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While sexual selection is generally assumed to quickly cause or strengthen prezygotic barriers between sister
species, its role in causing postzygotic isolation, through the unattractiveness of intermediate hybrids, is less
often examined. Combining 24 years of pedigree data and recently developed species-specific molecular
markers from collared (Ficedula albicollis) and pied (Ficedula hypoleuca) flycatchers and their hybrids, we were
able to quantify all key components of fitness. To disentangle the relative role of natural and sexual selection
acting on F1 hybrid flycatchers, we estimated various fitness components, which when combined represent
the total lifetime reproductive success of F1 hybrids, and then compared the different fitness components of F1
hybrids to that of collared flycatchers. Female hybrid flycatchers are sterile, with natural selection being the
selective force involved, but male hybrids mainly experienced a reduction in fitness through sexual selection
(decreased pairing success and increased rate of being cuckolded). To disentangle the role of sexual selection
against male hybrids from a possible effect of genetic incompatibility (on the rate of being cuckolded), we
compared male hybrids with pure-bred males expressing intermediate plumage characters. Given that sexual
selection against male hybrids is a result of their intermediate plumage, we expect these two groups of males to
have a similar fitness reduction. Alternatively, hybrids have reduced fitness owing to genetic incompatibility, in
which case their fitness should be lower than that of the intermediate pure-bred males. We conclude that sexual
selection against male hybrids accounts for approximately 75% of the reduction in their fitness. We discuss
how natural and sexual selection against hybrids may have different implications for speciation and conclude
that reinforcement of reproductive barriers may be more likely when there is sexual selection against hybrids.
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1. INTRODUCTION
Understanding the selective forces involved in the evolution
of reproductive isolation between populations can give us
important insights into the origin and maintenance of the
large diversity of species found in nature. Despite the
widespread implications of sexual selection and sexual
conflict for the evolution of prezygotic isolation (e.g. Price
1998; Rice 1998; Owens et al. 1999; Arnqvist et al. 2000;
Gavrilet 2000), the role of selection in postzygotic isolation
is typically dominated by discussions of genetic incompat-
ibilities (e.g. Noor 1997; Howard er al. 1998; Brown & Eady
2001) or hybrids failing to use parental niches (e.g. Grant &
Grant 1997; Hatfield & Schluter 1999; Naisbit ez al. 2001).
However, the postzygotic isolation can also result from
sexual selection. For instance, intermediate phenotypes may
make hybrids unattractive to potential partners of either
parental species (e.g. Wiernasz & Kingsolver 1992).

Sexual selection against hybrids can have important
consequences for the process of reinforcement in
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secondary contact between diverged populations. Accor-
ding to theory, the evolution of prezygotic isolation may
result from natural selection against hybridization
(Dobzhansky 1937, 1940). However, a small amount of
gene flow between two populations can inhibit this
type of divergence by causing recombination between
alleles that cause assortative mating and those that cause
hybrid inviability (e.g. Servedio & Kirkpatrick 1997;
Kirkpatrick & Servedio 1999). When selection against
hybrids is driven by their unattractiveness, the same trait
is involved in both pre- and postzygotic isolation and
recombination is therefore less of a problem.

Several previous studies have identified sexual selection
against hybrids (e.g. Vamosi & Schluter 1999; Gray &
Cade 2000; Bridle ez al. 2006), but the relative importance
of sexual selection for postzygotic isolation is rarely
investigated, due to it being a rather complicated under-
taking. The most informative approach for estimating
effects of hybridization is to measure the relative difference
in fitness between hybrid and parental species under
natural conditions. However, the typically low frequency
of hybridization, and the difficulty of following individuals
in the wild throughout their lifetime and measuring all
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components of fitness, have generally precluded such
studies in the past.

