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Abstract

Studies of ecological speciation are often biased towards extrinsic sources of selection
against hybrids, resulting from intermediate hybrid morphology, but the knowledge of how
genetic incompatibilities accumulate over time under natural conditions is limited. Here we
focus on a physiological trait, metabolic rate, which is central to life history strategies and ther-
moregulation but is also likely to be sensitive to mismatched mitonuclear interactions. We
measured the resting metabolic rate of male collared, and pied flycatchers as well as of natu-
rally occurring F1 hybrid males, in a recent hybrid zone. We found that hybrid males had a
higher rather than intermediate metabolic rate, which is indicative of hybrid physiological dys-
function. Fitness costs associated with elevated metabolic rate are typically environmentally
dependent and exaggerated under harsh conditions. By focusing on male hybrid dysfunction
in an eco-physiological trait, our results contribute to the general understanding of how com-
bined extrinsic and intrinsic sources of hybrid dysfunction build up under natural conditions.

Introduction

Ecological speciation, where barriers to gene flow are the result of divergent adaptation to envi-
ronmental conditions, is thought to be a common mechanism by which new species form [1-
3]. Empirical studies on ecological speciation have generally been focused on young radiations
and hence a subset of sources of reproductive isolation, which typically do not include genetic
incompatibilities affecting hybrid viability or fertility [1, 2, 4]. Such incompatibilities are likely
to evolve slowly and accumulate over time [5, 6], but whether and how ecological divergence
leads to a gradual build up of genetic differences that cause combined effects of environmental
and physiological mismatches in hybrids remains largely unexplored.

Hybrid dysfunction caused by interacting genes that have diverged in different populations
[7, 8] can be the result of random genetic drift, coevolution resulting from genetic conflict or
divergent natural and sexual selection [9, 10]. Parallel ecological adaptation resulting from the
same selection pressures can also result in genetic incompatibilities if these similar adaptations
have evolved due to the fixation of different mutations in different populations [10, 11]. Evi-
dence for Dobzhansky-Muller (DM) interactions causing hybrid lethality or sterility have been
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demonstrated in, for example, Drosophila [12] and Mimulus [13] and are expected to be fairly
common, although difficult to detect and measure in wild systems.

Although genetic incompatibilities are typically assumed to be between nuclear genomes
they may in fact be more common between mitochondrial (mtDNA) and nuclear genomes
[14]. A major reason for this assumption is that the mitochondria mutates quickly and has little
opportunity for recombination, and thus may be even more susceptible to fix slightly deleteri-
ous mutations that could be incompatible on a different nuclear background [14, 15]. Mitonuc-
lear interactions may be underlying ecological adaptations as well because of the
mitochondria’s role in oxidative phosphoralation (OXPHOS) forming ATP [14, 16] and may
therefore play an important role in the speciation process [16], especially in relation to climate
adaptation. Climate adaptation is however surprisingly rarely studied in the context of ecologi-
cal speciation, and this is especially true in relation to the potential build up of genetic incom-
patibilities (reviewed in [17]).

Resting metabolic rate is an ecologically influenced physiological trait which can be defined as
the baseline energy needed to run an individual’s organs, and hence influences its life history
strategy [18]. Metabolic rate affects thermoregulation [19] and, in hybrids, is expected to be dif-
ferent from the parental species if there are DM interactions between the mitochondria and
nuclear genomes contributing to OXPHOS. This has been found in seed beetles, where metabolic
rate is affected by an interaction between the mitochondria, the nuclear background and the
environment [20]. Similar results have also been found in studies on Drosophila, where hybrids
between D. melanogaster and simulans had a higher metabolic rate than the parental species at
warmer temperatures, which could be mapped to a mitonuclear interaction [21]. In birds, breed-
ing experiments of stonechats revealed differences in metabolic rate among individuals with the
same nuclear but different mitochondrial genomes [22]. These laboratory studies are often based
on different isolines where mitochondria are “placed” into an entirely different genomic back-
ground (i.e. the mitochondrial genome comes from one isoline and the nuclear genome from
another) and can therefore not directly be applied to expectations concerning hybrids and early
backcrosses. Evidence for disrupted metabolic rate in naturally occurring hybrids is scarce and it
therefore remains an open question whether this is a common physiological defect in hybrids.

