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Introduction

In this thesis I will investigate the factors determining the mating decisions of
two hybridizing bird species: the collared flycatcher (Ficedula albicollis) and the
pied flycatcher (F. hypoleuca). These two species hybridize despite the fact that
their ability to recognize a mate of their own species appears to be well devel-
oped and hybrid offspring represent a fitness loss compared to pure-species
offspring. In order to understand why individuals still engage in a mixed–
species pairing, I will try to quantify the most important costs and benefits of
hybridization. 

For a proper understanding of this thesis it is important to first get an idea of
the general context in which my study fits. Wherever possible, avian examples
will be given to clarify general mechanisms, but examples of other taxa will be
provided as well. After this broad introduction, I will focus on the study system,
giving general information on the morphology, ecology and behaviour of the
two flycatcher species and motivate the research compiled in this thesis. 

Hybridization and species integrity

When individuals of two previously isolated populations meet, two situations
may occur: either the two populations are reproductively isolated from each
other or not. Individuals of both populations (for ease of use referred to as
species) can be reproductively isolated from each other as a result of behav-
ioural and genetic differences accumulated in allopatry. The mate choice
processes which often involve elaborated ornaments and courtship behaviour
can be so diverged between the species that neither species sees a potential
mate in a heterospecific individual. Genetic differences between the species
accumulated during their time in allopatry may lead to inherent developmental
defects in hybrid offspring making them inviable. Another alternative is that the
two species hybridize but no gene flow occurs because hybrids are instantly
reproductively isolated from both parental species (e.g. due to polyploidy of
hybrids), so called ‘hybrid speciation’ (Coyne and Orr 2004; Mallet 2007). The
second possible outcome of contact between the species is interbreeding
(hybridization) resulting in gene flow between the species. This can have severe
consequences for the species’ integrity. If hybridization takes place freely, it could
lead to the merging of the two species into one large interbreeding population.

In nature hybridization occurs in a wide variety of taxa, such as mammals
(Arnold and Meyer 2006), insects (Mavárez et al. 2006), birds (Grant and Grant
1992) and plants (Ellstrand et al. 1996). In the latter two groups, hybridization
has been found to occur in many species. For instance, 9% of all bird species are
known to have hybridized at least once. In plants, of five major flora, 6-16% of
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all genera are know to have hybridized (Ellstrand et al. 1996). An important
observation is that hybridization does not necessarily lead to the collapse of
species integrity. In hybridizing birds for example, interbreeding has been
reported to occur in relatively low, but stable frequencies in sympatric breeding
areas. It is interesting to ask why hybridization frequencies would be stable. It is
even more interesting though to ask the question why hybridization takes place
at all, because it often results in less fit offspring.  

Why hybridize?

Hybrids often have reduced viability or fertility compared to individuals
belonging to the parental species (see below). This makes it puzzling why indi-
viduals would hybridize at all. An obvious explanation is that hybridization
simply is the result of an error in mate recognition (e.g. Grant and Grant 1997a;
Arnold et al. 1999; Randler 2002). Such errors could be caused by factors
intrinsic to the mate recognition mechanism. Recognition mechanisms are
generally assumed to involve learning and this is subject to errors stemming
from occasional exposure to inappropriate templates i.e. the wrong species. This
could happen when an individual is raised in the nest of a heterospecific as a
result of egg-dumping (Randler 2005) or in a situation where one species is
present among many heterospecific neighbours. Nestlings of one species could
then easily get imprinted on, for example, the song of a heterospecific male (e.g.
Grant and Grant 1997a).   

A different type of error could arise when environmental circumstances
interfere with the recognition process and thereby affect the accuracy with
which mate choice could be executed. For many species visual cues are impor-
tant in mate choice and reduced visibility could negatively affect the accuracy of
the species recognition process. For example, in cichlid fishes assortative mating
decreases when the water gets more turbid (Seehausen et al. 1997). Errors in
mate choice are a plausible explanation for hybridization and might be common
in nature. 

Hybridization is generally believed to be costly, but in some situations their
may be benefits to hybridizing. Consider a scenario where conspecific males are
scarce or unavailable, in such a case it may be better to accept a heterospecific
male, than not to mate at all (making ‘the best of a bad job’). However, many
other factors are also likely to affect the mating decision. Examples include
fitness trade-offs between current and future reproduction, offspring quality and
costs of searching for a conspecific mate and these need to be considered
besides availability of suitable (conspecific) mates. Consequently, the fitness
trade-offs (factors which might be costly or beneficial to hybridizing individ-
uals), need to be carefully considered and quantified to obtain an understanding
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of the mating decisions. It is the aim of this thesis to derive such estimates in
order to better understand the mating decisions between the hybridizing
collared and pied flycatchers. The next section is devoted to presenting an
overview of the most important factors affecting the fitness of hybridizing indi-
viduals. Table 1.1 provides a summary of these factors, but this table is also
useful to read early on as it outlines the structure of the next section.    

