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Figure 1. Summary of mixed-population structure and the relative survival of hybrids across the main life stages in a Ficedula hybrid zone. Panel A
shows stages happening the season hybrids are born (year 0), with strong assortative mating (A.1), lower hatching success in mixed-species nests
(A.2), high rates of extra-pair paternity producing nonadmixed nestlings instead of hybrids (A.3), and slightly reduced hybrid nestling survival (A.4),
resulting in a bias in initial production of hybrids with pied flycatcher mtDNA. In year 1 (panel B), the initial higher production of hybrids with pied
flycatcher mtDNA and their relatively high rate of recruitment (B.1) is counteracted by a higher rate of immigration of adult hybrids with collared
flycatcher mtDNA (B.2). Across their adult life (panel C), hybrids show higher mortality rate than the parental species (C.1), the proportion of adult
hybrids (C.2) is lower than what would be expected given pairing patterns (A.1) and the initial bias in hybrids with pied flycatcher mtDNA is nearly
absent at this stage. The reduction in number of hybrids compared to what would be expected given random mating, no sperm competition and equal
survival rates to that of nonadmixed individuals is shown at the top for years 0 and 1. Note that because all hybrids are sterile, reproductive isolation is
complete (C.2). Shaded areas above or on top of the bar graphs in panels A and B indicate the proportion of individuals of each species at the previous

stage.

After discarding nests with obvious predation occurring
before nestlings were 12 days of age, or missing information
on their status at that age, we investigated the survival of
22,586 nestlings. A total of 18,292 were found alive in their
nests 12 days after hatching (collared: N =15,009/18,625,
mixed collared: N = 241/303, mixed pied: N = 646/787, and
pied: N = 2,396/2,871). Laying date significantly affected sur-
vival probability such that nestlings born relatively later expe-
rienced a lower probability of survival (y?, =7.53, p =.006,

N =22,586 nestlings from 3,526 nests, Supplementary Table
S7). There was no significant interaction between pairing type
and laying date, nor any significant effect of pairing type on
nestling survival to day 12.

We also used mass measured 12 days post hatching, just
before fledging, as an indicator of nestling health and growth
performance, measured for 18,291 nestlings. There was a sig-
nificant three-way interaction between pairing type, habitat
quality, and laying date on nestling mass at 12 days of age
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Figure 7. Results of adult survival analyses including collared, pied and hybrid flycatchers. (A) Posterior distributions for the six model parameters, (B)
survival, and (C) mortality curves are shown for the Logistic-bathtub mortality model, and 95% confidence intervals represented. Hybrids experience

the highest baseline mortality.

2020), this result implies genetic differences in the viability
of hybrids also during the nestling growth stage. At the adult
life stage, hybrids showed higher baseline mortality rates than
the parental species (Figure 7, parameter b0, Supplementary
Table S15), which kept increasing until later in life compared
to the mortality rate of collared and pied flycatchers (Figure
7, parameter b2). There were no strong asymmetries in adult
viability depending on the direction of the parental cross, but
hybrids with a pied flycatcher mother showed signs of higher
baseline mortality as compared to hybrids with a collared
flycatcher mother (Figure 8, b0 parameter). Such asymme-
tries are consistent with Darwin’s corollary to Haldane’s rule
and imply that genetic factors with sex-specific inheritance
patterns likely contribute to genetic incompatibilities. Below
we discuss the implication of these findings in relation to
speciation.

A snapshot into the evolution of hybrid
inviability

Collared and pied flycatchers are at a late stage of speciation.
Complete reproductive isolation between these two species
results from hybrid sterility (Alund et al., 2013), likely caused
by disruption of meiosis during gamete production (Segami et
al., 2022a). Incompatibilities are expected to accumulate in a
snowballing fashion once they arise but may have cryptic or,

