body

size), but we found no associations between male morphology and paternity loss. Due to

high nest failure rates, the relationships between male or offspring heterozygosity and

other measures of reproductive success could not be established in this study.

Unfortunately, our current data is not sufficient to offer a satisfactory explanation for

these unexpected results. In order to obtain a better picture of whether females seek

males with high heterozygosity for extra-pair mates, we need to examine the heterozygos-

ity of successful extra-pair sires relative to the heterozygosity of the males they cuckold.

Since our current results indicate most strongly that male heterozygosity is related to

male success at obtaining paternity in their own nest, another useful step might be to

examine how heterozygosity of males relates to traits that might be involved in prevent-

ing cuckoldry. This is because males with low heterozygosity might adopt a strategy of

paternity assurance, while more heterozygous males may instead adopt a strategy geared

towards seeking additional mating opportunities even at the expense of losing some

paternity in their own nests. This may be particularly true for polygynous species such as

wrens (but see Burn 1996). In songbirds traits that might prevent cuckoldry could include

advertisements of quality such as singing at a high rate (Møller 1991a; chapter 4) or nest

building (Evans 1997a, 1997b; chapter 6), territory size and territorial behaviour (Møller

1990; Langmore 1996; Eason & Hannon 2003) and mate guarding (Møller & Birkhead

1991; Komdeur et al. 1999). However, for such a mechanism to give rise to the patterns

described in chapter 7, the male paternity assurance strategies adopted by males with low

heterozygosity would have to be rather effective. Furthermore, we found no evidence that

females select more heterozygous males as extra-pair mates (although a direct compari-

son of the heterozygosity of within-pair and extra-pair males would be required to con-

firm this).

On the whole, a compelling picture seems to be emerging from recent work, at least in

birds, regarding the important role of heterozygosity (genetic compatibility, genetic diver-
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sity and rare alleles) in (extra-pair) mate choice. There is great scope for future research

into the potential role of heterozygosity in mating behaviour in general. More specifically,

future research in this field may shed considerable light on why female birds seek extra-

pair fertilizations. This avenue of research differs fundamentally from previous ‘good

genes’ and Fisherian runaway models of mate choice, which generally assume that there

are universally ‘high quality’ and ‘low quality’ genotypes for which females are selecting

(Fisher 1930; Hamilton & Zuk 1982; Andersson 1994; Kokko et al. 2003). In contrast,

heterozygosity concerns non-additive genetic benefits: heterozygosity itself is not herita-

ble, and the heterozygosity of offspring is a property not only of the male’s genotype but

also the female’s genotype. Obviously, issues surrounding mate choice for heterozygosity

are intricately linked with genetic compatibility and inbreeding avoidance.

Signalling genetic diversity

If females do actively base their mate choice on male genetic diversity, how could females

select this male quality? There are two main possibilities. One is that selection for sperm

from more or less genetically diverse males, or sperm carrying particular alleles, may

occur within the female reproductive tract (cryptic female choice). This possibility has

been supported by a study by Olsson et al. (1996), which provided evidence that female

Swedish sand lizards (Lacerta agilis) selected sperm that reduced inbreeding. In birds,

females are known to select sperm based on male dominance (Pizzari & Birkhead 2000)

and age (Wagner et al. 2004), and not all copulations with (extra-pair) males will neces-

sarily lead to fertilization (Fossøy et al. 2006). In the future it will be interesting to exam-

ine such aspects as sperm volume and the timing of copulations when relating male

genetic diversity to parentage, as these factors are known to influence the outcome of

sperm competition (Birkhead & Møller 1993).

The second possibility could be that females choose to mate with males with greater

genetic diversity (direct female choice). If this diversity is associated with the health or

Figure 10.3. Schematic diagram representing the effect of male heterozygosity on the probability of

being cuckolded observed in chapter 7. Note that heterozygosity data in chapter 7 is plotted as inter-

nal relatedness, which is strongly negatively related to simple measures of heterozygosity as repre-

sented here.
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condition of males, this could be expressed by condition dependent cues that females

could use for assessment of potential mates, such as plumage ornaments or song. There is

mounting evidence for this in songbirds. In blue tits, heterozygosity was positively related

to ultraviolet-blue crown coloration, which is a sexually selected trait used by females in

this species (Foerster et al. 2003). Two studies have reported a relationship between

acoustic features of male song and a measure of genetic diversity. One of these studies

found a relationship using only d2 in sedge warblers (Acrocephalus schoenobaenus; Marshall

et al. 2003), while the other, studying subdesert mesites (Monias benschii; Seddon et al.

2004), found a relationship with individual heterozygosity and IR but not with d2. A third

study has reported that the song repertoire of male song sparrows (Melospiza melodia)

declined with increasing inbreeding, using a true measure of inbreeding obtained from

pedigrees (Reid et al. 2005). So far, the role of male heterozygosity in female choice has not

been reported directly in any of these species, although extra-pair or extra-group paternity

is known to occur in all four species (e.g. Gullberg et al. 1992; Langefors et al. 1998;

Buchanan & Catchpole 2000; Major & Barber 2004; Seddon et al. 2005). Despite this early

progress, further studies are needed to examine natural variation in potential cues, such as

song, morphological characteristics and territorial performance, in order to determine reli-

able connections between genetic diversity and assessable traits. If direct female choice for

male genetic diversity occurs in winter wrens, vocal traits are probably the most like means

of signalling of this quality as males possess complex songs but no obvious plumage orna-

ments. Indeed, wrens provide considerable scope for studying this issues, as they have a

reasonably high rate of extra-pair paternity, relation between male heterozygosity and

female promiscuity, and a high degree of structural song complexity (Box 10.1).

THE EVOLUTION OF PARENTAL CARE

Trade-offs and the level of male care

Care of offspring, together with somatic activities and mating success, are the major com-

ponents of successful reproduction in many animal taxa. The costs and benefits of

parental care has a large influence on mating systems, so a good understanding of the

proximate mechanisms that determine the pattern of parental care is crucial to our under-

standing of mating system evolution. Some degree of parental care is ubiquitous in song-

birds (e.g. Lack 1968; Oring 1982; Clutton-Brock 1991; Davies 1991), and most species

display bi-parental care. This care may take several forms, but the most commonly

encountered in birds are incubating the eggs and providing food to the offspring.

Providing this sort of care to offspring is likely to be a time-consuming and energetically

costly activity, so caring for current offspring will probably somehow reduce the ability to

produce future offspring (Lessels 1991; Stearns 1992; Daan & Tinbergen 1997).

Individuals can be expected to optimize the level of care they provide during each breed-

ing event. Parents with dependent offspring and other concurrent responsibilities such as

maintaining a territory or seeking further mating opportunities, must decide how to

divide resources amongst these competing pursuits.
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Although male care is common in songbirds, it is usually not obligatory for the sur-

vival of the offspring (Bart & Tornes 1989; Dunn & Hannon 1992; Dunn & Robertson

1992). This is true for Australian reed warblers, where nestling starvation is rare regard-

less of how little care the male parent provides (M. Berg & J. Welbergen unpubl. data).

Therefore, males have the opportunity to balance their investment in caring for current

offspring (parental effort, PE) with competing activities that are important for future

reproduction or survival, in order to achieve the best fitness. Typically, these competing

activities will include pursuing further (extra-pair) fertilizations (mating effort, ME) or

maintaining their territory (territorial effort, TE). Trade-offs between these activities can

be expected when time and energy are limited, and this conflict will usually be greater for

males and in highly territorial species where extra-pair fertilizations are common

throughout the offspring-rearing period (Magrath & Elgar 1997; Magrath & Komdeur

2003). The extent to which a male should invest in PE, ME and TE when these activities

compete for attention could depend on several factors: (i) variation in female competence

to provision a brood without male help (e.g. Whittingham 1989; Beletsky & Orians 1990;

Dunn & Robertson 1992), (ii) the value of the brood (e.g. Westneat et al. 1990; Magrath

& Elgar 1997; Komdeur et al. 2002), (iii) stochastic factors that may affect the chance of

successful reproduction, such as nest predation (e.g. Komdeur & Kats 1999; Veiga et al.

2003), and (iv) the opportunity for males to gain additional matings (e.g. Smith 1995;

Komdeur et al. 2002), such as the experience or quality of the male (e.g. Morton &

Derrickson 1990), the social organisation of the population (e.g. Mulder et al. 1994), or

the temporal (e.g. Westneat 1988; Magrath & Elgar 1997) or spatial availability of poten-

tial mates (Westneat & Sherman 1997). Surprisingly, many of these issues have only

infrequently been tested empirically in birds.

A recent comparative study linked avian families with male-only care to low popula-

tion density (considered an index of remating opportunities for both sexes) and vice versa

(Owens 2002). Importantly, this pattern should not necessarily be restricted to systems

featuring uni-parental care (Owens & Bennett 1997). This study suggests that variation in

density might also mediate relative parental care of the sexes in species with bi-parental

care due to remating opportunities. In chapter 8, we show that male PE (nestling feeding

rate) was much lower in territories with many neighbours than in territories with few

neighbours, while female PE remained unchanged. Of all the influences on male PE out-

lined above, we believe that the spatial availability of neighbouring territories is the main

variable differing between the groups analysed in this study. Te analysed the number of

neighbouring territories independently of actual density or territory size, by comparing

territories with a (mostly artificially maintained) linear spatial arrangement to those with

a clumped spatial arrangement (in general, higher densities can be expected to lead to

more neighbours for each territory). Furthermore, brood sizes were not related to the spa-

tial arrangement of territories, and there was no clear differences in habitat quality

between groups of territories with a high or low number of neighbours. Accordingly, we

interpret this result is suggesting that behavioural trade-offs for males lead to a reduction

in paternal care when the chance of encountering conspecifics near the breeding territory

is greater.
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In order to confirm the potential role of such a mechanism, and examine the potential

differences in TE (aggression towards male intruders) or ME (attention to female intrud-

ers) in this system, we conducted an experiment. We experimentally introduced caged

reed warblers of known sex to territories with nestlings, and compared the resulting

changes in PE with that elicited from a control empty cage. While male reed warblers vig-

orously defend their territories throughout the breeding season against intruding males,

the presence of females on the territory may be interpreted by males as an extra-pair mat-

ing opportunity. Females in this and other species (Double & Cockburn 2000 and refer-

ences therein) frequently undertake extra-territorial forays. The results further confirmed

that male PE is strongly reduced by the presence of conspecifics of either sex. The results

further indicated that trade-offs with TE and ME have similar effects male PE. Male feed-

ing rates were lower in the experimental presence of either a female or a male conspecific,

while female behaviour was not affected. Females did not appear to respond to presence

of conspecifics of either sex at all. In several cases, females were observed continue brood-

ing nestlings apparently unperturbed by the experimental presence of a conspecific only a

few metres from the nest (and the ensuing commotion involving their mate). Thus,

females do not appear to assist with territory defence (at least during the nestling-rearing

period), nor do they seem to do anything to repel intruding females which compete for

the attention of the male. Neither sex reduced feeding significantly in response to a caged

greenfinch. Our results suggest that both extra-pair mating and territory defence, mediat-

ed by local breeding density, could be important factors in the evolution of paternal care

and mating systems. This suggests that both the requirements of territorial and mating

activities could substantially affect the expression of male care, and thus can be expected

to influence the evolution of parental care and mating systems. In many natural systems,

these factors are likely to be largely mediated by breeding density, synchrony and local

food availability. Ultimately, trade-offs such as those between PE, ME and/or TE might be

resolved over evolutionary time such that responses become fixed rather than facultative

to some extent (Westneat & Sherman 1993; Wright 1998; Whittingham & Dunn 2001).

This may explain some sex differences in parental care in songbirds. For example, trade-

offs facing males between PE and ME are likely to be greater during the early stages of

reproduction in reasonably synchronously breeding populations, which explain why males

in many species with biparental care of some sort do not contribute to incubation (only

30% of the 56 Passeriforme families for which data is available display male incubation;

Deeming 2001).

Female compensation: energetic ceiling or adaptive response?

Interestingly, there was no evidence from either the observational (chronic reduction in

male care) or experimental (acute reduction in male care) components of our study that

females compensated for reduced male care by increasing their own level of care. Because

females did not compensate for reductions in male PE, the level of male food provisioning

was associated with overall reductions in food delivered to the offspring. Such variation in

total food delivery is likely to be one of the most important influences on the success of

reproduction (Nagy & Holmes 2004). We provide evidence that this leads to considerably
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lower nestling growth in territories with many neighbours, where males are caring less.

Although nestling starvation is rare in Australian reed warblers, it is likely that such

markedly lower growth would result in lower post-fledging survival or future reproductive

success, particularly in long-distance migratory species such as reed warblers. Several

studies in passerine birds have shown that survival or future reproduction of young after

leaving the nest is closely related to their body mass or body condition (mass corrected

for body size) prior to fledging (e.g. Perrins 1965; Garnett 1981; Nur 1984b; Gustafsson

& Sutherland 1988; van Noordwijk et al. 1988; Alatalo et al. 1990b; Tinbergen & Boerlijst

1990; Hochachka & Smith 1991; Haywood & Perrins 1992; Linden et al. 1992; Verboven

& Visser 1998; Merilä et al. 1999).

An incomplete or completely absent degree of female compensation is common is

studies where male care has been experimentally reduced or removed (e.g. Davies &

Hatchwell 1992; Lozano & Lemon 1996; Markman et al. 1996). This may be due to a lack

of female knowledge about the workload of the male, an ‘energetic ceiling’ to female

parental care (Drent & Daan 1980; Tinbergen & Verhulst 2000), or an adaptive response

on the part of females (Houston & Davies 1985; Winkler 1987; Wright & Cuthill 1989).

A lack of female knowledge about male care seems unlikely as chick hunger and begging

behaviour should provide an effective cue to relative level of care being provided by the

male. An energetic ceiling on female brood care has been shown experimentally by

Tinbergen & Verhulst (2000). However, several studies have shown that both male and

female passerines can increase their parental investment in response to experimentally

increased brood demand (e.g. Sanz & Tinbergen 1999; Wright et al. 1998), although this

may not always be the case (Moreno et al. 1995) or may be population or species specific.

To investigate this issue, it may be possible to increase the workload of care-giving par-

ents by enlarging brood sizes or handicapping parents, and observing the subsequent

changes in parental effort. If females are subject to an energetic ceiling which constrains

parental care, one would expect males but not females to increase food provisioning with

brood enlargement. On the other hand, one would expect females but not males to

decrease food provisioning when both parents are handicapped. Finally, lack of female

compensation may be an adaptive response, because complete compensation would mean

selection would favour males that provided less care (Houston & Davies 1985; Winkler

1987; Wright & Cuthill 1989). Usually, reduced male care has been reported in conjunc-

tion with some decline in fitness components, such as a decline in nestling growth as we

present in chapter 8.  Males that do not maintain their contributions to offspring care will

suffer reduced offspring growth and the associated negative effects on their fitness.

However, this might be overcome by the fitness gains of the other activities concerned:

males should choose the option that leads to the greatest reproductive success (Davies &

Hatchwell 1992). The problem for females is that compensating for a lack of male care

can be expected to lead to a reduction in her fitness in other respects, such as reduced

survival or ability to invest in subsequent breeding attempts. 

Certainty of paternity

If the rate of extra-pair paternity does increase with breeding density (Birkhead & Møller
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1992a; Westneat & Sherman 1997; Møller & Ninni 1998; Griffith et al. 2002; Charmantier

& Perret 2004; Mougeot 2004), then an interesting alternative explanation for a reduction

in male PE with increasing breeding density could be a change in the male’s certainty of

paternity. Certainty of paternity if likely to be a major factor influencing the optimal strat-

egy for care-giving males (Ligon 1999), because uncertain parentage is likely to reduce the

potential fitness gains of males from parental care to a level lower than that of females

(Houston 1995; Queller 1997; Wade & Shuster 2002; Kokko & Jennions 2003). Paternal

care should be less common is species where the rate of extra-pair paternity. This is par-

ticularly interesting in most songbirds given the widespread occurrence of extra-pair fer-

tilizations in this group (see Box 1.1). Several previous studies have provided evidence

that males adjust care to their degree of relatedness to the brood (e.g. Moller 1988;

Davies et al. 1992; Wright 1992; 1998; Westneat & Sherman 1993), but the idea remains

contentious even within the same species (Sheldon 2002). For example, Dixon et al.

(1994) found this to be the case in reed buntings (Emberiza schoeniclus), but the same pat-

tern was not found when the study was replicated (with a larger sample size) in a Dutch

population of reed buntings (Bouwman et al. 2005). We cannot rule out a role for certain-

ty of paternity in controlling the level of male care in Australian reed warblers. However,

our preliminary analysis of microsatellite parentage data and feeding observations indi-

cates that male reed warblers do not reduce their level of care in response to cuckoldry.

Furthermore, our experimental approach provides evidence that the pursuit of other activ-

ities (TE and ME) by males, irrespective of their certainty of paternity, could be sufficient

to explain most of the variation in male PE we observed in relation to the spatial presence

of conspecifics.

In the future, it will be interesting to investigate whether males also vary their level of

PE in relation to temporal variation in the availability additional mates (i.e. local breeding

synchrony). We could do this by comparing male feeding rates to the number of fertile

females in surrounding territories, as has been done to investigate male investment in

incubation in fairy martins (Cecropis ariel; Magrath & Elgar 1997). This may allow a clear-

er interpretation than studying spatial variation. This is because if an effect similar to that

described in chapter 8 is shown, it is much more likely to have to do with the mating

opportunities provided by the presence of fertile females than territorial defence or other

unmeasured differences among territories. Future studies may even be able to test this

issue experimentally by manipulating local breeding synchrony through careful disrup-

tions to the early nesting cycle.

Incubation strategies: a female perspective

While both sexes share parental responsibilities to at least some extent in most song-

birds, such as feeding offspring and guarding the nest, there can also be considerable divi-

sion of labour between the sexes. One of the best examples for this is incubation.

Although males of some songbirds contribute substantially to incubation, it is often a

female-only duty in this group (e.g. Lack 1968; Clutton-Brock 1991). Often, only the

female developing a brood patch. It appears that incubation has become such a specialized

activity in many species that males have lost the ability to do it altogether. Variation in
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incubation can be crucial to breeding success, and incubating the eggs properly is a vital

component of reproduction for all altricial birds because the embryo is very vulnerable to

perturbations in the developmental conditions (Lundy 1969; Drent 1975). The effects of

variation in incubation capacity on life-histories can be wide-ranging, with likely effects

on traits such as clutch size (Reid et al. 2001). 

In chapter 9, we used video observations and automatic temperature loggers inside

the nests of Australian reed warblers to examine incubation behaviour. In this species,

only the female contributes to incubation (chapter 9). One of the main factors that is

often thought to affect the level of incubation is the energetic constraints of warming the

eggs. Accordingly, we tested the hypothesis that the level of incubation is constrained by

food availability. If food is abundant, the energetic constraints may be reduced and the

time spent incubating (incubation attendance) may increase. Moreover, the onset of incu-

bation in relation to clutch completion may be advanced, resulting in a higher degree of

hatching asynchrony. We tested these ideas using a supplementary feeding experiment.

