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1.

Abstract

Speciation lies at the heart of evolution and the study of reproductive barriers allows a better
understanding of the different steps leading to the complete isolation of two species. Pre-mating
(behavior tactics, habitat or food divergence, phenotypic divergence and assortative mating) and
post-mating, post-zygotic isolation barriers (selection against unfit hybrids) are well studied in
numerous species, but little is known about what is happening between insemination and fertilization
(post-mating, pre-zygotic isolation barriers). In this study, we chose the well-studied population of
pied and collared flycatchers (Ficedula hypoleuca and F. albicollis) of the hybrid zone of Öland,
Sweden, to investigate possible patterns of gamete divergence between these two closely related
species. We compared sperm morphology between the two species and their hybrids, analyzing traits
that are thought to play an important role in the fertilization success of the males. We did not detect
any divergence in sperm morphology between the two species, but we report an extreme reduction of
sperm production in hybrid males, as well as spermatogenesis dysfunctions and particularly high
rates of extra-pair young in the nests of hybrid males.

2.

Introduction

Speciation and the mechanisms leading to it lie at the heart of studies of evolution since 1859, when
Darwin published his book “On the Origin of Species by Means of Natural Selection, or the
Preservation of Favoured Races in the Struggle for Life”. Today, different definitions of species are
used but for animals Ernst Mayr’s (1942) “biological species concept” remains the most popular one.
According to this definition of species, individuals that can interbreed and produce fertile offspring
belong to the same species, but are reproductively isolated from other such groups. Different species
are therefore formed and maintained through various reproductive barriers, and research on
speciation is often based on the evolution of such barriers (Birkhead and Brillard, 2007; Howard et
al., 2009; Palumbi et al., 1994; Wiley et al., 2009).
There are several types of reproductive barriers, usually classified in different categories depending
on if they are acting before or after mating and/or fertilization (Birkhead and Brillard, 2007; Howard
et al., 2009; Palumbi et al., 1994). Premating prezygotic barriers comprise mechanisms that prevent
individuals from choosing each other as mates, including mating behaviour divergence, divergence in
display traits, habitat segregation or divergence in timing of activity. Postzygotic isolating barriers
act after fertilization, mostly through selection against unfit hybrid offspring, i.e. hybrid inviability,
hybrid sterility or hybrid breakdown (the first generation of hybrids are viable and fertile, but further
generations of hybrids or backcrosses are inviable or sterile, Oka et al., 2004). Postmating,
prezygotic isolation, also called gametic isolation, occurs after ejaculation, but before fertilization
(Howard et al., 2009). Since most studies focus on either premating or postzygotic isolation, little is
known about what is happening between copulation and fertilization (Martin-Coello et al., 2009;
Sherman et al., 2009), mostly because postcopulatory prezygotic barriers are difficult to investigate
(Birkhead and Brillard, 2007). Ecologically dependent premating and postzygotic isolation
mechanisms are thought to evolve faster than genetic incompatibilities (i.e. incompatibilities between
the genomes of the two species that lead to unviable or sterile hybrid offspring; Ludlow and
Magurran, 2006). However, postmating prezygotic reproductive barriers might be really important in
terminating the reproductive isolation between two species, in particular when premating isolation
mechanisms (e.g. female choice) are not efficient enough to prevent heterospecific individuals from
mating (Ludlow and Magurran, 2006; Immler et al., 2011). According to Martin-Coello et al. (2006),
low fertilization success from a heterospecific male can be due to low efficiency in transferring
sperm, problems during the transport of the sperm (failure of the sperm to traverse the vagina, to
enter or exit the sperm storage organs or to reach the ovum, see Birkhead and Brillard, 2007), poor
storage of the sperm in the female organs, divergence in proteins for gamete recognition (rapidly
evolving and highly divergent across numerous taxa, see Swanson and Vacquier, 2002), or
competition with conspecific male sperm. The later has been termed “conspecific sperm precedence”
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by Howard in 1999 (reviewed in Howard et al., 2004) and is defined as the capacity of sperm from
conspecific males to gain more fertilizations than sperm from heterospecific males in situations of
sperm competition.
Sperm competition occurs whenever ejaculates from several males compete for the fertilization of
the same set of ova (Parker, 1970). Strong selection pressures are likely to influence the evolution of
any trait that could enhance the fertilization success of sperm. Important components of the
fertilization success include sperm number (a higher sperm number is thought to enhance the
probability of fertilization), sperm viability (measured as the proportion of viable sperm found in an
ejaculate), sperm velocity (faster sperm outcompete the others) and sperm longevity (long-living
sperm survive longer in the female storage organs; Birkhead and Pizzari, 2002; Pizzari and Parker,
2009; Immler et al., 2007). Gomendio and Roldan were the first to link sperm morphology to its
velocity in 1991, showing that longer sperm swim faster in mammals. They also found that species
with high level of sperm competition had longer sperm. Several studies also found a correlation
between sperm size and sperm longevity, with shorter sperm living longer (Stockler et al., 1997;
Immler et al., 2007; Helfenstein et al., 2010). But we have to note that many studies also failed to
detect any relationship between sperm morphology and swimming ability or longevity, or found
contradictory results (reviewed in Pizzari and Parker, 2009). Sperm morphology is likely to be under
strong selection and geographically isolated populations may therefore quickly diverge in these traits.
Divergence in sperm morphology between individuals of different populations could then reduce
fertilization success of heterospecific mating at secondary contact. Moreover, a link between sperm
morphology and swimming ability or longevity means that any genetic incompatibility that alters
sperm morphology (e.g. in hybrid individuals) could have negative consequences on hybrid male
reproductive success (Whiteley et al., 2009).
Gametic isolation is likely to be more important in external than in internal fertilizers, particularly in
broadcast spawners like the sea urchins, since they are releasing gametes into the water without any
premating interaction (Landry et al., 2003). A few studies have looked at the role of divergence in
sperm morphology on the outcome of heterospecific matings in external fertilizers. Landry et al.
(2003) described a high divergence in sperm morphology between two relatively young species of
sea urchins that diverged 25000 years ago. Another study on sea urchins showed conspecific sperm
precedence in both combinations of heterospecific pairings (Geyer and Palumbi, 2005). Sherman et
al. (2009) found no difference in fertilization success, siring success, nor hatching rates in in-vitro
fertilization experiments between conspecific and heterospecific matings in tree frogs, but they did
find a high level of postzygotic isolation, with a low viability of hybrid offspring. In a study in 2009,
Whiteley et al., found no difference in sperm morphology and swimming ability in the first
generation hybrids between two species of white fish, but they found sperm from first generation
backcross individuals to have a reduced swimming speed. Hybrids of sunfish were found to have a
reduced sperm swimming velocity and a low sperm number compared to the parental species
(Immler et al., 2011), and conspecific sperm precedence was found in one direction only, but not in
the reversed cross between the two species. Fewer studies have examined postmating, prezygotic
barriers in internal fertilizers, due to the complexity of analysing the processes happening after the
insemination inside the female organs. An extreme case of conspecific sperm precedence was
observed in the flour beetles by Wade et al. in 1994: a female paired with only a heterospecific male
was able to produce the normal amount of offspring, while a female paired consecutively with a
heterospecific and a conspecific male produced offspring sired by only the conspecific male. A study
on two populations of guppies showed sperm precedence for males belonging to the same population
as the female, in populations that were separated for two millions years (Ludlow and Maguran,
2006). In 2009, Martin-Coello et al. showed conspecific sperm precedence in the mouse, and they
found sperm of heterospecific males from populations with high level of sperm competition to
outcompete sperm from heterospecific males experiencing a lower level of sperm competition.
Finally, Matute (2010) showed experimentally that gametic isolation can evolve very rapidly in
Drosophila, after only four generations of forced sympatry. Overall, very few studies have compared
sperm morphological traits that could have a strong influence on fertilization success between
-4-