Natural hybrid zones provide the opportunity to both identify phenotypic traits that are
related to ecological speciation and possible links to hybrid dysfunction [23]. Collared (Ficedula
albicollis) and pied (F. hypoleuca) flycatchers are a suitable system in which to study the effects
of climate adaptation on speciation. These two species of closely related passerines diverged less
than one million years ago [24], and have both allopatric and sympatric populations, including
recent hybrid zones on the Swedish islands of Oland and Gotland in the Baltic [25]. Generally,
collared flycatchers have a more southern breeding distribution, while pied flycatchers are more
northerly distributed [17, 25]. Collared and pied flycatchers differ in life history strategies,
where collared flycatchers trade hardiness for competitive dominance [26, 27]. Differences in
climate adaptation between these two species, as reflected by differences in breeding ranges and
resource allocation strategies, may be expected to have resulted in divergence in RMR and the
underlying genes. Hybrids could then either have an intermediate metabolic rate with mainly
ecological implications or show signs of a more severe mismatch. Laboratory studies suggest
that mismatched mitonuclear lines rather have a deviating (i.e. either higher or lower metabolic
rate when compared to the parental species) than an intermediate RMR.

Methods

We monitor collared and pied flycatchers during their breeding season on the Swedish island of
Oland, where they co-occur [25]. Both species are obligate cavity nesters [28], and readily nest in
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nestboxes we have placed in woodlands on the island. Additionally, some birds were caught as
part of a constant effort mist netting at the Ottenby Bird Observatory at the southern tip of
Oland. All experimental procedures on flycatchers reported here were approved by the Linké-
ping animal care committee, Kalmar ldnstyrelse gave us permission and all local land owners
gave their permission to conduct the study on their land. Approximately 4% of breeding fly-
catchers in this population are hybrids [29]. All birds caught were ring marked with a unique
alphanumeric metal band, weighed, blood sampled, and measured for a variety of morphological
measurements, including tarsus length, wing length and plumage characteristics, as part of the
long term monitoring program. Species were assigned phenotypically by plumage characteristics
while the bird was in hand. To assign hybrids as having either collared maternity or pied mater-
nity, we used one mitochondrial marker that has been found to be fixed in either species [30].

We measured resting metabolic rate of males during the breeding seasons in 2013-2015 on
Oland. Males were caught using either mist nets and playback, or were trapped in nest boxes,
and were caught haphazardly throughout the entire breeding season, including while they were
migrating, advertising for females, and feeding nestlings. Males were either caught in the even-
ing, or caught in the morning while defending their territories and kept in cages with ad lib
food until evening. We preferentially captured males to bring to the laboratory, as males with-
out females are likely to abandon their nestlings, but single females will continue to feed the
brood (S.E. McFarlane, pers obs). RMR of all males was measured at night, either between 8pm
to 12am or 12am to 4am. Overnight, while we were measuring RMR, males were kept in a cli-
mate-controlled cabinet set at 28°C to ensure that they were in their thermoneutral zone [31].
We used a FMS respirometer, RM-8 multiplexer, PP-2H field pump and a FlowBar-8 (Sable
Systems, Henderson, NV, USA). With this arrangement we were able to measure up to seven
birds at a time, with a reference chamber. The multiplexer cycled through chamber measure-
ments, where birds were measured 6 times for five minutes each, where each cycle took 40 min-
utes and the males were in the chambers for four hours in total. We automatically discarded
the first measurement of the six, as we assumed that the bird was not yet settled. From the
other five measurements, we have used here the sample with the lowest standard deviation
among each sampling second. We assume that this low variation among samples represented a
calm or sleeping bird. The flow rate for each chamber was set to approximately 400ml/minute,
and recorded once per second. We used equations 9.3 and 9.4 in Lighton [32] to calculate VO,,
from O,, CO, and water vapor pressure. To estimate mass standardized metabolic rate, we
divided each VO, by the mass of the bird immediately before it was measured. We present
mass standardized metabolic rate as milliliters per minute per gram. In the results, we report
mean estimates +/- standard deviations.

To investigate whether there is a species effect on metabolic rate, we used a mixed effects
model using “lme4” in R v 3.0.2, where metabolic rate was the dependent variable, species was
the independent variable, and year was included as a random effect [33, 34]. We report here
results from an ANOVA of this mixed effects model, assuming the Satterthwaite approxima-
tion for degrees of freedom, which we implemented using “ImerTest” [35]. We did post hoc
comparisons between species to determine the drivers of the species difference using Tukey
contrasts for mixed effects models from the ‘multcomp’ package [36].

To determine if hybrids from each cross type (i.e. different maternal species) differed in
metabolic rate, we did a Student’s t test in R [34].