Costs and benefits of hybridization

Mate choice
Searching for and selecting a suitable mate may have associated costs (e.g.
Jennions and Petrie 1997). For many avian species, the female is believed to be
the most choosy sex and for convenience I adopt this. This does not mean that
male choice is not important, but for simplicity I largely neglect it for now.
Females need to invest time and energy into finding a mate and searching could
result in elevated predation risk (Milinski and Bakker 1992; Gibson and Langen
1996; Byers et al. 2005). There could also be physiological costs resulting from
encountering mates, such as elevated hormone levels (see Price 2007) for a
review). All these costs are likely to increase if a female spends more time
searching or if she checks more potential partners before deciding on a mate.
How quickly a ‘suitable’ partner is found depends on mate availability. The avail-
ability of suitable partners in a hybrid zone can also be seen as the availability of
conspecific males. When conspecifics are rare, a female faces a trade off
between search time for finding a conspecific mate and accepting a heterospe-
cific mate with the additional decrease of fitness due to hybrid offspring (see
below). This is nicely illustrated theoretically by Wilson and Hedrick (1982),
who found that individuals change mating strategy from ‘keep searching for a
conspecific’ to ‘accept first male encountered’ when fitness loss associated with a
heterospecific pairing was low and/or there were relatively few conspecifics
available. The cost of choice described above could be circumvented by not
being choosy at all, which in a mixed-species population might lead to hybri-
dization. Whether or not this choice strategy will lead to a net fitness benefit for
an individual depends on the magnitude of cost reduction by not being choosy
relative to the additional costs resulting from hybridization.

A more direct physical cost of heterospecific mating might arise if the two
species differ from each other to such an extent that one individual damages the
other during courtship or mating. Such differences can be in body size (too
heavy a male mounting a female) or in the mating apparatus of the two sexes
(physical damage during mating).

Lastly, a female can have a heterospecific male as a partner, but seek extra-
pair copulations with a conspecific male to father (part of) her offspring. This
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has been found for female collared flycatchers paired with a male pied
flycatcher (Veen et al. 2001) and this will be discussed in more detail later on
when hybridization in flycatchers will be treated in more detail.  

Fertilisation 
The period between insemination and fertilisation is of significant importance
because sexual selection (or cryptic female choice) can differentially favour one
sperm type over the other (Birkhead and Pizzari 2002). In the case of a mixed-
species pair, there are several barriers which could decrease the chances of fertil-
isation (Birkhead and Brillard 2007). One important barrier is the transfer of
sperm through the female reproductive organ. Heterospecific sperm might not
be well suited for such transfer or not be recognised by the biochemical recogni-
tion mechanisms involved in the fusions between egg and sperm, resulting in
low fertilisation rates (Vacquier 1998; Price and Bouvier 2002; Coyne and Orr
2004; Birkhead and Brillard 2007). This incompatibility between species has
been hypothesised to result from sexually antagonistic co-evolution. Sexually
antagonistic co-evolution arises when selection favours different reproductive
interests in the two sexes, which can result in rapid evolution of species-specific
reproductive organs (Birkhead and Pizzari 2002). Lower fertilisation rates could
also be caused by a difference in sperm production by the male when mated to a
heterospecific partner (Aspbury and Gabor 2004). Lower fertilization rates may
be an important cost for both males and females engaged in heterospecific pair-
ings. The birds invest time and energy, in the form of courtship, sperm or eggs,
resulting in a lower reproductive output as would be the case with similar
investments in pure-specific pairings

Direct costs and benefits of mixed-species pairing
Species often differ from each other in various characteristics some of which
have direct effects on reproductive success. For this reason it might be beneficial
for a female to mate with a heterospecific male. Territory quality can provide
direct benefits, which has been  put forward as a reason for preferring a hetero-
specific male in birds (Bronson et al. 2003b) and in mammals (Goldsworthy et
al. 1999). A heterospecific male might invest more in a breeding attempt
compared to a conspecific male (Pierotti and Annett 1993), which can occur in
various ways of which working harder and being better in defending the terri-
tory are two examples. Many closely related species utilise different food
resources. If the food resources of a heterospecific partner are more abundant or
complementary such that it increases the survival of the offspring, it might pay
to be engaged in a mixed-species pair. Not all benefits are as obvious as the ones
mentioned above. For example, a female mallard benefits from being mated to a
male of a more dominant species as she will be less harassed by males of the
less dominant species (Brodsky et al. 1988).
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Many of the direct benefits work one way: only the females of a particular
species obtain the benefits that the heterospecific male provides. Females from
the other species would incur a cost if they would choose for a heterospecific
male which, for example, invests less in the brood or does not defend the nest
against predators in comparison to a conspecific male.

Hybrid viability and fecundity
Hybrids inherit a mixture of the genetic material of both parental species. Such a
novel genetic make-up can be advantageous as it could result in an individual
outperforming either parental species, a phenomenon known as hybrid vigour
or heterosis (Rieseberg and Carney 1998; Arnold et al. 1999). Hybrid vigour can
be the consequence of a higher level of heterozygosity in the hybrid (Burke and
Arnold 2001). This could result in higher viability of the offspring if both
parental species are severely inbred. In a more general setting, it could  result in
a lower expression of negative recessive alleles (expressed in the homozygote
parental species) (Johansen-Morris and Latta 2006). Additionally, several other
effects have been put forward such as the formation of a novel beneficial genetic
combination (Burke and Arnold 2001). Hybrid vigour is often apparent at the
phenotypic level; hybrid plants are for example well known to be good at
colonising new environments  (e.g. Arnold et al. 1999). The effects on the
phenotypic level will however not be discussed here, but in the section ‘interme-
diate hybrid phenotype’.  