By combining 24 years of pedigree data and recently
developed species-specific molecular markers, we investi-
gate here the selection processes acting on F1 hybrid
Ficedula flycatchers, at different stages of their life cycle, to
infer the roles of natural and sexual selection in causing
postzygotic isolation in a natural hybrid zone. Collared
(Ficedula albicollis) and pied (Ficedula hypoleuca) flycatch-
ers are two closely related passerine bird species that
probably came into secondary contact since the last glacial
period (Sether er al. 2001). They hybridize where they
co-occur in central and eastern Europe and on the two
Baltic islands Oland and Gotland off the east coast of
Sweden (Alatalo et al. 1990). It was on these two islands
that the current study took place. The Baltic hybrid zone is
relatively young, where the two Ficedula species have been
in contact for ca 150 years (F hypoleuca being the
predecessor; Lundberg & Alatalo 1992). Pied and collared
flycatchers generally mate species assortatively but
hybridization occurs at a moderate frequency and
heterospecific pairs constitute 3-4% of the breeding
pairs that we have monitored. Approximately 4 and 2%
of the individuals in the population are hybrids (percen-
tages refer to Oland and Gotland, respectively). Both
species are sexually dimorphic in plumage and males of
the two species differ in plumage characters (Svensson
1992) and song (e.g. Haavie er al. 2004), both of which are
important in species recognition (Seether ez al. 1997; Wiley
et al. 2005; Qvarnstrom et al. 2006). Males generally arrive
at the breeding grounds a week earlier than females
(Part & Gustafsson 1989) and start to defend a territory.
Males attract females by song and courtship displays.
Females then visit several males before choosing a partner
and settling (Dale ez al. 1990). Females of both Ficedula
species have been shown, by controlled mate choice
experiments, to discriminate against heterospecific males
(Szther er al. 1997), an important precondition for the
existence of sexual selection against hybrids. The main
aim of the present study is to investigate the relative
importance of sexual selection in causing postzygotic
isolation. Since the two species use very similar foraging
niches (Wiley et al. 2007), natural selection against
hybrids probably results from genetic incompatibilities.
We use pure-bred males with intermediate morphological
phenotype (similar to hybrid males in appearance but
without hybrid gametes) to disentangle sexual selection
against hybrid males from a fertility reduction caused by
genetic incompatibility. Given that sexual selection against
male hybrids is a result of their intermediate plumage we
expect these two groups of males to have a similar fitness
reduction. Alternatively, hybrids have reduced fitness
owing to genetic incompatibility, in which case their
fitness should be lower than that of the intermediate pure-
bred males. Previous studies have estimated the repro-
ductive success of Ficedula hybrids (Alatalo ez al. 1990;
Veen et al. 2001). For example, Veen er al. 2001 used the
reproductive success of hybrids to be able to incorporate
this in the predicted reproductive success of heterospecific
pairs. The main conclusion in this latter paper was, from a
hybridizing female’s point of view, that the low fitness of
hybrid offspring was counteracted by elevated levels of
extra-pair offspring sired by conspecific males. Our
present study aims to tease apart which components
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(sexual versus natural selection) determine hybrid repro-
ductive success, thus here we focus on the ‘next level’
(reproductive success of hybrids and not heterospecific
species pairings).

2. MATERIAL AND METHODS

(a) Fitness of male hybrids

(1) Study area and species identification

The study was performed on the two Baltic islands, Oland
(57°10' N, 16°58’ E) and Gotland (57°10’ N, 18°20’ E), off
the east coast of Sweden. The densities of the two species are
greatly skewed, with collared flycatchers constituting 85 and
95% of the flycatcher populations on Oland and Gotland,
respectively. On Gotland, nest-box areas have been estab-
lished and monitored from 1980 to present, while on Oland
nest-boxes have been monitored during two separate periods,
between 1981-1985, and 2001 to present. Field identifi-
cation of males of the two species was based on their distinct
plumage characters as well as species-specific song and alarm
calls (Svensson 1992). F1 hybrids have intermediate plumage
(Sether er al. 2003), but overlap with extremes in plumage
characteristics present in the parental species. This makes
identification of hybrids based on morphology alone
unreliable. Based on plumage characters, we categorized all
males in the field into three groups; collared, pied and
intermediate. Hybrid status of intermediate males was
confirmed if pedigree data showed that they were reared as
nestlings by a heterospecific pair, or if molecular diagnostic
markers supported their F1 hybrid status (see below).

To determine hybrid status genetically, blood samples
(5 ul) were taken from the brachial vein and stored in ethanol,
and later DNA from all birds was extracted and purified
using standard phenol-chloroform extraction. Birds were
genotyped at nuclear sites containing species-informative
single nucleotide polymorphisms, using tag-array based mini
sequencing assays as described by Seaether er al. (2003).
Several markers (N=40) were used in 29 different genes (see
Borge et al. 2005). Assignment tests were carried out by
applying the Bayesian cluster method of Pritchard et al
(2000) as implemented in the software STRUCTURE. Individ-
uals were identified either as collared, pied or F1 hybrids.
Combined, the markers have a very high power of
differentiating between collared, pied and F1 hybrid geno-
types (more than 99% accuracy). It is even possible to identify
first- and second-generation backcrosses using this tech-
nique (C. Wiley, A. Qvarnstrom, G. Andersson, T. Borge &
G.-P. Seetre 2008, unpublished results).