Supplementary food was provided to individual nests during the incubation period, and

incubation attendance was measured with temperature loggers at nests receiving supple-

mentary food and control nests. Hatching asynchrony was inferred from mass and size

differences between siblings shortly after hatching. As in chapters 5 and 6, supplementary

food was provided only every other day, which allowed us to infer the degree of flexibility

in incubation regimes and provided an internal control. Our results showed that incuba-

tion attendance did increase with food availability. In addition, hatching asynchrony was

greater in nests with supplementary food, suggesting that the onset of incubation was

advanced in these nests. The increase in hatching asynchrony with higher food availability

may  simply be the incidental result of lifting constraints on the amount of time a bird can

spend on the nest, particularly before clutch completion when she is still producing eggs.

However, we speculate that the increased hatching asynchrony may be an adaptive

response to higher food availability. Hatching asynchrony may be advantageous in allow-

ing the first laid eggs to hatch sooner and fledge sooner, thereby reducing the risk from

nest predators. However, birds may only be able to support an asynchronous brood,

where the smaller nestlings will be at a competitive disadvantage to their larger siblings,

under conditions of high food availability.

While our results do appear to support the view that energetic costs limit incubation,

this may not necessarily be the case. It is possible that the costs of many common activi-

ties away from the nest actually exceed those of sitting on the nest (see Cresswell et al.

2004, although this study was performed in an arctic breeding bird). One possibility is of

course that the costs really stem from temporal constraints on foraging, as might be quite

likely in the case of singing (chapter 5). Alternatively, there is some evidence for a fitness

cost to incubation in terms of parental survival or reduced success of subsequent broods

(de Heij et al. 2006). It is possible that these costs of incubation may be ameliorated by

higher food availability.

Another possible explanation for our results that cannot be discounted from the cur-

rent data is that of differential allocation (Burley 1986; Sheldon 2002). Recently, Gorman

et al. (2005) have found support for this idea in zebra finches (Taeniopygia guttata). They
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manipulated the physical attractiveness of males with differently coloured leg rings, and

found that females increased their share of incubation when mated to more attractive

males. As both sexes regularly contribute to incubation in zebra finches, the authors

therefore also point out that this could be due to a reduction in male care and female

compensation. In our case, males on territories with high food availability are likely to sig-

nal their higher condition, for example through singing (chapter 5) or nest building

(chapter 6). Therefore, females may respond by increasing their investment in the male’s

offspring, resulting in an increase in female incubation attendance independently of the

constraints imposed on incubation by food availability. It would be difficult to disentangle

the effects, because of the potentially confounding effects of food availability on both the

cues to male quality and incubation attendance. A potential solution might be an experi-

ment that positively manipulates food availability while simultaneously depressing female

condition or increasing her work load, particularly in relation to incubation. The latter

might be achieved by cooling the nest, enlarging the clutch, attaching small weights or

selectively removing flight feathers.

Future work will be required to examine the fitness outcomes of such changes in incu-

bation attendance and hatching asynchrony. In particular, more accurate data on the tim-

ing of fledging and nest predation would be useful to establish the benefits of increased

hatching asynchrony. At this stage, we do not know how food supplementation or hatch-

ing asynchrony affected fledging time in reed warblers. Unfortunately, reed warblers have

a poorly defined fledging process, whereby they gradually venture further from the nest

amongst the dense reeds over a period of days. This characteristic probably helps them

escape nest predators but makes it very difficult to establish the timing of fledging. A

solution to this problem might be to develop some sort of measure of escape abilities,

such as an estimate of variation nestling mobility through a standardized reed bed “maze”

in relation to age and size. 
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BOX 10.1. TERRITORIAL INTERACTIONS AND THE USE OF SONG 

REPERTOIRES

The dual function of song is well recognised (e.g. Catchpole & Slater 1995). However,

most studies on the evolution and maintenance of song complexity have focussed on its

role in female choice. Currently, there is growing awareness of the role of male-male

competition in shaping song complexity (e.g. Leitao et al. 2006). Birds are known to

use many strategies involving variation in song structure and song-type usage during

intra-sexual interactions as a means of communication, such as overlapping, song-

lengthening and song-type matching (reviewed in Vehrencamp 2000; Collins 2004). It

is thought that these aspects of singing behaviour may contain considerable signal

value. More recently, intriguing effects have been found involving variation in the

acoustic structure of the song itself (Illes et al. 2006). The figure below shows a spec-

trogram of a typical male winter wren song, and the labels identify the components that

make up the song.

Most of the studies in this thesis were primarily concerned with variation in the

absolute amount of song output, without regard to the intricacies of the structure of

the songs themselves (although results in chapter 3 provide a hint to the possible

importance of song-type to territorial interactions in wrens). However, the highly vari-

able song structure and ease of empirical study make the winter wren an attractive and

tractable study system for these questions. Kroodsma (1980) has described the winter

wren song as “the pinnacle of song complexity”. Wrens achieve such extraordinary

complexity by combining numerous syllables (up to 26 in our studies) in a varying

sequence to form their songs. Many syllables are repeated consecutively several times

during a song at rapid succession (“trills”), a pattern that is thought to be related to

aggression and dominance (e.g. Leitao & Riebel 2003). In the winter wren populations

studied in this thesis, individuals possessed up to 6 song types, which is typical for this

species in Europe (see also Kroodsma & Momose 1991; Catchpole & Rowell 1993).

Each song type comprised a mean of 18.7 ± 3.7 SD syllables, while average song length

was 5.3 s ± 0.9 SD (range 3.9-8.4 s). Throughout the population, we identified 66 dis-

tinct syllable variants.
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These values apply to advertisement songs, i.e. songs recorded during normal

singing bouts, when males were not in direct singing contests with intruders (see

chapter 3). During simulated singing contests (song playback), wrens often respond-

ed with much longer songs (songs up to 25 s in length were observed), even when

the intruder (playback) was not using unusually long songs. These longer songs were

typically produced by matching song types of the intruder, and repeating one of the

phrases or sequences of phrases several more times than in the original song-type.

Thus, song lengthening and song-type matching appear to be important components

of territorial signalling in wrens, as has been found in several other species. We did

not quantify variation in song overlapping during these studies.

Another interesting component of song structure that may have considerable sig-

nal value in wrens is variation in the relationship between trill rate and frequency

bandwidth across different syllable types. The idea is that there will be a performance

trade-off between how fast a bird can repeat trilled syllables and the frequency range

of those syllables. High performance syllables (those close the limit of trill rate vs

frequency bandwidth) are thought to be more difficult to produce (Podos 1996).

Such a pattern has been demonstrated in the songs of several species (Podos 1997).

It is thought that how well individuals balance this trade-off could be an important

aspect of vocal performance with important signal value in either mate attraction

(Draganoiu et al. 2002; Ballantine et al. 2004) or intra-sexual competition (Illes et al.

2006). There is evidence for this effect on the syllables of wren songs too (see figure

below). However the wrens studied in this thesis frequently produced syllables that

were of considerably higher trill rate (and to a lesser extent frequency bandwidth)

than the most commonly produced syllables and, intriguingly, these syllables showed

no evidence of the performance constraint between trill rate and bandwidth. The fig-

ure below shows the relationship between frequency bandwidth and trill rate for syl-

lables recorded from advertisement songs of six male wrens (4.0 ± 1.5 SD (range 2-

6) song types per male with 4.0 ± 1.2 SD (range 1-6) trilled syllables per song type).

Note the two distinct groups of syllables, which differ in the relationship between

trill rate and frequency bandwidth. All the syllables presented in this figure consti-

tuted phrases that were part of advertisement songs (i.e. no ‘rattle’ or alarm calls are

included), and syllables from both groups occurred in all except two songs. The dif-

ferent symbols represent individual males, and the lines show least squares regres-

sion lines for each group of syllables separately.

Future work will be required to determine the function and signal value of this

unusual variation in syllable structure and vocal performance. This could be done by

examining context-dependent variation in the frequency of use of these different syl-

lable types, and the relationship between syllable types and other male traits. In

addition, these sorts of studies would benefit from examining the components of

song production itself within a ‘multiple signals’ framework (see e.g. Møller &
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Pomiankowski 1993). Such investigations should yield useful insight into the evolution

of the structurally complex wren song.

The figure below shows the relationship between frequency bandwidth and trill rate

for syllables recorded from advertisement songs of six male wrens (4.0 ± 1.5 SD (range

2-6) song types per male with 4.0 ± 1.2 SD (range 1-6) trilled syllables per song type).

Note the two distinct groups of syllables, which differ in the relationship between trill

rate and frequency bandwidth. All the syllables presented in this figure constituted

phrases that were part of advertisement songs (i.e. no ‘rattle’ or alarm calls are includ-

ed). The different symbols represent different males, and the lines show least squares

regression lines for each group of syllables separately.
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BOX 10.2. THE GENETIC QUALITY HYPOTHESIS (AND EXTRA-PAIR 

MATING IN BIRDS)

It is easy to understand the benefits to males of extra-pair fertilizations (EPFs). But in

most birds, females seem to play an active role in gaining EPFs. What are the benefits

that drive females to pursue EPFs? Extra-pair males rarely contribute to the care of

their extra-pair offspring directly, and few studies have identified direct benefits to

females from extra-pair mating. Therefore, most research has focused on genetic expla-

nations for the benefits female accrue from EPFs (reviews in Birkhead 1998; Petrie &

Kempenaers 1998; Jennions & Petrie 2000; Tregenza & Wedell 2000); Griffith et al.

2002). These explanations come in four main flavours: females may seek EPFs to (1)

increase fertility, (2) acquire good genes for their offspring (e.g. genes for quality or

attractiveness), (3) mate with more genetically compatibility males, and (4) mate with

males with greater genetic diversity. Female choice for good genes is an ongoing and

important area of research. However, when considering these hypotheses, it should also

be remembered that females may derive non-genetic benefits from social partners with

desirable genes. For example, if high genetic quality or less inbred males are healthier

or more viable, they may provide better resources, for example through a better territo-

ry or more paternal care of the offspring. It is unlikely that good genes models are the

sole explanation for female pursuit of EPFs.

BOX 10.3. MARKER-BASED MEASURES OF GENETIC DIVERSITY

What do the currently used marker-based measures of genetic diversity reveal about

the genetic history of the individual, and why do they frequently yield different conclu-

sions? In our study (chapter 7), the conclusions arising from the analysis of simple het-

erozygosity (i.e. standardized heterozygosity, HS, and internal relatedness, IR) differed

markedly from those arising from the similarity between alleles (d2). Specifically, the

relationships between genetic diversity and paternity were found with HS and IR but

not d2, while the relationships with mass and condition were found with d2 but not HS

or IR. There seem to be two plausible explanations for these discrepancies. First, these

two classes of measurement probably represent different forms of inbreeding. Recent

theoretical work has suggested that the simple measures of heterozygosity relate pri-

marily to recent inbreeding events, while d2 may be more closely related to inbreeding

deeper in an individual’s ancestry (Tsitrone et al. 2001). Accordingly, a positive correla-
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tion between heterozygosity and an estimate of fitness or condition is thought to indi-

cate shallow inbreeding depression (e.g. dissimilarity between parental genotypes)

and/or heterosis (i.e. superior hybrid vigour). In contrast, a positive correlation with

d2, such as we found with male body mass and condition, would suggest that individu-

als with the most dissimilar alleles (indicating a deeper history of outbreeding) have

greater fitness (Coltman & Slate 2003). Second, d2 is thought to require a larger sam-

ple size than the other measures of heterozygosity, due to differences in the typical

effect sizes encountered (Coltman & Slate 2003) and the greater variance of d2

(Tsitrone et al. 2001). In general, d2 is thought to be less powerful at detecting inbreed-

ing depression (Coltman & Slate 2003), or may be effective under only certain restrict-

ed circumstances (Tsitrone et al. 2001). When comparing results it is difficult to take

this into account, because the effect sizes relating to all measures of genetic diversity, as

well as the relationships between them, can differ markedly among populations,

depending on such aspects as inbreeding history, environmental variation and differ-

ences in genetic architecture. The effect sizes we report in chapter 7 are very large in

relation to those reviewed in Coltman & Slate (2003). The figure below shows a

schematic representation of the main marker-based methods used in this thesis to esti-

mate genetic diversity.





References



A
Alatalo, R. V., Gottlander, K. & Lubndberg, A. (1987). Extra-pair copulation and mate guarding in

the polyterritorial pied flycatcher, Ficedula hypoleuca. Behaviour 101, 139–155.
Alatalo, R. V., Glynn, C. & Lundberg, A. (1990a). Singing rate and female attraction in the pied fly-

catcher: an experiment. Anim. Behav. 39, 601–603.
Alatalo, R. V., Gustafsson, L. & Lundberg, A. (1990b). Phenotypic selection on heritable size traits:

environmental variance and genetic response. Am. Nat. 135, 464–471.
Allen, A.A. (1923). April in the marshes. Bird Lore 25, 145–146.
Allendorf, F. W. & Leary, R. F. (1986). Heterozygosity and fitness in natural populations of animals.

In Conservation biology: the science of scarcity and diversity (Soule, M. E., ed.), pp. 57–76. Sunderland,
Massachusetts.

Amos, W., Wilmer, J. W., Fullard, K., Burg, T. M., Croxall, J. P., Bloch, D. & Coulson, T. (2001). The
influence of parental relatedness on reproductive success. Proc. R. Soc. Lond. B 268, 2021–2027.

Amrhein, V., Hanssjoerg, P. K. & Naguib, M. (2004). Seasonal patterns of singing activity vary with
time of day in the nightingale (Luscinia megarhynchos). The Auk 121, 110–117.

Amundsen, T. & Slagsvold, T. (1991). Asynchronous hatching in the pied flycatcher: an experiment.
Ecology 72, 797–804.

Andersson, M. (1982). Sexual selection, natural selection and quality advertisement. Biol. J. Linn. Soc.
17, 375–393.

Andersson, M. (1994). Sexual Selection. Princeton University Press, Princeton.
Aparicio, J. M. (1994). The effect of variation in the laying interval on proximate determination of

clutch size in the European kestrel. J. Avian Biol. 25, 275–280.
Aparicio, J. M., Cordero, P. J. & Veiga, J. P. (2001). A test of the hypothesis of mate choice based on

heterozygosity in the spotless starling. Anim. Behav. 62, 1001–1006.
Arcese, P. & Smith, J. N. M. (1988). Effects of population density and supplemental food on repro-

duction in song sparrows. J. Anim. Ecol. 57, 119–136.
Armstrong, D. P. (1991). Aggressiveness of breeding territorial honeyeaters corresponds to seasonal

changes in nectar availability. Behav. Ecol. Sociobiol. 29, 103–112.
Armstrong, E. A. (1944). Some notes on the song of the wren. British Birds 38, 70–72.
Armstrong, E. A. (1955). The Wren. Collins, London.
Arnold, T. W. (1993). Factors affecting egg viability and incubation time in prairie dabbling ducks.

Can. J. Zool. 71, 1146–1152.
Askenmo, C., Neergaard, R. & Arvidsson, B. L. (1992). Pre-laying time budgets in rock pipits: priori-

ty rules of males and females. Anim. Behav. 44, 957–965.

B
Ballantine, B., Hyman, J. & Nowicki, S. (2004). Vocal performance influences female response to

male male bird song: an experimental test. Behav. Ecol. 15, 163–168.
Balsby, T. J. S. & Dabelsteen, T. (2001). The meaning of song repertoire size and song length to male

whitethroats Sylvia communis. Behav. Process. 56, 75–84.
Barash, D. P. (1974). Neighbor recognition in two ‘solitary’ carnivores: the raccoon (Procyon lotor)

and the red fox (Vulpes fulva). Science 185, 794–796.
Barker, R. D. & Vestjens, W. J. M. (1990). The food of Australian birds 2, passerines. CSIRO ,

Melbourne.
Bart, J. & Tornes, A. (1989). Importance of monogamous male birds in determining reproductive

success: evidence for House Wrens and a review of male removal studies. Behav. Ecol. Sociobiol.
24, 109–116.

Bartos Smith, S., Webster, M. S. & Holmes, R. T. (2005). The heterozygosity theory of extra-pair
mate choice in birds: a test and a cautionary note. J. Avian Biol. 36, 146–154.

Batt, B. D. J. & Cornwell, G. W. (1972). The effects of cold on mallard embryos. J. Wildl. Manage. 36,
745–751.

Beck, N. R., Double, M. C. & Cockburn, A. (2003). Microsatellite Evolution at Two Hypervariable
Loci Revealed by Extensive Avian Pedigrees. Mol. Biol. Evol. 20, 54–61.

Bee, M. A. (2003). A test of the “dear enemy effect” in the strawberry dart-poison from (Dendrobates
pumilio). Behav. Ecol. Sociobiol. 54, 601–610.

Bee, M. A. & Gerhardt, H. C. (2001). Neighbour-stranger discrimination by territorial male bullfrogs
(Rana catesbeiana): I. Acoustic basis. Anim. Behav. 62, 1129–1140.

Beecher, M. D. & Beecher, I. M. (1979). Sociobiology of bank swallows: reproductive strategy of the
male. Science 205, 1282–1285.

Beecher, M. D., Campbell, S. E. & Burt, J. M. (1994). Song perception in the song sparrow: birds
classify by song-type but not by singer. Anim. Behav. 47, 1343–1351.

Beissinger, S. R. & Waltman, J. R. (1991). Extraordinary clutch size and hatching asynchrony of a
neotropical parrot. The Auk 108, 863–871.

REFERENCES

174



Beletsky, L. D. & Orians, G. H. (1990). Male parental care in a population of Red-winged blackbirds,
1983–1988. Can. J. Zool. 68, 606–609.

Bensch, S., Price, T. & Kohn, J. (1997). Isolation and characterization of microsatellite loci in a
Phylloscopus warbler. Mol. Ecol. 6, 91–92.

Berg, M. L. (1998). Offspring sex and parental care in the clamourous reed warbler. Honours disser-
tation. University of Melbourne.

Berglund, A., Bisazza, A. & Pilastro, A. (1996). Armaments and ornaments: an evolutionary explana-
tion of traits of dual utility. Biol. J. Linn. Soc. 58, 385–399.

Birkhead, T. R. (1979). Mate guarding in the magpie Pica pica. Anim. Behav. 27, 866–874.
Birkhead, T. R. (1982). Timing and duration of mate guarding in magpies, Pica pica. Anim. Behav. 30,

277–283.
Birkhead, T. R. (1998). Sperm Competition in Birds: Mechanisms and Function. In Sperm Competition

and Sexual Selection (Birkhead, T. R. & Møller, A. P., eds), pp. 579–622. Academic Press, San
Diego.

Birkhead, T. R., Atkin, L. & Møller, A. P. (1987). Copulation behaviour in birds. Behaviour 101,
101–138.

Birkhead, T. R., Burke, T. A., Zann, R., Hunter, F. M. & Krupa, A. P. (1990). Extra-pair paternity and
intra-specific brood parasitism in wild zebra finches Taeniopygia guttata, revealed by DNA finger-
printing. Behav. Ecol. Sociobiol. 27, 316–324.

Birkhead, T. R., Cunningham, E. J. A. & Cheng, K. M. (1996). The insemination window provides a
distorted view of sperm competition in birds. Proc. R. Soc. Lond. B 263, 1187–1192.

Birkhead, T. R. & Møller, A. P. (1992a). Sperm Competition in Birds: Evolutionary Causes and Consequences.
Academic Press, London.

Birkhead, T. R. & Møller, A. P. (1992b). Numbers and size of sperm storage tubules and the duration
of sperm storage in birds: a comparative study. Biol. J. Linn. Soc. 45, 363–372.