Hybrid vigour has traditionally been thought to be especially important in
hybridizing plants (Rieseberg and Carney 1998). In vertebrates, the genetic
make-up of hybrids is generally believed to result in the opposite effect, a strong
decrease in fitness (Seehausen 2004). A well known example of this is the
strongly reduced viability and sterility of hybrid offspring (e.g. Coyne and Orr
2004). Hybrid sterility and inviability has been widely studied in a variety of
organisms (Coyne and Orr 2004), which is aided by the fact that genetic incom-
patibilities can be studied in artificial crosses (McCarthy 2006). The viability
and fertility reductions are mostly caused by genetic incompatibilities between
the species and are referred to as intrinsic post-zygotic costs of hybridization. The
most simple model of such incompatibilities is based on a single gene of one
species negatively interacting with a single gene of the other species when they
are combined in a hybrid this results in a decrease in viability and/or fertility
(Wu and Palopoli 1994; Burke and Arnold 2001). There are several variants of
this basic model, of which I will discuss a prominent one, often referred to as the
Dobzhansky-Muller model (Coyne and Orr 2004), in a bit more detail to clarify
the idea of genetic incompatibilities. This model is based on the functional
divergence of genes in two different populations (see figure 1.1). Once the two
populations come in secondary contact and interbreed, the hybrids will have a
mixture of the two genotypes. Some allele combinations (ab in figure 1.1) have
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never co-occurred during evolutionary history and have therefore never been
subject to natural selection. These allelic combinations can have strong negative
effects on fitness. Only recently, the first direct empirical evidence for a pair of
Dobzhansky-Muller genes was found in Drosophila (Brideau et al. 2006). The
fertility and viability of hybrids decreases with an increase of separation time
between both species prior to hybridization, i.e. the older the allopatric taxa, the
more severe the reduction in fertility and viability of hybrids. As a general rule,
fertility decreases more rapidly than viability with separation time, and this has
been found in many different groups of organisms (Coyne and Orr 2004),
including birds (Price and Bouvier 2002; Lijtmaer et al. 2003). 
Reduced fertility and viability are most severely expressed in the heterogametic
sex (females in birds, ZW), a phenomenon known as Haldane’s rule (Haldane
1922). This effect has received considerable attention over the years and has
been confirmed for a wide variety of organisms (Orr 1997), including birds
(Price and Bouvier 2002; Bronson et al. 2003a; Price 2007). The basic idea is
that if a gene from one species does not function properly in the genetic-back-
ground of a hybrid, the gene from the other species might mask this effect. In
this way, the expression of the negative effects of a gene might be suppressed or
avoided. This will only work if the gene is present in ‘two-fold’ which is the case
for autosomes and the sex chromosomes of the homogametic sex. Thus, on the
sex chromosomes of the heterogametic sex a detrimental effect might be
expressed much more easily (for a review see Coyne and Orr 2004).
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Figure 1.1. Illustration of the Dobzhansky-Muller model for genetic incompatibility. An
ancestral population is split into two allopatric populations (as indicated by the horizontal
line). Mutations occur in both populations and, if they are under positive selection, fixa-
tion could take place. When the two populations come in secondary contact and
hybridization occurs, the hybrid genotype is heterozygote on both loci. Some of the allele
combinations (e.g. Aa and Bb) have been together within a locus, but the allelic combina-
tion ab (indicated by the ellipse) has never been and this could have detrimental effects
on the fitness.
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Intermediate hybrid phenotype
The mixed-species ancestry of the hybrid is not only apparent at the genotypic
level but extends to the phenotypic level. Hybrids are often intermediate
compared to the parental species in characters such as morphology and behav-
iour. Species are typically adapted to their environment and hybrids, due to
their intermediate phenotype, might fall in between the parental optima and
consequently do less well (e.g. Hatfield and Schluter 1999). Costs resulting from
such maladaptations are referred to as extrinsic post-zygotic costs (Coyne and
Orr 2004). In birds, the Darwin finches provide an interesting example. The bills
of the parental species are adapted to different seed types and hybrid fitness is
reduced as a consequence of their intermediate bill size being suboptimal to
consume these seed types (Grant and Grant 1996 but see a later section for
context dependence of this effect). Another compelling example concerns
hybrids between two mimetic butterfly species which suffer higher predation
rates as a consequence of their non-mimetic intermediate colouration (McMillan
et al. 1997 and references therein). These are just two of many different situa-
tions in which the intermediate phenotype is suboptimal compared to either
parental species.

