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This thesis deals with the consequences of the two main problems that virtually all
sexually reproducing organisms are facing: i) how to find a suitable mate; and once
mated; ii) how much to invest in the production of male versus female offspring. 

Sexual selection – finding a mate

In order to reproduce, organisms that reproduce sexually first need to find a suitable
partner, generally of different sex. Individuals bearing genes that enable them to be
more successful in attracting or finding mates will propagate their genes into future
generations more successfully. This selective process which acts through variation
in mating success was first recognised by Darwin (1871) and was named ‘sexual
selection’ to distinguish it from ordinary ‘natural selection’ (Andersson 1994). 

In general, males can potentially fertilize the egg cells of many females with
cheaply produced sperm, whereas females have a much smaller reproductive poten-
tial. As a consequence, males are generally selected to maximize their number of
offspring by maximizing the number of female mates they can obtain, whereas
females mostly evolve to select only those males that leave them offspring of the
highest quality (Andersson 1994). Note, however, that there are also cases in which
these patterns are reversed between sexes (e.g. Berglund & Rosenqvist 1993;
Delehanty et al. 1998). The most selective sex in choosing potential mates is often
referred to as the ‘choosy sex’ (Andersson 1994).

Sexual selection can lead to the evolution of male (and female) exaggerated
traits also named ornaments, which improve access to mates either by increased
attraction (‘inter-sexual selection’) or better ability to withstand same-sex competi-
tors (‘intra-sexual selection’) (Andersson 1994). Examples of sexually selected
traits used by males to attract potential female mates are as varied as the chirping
songs of crickets (Bentsen et al. 2006), pheromones of mice (Egid & Brown 1989)
and the bright and conspicuous plumage colours of many species of bird (Hill
2006). Examples of traits selected by male-male competition over access to females
or breeding territories are eye span in stalk-eyed flies (Panhuis & Wilkinson 1999),
the enormous body size of male elephant seals (Le Boeuf 1974), antlers in deer
(Kruuk et al. 2002, and references therein) and song in birds (Krebs et al. 1978).
Often sexually selected traits have a dual function, both in female mate choice and
male-male competition (Berglund et al. 1996).

Although evidence for female mate choice and male-male competition comes
from a broad range of taxa, birds, with their often complex song and bright colours,
have traditionally been key models in sexual selection research (Darwin 1871;
Hamilton & Zuk 1982; Andersson 1994). The mating behaviour of birds continues
to be intensively studied and birds are invariably important as models for testing
general principles of sexual selection (e.g. Hadfield et al. 2006; Qvarnström et al.
2006; Figure 1.1). One particular issue, which has received much recent attention,
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is the fact that avian colour vision differs in some important respects (e.g. ultraviolet
[UV] vision) from human colour perception (Cuthill et al. 2000). This finding has
great implications for the study of colour signalling and sexually selected coloration
in birds (Bennett et al. 1994). Combined with the recent availability of affordable
and light-weight spectrophotometers suitable for measuring plumage reflectance in
the field (for a discussion see Andersson & Prager 2006), the recent appreciation of
the particular properties of the avian visual system has stimulated a whole new area
of research into the role of colour perception and the different colour-producing
mechanisms (Box A) in avian sexual selection (reviewed in Hill & McGraw 2006a;
Hill & McGraw 2006b). 
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BOX A. Mechanisms of plumage coloration

The great diversity in plumage colours of birds is produced by two basic mecha-
nisms: 1) light absorption by pigments and 2) coherent light scattering by micro-
scopic keratin structures in the feathers (Fox 1976; Prum et al. 1999; Hill &
McGraw 2006a). 

Pigment-based coloration: carotenoids and melanins
A wide variety of pigment types are used by birds to produce the diversity of
plumage colours. The two most important classes of feather pigments are
carotenoids (McGraw 2006) and melanins (Jawor & Breitwisch 2003). Carote-
noids mostly cause bright yellow, orange and red colours. For example,
carotenoids are responsible for the yellow coloration of the blue tit’s (Parus
caeruleus) breast feathers (Partali et al. 1987). Carotenoids cannot be synthesized
de novo by birds and thus need to be derived from the food. Carotenoids for feath-
er coloration may be limited, because they are often scarce compounds within the
diet and also needed for other vital functions of the body such as a well-working
immune system (Olson & Owens 1998). Therefore, birds face a trade-off
between deposition of carotenoids in the plumage and reservation of these nutri-
ents for important physiological activities. As a result of this trade-off carotenoid
coloration may be a reliable signal of individual quality, revealing for example the
general health or foraging efficiency of a particular individual (Lozano 1994;
Olson & Owens 1998). 

