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Secondary contact, the reestablishment of geographic overlap between ranges of
closely-related populations that were previously isolated, has important consequences for
the evolution of phenotypic biodiversity, as well as for speciation. Yet, opportunities to
study evolutionary processes in systems where secondary contact is historically recent are
rare, leaving much unknown about this important stage of the speciation process. For my
dissertation, I used an integrative approach to conduct the first study of the evolutionary
consequences of secondary contact in one such system: the two species of nectivorous
Myzomela honeyeaters, M. cardinalis and M. tristrami, which achieved secondary contact
on the island of Makira in the Solomon Islands around the turn of the 20th-century. I
determined that hybridization between Myzomela is ongoing on Makira, in contrast to
previous characterizations of this system. Mitochondrial and nuclear DNA sequencing
revealed that hybridization is highly asymmetric between these species, with this
asymmetric reproductive isolation likely driven by strong cytonuclear incompatibilities. I
further determined that hybridization following secondary contact has led to asymmetric
introgression, including introgression of melanic plumage-related alleles from M.
tristrami to M. cardinalis. Behavioral experiments to test whether difference in plumage
color mediates interspecific interactions in sympatry revealed a potential adaptive role for

this introgression. Sympatric species of both populations exhibited biased aggression



toward red M. cardinalis mounts, suggesting that melanic plumage may be favored in
smaller individuals with hybrid ancestry because it allows them to avoid harmful
aggressive interactions. This biased aggression toward M. cardinalis was only exhibited
by sympatric populations, indicating that it is a consequence of secondary contact.
Similarly, secondary contact resulted in rapid asymmetric character displacement in body
size between species, likely as a consequence of interference competition. Finally, I
leveraged hybridization in this system to demonstrate that a previously-unknown neo-sex
chromosome is strongly associated with speciation and plumage divergence in this
system. This result provides important evidence in favor of long-standing, but poorly
supported theories that genomic sex-linkage is important for the evolution of secondary
sexual traits and speciation. Together, these findings provide novel and important insights
into the processes by which phenotypic divergence evolves and is maintained in natural

populations following secondary contact.
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Chapter 1

Introduction

Explaining the processes that govern the origin of phenotypic and genotypic
diversity is one of the principal aims of evolutionary biology (Darwin 1859; Coyne and
Orr 2004; Price 2008). Although recent attention has been given to the potential for
divergence to evolve concurrently with gene flow (Nosil 2008; Michel et al. 2010;
Papadopulos et al. 2011), it is generally accepted that periods of geographic isolation
between populations play a prominent role in the evolution of biodiversity (Coyne and
Price 2000; Coyne and Orr 2004). Specifically, a lack of gene flow allows isolated
populations to proceed down different evolutionary trajectories due to selection and/or
genetic drift (Dobzhansky 1937; Mayr 1942). This process can lead to the evolution of
new species (i.e., “speciation”) if populations diverge to the point where they are
reproductively isolated. Such reproductive isolation can result either from post-zygotic
genetic incompatibilities (e.g., hybrid inviability or infertility) or from pre-zygotic
behavioral incompatibilities (e.g., failure to recognized individuals of the other species as
potential mates) (Coyne and Orr 2004; Price 2008). The “moment of truth” in
determining whether or not two isolated populations have speciated occurs when one or
both of their ranges expand resulting in overlapping range distributions (Mayr 1942;
Mayr and Diamond 2001). This event, called secondary contact, can have critically
important consequences for the continued maintenance of phenotypic and genotypic
divergence (Mayr 1942; Brown and Wilson 1956; Harrison 1993; Noor 1999).

If reproductive isolation between allopatric populations is incomplete, then

secondary contact between two taxa will result in hybridization, a commonly-observed

1



phenomenon (Harrison 1993; Mallet 2005; Abbott et al. 2013). Traditionally, gene flow
has been perceived as opposing divergence as recombination can result in a genetically
admixed population and a breakdown of reproductive barriers (Dobzhansky 1937; Mayr
1942; Rhymer and Simberloff 1996; Taylor et al. 2006). However, phenotypic and
genotypic diversity can sometimes be maintained despite hybridization, particularly in
the face of strong selection against hybrids in general or certain novel combinations of
alleles (Mallet 2007; Nosil 2012). In these- instances, secondary contact and
hybridization can promote the evolution of further reproductive isolation via
reinforcement (Dobzhansky 1940; Ortiz-Barrientos et al. 2009). Hybridization may also
lead to adaptive introgression of certain traits and alleles, which can increase the fitness
of the invading taxa via introgression of locally-adapted alleles from the native species,
or increase the fitness of the native species by representing a novel source of standing
genetic variation (Anderson and Stebbins Jr 1954; Arnold 2004; Seehausen 2004;
Rieseberg et al. 2007; Heliconius Genome Consortium 2012; Hedrick 2013). Thus,
consequences of hybridization are expected to vary across the genome: neutral alleles
will admix freely, while selection will act to oppose introgression of alleles associated
with speciation while potentially favoring adaptive introgression of other gene regions
(Mallet 2005; Baack and Rieseberg 2007; Butlin 2010; Feder et al. 2012).

Secondary contact can also promote increased phenotypic divergence between
species (i.e., “character displacement”). (Brown and Wilson 1956; Grant 1972; Pfennig
and Pfennig 2010) This divergence occurs even though adaptation to the local
environment and hybridization will both generally promote phenotypic convergence

(Grant et al. 2004; Seddon and Tobias 2010; Heliconius Genome Consortium 2012; Stern



2013). Under ecological character displacement, species diverge in phenotype to exploit
different resources, as theory predicts that species cannot co-exist if they fill identical
ecological niches without one going extinct (Gause 1934; Hardin 1960; Schluter 2001;
Dayan and Simberloff 2005). In general, ecological character displacement is commonly
framed in the context of niche partitioning, i.e., selection for individuals that are able to
better exploit unoccupied ecological niches (Lack 1947; Grant 1972; Fjeldsa 1983;
Schluter et al. 1985; Dayan et al. 1989; Schluter and McPhail 1992; Dayan and
Simberloff 2005). However, ecological character displacement can also result if one
species is able to actively exclude the other from high-quality resources through
aggressive interactions (“interference competition”), in which case selection will favor
the evolution of reduced resource requirements (e.g., smaller body size) in the
subordinate species (Whitehead and Walde 1993; Sidorovich et al. 1999; Jaeger et al.
2002; McDonald 2002; Melville 2002; Grether et al. 2013). Character displacement can
also be driven by reproductive interactions (Marshall and Cooley 2000; Hobel and
Gerhardt 2003; Servedio and Noor 2003; Pfennig and Pfennig 2010). Such reproductive
character displacement often , but not always, arises via reinforcement where there is
strong selection against hybridization, e.g., due to hybrid inviability or infertility
(Dobzhansky 1937; Servedio and Noor 2003). Thus, selection can favor the evolution of
phenotypic divergence among traits that are important for mate recognition. Although
character displacement has long been recognized as a potential consequence of secondary
contact, its general importance for the evolution of phenotypic divergence remains
controversial (Grant 1972; Schluter 2001; Dayan and Simberloff 2005; Stuart and Losos

2013).