In contrast to the above, hybrids could also have a higher fitness as was
mentioned in the previous section. Hybrids are believed to be better in
colonising new environments and this is ascribed to their deviant phenotypes
(e.g. Arnold and Hodges 1995; Arnold et al. 1999). Similarly, hybrid zones often
occur in contact zones between the two different ecological environments to
which the parental species are adapted, and an intermediate, hybrid phenotype
may be well adapted to such transitional areas (Moore 1977; Good et al. 2000). 
Finally, hybrids may not acquire an intermediate phenotype but obtain comple-
mentary characters from both parental species and thereby get ‘the best of both
worlds’. An example is parasite resistance; hybrids could be resistant against
more parasites than either parental species and might therefore perform better
in certain circumstance (Fritz et al. 1999 and references herein). 

Hybrid attractiveness
The attractiveness of hybrids might affect fitness. Sexually selected traits of
hybrids are often intermediate and therefore may not match the preferences of
either parental species resulting in reduced reproductive success (Price 2002 and
references therein). The courtship behaviour of hybrids can be intermediate
compared to the parental species and not found attractive by individuals of
either pure species (Hobel and Gerhardt 2003). Song is a display character used
during courtship and territory defence. In general, intermediate hybrid song
elicits intermediate responses in both contexts and therefore does not result in
an advantage for the hybrids (see den Hartog et al. 2007 and references
therein). 
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Hybrid phenotypes might also confer a sexually selective advantage. This
could arise because the females have a pre-existing bias in their sensory system
preferring a certain colour or pattern (e.g. Endler and Basolo 1998 and refer-
ences therein). It is also possible that hybrids are preferred due to the ‘rare male
effect’. In this situation, the rare male type has a mating advantage over the
common types (Singh 1999). Two hybridizing species of manakins in Central
America provide an interesting example in which a sexually selected trait
(yellow collar) of one species introgressed (through hybridization) into the
other species (see Stein and Uy 2006 and references therein). 

There could be several explanations for patterns such as those described
above in the manakins. It could be due to a sensory bias but it might also be a
side effect of interference between (intra)sexual selection processes and species
recognition. The interaction between sexual selection processes and species
recognition is particularly important and deserves more attention (Pfennig
1998; Phelps et al. 2006). Mate choice for individuals in a hybrid zone is partic-
ularly challenging as potential suitable partners need to be both of the right
species (species recognition) and when of the right species preferably of good
quality (sexual selection). These two processes may interfere with each other if
both processes make (partial) use of the same characteristics, and it is important
to consider such interference when trying to understand mating decisions in a
mixed-species population.   

Feedback between pre and post-zygotic processes
So far I have treated the various costs and benefits of hybridization in relation to
different causal factors (such as genetic incompatibilities versus adaptation to
environment) occurring in the various stages of the life-cycle. This might create
the impression that the costs and benefits of hybridization occurring in different
times during the life-cycle act independently of each other, which is not the
case. Factors acting in the post-zygotic period, such as reduced hybrid fitness,
will influence mate choice decisions. If, for example, a female has a preference
for a very low quality male which results in none of her offspring surviving till
reproduction, then her preference will be strongly selected against and will
decrease in frequency in the population. The reduced fitness of hybrid offspring
has been hypothesised to have a similar result and lead to a divergence of male
traits and female preferences for these traits between the two species. This
process is better known as reinforcement (Noor 1999; Servedio and Noor 2003;
reviewed in Coyne and Orr 2004). In order to increase pre-zygotic isolation
between the species, a tight linkage between male trait and female preference
within each species is required. A major obstacle against the evolution of this
association is recombination as this breaks up the beneficial gene combinations.
Even low levels of hybridization are enough to strongly reduce the linkage dise-
quilibrium (Felsenstein 1981). Theoretical models showed that this obstacle can
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be circumvented in several ways, of which sex-linkage of both trait and prefer-
ence is one (e.g. Servedio and Sætre 2003).

Context dependence
In the section ‘direct costs and benefits of mixed-species pairing’ a clear example
of context dependence is given, as often only one species benefits from mating
with the other and not vice versa. The same asymmetry can apply to the two
sexes. Males frequently invest less in a reproductive attempt (as little as only
sperm) whereas females need to invest more (e.g. zygote production). This can
lead to sexual conflict, where the male only wants to inseminate, but the female
wants more in return (e.g. paternal care). Differences in investment between the
sexes of two species can also facilitate hybridization (Parker and Partridge
1998). Forced copulations with a heterospecific partner as found in several bird
species, or the ‘sneaker strategy’ (attempting to inseminate a female when she is
not paying attention) observed in fish species are examples of this (Wirtz 1999
and references therein).