Results

In total, we measured the metabolic rate of 94 male Ficedula flycatchers (39 collared flycatch-
ers, 43 pied flycatchers and 12 hybrids), between 2013 and 2015. The mean resting metabolic
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rate was 3.49+/- 1.7 ml of oxygen consumed min™', and the mean mass standardized metabolic
rate was 0.271+/-0.13, where the mean mass was 12.88+/-0.99 grams. We found that both col-
lared flycatchers and hybrids were heavier than pied flycatchers (PF-CF est = -1.01+/-0.18, z =
-5.49, p<0.0001, PE-HY est = -1.033+/-0.29 z = -3.62, p = 0.0008), although collareds and
hybrid flycatcher males were overlapping in size (est = -0.023+/-0.28, z = 0.084, p = 0.996). We
also found that hybrids did not differ significantly in tarsus length from either pure species
(CF-HY est = 0.204+/-0.23,z = 0.873, p = 0.65, PF-HY est = -0.187+/-0.23, z = -0.805, p = 0.69)
but that collared flycatchers had significantly longer tarsi than pied flycatchers, suggesting that
hybrids are intermediate to the parental species (est = 0.39+/-0.15, z = 2.56, p = 0.027). Here
we have presented both absolute metabolic rate and mass standardized metabolic rate,
although mass was not a significant predictor of metabolic rate (F; o1 5 = 0.69, p = 0.408). We
found no effect of tarsus on metabolic rate (F, 59 = 0.438, p = 0.510), and so report mass stan-
dardized metabolic rate as a control for size.

We found a marginally significant species effect on metabolic rate (F, g9 = 2.66, p = 0.076),
which was driven by the differences between hybrid and collared flycatcher males (est = 1.22
+/-0.53, z = 2.30, p = 0.055), and somewhat between hybrid and pied males (est = 0.872+/-0.53,
z = 1.65, p = 0.22). This is consistent with our prediction that hybrids have a different meta-
bolic rate because of mismatched mito-nuclear interactions (Fig 1). Additionally, collared
males and pied males were not discernibly different from each other (est = -0.348 +/-0.36, z =
-0.98, p = 0.58).

The difference in size between collared and pied flycatcher males was not causing the
observed differences in metabolic rate, as metabolic rate standardized by mass was also margin-
ally different in hybrids compared to collared flycatcher males (HY-CF est = 0.090+/-0.04,
z=2.13, p = 0.082), although it was not different between hybrid males and pied flycatcher
males (PF-HY est = -0.041+/-0.043, z = -9.73, p = 0.59), and the difference between collared
and pied males was not significantly different from zero (est = -0.05+/-0.03, z = -1.78,
p=0.17).

We did not find an asymmetric relationship between cross types, as hybrids from pied fly-
catcher mothers and from collared flycatcher mothers did not differ significantly in metabolic
rate (t =-0.559, df = 9.27, p = 0.589; Fig 2).

Discussion

We report elevated metabolic rate of male F1 hybrids resulting from both types of pairing com-
binations between pied and collared flycatchers. An elevated metabolic rate means that self-
maintenance is more costly for these hybrids and hence likely reflects hybrid physiological
dysfunction.

If everything else is held equal, a higher resting metabolic rate is costly because of the need
to allocate more energy for maintenance [18]. Individuals with lower metabolic rates can sur-
vive longer [37], and grow faster [38], likely because, instead of allocating energy towards
maintenance, individuals with low metabolic rate can allocate their energy to other life history
traits (i.e. the compensation hypothesis;[39]). However, when individuals are challenged, such
as with increased workload during reproduction, they may respond by raising their resting
metabolic rate in order to be able to increase their daily energy expenditure (DEE;[40]). For
example, over the course of lactation, laboratory mice were found to increase their RMR to
keep up with the associated increased energetic demands [41]. In addition, experimental
manipulations of reproductive effort by brood size enlargement have been shown to increase
RMR of the attending parents [42, 43]. Thus, a higher RMR may reflect a plastic response to a
needed, higher DEE. Hybrid flycatchers have been shown to have lower pairing success [29],
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Fig 1. A comparison of whole organism resting metabolic rate (ml/minute) among collared (CF,
n = 39), pied (PF, n = 43) and hybrid (HY, n = 12) male flycatchers breeding in 2013, 2014, and 2015 on
Oland. We found that hybrid males tended to have higher metabolic than either parental species.

doi:10.1371/journal.pone.0161547.g001

and to be more likely to raise extra pair offspring than either collared or pied flycatcher males
[44], and thus might need to have a higher DEE to attract females, and then to guard them.
The observed substantially higher mean metabolic rate of male hybrid flycatchers compared to
males belonging to either of the two parental species (Fig 1) may therefore either represent a
difference in energy allocation strategy such that hybrids invest relatively more in reproduction
(i.e. to compensate for other sources of reproductive dysfunction), or hybrid physiological dys-
function. Future work could disentangle these two possible explanations by examining if and
how variation in RMR at different breeding stages (i.e. advertising for females vs. feeding nest-
lings) affects relative performance of hybrid males.