Melanins mostly cause rusty red, brown, grey, and black colours. For exam-
ple, the blue tit’s black eye stripe is probably caused by melanins. Birds can newly
synthesise melanins in their bodies. It is unclear if this production is costly in
terms of for example energy expenditure or use of valuable nutrients. The extent
of melanin coloration is often related to individual aggressive behaviour and
social dominance (Jawor & Breitwisch 2003).



Sex allocation – investing in male versus female offspring

After successful mating, sexually reproducing organisms must divide the invest-
ment of their resources between the production of male and female offspring.
Differential allocation of parental resources to male and female offspring could
influence either the relative quality, or lead to a change in the relative number, of
male and female offspring (Charnov 1982). Here I will focus on the influence of
parents on the relative number of male and female offspring they produce (referred
to as offspring sex ratio).

Determination of offspring sex may often seem random, with males and
females born in equal numbers. However, females of many species appear to have
close control over the sex of their offspring, adaptively adjusting it to be the sex that
gives them the highest fitness returns (i.e. leaving the mother most descendents)
(Godfray & Werren 1996; Hardy 2002). Sex allocation theory predicts the propor-
tion of male and female offspring that would maximize the parents’ fitness
(Charnov 1982). An important notion in sex allocation theory is that, at the popula-
tion level, equal numbers of male and female offspring are generally expected
(Fisher 1930). This arises because all individuals in a population must have both a
father and a mother, and therefore the rarer sex at any given moment has a better
chance of finding a mate to reproduce. This causes frequency dependent selection
favouring the rarer sex, which will eventually lead to the evolution of a 50:50 sex
ratio on the population level (Fisher 1930). Individual parents, however, may have
higher fitness if they vary the sex ratio of their offspring according to their individ-
ual circumstances (Trivers & Willard 1973; Charnov 1982). For example, female
parasitic wasps often lay a higher proportion of female eggs in large than in small
hosts, because there is a strong positive relationship between the number of eggs
subsequently produced by daughters and the size of the host from which they have
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Structurally based coloration
White, blue, purple, green, iridescent and UV-reflecting plumage, such as that of
the blue tit’s crown feathers (Andersson et al. 1998; Hunt et al. 1998), is mostly
structurally based and dependent on the precise arrangement of the microscopic
keratin structures in the feather barbs and barbules (Prum et al. 1999). Through
their regular arrangements, these nano-scale structures cause coherent scattering
of light, leading to the production of bright colours. Interest in the signalling
function of structurally based UV-reflecting plumage coloration has rapidly grown
after the broad recognition that birds generally have UV vision (e.g. Andersson &
Amundsen 1997; Bennett et al. 1997; Andersson et al. 1998; Hunt et al. 1998;
Johnsen et al. 1998; Sheldon et al. 1999; Limbourg et al. 2004; Siefferman & Hill
2005; Korsten et al. 2006).



emerged, whereas in sons the relationship between mating success and host size
and is weaker (Jones 1982). 