Some of the costs and benefits described are relatively fixed, such as the
reduced viability of hybrid offspring. I used ‘relatively fixed’ because the magni-
tude of viability reduction differs markedly between different species, which
could also be seen as context dependence. The context dependence I am inter-
ested in here is within the same species pair and applies to many of the above
described situations. For example, the reduced fitness of hybrid Darwin’s finches
as a consequence of their intermediate bill size changes into an advantage in
some years due to a sudden abundance of a different seed type (Grant and
Grant 1996). Similarly, the increased parasite resistance of hybrids depends
highly on the environment, and in other species the effect could be reversed
(increased hybrid susceptibility) (reviewed in Fritz et al. 1999). Many of the
extrinsic post-zygotic factors are, by definition, at least partly environmentally
determined. The environment in turn is often variable and thus the magnitude of
the costs and benefits are often equally variable. One way to visualise this is to
imagine a fitness landscape consisting of two peaks (with each parental species
adapted to one) and a valley in between (the intermediate hybrid). Fluctuations
in the height of the peaks are determined by the environment, and so are the
relative costs the hybrids face (the difference between peak and valley).

The mating decisions of an individual are determined by the relative
strengths of the costs and the benefits (e.g. Jennions and Petrie 1997; Cotton et
al. 2006 and references therein). Because of the context dependence of this
trade-off, the optimal mating decisions are predicted to vary with context. To
illustrate this, imagine a population of seed eating birds whose bill size is
adapted to different seed sizes, resulting in small-billed and large-billed individ-
uals. The average seed size declines through the season. This effects the benefits
the different males can provide to a female as a mismatch between seeds size
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and bill size will reduce the potential to provide direct benefits (solid thick and
thin black line in figure 1.2). The female’s mating decisions early in the season
(large-billed individuals provide more direct benefits) is predicted to differ from
the one made at the end (small-billed individuals provide more direct benefits).
This is a very simple example but it can easily be expanded to a more complex
situation. Assume now that the two groups with different bill sizes represent
different species. The fitness return for a female (belonging to the large-billed
species) that mates with a male of the small-billed species now changes as an
additional cost (reduced viability of their hybrid offspring) has to be taken into
account (grey line in figure 1.2). It might still be adaptive for a female to switch
her mate preference through the season but the timing of this has changed. This
illustrates that an individual faces qualitatively similar cost-benefit trade-offs
when having to choose from a con- or heterospecific, which in the latter case
would lead to hybridization. Such facultative switches of mate choice from
conspecific to a heterospecific partner have been found in nature (Lesna and
Sabelis 1999; Pfennig 2007).

The above illustrates that getting a good quantitative estimate of the costs
and benefits of hybridization is not trivial. One way to get such estimates, and
the one taken in this thesis, is to focus on one system. Before I introduce the
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Figure 1.2. Direct benefits provided by two types of males differing in bill size through the
breeding season (time). Both males are adapted to feed on different seed sizes (large-
billed (thick black line) for large seeds and small-billed (thin black line) for small seeds).
The abundance of seed sizes changes through the season, such that the proportion of
large seeds declines through the season (dashed line). Selection on female mating deci-
sions is caused by the relative fitness return received from the male she chooses. In this
simple example it is expected that her choice changes from large-billed males early in the
season to small billed males later in the season. The thin grey line indicated the direct
benefits returned by a small-billed male including the reduction of hybrid offspring (see
text for details).
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empirical system in more detail, the most important processes influencing the
costs and benefits attached to hybridization are summarized in table 1.1. 

Hybridization in Ficedula flycatchers
In order to understand hybridization, quantitative estimates of the costs and
benefits related to it are needed. However, costs and benefits are manifold and
often context-dependent as discussed in the previous sections. This means that
one needs to select a study object where it is possible to obtain detailed informa-
tion on the behaviour, ecology and genetics of the species involved. It is also of
prime importance to be able to relate the various aspects of pair formation and
reproduction to components of fitness. In my opinion, the hybridizing collared
(Ficedula albicollis) and pied flycatcher (F. hypoleuca) provide an excellent
opportunity to conduct such a study. Both species are well studied which
provides good basic knowledge on which further investigations can build.
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period cost benefit

mate choice - physical damage - reduced cost of choice
- conspecific extra-pair matings

fertilisation - reduced fertilisation rates - cryptic female choice
- conspecific sperm precedence

direct costs & benefits - paternal investment - paternal investment
of mixed-species pairing - diet differences - diet differences

- territory quality - territory quality

hybrid viability & - genetic - hybrid vigour
fecundity incompatibilities

(e.g. Dobzhansky-Muller)
- Haldane’s rule

intermediate - maladapted to parental - ‘best of both worlds’
hybrid phenotype environment

hybrid attractiveness - mismatching courtship - rare male advantage
behaviour - sensory bias
- unattractive
intermediate traits

Table 1.1. A summary of the consequences of hybridization on fitness in birds as discussed
in this introductory chapter. The table gives, for the pre and post-zygotic period, various
aspects of reproduction through the life cycle of an individual and over multiple genera-
tions. In the subsequent columns the potential costs and benefits related to these aspects
are given. Certain consequences have been listed under costs as well as under benefits,
because they may act either way, dependent on the context.

pr
e-

zy
go

tic
po

st
-z

yg
ot

ic



Furthermore, the species are easy to work with because they readily breed in
nest-boxes. Lastly, the presence of an already established long-term database of
a population of pied and collared flycatchers, and their hybrids, on the island of
Gotland, Sweden is a major benefit to working on this system.