An association between higher metabolic rate and a higher energy allocation towards repro-
duction has been found in interspecific studies of mammals. Higher sperm production was
linked to species with high mass standardized metabolic rates, suggesting that highly efficient
physiologies were needed for high sperm production [45, 46]. However, male hybrid flycatch-
ers have been shown to have severely reduced fertility, in particular, they have fewer, mal-
formed sperm when compared to pure species males [44]. We therefore find it most likely that
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Fig 2. We tested whether male hybrids with collared flycatcher mtDNA (CF mtDNA, n = 7) or pied
flycatcher mtDNA (PF mtDNA, n = 5) had different whole animal metabolic rates (ml/minute). We found
no significant evidence of a difference between cross types.

doi:10.1371/journal.pone.0161547.g002

the elevated metabolic rate that we report here is a sign of hybrid dysfunction in the flycatchers.
Malformed sperm is moreover per se consistent with the hypothesis of mismatched mitonuc-
lear interactions because sperm production is also affected by OXPHOS [47, 48]. Thus, it is
expected that individuals with incompatible mito-nuclear genomes have both poor sperm pro-
duction and abnormal metabolic rates. We therefore find it most likely that the elevated RMR
in hybrid flycatcher reflects physiological dysfunction.

The use of naturally occurring hybrids to test the effects of mitonuclear interactions, espe-
cially based on known F1 hybrids, is rare, likely because of the difficulty of catching known
hybrids on which to measure physiological traits. A higher mass-standardized RMR was
reported in black capped—Carolina chickadee hybrids as compared to the two parental species
[49]. However, black capped—Carolina chickadee hybrids did not have a higher whole organ-
ism RMR while flycatcher hybrids have both a higher mass-standardized and a higher whole
organism metabolic rate, which, all else being equal, is costly [18], and likely represents a symp-
tom of hybrid dysfunction. Further, the flycatcher hybrids we measured were F1 hybrids, as F2
hybrids or backcrosses are exceptionally rare or absent in this population [50], leading to clear
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instances with mismatched mito-nuclear genomes. This can be compared to the chickadee sys-
tem, where backcross hybrids in addition to F1 hybrids were measured [49], which may make
predictions about mitonuclear interactions more difficult to test, as some backcrosses will not
be mismatched (i.e. those individuals without mismatched mitochondrial and nuclear
genomes). Italian sparrows, a hybrid species between house sparrows and Spanish sparrows,
have been shown to have reproductive barriers with the parental species that are coded on the
sex chromosomes and mitochondria, suggesting mitonuclear discordance, although the pheno-
type involved remains unknown [51]. While much more work is needed, it is possible that
avian hybrids, as well as hybrids in other taxa, are regularly affected by mitonuclear
discordance.

We did not find strong evidence of an asymmetry between hybrids with either collared or
pied mtDNA, but our low sample size (due to the rareness of natural hybrids) makes it prema-
ture to conclude that the effects are symmetric. Asymmetry between the specific crosses is
expected because of the sex specific genetic contributions (“Darwin’s Corollary”; [52]), i.e.
mitochondria are contributed only from the mother, and for this reason F1 hybrids with a col-
lared mother have different genetic material than F1 hybrids that had a pied mother. For exam-
ple, Nasonia wasps have asymmetrical F2 hybrid mortality, which was directly attributed to
differences in mitochondrial peptides involved in OXPHOS [53], and [54] found that Cen-
trarchidae fishes with faster mitochondrial evolution were worse maternal parents in reciprocal
hybrid crosses. Asymmetries may be more pronounced in backcrosses that have the mitochon-
dria of one species and the nuclear genome of the other, compared to F1 hybrids that have
both nuclear genomes but only one species mitochondria. In the case of F1 hybrids, dysfunc-
tion may be partial, but not complete as would be expected in the above-mentioned subset of
F2 or backcross hybrids.

A stressful climate may lead to a higher expression of hybrid dysfunction with mismatched
mitochondria and nuclear genomes. For example, mitonuclear lines of seed beetle hybrids (i.e.
those with mismatched mitochondrial and nuclear genomes) did not have a different metabolic
rate at a normal temperature; the effect was only seen at a higher, stressful temperature [20]. A
similar pattern was found in Drosophila mitonuclear lines [21]. There is thus the potential for a
genotype by genotype by environment interaction affecting metabolic rate. Collared flycatchers
have only recently colonized Oland [25], this is the northern extreme of their range. For this
reason, the climate on Oland could be an extreme climate, for collared flycatchers and their
hybrids. Future research could examine whether the same pattern of hybrids with increased
metabolic rate happens in the older Ficedula hybrid zone in Central Europe, where the birds
may experience a less stressful climate.