at least, diminishing effects on the phenotypic level (Guerrero
et al., 2017; Kalirad & Azevedo, 2017). Nevertheless, the
build-up of BDMIs beyond the stage of complete reproduc-
tive isolation has important consequences for the future fate
of young species, because mutations may restore hybrid dys-
function and incompatibilities are highly sensitive to purging
at secondary contact (Barton & Bengtsson, 1986; Blanckaert
et al., 2020; Xiong & Mallet, 2022). There are only 303 genes
with fixed nonsynonymous differences between collared and
pied flycatchers across their whole genomes (Segami et al.,
2022b) and only a subset of these are expected to be causing
negative epistatic interactions with severe effects on hybrid
phenotypes. In line with this expectation, many important
traits such as nestling growth, dispersal, and recruitment
patterns show intermediate values in hybrids compared to
the two parental species, which is consistent with additive
inheritance of these traits. Nevertheless, we also find evi-
dence of slightly reduced viability of hybrids during both
the embryonic and adult life stages as compared to both
parental species (Figure 1). Complete hybrid inviability often
evolves more slowly than complete hybrid sterility (Moyle &
Graham, 2005; Presgraves, 2010b; Turissini et al., 2018) and
is therefore expected to have a more complex genetic basis.
Because we do not observe complete hybrid inviability in our
system, the arising BDMIs that affect hybrid survival proba-
bilities are likely either caused by allelic variants that are not
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Figure 8. Results of adult survival analyses including only hybrids of the two reciprocal hybrid crosses, with collared flycatcher mitochondrial DNA in
pink (left curve in A b, lower line in B, lower peak in A b, and C) and with pied flycatcher mitochondrial DNA in light blue (right curve in A b, upper line
in B, highest peaks in A b, and C). (A) Posterior distributions for the two model parameters, (B) survival, and (C) mortality curves are shown for the
Weibull-simple mortality model, and 95% confidence intervals are represented.

fixed between the two species (Coughlan & Matute, 2020;
Cutter, 2012) or by fixed allelic differences that only mildly
reduce hybrid survival. Any fixed difference causing complete
hybrid inviability would result in the complete lack of hybrids
between these species.

We furthermore expect individuals carrying the allelic vari-
ants causing the most serious BDMIs (i.e., disrupting basic
physiological functions) to die already at an early life stage,
meaning that observed survival differences between hybrids
and nonadmixed individuals should decline across each life
stage. In line with this expectation, we found a significant
reduction in hatching success of mixed-species pairs and
higher baseline mortality for adult hybrids. Since we rely on
natural pairing patterns, there are some possible confounding
factors, including the possibility of lower fertilization rates
in interspecific crosses (see Supplementary materials) but the
fact that hatching failure in hybrids does not co-vary with
external factors (i.e., it is independent of laying date and hab-
itat quality), as opposed to what is observed in the parental
species, suggests that incompatibilities are present. The spe-
ciation field generally has a poor understanding of the stages

of transition between hybrids mostly suffering from extrin-
sic incompatibilities (due to intermediate phenotypes), and
full hybrid lethality (due to BDMIs), which is often observed
between long-diverged species. Studying subtle interactions
between extrinsic and intrinsic factors affecting hybrids
requires in-depth knowledge of the study system in their nat-
ural habitat, combined with physiological measurements and
genomic analyses.

The application of mark-recapture models allowed us to
estimate mortality distributions despite missing information
on the exact moment of death for most birds. These powerful
models require many years of monitoring of numerous indi-
viduals of each category that must be captured multiple times
over several different years, in order to accurately estimate
survival trajectories. Our analyses reveal that hybrid individ-
uals have a higher baseline mortality than both collared and
pied flycatchers across their lifespans. This could be due to a
generally less efficient metabolism (McFarlane et al., 2016),
or caused by suboptimal migration patterns (e.g., Delmore &
Irwin, 2014), or both. Hybrids with a pied flycatcher mother
show a slightly higher baseline mortality than the other cross.
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Several more years of monitoring and measurements will
allow us to confirm any bias in the survival of hybrids of one
cross over the other, which again is consistent with emerging
incompatibilities between alleles of minor effects, accumulat-
ing in the population. Although few studies have investigated
the reproductive output of mixed-species pairing under nat-
ural conditions, increased rates of hybrid embryonic mortal-
ity have been reported from a wide range of taxa including
birds (Sellier et al., 20035), fish (reviewed by [Bolnick & Near,
2005]), and insects (Tyler et al., 2013). Even fewer studies
follow naturally occurring hybrids through multiple life
stages. Intermediate rates of survival and longevity or similar
trajectories to one or both of the parental species have been
reported in plants (Kenzo et al., 2016), amphibians (Scroggie,
2012), rodents (Hunter et al., 2017), and birds (Neubauer et
al., 2014), when no distinction was done between the recip-
rocal hybrid crosses or sexes. Some studies report signs of
higher survival in naturally occurring hybrids (Fitzpatrick
& Bradley Shaffer, 2007; Grant & Grant, 1996; Griebel et
al., 2015; Weeks et al., 2017) or, strong negative effects on
hybrid viability (Saulsberry et al., 2017). More subtle effects
on survival, as detected in our study, are difficult to reveal
under natural conditions because following individuals from
birth to death is often not feasible, especially in animals.
However, we need to increase our knowledge of how accu-
mulating genetic incompatibilities manifest themselves under
natural conditions (Reifovd et al., 2023). Although the genetic
incompatibilities causing the observed decline in flycatcher
hybrid viability remain unknown, we can make some import-
ant conclusions. Since only a small subset of hybrid nestlings
fail to hatch, these severe genetic incompatibilities should be
caused by nonfixed variants segregating in the parental spe-
cies (Cutter, 2012). There may indeed be some rare combi-
nations of recessive allelic variants that are causing severe
developmental failures within each parental population as
well, but would be mostly masked in heterozygous individ-
uals, and could be exposed in hybrids because of frequency
differences in these alleles between the two species (Moran et
al., 2021). By contrast, the milder effects detected later in life
could be caused by fixed differences, as such incompatibilities
are not exposed to purging in the two species and can further
build up in the hybrid zone because hybrids are already sterile
(Coughlan & Matute, 2020).