Sex allocation theory has been particularly successful in explaining sex ratio
patterns in some specific taxa, mostly invertebrates, such as haplodiploid insects
(e.g. ants, bees, wasps), of which females can determine the sex of an egg by either
fertilizing it or not (Godfray & Werren 1996; West et al. 2000). However, in verte-
brates with chromosomal sex determination, like birds and mammals, sex ratio pat-
terns are generally rather weak and less well understood (Williams 1979; Clutton-
Brock 1986; Krackow 2002; Cassey et al. 2006; but see West and Sheldon, 2002;
West et al. 2005). In birds, females are the heterogametic sex, which potentially
gives them control over the sex of their eggs (referred as the primary sex ratio)
(Krackow, 1995; Oddie, 1998). But the mechanism by which females could influ-
ence egg sex remains largely elusive (Krackow 2002; Pike & Petrie 2003; Pike
2005). There has been a surge of interest in adaptive sex ratio control in birds dur-
ing the last decade (Hardy 2002; Figure 1.1), which was stimulated by both the
publication of several well-documented cases showing adaptive primary sex ratio
adjustment (Dijkstra et al. 1990; Daan et al. 1996; Ellegren et al. 1996; Komdeur et
al. 1997; Nager et al. 1999; Pen et al. 1999; Sheldon et al. 1999) or extreme sex ratio
biases (Heinsohn 1997) and by the advent of molecular methods that make it possi-
ble to use tiny blood samples for sexing young chicks (Griffiths et al. 1996; Griffiths
et al. 1998) – which are impossible to sex based on morphology in most bird
species. Studies on avian sex ratio are accumulating rapidly (Figure 1.1), but the
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Figure 1.1 Rapidly increasing numbers of studies on sexual selection and sex allocation during
the last decade. Numbers of studies are hits after a search in the ISI ‘Web of Science’ database.
Lines indicate the different sets of search terms used: Sexual selection = ‘sexual selection’; Sex
allocation = ‘sex allocation’ OR ‘primary sex ratio’ OR ‘offspring sex ratio’ OR ‘brood sex ratio’.
Separate lines are plotted for cases including ‘bird’ as an additional search term (dashed lines,
open symbols). Note exponential scale of vertical axis.



evidence for adaptive sex ratio adjustment in birds remains controversial (Palmer
2000; Radford & Blakey 2000; Hasselquist & Kempenaers 2002; Krackow 2002;
Ewen et al. 2004; Cassey et al. 2006) and overall patterns in the literature appear to
be rather weak and inconsistent (Komdeur & Pen 2002; West & Sheldon 2002;
Cassey et al. 2006). It is currently unclear to what extent the relatively weak pat-
terns in birds are due to constraints on the ability to bias sex ratios or to selective
pressures which favour more modest adjustments in birds (e.g. Pen et al. 1999)
compared to some other taxa (West & Sheldon 2002). 

An idea that has raised particular interest, and which links theories of sex allo-
cation and sexual selection, is that females should adjust the sex ratio of their off-
spring in response to the sexual attractiveness of their mate (Burley 1981, 1986).
According to this idea, females paired to attractive males increase their fitness by
producing a greater proportion of sons, given that sons inherit their father's attrac-
tiveness and consequently have high mating success, thereby yielding greater fit-
ness returns than daughters. The validity of this verbal argument has recently been
confirmed by analytical (Pen & Weissing 2000) and simulation models (Fawcett et
al. 2006). Several empirical studies, mostly using birds as model species, have
attempted to test the hypothesis, yielding mixed evidence for a link between off-
spring sex ratio and male attractiveness, with results varying between different
years (e.g. Radford & Blakey 2000; Griffith  et al. 2003; Korsten et al. 2006) and pop-
ulations (e.g. Svensson & Nilsson 1996; Leech et al. 2001; Rosivall et al. 2004).

Sexual selection and sex allocation in the blue tit

The blue tit Parus caeruleus is a popular model species in studies of sexual selection
and sex allocation in birds (e.g. Kempenaers et al. 1992; Kempenaers et al. 1997;
Krokene et al. 1998; Svensson & Nilsson 1996; Andersson et al. 1998; Hunt et al.
1998; Sheldon et al. 1999; Leech et al. 2001; Delhey et al. 2003; Foerster et al. 2003;
Griffith et al. 2003; Alonso-Alvarez et al. 2004; Limbourg et al. 2004, Johnsen et al.
2005; Dreiss et al. 2006; Korsten et al. 2006). There are a number of reasons for this
popularity.

First, blue tits were among the first socially monogamous bird species in which
the occurrence of extra-pair offspring was well-documented and linked to female
preferences for high-quality males (Kempenaers et al. 1992; Kempenaers et al.
1997). In blue tits, as in most passerine birds, females do not receive any direct
benefits, such as parental care, from their extra-pair mates. This strongly suggests
that by their extra-pair mating behaviour, females gain genetic benefits for their off-
spring, such as more diverse, more compatible or simply ‘better’ genes.