closely related species.
Related species rarely show complete reproductive isolation, suggesting that speciation is a gradual
process with intermediate stages (Martin-Coello et al., 2009). This is why the study of hybrid zones
and closely related species is important to understanding the sequence of events leading to the
appearance of reproductive barriers (Martin-Coello et al., 2009; Saetre and Saether, 2010).
Reproductive isolation can evolve as a by-product of adaptation to different environmental
conditions in allopatry, but if the species are not totally genetically incompatible at secondary contact
(i.e. when they meet each other in sympatry after long periods of geographic isolation), there might
still be gene flow and production of hybrid offspring (Schluter, 2001). Studying hybrid zones allows
analysis of the mechanisms evolving to avoid this gene flow between incipient species.
Here, we want to compare the gametes of two closely related bird species naturally hybridizing and
producing viable offspring, for which all the females are sterile (Svedin et al., 2008). We are
interested in finding out whether any post-mating, pre-zygotic barriers exist between the two species
and if it could explain the reduced fertility of their hybrid offspring. We compare sperm morphology
between the two species, looking for any divergence in morphological traits that could lead to
conspecific sperm precedence. We are also very interested in the morphology of the sperm of hybrid
individuals and want to detect any anomaly that could explain a reduced fertility for hybrid males
paired with both parental species. We are using the well known flycatcher-system, for which several
pre-mating and post-mating, post-zygotic isolation mechanisms have been described, in order to
investigate the rate at which gametic isolation can evolve as a barrier against hybridization.
Two flycatcher species (collared and pied, Ficedula albicollis and F. hypoleuca) which co-occur and
sometimes hybridize (4% mixed pairs, Svedin et al., 2008) on the island of Öland (Sweden) in the
Baltic Sea represent a perfect system to study ongoing speciation and the evolution of reproductive
barriers. They are two closely related passerine species that probably diverged less than one million
years ago, after being isolated during the last glaciation peak (Qvarnström et al., 2010). Individuals
of both species are similar in appearance (12-13cm, grey-brown females and black and white males,
the collared flycatcher males have a white collar on their neck) and breed in similar habitats (Wiley
et al., 2007). Their breeding ranges expanded during the last centuries and they are now breeding
together in one large hybrid zone in Central and Eastern Europe (for 12’000 years), and on the
Swedish islands of Gotland (for 150 years) and Öland (for 50 years) in the Baltic Sea, where they
happen to interbreed and produce hybrid offspring (Qvarnström et al., 2010). Several premating
barriers reduce gene flow between the species (reviewed in Saetre and Saether, 2010): (i) assortative
mating: the males of the two species diverge in their plumage pattern and the females show
preference for species-specific phenotypes (Veen et al., 2001), (ii) habitat segregation: the collared
flycatchers choose their territories in the deciduous forests, whereas the pied flycatchers are pushed
away by the more dominant collared flycatchers to territories of lower quality in pine forests
(Qvarnström et al., 2009), (iii) divergence in breeding time: the collared flycatchers breed earlier
than the pied flycatchers (Alatalo et al., 1990). Postzygotic isolation barriers are also observed in the
form of total sterility in hybrid females (Veen et al., 2001, Svedin et al., 2008) and reduced fertility
in the hybrid males (Svedin et al., 2008). But the reproductive isolation is not complete yet, and
maladaptive heterospecific mating occurs, caused by imperfect species recognition (some pied
flycatchers include part of the collared flycatcher song in theirs, that they learn as nestlings from
hearing their heterospecific neighbours singing, see Haavie et al., 2004, Qvarnström et al., 2006) or
by a shortage in conspecific males (the pied flycatchers are in minority in the population, and there is
a shortage in collared flycatcher males with good territories at the end of the season; Veen et al.,
2001).
Our study system follows Haldane’s rule (Haldane, 1922) since all females are sterile. This rule
states that hybrid incompatibilities are more severe in the heterogametic sex, because
incompatibilities on a sex chromosome cannot be compensated by the genes on the second copy of
that chromosome. In birds, the female is the heterogametic sex (sex chromosomes WZ), whereas the
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male has two copies of the Z-chromosome. When hybridization occurs at secondary contact between
populations that have diverged in allopatry (i.e. geographically isolated), some alleles that have never
been in contact before might interact in the hybrid genome, provoking genetic incompatibilities and
possible dysfunction, since there was no co-evolution between those genes for many years
(Moehring, 2011). This is known as “Dobzhansky-Müller incompatibilities” (Dobzhansky, 1936;
Müller, 1940). Furthermore, the lifespan reproductive success of hybrid males has been found to be
only 47% of a pure-species collared flycatcher lifespan reproductive success (Svedin et al., 2008).
This was principally attributed to the difficulty for hybrid males to find a mate and to the fact that
they suffer more extra-pair copulations from the females. The elevated rate of extra-pair paternity in
the nests of hybrid males was suggested to be due to some sperm inviability in the hybrid males or to
gametic incompatibilities. In this study, a reduction in hatching rate also was observed for eggs that
were fertilized by hybrid males, hinting to some genetic incompatibilities between hybrid males and
pure-bred females as well. The fitness of a heterospecific pair compared to a pure-bred one is even
lower when taking into account the number of great-grand offspring, with a fitness as low as less
than 3% of the one of a pure-species pair (Wiley et al., 2009).
An incredible amount of data is available from the long term studies on the population of hybridizing
flycatchers on Öland and we know a lot about premating and postzygotic mechanisms preventing
gene flow between the two species, but postmating prezygotic isolation mechanisms have not yet
been investigated. We might expect gametic isolation to evolve here in order to avoid the costly,
maladaptive production of hybrid offspring, since the premating and postzygotic reproductive
barriers are not completely efficient. In this study, we wanted to take a first step in the analysis of
potential postmating prezygotic isolation mechanisms between the pied and the collared flycatchers
by comparing sperm morphology between the males of the two species and of the hybrids between
them.
We first describe here the timing of sperm production, analyzing the occurrence of sperm in the
samples depending on the reproductive status of the males throughout the season. We then look at the
relationships between different sperm morphological traits within each species. After that, we
conduct an overall comparison of sperm morphology between the two species and we finally discuss
the implications of an altered sperm production observed in the hybrid males and analyze the
fertilization success of males collared, pied and hybrid flycatchers, using extra-pair paternity rates as
an indication of the fertilization success.

3.

Material and Methods

3.1

Study population

In this study, we sampled males from a study area situated in the center-to-southern part of the island
of Öland (Sweden). The populations breeding on Öland have been monitored between 1981 and
1985 and since 2002, using over 2000 nest boxes in different habitats, principally in deciduous
forests (Qvarnström et al., 2009). All the individuals used in this study were part of the breeding
population monitored every year. They were captured in the nestboxes using traps (while defending
the boxes or later on while feeding the chicks) or around the boxes using nets. In addition to the
sperm samples, different phenotypic measurements, blood samples (for DNA-analyses), as well as
data on fertilization success and paternity assessment were gathered for each male. We also have a
pedigree on the whole population since 2002 and phenotypic measurements and blood samples of all
breeding females as well as all nestlings.
3.2