Collared flycatchers have been identified as a sensitive species to current climate warming
[55], facilitating their move into Northern Europe. As climate change intensifies, more species
will have range shifts into newly available habitat [56], face new environmental selection pres-
sures and potentially come into secondary contact and hybridize with closely related species
[57]. This hybridization can have either positive [58] or negative [59] impacts on population
survival. Recent instances of hybridization between northern and southern flying squirrels
have occurred after rapid northern range expansion by the southern species, which was
strongly correlated with warmer winters [60]. Metabolic rate is tightly linked to climate adapta-
tion (e.g. [19]), and mismatched mitonuclear interactions achieved through experimental
crossings have found that effects on metabolic rate are more pronounced under extreme ther-
mal environments [20, 21]. By increasing our understanding of mitonuclear interactions and
metabolic rates of hybrids in naturally forming hybrid zones, we can begin to make predictions
about the outcomes of climate change on speciation events through combined effects of range
shifts and thermal adaptation.

PLOS ONE | DOI:10.1371/journal.pone.0161547 September 1,2016 7/10



@’PLOS ‘ ONE

Male Ficedula Hybrid Metabolic Rate

Acknowledgments

We would like to thank the many students and field assistants that helped to collect these data
as well as Rejia Dufva who conducted the molecular analyses. We would also like to thank two
anonymous reviewers for helpful comments that improved this work. Data are deposited and
available in Dryad doi:10.5061/dryad.g5227.

Author Contributions

Conceived and designed the experiments: SEM AQ.

Performed the experiments: SEM MA PMS.

Analyzed the data: SEM.

Wrote the paper: SEM AQ.

Contributed to discussions and editing of the manuscript: SEM MA PMS AQ.

References
1. Schluter D. The ecology of adaptive radiation: OUP Oxford; 2000.
2. Nosil P. Ecological Speciation. Oxford ser ed. Oxford: Oxford University Press; 2012. 304 p.
3. Rundle HD, Nosil P. Ecological speciation. Ecology letters. 2005; 8(3):336-52.
4. Dieckmann U, Doebeli M, Metz J, Tautz D. Adaptive speciation. Cambridge studies in adaptive dynam-

ics. Cambridge, UK: Cambridge University Press; 2004.

5. Turelli M, Barton NH, Coyne JA. Theory and speciation. Trends in Ecology & Evolution. 2001; 16
(7):330-43.

6. Johnson NA. Hybrid incompatibility genes: remnants of a genomic battlefield? Trends in Genetics.
2010; 26(7):317-25. doi: 10.1016/}.tig.2010.04.005 PMID: 20621759

7. Dobzhansky T. Studies of hybrid sterility. Il. Localization of sterility factors in Drosophila pseudoobscura
hybrids. Genetics. 1936; 21:113-35. PMID: 17246786

8. Muller HJ. Bearing of the Drosophila work on systematics. In: Huxley JS, editor. The New Systematic:
Clarendon Press, Oxford; 1940. p. 185-268.

9. Maheshwari S, Barbash DA. The genetics of hybrid incompatibilities. Annual review of genetics. 2011;
45:331-55. doi: 10.1146/annurev-genet-110410-132514 PMID: 21910629

10. Schluter D. Evidence for ecological speciation and its alternative. Science. 2009; 323(5915):737—41.
doi: 10.1126/science.1160006 PMID: 19197053

11. Mani G, Clarke B. Mutational order: a major stochastic process in evolution. Proceedings of the Royal
Society of London B: Biological Sciences. 1990; 240(1297):29-37. PMID: 1972992

12. Brideau NJ, Flores HA, Wang J, Maheshwari S, Wang X, Barbash DA. Two Dobzhansky-Muller genes
interact to cause hybrid lethality in Drosophila. science. 2006; 314(5803):1292-5. PMID: 17124320

13. Fishman L, Willis JH. Evidence for Dobzhansky-Muller incompatibilities contributing to the sterility of
hybrids between Mimulus gattatus and M. nastus Evolution. 2001; 55(10):1932—-42. PMID: 11761055

14. Burton RS, Barreto FS. A disproportionate role for mtDNA in Dobzhansky-Muller incompatibilities?
Molecular ecology. 2012; 21:4942-57. doi: 10.1111/mec.12006 PMID: 22994153

15. Osada N, Akashi H. Mitochondrial—nuclear interactions and accelerated compensatory evolution: evi-
dence from the primate cytochrome c oxidase complex. Molecular biology and evolution. 2012; 29
(1):337—46. doi: 10.1093/molbev/msr211 PMID: 21890478

16. Gershoni M, Templeton AR, Mishmar D. Mitochondrial bioenergetics as a major motive force of specia-
tion. Bioessays. 2009; 31(6):642-50. doi: 10.1002/bies.200800139 PMID: 19408245

17.  Quarnstrdm A, Alund M, McFarlane SE, Sirkia PM. Climate adaptation and speciation: particular focus
on reproductive barriers in Ficedula flycatchers. Evolutionary Applications. 2015.