The study species
The collared and pied flycatchers are insectivorous passerines that breed in cavi-
ties. Male collared flycatchers have a distinctive black and white plumage
pattern and are readily distinguished from the closely related pied flycatcher by
their white collar, larger white patch on the forehead and wings and several
other characters (see plate 1A and B). Furthermore, the collared flycatcher is the
larger of the two (in most biometric measurements). It is worth noting that
some male pied flycatchers have more brown instead of black upperparts.
Females of the two species are much more drab-coloured and harder to distin-
guish (see plate 2A and B). The female collared flycatcher is on average larger
and has several species specific characters (such as more white at the base of the
primaries and a different pattern on the neck feathers). The species-specific
alarm call is a useful identification tool in the field (Lundberg and Alatalo 1992;
Cramp and Perrins 1993). Hybrids look intermediate between the two species
(see plate 1C and 2C), but plumage characteristics can vary extensively. In
males, a broken collar, which makes them look more similar to the closely
related semi-collared flycatcher (F. semitorquata), is a good indication of a
hybrid male (Sætre et al. 1999a). Not surprisingly, the females are especially
hard to tell apart. Good indicators, in the field, to suspect a hybrid female are
infertile clutches and a mixed alarm call. The identification of hybrids in this
thesis was verified using pedigrees and genetic analyses.  

Both species are long distant migrants that winter in sub-Saharan Africa (see
plate 3A and B). The collared flycatcher has an eastern migratory route and
winters in central Africa, whereas the pied flycatcher follows a westerly route
spending the winters in west Africa (Cramp and Perrins 1993). The breeding
distributions of the two species differ. The pied flycatcher occupies large parts of
western Europe, extending eastwards into Russia (see figure 1.3) and in general
these breeding areas contain more coniferous tree species (see plate 4A) and are
colder, which might have severe consequences if the weather changes (espe-
cially further north). The collared flycatcher occupies more deciduous habitat in
central and southern Europe and extends less further east into Russia (see figure
1.3, and plate 4B and C). The breeding ranges of the two species overlap in
central Europe (e.g. Czech Republic) and on the Baltic islands of Gotland and
Öland (Cramp and Perrins 1993). The collared flycatcher is believed to have
arrived on Gotland and Öland recently (Lundberg and Alatalo 1992). Collared
flycatchers show strong natal philopatry (Pärt 1990) but whether or not this is
the case for pied flycatchers is less clear.  
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Plate 1. A. A male collared flycatcher.
B. A male pied flycatcher.
C. A male hybrid flycatcher.
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Plate 2. A. A female collared flycatcher.
B. A female pied flycatcher.
C. A female hybrid flycatcher.



In spring, both species arrive at their breeding grounds at the end of
April/beginning of May (Gotland) (Pärt 1994) (see plate 3C). Males search for a
territory, defend this against intruders and try to attract a female (Pärt and
Gustafsson 1989) (see plate 5A and B). The females are believed to arrive a bit
later and inspect several males before choosing a mate (Dale and Slagsvold
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Figure 1.3. The breeding grounds in Eurasia and the wintering grounds in sub-Saharan
Africa of the pied (grey) and collared flycatcher (hatched). Note that the breeding
grounds of the Iberian pied flycatcher (sub)species ‘iberiae’ have been left out.

Pied

Collared



1996). After pair formations and nest building, the female collared flycatcher
lays a clutch of on average 6.1 eggs (6.3 for the pied flycatcher) and incubates it
for approximately 13 days (see plate 5C and D). After hatching, both sexes share
the parental care (Sheldon and Ellegren 1998) (see plate 6A and B). Fledging
takes place after around 14-15 days after hatching (see plate 6C). On average
81 % of the nestlings of the collared flycatcher and 88% of the nestlings of the
pied flycatcher survive to fledge. After fledging, parents and young stay together
on the breeding grounds for a couple of weeks until autumn migration (starting
in August) which is assumed to be undertaken separately based on the different
migration peaks of first-year individuals and adults (Lundberg and Alatalo
1992; Cramp and Perrins 1993). Only a small percentage (11% for collared and
6% for pied flycatchers) of the fledglings is found in subsequent years to recruit
to the natal breeding area. Breeding collared flycatcher live on average 2.3 years
and pied flycatchers 2.8 years.

The hybrid zone
The two species hybridize in areas where their breeding distributions overlap.
The species composition on the sites where the interactions between the two
species has been studied is strongly skewed towards collared flycatchers
(proportion of flycatchers that is collared is 0.96 on Gotland, 0.70 on Öland and
0.85 in the Czech Republic). 

The species mate assortatively: females of both species recognise and prefer
to mate with conspecifics (Sætre et al. 1997b) whereas males apparently show
no mate discrimination (Dale and Slagsvold 1994; Sætre et al. 1997a). Earlier
experiments showed that plumage characteristics of males of the two species
play an important role in assortative mating (Sætre et al. 1997b). Despite the
fact that the species mate assortatively and seem to have a well developed
species recognition system, they do hybridize. At the study sites on Gotland and
in the Czech Republic, 2-3% of all breeding pairs were mixed-species pairs
(Sætre et al. 1997b; Veen et al. 2001). On Öland, slightly higher proportions
were found (5%) (Anna Qvarnström, pers. comm.).