Birkhead, T. R. & Møller, A. P. (1993). Female control of paternity. Trends Ecol. Evol. 8, 100–104.
Blouin, M. S. (2003). DNA-based methods for pedigree reconstruction and kinship analysis in natu-

ral populations. Trends Ecol. Evol. 18, 503–511.
Bouwman, K. M., Lessells, C. M. & Komdeur, J. (2005). Male reed buntings do not adjust parental

effort in relation to extra-pair paternity. Behav. Ecol. 16, 499–506.
Bradbury, J. W. & Davies, N. B. (1987). Relative roles of intra- and intersexual selection. In Sexual

selection: testing the alternatives (Bradbury, J. W. & Andersson, M., eds.), pp. 143–163. John Wiley,
Chichester.

Brémond, J.-C. & Aubin, T. (1992). Cadence d’émission du chant du Troglodyte (Troglodytes
troglodytes). Expérimentation interactive. C. R. Acad. Sci. Paris 314, 37–42.

Brooke, M. de L., Davies, N. B. & Noble, D. G. (1998). Rapid decline of host defences in response to
reduced cuckoo parasitism: behavioural flexibility of reed warblers in a changing world. Proc. R.
Soc. Lond. B 265, 1277–1282.

Brouwer, L. & Komdeur, J. (2004). Green nesting material has a function in mate attraction in the
European starling. Anim. Behav. 67, 539–548.

Brown, J. L. (1997). A theory of mate choice based on heterozygosity. Behav. Ecol. 8, 60–65.
Brown, R. J. & Brown, M. N. (1986). Middlesex Field Study Centre Annual Report 7–8, 22–34.
Bruford, M. W. & Wayne, R. K. (1993). Microsatellites and their application to population genetic

studies. Curr. Opin. Genet. Dev. 3, 939–943.
Bryan, S. M. & Bryant, D. M. (1999). Heating nest-boxes reveals an energetic constraint on incuba-

tion behaviour in great tits, Parus major. Proc. R. Soc. Lond. B 266, 157–162. 
Bryant, D. M. & Tatner, P. (1990). Hatching asynchrony, sibling competition and siblicide in nestling

bird studies of swiftlets and bee-eaters. Anim. Behav. 39, 657–671.
Buchanan, K. L. & Catchpole, C. K. (1997). Female choice in the sedge warbler, Acrocephalus schoeno-

baenus: Multiple cues from song and territory quality. Proc. R. Soc. Lond. B 264, 521–526.
Buchanan, K. L. & Catchpole, C. K. (2000). Extra-pair fertilizations in the Sedge Warbler. Ibis 142,

12–20.
Burley, N. (1986). Sexual selection for aesthetic traits in species with biparental care. Am. Nat. 127,

415–445.
Burn, J. L. (1996). Polygyny and the wren. PhD dissertation. University of Oxford, Oxford.
Burt, J. M., Campbell, S. E. & Beecher, M. D. (2001). Song type matching as a threat: a test using

interactive playback. Anim. Behav. 62, 1163–1170.
Butler, K., Field, C., Herbinger, C. M. & Smith, B. R. (2004). Accuracy, efficiency and robustness of

four algorithms allowing full sibship reconstruction from DNA marker data. Mol. Ecol. 13,
1589–1600.

REFERENCES

175



C
C
v

apek, M. Jr & Kloubec, B. (2002). Seasonal and diel patterns of song output by great reed warblers 
(Acrocephalus arundinaceus). Biol. Bratislava 57, 267–276.

Castro, G., Stoyan, N. & Myers, J. P. (1989). Assimilation efficiency in birds: a function of taxon or
food type? Comp. Biochem. Phys. 92A, 271–278.

Catchpole, C. K. (1973). The functions of advertising song in the sedge warbler and the reed warbler.
Behaviour 46, 300–320.

Catchpole, C. K. (1983). Variation in the song of the great reed warbler Acrocephalus arundinaceus in
relation to mate attraction and territorial defence. Anim. Behav. 31, 1217–1225.

Catchpole, C. K. (1989). Responses of male sedge warblers to playback of different repertoire sizes.
Anim. Behav. 37, 1046–1047.

Catchpole, C. K. & Rowell, A. (1993). Song sharing and local dialects in a population of the
European wren Troglodytes troglodytes. Behaviour 125, 67–78.

Catchpole, C. K. & Slater, P. J. B. (1995). Bird song: Biological themes and variations. Cambridge
University Press, Cambridge.

Chappel, M. A., Zuk, M., Kwan, T. H. & Johnson, T. S. (1995). Energy cost of an avian vocal display:
crowing in red junglefowl. Anim. Behav. 49, 255–257.

Charmantier, A. & Perret, P. (2004). Manipulation of nest-box density affects extra-pair paternity in a
population of blue tits (Parus caeruleus). Behav. Ecol. 56, 360–365.

Chuang-Dobbs, H. C., Webster, M. S. & Holmes, R. T. (2001). Paternity and parental care in the
black-throated blue warbler, Dendroica caerulescens Anim. Behav. 62, 83–92.

Clark, R. B. (1949). Some statistical information about wren song. British Birds 42, 337–346.
Clark, A. B. & Ehlinger, T. J. (1987). Pattern and adaptation in individual behavioral differences. In

Perspectives in Ethology (Bateson, P. P. G. & Klopfer, P. H., eds.), pp. 1–47. Plenum Press, New York.
Clark, A. B. & Wilson, D. S. (1981). Avian breeding adaptations: hatching asynchrony, brood reducti-

on, and nest failure. Quart. Rev. Biol. 56, 253–277.
Clifford, L. D. & Anderson, D. J. (2001). Food limitation explains most clutch size variation in the

Nazca booby. J. Anim. Ecol. 70, 539–545.
Clutton-Brock, T. H. (1991). The evolution of parental care. Princeton University Press, Princeton.
Cockburn, A. (2006). Prevalence of different modes of parental care in birds. Proc. R. Soc. Lond. B

273: 1375–1383.
Colegrave, N. & Ruxton, G. D. (2003). Confidence intervals are a more useful complement to non-

significant tests than are power calculations. Behav. Ecol. 14, 446–450.
Colgan, P. (1983). Comparative social recognition. Wiley, New York.
Collias, E. C. & Collias, E. N. (1984). Nest Building and Bird Behaviour. Princeton University Press,

Princeton.
Collins, S. (2004). Vocal fighting and flirting: the functions of birdsong. In Nature’s music (Marler, P.

& Slabbekoorn, H., eds), pp 39–79. Elsevier Academic Press, San Diego.
Collins, S. A. Hubbard, C. & Houtman, A. M. (1994). Female mate choice in the zebra finch: the

effect of male beak color and male song. Behav. Ecol. Sociobiol. 35, 21–25.
Coltman, D. W., Pilkington, J. G., Smith, J. A. & Pemberton, J. M. (1999). Parasite-mediated selecti-

on against inbred soay sheep in a free-living, island population. Evolution 53, 1259–1267. 
Coltman, D. W. & Slate, J. (2003). Microsatellite measures of inbreeding: a meta-analysis. Evolution

57, 971–983.
Conway, C. J. & Martin, T. E. (2000a). Effects of ambient temperature on avian incubation behaviour.

Behav. Ecol. 11, 178–188.
Conway C. J. & Martin T. E. (2000b). Evolution of passerine incubation behaviour: influence of food,

temperature, and nest predation. Evolution 54, 670–685.
Coulson, T. N., Pemberton, J. M., Albon, S. D., Beaumont, M., Marshall, T. C., Slate, J., Guinness, F.

E. Clutton-Brock, T. H. (1998). Microsatellites reveal heterosis in red deer. Proc. R. Soc. Lond. B
265, 489–495.

Courtney-Haines, L. M. (1991). A Cabinet of Reed-warblers: A Monograph Dealing with the Acrocephaline
Warblers of the World. Surrey, Beatty & sons, Chipping Norton.

Cramp, S., ed. (1988). Handbook of the Birds of Europe, the Middle East and North Africa: The Birds of the
Western Palearctic. Vol. V. Oxford University Press, Oxford.

Cramp, S., ed. (1992). The Birds of the Western Palearctic Vol. VI. Oxford University Press, Oxford.
Cresswell, W., Holt, S., Reid, J. M., Whitfield, D. P., Mellanby, R. J., Norton, D. & Waldron, S. (2004).

The energetic costs of egg heating constrain incubation attendancebut do not determine daily
energy expenditure in the pectoral sandpiper. Behav. Ecol. 15, 498–507.

Cucco, M. & Malacarne, G. (1997). The effect of supplemental food on time budget and body condi-
tion in the black redstart Phoenicurus ochruros. Ardea 85, 211–221.

Cuthill, I. C. & MacDonald, W. A. (1990). Experimental manipulation of the dawn and dusk chorus
in the blackbird Turdus merula. Behav. Ecol. Sociobiol. 26, 209–216.

REFERENCES

176



D
Daan, S. & Tinbergen, J. M. (1997). Adaptation of life histories. In Behavioural Ecology: An

Evolutionary Approach, 4th ed. (Krebs, J. R. & Davies, N. B., eds.), pp. 311–333. Blackwell,
Oxford.

D’Agincourt, L. G. & Falls, J. B. (1983). Variation in repertoire use in the eastern meadowlark,
Sutrnella magna. Can. J. Zool. 61, 1086–1093.

Dabelsteen, T., McGregor, P. K., Shepherd, M., Whittaker, X. & Pedersen, S. B. (1996). Is the signal
value of overlapping different from that of alternating during matching singing in Great Tits? J.
Avian Biol. 27, 189–194.

Dale, J., Lank, D. B. & Reeve, H. K. (2001). Signaling Individual Identity versus Quality: A Model
and Case Studies in Ruffs, Queleas, and House Finches. Am. Nat. 158, 75–86.

Dallimer, M. (1999). Cross-species amplification success of avian microsatellites in the redbilled que-
lea Quelea quelea. Mol. Ecol. 8, 685–702.

Darwin, C. (1859). The origin of species by means of natural selection. John Murray, London.
Darwin, C. (1871). The descent of man and selection in relation to sex. John Murray, London.
Davies, N. B. (1991). Mating systems. In Behavioural ecology: an evolutionary approach, 3rd edition.

(Krebs, J. R. & Davies, N. B., eds.), pp. 263–294. Blackwell Scientific, Oxford.
Davies, N. B. & Hatchwell, B. J. (1992). The value of male parental care and its influence on repro-

ductive allocation by male and female dunnocks. J. Anim. Ecol. 61, 259–272.
Davies, N. B., Hatchwell, B. J., Robson, T. & Burke, T. (1992). Paternity and parental effort in dun-

nocks Prunella modularis: how good are male chick-feeding rules? Anim. Behav. 43, 729–745.
Davies, N. B. & Lundberg, A. (1984). Food distribution and a variable mating system in the dunnock

Prunella modularis. J. Anim. Ecol. 53, 895–912.
Davies, N. B. & Lundberg, A. (1985). The influence of food on time budgets and timing of breeding

of the dunnock Prunella modularis. Ibis 127, 100–110.
Dawson, D. A., Hanotte, O., Greig, C., Stewart, I. R. K. & Burke, T. (2000). Polymorphic microsatelli-

tes in the blue tit Parus caeruleus and their cross-species utility in 20 songbird families. Mol. Ecol.
9, 1941–1944.

Dawson, R. J. G., Gibbs, H. L., Hobson, K. A. & Yezerinac, S. M. (1997). Isolation of microsatellite
DNA markers from a passerine bird, the Yellow Warbler Dendroica petechia, and their use in popu-
lation studies. Heredity 79, 506–514.

Dawson, W.R. & O’Connor, T.P. (1996). Energetic Features of Avian Thermoregulatory Responses. In
Carey, C., ed.. Avian Energetics and Nutritional Ecology, pp. 85–124. Chapman & Hall, New York.

Deeming, D. C. (2001). Behaviour patterns during incubation. In Avian Incubation: Behaviour,
Environment and Evolution. (Deeming, D. C., ed.), pp. 63–87. Oxford University Press, Oxford.

Dixon, A., Ross, D., O’Malley, S. L. C. & Burke, T. (1994). Parental investment is inversely related to
degree of extra-pair paternity in the reed bunting (Emberiza schoeniclus). Nature 371, 698–700.

Dolnik, V.R. (1991). Time and energy needed for nest-building. Zoologicheskii Zhurnal 70, 97–106.
Double, M. & Cockburn, A. (2000). Pre-dawn infidelity: females control extra-pair mating in superb

fairy-wrens. Proc. R. Soc. Lond. B 267, 465–470.
Double, M. C., Dawson, D. A., Burke, T. & Cockburn, A. (1997). Finding the fathers in the least

faithful bird: A microsatellite-based genotyping system for the superb fairy-wren Malurus cyaneus.
Mol. Ecol. 6, 691–693.

Double, M. C., Peakall, R., Beck, N. R. & Cockburn, A. (2005). Dispersal, philopatry, and infidelity:
dissecting local genetic structure in superb fairy-wrens (Malurus cyaneus). Evolution 59, 625–635.

Dowling, D. K., Richardson, D. S. & Komdeur, J. (2001). No effects of a feather mite on body condi-
tion, survivorship, or grooming behavior in the Seychelles warbler, Acrocephalus sechellensis. Behav.
Ecol. Sociobiol. 50, 257–262.

Draganiou, T. I., Nagle, L. & Kreutzer, M. (2002). Directional female preference for an exaggerated
male trait in canary (Serinus canaria) song. Proc. R. Soc. Lond. B 269, 2525–2531.

Drent, R. H. (1975). Incubation. In Avian Biology, vol. 5 (Farner, D. S. & King, J. R., eds), pp.
333–420. Academic Press, New York.

Drent, R. H. & Daan, S. (1980). The prudent parent: energetic adjustments in avian breeding. Ardea
68, 225–252.

Drent, R. H., Tinbergen, J. & Biebach, H. (1985). Incubation in the starling Sturnus vulgaris: resolu-
tion of the conflict between egg care and foraging. Neth. J. Zool. 35, 103–123.

Dunn, P. O. & Hannon, S. J. (1992). Effects of food abundance and male parental care on reproducti-
ve and monogamy in tree swallows. The Auk 109, 488–499.

Dunn, P. O. & Robertson, R. J. (1992). Geographic variation in the importance of male parental care
and mating systems in tree swallows. Behav. Ecol. 3, 291–299.

Dzus, E. H. & Clark, R. G. (1998). Brood survival and recruitment of mallards in relation to wetland
density and hatching date. The Auk 115, 311–318.

REFERENCES

177



E
Eason, P. K. & Hannon, S. J. (2003). Effect of pairing status on use of space by territorial willow ptar-

migan (Lagopus lagopus): bachelor males choose life on the edge. The Auk 120, 497–504.
Eberhardt, L. S. (1994). Oxygen consumption during singing by male carolina wrens (Thryothorus

ludocicianus). The Auk 111, 124–130.
Edwards, S. V. & Hedrick, P. W. (1998). Evolution and ecology of MHC molecules: from genomics to

sexual selection. Trends Ecol. Evol. 13, 305–311.
Eimes, J. A., Parker, P. G. Brown, J. L. & Brown, E. R. (2005). Extrapair fertilization and genetic simi-

larity of social mates in the Mexican jay. Behav. Ecol. 16, 456–460.
Ellegren, H. (1992). Polymerase chain reaction (PCR) of microsatellites – a new approach to studies

of genetic relationships in birds. The Auk 109, 886–895.
Ellis, L. A., Stryrsky, J. D., Dobbs, R. D. & Thompson, C. F. (2001). Female condition: a predictor of

hatching synchrony in the house wren? Condor 103, 587–591.
Emlen, S. T. & Oring, L. W. (1977). Ecology, sexual selection, and the evolution of mating systems.

Science 197, 215–223.
Endler, J. A., Westcott, D. A., Madden, J. R. & Robson, T. (2005). Animal visual systems and the evo-

lution of color patterns: sensory processing illuminates signal evolution. Evolution 59,
1795–1818.

Enemar, A. & Arheimer, O. (1989). Developmental asynchrony and onset of incubation among pas-
serine birds in mountain birch forest of  Swedish Lapland. Ornis. Fenn. 66, 32–40.

Engel, S. R., Linn, R. A., Taylor, J. F. & Davis, S. K. (1996). Conservation of microsatellite loci across
species in artiodactyls: implications for population studies. J. Mammal. 74, 504–518.

Enoksson, B. (1990). Time-budgets of nuthatches Sitta europaea with supplementary food. Ibis 132,
575–583.

Eriksson, D. & Wallin, L. (1986). Male bird song attracts females – a field experiment. Behav. Ecol.
Sociobiol. 19, 297–299.

Erikstad, K. E., Bustnes, J. O. & Moum, T. (1993). Clutch size determination in precocial birds: a
study of the common eider. The Auk 110, 623–628. 

Evans, M. R. (1997a). Nest building signals male condition rather than age in wrens. Anim. Behav.
53, 749–755.

Evans, M. R. (1997b). The influence of habitat and male morphology on a mate-choice cue: the dis-
play nests of wrens. Anim. Behav. 54, 485–491.

Evans, M. R. & Burn,  J. L. (1996). An experimental analysis of mate choice in the wren: A mono-
morphic, polygynous passerine. Behav. Ecol. 7, 101–108.

F
Falls, J. B. (1982). Individual recognition by sound in birds. In Acoustic communication in birds Vol 2

(Kroodsma, D. E. & Miller, E. H., eds), pp. 237–273. Academic Press, New York.
Falls, J. B. & d’Agincourt, L. G. (1981). A comparison of neigbor-stranger discrimination in eastern

and western medowlarks. Can. J. Zool. 59, 2380–2385.
Faul, F. & Erdfelder, E. (1992). G*Power: A-priori, post-hoc and compromise power analysis for MS-DOS.

Bonn University, Bonn.
Fernández, J. F., Sork, V. L., Gallego, G., López, J., Bohorques, A. & Tohme, J. (2000). Cross-amplifi-

cation of Microsatellite Loci in a Neotropical Quercus Species and Standardization of DNA
Extraction from Mature Leaves Dried in Silica Gel. Plant Mol. Biol. Rep. 18, 397a–397e.

Feßl, B. & Hoi, H. (2000). Song complexity and song structure in the Moustached Warbler
Acrocephalus melanopogon. J. Avian Biol. 31, 144–150.

Fisher, J. (1954). Evolution and bird sociality. In Evolution as a process (Huxley, J., Hardy, A. & Ford,
E., eds), pp 71–83. Allen and Unwin, London.

Fisher, R. A. (1930). The Genetical Theory of Natural Selection. Oxford University Press, Oxford.
Fitch, M. A. & Shugart, G. W. (1984). Requirements for a mixed reproductive strategy in avian spe-

cies. Am. Nat. 124, 116–126.
Foerster, K., Delhey, K., Johnsen, A., Lifjeld, J. T. & Kempenaers, B. (2003). Females increase off-

spring heterozygosity and fitness through extra-pair matings. Nature 425, 714–717.
Forbush, E.H. (1929). Birds of Massachusetts and other New England states. Massachusetts

Department Agriculture 3, 350–353.
Forstmeier, W. & Balsby, T. J. S. (2002). Why mated dusky warblers sing so much: territory guarding

and male quality announcement. Behaviour 139, 89–111.
Fossøy, F., Johnsen, A. & Lofjeld, J. T. (2006). Evidence of obligate female promiscuity in a socially

monogamous passerine. Behav. Ecol. Sociobiol. 60, 255–259.
Fridolfsson, A.-K., Gyllensten, U. B. & Jakobsson, S. (1997). Microsatellite markers for paternity

testing in the willow warbler Phylloscopus trochilus: high frequency of extra-pair young in an island
population. Hereditas 126, 127–132.