Because natural secondary contact events are infrequently observed, few studies
have examined the evolutionary consequences of secondary contact in systems where
such contact occurred historically recently. Systems with human-assisted species
introductions have been used to study this critical stage of the speciation process
(Rhymer and Simberloff 1996; Mooney and Cleland 2001; Fitzpatrick et al. 2010), but
dynamics of these introductions may differ fundamentally from natural colonization
events (Strauss et al. 2006), and therefore may provide limited insight into the processes
by which species diversity accumulated over evolutionary history. Island species, in
particular, have played a prominent role in our understanding of evolutionary processes
(Lack 1947; MacArthur and Wilson 1967; Losos and Ricklefs 2009b, a), but only a
handful of examples of natural secondary contact have been directly observed between
island taxa. For example, in Darwin’s finches, secondary contact has resulted in adaptive
introgression and ecological character displacement (Schluter et al. 1985; Grant and
Grant 2002; Grant and Grant 2009). Sympatric Ficedula flycatchers on the Swedish
islands of Gotland and Oland exhibit strong post-zygotic reproductive isolation, but
character displacement in plumage evolved over 150 and 50 years, respectively
(Qvarnstrom et al. 2010), either due to reinforcement (Svedin et al. 2008) or interference
competition (Vallin et al. 2012). In New Zealand stilts, secondary contact has resulted in
strong interspecific competition which appears to be driving the native species to
extinction, but hybridization has led to extensive introgression from the native to the
colonizing species (Steeves et al. 2010). Finally, two species of Myzomela honeyeaters on
Long Island off New Guinea are believed to have experienced character displacement in

size since they both colonized the island following a volcanic eruption in the mid-17"



century (Diamond et al. 1989). Each of these studies suggests that secondary contact can
drive rapid evolution on islands, but that its consequences can vary significantly
depending on degree of reproductive isolation and ecological competition. Therefore,
additional studies of systems where related-species have undergone recent secondary
contact will provide important insight into the potential outcomes of this critical event.
Studies of systems where secondary contact resulted in hybridization are also
important for the study of evolution because genetic admixture provides unique
opportunities to identify genomic regions associated with speciation as well as population
divergence in specific traits (Rieseberg and Buerkle 2002; Smith and O'Brien 2005;
Lexer et al. 2007; Buerkle and Lexer 2008). Specifically, selection is predicted to oppose
introgression of genomic regions that are associated with reproductive isolation, resulting
in “peaks” of high genomic differentiation (e.g., as measured by Fst), which will be
centered on speciation genes (Turner et al. 2005; Nosil et al. 2009; Nadeau et al. 2012;
Nosil and Feder 2012; Renaut et al. 2012; Renaut et al. 2013; but see Cruickshank and
Hahn 2014; Burri et al. 2015). Similarly, admixture will break down linkage between
alleles associated with specific phenotypes and other loci that diverged between
populations due to genetic drift or selection for unrelated traits (Buerkle and Lexer 2008).
Therefore, secondary contact can indirectly allow us to test several theoretical predictions
regarding the genomics of speciation and divergence. For example, chromosomal
rearrangements have been predicted to play an important role in the evolution of
phenotypic divergence through the reduction in recombination (Noor et al. 2001;
Rieseberg 2001; Kirkpatrick and Barton 2006; Hoffmann and Rieseberg 2008). Indeed,

chromosomal inversions have been implicated in speciation in Drosophila fruit flies



(Brown et al. 2004), Anopheles mosquitoes (Coluzzi et al. 1985) and Mimulus
monkeyflowers (Lowry and Willis 2010), as well as the formation of “supergenes”
associated with the maintenance of distinct plumage phenotypes in Ruffs (Kiipper et al.
2016; Lamichhaney et al. 2016) and White-throated Sparrows (Tuttle et al. 2016). Theory
also predicts that fusions of autosomes with ancestral chromosomes (i.e., “neo-sex
chromsomes”) will favor an accumulation of sexually antagonistic traits, such as those
important for mate choice (Fisher 1931; Rice 1984, 1987; Kirkpatrick et al. 2004; Van
Doorn and Kirkpatrick 2007). However, evidence for a linkage between neo-sex
chromosomes or sex chromosome turnover and phenotypic divergence or speciation is
currently limited to sticklebacks (Kitano et al. 2009), cichlids (Ser et al. 2010), and
tortricid moths (Nguyen et al. 2013). Accordingly, studies of hybridizing taxa can
provide important insights into the importance of chromosomal rearrangements in
promoting speciation and population divergence, as well as the potential for sex
chromosomes to accumulate sexually-antagonistic alleles.

For my dissertation, I studied the evolutionary consequences of secondary contact
between two species of nectivorous birds, the Cardinal Honeyeater (Myzomela
cardinalis) and the Sooty Honeyeater (Myzomela tristrami), which achieved secondary
contact on Makira in the Solomon Islands around the turn of the 20" century. Mayr and
Diamond (2001) first identified this system’s excellent potential to provide important
insight into this important but poorly understood stage of the speciation process.
However, no genetic or behavioral ecology data had previously been collected on the
Makira prior to my research. Below, I first describe this system in further detail, and then

provide a brief outline of the contents of my four data chapters.