Sperm morphological measurements

Sperm samples from 119 different males were obtained in May and June 2010, both through faeces
collection and through cloacal protuberance massaging (for the method, see Immler and Birkhead,
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2005; Wolfson 1952). The samples were preserved in formalin (5%) in order to preserve the
morphological characteristics of the sperm.
Samples from every single male were analyzed drop by drop through the microscope (Olympus
BX41, magnification 400x), looking for intact spermatozoa with a high resolution of the different
morphological parts of the entire body (Figure 1). Pictures of 30 different individual spermatozoa per
male (when possible) were taken with a digital camera (Nikon digital sight DS-2Mv, resolution 2
Megapixels) mounted on the microscope, using the Nis-Elements imaging software for Nikon (FPackage, 1991-2009). High-quality images were obtained for 55 different individuals (39 collared
and 16 pied flycatchers). The other samples either did not contain any sperm at all or it was
impossible to obtain a high resolution picture of the entire spermatozoa.
The pictures of five different spermatozoa per male were then analyzed with the software ImageJ
(ImageJ 1.41, Wayne Rasband, National Institute for Health, USA, rsb.info.nih.gob/ij/) at a
resolution of 4545pixels/mm. Five different measurements were taken to the nearest 0.1µm for every
single spermatozoon (Figure1): the total length, the head length, the midpiece length (length of the
mitochondrial part), the tail length (the very last part of the spermatozoon after the mitochondrial
part) and the number of helices of the mitochondrial part enrolled around the flagellum. The last
measure was used to calculate the straight length of the mitochondrial part, since the degree of
coiling of that part around the flagellum varies between individuals (more or less densely enrolled
around the flagellum) (Birkhead et al., 2005).
The straight length of the mitochondrial part was calculated following a method described in
Birkhead et al., 2005.
T= (L/d) l, where d= L/N and l=√d2+(2πr)2
T: straight midpiece length
L: length of the midpiece
N: number of complete helices of the mitochondrial part around the flagellum
r: radius from the center of the sperm flagellum to the center of the midpiece helix, set to 3µm as
this was shown to be the mean across several bird species.
The flagellum length was calculated as the sum of the tail and the midpiece lengths (row length of
the mitochondrial part).
All pictures were labeled with the individual’s ring number only, and the measurements were done
without any knowledge about the species to which the male belonged, in order to avoid any bias in
the measurements. The repeatability of the measurement method was assessed by measuring a total
of 30 pictures (5 sperm per male for 6 different males) three times. Using a method described by
Lessells and Boag (1987), we obtained high repeatabilities for all measurements (total length:
r = 0.996, head: r = 0.78, midpiece: r = 0.997, tail: r = 1, midpiece helices: r = 0.921).

Figure 1. Different morphological traits measured on each spermatozoon

3.3

Assessment of paternity

To assess the number of chicks in a given nest that were sired by the social male (the male caught
feeding the chicks), versus the number of offspring resulting from extra-pair copulation (EPC), we
compared the alleles of the nestlings at 10 microsatellite loci (FhU1, FhU2, FhU3, FhU4, PdoU5,
Fhy304, Fhy401, Fhy403, Fhy407, Fhy454) with those of the adults found feeding those chicks. The
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blood samples were collected during the field season 2010 on Öland and stored in ethanol. The
DNA-extraction and PCR were performed by Reija Dufva following a method described in Haavie et
al. (2000). The alleles of the microsatellites were compared using the software Cervus (version 3.0.3,
copyright Tristan Marshall 1998-2007, www.fieldgenetics.com). We simulated data for 10000
offspring allowing 5 different candidate fathers and assuming that 70% of the individuals had been
sampled. We only included individuals for which at least 4 loci were available.
This was done for all sampled males that were captured feeding chicks. We analyzed data on males
for which no sperm was found (28 individuals) separately, since this allowed us to discriminate
between cases where we were not able to find any chick sired by one particular male, which could
indicate some problems with sperm production or quality, versus cases where the males did sire
offspring, indicating that they did produce sperm at some point.
3.4

Statistical analyses

The statistical analyses were performed using the software R (version 2.12.1, R version 2.12.1,
Copyright © 2010 The R Foundation for Statistical Computing) in all cases where no specific
software is specified. We also used JMP 9.0, excel 2003, cervus and pass11 for some specific
analyses, as described below.

4.

Results

4.1

Sampling period and occurrence of sperm in the samples

As shown in Figure 2 we found a narrow peak where a maximum number of sampled males had
sperm (between day 32 and 38, i.e. between June 10th and 16th, 40 males with sperm). Out of 21
males sampled between day 1 and day 17 (May 10th-26th), only 5 had sperm, the first one on May
15th. We found sperm for only one male out of 15 after day 41 (June 19th). Between days 18 and 38
of sampling (May 18th and June 16th), 60 to 100% of the samples contained sperm, but the proportion
of samples containing sperm was much smaller before and after that.
Time of sampling/occurrence of sperm

14

10
8

sperm
no_sperm

6

Nb of males

Nb
Nbofofmales
males

12

4
2

51

44

42

40

38

36

34

30

27

25

23

21

19

17

14

11

9

5

3

1

0

Day of sampling

Figure 2. Day of sampling on the X-axis (day 1=May 10th, 2010 (first day of sampling), then +1 for every day, day 23=June 1st,
2010 and day 52=June 30th, 2010 (last day of sampling)), number of males sampled on each day on the y-axis, purple=samples
with sperm, blue=samples without sperm.
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4.2 Intraspecific correlation between the morphological traits
We were interested in the relationship between different traits of the spermatozoa within each
species, in particular between the different parts of the flagellum and the head, as the ratios between
those different traits are thought to be more important than the length of the traits alone for
swimming ability (Humphries et al., 2008, Malo et al., 2006). We computed the Pearson’s coefficient
of correlation between the straight length of the midpiece and the total length, the straight length of
the midpiece and the flagellum and finally the head and the flagellum, within each species.
The Pearson’s coefficients of correlation between the straight length of the midpiece and the total
length, the straight length of the midpiece and the flagellum and finally the head and the flagellum
within each species are presented in Table 1 below. We first observe a really high correlation between
the straight length of the midpiece and the flagellum length in both species (r=0.98 and 0.99, p=
2.2e-16 and 2.5e-14 for the collared and pied flycatchers, respectively). We can also see that there is
a strong, highly significant correlation between the straight length of the midpiece and the total
length of the sperm in the pied flycatcher (r=0.81, p=1.6e-05), but this correlation is much weaker
and barely significant in the collared flycatcher (r=0.33, p= 0.04). Finally, there is no significant
correlation between the head and the flagellum lengths in neither of the species.
Table 1. Pearson's correlation coefficients between the straight length of the
midpiece and the total length, the straight length of the midpiece and the
flagellum and finally the head and the flagellum of the sperm of the collared (CF)
and the pied (PF) flycatchers taken separately.

Traits
Straight midpiece vs flagellum

Straight midpiece vs total length

Head vs flagellum

Species
CF

Pearson’s
r
0.98

p-value

<0.0001

PF

0.99

<0.0001

CF

0.33

0.0373

PF

0.81

<0.0001

CF

-0.09

0.5930

PF

0.24

0.3762

4.3 Interspecific comparison of sperm morphology
We present below the results of the different analyses that were performed to compare different
sperm morphological traits and their relationships between the collared and the pied flycatchers.
4.3.1 Overall comparison of the effect of the sum of all traits
To compare the overall sperm morphology between the two species, a discriminant analysis was first
performed between the row measurements “head”, “straight midpiece”, “flagellum” and “total”
lengths on all sperm, using species as the grouping variable. The measurements of the tail alone (the
very tip of the sperm) were not taken into account, as this is quite variable between individuals and
does not seem to have any important function as such (Simone Immler, personal comment). The
discriminant score for each single sperm was then used as an independent variable in a nested
ANOVA with species as the predictor variable (fixed effect factor) and individual male as a random
effect factor nested into “species”. We used JMP 9.0 (Copyright © 2010 SAS Institute Incorporation)
to perform those analyses.
We found no difference between the species in the combined sperm morphological traits (t53=0.01,
p=0.98, Table 2).
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Table 2. Nested Anova on the scores of a discriminant analysis on overall
sperm morphology, with species as a predictor variable and individual as
a random effect factor.

intercept

Estimate
0.52177

Std Error
0.00892

DF Den
53

t-ratio
58.95

P>t
<.0001

species

0.00012

0.00885

53

0.01

0.9887

We then performed a multivariate analysis (manova) on the means of the different measurements of
the five sperm for each male. We combined the measurements of interest (head length, straight length
of the midpiece, total length and flagellum length) in a single vector used as the response variable.
We used species as the predictor variable.
There was no overall divergence between species in the measured morphological traits (manova,
F50=0.71, p=0.59, Table 3).
Table 3. Manova on a vector combining the means of the head, straight
midpiece, flagellum and total lengths of the sperm, using species as the predictor variable.