18. Burton T, Killen S, Armstrong J, Metcalfe N. What causes intraspecific variation in resting metabolic
rate and what are its ecological consequences? Proceedings of the Royal Society B: Biological Sci-
ences. 2011; 278(1724):3465-73. doi: 10.1098/rspb.2011.1778 PMID: 21957133

PLOS ONE | DOI:10.1371/journal.pone.0161547 September 1,2016 8/10


http://dx.doi.org/10.5061/dryad.g5227
http://dx.doi.org/10.1016/j.tig.2010.04.005
http://www.ncbi.nlm.nih.gov/pubmed/20621759
http://www.ncbi.nlm.nih.gov/pubmed/17246786
http://dx.doi.org/10.1146/annurev-genet-110410-132514
http://www.ncbi.nlm.nih.gov/pubmed/21910629
http://dx.doi.org/10.1126/science.1160006
http://www.ncbi.nlm.nih.gov/pubmed/19197053
http://www.ncbi.nlm.nih.gov/pubmed/1972992
http://www.ncbi.nlm.nih.gov/pubmed/17124320
http://www.ncbi.nlm.nih.gov/pubmed/11761055
http://dx.doi.org/10.1111/mec.12006
http://www.ncbi.nlm.nih.gov/pubmed/22994153
http://dx.doi.org/10.1093/molbev/msr211
http://www.ncbi.nlm.nih.gov/pubmed/21890478
http://dx.doi.org/10.1002/bies.200800139
http://www.ncbi.nlm.nih.gov/pubmed/19408245
http://dx.doi.org/10.1098/rspb.2011.1778
http://www.ncbi.nlm.nih.gov/pubmed/21957133

@’PLOS ‘ ONE

Male Ficedula Hybrid Metabolic Rate

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Klaassen M, Oltrogge M, Trost L. Basal metabolic rate, food intake, and body mass in cold-and warm-
acclimated Garden Warblers. Comparative Biochemistry and Physiology Part A: Molecular & Integra-
tive Physiology. 2004; 137(4):639—-47.

Arnqvist G, Dowling DK, Eady P, Gay L, Tregenza T, Tuda M, et al. Genetic architecture of metabolic
rate: environment specific epistasis between mitochondrial and nuclear genes in an insect. Evolution.
2010; 64(12):3354—-63. doi: 10.1111/].1558-5646.2010.01135.x PMID: 20874734

Hoekstra LA, Siddig MA, Montooth KL. Pleiotropic Effects of a Mitochondrial—Nuclear Incompatibility
Depend upon the Accelerating Effect of Temperature in Drosophila. Genetics. 2013; 195(3):1129-39.
doi: 10.1534/genetics.113.154914 PMID: 24026098

Tieleman BI, Versteegh MA, Fries A, Helm B, Dingemanse NJ, Gibbs HL, et al. Genetic modulation of
energy metabolism in birds through mitochondrial function. Proceedings of the Royal Society of London
B: Biological Sciences. 2009; 276(1662):1685-93.

Hewitt GM. Hybrid zones-natural laboratories for evolutionary studies. Trends in Ecology & Evolution.
1988; 3(7):158-67.

Nadachowska-Brzyska K, Burri R, Olason PI, Kawakami T, Smeds L, Ellegren H. Demographic diver-
gence history of pied flycatcher and collared flycatcher inferred from whole-genome re-sequencing
data. PLoS genetics. 2013; 9(11):e1003942. doi: 10.1371/journal.pgen.1003942 PMID: 24244198

Qvarnstrém A, Rice AM, Ellegren H. Speciation in Ficedula flycatchers. Philosophical Transactions of
the Royal Society B: Biological Sciences. 2010; 365(1547):1841-52.

Qvarnstrém A, Svedin N, Wiley C, Veen T, Gustafsson L. Cross-fostering reveals seasonal changes in
the relative fithess of two competing species of flycatchers. Biology Letters. 2005; 1(1):68—71. PMID:
17148130

Qvarnstrom A, Wiley C, Svedin N, Vallin N. Life-history divergence facilitates regional coexistence of
competing Ficedula flycatchers. Ecology. 2009; 90(7):1948-57. PMID: 19694142

Lundberg A, Alatalo RV. The pied flycatcher: A&C Black; 1992.