Study System

Myzomela honeyeaters

The genus Myzomela is the most species-rich genus of Meliphagidae honeyeaters,
with 31 currently-recognized species and several more phenotypically-distinct subspecies
distributed throughout Wallacea, New Guinea, Australia, and the Pacific Islands (Rice
1984). Myzomela are small, primarily-nectivorous birds that fill an ecological niche
similar to that of hummingbirds in the Americas and sunbirds in Africa and tropical Asia
(Higgins et al. 2008). In many species within this genus, plumage comprises patches of
carotenoid-based red and/or yellow pigmentation alternating with black melanin or white
absence of pigments (Koopman 1957). Although the full phylogeny of this genus has not
been published, preliminary data suggest that several plumage traits evolved
independently multiple times in Myzomela (B. Benz, pers. comm.). Furthermore, many
species exhibit strong sexual dichromatism, a pattern that is commonly assumed to be
indicative of evolution via sexual selection (Barraclough et al. 1995; Kraaijeveld et al.
2011; Seddon et al. 2013). In addition, the dietary-based carotenoid pigments responsible
for red plumage have been shown to be an honest signal of mate quality in many birds
(Hill 1991; Hill and Montgomerie 1994; Hill 2006). Such an association between signal
and mate quality is an important requisite of so-called “good-genes” models of trait
evolution via sexual selection (Zahavi 1975; Hamilton and Zuk 1982). Because most
closely-related Myzomela species are allopatric, it is unclear whether the phenotypic
divergence in plumage patterns between species is associated with reproductive isolation
in this genus. Relationships between male plumage coloration and female mate choice

have been found in some avian species (Baker and Baker 1990; Satre et al. 1997; Uy et



al. 2009a) but not in others (Moore 1987; Brelsford and Irwin 2009; Baldassarre and

Webster 2013).

Makira Myzomela

The two species of Myzomela present on the island of Makira, the melanic Sooty
Myzomela (M. tristrami) and a subspecies of the red-and-black Cardinal Myzomela (M.
cardinalis pulcherrima, represent an interesting exception to the allopatric distribution of
most other species. M. tristrami is endemic to Makira and the small satellite islands of
Santa Ana and Santa Catalina 7.5 km east of the main island; it is found in all habitats
ranging from sea level to the tops of the interior mountain ranges of Makira (900m),
although it is historically considered to be more common along the coast and middle
altitudes (Dutson 2011). M. cardinalis pulcherrima is endemic to lowland Makira
(generally within a few hundred meters of the coast, although in 2012 and 2013 I
observed individuals along a river bank several kilometers inland), as well as small
satellite islands of Ugi and Three Sisters located approximately 8 km and 19 km north of
the main island respectively. Additional subspecies of M. cardinalis are found on Rennell
(approximately 170 km southwest of Makira), the Santa Cruz Islands (approx. 350 km
east of Santa Ana), Vanuatu, the Loyalty Islands, and Samoa, with plumage patterns
varying between subspecies both in pattern and degree of sexual dichromatism (Higgins
et al. 2008). No complete phylogeny of the genus has been published, but preliminary
data presented in Chapter 2 suggests that M. cardinalis is polyphyletic. The same genetic
data supports Mayr and Diamond (2001) hypothesis that M. c. sanctaecrucis from Santa

Cruz is sister to M. cardinalis pulcherrima.



The sympatry of Myzomela on Makira is particularly noteworthy as it represents
an unusual case of historically recent secondary contact. According to a review of
historical collection records (Diamond 2002), M. tristrami was the only species of
Myzomela present on Makira until end of the 19"/beginning of the 20™ century. In 1908,
A.S. Meek (Rothschild and Hartert 1908) collected no M. cardinalis on Makira, but did
collect several specimens with intermediate plumage, which Mayr and Diamond (2001)
later considered putative hybrids. The Whitney Expedition of 1927 found that M.
cardinalis had become established on Makira, although M. tristrami was still the
dominant species in sympatry (Mayr 1945). Twenty-five years later, Cain and Galbraith
(1956) observed the opposite pattern, with M. cardinalis outnumbering M. tristrami in
sympatry. Although I observed that M. cardinalis was common in Star Harbour in the
eastern part of Makira, the species was not observed in this region by the Whitney South
Seas Expedition or J. Diamond in the 1970s (Diamond 2002), indicating that M.
cardinalis has undergone a recent range expansion along the coast of Makira.

Mayr and Diamond (2001) noted evidence of hybridization between the Makira
Myzomela, but characterized the phenomenon as an example of temporary hybridization
following range expansion. Models of mate choice predict that mate choice behavior will
vary depending on the pool of potential mates; if conspecifics are rare, then the fitness
costs of mating with a heterospecific can be less than the fitness costs of delayed or
foregone reproduction associated with searching for conspecific mates, favoring
hybridization (Wilson and Hedrick 1982; Real 1990; Wirtz 1999). Diamond (2002) noted
that frequency of hybridization between Myzomela on Makira appears to have declined

since initial secondary contact. Specifically, A.S. Meek collected several putative hybrids
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in 1908 prior to the establishment of phenotypically pure M. cardinalis, but the Whitney
Expedition collected only one putative hybrid in 1927 (Diamond 2002). Furthermore, this
latter hybrid was from Santa Anna on the eastern tip of Makira where M. cardinalis is
currently not established (Mayr 1932; Diamond 2002) . This pattern is consistent with
hybridization only occurring when M. cardinalis is rare, as during the early stage of
colonization or along the forefront of its range expansion, but this hypothesis had not
been tested prior to my dissertation (see Chapter 2)

M. cardinalis and M. tristrami fill very similar ecological niches in sympatry, and
are often found in mixed flocks feeding on flowers in the same tree (Diamond 2002).
Furthermore, Three Sisters, Santa Ana, and Santa Catalina are small coral islands with
similar vegetation, suggesting that both species have the capacity to thrive in identical
habitats. Although M. cardinalis has been described as being obligately associated with
coconut palms on Makira (Dutson 2001), this claim was not supported by my field
observations; I often observed M. cardinalis feeding on coconut flowers, but they
commonly feed in other flowering trees and nest exclusively in non-palms. The high level
of competition for limited food resources (i.e., flowering trees) in sympatry, as well as the
high level of interspecific aggression observed in other species of honeyeaters (Ford
1979; Beehler 1980; Ford and Paton 1982; Diamond et al. 1989), suggests that
interference competition could potentially have had important evolutionary consequences
in this system. Accordingly, the Makira Myzomela provide a useful system for testing
theories related to ecological character displacement, as well as the consequences of

secondary contact for interspecific aggression and signal recognition.
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Project Outline

In the following chapters, I present four inter-related studies in which I used an
integrative approach to examine the evolutionary consequences of secondary contact
between the Makira Myzomela. In Chapter 2, I tested hypothesis related to the dynamics
of hybridization and introgression between species in which reproductive isolation is not
complete. I collected DNA samples from allopatric and sympatric Myzomela and
sequenced each individual at on mitochondrial and six nuclear markers. By comparing
differences in introgression patterns between these classes of markers, I tested which
species pairings were involved in hybridization and backcross events, and compared
those to predictions of different models of introgression based on observations from
similar systems. I also describe unusual patterns of asymmetric phenotypic and genetic
introgression which have important consequences for the maintenance of phenotypic
divergence in this system. Specifically, melanic plumage alleles from M. tristrami have
introgressed into the genomic background of M. cardinalis, resulting in “cryptic” hybrids
which are reproductively isolated from, but phenotypically similar to M. tristrami.