Df
Species

1

Residuals

53

Pillai
approx.
0.053497

F
0.70651

Num
Df
4

Den
DF
50

Pr(>F)
0.5913

4.3.2 Separate interspecific comparisons of the means of the measurements for each
individual
We compared the means of the five sperm per male for the different measurements in separate oneway anovas. Each of the anovas included the means of one of the measurements for each male as a
response variable (head length, total length, flagellum length or straight midpiece length) and the
factor species as a predictor variable.
None of the measurements was significantly different between the species. The results were highly
non-significant for the measurements of the total length, the straight length of the midpiece, and the
flagellum (0.0939<p<0.9766, Table 4). The difference between the head lengths was nearly
significant between species, with a trend towards longer heads in the pied flycatchers (F1 = 2.9097, p
= 0.0939, means: CF: 0.0127, PF: 0.0133, see Figure 3).
Table 4 . Results of four separate ANOVAs on the means of the total
length, the head, the straight midpiece and the flagellum of the sperm of each
individual between species.

Measurement

Df

Sum Sq

Mean Sq

F-value

Pr(>F)

Total length

1

8.61e-06

8.61e-06

0.4013

0.5291

Head

1

3.26e-06

3.26e-06

2.9097

0.0939

Straight midpiece

1

2.40e-05

2.37e-05

0.0238

0.8780

Flagellum

1

5.00e-07

4.80e-08

9.0e-04

0.9766

From the graphical representations of the means of the different measurements between the two
species (Figure 3), we can see that the means are very similar for the two species. We also observe a
higher variance in the collared flycatcher for the midpiece and the flagellum length, and surprisingly,
the opposite pattern for the head length, with a higher variance in the pied flycatcher (head lengths:
CF: var=1.08e-06, PF: var=1.21e-06).
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Figure 3. Boxplots of the means of the head, the midpiece, the flagellum and the total lengths of the
sperm for all males collared (CF) and pied (PF) flycatchers.

4.3.3 Comparison of the relationships between different traits, between species
Instead of looking at the effect of each measurement taken separately, we can analyse the importance
of some morphological traits of the sperm compared to other such traits. This was done computing
several different ANCOVA-analyses, where the difference in one measurement was analysed
between species, using the other measurement of interest as a covariate. By doing so, we are looking
at the influence of one measurement (e.g.: head length) while the other one is hold constant (e.g.:
flagellum length). We can therefore see if there is a difference in the size of one measurement in
relation to the other, between species.
We first looked at the relationship between head and flagellum or straight midpiece lengths between
the species. We found the same pattern as observed before in the ANOVA on the head length, with a
trend towards longer heads compared to the flagellum length (F1=2.86, p = 0.0968, Table 5) or
compared to the straight length of the midpiece (F1=2.86, p=0.0965, not shown here) in the pied
flycatchers. The very similar result obtained in the two ANCOVAs is due to the fact that the
flagellum and the straight midpiece lengths are highly correlated to each other (Pearson’s correlation,
r=0.98, p= 2.2e-16).
Table 5. Ancova on the head length of the sperm between species using sperm
flagellum length as a covariate.
Head

Df

Sum Sq

Mean Sq

F-value

Pr(>F)

Species

1

3.25e-06

3.25e-06

2.8598

0.0968

Flagellum

1

1.03e-07

1.03e-07

0.0901

0.7653

Residuals

52

5.93e-05

1.14e-06
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We did not detect any difference between the straight length of the midpiece between species while
controlling for the total length (F1=0.03, p=0.856) nor the flagellum length (F1=0.53, p=0.468).

4.3.4 Power analysis
In order to get an idea about the sample size that would have been necessary to detect any difference
in sperm morphology between the two species, we performed a power analysis using the free
software pass11, (http://www.ncss.com/download_PASS11.html). We used the data on the straight
length of the midpiece to simulate the sample size needed in each species (assuming a balanced
design with equal sample sizes) to detect a significant difference in that particular trait with a power
of 90%, given that any difference exist. We simulated an analysis with an effect size of 0.2 (based on
the difference in the means of the midpieces between species) and a significance level of 0.05. To
obtain a power of 0.9 when comparing the straight length of the midpiece, we would need 132 males
per species. In this study, we had 39 collared and 16 pied flycatcher males, so we would need more
data and a balanced design to detect any difference in the size of the midpiece between species.
4.4 Hybridization and sperm production
Several samples per male were collected for five different hybrid males. Three of these six males had
been sampled at two different time points (first at the end of May and then in early/mid-June), the
three others had been sampled in mid-june only. From these samples, no sperm could be found for
five of the six individuals. Sperm was found for one hybrid male, but the morphology of the sperm of
this particular individual was considerably altered compared to the morphology of pure-species
flycatcher sperm (see Figures 4 and 5). Where a regular spermatozoon has an elongated shape, with a
long and thin flagellum around which the mitochondrial part is rolled and a head with a
particularshape in zig-zags (Figure 5), the spermatozoa found in the hybrid individual are much
thicker, we cannot distinguish the mitochondrial part around the flagellum, they are lacking the
particular head shape and often totally enrolled instead of being straight and elongated (Figure 4).
These characteristics and the lack of the particular features of a regular flycatcher sperm hint to a
problem in the maturation of the sperm. This hybrid individual had immature sperm at the time of
sampling (Simone Immler, personal communication).

thick head

10µm

10µm

enrolled sperm

Figure 4. Immature sperm from the only hybrid male for
which sperm was found.

Figure 5. Sperm with regular shape, two upper
pictures from collared and two lower pictures
frompied flycatcher

4.4.1 Proportion of sampled males with/without sperm
We performed several χ2-tests in excel (Microsoft Office Excel 2003, Copyright 1985-2003,
Microsoft Corporation), comparing the proportion of males sampled in each species that had sperm
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or not. We first run a χ2-test including the three categories (collared flycatchers=CF, pied
flycatchers=PF and hybrids=HY). We then compared CF against PF, PF against HY and CF against
HY.
From the 119 males sampled (81 collared, 32 pied and 6 hybrid flycatchers), we found sperm for 69
males in total (58% of all sampled males) (Table 6).
Table 6. Number of males sampled in each species
(collared flycatcher=CF, pied flycatcher=PF, hybrid=HY)
for which sperm or no-sperm was found and expected
number of males with/without sperm in each species under
random conditions.

observed
sperm
no sperm
total

CF
48
33
81

PF
21
11
32

HY
0
6
6

total
69
50
119

expected
sperm
no sperm

CF
46.97
34.03

PF
18.55
13.44

HY
3.48
2.52

total
69
50

The proportions of males with and without sperm that would be expected under random conditions
can be found in Table 6. The results of the χ2-tests comparing different combinations of species are
found in Table 7.
Table 7. Results of different χ2-tests comparing the
proportion of samples with and without sperm for
different combinations of species.

Comparison

χ

2

df

p-value

CF vs PF vs HY

9.1012

2

0.01056

CF vs PF:

0.169,

1

0.68100

PF vs HY

6.3472

1

0.01176

CF vs HY

5.7166

1

0.01681

We can see here that the proportions of sampled males with or without sperm is significantly
different from what would be expected just by chance if we consider the three species together (chisquare test, χ2=9.1, p=0.012). There is no significant difference from chance when comparing only
the collared and the pied flycatcher, but the difference is significant when we compare the hybrids to
both the pied (chi-square test, χ2=6.35, p=0.011) and the collared flycatchers (chi-square test,
χ2=5.72, p=0.017).
We sampled sperm from 81 collared (68%), 32 pied (27%) and 6 hybrid (5%) males. The proportions
of breeding males of each species sampled in 2010 in our study area were the following: 77%
collared, 18% pied and 5% hybrid flycatchers. It looks like there is an over-representation of pied
flycatchers in the males for which sperm was sampled (27% compared to 18% pied males breeding),
but this difference was not significant (chi-square test, χ2 = 1.8636, df = 1, p = 0.1722).
4.4.2 Sperm samples and paternity
The alleles of the microsatellites were compared using the software Cervus (version 3.0.3, copyright
Tristan Marshall 1998-2007, www.fieldgenetics.com). We simulated data for 10000 offspring
allowing 5 different candidate fathers and assuming that 70% of the individuals had been sampled.
We only included individuals for which at least 4 loci were available and we set two confidence
levels for the paternity: a strict confidence level of 95% and a relaxed one of 80%, as it is usually
done for that type of analyses (Mårten Hjernquist, personal comments).
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The results of the paternity analyses for the sampled males for which no sperm was found are
presented in Table 8. From the 50 sampled males for which no sperm was found, we had data on
their nests and social chicks for 28 of them. The other ones were only caught early in the season,
before they had any nest, female or chicks (seven males) or very late in the season (four males). Six
of those males were found with females whose eggs never hatched, two hybrid males were kept in
our aviaries and paired to two consecutive females who produced whole clutches, but none of the
eggs hatched. In one case, one hybrid male was paired to a hybrid female in the field and none of the
eggs hatched, but this is most likely due to the sterility of the hybrid female and we cannot conclude
anything about the male’s fertility status in that case. Only two hybrids were found feeding chicks.
One of them was even feeding two clutches (two different females, 12 chicks in total), the other one
was taking care of five chicks. None of those 17 chicks were sired by these two hybrid males. Three
other males were found not to be the fathers of the offspring they were feeding (three collared males,
14 chicks in total) and one collared male only had sired one chick out of the six present in the clutch.
For three other collared males, half of the clutch was the result of extra-pair copulation. The
remaining 19 males were the biological fathers of all of the chicks found in the nest, except for one
extra-pair offspring in two cases (two collared males).
Table 8. Sampled males for which no sperm was found, the numbers indicate the number of males (early or
late males, males with no hatched eggs, males with social chicks) for which: there is no information on their
offspring, all chicks were their biological offspring or half or all of the chicks were issued from extra-pair
copulations. The numbers in red and in brackets indicate the hybrid males (6 in total).

Males without
sperm
Early males
No hatched eggs
Late males
With social chicks
Total

No info
7 (1)
11 (3)
4
22

All biological
offspring
19
19

Half clutch
extra-pair
3
3

All (or almost)
extra pair
6 (2)
6

total
7
11
4
28
50

When looking at the results of the paternity analyses for all sampled males combined (Table 9), we
can see that four collared flycatchers and two hybrid males did not sire any offspring. 58.7% of the
males sired all the offspring found in their nests, whereas half or more of the chicks were issued from
extra-pair copulations in 13.7% of the cases, and one to two chicks were extra-pair in 20% of the
nests. When looking at the difference between the species, we can see that 61.2% of the collared
flycatchers sired all the chicks present in their nests, whereas 53.8% of the pieds did. Those
proportions were not significantly different from what would be obtained just by chance (chi-square
test, χ2= 0.044, df = 1, p= 0.83). Overall, 21.2% of the 424 nestlings were issued from extra-pair
copulations. In the collared flycatchers, 82.8% of the chicks were sired by the social father, whereas
77.6% of the pied chicks were sired by the social male.
Table 9. Results of the paternity analyses for all the sampled males, number of males
collared (CF), pied (PF) and hybrid (HY) flycatchers for which: -all offspring were
issued from epc, -half or more of them, -one or two chicks, -or males who sired all the
chicks in the nest (percentages in brackets).

All males taken
together
all chicks epc
half or more epc
1 or 2 chicks epc
sired all offspring
Total

CF

PF

HY

total

4(06.7%)
7(11.7%)
12(20.0%)
37(61.2%)
60

0
3(23.1%)
3(23.1%)
7(53.8%)
13

2 (100%)

6 (08.0%)
10 (13.3%)
15 (20.0%)
44 (58.7%)
75

2
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5.

Discussion

We analyzed different morphological traits on the sperm of 39 collared and 16 pied flycatchers. We
first noticed that sperm production seems to be at its maximum during the reproductive period, from
nest building to the end of the chick feeding period. We found high correlations between the straight
length of the midpiece and both flagellum and total length within both species. We were not able to
detect any overall divergence in morphology between the two species, but we found a trend towards
longer head lengths in the pied compared to the collared flycatcher. We found a similar trend
concerning the relationship between the head length and both flagellum and total length. We also
found a divergent level of variation in the head lengths between species, the length of the head being
more variable in pied than in collared flycatchers. Finally, we observed a reduced sperm production
in the hybrid individuals as well as some dysfunctions in spermatogenesis. Moreover, the rate of
extra-pair paternity was found to be much higher in the nests of hybrid males than both pied and
collared flycatchers, since none of the chicks raised by a hybrid male was sired by him. We discuss
below the implications of these results in the context of hybridization and reproductive isolation and
propose further ideas that could be analyzed in the future.
5.1 When do males produce sperm?
The first nests were built around May 15th, the first eggs were laid on May 20th and the first chicks
hatched around June 7th. Since the production of sperm is costly (reviewed in Wedell et al., 2002), it
is likely that the males optimize their production timing in order to be able to sire a maximum of
offspring without expending too much energy in spermatogenesis when there are no receptive
females available. The first day that we actually managed to sample sperm from a male coincided
with the period when the first nests were built. This shows that the males seem to wait until the
females are willing to build a nest and get ready for egg production before they start producing
sperm. Similarly, as soon as all females have laid eggs and are already feeding nestlings, towards the
end of the season, the males stop producing sperm, since there are probably no eggs to fertilize
anymore. During the period where males where reproductively active, i.e. from nest building to the
end of the chick-feeding phasis, 60-100% of the samples collected contained sperm, whereas 0-50%
of the samples contained sperm before that, and 0-20% after. It seems likely that the best period to
sample male sperm would be during the egg-laying period, when most copulations take place and
when the sperm production should be at the maximum level. However, it was quite difficult to catch
males during that period, since they are not visiting the box that often and since the period when the
female lays eggs is very narrow. Once the female has laid all her eggs, the male does not show any
interest in staying around the nest until the chicks are born and he comes back to feed them. The
peak of males for which sperm was sampled results from a bias in the catching method, since we
were much more successful in catching males when they were feeding the nestlings, as they enter the
nestbox regularly for that purpose.
5.2

Intraspecific correlations between the morphological traits

Among the studies linking sperm morphology to sperm motility or swimming ability, it has been
recognized that the proportions between the different parts of the spermatozoon are in fact more
important than the influence of the different morphological traits taken alone, as explained below.
Malo et al. (2006) insisted on the fact that the proportions between the different parts of the
flagellum have a greater impact on swimming ability than does the midpiece alone. Humpries et al.
(2008) argued that the ratio between the head and the flagellum was the most important component,
as the drag produced by the head has to be compensated by an increased power of the flagellum. A
study on the tree swallows found a higher velocity and higher fertilization success for sperm with
relatively longer midpieces (Laskemoen et al., 2010). This is not surprising given that the midpiece
is thought to contain all the energy needed for the sperm to move forward (Andersson and Dixson,
2002, Malo et al., 2006).
We observed a high correlation between the straight length of the midpiece and the flagellum length
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in both species. This was expected as the flagellum was calculated as the sum of the helical part plus
the tail of the sperm. Immler and Birkhead (2007) found in fact a positive allometry between
midpiece and flagellum length among passerine birds, indicating that sperm with long flagella have
relatively longer midpieces (the sizes of the flagellum and the midpiece are not increasing
proportionally), probably because they need to produce more energy to swim efficiently. The strength
of the correlation between the straight length of the midpiece and the flagellum is influenced by how
densely packed the helices containing the mitochondria are around the flagellum.
We also found a strong correlation between the straight length of the midpiece and the total length of
the sperm in the pied flycatcher, but not as strong in the collared flycatcher. Once again, as the
midpiece accounts for a big part of the total length of the sperm, it is not really surprising to observe
a correlation between those traits. But the strength of the correlation in the pied flycatcher seems to
indicate that there is selection for a higher amount of mitochondria in longer sperm, in accordance to
the idea that longer sperm need more energy to swim (Andersson and Dixson, 2002, Malo et al.,
2006). What is really surprising here is the low correlation between the midpiece and the total length
found in the collared flycatcher. This difference could indicate that the level of selection on the
proportion between different traits of the sperm is different in the two species. This result seems to
indicate that the sperm competition is much higher in the pied flycatchers than in the collared
flycatchers, as a higher level of competition is thought to reduce the variation, selecting towards an
optimum (Calhim et al. 2007). Calhim et al. (2009) were implying that the level of sperm
competition was low in an allopatric population of pied flycatchers and this was attributed to a low
level of extra-pair copulations and a short sperm storage ability by the female (7-9 days, Birkhead et
al., 1997). But this storage period cannot really be considered short, given that females lay six eggs
on average, at a rate of one egg a day. The sperm of one male could then possibly be used to fertilize
all the eggs if it is living long enough. We found similar levels of extra-pair paternities between the
two species, as what was already found by Svedin et al. in 2008. This does not support the idea that
the sperm competition is stronger in the pied flycatchers. But it could be that it is more difficult for
male pied flycatchers to find a mate because they are less abundant than the collared flycatchers and
have territories of lower quality, which would result in higher sperm competition in the pied
flycatchers.
There was no significant correlation between the head and the flagellum lengths in either of the
species. Neither was there a correlation between the head length and the straight length of the
midpiece (results not shown), which is logical, as the lengths of the flagellum and the midpiece were
so strongly correlated. Here we would expect a negative correlation between those traits if the drag
of the head had to be compensated by the length of the flagellum or by a higher amount of energy
produced by the midpiece, as proposed by Humphries et al. (2008). But we have to note here that
this study was based on mammalian sperm, for which head shape and swimming behaviour differ
quite a lot from passerine sperm. Where mammalian sperm has a rounded head producing a drag,
passerine sperm has a more elongated head with a screw shape and is spinning on itself while
moving, and not only propelled forward by the movement of the flagellum. The lack of correlation
here might simply be due to high variation in head length in the flycatcher sperm and, as explained
below, the shape of the head might be more important than its length.
5.3