The hybrid zones in the Czech Republic and on the Baltic islands differ from
each other in several aspects. An important difference is that in Czech Republic
the hybrid zone is situated on an altitudinal gradient, with collared flycatchers
occupying the more deciduous valleys and lower slopes and the pied flycatchers
the higher more coniferous areas (Sætre et al. 1999a). It has been suggested
that the competitively dominant collared flycatcher forces the pied flycatcher to
these areas but that the pied flycatchers can better cope with these conditions,
which are more similar to a large part of their allopatric breeding range (Sætre
et al. 1999a).
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Plate 3. A. A male collared flycatcher during spring migration in Tunisia. Photo René Pop.
B. A female collared flycatcher during spring migration in Tunisia. Photo René Pop.
C. A male pied flycatcher just after arrival at Faludden (Gotland).
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Plate 4. A. The habitat surrounding a nest-box occupied by a pied flycatcher on Öland.
B. The habitat surrounding a nest-box occupied by a collared flycatcher on Öland.
C. Typical breeding habitat of collared flycatchers on Gotland. A caterpillar frass 
trap is being installed (see also chapter 4). Photo Johan Träff.



Motivation and outline of this thesis

One of the great advantages of choosing pied and collared flycatchers for a
study of hybridization is the presence of a long-term database of the populations
of both species on Gotland. This opens up the possibility of estimating the
fitness consequences of hybridization. In an earlier study, Veen et al. (2001)
used this approach to take a first step in trying to elucidate the mating decision
in the flycatchers’ hybrid zone. This study inspired many of the questions asked
in this thesis and I therefore believe that it is useful to summarize its main
results. 

In the aforementioned study, we tried to quantify the fitness consequences of
hybridization by first validating the presumed costs of producing hybrid
offspring, then estimating the actual proportion of hybrids found in mixed-
species broods and finally calculating the predicted reproductive output of
mixed and pure-species pairs. The data were collected on Gotland and in the
Czech Republic. As mentioned above, the pied flycatcher is the scarcer breeding
species and it is therefore easier to understand why a female pied flycatcher
would end up with a male collared flycatcher, as she might not have much other
choice (engaging in a polygynous pair bond might be a possibility, but
secondary broods in such pairings have strongly reduced reproductive success
(Huk and Winkel 2006)). For female collared flycatchers, pairing with a pied
flycatcher male is more difficult to understand, as she is surrounded by
conspecifics. We therefore focussed on mixed-species pairs with a female
collared flycatcher. As a first step, the very low fertility of hybrid females was
confirmed as a severe cost of hybridization. In the next step, it turned out that
the proportion of hybrid female young in the mixed-species broods was much
less than expected. The sex ratio was skewed towards sons (see figure 1.4).
More importantly, we found that on average 56% of all nestlings in mixed-
species broods did not originate from the social (heterospecific) male but were
sired by an extra-pair father (figure 1.5A). Most importantly, this extra-pair
father was in all case, and for both pairing types, conspecific to the female
(figure 1.5B) which means for the mixed-species pairs that the production of
unfit hybrids is strongly avoided. Both factors combined to strongly reduce the
estimated cost for a female collared flycatcher to accept a male pied flycatcher.
Nevertheless a cost still remained as a sizeable proportion of the broods
consisted of hybrids. Lastly, we estimated the reproductive success of a brood by
the fledging success of its nestlings. It turned out that the number of fledged
young through the breeding season differed markedly between mixed-species
and pure collared flycatcher pairs. At the end of the breeding season, female
collared flycatchers that mated with a male pied flycatcher enjoyed a higher
fledging success, even after subtracting the fitness loss as a consequence of
producing hybrids. Our study suggested that under some circumstances female
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collared flycatchers could have a fitness advantage by choosing a male pied
flycatcher as a mate. It remained unknown what mechanisms underlie the pater-
nity and sex ratio patterns described. Could it be that females adaptively change
their sex allocation and their strategy for searching for extra-pair copulations?

Introduction 29

Figure 1.4. The sex ratio in pure collared flycatcher broods (CF x CF) and mixed-species
broods of a male pied flycatcher paired with a female collared flycatcher (PF x CF). Data
are presented from the hybrid zone in Gotland and in the Czech Republic. Numbers above
the bars indicate the sample sizes. Note that the sample sizes are slightly larger compared
to Veen et al. 2001 as some additional samples from the same period have been added. 
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Figure 1.5. Proportion of nestlings fathered by a different male than the social male
(extra-pair nestlings) for pure collared flycatcher broods (CF x CF) and mixed-species
broods of a male pied flycatcher paired with a female collared flycatcher (PF x CF) (A).
The proportion of these extra-pair nestling which is fathered by a male conspecific to the
female is given in the figure B. Data are presented from the hybrid zone in Gotland and in
the Czech Republic. Numbers above the bars indicate the sample sizes.
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Plate 5. A. A male collared flycatcher singing.
B. A male collared flycatcher displaying when a female approaches.
C. A collared flycatcher nest with eggs.
D. An incubating female collared flycatcher.