Darwin’s corollary to Haldane’s rule

We were particularly interested in possible asymmetries in
hybrid survival depending on the maternal species in the
mixed-species crosses. There were no strong differences
between the hybrid crosses in specific reproductive traits and
behavior, but some trends were observed. Hybrids with a pied
flycatcher mother were slightly less likely to hatch and tended
to experience higher baseline mortality across adult age
classes as compared to hybrids resulting from the other cross
(Figure 8, Supplementary Table S16). These patterns are con-
sistent with Darwin’s corollary to Haldane’s rule and imply
that genetic factors with sex-specific inheritance patterns,
such as sex chromosomes and mitochondria, are involved in
BDMIs. Sex chromosomes have been experimentally shown
to be associated with hybrid sterility and inviability in artifi-
cial crosses (mostly in fruit flies [Coyne & Orr, 2004]), and
harbor a higher proportion of highly divergent loci between
species than autosomes do, in both X-Y and Z-W systems
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(Payseur & Rieseberg, 2016). Previous research has shown ele-
vated divergence between pied and collared flycatchers on the
Z chromosome compared to autosomes (Ellegren et al., 2012;
Hogner et al., 2012), which is also where the genes coding
both for male plumage characteristics and female preference
are found (Saether et al., 2007). In addition, there is genetic
divergence in mitonuclear genes underlying the OXPHOS
pathway responsible for cell respiration between collared and
pied flycatchers (Van der Heijden et al., 2019), differences in
plasticity of resting metabolic rate were detected between nest-
lings of the two parental species (McFarlane et al., 2018) and
adult hybrid males suffer from suboptimal, high resting met-
abolic rate (McFarlane et al., 2016). All fitness traits rely on
efficient respiration, which necessitates a good match between
nuclear and mitochondrial genes (Wolff et al., 2014). Birds
have high aerobic demands related to their ability to fly, and
there should thus be a strong selection for optimal respira-
tory functions (Lane, 2011). Metabolic functions are sensitive
to the environment, and coevolution of mitochondrial and
nuclear genes may evolve quickly under strong climate-related
selection, as observed in hybridizing warblers (Wang et al.,
2021). Emerging inefficiencies in metabolism may be particu-
larly relevant during periods of exponential growth, meaning
that even small deficiencies may influence nestling conditions
and survival chances. Poorly optimized metabolism may also
cause a free radical leak, which in turn leads to apoptosis
and results in increased rates of diseases late in life (Lane,
2011; Pichaud et al., 2019). The best documentation of such
asymmetric incompatibilities comes from laboratory experi-
ments, in Drosophila, for example, where reduced mitochon-
drial respiration efficiency is exacerbated with age, due to the
accumulation of reactive oxygen species over time (Pichaud et
al., 2019). Oxidative damage was also documented in hybrid
copepods, even between lines with low levels of divergence,
suggesting that these pathways may easily be disrupted (e.g.,
Barreto & Burton, 2013). Thus, mitonuclear incompatibilities
are strong candidates for explaining the higher and slightly
biased baseline mortality detected among hybrid flycatchers,
given the previous differences in metabolism detected in our
system. While challenging to study with high phenotypic and
genotypic resolution together with reasonable sample sizes in
natural systems, further investigation of survival trajectories
of hybrids of both sexes with different mitonuclear combina-
tions would be an interesting future avenue of research in the
flycatcher system.