Interspecific comparison of sperm morphology

We were not able to detect any overall divergence in sperm morphology between the two flycatcher
species. There was no difference between the species when comparing a vector including all the raw
measurements for the sperm. We could not find any global difference either when looking at the
means between the measurements of the five sperms for each individual in a multivariate analysis.
This is not really surprising, as the two flycatcher species are still in an early stage of divergence.
The two species are quite young (divergence < 1mio years, Qvarnström et al., 2010) and it would be
surprising to see a huge divergence in overall sperm morphology between them. We would rather
expect that selection acts on different morphological traits separately and in particular on traits that
play an important role in fertilization success.
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When we look at the means of the different measurements for all males in separate analyses, we do
not observe any difference between species either. Our data were highly unbalanced, with 39 collared
and 16 pied flycatchers only, reflecting the fact that the collared flycatchers are more common on
Öland (85% vs 11% pieds, Svedin et al., 2008), making it much more likely to catch a collared than a
pied flycatcher. This unbalanced design most likely makes it even more difficult to detect a
difference between species, because of the difference in variance induced by the unequal sample
sizes. But it is surprising that the variance in head length is higher in the pied than in the collared
flycatcher, even though we have much fewer individuals from the first species. I observed a great
variation in head shape while taking the measurements and it might be more informative to compare
head shapes instead of the basic length of this trait. Malo et al. (2006) stated indeed that the shape of
the sperm’s heads has a great impact on the sperm hydrodynamic. The higher variation in sperm
morphology in the pied flycatchers might also reflect the fact that they are living in much more
variable environments and in various densities compared to the collared flycatchers, which could
result in different selective pressures.
When looking at the effect of the relationships between two traits between species, we observe a
trend when comparing the head lengths, with either flagellum or total length as a covariate. Again,
the marginal significance is most probably due to the unbalanced sample sizes between species, but
we can at least see that the trend remains when we control for the variation in flagellum or straight
midpiece length, indicating that the proportion between those different morphological traits is
important. This is what Humphries proposed in 2008, arguing that the drag produced by the head,
proportional to its length, has to be compensated by a longer flagellum, propelling the sperm
forward.
We did not find any significant difference between the straight lengths of the midpieces between the
two species, even when holding the flagellum or the total length constant. Andersson and Dixson
(2002) observed a difference in the volume of the midpieces of primates experiencing different levels
of sperm competition, indicating that this part of the sperm, containing the mitochondria and
producing the energy necessary for the sperm to move, is under strong selection. The relative length
of the midpiece was also found to be important for the fertilization success of tree swallows
(Laskemoen et al., 2010). It could be that the two species of birds are not experiencing different
selection pressure, given that they are living in very similar habitats and have similar behaviours.
Even if the pied flycatchers are much less common than the collared flycatchers, we did not observe
any difference in the level of extra-pair paternities between the two species, indicating that the level
of sperm competition should not differ between them.
We would need data on 132 males per species to detect any difference in midpiece length between
species. This shows that the difference in mean is extremely small (confirmed by the non-significant
results of the different analyses described earlier) and that the intra-specific variation (the variance
between males) is quite high. Other studies have found high intraspecific variation in sperm traits,
particularly when looking at relationships between sperm morphology and swimming ability (Malo
et al., 2006; Fitzpatrick et al., 2010; Helfenstein et al., 2010). The later study even found a high
within male variation in sperm morphology, and the strategy of producing both long, fast-swimming
and short, long-living sperms was discussed.
We did not control for any variation in male condition in our study. The quality of the sperm
produced might be highly dependent on the male condition, age (Møller et al., 2009; Velando et al.,
2011) or other aspects of his phenotype (Sheldon, 1994). The incredible amount of data available on
all the individuals of the population since 2002 would allow further studies of the correlations
between different phenotypic traits (size of the wings, the tail, the tarsus, the beak, the forhead patch,
blackness of the plumage, weight), indications on male quality (breeding date, fertilization success,
extra-pair paternities, quality of the territory) and sperm morphology. The only study that we are
aware of that is linking phenotype to sperm morphometry in the flycatcher is a study by Cahlim et al.
(2009), who found that pied males with blacker plumage and early breeding males had longer sperm.
On top of that, we have no control of the males mating history, in other words, we do not know if
they mated just before being caught or not, which could influence the ejaculate quality. Fertilization
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success also depends on the female tract conditions (Birkhead et al., 2005) a parameter on which we
have no information.
It was the first time that sperm was sampled and analysed in these two hybridizing species of
flycatchers for the population of Öland. Further years of sampling will provide a better idea of what
is really going on with the gametes of the pied and collared flycatchers.