In Chapter 3, I present the results of experimental tests for whether plumage
divergence between M. cardinalis and M. tristrami plays an important role in inter-
species male-male interactions. Using taxidermy mounts, I simulated territorial intrusions
and quantified behavioral responses of each species towards conspecifics,
heterospecifics, and unrelated ecological competitors with which they do not compete for
mating opportunities. In this manner, I tested the following three hypotheses. First, that
aggression will be greater between conspecifics than heterospecifics, as the former will

compete more strongly for mating opportunities and resources. Second, that male-male
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aggression is driven primarily by competition for mating opportunities, resulting in
increased aggression towards heterospecifics among species in which females are more
likely to hybridize. Finally, that male-male aggression is driven primarily by competition
for resources such as food and territories, resulting in increased aggression toward
species which are more likely to dominate resource access.

I also compared body sizes of sympatric male M. cardinalis to sympatric male M.
tristrami and hybrid males (including both phenotypic hybrids and cryptic hybrids — birds
that possess M. cardinalis mitochondrial haplotypes but melanic plumage typical of M.
tristrami). Differences in body size are highly correlated with dominance in aggressive
contexts between honeyeaters (Ford 1979; Beehler 1980; Ford and Paton 1982; Diamond
et al. 1989). With this in mind, I investigated whether patterns of introgression of
plumage-related alleles that I describe in Chapter 2 could potentially be explained as
adaptive introgression driven by selection to reduce aggression from dominant
individuals (Greene et al. 2000; Vallin et al. 2012). Finally, I compared behavioral
responses towards territorial intrusions in sympatric populations to those in allopatric
populations, to test whether any biases in aggression observed in sympatry are an artifact
of ancestral sensory bias or if they resulted from secondary contact.

In Chapter 4, I tested whether secondary contact has had important consequences
for body size divergence in the Makira Myzomela. Hybridization, as well as shared
ecology, should both favor phenotypic convergence in sympatry. In contrast, ecological
character displacement will favor increased size divergence in sympatry. If character
displacement is driven by niche partitioning, then I predicted that sympatric M.

cardinalis, the larger species, would have increased size relative to the allopatric source
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population, while M. tristrami, the smaller species, would have decreased size relative to
allopatric populations. If character displacement was driven by interference competition
for resources, then I predicted that character displacement would be asymmetric,
resulting in reduced body size of M. tristrami, the subordinate species, particularly
among males. Ecological character displacement remains controversial (Grant 1972;
Schluter 2001; Dayan and Simberloff 2005; Stuart and Losos 2013), and this study
provides some of the strongest evidence to date that it can evolve over relatively short
time scales.

In Chapter 5, I leveraged admixture in this system to identify genomic regions
associated with speciation and plumage divergence in the Makira Myzomela. I used
double-digest restriction-site associated DNA sequencing (“RAD-seq”) to generate a
genome-wide data set of single-nucleotide polymorphisms (“SNPs”), and mapped these
SNPs to available avian reference genomes (Warren et al. 2010) to identify loci that
exhibited peaks of elevated genomic differentiation as measured by Fgr. I identified
evidence of a shared chromosomal rearrangement in both Myzomela species involving
formation of a previously-unknown neo-sex chromosome, only the second known
example from birds (Pala et al. 2012). I tested the hypothesis that neo-sex chromosomes
can play an important in speciation by quantifying whether high-Fsr SNPs
disproportionately map to this region. I also tested the theory that neo-sex chromosomes
should favor an accumulation of sexually-antagonistic alleles by performing a genome-
wide association study (GWAS) to identify alleles that are highly associated with
divergence in plumage color. Finally, I identified SNPs that were perfectly associated

with plumage phenotype, mapped them to annotated avian genomes to identify candidate



14

plumage genes, and tested whether they also disproportionately accumulate on the neo-
sex or ancestral sex chromosomes. This chapter represents one of the first studies overall,
and the first study in birds, to test fundamental theories of the links between sex
chromosome evolution, sexual selection, and speciation.

The final chapter (Chapter 6) summarizes the findings and implications of the
results of my dissertation research. Overall, I applied field research techniques,
behavioral ecology approaches, and cutting-edge genomic tools to test fundamental
hypothesis related to the potential genotypic and phenotypic consequences of recent

secondary contact.



Chapter 2

Hybridization following recent secondary contact results in asymmetric genotypic
and phenotypic introgression between island species of Myzomela honeyeaters1

Summary

Hybridization and introgression can have important evolutionary consequences
for speciation, especially during early stages of secondary contact when reproductive
barriers may be weak. Few studies, however, have quantified dynamics of hybridization
and introgression in systems in which recent natural dispersal across a geographic barrier
resulted in secondary contact. We investigated patterns of hybridization and introgression
between two Myzomela honeyeaters (M. tristrami and M. cardinalis) that recently
achieved secondary contact on Makira in the Solomon Islands. Hybridization in this
system was hypothesized to be a byproduct of conspecific mate scarcity during early
stages of colonization. Our research, however, provides evidence of ongoing
hybridization more than a century after secondary contact. Mitochondrial sequencing
revealed strongly asymmetric reproductive isolation that is most likely driven by post-
zygotic incompatibilities rather than pre-zygotic behavioral barriers. Nuclear
introgression was observed from the native species (M. tristrami) to the colonizing
species (M. cardinalis). Nuclear introgression in the reverse direction is almost
exclusively limited to birds that are phenotypically M.tristrami but possess M. cardinalis
mitochondrial haplotypes, consistent with introgression of plumage-related alleles into

the genomic background of M. cardinalis. These results provide unique insight into the

! This chapter was published as Sardell, .M. and J.A.C. Uy. 2016. Hybridization following recent
secondary contact results in asymmetric genotypic and phenotypic introgression between island species of
Myzomela honeyeaters. Evolution 70:257-267.
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dynamics and consequences of hybridization and introgression during early stages of

secondary contact.