Introduction 31

A

C

B

Plate 6. A. A hybrid male entering the nest-box to feed the nestlings. Photo Johan Träff.
B. A female collared flycatcher with a caterpillar. Photo Johan Träff.
C. A fledged pied flycatcher nestling. Photo Johan Träff.



Or could the high levels of conspecific extra-pair young be the results of some
interspecific compatibility problem such as conspecific sperm precedence?
Furthermore, the cause of the differences in reproductive output from pure and
mixed pairs remained to be elucidated. 

In this thesis I will try to elucidate the factors affecting the mating decisions
in the flycatcher hybrid zone. This requires the acquisition of good estimates of
the different costs and benefits involved, and to obtain these I used a variety of
approaches, including field experiments, database analyses, stable isotope
analyses, and theoretical modelling. For similar reason as outlined earlier, the
main focus will be on the female (collared flycatcher) side of the mating deci-
sions.

Engaging in a mixed-species pair may under some circumstances entail a
fitness benefit for female collared flycatchers. The high levels of extra-pair pater-
nity and sex ratio skew are two crucial components, but what we do not know is
what mechanism causes these effects. In chapter 2 an experimental approach
was used to try to find out whether the high levels of conspecific extra-pair
young were the result of an adaptive female strategy or a compatibility problem.
In the field, male collared flycatchers were caught upon arrival at the breeding
grounds and divided in two groups. The white parts of the male plumage of one
group were manipulated with a black marker pen to make them resemble a pied
flycatcher male and the other group functioned as a control. The pairing success
and speed of pair formation of the experimental males was determined in the
field. Blood samples collected from the nestling in broods attended by an experi-
mental male were used to determine the sex ratio and level of extra-pair pater-
nity within the broods. 

In chapter 3 my colleagues and I investigate the potential origin of direct
benefits a female might gain from a heterospecific mate. We looked at two direct
benefits the female could experience by being mated to a heterospecific male:
heterospecific males could occupy a superior territory or use it in a different way
to extract resources for the offspring. The ‘quality’ of the territory was investi-
gated using the long-term database. All nest-boxes were divided in two cate-
gories: nest-boxes in which a pied flycatcher male had been recorded breeding
and nest-boxes in which only collared flycatcher males had bred. Only the repro-
ductive success of pure collared flycatcher broods was compared between these
two categories to see if the location of the nest-box per se influenced the repro-
ductive success. The idea that males might utilise the territories differently was
tested by examining if males of the two species differed in their food provi-
sioning rate and whether they brought in different prey items.

Chapter 4 follows up on the previous chapter. Here, we tried to unravel the
causes underlying the differences in reproductive output between territories
occupied by the two species and focus on habitat characteristics. First we char-
acterised the tree species and vegetation density around the nest-boxes of the
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two flycatcher species. In a second step, this was linked with the temporal abun-
dance of an important food resource, caterpillars, to predict the food abundance
in territories of the two species through the breeding season. 

The inherent developmental defects resulting in hybrid fertility and sterility
are often regarded as the most influential costs of hybridization. However,
hybrids might suffer a reduced fitness as a consequence of suboptimal perform-
ance due to their intermediate phenotype not being optimised to either parental
niche. Intermediate migratory behaviour of hybrids has been put forward as one
such ‘extrinsic’ cost of hybridization. In chapter 5, we investigated whether
hybrids followed an intermediate migratory route and ended up at suboptimal
wintering grounds. We tested if hybrids had a higher winter mortality compared
to the parental species, which would be predicted if they would take an interme-
diate route. Second, we characterised the different wintering locations of the
two parental species with the use of stable isotope signatures extracted from
feathers moulted on the wintering sites. These signatures were then compared
with those of the hybrids to infer where they spent the winter. 

Pre-zygotic isolation is a key component in reproductive isolation. A major
obstacle in the evolution of pre-zygotic isolation is that the required association
between a species specific trait and preference for it is dissociated rapidly
through recombination. There are several ways to circumvent this, of which
physical linkage of the trait and preference on the same part of the genome is
one. It is known for flycatchers that the species specific male trait is located on
the Z chromosome, but it is currently unknown how species recognition is deter-
mined. In chapter 6, we used a combination of database analyses, molecular
techniques and experimental work in the field to establish how female
flycatchers determined which species to prefer. 

In order to fully understand the mating decisions in a hybrid zone, an inte-
gration of both sexual selection and species recognition is required. While trying
to achieve this, we noticed that sexually selected signals are frequently used in
different contexts, namely in male-male competition and female choice. Such
‘dual-function signals’ are common in nature and must be understood before an
attempt can be made to combine sexual selection theory and species recogni-
tion. In chapter 7, we derived a theoretical framework for the evolutionary
dynamics of dual-function signalling and described several surprising results.

Chapter 8 is the synthesis of this thesis. In this chapter our current know-
ledge of the costs and benefits of hybridization in the flycatchers system will be
reviewed. 
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