We investigated the phenotypic overlap between collared
(CF), pied (PF), F1 hybrid (HY) and non-hybrid inter-
mediate (INTER) flycatcher males by measuring the
following plumage characters: % grey within the black
upperparts, sum of the length of white on the outer six
primaries (mm), area of the white forehead patch (mm?) and
area of white on the outer two feathers on each side of the tail
(mm®). In addition, we measured tarsus length (mm) and
wing length (mm). Morphological differences between the
four male groups were examined by generating two principal
components explaining the majority of variation in the six
characters measured.

(ii) Pairing success (mate attraction)
The probability of breeding in any one year is an essential
component of fitness and is mainly an indication of success at
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competition for females (i.e. establishing good territories and
possessing preferred ornaments). We estimated pairing
success using two different methods. In the first method, on
Oland in April-May 2005, we caught a large number of
males, newly arrived to the breeding sites but before pair
formation. This was done as males inspected vacant nest-
boxes soon after arrival. Males that were successful in
attracting a female were recaptured and identified when
feeding their nestlings later in the season. Since egg
hatchability might influence the probability of individuals
being recaptured, and failing in recapturing some individuals
might lead to a bias when estimating reproductive success, we
swapped three newly hatched chicks into all nests containing
sterile eggs until the male was caught. Because this fitness
(i.e. pairing success) component was a priori considered to
reflect sexual selection against intermediate hybrid pheno-
types, we combined hybrids and intermediate non-hybrids
into a single group (which was then compared to collared and
pied flycatchers).

In the second method, we estimated pairing success by
calculating (from long-term breeding data) the number of
years that each male was found breeding, divided by their
lifespan (described later). Because intermediate non-hybrids
can have normal plumage in other years of their life
(N. Svedin er al., unpublished data), and therefore cannot
be used in comparison of reproductive success, only true
hybrids were used in this analysis. Because lifespan is likely
to be an underestimate (as lifespan is inferred from their last
recorded breeding event, see below), the estimates of pairing
success using this technique are likely to overestimate actual
pairing success. However, the reduction in pairing success of
hybrids when compared with the parental species is a
relative measure and should, therefore, be robust against
such biases. Because it was not possible to classify
immigrants of intermediate plumage as either hybrids or
intermediate non-hybrids (given lack of knowledge on their
parents), the dataset for both hybrids and purebreds was
restricted to birds hatched in the study area. When we
calculate lifetime reproductive success (below), we present
two estimates each based on one of the two methods of
estimating pairing success.

(iii) Amount of extra-pair young within nests

As in other birds, female flycatchers sometimes engage in
extra-pair copulations (e.g. Griffith er al. 2002; Westneat &
Stewart 2003). This is a potentially strong component of
sexual selection against hybrid males. To investigate this, we
analysed the ratios of extra-pair paternity in broods reared by
the four male groups (CF, PF, HY and INTER). We
compared the alleles of nestlings at five microsatellite loci
(Fhul, Fhu2, Fhu3, Fh4 and Pdu5) with those of the female
and male attending the nest, to determine the proportion of
nestlings sired by extra-pair males (PCR method and
protocol from Haavie ez al. (2000)). However, the occurrence
of high ratios of extra-pair paternity need not only to stem
from sexual selection, but also could be a result of failure of
hybrid male sperm to fertilize eggs (e.g. Howard ez al. 1998)
or it might be that offspring from hybrid males suffer from
higher rates of embryonic death. Neither sperm incompat-
ibility nor embryonic death can be considered as sexual
selection against male hybrids (although sexual selection may
have driven the evolution of incompatibility in the first place).
However, the existence of intermediate non-hybrid males
(with similar phenotype to hybrids but without hybrid
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gametes) provides an unique opportunity to infer the
importance of sexual selection against hybrids when control-
ling for effects of genetic incompatibility on increased levels of
extra-pair paternity. We considered the levels of extra-pair
paternity in nests of male F1 hybrids, beyond that in nests of
intermediate non-hybrid males to stem from genetic
incompatibility (i.e. reduced intrinsic fertility of the males
that does not depend on the number, quality or reproductive
investment of their mates). Thus, we assume that F1 hybrids
experience higher extra-pair paternity caused by both genetic
incompatibility and a reduction in sexual attractiveness while
intermediate males solely experience a reduction in paternity
caused by decreased sexual attractiveness.