Background

Under the predominant mode of speciation, phenotypic divergence between
species first evolves in allopatry (Mayr 1942; Coyne and Price 2000; Coyne and Orr
2004). However, unless such divergence drives either complete pre- or post-zygotic
reproductive isolation, any secondary contact will be followed by hybridization (Harrison
1993; Coyne and Orr 2004; Price 2008). Such hybridization, which is relatively common
in nature (Mallet 2005), has important consequences for speciation (Anderson 1949;
Harrison 1993; Dowling and Secor 1997; Seehausen 2004; Abbott et al. 2013).
Hybridization can potentially break down reproductive barriers (Rhymer and Simberloff
1996; Taylor et al. 2006), promote the evolution of reproductive barriers via
reinforcement (Dobzhansky 1940; Ortiz-Barrientos et al. 2009), increase fitness of the
hybridizing taxa (i.e., adaptive introgression) (Anderson and Stebbins Jr 1954; Arnold
2004; Seehausen 2004; Heliconius Genome Consortium 2012; Hedrick 2013), or increase
biodiversity via homoploid hybrid speciation (DeMarais et al. 1992; Gompert et al. 2006;
Brelsford et al. 2011; Hermansen et al. 2011). In this manuscript, we investigate the
patterns and potential evolutionary consequences of hybridization and introgression
between two species of island birds (Myzomela cardinalis and Myzomela tristrami) that
have recently achieved secondary contact.

Consequences of hybridization for speciation may be particularly strong during

the early stages of secondary contact, before selection against hybridization can drive the
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evolution of strong pre-zygotic reproductive barriers, and when conspecific mating
opportunities are often relatively rare for one species due to unequal dispersal (Wilson
and Hedrick 1982; Wirtz 1999). This secondary contact generally follows one of two
geographic patterns. In the first, changes in climate or other ecological constraints
weaken geographic barriers and promote species range expansions that result in
secondary contact. When reproductive isolation is incomplete, this secondary contact
often results in long-lasting hybrid zones between parapatric species (Harrison 1993;
Arnold 1997). In the second pattern, secondary contact results when geographic barriers
(e.g., oceans, rivers, mountain ranges) are maintained but do not completely eliminate
gene flow resulting from long-distance dispersal (Gill 1970; Grant et al. 1996).

The outcomes of secondary contact resulting from long-distance dispersal across
geographic barriers remain relatively understudied, most likely because successful
colonization events are rarely observed. Moreover, limited dispersal into the area of
sympatry will often cause the consequences of secondary contact events to resolve
quickly, both ecologically (e.g., via local extinction or rapid evolution of reproductive
isolation) (MacArthur and Wilson 1967; Gill 1970; Mayr and Diamond 2001; Grant and
Grant 2014) and on a genomic level (e.g., loss of low-frequency introgressed alleles due
to genetic drift). Consequently, most direct knowledge regarding the evolutionary
consequences of hybridization following long-distance dispersal has been gleaned from
systems where secondary contact resulted from anthropogenic introductions (Rhymer and
Simberloff 1996; Mooney and Cleland 2001; Fitzpatrick et al. 2010), which often differ
fundamentally from typical natural colonizations (Strauss et al. 2006). A handful of

examples of recent secondary contact resulting from natural long-distance dispersal have
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been identified, primarily in island taxa, including Galapagos finches (Grant and Grant
2009), New Zealand stilts (Steeves et al. 2010), Ficedula flycatchers (Qvarnstrom et al.
2010), and Norfolk Island white-eyes (Gill 1970). Furthermore, several genetic studies
have identified historical episodes of gene flow that followed secondary contact between
island species (Caraway et al. 2001; Shaw 2002; Cianchi et al. 2003; Larsen et al. 2010;
Nunes et al. 2010; Lamichhaney et al. 2015; Lavretsky et al. 2015), suggesting that
secondary contact via long-distance dispersal has had important consequences for
speciation. Additional studies of secondary contact events on islands will therefore offer
further insights into the potential outcomes of this important stage of the speciation
process.

The two species of Myzomela honeyeaters on Makira in the Solomon Islands are
well-suited for studying the evolutionary consequences of hybridization following
secondary contact. These small, primarily-nectivorous birds are members of one of the
most species-rich genera of songbirds (Higgins et al. 2008). The all-black, sexually-
monochromatic Sooty Myzomela (Myzomela tristrami) (Fig. 2.1a) is endemic to all
elevations and habitats on Makira, as well as to the satellite islands of Santa Catalina and
Santa Ana approximately eight km east of Makira (Fig. 2.1b). An endemic subspecies of
the red-and-black, sexually-dichromatic Cardinal Myzomela (Myzomela cardinalis
pulcherrima) (Fig. 2.1a) is found in coastal and lowland regions of Makira, as well as on
the satellite islands of Ugi and Three Sisters approximately eight km and twenty km north
of Makira, respectively (Fig. 2.1b) (Diamond 2002; Dutson 2011). The two species are

sympatric along the coast of Makira and fill similar ecological niches, often feeding from
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the same flowers and behaving aggressively towards each other (Diamond 2002; J.
Sardell, pers. obs.).

Secondary contact between the Makira Myzomela is recent, with M. cardinalis
successfully colonizing Makira from Ugi and/or Three Sisters during the early-20"
century (Mayr and Diamond 2001; Diamond 2002). Ornithologists collected only M.
tristrami during several trips to Makira in the 19" century (Ramsay 1883). Two of the
eight birds that A.S. Meek (Rothschild and Hartert 1908) collected from west Makira in
1908 were later identified by Diamond (2002) as phenotypically-intermediate individuals
representing putative hybrids, suggesting that M. cardinalis likely had already colonized
Makira by the time of Meek’s visit. Ernst Mayr and the Whitney South Seas Expedition
(Mayr 1945) collected both putative hybrids and M. cardinalis from Makira in 1927,
although M. tristrami was more common in sympatry (Diamond 2002). Finally, Cain and
Galbraith (1956) in 1953 and Diamond in the 1970s did not detect any putative hybrids,
and found that M. cardinalis outnumbered M. tristrami in sympatry (Diamond 2002).
Based on these collection records, Mayr and Diamond (2001) hypothesized that
hybridization in this system only occurs when one species is greatly outnumbered by the
other, such as during the earliest stages of secondary contact and along the forefront of
M. cardinalis’s range expansion around the coast of Makira. In these situations, local
scarcity of conspecific mating opportunities among the colonizing species may lead to a
relaxation of pre-zygotic isolation (Mayr and Diamond 2001; Diamond 2002; Price
2008), as predicted by models of female mate choice (Wilson and Hedrick 1982; Real
1990; Wirtz 1999). This phenomenon wherein hybridization is most prominent during

early stages of secondary contact has been observed in several other systems (Price
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2008), including Galapagos finches (Grant and Grant 2014), white-eyes (Gill 1970),
woodpeckers (Short 1969), tits (Vaurie 1957), and butterflies (Cianchi et al. 2003).
However, because previous expeditions did not explicitly search for hybrid Myzomela on
Makira, ongoing hybridization in this system may be more common than currently
assumed.