Second, following recognition of UV vision in birds, it was discovered that the
blue crown feathers of the blue tit – in which the two sexes appear closely similar to
the human eye (Cramp & Perrins 1993) – are sexually dichromatic in the UV part of
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the spectrum (Andersson et al. 1998; Hunt et al. 1998). Blue tit males have more UV-
shifted and more UV-chromatic crown plumage than females (Figure 1.2). As blue
tits have UV vision (Hart et al. 2000) they will be able to detect variation in UV
reflectance among conspecific individuals. The sexual dichromatism strongly sug-
gests that the crown colour of blue tits is a sexually selected trait, important in mate
choice or male-male competition. This idea was confirmed by a mate choice experi-
ment with captive blue tits (Hunt et al. 1998), and by the finding of assortative mat-
ing for crown UV coloration in the field (Andersson et al. 1998; but see Box B).
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Figure 1.2 Sexual dichromatism of blue tit crown plumage. (A) Mean crown reflectance curves of
214 male and 207 females that were captured between 2001–2004, both during the breeding sea-
son and winter. Standard errors around means are depicted at 20 nm intervals. The shaded area
indicates the UV part of the spectrum. (B) Indices of male and female crown coloration, calculat-
ed from reflectance measurements taken from the same 214 males (M) and 207 females (F).
Brightness is total reflectance between 320–700 nm. Hue is the wavelength of peak reflectance.
UV chroma is the proportion of UV reflectance (320–400 nm) relative to total reflectance
(320–700 nm). Box plots give medians and the 5th and 95th, 10th and 90th, and 25th and 75th per-
centiles, which are indicated by black circles, whiskers and boxes respectively. Males had higher
brightness, more UV-shifted hue and higher UV chroma (t-tests; brightness: t = 7.785, P <
0.0001; hue: t = –12.368, P < 0.0001; UV chroma: t = 23.562, P < 0.0001; all df = 419).



Third, based on the finding that female blue tits biased offspring sex ratio
towards sons when paired to a presumably high-quality male that had greater sur-
vival chances (Svensson & Nilsson 1996), Sheldon et al. (1999) designed an experi-
ment in which the crown UV coloration of males was manipulated and found a
striking effect on offspring sex ratio. This finding was the first experimental evi-
dence for a causal link between male attractiveness and offspring sex ratio in a wild
bird population. In addition, the probability of male over-winter survival was posi-
tively correlated with crown UV coloration, indicating UV coloration to be a signal
of male viability (Sheldon et al. 1999).

From this starting point I set out to investigate further: i) the inheritance of the
blue tit’s sexually selected crown UV coloration; ii) the influence of male crown UV
coloration on female reproductive decisions (sex allocation, hormone deposition in
the yolk of eggs); and iii) the importance of the crown UV coloration as a signal in
inter-individual competition (male-male territorial conflict, competition over food
in winter). The project was carried out at the University of Groningen (Box C),
which has a strong tradition in avian sex ratio research (e.g. Dijkstra et al. 1990;
Daan et al. 1996; Komdeur et al. 1997; Pen et al. 1999; Komdeur & Pen 2002), and
embedded into a larger research program, which aimed to further elucidate mecha-
nisms and functions of avian sex allocation (for more details see Chapter 8,
Background of the project).  

Thesis outline

Part I. Inheritance of UV coloration
The inheritance of male sexual attractiveness is a key assumption underlying the
verbal and mathematical models predicting the evolution of female sex ratio adjust-
ment in response to the attractiveness of her mate (Burley 1981, 1986; Pen &
Weissing 2000; Fawcett et al. 2006). In Chapter 2, I investigated whether the blue
tit’s ornamental crown plumage is inherited from parents to offspring. Based on a
four-year database of natural broods I show that offspring significantly resemble
their parents with regard to crown coloration, which fulfils one of the main condi-
tions for adaptive sex ratio adjustment in relation to male ornamentation to evolve.
These findings pose a remarkable contrast to a recent study in another blue tit pop-
ulation where no significant heritable variation for crown colour was found
(Hadfield et al. 2006).