(iv) Breeding success and lifespan
All nest-boxes were visited at regular intervals throughout
the breeding season (May and June) and data on pair
formation, onset of egg laying, clutch size, number of
hatchlings and fledglings was recorded. All adults and
nestlings were ringed with individually marked metal rings,
allowing later identification. Fledglings that recruited back
to the breeding grounds in later years were inferred from
long-term breeding records. To allow for the fact that certain
fledglings may not have bred for the first time in the final
year of this study (2005), we excluded data from years 2002
to 2005. Our long-term dataset consisted of repeated
observations of some individuals but we treat each
breeding/pairing event as independent. This is because
very few pairings involved the same pair of individuals in
different years, and also since the within-individual repeat-
ability of life-history traits, such as number of fledglings or
recruits, is very low (Merild & Sheldon 2000; Przybylo er al.
2000). For analyses of variables of breeding success (rate of
extra-pair young, hatch rate, fledgling rate and recruitment
rates), we used generalized linear models (GLMs) with
binominal error (logit link) and appropriate denominators
(McCullagh & Nelder 1989). Sexual selection arises through
variation in both the number and the quality of mates
obtained, and because breeding success depends on the
quality of both parents, components of natural and sexual
selection partly blend. We have chosen to assign the
components of breeding success that are primarily
determined by the quality of the females as sexually selected
fitness components from the hybrid male perspective. By
contrast, we assume that components of breeding success
that largely depend on the intrinsic quality of the hybrid
male are naturally selected fitness components. Thus, we
expected variation in clutch size to primarily reflect sexual
selection (i.e. variation in female quality, Darwin 1871;
Burley 1986; Kirkpatrick ez al. 1990). It probably also
reflects pairing speed (earlier broods are larger, e.g. Howe
1978), and a female’s investment into the brood, which is
potentially affected by attractiveness of her mate (e.g.
Cunningham & Russell 2000). Estimations of sexually
selected fitness components of hybrids come from com-
bining data on all intermediate looking birds (F1 hybrids and
intermediate non-hybrids). All other components of breed-
ing success (hatching rate, fledgling rate and recruitment
rate) were considered a priori to primarily reflect natural
selection, and were therefore estimated using only data from
true hybrids.

The age of individuals can be estimated from the year they
hatch or from plumage characters if caught for the first time
as a l-year-old (Ojanen 1987). In this study, lifespan was
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estimated as the age at which individuals were last recorded
breeding. We excluded individuals breeding in 2002 or later
to account for the fact that they might still be alive at the
conclusion of this study.

(b) Fitness of female hybrids
In addition to the detailed examination of male hybrid fitness,
we investigated the breeding success of female hybrids to
confirm previous suggestions that they are sterile. The genetic
markers used in this study allow a much more powerful tool to
identify hybrids accurately than was available in previous
studies of the fitness of female hybrid flycatchers (e.g. Alatalo
et al. 1990; Veen et al. 2001). Here, we only used females
where diagnostic molecular markers supported their true
identity as either collared, pied or F1 hybrid females.
Scaling parameters were adjusted when the data were
over-dispersed (dispersal parameters=2.02, 1.48 and 3.41
for the analysis on ratio of extra-pair paternity, hatching rate
and proportion of young fledged, respectively).

3. RESULTS

(a) Fitness of male hybrids

In total, 5440 male collared flycatchers, 315 male pied
flycatchers and 319 intermediate-looking males (i.e. 5.2%
of all males) were monitored on Gotland and Oland
throughout the study. Out of the 319 intermediate-looking
males, 191 males were confirmed as hybrid or non-hybrid
through pedigrees or genetic data. The remaining males
were immigrants without pedigree information or blood
sampled. Of these 191 males with confirmed species
identity, 63 individuals were identified as F1 hybrids and
the remaining 128 males were not F1 hybrids. From these
128 males, 105 males were confirmed through genetics to
have collared (103) or pied (2) genotypes. The 23
remaining males were hatched from pure pairs, and
because extra-pair mating with heterospecific males are
very rare (Veen et al. 2001; this study) we assume that
these were non-hybrids (all collared flycatchers). In no
case (when comparison was possible) did the pedigree
data deviate from the molecular identification.