We here present the first investigation of the genetic patterns of hybridization and
introgression and their potential consequences for speciation in the Makira Myzomela. If
introgression is persistent and symmetric, then it may eventually lead to the formation of
a single panmictic hybrid swarm (as in Larsen et al. 2010; Lavretsky et al. 2015).
Alternatively, asymmetric introgression from M. tristrami to M. cardinalis is predicted
under Mayr and Diamond’s (2001) hypothesis that hybridization in this system is driven
by reduced choosiness (i.e., propensity to hybridize) among female M. cardinalis during
the early stages of colonization. Asymmetric introgression can also result from
asymmetric hybrid viability (Bolnick et al. 2008; Ellison and Burton 2008; Ellison et al.
2008; Werren et al. 2010; Trier et al. 2014), fixed differences in mate choice preferences
between populations (Kaneshiro 1976, 1980), or a passive “wave-front” process driven
by relative abundance, demography, and dispersal (Currat et al. 2008; Excoffier et al.
2009; Steeves et al. 2010; Rheindt and Edwards 2011). The direction and degree of any
asymmetric introgression are important because they influence the potential for adaptive
alleles to introgress between species, a mechanism which has been proposed to be an
important potential source of genetic variation, particularly in small isolated populations
(Anderson and Stebbins Jr 1954; Arnold 2004; Sechausen 2004; Grant et al. 2005;

Hedrick 2013). Accordingly, determining the magnitude and direction of introgression in
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the Makira Myzomela will offer important insight into the potential for hybridization to
promote adaptation in this system, as well as providing another example of the potential
outcomes of hybridization during the early stages of secondary contact resulting from

long-distance dispersal.

Methods
Sampling

We conducted field work at six sites in Makira-Ulawa province, Solomon Islands
between May and July in 2012 and 2013. Two sites, Ugi and Three Sisters, contained
allopatric populations of M. cardinalis; two sites, Santa Catalina and highland Makira,
contained allopatric populations of M. tristrami; and two sites, North Makira and Star
Harbour, contained populations of both species, with the former site representing an older
area of sympatry relative to the latter (Fig. 2.1b). At each site, we erected mist-nets in
areas where Myzomela were observed, often at flowering trees, and collected a blood
sample from the brachial vein of each captured individual. Additionally, we collected
blood samples from chicks from four observed nests; each nest contained two chicks, and
to avoid potential impacts of relatedness bias, our analysis includes genetic sequence data
for only one randomly-selected chick from each pair. No adults were captured in the
vicinity of any of these nests, so it is unlikely that the parents are included in our dataset.
Finally, six samples of M. cardinalis and one sample of M. tristrami were taken from
birds that were incidentally captured in 2008 while mist-netting for an unrelated study at
the same localities. In total, samples comprise 121 Myzomela cardinalis pulcherrima, 75

Myzomela tristrami, and 7 individuals with intermediate plumage. Additionally, during
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2012, we collected three blood samples of another M. cardinalis subspecies, M. c.
sanctaecrucis, from Santa Cruz (a.k.a. Nendo) in the Solomon Island province of
Temotu, located approximately 370 km east of Makira.

Collected blood was preserved in lysis buffer (Longmire et al. 1997) and stored at
-20°C upon return from the field. Genomic DNA was extracted using DNeasy Blood &
Tissue Kits (Qiagen) and DNA concentrations were measured using a Qubit 2.0
fluorometer (Life Technologies).

Birds were assigned to species based on plumage phenotypes observed in the field
and recorded in photos (Fig. 2.1a). Adult M. tristrami are entirely black, while juveniles
are black above and gray below with yellow bills. Male M. cardinalis possess bright red
heads, breasts, and backs, while females are slightly duller with more black on the
underparts. Juvenile M. cardinalis are highly variable in terms of plumage, ranging from
duller versions of male plumage patterns to predominantly gray and olive with patches of
red-tinged feathers, but can be distinguished by their yellow nares. Birds possessing
abnormal combinations of red and black plumage (e.g., a black body and red back or a

black head with patches of red feathers) were classified as phenotypic hybrids (Fig. 2.1a).

Sequencing

We obtained sequence data for one mitochondrial gene and six nuclear markers
from each sampled individual. For mitochondrial DNA (“mtDNA”), we used PCR to
amplify 1016 bp of NADH dehydrogenase subunit 2 (ND2) using the primers H6313 and
L5216 and an annealing temperature of 57°C (Sorenson et al. 1999). For nuclear DNA,

we amplified the following markers using the primers and protocols cited: Beta-
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fibrinogen intron 5 (FGB), 411 bp (Kimball et al. 2009); Myoglobin intron 2 (MYO), 647
bp (Slade et al. 1993; Heslewood et al. 1998); Rhodopsin intron 1 (RHO), 702 bp
(Primmer et al. 2002); Transforming growth factor -2 intron 5 (TGF/2), 523 bp
(Primmer et al. 2002); Glyceraldehyde 3-phosphate dehydrogenase intron 11 (GAPDH),
273 bp (Primmer et al. 2002); and /5246, 430 bp (Backstrom et al. 2008a). Successful
amplification was confirmed by electrophoresing 3 pl of PCR product in a 1% agarose
gel. PCR products were prepared for sequencing using manufacturer’s protocols for
ExoSAP-IT purification (USB Corp.), BigDye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems), and Sephadex purification (Sigma-Aldrich). Sanger sequencing
was performed at the Molecular Core Facility of the University of Miami Department of
Biology.