Svedin N, Wiley C, Veen T, Gustafsson L, Qvarnstrém A. Natural and sexual selection against hybrid
flycatchers. Proceedings of the Royal Society of London B: Biological Sciences. 2008; 275(1635):735—
44,

Seetre G-P, Moum T, Bure§ S, Kral M, Adamjan M, Moreno J. A sexually selected character displace-
ment in flycatchers reinforces premating isolation. Nature. 1997; 387(6633):589-92.

Lasiewski RC, Hubbard S, Moberly W. Energetic relationships of a very small passerine bird. Condor.
1964:212-20.

Lighton JR. Measuring Metabolic Rates: A Manual for Scientists: A Manual for Scientists: Oxford Uni-
versity Press; 2008.

Bates D, Maechler M, Bolker B, Walker S. Ime4: Linear mixed-effects models using Eigen and S4. R
package version 1.1-7, http://CRAN.R-project.org/package=lme42014.

R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria URL http://wwwR-projectorg/. 2013.

Kuznetsova A, Brockhoff PB, Christensen RHB. ImerTest: Tests for random and fixed effects for linear
mixed effects models (Imer objects of Ime4 package). R package version 2.0-11.2014.

Hothorn T, Bretz F, Westfall P. Simultaneous inference in general parametric models. 2008.

Larivee ML, Boutin S, Speakman JR, McAdam AG, Humphries MM. Associations between over-winter
survival and resting metabolic rate in juvenile North American red squirrels. Functional Ecology. 2010;
24(3):597-607.

Blackmer AL, Mauck RA, Ackerman JT, Huntington CE, Nevitt GA, Williams JB. Exploring individual
quality: basal metabolic rate and reproductive performance in storm-petrels. Behavioral Ecology. 2005;
16(5):906-13.

Deerenberg C, Overkamp G, Visser G, Daan S. Compensation in resting metabolism for experimentally
increased activity. Journal of Comparative Physiology B. 1998; 168(7):507-12.

Bennett AF, Ruben JA. Endothermy and activity in vertebrates. Science. 1979; 206(4419):649-54.
PMID: 493968

Krol E, Johnson M, Speakman J. Limits to sustained energy intake VIII. Resting metabolic rate and
organ morphology of laboratory mice lactating at thermoneutrality. The Journal of experimental biology.
2003; 206(23):4283-91.

Nilsson JA. Metabolic consequences of hard work. Proceedings of the Royal Society of London Series
B: Biological Sciences. 2002; 269(1501):1735-9. PMID: 12204136

Skibiel AL, Speakman JR, Hood WR. Testing the predictions of energy allocation decisions in the evo-
lution of life-history trade-offs. Functional Ecology. 2013; 27(6):1382—-91.

PLOS ONE | DOI:10.1371/journal.pone.0161547 September 1,2016 9/10


http://dx.doi.org/10.1111/j.1558-5646.2010.01135.x
http://www.ncbi.nlm.nih.gov/pubmed/20874734
http://dx.doi.org/10.1534/genetics.113.154914
http://www.ncbi.nlm.nih.gov/pubmed/24026098
http://dx.doi.org/10.1371/journal.pgen.1003942
http://www.ncbi.nlm.nih.gov/pubmed/24244198
http://www.ncbi.nlm.nih.gov/pubmed/17148130
http://www.ncbi.nlm.nih.gov/pubmed/19694142
http://CRAN.R-project.org/package�=�lme42014
http://wwwR-projectorg/
http://www.ncbi.nlm.nih.gov/pubmed/493968
http://www.ncbi.nlm.nih.gov/pubmed/12204136

@’PLOS ‘ ONE

Male Ficedula Hybrid Metabolic Rate

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Alund M, Immler S, Rice AM, Qvarnstrdm A. Low fertility of wild hybrid male flycatchers despite recent
divergence. Biology letters. 2013; 9:20130169. doi: 10.1098/rsbl.2013.0169 PMID: 23576780.

Tourmente M, Gomendio M, Roldan ER. Mass-specific metabolic rate and sperm competition deter-
mine sperm size in marsupial mammals. PloS one. 2011; 6(6):e21244—e. doi: 10.1371/journal.pone.
0021244 PMID: 21731682

Gomendio M, Tourmente M, Roldan ER. Why mammalian lineages respond differently to sexual selec-
tion: metabolic rate constrains the evolution of sperm size. Proceedings of the Royal Society of London
B: Biological Sciences. 2011:rspb20110275.