We analysed morphological variation in a subset of
males for which we confirmed genotype through mole-
cular analysis or pedigrees, and for which we had all
morphological measurements (CF=111, PF=82,
HY=27 and INTER=50). Intermediate non-hybrids
closely resembled F1 hybrids in plumage and other
morphological characters (figure 1 and tables 1 and 2).

Analysis of variance (ANOVA) indicated that these
groups significantly differed along the first principal
component (PC1, F;369=263.23, p<<0.0001). There
was no significant difference in PC2. Tukey’s pairwise
comparisons indicated that F1 hybrids and intermediate
non-hybrid males did not significantly differ in PC1 from
each other, but that both were significantly different from
collared or pied groups. The PC1 is based primarily on
variation in plumage characters, while PC2 is based
primarily on body size (table 2). The PC1 explained
43.3% of the variation and PC2 an additional 15.3% of the
variation. The high similarity between hybrid and
intermediate non-hybrid males validates the use of
intermediate non-hybrid males to disentangle the effect
of natural and sexual selection against hybrid males.
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Figure 1. Principal component analysis incorporating six
morphological characters (tarsus length, wing length, fore-
head patch area, white in the wing, white on tail and % grey of
the head and back) of the four male groups (collared
flycatcher males, white diamonds; F1 hybrid males, grey
squares; intermediate non-hybrid males, grey triangles; and
pied flycatcher males, black diamonds).

(i) Male pairing success

On Oland in 2005, we caught 277 males prior to pairing
(collared=223, pied=35 and intermediates=19). Over-
all, intermediate birds had a pairing rate of 0.263, which
was only half the pairing rate of collared (0.498) and pied
(0.486) males. However, this difference was not statisti-
cally different (x3=4.143, p=0.1260), owing to the small
samples of intermediate males obtained.

Using the second method of analysing pairing success
of males (using the pedigree data), the analysis from their
number of breeding attempts during their lifetime (on
Gotland) revealed the similar pattern that males in the
three groups (CF, PF and HY) had different pairing
success (ANOVA, F; ;574=14.616, p<0.0001). Hybrids
had significantly lower paring success than collared
flycatchers (table 3). Pied flycatchers, however, also had
a low pairing success that was lower than male collared
flycatchers but not significantly different from that of
hybrid males (table 3). This is probably a reflection
of the fact that this dataset came from birds on Gotland
(where pied flycatchers are rarer) while the first analysis
of early caught male flycatchers were based on data
from Oland, where there is a greater abundance of
female pied flycatchers. Lifespan is likely to be under-
estimated, while pairing success therefore is probably
overestimated. However, their product, the lifetime
number of breeding events, is well estimated from our
long-term breeding data.

(ii) Ratios of extra-pair young within nests

We analysed the paternity of a total of 103 broods reared
by the four male groups (CF=58, PF=23, HY=6 and
INTER=16). Overall, we detected extra-pair young in
26.2% of flycatcher broods and extra-pair young com-
prised 12.8% of 585 nestlings. The proportions of extra-
pair young strongly differ between the four male groups
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Table 1. Mean values and s.d. (sample size in brackets) of morphological traits measured in a subset of collared (CF), F1 hybrids
(HY), non-hybrid intermediates (INTER) and pied (PF) flycatcher males with genotypes confirmed through molecular

analysis or pedigrees.

morphological traits CF (N=111) HY (N=27) INTER (N=50) PF (N=82)
tarsus length (mm) 19.240.6 19.240.5 19.44+0.5 19.34+0.5
wing length (mm) 83.1+1.7 80.8£2.0 81.6+2.0 79.5+1.9
forehead patch area (mm?) 77.8+13.7 62.71+17.5 62.5+15.6 28.4+11.3
% grey on back and head 6.3+6.3 19.0+21.0 16.7+22.6 36.9+35.7
white in tail feathers (mm?) 31.3+50.5 86.91+98.8 61.11+78.6 166.4+101.3
white on wing patch (mm) 24.6+15.8 20.6+12.4 22.8+12.2 5.0+3.8

(GLM with binominal error, F30,=18.47, p<0.001).
The difference was caused by the much higher rates of
extra-pair paternity within the nests of hybrid males than
in the nests of collared and pied males (table 3).