Forward and reverse sequence reads were aligned in Sequencher v.4.8 (Gene
Codes, Ann Arbor, MI), and all chromatograms were reviewed to visually identify
heterozygous sites and errors in base calling. Allelic haplotypes for the nuclear markers
were inferred using the PHASE v.2.1 algorithm (Stephens et al. 2001) from DnaSP
v.5.10.1 (Librado and Rozas 2009), with the presence of heterozygous indels in certain
sequences allowing for the visual determination of specific haplotype sequences from
chromatogram data. For most nuclear markers, PHASE was able to assign haplotypes
with greater than 95% confidence to more than 98% of all individuals, with nearly all
low-confidence assignments representing singleton polymorphisms. However, due to
high levels of polymorphism and recombination, PHASE results for 7TGF /2 were
characterized by high degrees of uncertainty. Accordingly, we used custom-designed

allele-specific primers (Pettersson et al. 2003) to identify allelic phases for nearly all
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individuals with ambiguous haplotypes, resulting in the same level of confidence as for
the other markers. Haplotype networks for each marker were constructed in TCS

(Clement et al. 2000).

Estimation of Divergence Times

Time in allopatry is believed to be important for the evolution of reproductive
isolation (Coyne and Orr 2004; Price 2008), so we conducted a phylogenetic analysis to
estimate the age of the most recent common ancestor of M. tristrami and M. cardinalis,
as well as the date that the two species colonized Makira and its offshore satellite islands
respectively. We constructed a mitochondrial gene tree for 820bp of ND2 using
sequences of two randomly-selected individuals from each of our two allopatric study
populations of M. tristrami and M. cardinalis pulcherrima, three samples of M.
cardinalis sanctaecrucis, and sequences for other species available on GenBank (Driskell
and Christidis 2004; Smith and Filardi 2007; Gardner et al. 2010; Toon et al. 2010; Nyari
and Joseph 2013; Andersen et al. 2014). In total, this data set includes 36 sequences
(Table 2.1), representing 13 of the 31 currently-recognized species of Myzomela
(including all Solomon Island taxa), at least three subspecies of M. cardinalis (the
sampling location of one sequence available on GenBank is not provided in the original
study), and the known sister species to this genus, Sugomel nigrum (Joseph et al. 2014).

Using MrModeltest (Nylander 2004), we identified GTR+I+I as the most
appropriate substitution model for Bayesian phylogenetic analyses, based on Akaike
Information Criterion (AIC). We then used BEAST v.1.5.4 (Drummond and Rambaut

2007) to perform a Bayesian Markov chain Monte Carlo analysis to construct the
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phylogeny and estimate divergence times for the taxa of interest. To obtain a substitution
rate prior, we adjusted the molecular substitution rate for avian cytochrome B (CytB)
(2.1% per million years) (Weir and Schluter 2008) to reflect the relative rate of molecular
evolution for ND2 and CytB sequences in the five species of Myzomela (M. cardinalis,
M. erythrocephala, M. obscura, M. rosenbergii, and M. sanguinolenta) for which
sequences of both mtDNA genes from the same individual were available on GenBank
(Driskell and Christidis 2004). The mean pairwise differences per site for ND2 between
these species is 1.3x that of Cy¢B (range: 0.95x-1.56x), resulting in an estimated
substitution rate of 2.7% per million years for ND2. Analyses were run for 10 million
generations applying a Yule tree prior under a relaxed tree framework, sampling every
100 iterations, for a total of 100,000 trees. Adequate convergence of the posterior was
confirmed using TRACER v.1.6. After applying a 20% burn-in, the consensus majority-
rule tree was constructed in TreeAnnotator v.1.5.4 and used to estimate the mean and
95% confidence interval divergence times for M. tristrami and the clade containing M.

cardinalis, as well as the Makira and Santa Cruz subspecies of M. cardinalis.

Confirmation and Quantification of Hybridization and Introgression

Natural selection and genetic drift will facilitate evolution of population-specific
alleles, particularly between small isolated populations such as those on oceanic islands
which have also undergone one or more founder events associated with island
colonization prior to secondary contact (Hedrick 2011). We therefore identified species-
specific mitochondrial and nuclear haplotypes as those that are exclusively present in

allopatric populations of one species. Presence of such species-specific alleles in
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sympatric heterospecifics is considered to be evidence for introgression. This approach
does not account for the possibility of introgression of alleles into allopatric populations,
conservatively assuming instead that sharing of any alleles in allopatry is due to
incomplete lineage sorting rather than past or present gene flow. Moreover, robust sample
sizes are important for this approach, as false identification of introgression may occur if
alleles that are shared by both species due to incomplete lineage sorting go undetected in
allopatric populations of one species. To estimate the potential effect of sample size on
our analysis, we used a maximum-likelihood approach to calculate the 95% likelihood-
based confidence limit for the true frequency of an allele that was not detected among our
allelic sample size (e.g., twice the number of sampled individuals) in each population
(Whitlock and Schluter 2015).

Extensive sharing of nuclear haplotypes may result in a failure to detect actual
hybrids using our approach. To test our ability to identify hybrids and backcrosses
accurately, we used a custom script developed in R (R Core Team 2014) that simulates
the outcomes of hybrid pairings based on actual genotypes of allopatric birds. For each
simulated hybridization event, alleles for the six nuclear markers were chosen at random
from randomly-selected parental genotypes. Simulated offspring were then assigned to
the following categories based on the presence of species-specific alleles: (1) hybrid if
possessing at least one M. tristrami-specific and at least one M. cardinalis-specific allele;
(2) M. tristrami if possessing at least one M. tristrami-specific allele but no M.
cardinalis-specific alleles; (3) M. cardinalis if possessing at least one M. cardinalis-
specific allele but no M. tristrami-specific alleles; and (4) ambiguous if possessing no

species-specific alleles. 100,000 F'; and F', hybrid simulations were performed for each
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of the four possible hybrid pairings of the sampled allopatric populations. A similar
approach was then used to backcross each simulated hybrid with randomly chosen
individuals from each of the two allopatric parental populations. Simulated backcrosses
were assigned to populations based on presence and absence of species-specific alleles as
described above.