Part II. Female reproductive adjustment to male plumage UV coloration
To establish a causal link between female reproductive decisions and male ornamen-
tal plumage coloration, it is essential to measure the female response to experimen-
tally manipulated male plumage colour. The treatment of feathers with a mixture of
UV-absorbing chemicals and fat is the most commonly used method for manipulating
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plumage UV reflectance in studies of avian UV signalling (Andersson & Amundsen
1997; Johnsen et al. 1998; Sheldon et al. 1999; Siitari et al. 2002; Alonso-Alvarez et
al. 2004; Limbourg et al. 2004; Korsten et al. 2006). However, the persistence of the
treatment and the temporal changes in UV reflectance after the treatment’s applica-
tion are poorly known. Such knowledge is extremely useful in the design and inter-
pretation of plumage UV manipulation experiments. Chapter 3 demonstrates the
temporal changes in plumage UV coloration after such a treatment of UV-absorbing
chemicals mixed with fat. The measurements show that directly after treatment the
UV reflectance of the crown feathers is reduced below the natural range. However,
thereafter the UV reflectance initially increases rapidly again and returns to the nat-
ural range within two days. After that, the recovery of the UV coloration becomes
much slower, and although within the natural range, the UV reflectance of manipu-
lated individuals remains significantly reduced for up to ca. 10 days. After four
weeks there was no longer a detectable difference between UV-reduced and control
birds. The treatment had no effect on the probability of survival to the following
breeding season. 

In Chapter 4 the causal link between offspring sex ratio and male ornamenta-
tion was tested experimentally by manipulation of the crown coloration of males
before their females had started egg laying. The UV reflectance of the crown
plumage of one group of males was reduced by application of a mixture of UV-
absorbing chemicals and fat as described above, while another group of males
served as a control, being treated with fat only. In contrast to the straightforward
prediction of sex allocation theory (Trivers & Willard 1973; Burley 1981, 1986; Pen
& Weissing 2000; Fawcett et al. 2006), females paired to UV-reduced – unattractive
– males did not produce an overall lower proportion of sons. Instead, in one of the
two years, the positive correlation between offspring sex ratio and natural male UV
reflectance (after control treatment) disappeared. This rather unexpected result
shows a remarkable similarity with the outcome of a previous experimental study of
blue tit sex ratios in a different population (Sheldon et al. 1999), and indicates these
complex sex ratio patterns to be partially repeatable. 

In Chapter 5 the UV-reduction treatment was used to test experimentally the
effect of male plumage ornamentation on female hormone deposition in the eggs.
There is large variation in the amount of various androgenic hormones, such as
testosterone, that female birds deposit in the yolk of their eggs (Gil 2003;
Groothuis et al. 2005a). This variation is believed to represent an adaptive maternal
effect, which fine-tunes the offspring’s development and behaviour to the prevailing
environmental conditions (Groothuis et al. 2005). Recent studies have indicated
that females of some bird species also vary yolk hormones in response to the sexual
attractiveness of their mate (Gil et al. 1999, 2004, 2006; von Engelhardt et al. 2004;
but see Saino et al. 2006). The results of Chapter 5 show that blue tit females
indeed rapidly change patterns of yolk testosterone deposition in response to an
experimental manipulation of male crown coloration.
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Part III. UV coloration as a signal in inter-individual competition
Ornaments that are important as female mate choice cues often also play a role as
signals in male-male competition and vice versa (Berglund et al. 1996). Several stud-
ies have found direct and indirect evidence for blue tit crown coloration being an
important signal in female mate choice (e.g. Andersson et al. 1998; Hunt et al. 1998;
Sheldon et al. 1999; Delhey et al. 2003; Limbourg et al. 2004). However, whether
blue tit crown coloration also acts as a signal in male-male competition remains less
well studied (but see Alonso-Alvarez et al. 2004). 