(ii1) Breeding success and lifespan

We compared several components of breeding success
between F1 male hybrids and males belonging to the two
parental species (table 3). Intermediate non-hybrid
males were used to disentangle a possible reduction in
reproductive success, either caused by reduced quality/
investment of the females due to sexual unattractiveness of
male hybrids (sexual selection) or caused by genetic
incompatibility (natural selection). Females paired to
male hybrids did not lay significantly smaller clutches
when compared with the two parental species but their
hatching rates were significantly lower (GLM, F5 003 =
5.38, p<0.001). We assume that this reduction in
hatching success is caused by genetic incompatibility
because intermediate non-hybrid males did not experi-
ence a similar reduction in hatching rate. There was no
significant reduction in the fledging rates of hatched
offspring in the nests reared by male hybrids and no
significant reduction in the probability that these offspring
recruited back to the breeding population.

There were some significant differences between the
two parental species. Pied flycatchers have larger clutch
sizes (ANOVA, F; 4241=5.831, p<0.0006) and a higher
proportion of their nestlings fledged (GLM, F;5335=
5.45, p<0.001) but a lower proportion of their fledged
offspring returned back to the breeding population (GLM,
F3’3715:30.06, p<0001)

The lifespan did not significantly differ between male
groups (ANOVA, F; ;570=2.14, p=0.093). However, the
proportion of yearling males was slightly higher among
male pied flycatchers (44%) and non-hybrid intermediate
males (44%) when compared with male collared flycatch-
ers (30%) and male hybrids (29%, x3=45.809, p<0.001).

(b) Fitness of female hybrids

In total, 6058 female collared flycatchers, 322 female
pied flycatchers and 110 suspected female hybrids (i.e.
1.7% of all females) were monitored. In a subset of 230
females, we assigned species identity based on the 40
genetic markers (CF=199, PF=17, HY=26). The
genetic classification corresponded to the phenotypic
classification. Analysis of hatching rates of females that
had been assigned species identity by the use of molecular
markers showed a significant difference between female
groups (GLM, F, 5y; =28.486, p<0.0001) explained by
the complete sterility of F1 hybrid females (means+s.e.
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Table 2. Eigenvectors of morphological variables and the first
two components (PC1 and PC2) obtained in the principal
component analysis. (The PC1 explains 43.3% of the
variation and PC2 an additional 15.3%.)

variable PC1 PC2
tarsus length —0.08447 0.94860
wing length 0.43980 0.30598
forehead patch area 0.49924 —0.4860
% grey on back and head —0.40681 0.04694
white in tail feathers —0.45132 0.04092
white in wing patch 0.42546 0.01734

for CFN: 176 — 5.676+ 0205, PFN: 14— 5.785+ 0727,
HY y—14=0.000+0.000).

(¢) Relative importance of sexual selection against
male hybrids

We estimated lifetime reproductive success as the product
of all fitness components (table 3) and the calculation of
relative fitness of hybrids is based on these estimates. We
found that the fitness of male hybrids was 47 or 32% of the
fitness of male collared flycatchers depending on which of
our two estimate of pairing success that we used. In order
to single out the effect of sexual selection acting against
male hybrids, we constructed an additional estimate of
lifetime reproductive success where all naturally selected
fitness components were kept equal to those of collared
flycatchers (all values from table 3). Furthermore, the
sexual selection component of ‘proportion of within-pair
young’ of male hybrids was estimated using pure-bred
males with intermediate phenotype (0.737, see results
above) to control for a possible effect of genetic
incompatibility. According to this estimate (where we
use the most conservative estimate of pairing success and
when the effect of natural selection is being controlled for),
the fitness of male hybrids was 61% of the fitness of male
collared flycatchers. Thus, 74% of the overall reduction in
fitness of hybrid males was attributable to sexual selection.