REFERENCES

178



Friedl, W. P. & Klump, G. M. (1999). Determinants of male mating success in the red bishop
(Euplectes orix): female settlement rules. Behav. Ecol. Sociobiol. 46, 387–399.

Friedl, W. P. & Klump, G. M. (2000). Nest and mate choice in the red bishop (Euplectes orix): female
settlement rules. Behav. Ecol. 11, 378–386.

G
Galan, M., Cosson, J. F., Aulagnier, S., Maillard, J. C., Thévenon, S. & Hewison, A. J. M. (2003).

Cross-amplification tests of ungulate primers in roe deer (Capreolus capreolus) to develop a multi-
plex panel of 12 microsatellite loci. Mol. Ecol. Notes 3, 142–146.

Galbusera, P., van Dongen, S. & Matthysen, E. (2000). Cross-species amplification of microstellite
primers in passerine birds. Cons. Gen. 1, 163–168.

Galeotti, P., Saino, N., Sacchi, R. & Møller, A. P. (1997). Song correlates with social context, testoste-
rone and body condition in male barn swallows. Anim. Behav. 53, 687–700.

Garnett, M. C. (1981). Body size, its heritability and influence on juvenile survival among great tits,
Parus major. Ibis 123, 31–41.

Garson, P. J. (1980). Male behaviour and female choice: Mate selection in the wren? Anim. Behav. 28,
491–502.

Gemmel, N. J., Allen, P. J., Goodman, S. J. & Reed, J. Z. (1997). Interspecific microsatellite markers
for the study of pinniped populations. Mol. Ecol. 6, 661–666.

Getty, T. (1987). Dear enemies and the Prisoner’s Dilemma: why should territorial neighbors form
defensive coalitions? Am. Zool. 27, 327–336.

Gibbs, H. L., Weatherhead, P. J., Boag, P. T., White, B. N., Tabak, L. M. & Hoysak, D. J. (1990).
Realized reproductive success of polygynous red-winged black birds revealed by DNA markers.
Science 250, 1394–1397.

Gil, D., Graves, J. A. & Slater, P. J. B. (1999). Seasonal patterns of singing in the willow warbler: evi-
dence against the fertility announcement hypothesis. Anim. Behav. 58, 995–1000.

Godard, R. (1993a). Red-eyed vireos have difficulty recognizing individual neighbors’ songs. The Auk
110, 857–862.

Godard, R. (1993b). Tit for tat among neighboring hooded warblers. Behav. Ecol. Sociobiol. 33, 45–50.
Goddard, K., Lawes, M.J., Slotow, R. & Andersson, S. (1998). Correlates of reproductive success in

the colonially breeding polygynous red bishop Euplectes orix. Ostrich 69, Addendum 5.
Godard, R. & Wiley, R. H. (1995). Individual recognition of song repertories in two wood warblers.

Behav. Ecol. Sociobiol. 37, 119–123.
Godfrey, J. D. & Bryant, D. M. (2000). State-dependent behaviour and energy expenditure: an experi-

mental study of European robins on winter territories. Anim. Ecol. 69, 301–313.
Goodnight, K. F. & Queller, D. C. (1999). Computer software for performing likelihood tests of pedi-

gree relationship using genetic markers. Mol. Ecol. 8, 1231–1234.
Gorman, H. E., Arnold, K. E. & Nager, R. G. (2005). Incubation effort in relation to male attractive-

ness in zebra finches Taeniopygia guttata. J. Avian Biol. 36, 413–420.
Gottlander, K. (1987). Variation in the song rate of the male pied flycatcher Ficedula hypoleuca: causes

and consequences. Anim. Behav. 35, 1037–1043.
Goudet, J. & Keller, L. (2002). The correlation between inbreeding and fitness: does allele size mat-

ter? Trends Ecol. Evol. 17, 201–202.
Gowaty, P. A. & Bridges, W. C. (1991). Nestbox availability affects extra-pair fertilizations and con-

specific nest parasitism in eastern bluebirds, Sialia sialis. Anim. Behav. 41, 661–675.
Grafen, A. (1990). Biological signals as handicaps. J. Theor. Biol. 144, 517–546.
Gray, E. M. (1996). Female control of offspring in a western population of red-winged blackbirds

(Agelaius phoeniceus). Behav. Ecol. Sociobiol. 38, 267–278.
Green, D. J., Osmond, H. L., Double, M. C. & Cockburn, A. (2000). Display rate by male fairy-wrens

(Malurus cyaneus) during the fertile period of females has little influence on extra-pair mate choi-
ce. Behav. Ecol. Sociobiol. 48, 438–446.

Greig-Smith, P. W. (1982). Song-rates and parental care by individual male stonechats (Saxicola tor-
quata). Anim. Behav. 30, 245–252.

Griffith, S. C., Owens, I. P. F. & Thuman, K. A. (2002). Extra-pair paternity in birds: a review of inter-
specific variation and adaptive function. Mol. Ecol. 11, 2195–2212.

Griffith, S. C., Stewart, I. R. K., Dawson, D. A., Owens, I. P. F. & Burke, T. (1999). Contrasting levels
of extra-pair paternity in mainland and island populations of the house sparrow (Passer
domesticus): is there an ‘island effect’? Biol. J. Linn. Soc. 68, 303–316.

Griffiths, R., Double, M. C., Orr, K. & Dawson, R. J. G. (1998). A DNA test to sex most birds. Mol.
Ecol. 7, 1071–1075.

Gullberg, A., Tegelström, H. & Gelter, H. P. (1992). DNA fingerprinting reveals multiple paternity in
families of great and blue tits (Parus major and P. caeruleus). Hereditas 117, 103–108.

Gustafsson, L. & Sutherland, W. S. (1988). The costs of reproduction in the collared flycatcher
Ficedula albicollis. Nature 335, 813–815.

REFERENCES

179



H
Hamilton, W. D. & Zuk, M. (1982). Heritable true fitness and bright birds: a role for parasites?

Science 218, 384–387.
Hanotte, O., Zanon, C., Pugh, A., Greig, C. & Dixon, A. (1994). Isolation and characterization of

microsatellite loci in a passerine bird: The reed bunting Emberiza schoeniclus. Mol. Ecol. 3,
529–530.

Hansell, M. H. & Deeming, D. C. (2001). Location, structure and function of incubation sites. In
Avian Incubation: Behaviour, Environment and Evolution. (Deeming, D. C., ed.), pp. 314–325. Oxford
University Press, Oxford.

Hanski, I. K. (1994). Timing of copulations and mate guarding in the chaffinch Fringila coelebs. Ornis
Fenn. 71, 17–25.

Hansson, B., Bensch, S., Hasselquist, D., Lillandt, B.-G., Wennerberg, L. & von Schantz, T. (2000).
Increase of genetic variation over time in a recently founded population of great reed warblers
(Acrocephalus arundinaceus) revealed by microsatellites and DNA fingerprinting. Mol. Ecol. 9,
1529–1538.

Hasselquist, D. & Bensch, S. (1991). Trade-off between mate guarding and mate attraction in the
polygynous great reed warbler. Behav. Ecol. Sociobiol. 28, 187–194.

Hasselquist, D., Bensch, S. & von Schantz, T. (1996). Correlation between male song repertoire,
extra-pair paternity and offspring survival in the great reed warbler. Nature 381, 229–232.

Hasselquist, D. & Sherman, P. W. (2001). Social mating systems and extrapair fertilizations in passe-
rine birds. Behav. Ecol. 12, 457–466.

Hawley, D. M., Sydenstricker, K. V., Kollias, G. V. & Dhondt, A. A. (2005). Genetic diversity predicts
pathogen resistance and cell-mediated immunocompetence in house finches. Biol. Lett. 1,
326–329.

Haywood, S. & Perrins, C. M. (1992). Is clutch size in birds affected by environmental conditions
during growth? Proc. R. Soc. Lond B 249, 195–197.

Hearne, C. M., Ghosh, S. & Todd, J. A. (1992). Microsatellites for linkage analysis of genetic traits.
Trends Ecol. Evol. 8, 288–94.

Hébert, P. N. (2002). Ecological factors affecting initiation of incubation behaviour. In  Avian
Incubation: Behaviour, Environment, and Evolution (Deeming, D. C., ed.), pp. 270–279. Oxford
University Press, New York.

de Heij, M. E., van den Hout, P. J., Tinbergen, J. M. (2006). Fitness cost of incubation in great tits
(Parus major) is related to clutch size. Proc. R. Soc. Lond. B in press (doi: 10.1098/rspb.2006.
3584).

Hiett, J. C. & Catchpole, C. K. (1982). Song repertoires and seasonal song in the yellowhammer
Emberiza citrinella. Anim. Behav. 30, 569–574.

Higgins, P. J., Peter, J. M. & Cowling, S. J., eds. (2006). Handbook of Australian, New Zealand and
Antarctic Birds. Volume 7. Boatbill to Starlings. Oxford University Press, Melbourne.

Hillström, L., Kilpi, M. & Lindström, K. (2000). Is asynchronous hatching adaptive in the herring
gull (Larus argentatus)? Behav. Ecol. Sociobiol. 47, 304–311.

Hinde, R. A. (1956). The biological significance of the territories of birds. Ibis 98, 340–369.
Hinde, R. A. & Steel, E. (1978). The influence of daylength and male vocalizations on the estrogen-

dependent behaviour of female canaries and budgerigars, with discussion of data from other spe-
cies. Adv. Study Behav. 8, 39–73.

Hochachka, W. (1990). Seasonal decline in reproductive performance of song sparrows. Ecology 71,
1279–1288.

Hochachka, W. M. & Smith, J. N. M. (1991). Determinants and consequences of nestling condition
in song sparrows. J. Anim. Ecol. 60, 995–1008.

Högstedt, G. (1980). Evolution of clutch size in birds: Adpative variation in relation to territory qua-
lity. Science 210, 1148–1150.

Hoi, H., Schleicher, B. & Valera, F. (1994). Female mate choice and nest desertion in penduline tits,
Remiz pendulinus: the importance of nest quality. Anim. Behav. 48, 743–746.

Holland, J., Dabelsteen, T. & Paris, A. L. (2000). Coding in the song of the wren: importance of
rhythmicity, syntax and element structure. Anim. Behav. 60, 463–470.

Holm, S. (1979). A simple sequentially rejective multiple test procedure. Scand. J. Stat. 6, 65–70.
Houston, A. I. (1995). Parental effort and paternity. Anim. Behav. 50, 1635–1644.
Houston, A. I. & Davies, N. B. (1985). The evolution of cooperation and life history in the dunnock,

Prunella modularis. In Behavioural ecology: ecological consequences of adaptive behaviour (Sibly, R. M. &
Smith, R. H., eds.), pp. 471–487. Blackwell, Oxford.

Hoyt, D. F. (1979). Practical methods of estimating volume and fresh weight of bird eggs. The Auk
96, 73–77.

Hultsch, H. & Todt, D. (1981). Repertoire sharing and song-post distance in nightingales (Luscinia
megarhynchos B.). Behav. Ecol. Sociobiol. 8, 183–188.

REFERENCES

180



Hunter, F. M. & Davis L. S. (1998). Female Adélie Penguins Acquire Nest Material from Extrapair
Males after Engaging in Extrapair Copulations. The Auk 115, 526–528.

Hunter, J. S. (1900). The bird fauna of Salt Basin near Lincoln. Proceedings of the Nebraska
Ornithologists’ Union 1, 28.

Hurlbert, S. H. (1984). Pseudoreplication and the design of ecological field experiments. Ecol.
Monographs 54, 187–211.

Husak, J. F. (2004). Signal use by collared lizards, Crotaphytus collaris: the effects of familiarity and
threat. Behav. Ecol. Sociobiol. 55, 602–607.

Hutchinson, J. M., McNamara, J. M. & Cuthill, I. C. (1993). Song, sexual selection, starvation and
strategic handicaps. Anim. Behav. 45, 1153–1177.

Hyman, J. (2002). Conditional strategies in territorial defense: do Carolina wrens play tit-for-tat?
Behav. Ecol. 13, 664–669.

I
Illes, A. E., Hall, M. L. & Vehrencamp, S. L. (2006). Vocal performance influences male receiver res-

ponse in the banded wren. Proc. R. Soc. Lond. B in press (doi: 10.1098/rspb.2006.3535).
Inaoka, T., Okubo, G., Yokota, M. & Takemasa, M. (1999). Nutritive value of house fly larvae and

pupae fed on chicken feces as food source for poultry. Japan Poultry Science 36, 174–180.

J
Jaeger, R. G. (1981). Dear-enemy recognition and the costs of aggression between salamanders. Am.

Nat. 117, 962–974.
Jarne, P. & Lagoda, P. J. L. (1996). Microsatellites, from molecules to populations and back. Trends

Ecol. Evol. 11, 424–429.
Jeffery, K. J., Keller, L. F., Arcese, P. & Bruford, M. W. (2001). The development of microsatellite loci

in the song sparrow, Melospiza melodia (Aves) and genotyping errors associated with good quali-
ty DNA. Mol. Ecol. Notes 1, 11–13

Jennions, M. D. & Petrie, M. (2000) Why do females mate multiply? A review of the genetic benefits.
Biol. Rev. 75, 21–64.

Johnson, L. S. & Searcy, W. A. (1996). Female attraction to male song in hosue wrens (Troglodytes
aedon). Behaviour 133, 357–366.

Johnstone, R. A. (2001). Eavesdropping and animal conflict. Proc. Natl. Acad. USA 98, 9177–9180.
Johnstone, R. A. & Grafan, A. (1993). Dishonesty and the handicap principle. Anim, Behav. 46,

759–764.
Jones, G. (1987). Time and energy constraints during incubation in free-living swallows (Hirundo

rustica): an experimental study using precision electronic balances. J. Anim. Ecol. 56, 229–245.
Jordan, M. A. & Snell, H. L. (2002). Life history trade-offs and phenotypic plasticity in the reproduc-

tion of Galápagos lava lizards (Microlophus delanonis). Oecologia 130, 44–52.

K
Kadlec,  R. H. &  Knight, R.L. (1996). Treatment wetlands. Lewis publishers, Boca Raton.
Keller, L. F. & Waller, D. M. (2002). Inbreeding effects in wild populations. Trends Ecol. Evol. 17,

230–240.
Kempenaers, B. & Dhondt, A. A. (1993). Why do females engage in extra-pair copulations? A review

of hypotheses and their predictions. Bel. J. Zool. 123, 93–103.
Kempenaers, B., Verheyen, G. R., van den Broeck, M., Burke, T., van Broeckhoven, C. & Dhondt, A.

A. (1992). Extra-pair paternity results from female preference for high-quality males in the blue
tit. Nature 357, 494–496.

Kendeigh,  S. C & Baldwin, S. P. (1932). Physiology of the temperature of birds. Sci. Publ. Cleveland
Mus. Nat. Hist. 3.

Ketterson, E. D. & Nolan, V. (1994). Male parental behaviour in birds. Annu. Rev. Ecol. Syst. 25,
601–628.

Kisdi, É., Meszéna, G. & Pásztor, L. (1998). Individual optimization: Mechanisms shaping the opti-
mal reaction norm. Evol. Ecol. 12, 211–221.

Klevin, O. & Lifjeld, J. T. (2005). No evidence for increased offspring heterozygosity from extrapair
mating in the reed bunting (Emberiza schoeniclus). Behav. Ecol. 16, 561–565.

Kokko, H. (1997). Evolutionary stable strategies of age-dependent sexual advertisement. Behav. Ecol.
Sociobiol. 41, 99–107.

Kokko, H., Brooks, R., Jennions, M. D. & Morley, J. (2003). The evolution of mate choice and mating
biases. Proc. R. Soc. Lond. B 270, 653–664.

Kokko, H. & Jennions, M. (2003). It takes two to tango. Trends Ecol. Evol. 18, 103–105.
Komdeur, J. (2001). Mate guarding in the Seychelles warbler is energetically costly and adjusted to

paternity risk. Proc. R. Soc. Lond. B 268, 2103–2111.

REFERENCES

181



Komdeur, J. & Kats, R. K. H. (1999). Predation risk affects trade-off between nest guarding and fora-
ging in Seychelles warblers. Behav. Ecol. 10, 648–658.

Komdeur, J., Kraaijeveld-Smit, F., Kraaijeveld, K. & Edelaar, P. (1999). Explicit experimental evidence
for the role of mate guarding in minimizing loss of paternity in the Seychelles warbler. Proc. R.
Soc. Lond. B 266, 2075–2081.

Komdeur, J., Wiersma, P. & Magrath, M. (2002). Paternal care and male mate-attraction effort in the
European starling is adjusted to clutch size. Proc. R. Soc. Lond. B 269, 1253–1261.

Kramer, H. G., Lemon, R. E. & Morris, M. J. (1985). Song switching and agonistic stimulation in the
song sparrow (Melospiza melodia): five tests. Anim. Behav. 33, 135–149.

Krams, I. (2001). Communication in crested tits and the risk of predation. Anim. Behav. 61,
1065–1068.

Krebs, E. A. (1999). Last but not least: Nestling growth and survival in asynchronously hatching
crimson rosellas. J. Anim. Ecol. 68, 266–281.

Krebs, J. R. (1982). Territorial Defence in the Great Tit (Parus major): Do Residents Always Win?
Behav. Ecol. Sociobiol. 11, 185–194.

Krebs, J. R., Ashcrof, R. & van Orsdol, K. (1981). Song matching in the great tit Parus major L. Anim.
Behav. 29, 918–923.

Kreutzer, M. (1974). Stereotypie et variations dans le chants de proclamations territoriale chez le tro-
glodyte (Troglodytes troglodytes). Rev. Comp. Anim. 8, 270–286.

Kroodsma, D. E. (1980). Winter wren singing behavior: a pinnacle of song complexity. The Condor 82,
357–365.

Kroodsma,  D. E. (1989). Suggested experimental designs for song playbacks. Anim. Behav. 37,
600–609.

Kroodsma, D. E. & Momose, H. (1991). Songs of the Japanese population of the winter wren
(Troglodytes troglodytes). The Condor 93, 424–432.

Küln, R., Anastassiadis, C. & Pirchner, F. (1996). Transfer of bovine microsatellites to the corvine
(Cervus elaphus) Anim. Genet. 27, 199–201.

Kusmierski, R.,  Borgia, G.,  Uy, A. & Crozier, R.H. (1997). Labile evolution of display traits in
bowerbirds indicates reduced effects of phylogenetic constraint. Proc. R. Soc. Lond. B 264,
307–313.

L
Lack, D. (1968). Ecological adaptation for breeding in birds. Methuen, London.
Lambrechts, M. M. (1992). Male quality and playback in the great tit. In Playback and Studies of Animal

Communication (McGregor, P. K., ed.), pp. 135–152. Plenum Press, New York.
Lambrechts, M. & Dhondt, A. A. (1988). Male quality and territory quality in the great tit Parus

major. Anim. Behav. 36, 596–601.
Landauer, W. (1967). The hatchability of chicken eggs as influenced by environment and heredity.

Storrs. Agr. Exp. Sta. Monograph 1.
Langefors, Å, Hasselquist, D. & von Schantz, T. (1998). Extra-pair fertilizations in the Sedge

Warbler. J. Avian Biol. 29, 134–144.
Langmore, N. E. (1996). Territoriality and song as flexible paternity guards in dunnocks and alpine

accentors. Behav. Ecol. 7, 183–188.
Langmore, N. E. (1997). Dunnocks discriminate between the songs of familiar individuals without

directional cues. Behaviour 135, 287–296.
Leiser, J. K. (2003). When are neighbours ‘dear enemies’ and when are they not? The responses of

territorial male variegated pupfish, Cyprinodon variegates, to neighbours, strangers and heterospe-
cifics. Anim. Behav. 65, 453–462.

Leiser, J. K. & Itzkowitz, M. (1999). The benfits of dear-enemy recognition in three-contender con-
vict cichlid (Cichlasoma nigrofasciatum) contests. Behaviour 136, 983–1003.

Leitão, A., ten Cate, C. & Riebel, K. (2006). Within-song complexity in a songbird is meaningful to
both male and female receivers. Anim. Behav. 71, 1289–1296.

Leitão, A. & Riebel, K. (2003). Are good ornaments bad armaments? Male chaffinch perception of
songs with varying flourish length. Anim. Behav. 66, 161–167.

Leonard, M.L. & Picman, J. (1987). The adaptive significance of multiple nest building by male
marsh wrens. Anim. Behav. 35, 271–277.

Lessels, C. M. (1991). The evolution of life histories. In Behavioural Ecology: An Evolutionary Approach,
3rd ed. (Krebs, J. R. & Davies, N. B., eds.), pp. 32–68. Blackwell, Oxford.

Ligon, J. D. (1999). The evolution of avian breeding systems. Oxford University Press, Oxford.
Lindén, M. Gustafsson, L. & Pärt, T. (1992). Selection on fledging in the collared flycatcher and the

great tit. Ecology 73, 336–343.
Lovell, S. F. & Lein, M. R. (2004). Neighbor-stranger discrimination by song in a suboscine bird, the

alder flycatcher, Empidonax alnorum. Behav. Ecol. 15, 799–804.

REFERENCES

182



Loyau, A., Moureau, B., Richard, M., Christe, P., Heeb, P. & Sorci, G. (2005). Cross-amplification of
polymorphic microsatellites reveals extra-pair paternity and brood parasitism in Sturnus vulgaris.
Mol. Ecol. Notes 5, 135–139.

Lozano, G. A. & Lemon, R. E. (1996). Male plumage, paternal care and reproductive success in yel-
low warblers, Dendroica petechia. Anim. Behav. 51, 265–272.

Lucas, J. R., Schraeder, A. & Jackson, C. (1999). Carolina chickadee (Aves, Paridae, Poecile carolinensis)
vocalization rates: effects of body mass and food availability under aviary conditions. Ethology
105, 503–520.

Lundy, H. (1969). A review of the effects of temperature, humidity, turning and gaseous environ-
ment in the incubator on the hatchability of the hen’s egg. In The Fertility and Hatchability of the
Hen’s Egg (Carter, T. C. & Freeman, B. M., eds.), pp. 143–176. Oliver and Boyd, Edinburgh.

Lyon, B. E. & Montgomerie, R. D. (1985). Incubation feeding in snow buntings: Female manipula-
tion or indirect male parental care? Behav. Ecol. Sociobiol. 17, 279–284.

M
MacCluskie, M. C. & Sedinger, J. S. (1999). Incubation behaviour in northern shovelers in the sub-

arctic: a contrast to the prairies. Condor 101, 417–421.
MacDougall-Shackleton, E. A., Derryberry, E. P., Foufopoulos, J., Dobson, A. P. & Hahn, T. P. (2005).

Parasite-mediated heterozygote advantage in an outbred songbird population. Biol. Lett. 1,
105–107.

MacRoberts, M. H. & MacRoberts, B. R. (1972). The relationship between laying date and incubation
in herring and lesser black-backed gulls. Ibis 114, 93–97. 

Magrath, M. J. L. & Elgar, M. A. (1997). Paternal care declines with increased opportunity for extra-
pair matings in fairy martins. Proc. R. Soc. Lond. B 264, 1731–1736.

Magrath, M. J. L. & Komdeur, J. (2003). Is male care compromised by additional mating opportunity?
Trends Ecol. Evol. 18, 424–430.

Maher, C. R. & Lott, D. F. (1995). Definitions of territoriality used in the study of variation in verte-
brate spacing systems. Anim. Behav. 49, 1581–1597.

Major, D. L. & Barber, C. A. (2004). Extra-pair paternity in first and second broods of eastern Song
Sparrows. J. Field Orn. 75, 152–156.

Markman, S., Yom-Tov, Y. & Wright, J. (1996). The effect of male removal on female parental care in
the orange-tufted sunbird. Anim. Behav. 52, 437–444.

Marshall, R. C., Buchanan, K. L. & Catchpole, C. K. (2003). Sexual selection and individual genetic
diversity in a songbird. Proc. R. Soc. Lond. B 270, S248–S250 (DOI 10.1098/rsbl.2003.0081).

Marshall, T. C., Slate, J., Kruuk, L. & Pemberton, J. M. (1998). Statistical confidence for likelihood-
based paternity inference in natural populations. Mol. Ecol. 7, 639–655.

Martinez, J. G., Soler, J. J., Soler, M., Møller, A. P. & Burke, T. (1999). Comparative population struc-
ture and gene flow of a brood parasite, the great spotted cuckoo (Clamator glandarius), and its pri-
mary host, the magpie (Pica pica). Evolution 53, 269–278.

Masters, B. S., Hicks, B. G., Johnson, L. S. & Erb, L. A. (2003). Genotype and extra-pair paternity in
the house wren: a rare-male effect? Proc. R. Soc. Lond. B 270, 1393–1397.

Maynard Smith, J. (1977). Parental investment: a prospective analysis. Anim. Behav. 25, 1–9.
Maynard Smith, J. (1978). Optimization Theory in Evolution. Ann. Rev. Ecol. Sys. 9, 31–56.
McGregor, P. K. & Avery, M. I. (1986). The unsung songs of great tits (Parus major): learning niegh-

bours’ songs for discrimination. Behav. Ecol. Sociobiol. 18, 311–316.
McGregor, P.K. & Horn, A. G. (1992). Strophe length and response to playback in great tits. Anim.

Behav. 43, 667–676.
McNamara, J. M. & Houston, A. I. (1996). State-dependent life histories. Nature 380, 215–221.
McShea, W. J. & Rappole, J. H. (1997). Variable song rates in three species of passerines and implica-

tions for estimating bird populations. J. Field Ornithol. 68, 367–375.
Mennill, D. J. & Ratcliffe,  L. M. (2004). Overlapping and matching in the song contests of black-cap-

ped chickadees. Anim. Behav. 67, 441–450.
Mennill, D. J., Ratcliffe, L. M. & Boag, P. T. (2002). Female Eavesdropping on Male Song Contests in

Songbirds. Science 296, 873.
Merilä, J. (1996). Genetic variation in offspring condition: an experiment. Func. Ecol. 10, 465–475.
Merilä, J., Przybylo, R. & Sheldon, B. C. (1999). Genetic variation and natural selection on blue tit

body condition in different environments. Genet. Res., Camb. 73, 165–176.
Metz, K.J. (1991). The Enigma of Multiple Nest Building by Male Marsh Wrens. The Auk 108,

170–173.
Mitton, J. B., Schuster, W. S. F., Cothran, E. G. & De Fries, J. C. (1993). Correlation between the

individual heterozygosity of parents and their offspring. Heredity 71, 59–63.
Møller, A. P. (1987a). Mate guarding in the swallow Hirundo rustica: an experimental study. Behav.

Ecol. Sociobiol. 21, 119–123.

REFERENCES

183



Møller, A. P. (1987b). Intruders and defenders on avian breeding territories: the effect of sperm com-
petition. Oikos 48, 47–54. 

Møller, A. P. (1988). Paternity and paternal care in the swallow Hirundo rustica. Anim. Behav. 36,
996–1005.

Møller, A. P. (1990). Changes in the size of avian breeding territories in relation to the nesting cycle.
Anim. Behav. 40, 1070–1079.

Møller, A. P. (1991a). Why mated songbirds sing so much: mate guarding and male announcement of
mate fertility status. Am. Nat. 138, 994–1014.

Møller, A. P. (1991b). Parasite load reduces song output in a passerine bird. Anim. Behav. 41,
723–730.

Møller, A. P. (2000). Male parental care, female reproductive success, and extrapair paternity. Behav.
Ecol. 11, 161–168.

Møller, A. P. & Birkhead, T. R. (1991). Freuent copulations and mate guarding as alternative paterni-
ty guards in birds: a comparative study. Behaviour 118 170–186.

Møller, A. P. & Birkhead, T. R. (1993). Cuckoldry and sociality–a comparative study of birds. Am. Nat.
142, 118–140.

Møller, A. P. & Ninni, P. (1998). Sperm competition and sexual selection: a meta-analysis of paternity
studies of birds. Behav. Ecol. Sociobiol. 34, 345–358.

Møller, A. P. & Pomiankowski, A. (1993). Why have birds got multiple sexual ornaments? Behav. Ecol.
Sociobiol. 32, 167–176.

Møller, A. P., Saino, N., Taramino, G., Galeotti, P. & Ferrario, S. (1998). Paternity and multiple signal-
ling: effects of a secondary sexual character and song on paternity in the barn swallow. Am. Nat.
151, 236–242.

Molles, L. E. & Vehrencamp, S. L. (2001). Neighbour recognition by resident males in the banded
wren, Thryothorus pleurostictus, a tropical songbird with high song-type sharing. Anim. Behav. 61,
119–127.

Moore, S. S., Sargeant, L. L., King, T. J., Mattick, J. S., Georges, M. & Hetzel, D. J. (1991). The con-
servation of dinucleotide microsatellite among mammalian genomes allows the use of hetero-
logous PCR primer pairs in closely related species. Genomics 10, 654–660.

Moreno, J. (1989). Energetic constraints on uniparental incubation in the wheatear Oenanthe oenanthe
(L.). Ardea 77, 107–115.

Moreno, J. & Carlson, A. (1989). Clutch size and the costs of incubation in the pied flycatcher
Ficedula hypoleuca. Ornis. Scan. 20, 123–128.

Moreno, J., Cowie, R. J., Sanz, J. J. & Williams, R. S. R. (1995). Differential response by males and
females to brood manipulations in the pied flycatcher: energy expenditure and nestling diet. J.
Animi. Ecol. 64, 721–732.

Moreno, J. & Hillström, L. (1992). Variation in time and energy budgets of breeding wheatears.
Behaviour 120, 11–39.

Moreno, J., Soler, M., Møller, A.P. & Linden M. (1994). The function of stone carrying in the black
wheatear, Oenanthe leucura. Anim. Behav. 47, 1297–1309.

Morton, E. S. & Derrickson, K. C. (1990). The biological significance of age-specific return schedules
in breeding purple martins. Condor 92, 1040–1050.

Morton, M. L., Pereyra, M. E. & Baptista, L. F. (1985). Photoperiodically induced ovarian growth in
the white crowned sparrow (Zonotrichia leucophrys gambelii) and its augmentation by song.
Comparative Biochemistry and Physiology A 80, 93–97.

Mota, P. G. (1999). The functions of song in the serin. Ethology 105, 137–148.
Mougeot, F., Arroyo, B. E. & Bretagnolle, V. (2001). Decoy presentations as a means to manipulate

the risk of extrapair copulation: An experimental study in a semicolonial raptor, the Montagu’s
harrier (Circus pygargus). Behav. Ecol. 12, 1–7.

Mulder, R. A., Dunn, P. O., Cockburn, A., Lazenby-Cohen, K. A. & Howell, M. J. (1994). Helpers
liberate female fairy wrens from constraints on extra-pair mate choice. Proc. R. Soc. Lond. B 255,
223–229.

N
Naguib, M., Amrhein, V. & Kunc, H. P. (2004). Effects of territorial intrusions on eavesdropping

neighbors: communication networks in nightingales. Behav. Ecol. 15, 1011–1015.
Naguib, M., Fichtel, C. & Todt, D. (1999). Nightingales respond more strongly to vocal leaders of

simulated dyadic interactions. Proc. R. Soc. Lond. B 266, 537–542.
Naguib, M. & Todt, D. (1998). Recognition of neighbours’ song in a species with large and complex

song repertoires: the Thrush Nightingale. J. Avian. Biol. 29, 155–160.
Nagy, L. R. & Holmes, R. T. (2004). Factors influencing fecundity in migratory songbirds: is nest pre-

dation the most important? J. Avian Biol. 35, 487–491.

REFERENCES

184



Neal, J. C., James, D. A., Montague, W. G. & Johnson, J. E. (1993). Effect of weather and helpers on
survival of nestling red-cockaded woodpeckers. Wilson Bull. 105, 666–673.

Neff, B. D. & Sherman, P. W. (2002). Decision making and recognition mechanisms. Proc. R. Soc.
Lond. B 269, 1435–1441.

Nilsson, J. Å. (1993). Energetic constraints on hatching asynchrony. Am. Nat. 114, 158–166.
Nilsson, J. Å. & Smith, H. G. (1988). Incubation feeding as a male tactic for early hatching. Anim.

Behav. 36, 641–647.
van Noordwijk, A. J., van Balen, J. H. & Scharloo, W. (1988). Heritability of body size in a natural

population of the great tit (Parus major) and its relation to age and environmental condition
during growth. Genet. Res. 51, 149–162.

Nur, N. (1984a). Feeding frequencies of nestling blue tits (Parus caeruleus): costs, benefits and a
model of optimum feeding frequency. Oecologia 65, 125–137.

Nur, N. (1984b). The consequences of brood size for breeding blue tits. II. Nestling weight, offspring
survival and optimal brood size. J. Anim. Ecol. 53, 497–517.

Nur, N. & Hasson, O. (1984). Phenotypic plasticity and the handicap principle. J. Theor. Biol. 110,
275–297.

Nyström, K. G. K. (1997). Food density, song rate, and body condition in territory-establishing wil-
low warblers (Phylloscopus trochilus). Can. J. Zool. 75, 47–58.

O
Oberweger, K. & Goller, F. 2001. The metabolic cost of birdsong production. J. Exp. Biol. 204,

3379–3388.
O’Brien, S. J., Womack, J. E., Lyons, L. A., Moore, K. J., Jenkins, N. A. & Copeland, N. G. (1993).

Anchored reference loci for comparative genome mapping in mammals. Nature Genetics 3, 103–112.
Olendorf, R., Getty, T., Scribner, K. & Robinson, S. K. (2004). Male red-winged blackbirds distrust

unreliable and sexually attractive neighbours. Proc. R. Soc. Lond. B 271, 1033–1038.
Olsson, M., Shine, R., Madsen, T., Gullber, A. & Tegelström, H. (1996). Sperm selection by females.

Nature 383, 585.
O’Loghlen, A. L. & Beecher, M. D. (1999). Mate, neighbour and stranger songs: a female song spar-

row perspective. Anim. Behav. 58, 13–20.
Oppenheim, R. W. & Levin, H. L. (1975). Short-term changes in incubation temperature: behaviou-

ral and physiological effects in the chick embryo from 6 to 20 days. Dev. Psychobiol. 8, 103–115.
Oring, L. W. (1982). Avian mating systems. In Avian Biology, vol. 6 (Farner, D. S., King, R. & Parkes,

K. C., eds.), pp. 1–92. Academic Press, Orlando.
Oro, D., Pradel, R. & Lebreton, J. D. (1999). Food availability and nest predaton influence life history

traits in Audouin’s gull Larus audouinii. Oecologia 118, 438–445.
Otter, K., McGregor, P. K., Terry, A. M. R., Burford, F. R. L., Peake, T. M. & Dabelsteen, T. (1999). Do

female great tits (Parus major) assess males by eavesdropping? A field study using interactive
song playback. Proc. R. Soc. Lond. B 266, 1305–1309.

Otter, K. A., Stewart, I. R. K., McGregor, P. K., Terry, A. M. R., Dabelsteen, T. & Burke, T. (2001).
Extra-pair paternity among Great Tits Parus major following manipulation of male signals. J. Avian
Biol. 32, 338–344.

Owens, I. P. F. (2002). Male-only care and classical polyandry in birds: phylogeny, ecology and sex dif-
ferences in remating opportunities. Philos. Trans. R. Soc. Lond. B 357, 283–293.

Owens, I. P. F. & Bennett, P. M. (1997). Variation in mating system among birds: ecological basis
revealed by hierarchical comparative analysis of mate desertion. Proc. R. Soc. Lond B 264,
1103–1110.

P
Packard, G. C. & Boardman, T. J. (1987). The misuse of ratios to scale physiological data that vary

allometrically with body size. In New directions in ecological physiology (Feder, E. F., Bennett, A. F.,
Burggren, W. W. & Huey, R. B., eds.), pp. 216–239. Cambridge University Press, Cambridge.

Pasinelli, G. (2001). Breeding performance of the middle spotted woodpecker Dendrocopud medius
in relation to weather and territory quality. Ardea 89, 353–361.

Patterson, C. B., Erckmann, W. J. & Orians, G. H. (1980). An experimental study of parental invest-
ment and polygyny in male blackbirds. Am. Nat. 116, 757–769.

Peake, T. M., Matessi, P. K., McGregor, P. K. & Dabelsteen, T. (2005). Song-type matching, song-type
switching and eavesdropping in male great tits. Anim. Behav. 69, 1063–1068.

Peake, T. M., Terry, A. M. R., McGregor, P. K. & Dabelsteen, T. (2001). Male great tits eavesdrop on
simulated male-to-male vocal interactions. Proc. R. Soc. Lond. B 268, 1183–1187.

Peake, T. M., Terry, A. M. R., McGregor, P. K. & Dabelsteen, T. (2002). Do great tits assess rivals by
combining direct experience with information gathered by eavsdropping? Proc. R. Soc. Lond. B
269, 1925–1929.

REFERENCES

185



Pemberton, J. M., Slate, J., Bancroft, D. R. & Barrett, J. A. (1995). Nonamplifying alleles at microsa-
tellite loci: a caution for parentage and population studies. Mol. Ecol. 4, 249–252.

Pêpin, L., Amigues, Y., Lépingle, A., Berthier, J. L., Bensaïd, A. & Vaiman, D. (1995). Sequence con-
servation of microsatellites between Bos Taurus (cattle), Capra hircus (goat), and related species.
Examples of use in parentage testing and phylogeny analysis. Heredity 74, 53–61.

Perrins, C. M. (1965). Population fluctuations and clutch size in the great tit Parus major, L. J. Anim.
Ecol. 34, 601–647.

Perrins, C. M. (1996). Eggs, egg formation and the timing of breeding. Ibis 138, 2–15.
Persson, I. & Göransson, G. (1999). Nest attendance during egg laying in pheasants. Anim. Behav. 58,

159–164.
Petrie, M. (1994). Improved growth and survival of offspring of peacocks with more elaborate trains.

Nature 371, 598–599.
Petrie, M., Doums, C. & Møller, A. P. (1998). The degree of extra-pair paternity increases with gene-

tic variability. Proc. Natl. Acad. Sci. USA 95, 9390–9395.
Petrie, M. & Kempenaers, B. (1998). Extrapair paternity in birds: explaining variation between spe-

cies and populations. Trends Ecol. Evol. 13, 52–58.
Pfennig, D. W. & Reeve, H. K. (1989). Neighbor recognition and context-dependent aggression in a

solitary wasp, Sphecius speciosus (Hymenoptera: Sphecidae). Ethology 80, 1–18.
Piersma, T. & Drent, J. (2003). Phenotypic plasticity and the evolution of organismal design. Trends

Ecol. Evol. 18, 228–233.
Pietiäinen, H. & Kolunen, H. (1993). Female body condition and breeding of the Ural owl Strix ura-

lensis. Funct. Ecol. 7, 726–735.
Pinxten, R. & Eens, M. (1998). Male starlings sing most in the late morning, following egg-laying: a

strategy to protect their paternity? Behaviour 135, 1197–1211.
Pitcher, T. E. & Stutchbury, B. J. M. (2000). Extraterritorial forays and male parental care in hooded

warblers. Anim. Behav. 59, 1261–1269.
Pizzari, T. & Birkhead, T. R. (2000). Female feral fowl eject sperm of subdominant males. Nature 405,

787–789.
Podos, J. (1996). Motor constraints on vocal development in a songbird. Anim. Behav. 51, 1061–1070.
Podos, J. (1997). A performance constraint on the evolution of trilled vocalizations in a songbird

family (Passeriformes: Emberizidae). Evolution 51, 537–551.
Primmer, C. R., Møller, A. P. & Ellegren, H. (1995). Resolving genetic-relationships with microsatel-

lite markers – a parentage testing system for the swallow Hirundo rustica. Mol. Ecol. 4, 493–498.
Primmer, C. R., Møller, A. P. & Ellegren, H. (1996a). A wide-range survey of cross-species microsa-

tellite amplification in birds. Mol. Ecol. 5, 365–378.
Primmer, C. R., Møller, A. P. & Ellegren, H. (1996b). New microsatellites from the pied flycatcher

Ficedula hypoleuca and the swallow Hirundo rustica genomes. Hereditas 124, 281–283.
Primmer, C. R., Painter, J. N., Koskinen, M. T., Palo, J. U. & Merilä, J. (2005). Factors affecting avian

cross-species microsatellite amplification. J. Avian Biol. 36, 348–360.

Q
Qualls, C. P. & Jaeger, R. G. (1991). Dear-enemy recognition in Anolis carolinensis. J. Herp. 25,

361–363.
Queller, D. C. (1997). Why do females care more than males? Proc. R. Soc. Lond. B 264, 1555–1557.
Queller, D. C., Strassmann, J. E. & Hughes, C. R. (1993). Microsatellites and kinship. Trends Ecol.

Evol. 8, 285–288.
Quinn, P. & Keough, M. J. (2002). Experimental design and data analysis for biologists. Cambridge

University Press, Cambridge.

R
Radesäter, T., Jakobsson, S., Andbjer, Bylin, A. & Nyström, K. (1987). Song rate and pair formation

in the willow warbler, Phylloscopus trochilus. Anim. Behav. 35, 1645–1651.
Rätti, O., Lundberg, A., Tegelstrom, H. & Alatalo, R. V. (2001). No evidence for effects of breeding

density and male removal on extrapair paternity in the pied flycatcher. The Auk 118, 147–155.
Rauter, C. & Reyer, H. U. (1997). Incubation pattern and foraging effort in the female water pipit

Anthus spinoletta. Ibis 139, 441–446.
Reed, D. H. & Frankham, R. (2001). How closely correlated are molecular and quantitative measures

of genetic variation? A meta-analysis. Evolution 55, 1095–1103.
Reed, P. W., Davies, J. L., Copeman, J. B., Bennett, S. T., Palmer, S. M., Pritchard, L. E., Gough, S. C.

L., Kawaguchi, Y., Cordell, H. J., Balfour, K. M., Jenkins, S. C., Powell, E. E., Vignal, A. & Todd, J.
A. (1994). Chromosome-specific microsatellite sets for fluorescence-based, semi-automated
genome mapping. Nature Genetics 7, 390–395.

REFERENCES

186



Reid, J. M., Arcese, P., Cassidy, A. L. E. V., Marr, A. B., Smith, J. N. M. & Keller, L. F. (2005).
Hamilton and Zuk meet heterozygosity? Song repertoire size indicates inbreeding and immunity
in song sparrows (Melospiza melodia). Proc. R. Soc. Lond. B 272, 481–487.

Reid, J. M., Monaghan, P. & Nager, R. G. (2001). Incubation and the costs of reproduction. In Avian
Incubation: Behaviour, Environment and Evolution. (Deeming, D. C., ed.), pp. 314–325. Oxford
University Press, Oxford.

Reid, J. M., Monaghan, P. & Ruxton, G. D. (1999). The effect of clutch cooling rate on starling,
Sturnus vulgaris, incubation strategy. Anim. Behav. 58, 1161–1167.

Reid, M. L. (1987). Costliness and reliability in the singing vigour of Ipswich sparrows. Anim. Behav.
35, 1735–1743.

Richardson, D. S., Jury, F. L., Blaakmeer, K., Komdeur, J. & Burke, T. (2001). Parentage assignment
and extra-group paternity in a cooperative breeder: the Seychelles warbler (Acrocephalus
sechellensis). Mol. Ecol. 10, 2263–2273.

Richardson, D. S., Jury, F. L., Dawson, D. A., Salgueiro, P., Komdeur, J. & Burke, T. (2000). Fifty
Seychelles warbler (Acrocephalus sechellensis) microsatellite loci polymorphic in Sylviidae species
and their cross-species amplification in other passerine birds. Mol. Ecol. 9, 2155–2234.

Rodrigues, M. (1998). No relationship between territory size and the risk of cuckoldry in birds.
Anim. Behav. 55, 915–923.

Rodriguez-Teijeiro, J. D., Puigcerver, M., Ortiz, C., Gallego, S. & Nadal, J. (1997). Incubation behavi-
our of the common quail (Coturnix c. coturnix) under conditions of food abundance. Hist. Anim.
3, 45–53.

Rogers, K., Rogers, A. & Rogers, D. (1986). Bander's Aid: A Guide to Aging and Sexing Bush Birds.
RAOU, St. Andrews.

Royle, N. (2000). Overproduction in the lesser black-backed gull – can marginal chicks overcome the
initial handicap of hatching asynchrony? J. Avian Biol. 31, 335–344.

Royle, N. & Hamer, K.C. (1998). Hatching asynchrony and sibling size hierarchies in gulls: effects on
parental investment decisions, brood reduction and reproductive success. J. Avian Biol. 29,
266–272.

S
Saino, N., Galeotti, P., Sacchi, R. & Møller, A. P. (1997). Song and immunological condition in male

barn swallows (Hirundo rustica). Behav. Ecol. 8, 364–371.
Sanz, J. J. (1996). Effect of food availability on incubation period in the pied flycatcher (Ficedula hypo-

leuca). The Auk 113, 249–253.
Sanz, J. J. & Tinbergen, J. M. (1999). Energy expenditure, nestling age, and brood size: an experi-

mental study of parental behavior in the great tit Parus major. Behav. Ecol. 10, 598–606.
Savalli, U. M. (1994). Mate choice in the yellow-shouldered widowbird: Correlates of male attractive-

ness. Behav. Ecol. Sociobiol. 35: 227–234.
Schlichting, C. D. & Pigliucci, M. (1998). Phenotypic Evolution: A Reaction Norm Perspective.

Sinauer, Sunderland, Massachusetts.
Schmoll, T., Quellmalz, A., Dietrich, V., Winkel, W., Epplen, J. T. & Lubjujn, T. (2005). Genetic simi-

larity between pair mates is not related to extrapair paternity in the socially monogamous coal
tit. Anim. Behav. 69, 1013–1022.

Searcy, W. A. (1979). Sexual selection an body size in male red-winged blackbirds. Evolution 33,
649–661.

Searcy, W. A. (1983). Response to multiple song types in male song sparrows and field sparrows.
Anim. Behav. 31, 948–949.

Searcy, W. A. & Andersson, M. (1986). Sexual selection and the evolution of song. Ann. Rev. Ecol. Sys.
17, 507–533.

Searcy, W. A., McArthur, P. D., Peter, S. S. & Marler, P. (1981). Response of male song and swamp
sparrows to neighbour, stranger, and self songs. Behaviour 77, 152–166.

Searcy, W. A. & Nowicki, S. (2005). The evolution of animal communication: reliability and deception in sig-
nalling systems. Princeton University Press, Princeton.

Searcy, W. A. & Yasukawa, K. (1996). Song and female choice. In Ecology and evolution of acoustic com-
munication in birds (Kroodsma, D. E., Miller, E. H., eds.), pp. 454–473. Cornell University Press,
New York.

Seddon, N., Amos, W., Adcock, G., Johnson, P., Kraaijeveld, K., Kraaijeveld-Smit, F. J. L., Lee, W.,
Senapathi, G. D., Mulder, R. A. & Tobias, J. A. (2005). Mating system, philopatry and patterns of
kinship in the cooperatively breeding subdeser mesite Monias benschi. Mol. Ecol. 14, 3573–3583.

Seddon, N., Amos, W., Mulder, R. A. & Tobias, J. A. (2004). Male heterozygosity predicts territory
size, song structure and reproductive success in a cooperatively breeding bird. Proc. R. Soc. Lond.
B 271, 1823–1829.

REFERENCES

187



Sheldon, B. C. (1994). Timing and use of paternity guards by male chaffinches. Behaviour 129,
79–97.

Sheldon, B. C. (2000). Differential allocation: tests, mechanisms and implications. Trends Ecol. Evol.
15, 397–402.

Sheldon, B. C. (2002). Relating paternity to paternal care. Philos. Trans. R. Soc. Lond. B 357, 341–350.
Sherman, P. W., Reeve, H. K. & Pfennig, D. W. (1997). Recogntion systems. In Behavioural ecology: and

evolutionary approach, 4th edn (Krebs, J. R. & Davies, N. B., eds.), pp. 69–96. Blackwell, Boston.
Shufeldt, R. W. (1926). Life history of the long-billed marsh wren. Oologist 43, 154–156.
Shy, E. & Morton, E. S. (1986). The role of distance, familiarity, and time of day in Carolina wrens

responses to conspecific songs. Behav. Ecol. Sociobiol. 19, 393–400.
Sibley, C. G. & Ahlquist, J. E. (1990). Phylogeny and classification of Birds. A Study in Molecular Evolution.

Yale University Press, New Haven.
Sinclair, A. R. E. (1989). Population regulation in animals. In Ecological Concepts (Cherrett, J.M., ed.),

pp. 197–241. Blackwell Scientific Publications, Oxford.
Skagen, S. K. (1988). Asynchronous hatching and food limitation: a test of Lack’s hypothesis. The

Auk 105, 78–88.
Skutch, A. F. (1962). The constancy of incubation. Wilson Bull. 74, 115–152.
Slagsvold, T. (1986). Asynchronous versus synchronous hatching in birds: experiments with the pied

flycatcher. J. Anim. Ecol. 55, 1115–1134.
Slagsvold, T., Dale, S. & Saetre, G.-P. (1994). Dawn singing in the great tit (Parus major): mate attrac-

tion, mate guarding, or territorial defence. Behaviour 131, 115–138.
Slagsvold, T. Lifjeld, J. T. (1988). Ultimate adjustment of clutch size to parental feeding capacity in a

passerine bird. Ecology 69, 1918–1922.
Slagsvold, T. & Lifjeld, J. T. (1989). Constraints on hatching asynchrony and egg size in pied flycat-

chers. J. Anim. Ecol. 58, 837–849.
Slagsvold, T. Lifjeld, J. T. (1990). Influence of male and female quality on clutch size in tits (Parus).

Ecology 71, 1258–1266.
Slate, J., Coltman, D. W., Goodman, S. J., MacLean, I., Pemberton, J. & Williams, J. (1998). Bovine

microsatellite loci are highly conserved in red deer (Cervus elaphus), Sika deer (Cervus Nippon) and
Soay sheep (Ovis aries). Anim. Genet. 29: 307–315.

Slate, J., Marshall, T. & Pemberton, J. (2000). A retrospective assessment of the accuracy of the
paternity inference program CERVUS. Mol. Ecol. 9, 801–808.

Slate, J. & Pemberton, J. M. (2002). Comparing molecular measures for detecting inbreeding depres-
sion. J. Evol. Biol. 15, 20–31.

Slater, P., Slater, P. & Slater, R. (1989). The Slater Field Guide to Australian Birds. Sydney: Lansdowne.
Smith, H. G. (1995). Experimental demonstration of a trade-off between mate attraction and pater-

nal care. Proc. R. Soc. Lond. B 260, 45–51.
Sockman, K. W. & Schwabl, H. (2001). Covariation of clutch size, laying date and incubation tenden-

cy in the American kestrel. Condor 103, 570–578.
Sokal, R. R. & Rohlf, F. J. (1995). Biometry, 3rd ed. WH Freeman and company, New York.
Soler, J. J., Møller, A. P. & Soler, M. (1998). Nest building, sexual selection and parental investment.

Evol. Ecol. 12, 427–441.
Spear, L. & Nur, N. (1994). Brood size, hatching order and hatching date: effects on four life-history

stages from hatching to recruitment in western gulls. J. Anim. Ecol. 68, 283–298.
Staicer, C. A. (1996). Honest advertisement of pairing status: evidence from a tropical resident

wood-warbler. Anim. Behav. 51, 375–390.
Stamps, J. A. (1994). Territorial behavior: testing the assumptions. Adv. Stud. Behav. 23, 173–232.
Stearns, S. C. (1992). The Evolution of Life Histories. Oxford University Press, Oxford.
Stoddard, P. K. (1996). Vocal Recognition of Neighbors by Territorial Passerines. In Ecology and evolu-

tion of acoustic communication in birds (Kroodsma, D. E. & Miller, E. H., eds.), pp. 356–374. Cornell
University Press, New York.

Stoddard, P. K., Beecher, M. D. & Willis, M. S. (1988). Response of territorial male song sparrows to
song types and variation. Behav. Ecol. Sociobiol. 22, 125–130.

Stoleson, S. & Beissinger, S. R. (1997). Hatching asynchrony, brood reduction, and food limitation in
a Neotropical parrot. Ecol. Monographs 67, 31–154. 

Strain, J. G. & Mumme, R. L. (1988). Effects of food supplementation, song playback, and tempera-
ture on vocal territorial behavior of Carolina wrens. The Auk 105, 11–16.

Swennen, C., Ursem, J. C. H. & Duiven, P. (1993). Determinate laying and egg attendance in com-
mon eiders. Ornis. Scand. 24, 48–52.

T
Tamm, S. (1985). Breeding territory quality and agonistic behavior: effects of energy availability and

intruder pressure in hummingbirds. Behav. Ecol. Sociobiol. 16, 203–207.

REFERENCES

188



Tautz, D. (1989). Hypervariability of simple sequences as a general source for polymorphic DNA
markers. Nucleic Acids Res. 17, 6463–6471.

Tautz, D. & Renz, M. (1984). Simple sequences are ubiquitous repetitive components of eukaryotic
genomes. Nucleic Acids Res. 12, 4127–4138.

Temeles, E. J. (1994). The role of neighbours in territorial systems: when are they ‘dear enemies’?
Anim. Behav. 47, 339–350.

Thomas, R. J. (1999). Two tests of a stochastic dynamic programming model of daily singing routines
in birds. Anim. Behav. 57, 277–284.

Thompson, K. R. & Furness, R. W. (1991). The influence of rainfall and nest site quality on the
population dynamics of the Manx Shearwater Puffinus puffinus on Rhum. J. Zool. 225, 427–437.

Tinbergen, J. M. & Boerlijst, M. C. (1990). Nestling weight and survival in individual great tits. J.
Anim. Ecol. 59, 1113–1127.

Tinbergen, J. M. & Verhulst, S. (2000). A fixed energetic ceiling to parental effort in the great tit. J.
Anim. Ecol. 69, 323–334.

Tobias, J. (1997). Food availability as a determinant of pairing behaviour in the European robin. J.
Anim. Ecol. 66, 629–639.

Tobias, J. & Seddon, N. (2000). Territoriality as a paternity guard in the European robin, Erithacus
rubecula. Anim. Behav. 60, 165–173.

Tregenza, T. & Wedell, N. (2000). Genetic compatibility, mate choice and patterns of parentage. Mol.
Ecol. 9, 1013–1027.

Tregenza, T. & Wedell, N. (2002). Polyandrous females avoid costs of inbreeding. Nature 415, 71–73.
Trivers, R. L. (1972). Parental investment and sexual selection. In Sexual Selection and the Descent of

Man 1871–1971 (Campbell, B., ed.), pp. 139–179. Aldine Press, London.
Tsitrone, A., Rousset, F & David, P. (2001). Heterosis, marker mutational processes and population

inbreeding history. Genetics 159, 1845–1859.
Turner, W. C. & Barber, C. A. (2004). Male song sparrows Melospiza melodia do not announce their

female’s fertility. J. Avian Biol. 35, 483–486.

V
Vehrencamp, S. L. (2000). Handicap, index, and conventional signal elements of bird song. In Animal

signals: signalling and signal design in animal communication (Espmark, Y., Amundsen, T. &
Rosenqvist, G., eds), pp 277–300. Tapir Academic Press, Trondheim.

Vehrencamp, S. L. (2001). Is song-type matching a conventional signal of aggressive intentions? Proc.
R. Soc. Lond. B 268, 1637–1642.

Veiga, J. P., Moreno, J., Arenas, M. & Sánchez, S. (2002). Reproductive consequences for males of
paternal vs territorial strategies in the polygynous spotless starling under variable ecological and
social conditions. Behaviour 139, 677–693.

Veiga, J. P. & Viñuela, J. (1993). Hatching asynchrony and hatching success in the house sparrow:
evidence for the egg viability hypothesis. Ornis. Scand. 24, 237–242.

Verboven, N. & Visser, M. E. (1998) Seasonal variation in local recruitment of great tits: the impor-
tance of being early. Oikos 81, 511–524.

Verhulst, S., van Balen, J. H. & Tinbergen, J. M. (1995). Seasonal decline in reproductive success of
the great tit: variation in time or quality? Ecology 76, 2392–2403.

Verner, J. (1965). Breeding biology of the Long-billed Marsh Wren. Condor 67, 6–30.
Verner, J. & Engelsen, G. H. (1970). Territories, multiple nest building, and polygyny in the Long-bil-

led Marsh Wren. The Auk 87, 557–567.
Viñuela, J. (2000). Opposing selective pressures on hatching asynchrony: egg viability, brood reducti-

on, and nestling growth. Behav. Ecol. Sociobiol. 48, 333–343.
Visser, M. E. & Lessells, C. M. (2001). The costs of egg production and incubation in great tits (Parus

major). Proc. R. Soc. Lond. B 268, 1271–1277.

W

Wade, M. J. (1979). Sexual selection and variance in reproductive success. Am. Nat. 114, 742–764.
Wade, M. J. & Shuster, S. M. (2002). The Evolution of Parental Care in the Context of Sexual

Selection: A Critical Reassessment of Parental Investment Theory. Am. Nat. 160, 285–292.
Wagner, R. H., Helfenstein, F. & Danchin, E. (2004). Female choice of young sperm in a genetically

monogamous bird. Proc. R. Soc. Lond. B (Suppl.) 271, S134–S137.
Wallander, J. & Andersson, M. (2002). Clutch size in waders: experimental test in redshank Tringa

totanus. Oecologia 130, 391–395.
Ward, S., Lampe, H. M. & Slater, P. J. B. (2004). Singing is not energetically demanding for pied fly-

catchers, Ficedula hypoleuca. Behav. Evol. 15, 477–484.

REFERENCES

189



Ward, S., Speakman, J. R. & Slater, P. J. B. (2003). The energy cost of song in the canary, Serinus cana-
ria. Anim. Behav. 66, 893–902.

Wasserman, M. W. & Cigliano, J. A. (1991). Song output and stimulation of the female in white-
throated sparrows. Behav. Ecol. Sociobiol. 29, 55–59.

Weary, D. M., Lemon, R.E. & Date, E. M. (1987). Neighbor-stranger discrimination by song in the
veery, a species with song repertoires. Can. J. Zool. 65,1206–1209.

Weary, D. M., Lemon, R. E. & Perreault, S. (1992). Song repertoires do not hinder neighbour-stran-
ger discrimination. Behav. Ecol. Sociobiol. 31, 441–447.

Weatherhead, P. J., Dufour, K. W., Loougheed, S. C. & Eckert, C. G. (1999). A test of the good-genes-
as-heterozygosity hypothesis using red-winged blackbirds. Behav. Ecol. 10, 619–625.

Webster, M. S. (1991). Male parental care and polygyny in birds. Am. Nat. 137, 274–280.
Weidinger, K. (2002). Interactive effects of concealment, parental behaviour and predators on the

survival of open passerine nests. J. Anim. Ecol. 71, 424–437.
Welbergen, J., Komdeur, J., Kats, R. & Berg, M. L. (2001). Egg discrimination in the Australian reed

warbler (Acrocephalus australis): rejection response toward model and conspecific eggs depending
on timing and mode of artificial parasitism. Behav. Ecol. 12, 8–15.

Westerdahl, H., Hansson, B., Bensch, S. & Hasselquist, D. (2004). Between-year variation of MHC
allele frequencies in great reed warblers: selection or drift? J. Evol. Biol. 17, 485–492.

Westerskov, K. (1956). Incubation temperatures of the pheasant, Phasianus colchicus. Emu 56,
405–420.

Westneat, D. F. (1988). Male parental care and extra-pair copulations in the indigo bunting. The Auk
105, 149–160.

Westneat, D. F. & Sherman, P. W. (1993). Parentage and the evolution of parental care. Behav. Ecol. 4,
66–77.

Westneat, D. F. & Sherman, P. W. (1997). Density and extra-pair fertilizations in birds: a comparative
analysis. Behav. Ecol. Sociobiol. 41, 205–215.

Westneat, D. F., Sherman, P. W. & Morton, M. L. (1990). The ecology and evolution of extra-pair copu-
lations in birds. In Current Ornithology (Power, D. M., ed.), pp. 331–369. Plenum Press, New York.

Wetton, J. H., Burke, T., Parkin, D. T. & Cairns, E. (1995). Single-locus DNA fingerprinting reveals
that male reproductive success increases with age through extra-pair paternity in the house spar-
row (Passer domesticus). Proc. R. Soc. Lond. B 260, 91–98.

Whittingham, L. A. (1989). An experimental study of paternal behavior in red-winged blackbirds.
Behav. Ecol. Sociobiol. 25, 73–80.

Whittingham, L. A. (1993). Effects of nestling provisioning on the time-activity budgets of male red-
winged blackbirds. Condor 95, 730–734.

Whittingham, L. A. & Dunn, P. O. (2001). Male parental care and paternity in birds. In Current
Ornithology (Nolan Jr., V., ed.), pp. 257–298. Plenum Publishers, New York.

Whittingham, L. A., Dunn, P. O. & Robertson, R. J. (1994). Female response to reduced male paren-
tal care in birds: an experiment in tree swallows. Ethology 96, 260–269.

Wiebe, K. L. & Bortolotti, G. R. (1994). Food supply and hatching spans of birds: energy constraints
or facultative manipulation? Ecology 75, 813–823.

Wiebe, K. L. & Bortolotti, G. R. (1995). Egg size and clutch size in the reproductive investment of
American kestrels. J. Zool. Lond. 237, 285–301.

Wiebe, K. L. & Martin, K. (2000). The use of incubation behaviour to adjust avian reproductive costs
after egg laying. Behav. Ecol. Sociobiol. 48, 463–470.

Wiggins, D. A. (1990). Sources of variation in egg mass of the tree swallows Tachycineta bicolor.
Ornis. Scand. 21, 157–160.

Wiley, R. H. (2003). Is there an ideal behavioural experiment? Anim. Behav. 66, 585–588.
Williams, G. C. (1966). Adaptation and natural selection. Princeton University Press, Princeton.
Williams, G. C. (1975). Sex and evolution. Princeton University Press, Princeton.
Williams, J. B. (1996). Energetics of avian incubation. In Avian energetics and nutritional ecology (Carey,

C., ed.), pp. 375–416. Chapman and Hall, New York.
Wilson, D. S. (1998). Adaptive individual differences within single populations. Phil. Trans. R. Soc.

Lond. B 353, 199–205.
Wilson, P. L. & Vehrencamp, S. L. (2001). A test of the deceptive mimicry hypothesis in song-sharing

song sparrows. Anim. Behav. 62, 1197–1205.
Winkler, D. W. (1987). A general model for parental care. Am. Nat. 130, 526–543.
Witter, M.S. & Cuthill, I. C. (1993). The ecological costs of avian fat storage. Phil. Trans. R. Soc. Lond.

B 340, 73–92.
Wolf, L. L. (1975). ‘Prostitution’ behavior in a tropical hummingbird. Condor 77, 140–144.
Wood, D. W. (1974). Principles of Animal Physiology, 2nd ed. Edward Arnold, London.
Wright, J. (1992). Certainty of paternity and parental care. Anim. Behav. 44, 380–381.

REFERENCES

190



Wright, J. (1998). Paternity and paternal care. In Sperm Competition and Sexual Selection (Birkhead, T.
R. & Møller, A. P., eds.), pp. 117–145. Academic Press, San Diego.

Wright, J., Both, C., Cotton, P. A. & Bryant, D. (1998). Quality vs. quantity: energetic and nutritional
trade-offs in parental provisioning strategies. J. Anim. Ecol. 67, 620–634.

Wright, J. & Cuthill, I. (1989). Manipulation of sex differences in parental care. Behav. Ecol. Sociobiol.
25, 171–181.

X
Xu, X., Peng, M., Fang, Z. & Xu, X. (2000). The direction of microsatellite mutations is dependent

on allele length. Nature Genetics 24, 396–399.

Y
Yasukawa, K. (1981). Male quality and female choice of mate in the red-winged blackbird (Agelaius

phoeniceus). Ecology 62, 922–929.
Ydenberg, R. C., Giraldeau, L.-A. & Falls, J. B. (1988). Neigbours, strangers, and the asymmetric war

of attrition. Anim. Behav. 36, 343–347.
Yom-Tov, Y. (1980). Intraspecific nest parasitism in birds. Biol. Rev. 55, 93–108.

Z
Zahavi, A. (1975). Mate selection–a selection for a handicap. J. Theor. Biol. 53, 205–214.
Zahavi, A. (1977). The cost of honesty (Further remarks on the handicap principle). J. Theor. Biol. 67,

603–605.
Zahavi, A. (1987). The theory of signal selection and some of its implications. In Proceedings of the

International Congress on Biological Evolution (Delfino, V. P., ed.), pp. 305–327. Adriatica Editrice,
Bari.

REFERENCES

191





Summary



EVOLUTION AND REPRODUCTIVE BEHAVIOUR

Variation in reproductive strategies is incredibly widespread throughout the animal king-

dom. Consequently, the study of how individuals allocate resources such as time and ener-

gy to various aspects of reproduction is central to understanding life history strategies and

the diversity of life. Since the 1859 publication of Charles Darwin’s theory on evolution by

natural selection, a basic premise of behavioural biology is that animals will behave in a

way that maximises their genetic contribution to future generations. Individuals carrying

genes that encode the most successful behaviour will survive longer and/or successfully

raise more offspring, which in turn inherit those genes. In such a way, these genes and the

behaviour that they generate should proliferate. This means that when individuals are

deciding how, when and where to invest in reproduction, they should consider which

strategies would give them the greatest evolutionary “return”. More specifically, they can

accomplish this by adopting strategies that help them to compete with conspecifics for ter-

ritories and mates, avoid predation and ill-health, and raise successful offspring.

SEXUAL SELECTION

Sexual selection was first described by Charles Darwin in 1871. It is a form of evolution

that deals with the advantage that individuals have over others of the same sex, in exclu-

sive relation to reproduction. Sexual selection is deeply important, because it can cause

species to form and diverge, and as discussed in this thesis, can influence individuals at

most if not all stages of their life cycle. In birds, this form of evolution generally operates

through two main processes. First, strategies will be favoured that make an individual

good at competing with other individuals of the same sex (intra-sexual selection). Second,

strategies will be favoured that make individuals more attractive to the opposite sex as

mates (inter-sexual selection). The competition and conflict that occurs between individu-

als for such reproductive advantages are at the heart of sexual selection, and the ways in

which individuals vary their reproductive strategies in the face of such competition and

conflict are major themes in this thesis.

THE IMPORTANCE OF ENVIRONMENTAL CONDITIONS

In natural systems, variation in the reproductive strategies that individuals adopt at any

given time can often be attributed not only to intrinsic traits of the individual (e.g. size,

health, condition or energy reserves), but also to variation in their extrinsic environmen-

tal circumstances (e.g. food availability, predator abundance, climate, social or mating sta-

tus). Importantly, different members of a population often experience different environ-

mental conditions, and different individuals may be expected to react differently to differ-

ent environments.  Moreover, many interesting interactions exist between extrinsic and

intrinsic factors.
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THE IDEA BEHIND THIS THESIS

Through the studies described in this thesis, we attempted to unravel some of the evolu-

tionary processes behind a range of reproductive strategies of two common species of

songbirds. We do this by observing the reproductive behaviour of individuals, using the

theoretical basis afforded by sexual selection and with knowledge and manipulations of

their environmental conditions (in particular, food availability and social circumstances).

For many research questions about the adaptations of animals in the wild, birds offer

an excellent research opportunity. I chose songbirds as the study model, and studied their

reproductive behaviour at three key stages of reproduction: defending a territory (Part I),

attracting a mate (Part III), and caring for offspring (Part IV). We did this primarily from a

male point of view because, in most species, it is the males that compete most intensely

and the females that are choosy. 

Furthermore, with the advent of DNA fingerprinting techniques, we have learnt that

many species of songbirds are genetically promiscuous and commonly produce offspring

outside the pair bond (see Box 1.1). Therefore, males are expected to implement a range

of interesting strategies in order to enhance their certainty of paternity and improve their

reproductive success without relying on offspring of uncertain paternity. This can often

mean that the variation in reproductive success between individuals within a population

is considerably higher for males than for females.

The studies described are based on fieldwork conducted during the breeding seasons

from 1999 to 2002 on winter wrens (in The Netherlands) and Australian reed warblers

(in Australia). For more information on the study species see Box 1.2 and for more

detailed information on concepts discussed in this summary see chapters 1 and 10.

TERRITORY DEFENCE (Part II)

The first stage in reproduction for most songbirds, as for many other animals, is the

establishment of a stable territory or breeding position where reproduction can take place.

Territories are a crucial step in reproduction for many species, because they ensure access

to resources that are essential for successful reproduction.

Song is widely acknowledged to play a crucial role in territory defence in many birds.

In chapter 3 (with Sanne Boessenkool, Margreet Drijfhout and Jan Komdeur), we found

that males wrens could distinguish familiar (neighbouring) and unfamiliar competitors

based on their song alone. Further, they responded less aggressively towards songs of

their neighbours than to strangers, a phenomenon known as the “dear enemy” effect.

Interestingly though, when these males were tested with songs from the same individuals

a couple of days later, they responded far less strongly to the songs of the previously unfa-

miliar males. This shows that male wrens can recognize their competitors from song

alone and rapidly adjust how they react to these competitors based on previous meetings.

Chapter 4 (with Jan Komdeur) also deals with the evolution of song as a sexual signal.

Given the high incidence of extra-pair paternity in many songbirds, many male strategies
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are concerned with maximizing their success at attracting additional mates but minimiz-

ing loss of paternity with their existing mates. We found that male wrens engage in

counter-singing bouts with intruding males much more vigorously when their mate was

fertile, even though they were not generally more defensive of their territory. We think

that this may be because females utilize a male’s ability to out-sing intruding males to

determine the best male with which to mate. Therefore, males should be particularly keen

to put in good performances when their mate is fertile and their paternity is therefore at

stake.

MATE ATTRACTION (Part III)

How birds go about attracting a mate has been one of the most intensively studied

aspects of sexual selection over the last three decades. When searching for a partner, most

females are expected to be concerned with finding the best quality mate possible. The

most important features that female birds look for may be things such as health and con-

dition, but these could be difficult for females to assess quickly while choosing a mate.

Accordingly, much research focuses on the ways in which males can advertise their quali-

ties to potential mates (both social mates and extra-pair partners). Importantly, if females

are to gather reliable information about prospective mates from male advertisements, the

signals used for this must be kept honest and difficult to fake.

Aside from territory defence, the other major function of bird song is thought to be

mate attraction. Chapter 5 (with Nienke Beintema, Justin Welbergen and Jan Komdeur)

shows how the amount a male is able to sing may work in this vain. By providing supple-

mentary food to a half of reed warbler territories, we show that the amount of food avail-

able on the territory has a large effect on the amount that males sing. Moreover, these

birds adjusted their singing patterns closely to the amount of food available on a day-to-

day basis, showing that male song rate could be a very precise way for females to judge

the quality of a male (or his territory) at any given time.

Chapter 6 (with Nienke Beintema, Justin Welbergen and Jan Komdeur) continues this

theme, by describing a novel behaviour in reed warblers that female reed warblers may

use to choose their mates. Reed warblers commonly build small nest-like structures on

their territories. These structures are only built prior to pairing up, which suggests that

they too may be involved in mate attraction. We show that the amount of these structures

built increased as more food was available. However, when the pairing success of males

was compared to the number of these structures that they had, we found no association.

This may be because females use a variety of cues when deciding who to pair with, or

because most males are eventually successful in attracting a mate meaning that we were

unable to find a difference in overall pairing success.

The benefits to males of mating with multiple females are clear (the chance to sire

more offspring), but the benefits to female birds of such promiscuity are less obvious.

Because females rarely receive a contribution to the care of the offspring from males out-

side their pair bond, it is often suggested that they engage in such extra-pair copulations
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to secure better genes for their offspring. To investigate this in wrens we developed a

microsatellite-based system to genotype (genetically “fingerprint”) wrens (chapter 2). We

implemented this system in chapter 7, and found that 19% of wren offspring arose from

an extra-pair mating, and that such offspring occurred in 38% of nests. This genotyping

system also allowed us to make inferences about the genetic variability and history of

family inbreeding of individuals, which we expect to have ramifications for their attrac-

tiveness to mates. Indeed, we found some evidence that males with more genetic variabil-

ity were heavier and in better body condition. Furthermore, we found that less genetically

diverse males paired with unfaithful females had a higher proportion of extra-pair young

in their nests. Surprisingly, however, less genetically diverse males were less likely to lose

paternity to other males in the first place. These intriguing results suggest that the

process linking male genetic diversity to mating success are far from simple, and will pro-

vide many avenues for future research.

PARENTAL CARE (Part IV)

If an individual has successfully obtained a breeding territory and acquired a mate, it then

has to decide when and how much to care for it’s offspring. Parental care is virtually ubiq-

uitous in songbirds, and most species display bi-parental care to some extent (both the

mother and the father take part). This care may take several forms, but the most com-

monly encountered forms in birds are incubating the eggs and providing food to the off-

spring.

In chapter 8 (with Jan Komdeur), we examine how males may make use of the possi-

bilities to mate with additional females, even at the expense of caring for their existing

offspring. We found that male reed warblers dramatically reduce the level of care they

provide to their existing brood when they have more neighbours around them (females

did not change their level of care). Experiments showed that probably arises both from

the territorial duties that males have, as well as the attention they pay to nearby females

(which they probably view as potential additional mates).

In chapter 9 we examine parental care from a mainly female perspective, in this case

incubation of eggs. In Australian reed warblers, only the female incubates the eggs. Using

a food supplementation experiment, we showed that the amount of time a female spent

incubating the eggs was determined in part by the amount of food that she has available.

Interestingly, this also seemed to apply to the period before the clutch was complete,

meaning that the first laid eggs tended to hatch earlier than the later eggs. This resulted

in a greater size difference between the oldest and youngest chicks in a nest. It’s likely

that it is easier to both incubate the eggs for more of the time and to raise an asynchro-

nously hatching brood when there is plenty of food available. We think that it might be

advantageous for females to adopt this strategy, provided they have enough food available,

in order to reduce the period that their offspring spend in the nest where they are more

vulnerable to predation by snakes and introduced rats.
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EVOLUTIE EN VOORTPLANTINGSGEDRAG

Variaties in voortplantingsstrategieën zijn in het hele dierenrijk ongelofelijk wijdverspreid.

Hierdoor staat het bestuderen van de manier waarop individuen hun middelen als tijd en

energie verdelen over de verschillende aspecten van voortplanting centraal in het begrijpen

van levensloopstrategieën en de diversiteit van het leven. 

Sinds de publicatie van Charles Darwins’ theorie over natuurlijke selectie in 1859, is een

fundamentele aanname van de gedragsbiologie dat het gedrag van dieren is aangepast op

het maximaliseren van hun genetische bijdrage aan toekomstige generaties. Individuen in

het bezit van genen die coderen voor het meest succesvolle gedrag zullen langer overleven

en/of het meest succesvol zijn in het grootbrengen van nageslacht, dat op hun beurt weer

diezelfde genen zal erven. Op die manier zouden deze genen en het gedrag dat zij genereren

zich verspreiden. Dit betekent dat wanneer individuen beslissen hoe, waar en wanneer ze

investeren in voortplanting, ze rekening moeten houden met welke strategie hun de groot-

ste evolutionaire opbrengst zal geven. Specifieker kunnen ze dit voor elkaar krijgen door

strategieën toe te passen die hen helpen te concurreren met soortgenoten voor territoria en

partners, predatie en ziekte te vermijden en succesvol nageslacht groot te brengen.

SEKSUELE SELECTIE

Seksuele selectie werd voor het eerst beschreven door Charles Darwin in 1871. Het is een

vorm van evolutie die betrekking heeft op het voordeel dat sommige individuen hebben

op soortgenoten van hetzelfde geslacht, specifiek gericht op de voortplanting. Seksuele

selectie is van groot belang omdat het ervoor kan zorgen dat soorten ontstaan en diverg-

eren. Daarnaast kan seksuele selectie, zoals wordt behandeld in deze thesis, ook indi-

viduen beïnvloeden in de meeste, zo niet alle, fasen van hun levenscyclus. In vogels komt

deze vorm van evolutie in het algemeen tot uiting via twee verschillende processen. Ten

eerste worden strategieën bevoordeeld die een individu sterk maken in het concurreren

met individuen van hetzelfde geslacht (intra-seksuele selectie). Ten tweede zijn strate-

gieën die een individu aantrekkelijker maken als partner voor het andere geslacht ook in

het voordeel (inter-seksuele selectie). De competities en conflicten die optreden tussen

individuen voor voordelen aangaande hun voortplanting liggen nabij de kern van seksuele

selectie. De manieren waarop individuen verschillende voortplantingsstrategieën

toepassen wanneer zij geconfronteerd worden met deze soorten competities en conflicten

zijn de hoofdthema’s van deze thesis.

HET BELANG VAN OMGEVINGSFACTOREN

In natuurlijke systemen kan de variatie in de voortplantingsstrategieën die individuen

toepassen op elk mogelijk tijdstip vaak worden toegeschreven aan niet alleen de intrinsieke

eigenschappen van het individu (bijvoorbeeld grootte, gezondheid, conditie of energiere-
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serves), maar ook aan de variatie in hun extrinsieke omgevingsomstandigheden (bijvoor-

beeld voedselaanbod, aanwezigheid van roofdieren, het klimaat, sociale of paringsstatus).

Belangrijk hierbij is dat verschillende leden van een populatie vaak met variërende factoren

in hun omgeving te maken hebben en dat van verschillende individuen verwacht kan wor-

den dat ze verschillend reageren op verschillende milieus. Bovendien bestaan er veel inter-

essante interacties tussen de extrinsieke en de intrinsieke factoren.

HET IDEE ACHTER DEZE THESIS

Met de studies die worden beschreven in deze thesis, hebben we geprobeerd enkele evolu-

tionaire processen te ontrafelen achter de verscheidenheid in voortplantingsstrategieën van

twee veelvoorkomende zangvogels. We doen dit door het voortplantingsgedrag van indi-

viduen te observeren, gebruik makend van de theoretische achtergrond verleend aan sek-

suele selectie, en met kennis over en manipulaties van hun omgeving (in het bijzonder, de

beschikbaarheid van voedsel en sociale omstandigheden).

Voor veel vragen in de wetenschap die de aanpassingen van dieren aan hun natuurlijke

omgeving betreffen, vormen vogels een uitstekende kans voor onderzoek. Ik heb gekozen

voor zangvogels als studie model en heb hun voortplantingsgedrag bestudeerd op drie kri-

tieke fases van hun voortplanting: het verdedigen van een territorium (deel I), het

aantrekken van een partner (deel III) en de zorg voor de nakomelingen (deel IV). Dit werk

is voornamelijk gedaan vanuit het perspectief van het mannetje, aangezien in de meeste

soorten het de mannetjes zijn die het meest intensief concurreren, terwijl de vrouwtjes

selectief zijn.

Met de opkomst van DNA fingerprinting technieken hebben we ook geleerd dat veel

soorten zangvogels overspelig gedrag vertonen en dat het regelmatig voorkomt dat

buitenechtelijke nakomelingen worden grootgebracht (zie Box 1.1). Daarom is de

verwachting dat de mannetjes een verscheidenheid aan interessante strategieën toepassen

om zowel zeker te zijn van hun vaderschap als hun reproductief succes te verbeteren, zon-

der te hoeven vertrouwen op nakomelingen van onzekere afkomst. Hierdoor kan vaak de

variatie in reproductief succes tussen individuen van een bepaalde populatie veel hoger zijn

voor de mannetjes dan voor de vrouwtjes.

De studies die worden beschreven zijn gebaseerd op veldwerk wat is verricht

gedurende de broedseizoenen van 1999 tot 2002 in Nederland op winterkoninkjes en in

Australië op Australische rietzangers. Meer informatie over de bestudeerde soorten wordt

gegeven in Box 1.2 en voor meer gedetailleerde informatie over de concepten die zijn

behandeld in deze samenvatting, zie hoofdstukken 1 en 10.

HET VERDEDIGEN VAN EEN TERRITORIUM (DEEL II)

Voor de meeste zangvogels, en ook veel andere dieren, is de eerste stap richting voortplant-

ing het verkrijgen van een stabiel territorium of broedplaats waar de rest van het voort-
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plantingsproces kan plaatsvinden. Het verkrijgen van een eigen territorium is voor veel

diersoorten een cruciaal punt in de voortplanting daar dit territorium dient te voorzien in

de vele benodigdheden voor een succesvolle reproductie.

Zang wordt wereldwijd erkend in zangvogels een grote rol te spelen in het verdedigen

van een territorium. In het onderzoek dat in hoofdstuk 3 (met Sanne Boessenkool,

Margreet Drijfhout en Jan Komdeur) ter sprake komt ontdekten we dat mannelijke win-

terkoninkjes het onderscheidt konden maken tussen bekende (naburige) en onbekende

concurrenten op basis van alleen de zang. Ook ontdekten we dat mannetjes agressiever

reageerden op de zang van onbekenden dan op die van de buren, dit kennen we als het

“geliefde vijand” effect. Interessant was wel dat toen we dezelfde mannetjes een paar

dagen later opnieuw confronteerden met hetzelfde (voorheen onbekende) lied, ze stukken

minder agressief reageerden dan de eerste keer. Dit toont aan dat de mannelijke win-

terkoning alleen al aan de zang hun concurrenten kunnen herkennen en hun reacties op

deze tegenstanders snel kunnen aanpassen op basis van eerdere ontmoetingen. Hoofdstuk

4 (met Jan Komdeur) handelt over de evolutie van zang als een seksueel signaal. Gegeven

het veelvuldige voorkomen van “buitenechtelijk” vaderschap in een groot aantal zangvo-

gels, zullen veel van de strategieën die mannetjes gebruiken om vrouwtjes aan te trekken

ook ingezet worden om extra vrouwtjes te lokken om zich mee voort te planten, terwijl

ondertussen het vaderschap bij hun vaste partners niet alteveel geriskeerd wordt. We ont-

dekten dat de mannetjes van de winterkoning tijdens zangconfrontaties veel krachtiger en

vaker tegen binnendringende mannetjes in gingen zingen wanneer hun partner vruchtbaar

was, terwijl ze over het algemeen niet de verdediging van hun territorium verhoogden. We

vermoeden dat dit is omdat vrouwtjes hun keuze voor het beste mannetje om mee te paren

baseren op de bekwaamheid van een mannetje om een ander mannetje met zang te overtr-

effen. Tijdens de periode dat het vrouwtje vruchtbaar is, is het dus zaak dat het mannetje

bijzonder scherp is om goede prestaties te leveren omdat zijn vaderschap op dat moment

in de weegschaal ligt.

HET AANTREKKEN VAN EEN PARTNER (Deel III)

De laatste dertig jaar is het aspect van hoe vogels een partner aantrekken een van de meest

onderzochte onderdelen geweest in het gehele onderzoek naar seksuele selectie. De

verwachting is dat de vrouwtjes van een soort op zoek zijn naar een mannetje met een zo

hoog mogelijke kwaliteit. Dit kan aspecten als gezondheid en conditie behelzen, aspecten

die beide al snel moeilijk in één oogopslag te meten kunnen zijn. Hierdoor wordt in onder-

zoek al snel de nadruk gelegd op hoe mannetjes hun kwaliteiten makkelijk tot expressie

kunnen brengen, met het doel potentiële partners (zowel vaste als buitenechtelijke) aan te

trekken. Hierbij is het van groot belang dat de signalen die door potentiële partners wor-

den afgegeven zowel eerlijk zijn als moeilijk na te maken, willen de vrouwtjes hun uitein-

delijke keuze voor een fitte partner op die signalen blijven baseren.

Vogelzang wordt naast territoriaal gedrag ook gezien als een vorm van adverteren richt-

ing potentiële partners. Hoofdstuk 5 (met Nienke Beintema, Justin Welbergen en Jan
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Komdeur) laat zien hoe de hoeveelheid die een mannetje kan zingen dit zou kunnen bew-

erkstelligen. Door de helft van de territoria van de rietzangers van extra voedsel te voorzien

wordt getoond hoe de toename of afname van voedsel in het territorium ook een verander-

ing voortbrengt in de hoeveelheid dat een mannetje zingt. Het was zelfs zo dat deze vogels

hun repertoire per dag nauw aanpasten aan de hoeveelheid voedsel op dat moment aan-

wezig in hun territorium, wat er op duidt dat de lengte van het zingen een erg exacte

manier is van de mannetjes om hun kwaliteit (ofwel dat van hun territorium) op ieder

moment aan te geven.

Hoofdstuk 6 (met Nienke Beintema, Justin Welbergen en Jan Komdeur) gaat hier op

door met het beschrijven van een nieuw ontdekt gedrag bij de rietzanger. Rietzangers

bouwen vaak een aantal nest-achtige structuren op hun territorium. Dit doen ze voor ze

een partner hebben, wat er op duidt dat dit gedrag een rol zou kunnen spelen in de concur-

rentie voor een partner. We vonden een duidelijke toename van deze structuren bij een

toename van het voedsel aanwezig in het territorium, maar er bleek geen verband te zijn

tussen het paringssucces van het mannetje en het aantal van deze structuren op hun terri-

torium. Dit zou veroorzaakt kunnen worden doordat vrouwtjes hun keuze op verscheidene

signalen van het mannetje baseren, of omdat uiteindelijk bijna alle mannetjes een partner

hebben aangetrokken en er daardoor geen verschil te vinden was in het uiteindelijke/alge-

hele paringssucces.

De voordelen voor mannetjes om met meerdere vrouwtjes te paren is duidelijk (ze krij-

gen de kans om meer nakomelingen voort te brengen), maar voor vrouwtjes zijn de

voordelen van zulk vrij gedrag minder duidelijk. Vrouwtjes krijgen zelden extra hulp bij

het grootbrengen van hun nakomelingen buiten die van hun vaste partner, daarom wordt

vaak gesuggereerd dat de ‘buitenechtelijke’ paringen voortkomen uit een drang om betere

genen te krijgen voor hun nakomelingen. In hoofdstuk 2 wordt uitgelegd hoe we een sys-

teem ontwikkelden om dit nader te onderzoeken in winterkoninkjes. Dit systeem is

gebaseerd op microsatellieten die de vogels en hun ouders kunnen identificeren op basis

van hun genotype (hun genetische ‘vingerafdruk’). Bij de toepassing van dit systeem

(hoofdstuk 7) ontdekten we dat 19% van de nakomelingen van de winterkoninkjes

voortkwamen uit paringen buiten de vaste partner om, en dat zulke buitenechtelijke

nakomelingen aanwezig waren in 38% van de nesten. Het ontwikkelde systeem van geno-

typeren van individuen stond ons ook toe conclusies te trekken over de gevolgen van de

genetische variabiliteit en de geschiedenis van familie-inteelt voor het individu. Er wordt

verwacht dat de mate van aantrekkelijkheid van individuen voor partners door deze twee

factoren sterk wordt beïnvloed. We vonden ook bewijs voor een hoger gewicht en een

betere lichamelijke conditie in mannetjes met een hogere genetische variabiliteit.

Daarnaast ontdekten we dat genetisch minder variabele mannetjes gepaard met ontrouwe

vrouwtjes een hoger percentage ‘buitenechtelijke’ nakomelingen in hun nest hadden.

Hiertegenover stond dat juist deze mannetjes met minder genetische diversiteit minder

kans hadden om in eerste instantie het vaderschap aan andere mannetjes te verliezen.

Deze intrigerende resultaten suggereren dat het verband tussen de genetische diversiteit

en het paringssucces van een mannetje verre van simpel is, en veel kansen biedt voor

verder onderzoek in de toekomst.
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ZORG VOOR DE NAKOMELINGEN (Deel IV)

Nadat een mannetje een broedterritorium en een partner heeft verkregen, is de volgende

stap de beslissing hoeveel het zal zorgen voor zijn nakomelingen. Ouderlijke zorg is aan-

wezig in zo goed als alle zangvogels en de meeste soorten vertonen tot in zekere mate de

inzet van beide ouders. De zorg voor de jongen kan verschillende vormen aannemen, maar

de meest gebruikelijke bij vogels zijn het uitbroeden van de eieren en het leveren van voed-

sel aan de jongen.

In hoofdstuk 8 (met Jan Komdeur), onderzoeken we hoe mannetjes gebruik maken

van de mogelijkheden om met andere vrouwtjes te paren, zelfs ten kosten van de zorg van

hun bestaande nakomelingen. We ontdekten dat mannelijke rietzangers de zorg voor hun

aanwezige jongen drastisch verminderden zodra ze meer buren kregen (vrouwtjes veran-

derden niet hun investering in de zorg voor de nakomelingen). Experimenten toonden aan

dat dit waarschijnlijk wordt veroorzaakt door de extra aandacht die de mannetjes aan de

verdediging van hun territorium moeten besteden, als ook de extra aandacht die aan de

naburige vrouwtjes wordt besteedt (die ze waarschijnlijk zien als potentiële extra part-

ners).

Vervolgens onderzoeken we in hoofdstuk 9 de ouderlijke zorg vanuit een voornamelijk

vrouwelijk perspectief, in dit geval met de aandacht op het uitbroeden van de eieren. In de

Australische rietzanger broedt alleen het vrouwtje de eieren uit. We toonden door middel

van een experiment met voedselaanvulling aan dat de tijd die een vrouwtje doorbrengt op

de eieren deels wordt bepaald door de hoeveelheid voedsel die voor haar beschikbaar is.

Daarnaast leek dit ook te gelden voor de periode voordat haar broedsel compleet was, wat

tot gevolg had dat de eerste eieren de neiging hadden eerder uit te komen dan de later

gelegde eieren. Dit resulteerde in een versterkt verschil in grootte tussen de oudste en

jongste kuikens in een nest. Het is aannemelijk dat het makkelijker is om zowel de eieren

langer uit te broeden als de jongen asynchroon op te voeden wanneer er veel te eten is. We

denken dat het voor het vrouwtje voordelig is deze strategie toe te passen, met als voor-

waarde dat er genoeg voedsel beschikbaar is, zodat de periode die de jongen in het nest

doorbrengen is gereduceerd. Gedurende deze tijd zijn de jongen namelijk erg weerloos

tegen predatie door slangen en de in Australië geïntroduceerde ratten.

SAMENVATTING

204



Undertaking this project has been a great experience. Many people–far too many to men-

tion here, in fact–have been instrumental in making it happen. Numerous individuals or

organizations made crucial contributions to the work specifically described in each chapter,

and these are generally either recognized as coauthors for substantial individual contribu-

tions, or mentioned in the separate acknowledgements sections that follow each chapter.

This includes the organizations and committees that gave permission to conduct the

research, as well as the all-important sources of funding. I don’t want to repeat these here,

but I do want to take this opportunity to make a special mention of some of the people

that more generally helped me along my way.

First and foremost, I want to thank my long-suffering supervisor Jan. I learned an

incredible amount from Jan, and feel extremely fortunate to have been able to kick off my

scientific career by working with him. He was always incredibly supportive, helpful and

accessible. I am very grateful that he always had so much faith in my efforts and gave me

the freedom that I needed to pursue my interests. Importantly, through Jan’s light-hearted

approach and vibrant sense of humour, we also always had a lot of fun. Most of all though,

it was his amazing zest and infectious enthusiasm that made working with him such a

great experience. In addition, I sincerely thank Rudi, for his tireless support, advice and

much help behind the scenes as my promotor. Jan and Rudi, I hope the whole ordeal hasn’t

been too stressful! I also want to express my thanks here to Mark Elgar (Melbourne) and

Joost (RuG) for the crucial parts that they played in my getting the opportunity to start

this project. I really appreciate their help.

I am extremely grateful to the many undergraduates from RuG that undertook projects

on the wrens or reed warblers, or just helped out occasionally. They include Dagmar,

Thorhold, Petra, Susanne, Matthijs, Koen, Steven, Wouter, Paul, Maarten, Peter-Paul,

Sanne and Margreet. They were a great bunch. Many others helped out in the field in vary-

ing capacities, and I am grateful to them all. I also want to single out Justin and Romke for

being excellent field co-workers, and for their excellent advice and countless valuable dis-

cussions over the years. Without the efforts of all of these people, collecting all of this data

would have been virtually impossible, and many of them went on to become good friends.

205

Acknowledgements



I am grateful to Marcel Kersten, Marcel Edelenbos, and Ken and Femmie for providing me

with somewhere to live between travels. I thank Mal Brown from Melbourne Water for

facilitating the fieldwork in Australia, and the staff of Natuurmonumenten in Paterswolde

for doing likewise in The Netherlands. Also, many thanks to Ewold Horn for donating

specimens and for the laborious preparation of the little model wrens used in some of the

experiments.

I had a great time while working at the Biological Centre of the RuG, and it provided a

learning experience second to none. There are many colleagues from there, past and pres-

ent, who I am most grateful to. In particular, I must especially thank Christiaan, Joost,

Karen, Michael, Peter and Simon for advice and discussions on all manner of things.

Thanks also to Suus for administrative help, Cor, Guido and Marco for their advice and

help with lab work, and Jan Veldsink for being so generous with his time and advice in the

CEES sequencing lab.

Of course, there were also a number of people at other institutions that made valuable

contributions as well. From my stays in Sheffield, I have to thank Terry, Debs, Andy, Dave

and Geordie (Ian). In Melbourne, Marilyn Renfree, as head of department, and the secre-

tarial staff of the Zoology Department deserve special mention for ensuring that Justin and

I were well accommodated during our forays into the swamplands of Melbourne. I am also

most grateful to the manuscript committee–Carel, Innes and Ton–for going to the trouble

of reading this dissertation. Special thanks must also go to Andy and Kate for their

patience and encouragement more recently as I wrapped this whole thing up.

My time in Groningen wouldn’t have been the same without the friendships that I

struck up outside the confines of the BC. I made many great friends during my years in

Groningen. As much for our regular stimulating and creative discussions on science as for

also regularly being a great distraction from science, I want to specifically mention Michael

(who was a great housemate during our time in the Palembangstraat squat and gave me

someone with whom to discuss cricket and proper BBQs) and Thijs. I thank Michael and

Peter for taking on the jobs of paranimfen, and I also want to extend a hearty thanks to

Raoul and Leonie, for their wonderful efforts in turning my summary into a Nederlandse

samenvatting.

Finally, a very special thanks to my parents, Kevin and Valerie, whose amazing contri-

butions to all of my endeavors over the last 30 years have been absolutely immeasurable.

ACKNOWLEDGEMENTS

206



207

Addresses of co-authors

Nienke H. Beintema, Kloosterstraat 21 rood, 2021 VJ Haarlem, The Netherlands. info@beintema.nl

Mathew L. Berg, School of Biological Sciences, University of Bristol, Woodland Road, Bristol BS8

1UG, United Kingdom. matt.berg@bristol.ac.uk

Sanne Boessenkool, Animal Ecology Group, University of Groningen, PO Box 14, Kerklaan 30,

9750 AA Haren, The Netherlands. s.boessenkool@student.rug.nl

Margreet Drijfhout, Animal Ecology Group, University of Groningen, PO Box 14, Kerklaan 30, 9750

AA Haren, The Netherlands.

Cas Eikenaar, Animal Ecology Group, University of Groningen, PO Box 14, Kerklaan 30, 9750 AA

Haren, The Netherlands. c.eikenaar@rug.nl

Jan Komdeur, Animal Ecology Group, University of Groningen, PO Box 14, Kerklaan 30, 9750 AA

Haren, The Netherlands. j.komdeur@rug.nl

Marco van der Velde, Animal Ecology Group, University of Groningen, PO Box 14, Kerklaan 30,

9750 AA Haren, The Netherlands. m.van.der.velde@rug.nl

Justin A. Welbergen, Department of Zoology, University of Cambridge, Downing Street, Cambridge

CB2 3EJ, United Kingdom. jawel@runbox.com

Reprints of this thesis are available from Mathew Berg.



208