Conclusion

In summary, we took advantage of 17 years of long-term
monitoring on naturally hybridizing pied and collared fly-
catchers to investigate potential signs of hybrid inviability at
numerous life stages. While hybrid individuals were interme-
diate in several important fitness traits, mixed-species pairs
experienced lower hatching success, which may be the result
of early embryonic problems of hybrids resulting from some
specific incompatible combinations of the parental genes.
Adult hybrids also had a higher basal mortality rate than both
parental species, with rates of mortality that kept increasing
with age after pied and collared flycatchers had reached a pla-
teau in mortality rate. While asymmetries between the recip-
rocal hybrid crosses were subtle, some trends emerged from
our analyses encouraging future work investigating potential
differences between them, and between the sexes, which could
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Table 2. Strength of isolating barrier, showing the reduction in hybrids
produced at each stage compared to situations of random mating,
absence of sperm competition, and equal survival of hybrids compared
to collared or pied flycatchers. In each case, hybrids were compared

to their maternal species. Note that because all hybrids are sterile,
reproductive isolation is complete in this system. Negative numbers
indicate cases where more hybrids are found than expected by chance.

Isolating barrier Collared Pied
flycatcher flycatcher

Mate choice/ assortative mating 0.77 0.49

Extra-pair copulations and conspe- 0.44 0.17
cific sperm precedence

Egg hatchability 0.005 0.018

F1 nestling survival 0.007 0.008

F1 hybrid recruitment to the popu- 0.40 -0.38
lation as adult

F1 hybrid immigration from out- -0.06 0.24
side of the monitored population

F1 hybrid sterility 1 1

Total isolation 1 1

unveil different patterns of incompatibilities between mito-
chondrial-, nuclear-, and sex-chromosome-linked genes. In
animals, hybrid incompatibilities have mainly been explored
in laboratory crosses between species that are often not natu-
rally hybridizing, while studies of natural hybrid zones instead
frequently involve populations and species at early stages of
speciation, where few signs of intrinsic hybrid inviability are
detected. Hybrids between collared and pied flycatchers show
advanced signs of intrinsic dysfunction in terms of sterility of
both sexes despite a relatively short divergence time between
the parental species. Here we report subtle viability differ-
ences between Ficedula hybrids and parental species that
open possibilities to study physiological and genetic mecha-
nisms underlying the evolution of hybrid dysfunction in the
wild.

Studying the relative contribution of all the different param-
eters included in this study provides important insights into
the complexity of interactions between extrinsic and intrinsic
factors affecting hybrid fitness, and how these may change
over time as species move along the speciation continuum.
Table 2 illustrates the contribution of each life stage studied
here to a reduction in the number of hybrid individuals pro-
duced compared to expectations of random mating and equal
survival of hybrids to unadmixed individuals. Reproductive
isolation is total in our system, due to complete hybrid ste-
rility. Assortative mating and postmating prezygotic isolation
are also very high, but strongly biased between the reciprocal
crosses. Figure 1 illustrates that while we start with a bias in
pairing and extra-pair copulation patterns, leading to a higher
production of hybrids with a pied flycatcher mother, this bias
is mitigated by a higher immigration of adult hybrid individ-
uals of the other cross, such that differences in the proportion
of adult hybrids of both types are minimal in our population.
The detected reductions in survival at the different life stages
contribute little to the observed number of F1 hybrids with
different maternal species compared to these demographic
factors. Nevertheless, such knowledge is important in the con-
text of understanding how genetic incompatibilities manifest
themselves at the phenotypic level. We show here that com-
bining long-term monitoring documenting subtle phenotypic

Alund et al.

differences between hybrids and nonadmixed individuals,
coupled with physiological measurements and genetic analy-
ses, allows for different conclusions about sources of extrin-
sic and intrinsic postzygotic isolation than would have been
possible by solely looking at one point of the complex stages
in this hybrid zone.
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