We used DnaSP to calculate pairwise F'st and @sr values between populations
for each marker to test for evidence that heterospecific populations are more similar in
sympatry than allopatry, as expected under introgression in sympatry. Mean F's values
across all six nuclear markers were computed for each pairwise comparison, and a two-
tailed paired t-test with Bonferroni correction was used to test for significant differences
between cross-species Fsy values for allopatric populations versus populations from
within the area of sympatry. Finally, we used STRUCTURE v.2.3.4 (Pritchard et al.
2000) to perform a Bayesian population assignment analysis, based on haplotype data, a

model run of 1.5 million iterations, a burn-in of 200,000, and k=2 a priori populations.

Results

Sampling and Species Distributions

Myzomela tristrami and Myzomela cardinalis continue to coexist on coastal
Makira. M. cardinalis represented 64% of total captures (30/47) in North Makira and
50% (13/26) of total captures in Star Harbour at sites where both species were observed
multiple times. The presence of M. cardinalis at Star Harbour indicates that the area of
sympatry has expanded recently into the eastern portion of Makira, as the species was

absent from Star Harbour when Diamond visited during the 1970s (Diamond 2002). The
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current relative species abundances in sympatry are similar to those observed over the
past 60 years (Diamond 2002). In most habitats immediately adjacent to the sea (e.g.,
coastal mangroves and coconuts, beach vegetation), M. cardinalis was abundant (i.e.,
several individuals observed during every visit) but M. tristrami was rare (i.e., observed
during multiple visits, but never captured during netting and representing less than five
percent of all Myzomela detected). These areas were not large (approximately 10-200
meters wide), and M. tristrami was abundant in similar seaside habitats on Santa Catalina
where M. cardinalis was absent. M. cardinalis was never observed in primary rainforest
or isolated secondary habitats (e.g., gardens and villages) in interior Makira, but is
common (i.e., reliably observed during every visit) in secondary habitats at 255m in
elevation behind the town of Kirakira (North Makira) more than 1.3 km from the coast,
and was observed more than 3.5km from the coast in contiguous secondary habitat along
the Ravo River. However, a more robust assessment of habitat preferences is needed to
quantify whether the species indeed sort ecologically.

Seven putative hybrids were captured on Makira in 2012 and 2013: two in North
Makira and five in Star Harbour. These birds possessed intermediate plumage, generally
having much more extensive black plumage than typical M. cardinalis but with red or
reddish patches of carotenoid-based plumage atypical of M. tristrami (Fig. 2.1a). No such
intermediate birds were observed in allopatric populations, suggesting that they represent
true hybrids and not rare color morphs.

One phenotypic hybrid was observed brooding two nearly-fledgling-age chicks in
Star Harbour during 2012. Molecular sexing (Han et al. 2009) confirmed that this

individual was a female, and both chicks shared mitochondrial haplotypes and at least
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one nuclear allele of each of the six sequenced nuclear markers with the female,
suggesting that they were indeed its offspring. Both chicks possessed plumage typical of
M. cardinalis suggesting that they were the product of a backcross between the hybrid
and a male M. cardinalis. Although anecdotal, this observation demonstrates that this

system is not characterized by complete hybrid infertility.

Divergence time estimates

The mitochondrial divergence time analysis dated the most recent common
ancestor of M. cardinalis and M. tristrami at a mean estimate of 5.8 million years (95%
C.I: 3.1-9.3 mya) (Fig. 2.2). This estimate is statistically comparable to the 7 million
years that has been cited as the average divergence time for avian species pairs exhibiting
nearly complete hybrid infertility (Price 2008). The estimated age of the most recent
common ancestor of the Makira and Santa Cruz subspecies (i.e., the likely source
population for M. cardinalis’s colonization of Ugi and Three Sisters (Mayr and Diamond
2001)) was 1.2 million years (95% C.I: 0.24-2.7 mya) (Fig. 2.2), which is within the
estimated age of both islands (the Pliocene for Makira, Ugi, and Three Sisters (Coulson

and Vedder 1986), and the early Miocene for Santa Cruz (Luyendyk et al. 1974).

Mitochondrial Introgression

Sequencing revealed two highly-diverged clades of species-specific ND2
haplotypes within the Makira Myzomela (Fig. 2.2, Fig. 2.3). Haplotype diversity was
much greater among M. tristrami than M. cardinalis (Table 2.2). All allopatric

individuals of both species possessed species-specific mitochondrial haplotypes, as did
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all M. cardinalis from the area of sympatry (Fig. 2.1¢c). However, all seven phenotypic
hybrids and 22% (7/32) of M. tristrami from the area of sympatry possessed
mitochondrial haplotypes belonging to the M. cardinalis clade, including 33% (5/15) of
M. tristrami from North Makira and 12% (2/17) from Star Harbour, indicative of
mitochondrial introgression from M. cardinalis to M. tristrami. Finally, two low-
frequency mitochondrial haplotypes were present in populations of M. cardinalis from
Makira and Three Sisters but not from Ugi, suggesting that at least some colonizing
individuals originated from the allopatric population on Three Sisters.

Pairwise @y values for ND2 were consistent with asymmetrical mitochondrial
introgression (Table 2.3): @gr values for populations of M. tristrami from within the area
of sympatry versus M. cardinalis populations (ranging from 0.61-0.84) were uniformly
lower than @gr values for allopatric populations (0.97-0.98). Further, pairwise @sr values
of M. tristrami from within the area of sympatry vs. M. cardinalis in the older sympatric
population, North Makira, (0.62-0.63) were uniformly lower than in Star Harbour (0.84-
0.86). In contrast, pairwise @sr values for populations of M. cardinalis from within the
area of sympatry vs. M. tristrami populations were essentially equivalent to pairwise @sy

values for allopatric populations of M. cardinalis vs. M. tristrami.

Nuclear Introgression
In contrast to mtDNA, none of the haplotype networks for the six nuclear markers
showed obvious species-specific haplotype clusters (Fig. 2 4). Indeed, most haplotypes

(mean = 76.4% of total sequences, ranging from 42.4% for TGF 32 to 98.8% for FGB)

were shared by at least one allopatric individual of each species. These observed patterns
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were consistent either with high levels of incomplete lineage sorting among ancestral
populations or extensive historical introgression between species. As with mtDNA,
nuclear haplotype diversity was again greater among M. tristrami than M. cardinalis,
consistent with a larger effective population size for the former species. Nuclear markers
provided no insight into the source population of the initial M. cardinalis colonization
event, as all of the M. cardinalis-specific haplotypes that were detected in sympatric
populations were also found in both allopatric populations of M. cardinalis (i.e., