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Chapter 1

General Introduction

Asmoro Lelono





11General introduction | 

1

Sexual selection, mate choice, and the study species

An individual’s reproductive success depends on how many surviving offspring’s it 
can produce. As males produce less costly sperm compared to the more costly eggs 
of females, males can increase their success by fertilizing many different females. 
For females, producing eggs is much more limiting than producing sperm because 
of the size and the nutrient content of the eggs (Trivers, 1972), and that is why 
females have to be more selective in choosing a mate than males do (Giraudeau et 
al., 2011; Loyau et al., 2007). Females should, therefore, invest in carefully selecting 
the best male and supplying the offspring with adequate amounts of resources. Due 
to limited access to mates, females are not always able to select the best quality 
male for siring her offspring. There are several strategies by which females can deal 
with variation in mate quality (Johnsen and Zuk, 1996; Zuk et al., 1990b). They can 
compensate insufficient male quality by investing more in their offspring themselves, 
a compensatory strategy (Gowaty, 2008). Or they can decrease investment when 
fertilized by poor-quality males in order to reserve resources for the next reproductive 
attempt with another and better male (Gowaty and Hubbell, 2009; Horváthová et al., 
2012). This is a core aspect of sexual selection theory and has given rise to numerous 
studies in the past decades (e.g. Olson et al., 2008; Parker, 2006).
From the above it is clear that one important aspect in female reproductive decisions 
is recognizing mate quality. This has been extensively studied in insects (Kotiaho et 
al., 2003; Pischedda et al., 2011; Wedell and Karlsson, 2003), fish (Evans et al., 2010), 
and birds (Bolund et al., 2009; Cunningham and Russell, 2000; Horváthová et al., 
2012). For birds, the wild ancestor of the domestic chicken is a very suitable species 
as it is sexual dimorphic with the male being much more colourful and hardly 
contributing to parental care, having a harem of several females. As a consequence, 
the secondary sexual male traits reflect sexual selection and might reflect male 
genetic quality on the basis of which females may base their partner preference on. 
Like in many species, male chickens have several traits, such as plumage coloration 
(Zuk et al., 1990b), tail length (Johnsen and Zuk, 1996), body mass (Parker and 
Garant, 2004), vocalisations (Wilson et al., 2008), fighting ability (Parker and Ligon, 
2003), and courtship behaviour (Leonard and Zanette, 1998; Parker and Ligon, 2003), 
that may serve as an honest signal of quality. Especially the comb characteristics are 
important in this respect. In red junglefowl, the ‘ancestral’ chicken, increased comb 
size is associated with i.e. increased health (Zuk et al., 1990a) and dominance status 
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(Parker and Ligon, 2002; Zuk, and Johnsen, 2000; Zuk et al., 1990b). The dominance 
status is an important determinant for access to mattings. Moreover, comb size 
reflects male attractiveness (Collias and Collias, 1996; Johnsen and Zuk, 1996): 
Females prefer large-comb males over males with small-comb (Parker and Ligon, 
2003). Other comb characteristics are important too: e.g. females prefer to mate 
with brighter comb males (Parker and Ligon, 2003). The phenotypic characteristics 
of the male comb may therefore be treated as a proxy for male quality.

Maternal effects and hormones

Female choice may lead to a change in maternal investment that can in turn act as a 
pathway for a maternal effects. Mother preference could be stimulated by an exposure 
of different male quality which stimulate their reproductive investment. Maternal 
effects induce phenotypic changes in the offspring brought about by phenotypic 
aspects of the mother, which is currently much researched in the literature. Such 
maternal effects can be both postnatal (e.g. rearing, feeding and protecting the 
offspring) and prenatal (e.g. egg mass and exposure to hormones Groothuis and 
Schwabl, 2008). The latter is intriguing as it is usually much more cryptic than the 
former, is powerful because it can have long-lasting effects on the organization 
of brain, behaviour and physiology, and is often overlooked in genetic studies. It 
is also more difficult to study, especially in mammals where prenatal exposure to 
hormones may be variable in time and interactions between siblings may occur, 
while experimental manipulation of prenatal exposure to hormones inevitably also 
effect the mother, potentially leading to confounding effects. However, egg-laying 
species, such as birds, in which the embryo develops outside the mother individually 
in a concealed environment, facilitate studying prenatal maternal effects (Groothuis 
and Schwabl, 2008; Von Engelhardt and Groothuis, 2011). 
One important component of prenatal maternal effects that has received a lot 
of attention in the past two decades, is that of embryonic exposure to maternal 
hormones (Groothuis et al., 2005b; Von Engelhardt and Groothuis, 2011). In many 
taxa, including mammals, embryos are exposed to maternal hormones such as 
testosterone. It is not surprising that most research on this phenomenon has been 
performed in birds, as their eggs contain substantial amounts of steroids (Schwabl, 
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1993) and the embryo is easily accessible for measuring and manipulating hormone 
exposure without interfering with the mother. 
Several factors can influence maternal deposition of hormones to the egg, an 
intriguing one being partner attractiveness induced by the morphological traits 
or behaviour of the male (Gil et al., 2006, 2004, 1999; Loyau et al., 2007; Loyau 
and Lacroix, 2010; Von Engelhardt et al., 2001), reviewed in (Von Engelhardt and 
Groothuis, 2011). This is intriguing as it actually leads to a maternal effect that is 
induced by a cryptic paternal trait and this has hardly been studied.
One particular group of hormones that has received much attention in the field 
of hormone mediated maternal effects in birds is that of androgens. This group 
includes testosterone (T), androstenedione (A4) and 5 alpha-dihydrotestosterone 
(DHT) that have many functions in an organism and can exert strong effects 
during development. Mothers may use these androgens as a tool to influence the 
embryo’s development in order to adjust its phenotype to the prevailing or future 
environmental conditions (Groothuis et al., 2005b; Schwabl, 1996). 
Increased levels of yolk androgens may induce a variety of effects on the chicks’ 
developmental time, growth, behavioural phenotype, immune functions and 
physiology, some being positive and others, such as on immune function and 
metabolic rate, detrimental (Eising et al., 2001; Eising and Groothuis, 2003; Gil 
et al., 2004; Müller et al., 2005, 2007; von Engelhardt et al., 2006; Von Engelhardt 
and Groothuis, 2011). However, mothers do not always allocate large amounts of 
androgens to (all of ) her eggs. This suggests that not all effects of exposure to these 
hormones are beneficial in all circumstances and that perhaps the genetic quality 
of the offspring may determine their vulnerability to the negative effects of yolk 
androgens. Therefore, only the offspring of high-quality fathers may be able to cope 
with the costs associated with hormone exposure, which has been suggested to 
be chiefly in the domain of reduced immune function. As a consequence, females 
should adjust hormones levels according to the genetic quality of their mate (Von 
Engelhardt and Groothuis, 2011). 

Paternal effects and the ejaculate

Males vary not only in traits externally visible, but also in more cryptic aspects such as 
sperm and ejaculate characteristics. Ejaculates need resources to produce and males 
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are therefore predicted to allocate resources preferentially to copulate with the most 
promising females (Cornwallis and O’Connor, 2009). females on the other hand may 
copulate with more than one male in a single breeding cycle, inducing selection for 
sperm competition. Physiological adaptations of the male to this sperm competition 
include relatively large testes, large sperm stores, and long spermatozoa. There 
are also behavioural adaptations such as increased mate guarding and increased 
copulation frequencies during the time frame that females are fertile (Cornwallis and 
Birkhead, 2006). Another important factor in sperm competition is sperm motility, 
determining the ability of the sperm cell to reach and fertilize the ovum (Birkhead et 
al., 1999), which depends partly on the chemical composition of the ejaculate.
Intra-sexual selection often leads to a skew in male reproductive success, due to male 
hierarchies in which the dominant males to a large extent monopolize copulations 
(Ligon et al., 1990; Olson et al., 2008). In mating systems where winners ‘take almost 
all’, there are only scarce opportunities for losers to propagate (Parker and Ligon, 
2002; Young et al., 2007). This leads to selection in subordinate males where in order 
to increase their fertilization success, these males allocate more resources to sperm 
and ejaculate production to enhance sperm quality, in order to outcompete sperm 
of dominant males.
During reproduction, males contribute not only spermatozoa as genetic material 
but also hormones and other substances in the ejaculate supporting fertilization 
success (Anderson and Navara, 2011). The ejaculates fulfil their task to provide 
optimal conditions for fertilization and contain immunosuppressive substances that 
protect spermatozoa from damage in the reproductive tract (Pohanka et al., 2002). 
In insects, the ejaculate substances can exert diverse behavioural and physiological 
effects in females, including altered longevity and reproductive output (South and 
Lewis, 2011). If such effects would also present in avian species, then that would 
provide the male, via manipulation of his ejaculate composition, a tool to influence 
female reproductive investment in her offspring. 
In contrast to maternal effects, a cryptic paternal trait have been understudied. 
Most of the focus has been on the females side since they usually play a larger role 
during reproduction, egg production and raising chicks (Horváthová et al., 2012; 
Reed and Clark, 2011). However, males also have a vested interest in the quality 
of their offspring since they invest in reproduction via risky agonistic interactions 
that may increase their dominance status or by investing in ejaculates (Cornwallis 
et al., 2014; Cornwallis and Birkhead, 2007; Pizzari et al., 2007). As mentioned above, 



15General introduction | 

1

male investment may influence female reproductive decisions, in interaction with 
maternal effects. Given that strategies of maternal resource allocation to the egg 
have been demonstrated to be dependent on male quality, and that sperm or 
ejaculate quality may differ between males of different quality (Birkhead et al., 1999; 
Froman and Kirby, 2005; Pizzari et al., 2007), this provide us an excellent case to study 
the interactions between a cryptic paternal trait and maternal effects. 

Outline of the main questions for this thesis

Based on the above there are several questions to address in relation to paternal and 
maternal reproductive strategies and the interaction between these two. Firstly, do 
differences in partner quality affect prenatal investment in reproductive traits such 
as the time to start a clutch, egg mass, clutch size, yolk hormone composition, and 
the quality of offspring? And if this is the case, is this than caused by the perception 
of the physical appearance of the male?, or perhaps by more cryptic components, 
such as the chemical composition of the males’ ejaculates, as suggested by Parker, 
(2003)? The ejaculate chemical composition is the inspiration for the second and 
third question: Is there a difference in ejaculate hormone levels between males 
of different social status (or quality), and if so, do these hormones affect female 
reproductive decisions directly? 
The fourth question is related to sex-specific maternal effects. There are several 
studies reporting maternal effects on offspring in a sex-dependent way: in other 
words, the maternal effect is different between male offspring and female offspring 
(Tschirren, 2015). Moreover, there is even some evidence that this may come about 
by females allocating different amount of their hormones to male and female eggs 
(Badyaev et al., 2006; Müller et al., 2002). This opens the possibility that females 
differentially deposit hormones to her eggs depending on male attractiveness or 
quality, adding another layer or complexity. Although the underlying mechanism 
for this sex-specific hormone deposition is difficult to understand as the hormone is 
added to the yolk before fertilization, it would explain sex-dependent maternal effects 
and therefore urgently need replication. From this the fourth question emerged: Do 
females indeed expose their embryos to different amounts of hormones depending 
on the interactions between mate quality and offspring sex? For example, do females 
favour sons in hormone deposition when paired with attractive males, in line with 
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the sexy son hypothesis, or do they do this when paired with low-quality males to 
compensate for poorer genes?
Finally, the fifth and sixth question I address in this thesis are based on the following: 
As the results of several studies show that mothers deposit more androgens in their 
eggs when exposed to attractive males, the question is raised why, if these hormones 
are so beneficial for the offspring, not all mothers deposit high amounts of such 
hormones in their eggs. One hypothesis is that maternal testosterone has also costs 
for the offspring, especially immune suppression (Groothuis et al., 2005a; Müller et al., 
2005) and that only offspring sired by good-quality males can withstand those costs. 
Therefore I tried to answer the following two questions: 5: Do females differentially 
allocate hormones to eggs when their mates differ in immunocompetence, and 6: 
Are the sons and daughters of immunocompetent males better able to bear the 
costs of being exposed to hormones than offspring from ‘immuno-incompetent’ 
fathers? 

The animal models

In order to answer these questions, I chose the chicken, both the ancestral red 
junglefowl (Gallus gallus gallus) and the domesticated white leghorn (Gallus gallus 
domesticus) as my animal models. I think that these animals are appropriate models 
for the following reasons: Firstly, they show clear sexual differences (dimorphism). 
Males possess elaborate ornaments, colourful plumage, and fleshy comb and wattles 
on the head and neck that are very variable, whereas females are relatively drab 
and cryptic (Johnsen and Zuk, 1996; Collias & Collias 1996). This variability in male 
characteristics is related to male quality (Zuk et al., 1990; Parker and Ligon, 2002, 
2007) and is therefore important since most of my research questions are based on 
the effects of variation in male quality on female reproductive investment. Secondly 
females show clear mate choice. Hens prefer to copulate with larger and brighter 
comb males (Ligon and Zwartjes, 1995; Zuk et al., 1995, 1990b). Thirdly, there is some 
evidence that variation in male quality in chickens induces differential maternal 
investment. Forkman and Corr, (1996) showed that female Leghorns invested more 
in egg mass when mated with more symmetrical wattles males, a trait that most likely 
is related to attractiveness, but there was a negative relationship between wattle size 
and the number of fertilized eggs produced. Furthermore, Müller et al., (2002) found 
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that the sex-specific differences in the yolk hormone allocation strongly depend 
on the social rank of the mother: Dominant female Leghorns, but not subordinate 
females, allocated significantly more testosterone to male eggs than to female eggs. 
On the other hand, subordinate females increased the testosterone concentrations 
of female eggs. Fourthly, the procedure of collecting ejaculate samples through an 
abdominal massage method is relatively easy (Burrows W.H and Quinn J.P, 1939). 
The ejaculate sampling is a common procedure for artificial insemination and also 
sperm hormonal analysis (Birkhead et al., 1999; Parker, 2003; Pizzari et al., 2007). This 
enables us to tease apart the effects of visual input of the female and the sperm- or 
ejaculate androgen concentration. Finally, both the wild species and the domestic 
form are available, including selection lines for immunity. The wild study species 
has the advantage that they can be used to test hypotheses about function and 
evolution of behaviour, as highly selected domestic strains may have lost certain 
aspects, such as laying a ‘normal’ clutch. However, the availability of selected strains, 
of which the red junglefowl is the original ancestor, gave us the possibility to test 
whether females mated with males of different immunocompetence invested 
differently in reproduction and whether this affected their offspring. 

Overview of this thesis

This thesis contains the following chapters: In chapter 2,  I tested the effect of variation 
in male comb size on maternal investment. Our hypothesis was that mothers are 
able to recognize the quality of their partner and differentially invest in reproduction 
according to mate quality. More specifically, Horváthová et al., (2012) showed that 
avian species invest more when mated to attractive, high-quality partners compared 
to when mated with less attractive partners. I therefore randomly mated females 
with a male with a large-comb or with a male with a small-comb and let them 
produce a clutch and raise the offspring. After the first clutch, females were then 
paired up with a male of the opposite comb size category and left to raise a second 
brood. I found that females mated with large-comb male initiated clutch production 
sooner than females mated with small-comb males. Moreover, I found differences in 
offspring growth that were affected by the interaction between offspring sex and 
male comb size. Sons of small-comb males grew faster than sons from large-comb 
males and daughters showed the opposite effect.
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Parker, (2003) found that there was differential reproductive investment between 
females artificially inseminated with ejaculates of large-comb males or of small-
comb males. He suggested that this was because of the differences in genetic quality 
between the different males, but he could not rule out that possible differences in 
the composition of the ejaculate was causing this. Anderson and Navara, (2011), 
showed that the seminal fluid (or ejaculates) of birds contain several steroid 
hormones. Steroid hormones are potent signal molecules that have diverse effects. 
They were therefore of key interest to us, especially testosterone, since this hormone 
shows robust differences in blood level concentrations between roosters of different 
social status and sexual characters.
In chapter 3, I therefore studied whether males of different social status (and comb 
size) also differed in the chemical composition of their ejaculates. My hypothesis was 
that males should adjust their allocation of the hormone to the ejaculate to their 
social status. Dominant males can secure mattings by monopolizing females while 
subordinate males have rare fertilization opportunities and should heavily invest in 
their ejaculate and sperm. I also explored whether the ejaculate T level mimicked 
circulation levels or whether there was a trade-off between the two. I tested T level 
in the circulation and ejaculate of dominant and subordinate males after a social 
challenge and found that dominant and subordinate males differed both in the 
ejaculate T level and circulating T level. Males seemed to trade-off these levels since 
dominant males had, as is frequently found in the literature, higher circulating T level, 
but also lower ejaculate T level. I decided to follow up these findings by collecting 
ejaculates of dominant males and experimentally elevate the T level to that of the 
subordinate males and artificially inseminated hens with either the T enriched 
ejaculates or control ejaculates. Females were then allowed to produce a clutch and 
I recorded female reproductive investment (clutch size, egg mass, and clutch size). 
Directly after clutch completion the treatment was reversed and the same variables 
were recorded. I also raised the chicks of two different treatment conditions to study 
their growth and competitiveness. In line with my hypothesis, females invested 
differentially in her eggs: females produced heavier eggs when inseminated with 
enriched ejaculates. Moreover, I found a similar growth pattern for the offspring as 
in chapter 2. Sons of hens inseminated with control ejaculates grew slower then 
sons of hens inseminated with enriched ejaculates, whereas an opposite pattern 
was present in daughters. These differences in growth patterns between sons and 
daughters, in the interaction with male ‘quality’ could be explained by differential 
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exposure to androgens during embryonic development depending on the quality 
of the partner, as testosterone is known to enhance early growth (Casagrande et al., 
2011; Müller et al., 2010). 
In chapter 4, I tested whether females mated with different quality males indeed 
differentiated sons and daughters concerning yolk androgen deposition. I therefore 
designed and performed an experiment, using a similar design as in the previous 
experiments: I paired up hens with both large-comb (attractive) or small-comb 
(unattractive) roosters that had won or lost a staged dyadic agonistic encounter in 
full view of these hens, and subsequently left the hens to produce a clutch. After 
clutch completion I repeated the experiment but reversed partners (from winner to 
loser and vice versa). In both reproductive attempts I recorded egg mass, clutch size, 
clutch initiation time, and also measured yolk androgen deposition and embryo sex. 
Here I reported that females indeed deposited androgens in the eggs in such a way 
that it could explain the differences in early growth found in chapter 2 and chapter 3. 
Differential deposition depending on mate quality is the main question of chapter 
5. Maternal androgens stimulate growth and competitiveness, why do then females 
not always provide her androgen in ample amounts for her offspring? This may be 
because there are also negative aspects (costs) of early exposure to testosterone. An 
old hypothesis, still frequently cited but never properly tested, proposes that early 
exposure to testosterone decreases immunocompetence and that only chicks sired 
by attractive high-quality fathers are able to bear these costs (e.g. (Gil et al., 1999)). 
In chapter 5 I demonstrated an experiment in which I firstly paired white leghorn 
females (not selected on immunocompetence) with a rooster selected for high or 
low natural antibody (Nab) and measured androgen levels on freshly laid eggs and 
their egg production. Secondly, I manipulated yolk androgen levels in the eggs and 
tested whether the immunocompetence of chicks sired by fathers differentially 
selected for Nab was affected. Unfortunately, I did not find any supports for the 
hypothesis.
Finally, in chapter 6 (Synthesis/General Discussion) I synthesized all of the results and 
placed them in a broader context. I also delivered a new point of view to study how 
males in different social status allocated their investment and how the relationship 
between a cryptic paternal trait, maternal effect with the sex of the offspring 
in the evolutionary perspectives. In this chapter, I introduced a new approach to 
understand how paternal and offspring sex play an intriguing roles in the trend of 
evolution direction. This new approach will provide a better and complete story 
compared to the previous studies which focused mostly on the maternal side.
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