5.4

Hybridization and sperm production

None of the samples of the six hybrid males contained sperm, whereas 59% of the samples of the
collared and 66% of the pied flycatchers contained sperm. This difference between the proportion of
hybrid and pure-species samples containing sperm or not is significantly different from what would
be expected just by chance. This means that it is probably not just due to bad luck that we were not
able to sample any hybrid sperm at all. The small sample size for the hybrid males (six individuals)
may induce some mistakes in the calculation of the χ2-value. Nevertheless, this result combined with
the observation of immature sperm in the hybrids described before, hint to some serious dysfunction
in sperm production in the hybrid males. This was confirmed by the paternity analyses, showing that
none of the chicks found in the nests of the two hybrid males that were feeding chicks were sired by
them (17 chicks in total). It is pretty common for females of promiscuous bird species to engage in
extra-pair copulations with more attractive males when their social partner is suboptimal (Birkhead
and Pizarri, 2002). Usually, only a few chicks from each nest result from extra-pair copulation. In a
study on flycatchers, Svedin et al. (2008) found 12% of all the nestlings to be extra-pair offspring. In
this study, over 90% of the offspring were sired by the social male in the collared and pied
flycatchers (92.1% and 96.2% respectively), whereas only 37.1% of the nestlings fed by a hybrid
male were its own offspring. We found a higher level of extra-pair paternity among our studied males
with only 83% and 78% of the chicks sired by the social males in collared and pied flycatchers
respectively. But most importantly, we found a rate of 100% extra-pair paternity in the hybrids for
which we have data. This suggests that this is not only the result of a few extra-pair copulations by
the females because their males were sub-optimal, but there is most likely some issue with the
fertility of those males, since they were not able to sire any offspring at all while being the social
partners of a female. Similarly, the two hybrid males kept in our aviaries were subsequently paired
with two different females each, who all produced full clutches of eggs, but none of those eggs ever
hatched. Of course, in the latter case, we cannot exclude the fact that the females just laid empty eggs
as a reflex at the end of the season, but it seems likely that they would prefer to mate, even with
unattractive males, and try to raise a few offspring, instead of wasting energy into empty eggs.
Furthermore, the males kept in the aviaries were sampled several times each through the season, and
we were never able to detect any sperm in their ejaculate, nor in their faeces. The only study we are
aware of that could show an alteration of the sperm production in first generation hybrids was a
study by Immler et al. (2011) showing a low sperm production in sunfish hybrids, which was found
to be the cause of their reduced fertilization success.
The rather high proportion of pied flycatchers represented in our samples compared to the proportion
of breeding individuals (27% vs 18%) can be explained by the fact that we were actively looking for
hybrids at the start of the breeding season, which we recognized through their song. In fact, 65% of
the male pied flycatchers on Öland sing a mixed song (similar to the hybrid individuals) including
part of the collared flycatcher song in theirs, which they learn from collared neighbours and which
make them more likely to hybridize (Haavie et al., 2004; Qvarnström et al., 2006). We were putting a
special effort in trying to catch those males singing a mixed song. This method was quite successful,
since we were able to catch a rather high proportion of hybrids compared to previous studies. The
proportion of hybrids on Öland was found to be 4% over several years of sampling (Svedin et al.,
2008). In a study in 2009, Wiley et al., were only able to catch two hybrids out of 219 birds (0.9%)
and later 18 hybrids out of 987 breeding birds (1.8%) over several years of sampling on the whole
island of Öland. We managed to catch six hybrid individuals in a single breeding season, which
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represents 5% of all the males caught. We have to note here that those individuals were only
identified as hybrids because they had some particular phenotypic trait (broken collared, browner
plumage, mixed-song) but this was not confirmed by any genetic analysis yet.
Hybrids have been found to be at least partially fertile before (Gelter et al., 1992; Veen et al., 2001;
Svedin et al., 2008; Wiley et al., 2009, reviewed by Saetre and Saether, 2010 and Qvarnström et al.,
2010). A study by Veen et al., (2001) was able to identify backcross individuals using some specific
genetic markers. Svedin et al. (2008) found hybrid males to have 47% of a pure collared flycatcher
reproductive success, and attributed most of the reduction in reproductive success to the fact that
hybrid males are unattractive and suffer more extra-pair copulations. Wiley et al. (2009) calculated
that heterospecific pairs have less than 3% of the fitness of a pure-species pair if we take into account
the fitness of descendents until the generation of great grand children. This was attributed to the fact
that female sterility persists beyond the first generation of hybrids and that males issued from
backcross only sire a low proportion of the offspring found in their nest. In hybrids between two
species, some genes that had diverged in allopatry come into contact, resulting in new combinations
of genes that have never been in contact before, known as the Dobzhansky-Müller incompatibilities
(Dobzhansky, 1936, Müller, 1940). This process can go even further in backcross individuals, if new
recombinations break down the complexes of genes that had co-evolved together (Wiley et al., 2009;
Moehring, 2011). According to this hypothesis, Whiteley et al., (2009) found no difference in first
generation hybrid sperm compared to the parental species in white fish, but they observed a reduced
swimming speed in the sperm of first generation backcross individuals. It could be that part of our
sampled males that seem to be sterile or have serious fertility issues are in fact backcross individuals
and are suffering even greater genetic incompatibilities than first generation hybrids would. But since
the proportion of backcross individuals is even lower than the proportion of hybrids in nature (Wiley
et al., 2009: 0.4% of first generation backcrosses, 0.3% of second generation backcrosses), it seems
unlikely that all of them are issued from backcrosses. Future genetic analyses will unravel this
uncertainty.
Another hypothesis would be that there is an asymmetry in the outcome of genetic incompatibilities
in hybrid offspring depending on the combination of the parental species (i.e. different outcome for a
cross between a male collared and a female pied flycatcher versus between a male pied and a female
collared). In sea stars, two thirds of the interspecific crossings show asymmetric results, where
fertilization is only possible with one parental species combination, but not with the reverse one
(reviewed in Palumbi et al., 1994). Similarly, Moehring (2011) predicted asymmetry in the level of
sterility of backcross individuals depending on which parental species was crossed to the hybrid, in a
model on Drosophila. This asymmetry could be due to an effect of the combination of the sex
chromosomes or alternatively to mitochondrial inheritance. Sperm components are heritable both
through direct, genetic effects and indirectly through mitochondria (Birkhead et al., 2005). It has
been found that sperm efficiency is inherited exclusively through maternally transmitted
mitochondrial genes in humans (reviewed in Birkhead and Pizzari, 2002). In the flycatchers, Veen et
al. (2001) found that a cross between a collared male and a pied female resulted in fewer grand
offspring than the opposite cross. They attributed this difference to the fact that it is more difficult for
female pied flycatchers to find a homospecific male to seek extra-pair copulations, but this result
could also be due to an even greater reduction in fitness for hybrid offspring resulting from this
cross, compared to the reverse combination. Once again, we will be able to test this hypothesis
through genetic analyses, with the help of specific mitochondrial markers that allow us to identify the
maternal species of each first generation hybrid individual.

5.5

Alternative mechanisms leading to gametic isolation

We were not able to find any significant difference in sperm morphology between the pied and the
collared flycatchers of the hybrid zone of Öland. These two species diverged less than a million years
ago and they have been meeting in secondary contact on the island of Öland since 1960 (Qvarnström
et al., 2010). Three to four percent of the breeding pairs are heterospecific and produce viable hybrid
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offspring, for which all the females are sterile and the males have reduced fitness (Svedin et al.,
2008). Some premating and postzygotic isolation mechanisms were described between the two
species (plumage divergence and associated female preference, habitat segregation, divergence in
breeding time and selection against hybrids), but these barriers are not yet efficient enough to totally
prevent the production of unfit hybrid offspring (Saetre and Saether, 2010). Given such a scenario, it
is likely that postmating, prezygotic isolation barriers should evolve to reduce gene flow between the
species.
We could not find any interspecific difference between the sperm morphological traits, but we cannot
exclude some divergence in morphology on a very fine scale that was not measured here. In a study
on tree frogs, Sherman et al. (2009) found some difference in fertilizing success between males, but
were not able to find what makes the sperm of certain males more successful, suggesting that some
un-measured trait might play an important role. We found a trend suggesting a possible divergence in
head length between the sperm of the two species, but this was not significant. Since the head of the
spermatozoa has a particular shape, whose function is important for swimming ability, and since the
shape seems to vary quite a lot between different individuals (personal observation), it might be more
informative to compare head shapes between species instead of simple length measurements. This
was suggested by Malo et al. (2006) as well as by Humphries et al. (2008). It would be interesting to
use recently developed methods in geometric morphometrics to compare head shapes between
species (Adams et al., 2004).
We tested for divergence in sperm morphology between the two species, since it is thought to be
linked to some important functions influencing fertilization success, notably sperm swimming ability
and sperm longevity (Pizzari and Birkhead, 2009). The fact that we did not detect any morphological
difference does not exclude the possibility of divergence in swimming ability and/or longevity,
caused by some trait that was not measured here.
It would be interesting to compare measurements on sperm swimming ability and longevity for
males of the two species in future studies, since any difference in such important functions are likely
to induce conspecific sperm precedence in subsequent matings with both hetero- and conspecific
males (Howard et al., 2004), given that there has been a corresponding divergence in the female tract
or strategy. Whiteley et al. (2009) suggested that the reduced swimming speed observed in whitefish
backcross individuals was the result of a disruption in the metabolic function of the sperm of those
individuals. Fiztpatrick et al. (2009) predicted through phylogenetic analyses in cichlids that the
initial response to selection was a change in sperm energetics, enhancing sperm motility. Since the
midpiece of the sperm contain the mitochondria producing the energy for sperm motion, any increase
in the mitochondrial content of the midpiece or in the mitochondrial efficiency is likely to increase
sperm swimming speed. It might even be possible to enhance the efficiency of the mitochondria
without having an increased midpiece length, as Malo et al. (2006) found sperm with shorter
midpieces to swim faster.
There could also be a difference in the amount of sperm that is produced in the two species.
Inseminating more sperm into the female makes it more likely for a male to fertilize a few eggs.
Immler et al. (2011) found a reduction in sperm number in hybrid sunfish compared to the parental
species. Ludlow and Maguran (2006) suggested that a difference in sperm number could be at the
origin of the conspecific sperm precedence observed between two species of guppies. It would be too
complicated to measure sperm number in the ejaculates of wild birds, since it is impossible to know
if the males mated right before the sampling time and how many times they did mate already. But
this is something that could be examined on males kept alone in aviaries. Alternatively, it might be
possible to estimate the quantity of sperm produced by measuring the volume of the cloacal
protuberance, as proposed by Laskemoen et al. (2010).
The present study was only investigating male gametes, whereas numerous mechanisms could allow
the female to favour sperm from conspecific males over sperm from heterospecific males. First, since
sperm transport within the female tract is mostly the result of female contractions, and not so much
of sperm movements (Birkhead and Brillard, 2007), any change in the properties of the female
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reproductive organs, and a corresponding coevolution of the male gametes in the same species is
likely to result in conspecific sperm precedence. Furthermore, only one to two percent of the
inseminated sperm enter the female storage organs, the rest probably being ejected by the female
(Birkhead and Brillar, 2007), indicating that the females use some clues to discriminate between
sperm of good quality in the vagina already. As the sperm of males gain in competitiveness,
mechanisms enhancing the ovum defensiveness are likely to evolve in the female through
antagonistic coevolution, in order to avoid the cost of having an ovum fertilized by multiple sperms
(Martin-Coello et al., 2009). Ludlow and Magurran (2011) proposed that the sperm from
heterospecific males could be inviable in the female tract. On the surface of the sperm, mRNA help
to suppress the female anti-sperm immunoreaction (Birkhead and Brillard, 2007) and it could be that
divergence in those mRNA make sperm of heterospecific males less efficient at counteracting the
immunoreaction of the female. Alternatively, the females might use gamete recognition proteins (e.g.
members of the major histocompatibility complex, expressed on the suface of the spermatozoa) to
select sperm of conspecific males (Birkhead and Pizzari, 2002). Reproductive proteins are involved
in different postmating mechanisms (gamete usage and storage, signal traduction, fertilization) and
are evolving very rapidly (Swanson and Vacquier, 2002). They were found to diverge in very
different organisms, ranging from protozoa to mammals, including fungi, plants, molluscs, sea
urchins and Drosophila (Swanson and Vacquier, 2002). Robinson et al. (1994) suggested that species
recognition mechanisms might act in the spermatheca of female flour beetles, where the sperm are
activated. It would be really interesting to investigate further what is happening after sperm
insemination, but this might be really complex without killing and dissecting females, which should
be avoided as much as possible. A non-invasive alternative would be to analyse unhatched eggs, in
order to discriminate between eggs that never were fertilized and eggs for which the development
stopped at a really early embryonic stage. Birkhead et al. (2008) describe a method allowing the
detection of sperm holes in the membranes of eggs that have been fertilized. Where an early
embryonic death would indicate some genetic incompatibilities, unfertilized eggs would hint to
either a lack of sperm or some incompatibilities between the sperm and the ovum (Birkhead and
Brillard 2007).
5.6

No gametic isolation yet?

Finally, we also have to consider the hypothesis that there is simply no gametic isolation between the
pied and the collared flycatcher of the hybrid zone of Öland. If rapid divergence of gametes has been
found before (see Landry et al., 2003, divergence in sperm morphology after 25000 years only), it is
much more likely to evolve rapidly in external fertilizers that lack any form of premating
interactions. As emphasized by Birkhead and Brillard (2007) postcopulatory prezygotic isolation
might take tens of millions of years to evolve in birds. The collared and the pied flycatchers diverged
only less than a million years ago (Qvarnström et al., 2010) and came into secondary contact 12000
years ago in Central Europe, and only as few as 50 years ago on the island of Öland. There was
probably no need to evolve any reproductive isolation barriers in allopatry, since there was no risk of
heterospecific pairing. Moreover, it might be costly to evolve too strong barriers against
heterospecific sperm, since it might reduce the fertilization success of conspecific sperm as well. In
the process of speciation in allopatry, ecological divergence is generally thought to evolve first, and
reproductive isolation appears as a by-product of divergent adaptation to different environments
(Schluter, 2001). If the genetic incompatibility is not complete at secondary contact, there might be
natural selection for prezygotic isolation in order to avoid the maladaptive production of hybrid
offspring, a process called reinforcement (Schluter, 2001; Matute, 2010). This can be detected as the
species are then likely to look more different in sympatry than they do in allopatry. This process is
often described for behavioural and ecological traits (see Schluter, 2001), but Matute (2010) showed
that conspecific sperm precedence can also evolve through reinforcement in two species of
Drosophila kept in sympatry for four generations. Reinforcement has been shown between the
collared and the pied flycatcher of the much older hybrid zone of Central Europe (12000 years old
compared to the 50 years old hybrid zone of Öland), both in premating and postcopulatory isolation
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barriers, but evidence suggests that the younger hybrid zone on Öland has not yet evolved
comparable isolation. First, whereas 65% of the pied flycatchers sing a mixed song on Öland, which
increases the risk of hybridization, only 10% of them do so in Central Europe (Haavie et al., 2004,
Qvarnström et al., 2006). This is thought to be due to a reduction in the level of plasticity of the song
template. Furthermore, Borge et al. (2005) described a reduced amount of introgression
(incorporation of alleles of another species in the genome through hybridization) in Central Europe
compared to the Swedish Baltic Islands. The reproductive barriers seem to be much stronger in
Central Europe, since the hatching success of eggs sired by a hybrid male is much lower. A similar
reduction in hybrid fertility could evolve through reinforcement in our study population as well.
However, reinforcement is less likely to evolve in the Swedish hybrid zone than in Central Europe,
as there is a constant influx of pied flycatchers from allopatric populations of the Swedish mainland
that are not adapted to sympatry with the collared flycatchers. The gene flow introduced by those
individuals is likely to slow down the process of reinforcement (Wiley et al., 2009).

6.

Conclusion

In the first study of sperm morphology of the hybridizing collared and pied flycatchers of Öland, we
were not able to detect any divergence between the species in the measured traits. This is not so
surprising given that the evolution of gametic isolation is thought to take millions of years in birds
(Birkhead and Brillard, 2007). On the other hand, analyzing sperm morphology was only the first
step in the study of postcopulatory prezygotic barriers and divergence might be present in many other
traits that were not measured here. Further studies should include analyses of other morphological
traits like the head shape, comparing motility, swimming ability and longevity of the sperm of the
two species, number of sperm produced, features of the female reproductive tract and gamete
recognition proteins and investigating the processes at the origin of unhatched eggs. This study
allowed detecting a very interesting pattern in the sperm of hybrids. The production of sperm seems
to be very limited or even non-existant on a majority of hybrid males and spermatogenesis failure
was also observed in the form of production of immature sperm. Furthermore, even though the
hybrid males have been found to produce offspring before, none of the males included in our study
was able to sire any offspring. Given the low proportion of hybrids found in nature and the difficulty
to collect data on them, it would be really interesting to conduct further studies on the sperm and
fertilization success of hybrid males in order to assess the generality of the observed failures in
sperm production. It would also be particularly interesting to look at the influence of the direction of
the heterospecific cross from which the hybrid males are issued (the combination of the parental
species) on their fertility and to investigate what allows some hybrid males to sire offspring while
others do not. This study might have raised more questions than answers regarding the gametic
isolation between the pied and the collared flycatchers and further studies are required to understand
the mechanisms isolating the species at the gametic level.
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