4. DISCUSSION

Our results confirm, through the use of molecular
markers, that female hybrids between pied and collared
flycatchers are sterile (e.g. Alatalo ez al. 1992), and that
male hybrids experience a reduction in fitness (e.g.
Tegelstrom & Gelter 1990; Veen er al. 2001). We also
observed low local fitness of pied flycatchers (compared to
collared flycatchers) that probably stems from the fact that
they are being out competed by collared flycatchers from
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most of our study areas on the two islands and that they in
general display a higher dispersal (Lundberg & Alatalo
1992). This means that we cannot follow the reproductive
success of pied flycatchers throughout their lives. Since
there are allopatric populations of pied flycatchers
surrounding the Swedish Ficedula hybrid zone, any pied
flycatcher that disperse stands a good chance of finding a
mate. Male hybrids, on the other hand, generally do not
breed outside the hybrid zone and we therefore compare
their lifetime fitness to that of collared flycatchers. The
main goal of our study was to disentangle the effect of
natural and sexual selection on male hybrids. We found
that male hybrids are approximately half as fit as male
collared flycatchers (based on our most conservative
estimate). The reduced fitness of hybrid males largely
resulted from a poor ability to acquire a mate and from
larger ratios of extra-pair young within their nests. Both
these features are important components of sexual
selection. However, the increased levels of extra-pair
young may partly be caused by hybrid sperm inviability
or sperm incompatibility (e.g. Wade er al. 1994; Price
1997; Birkhead 1998; Hellberg & Vacquier 1999; Palumbi
1999), or perhaps an early embryonic death of backcross
offspring. We did not detect any reduction in male hybrid
fitness through sexual selection through female fecundity
(here estimated by clutch size).

The existence of sexual selection against hybrids is
known from other hybrid zones (e.g. West-Eberhard 1983;
Wiernasz & Kingsolver 1992, Vamosi & Schluter 1999,
Bridle er al. 2006). However, few studies have attempted
to estimate the relative importance of sexual selection in
causing postzygotic isolation in natural populations. In
this study, we found that the major reduction in fitness of
male hybrids is caused by a disadvantage in competition
over mates. Selection against hybrid males accounts for
approximately one-third of the total postzygotic isolation
between the two species, and approximately 75% of this
selection is attributable to sexual selection. Thus, the
reduced ability of hybrid males to compete for mates
explains approximately one-quarter of the total postzygo-
tic isolation between collared and pied flycatchers. Our
estimate of the relative strength of sexual selection against
male hybrids partly depends on the assumption that non-
hybrid males with intermediate phenotype provide a
reasonable control for natural selection against hybrids.
Given that selection against male hybrids is a result of a
disadvantage in competition over mates resulting from
their intermediate plumage, we would expect these two
groups of males to have a similar fitness reduction.
Alternatively, hybrids have reduced fitness owing to
genetic incompatibility, in which case their fitness should
be lower than that of the intermediate pure-bred males.
Thus, we assume that any fitness reduction of hybrid
males beyond the fitness reduction of intermediate pure-
bred males reflects genetic incompatibility. Such an
assumption might not be valid. The intermediate charac-
teristics of certain individuals may be a result of
developmental stress (Badyaev et al. 2005; Spencer et al.
2005) and hence reflect males that are of poorer quality.
Although we did not detect a reduced lifespan of non-
hybrid males with intermediate phenotype, we cannot
exclude the possibility that these males had a decreased
ejaculate quality, hence increasing the rate of extra-pair
young through natural selection (i.e. through a reduction
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in fertility of the males). This could suggest that the
relative importance of sexual selection, in influencing
ratios of extra-pair young in hybrid nests, might be
overestimated using intermediate non-hybrids in our
comparisons. Alternatively, estimates using intermediate
non-hybrid males might produce an underestimate of
sexual selection against hybrids. While our analyses
demonstrate that hybrids and intermediate non-hybrids
are morphologically similar, hybrid males also frequently
possess intermediate vocalizations, where they incorporate
song elements from both parental species (Gelter 1987).
This intermediate singing is lacking in intermediate non-
hybrids, suggesting that the pairing success of hybrids may
be overestimated. Thus, our estimates of the relative
importance of sexual selection in reducing the fitness of
male hybrid flycatchers should be considered as approxi-
mate. Nevertheless, overall our results show that sexual
selection constitutes an important selective force against
male hybrids.

According to Haldane’s rule (1922), hybrid sterility
and inviability evolve relatively faster in the heterogametic
sex, and this pattern is clearly followed in flycatchers
where females constitute the heterogametic sex. The two
major and generally best-supported explanations for
Haldane’s rule are the dominance theory and the faster-
male theory (Coyne & Orr 2004). We can directly exclude
the faster-male theory since that theory is applicable only
to taxa in which males are heterogametic. The dominance
theory is an extension of the Dobzhansky—Muller model,
which assumes that hybrid dysfunction is caused by
epistatic effects between genes that have not co-evolved
(i.e. by genes that have evolved in isolated populations and
therefore interact poorly when co-occurring in hybrids).
According to the dominance theory, all incompatible
Z-linked genes will affect female hybrids whereas only
incompatible genes with dominant effects influence male
hybrid dysfunction (Muller & Pontecorvo 1942). This is
consistent with the apparently minor reduction in male
hybrid intrinsic fertility when compared with female
hybrid intrinsic fertility (this study) and with the
observation of introgression of autosomal genes but not
of Z-linked genes in these flycatchers (Seether ez al. 2003).
At present, the identity of the Z-linked genes that
potentially leads to incompatibility between the two
flycatcher species remains unknown but an ongoing
genetic mapping project (e.g. Backstrom er al. 2006)
opens novel possibilities for revealing details about the
genetic bases of reproductive isolation barriers.

The build-up of genetic incompatibilities that cause
complete postzygotic reproductive isolation (i.e. non-
viable hybrids) is a very slow process (e.g. Price & Bouvier
2002) and speciation is therefore believed to also rely on
the evolution of assortative mating (i.e. individuals mate
within their own subgroup). This is because divided
populations are likely to come into secondary contact
before they are completely incompatible. Partial incom-
patibilities will then cause selection that favour individuals
that mate assortatively in accordance with their population
of origin (Dobzhansky 1937, 1940). Disruptive selection
for assortative mating is, however, problematic as a form
of reinforcement of population subdivision, because the
selection is not directly targeting the traits/genes that cause
hybrid dysfunction. A low level of gene flow between two
populations can then inhibit the speciation process by
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causing recombination between alleles that cause assorta-
tive mating and those that cause hybrid inviability (e.g.
Servedio & Kirkpatrick 1997; Kirkpatrick & Servedio
1999). However, when hybrids experience a disadvantage
in competition over mates due to their unattractive
intermediate phenotype, the same trait(s) is involved in
both pre- and postzygotic isolation and recombination
becomes less problematic for the speciation process
(Servedio & Kirkpatrick 1997). Thus, if postzygotic
isolation is driven through sexual selection, reinforcement
becomes much more likely (Servedio 2004). A previous
study on flycatchers implies that species-specific plumage
characters are Z-linked (Saether ez al. 2003), and we have
recently demonstrated that species-specific mate prefer-
ences are also determined by this sex chromosome (Sether
et al. 2007). These findings, together with the demon-
strated sexually selected disadvantage of hybrid males (this
study) imply that conditions for reinforcement are very
favourable in the flycatcher system. The detected sexual
selection against male hybrids (accounting for the main
reduction in their fitness) may therefore constitute an
important force that facilitates the evolution of complete
reproductive isolation. Furthermore, as the combined
forces of natural and sexual selection against hybrids
reinforce assortative mating, we anticipate that sexual
selection against male hybrids will become even stronger as
females of the two species become more discriminatory.

Both sexual selection and ecological factors are likely to
reduce hybrid fitness before genetic incompatibilities
evolve. Price (2007) outlined two important differences
between ecological versus sexual selection against hybrids
in addition to the effect on reinforcement outlined above.
First, reduced fitness of hybrids caused by sexual selection
means that hybrid unfitness would not be affected by
fluctuations in environmental conditions. When the fitness
of hybrids depends on ecological factors they may, in fact,
experience an advantage compared with their parental
species in certain environments. Second, the build-up of
hybrid unfitness caused by sexual selection is likely to
occur along multiple dimensions (due to plumage, song
and courtship behaviours). In this study, we have focused
on the role of intermediate plumage and are therefore
likely to underestimate the strength of sexual selection
against male hybrids (see discussion above).

To our knowledge, this is the first study attempting to
disentangle components of natural and sexual selection in
postzygotic isolation in a natural hybrid zone. We
summarize different components of natural and sexual
selection acting on F1 hybrids and found that natural
selection against female hybrids is the primary source of
postzygotic isolation in flycatchers, but there is also
substantial amount of sexual selection against male
hybrids. Male hybrids have approximately half the fitness
of male collared flycatchers and this reduction primarily
arises through a disadvantage in competition over mates.
This role of sexual selection in causing hybrid unfitness
has important implications for speciation.
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