In Chapter 6 it was investigated whether male UV coloration plays a role in
conflict between territory owners and intruders. Two taxidermic male blue tit
mounts were presented in the territories of resident males during the female fertile
period; one mount with natural crown UV reflectance and one mount with reduced
crown UV. Territory owners did not direct their aggression specifically to either the
UV-reduced or the control mount. Furthermore, the variation in natural crown UV
reflectance of the resident males did not predict the intensity of their aggressive
response. Contrary to previous findings (Alonso-Alvarez et al. 2004), we found no
evidence for UV signals playing a role in male-male interactions during territorial
intrusions. 

There is large and continuous variation in blue tit crown UV coloration both
within- and between the sexes (e.g. Delhey & Kempenaers 2006; Figure 1.2). Such
plumage variation could be used by individuals to settle small conflicts, for example
over food items, at a low cost (Rohwer 1975, 1982; for a recent review see Senar
2006). In this scenario individuals in fact ‘signal’ their dominance or social status to
other individuals by their plumage coloration. Previous work on blue tits has shown
that males with more intense UV coloration have a better chance of surviving the
winter (Sheldon et al. 1999; but see Delhey & Kempenaers 2006). Possibly, such
males with higher UV reflectance are better able to monopolize scarce food sources
during winter. Chapter 7 presents a test of this so-called ‘status-signalling hypothe-
sis’. It is shown that social dominance at a food source in winter is strongly depend-
ent on the distance of individuals to their territories, their sex and their age. Crown
coloration, however, does not influence the outcome of competition over food. Nor
was crown colour related to the survival probability to the following breeding sea-
son. These results refute the idea that blue tit crown coloration acts as a signal of
social status during winter.

Finally, Chapter 8 provides a synthesis in which the most important results of this
study are summarized and put into context of other research findings. I end this last
chapter by setting out possible lines for future work.
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BOX B. Assortative mating and UV coloration in blue tits

In a Swedish population, blue tits mated assortatively with respect to UV crown
coloration (UV chroma), which suggests that mutual mate choice for UV crown
coloration may occur in blue tits (Andersson et al. 1998). However, in our blue tit
study population in the Netherlands (De Vosbergen) no such assortative mating
was found (Figure B.1; Table B.1; for details on crown colour measurements see
Chapter 4).
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Figure B.1 No assortative mating for UV chroma in blue tits. See also Table B.1.

Table B.1 No correlations between crown coloration of paired male and female blue tits in
2001–2003. Males and females were captured for crown reflectance measurements during
chick feeding.

2001 (n = 43) 2002 (n = 31) 2002 (n = 43)

Colour index r P r P r P

Brightness a 0.11 0.50 0.08 0.67 0.19 0.23
Hue (nm) b –0.06 0.70 0.12 0.51 –0.03 0.88
UV chroma c 0.01 0.97 0.09 0.65 0.01 0.92

a Brightness is total reflectance between 320–700 nm.
b Hue is wavelength of peak reflectance.
c UV chroma is the proportion of UV reflectance; this is the reflectance between 320–400 nm divided by
the reflectance between 320–700 nm.
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BOX C. The Vosbergen blue tit population

In 2001 a blue tit study population breeding in nestboxes was established on the
estate of ‘De Vosbergen’, in the north of the Netherlands near Groningen
(53°08’N, 06°35’E; Figure C.1). The study area covers ca. 50 ha consisting of
patches of both young and old mixed deciduous and coniferous forest inter-
spersed by open grassland. The presence of many lanes of old oak trees makes the
habitat ideal for blue tits. In January 2001 approximately 185 nestboxes designed
for blue tits (with a 26.0 mm entrance hole excluding larger sized great tits Parus
major) were put up in the area, which were readily used for breeding by blue tits.
The Vosbergen blue tit population has since been continuously monitored. All
breeding attempts have been followed and all breeding adults have been captured
and individually marked with a numbered metal ring and a unique combination
of colour rings. All nestlings were also ringed. This work has resulted in a valu-
able database on the demography of the Vosbergen blue tit population with data
on individuals’ resident status, age, survival and recruitment (Figure C.2).

De Vosbergen

N

Vosbergen Villa

Field station

200 m

grassland
woodland
water
buildings
roads/bicycle lanes/pathes

Figure C.1 The study area, estate ‘De Vosbergen’.
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