Ford W, Harrison A. The role of oxidative phosphorylation in the generation of ATP in human spermato-
zoa. Journal of reproduction and fertility. 1981; 63(1):271-8. PMID: 7277330

Halangk W, Bohnensack R, Kunz W. Interdependence of mitochondrial ATP production and extramito-
chondrial ATP utilization in intact spermatozoa. Biochimica et Biophysica Acta (BBA)-Bioenergetics.
1985; 808(2):316—22.

Olson JR, Cooper SJ, Swanson DL, Braun MJ, Williams JB. The Relationship of Metabolic Perfor-
mance and Distribution in Black-Capped and Carolina Chickadees. Physiological and Biochemical
Zoology. 2010; 83(2):263-75. doi: 10.1086/648395 PMID: 20151817

Kawakami T, Backstrom N, Burri R, Husby A, Olason P, Rice AM, et al. Estimation of linkage disequilib-
rium and interspecific gene flow in Ficedula flycatchers by a newly developed 50k single-nucleotide
polymorphism array. Molecular ecology resources. 2014.

Trier CN, Hermansen JS, Saetre G-P, Bailey RI. Evidence for mito-nuclear and sex-linked reproductive
barriers between the hybrid Italian sparrow and its parent species. PLoS genetics. 2014; 10(1):
€1004075. doi: 10.1371/journal.pgen.1004075 PMID: 24415954

Turelli M, Moyle LC. Asymmetric postmating isolation: Darwin's corollary to Haldane's rule. Genetics.
2007; 176(2):1059-88. PMID: 17435235

Ellison C, Niehuis O, Gadau J. Hybrid breakdown and mitochondrial dysfunction in hybrids of Nasonia
parasitoid wasps. Journal of evolutionary biology. 2008; 21(6):1844—51. doi: 10.1111/j.1420-9101.
2008.01608.x PMID: 18811665

Bolnick DI, Turelli M, Lopez-Femandez H, Wainwright PC, Near TJ. Accelerated mitochondrial evolu-
tion and “Darwin's corollary”: asymmetric viability of reciprocal F1 hybrids in Centrarchid fishes. Genet-
ics. 2008; 178(2):1037-48. doi: 10.1534/genetics.107.081364 PMID: 18245356

Huntley B, Green RE, Collingham YC, Willis SG. A climatic atlas of European breeding birds: Lynx Edi-
cions Barcelona; 2007.

Parmesan C, Yohe G. A globally coherent fingerprint of climate change impacts across natural sys-
tems. Nature. 2003; 421(6918):37—-42. PMID: 12511946

Hoffmann AA, Sgro CM. Climate change and evolutionary adaptation. Nature. 2011; 470(7335):479—
85. doi: 10.1038/nature09670 PMID: 21350480

Becker M, Gruenheit N, Steel M, Voelckel C, Deusch O, Heenan PB, et al. Hybridization may facilitate
in situ survival of endemic species through periods of climate change. Nature Climate Change. 2013; 3
(12):1039-43.

Muhlfeld CC, Kovach RP, Jones LA, Al-Chokhachy R, Boyer MC, Leary RF, et al. Invasive hybridization
in a threatened species is accelerated by climate change. Nature Climate Change. 2014.

Garroway CJ, Bowman J, Cascaden TJ, Holloway GL, Mahan CG, Malcolm JR, et al. Climate change
induced hybridization in flying squirrels. Global Change Biology. 2010; 16(1):113-21.

PLOS ONE | DOI:10.1371/journal.pone.0161547 September 1,2016 10/10


http://dx.doi.org/10.1098/rsbl.2013.0169
http://www.ncbi.nlm.nih.gov/pubmed/23576780
http://dx.doi.org/10.1371/journal.pone.0021244
http://dx.doi.org/10.1371/journal.pone.0021244
http://www.ncbi.nlm.nih.gov/pubmed/21731682
http://www.ncbi.nlm.nih.gov/pubmed/7277330
http://dx.doi.org/10.1086/648395
http://www.ncbi.nlm.nih.gov/pubmed/20151817
http://dx.doi.org/10.1371/journal.pgen.1004075
http://www.ncbi.nlm.nih.gov/pubmed/24415954
http://www.ncbi.nlm.nih.gov/pubmed/17435235
http://dx.doi.org/10.1111/j.1420-9101.2008.01608.x
http://dx.doi.org/10.1111/j.1420-9101.2008.01608.x
http://www.ncbi.nlm.nih.gov/pubmed/18811665
http://dx.doi.org/10.1534/genetics.107.081364
http://www.ncbi.nlm.nih.gov/pubmed/18245356
http://www.ncbi.nlm.nih.gov/pubmed/12511946
http://dx.doi.org/10.1038/nature09670
http://www.ncbi.nlm.nih.gov/pubmed/21350480

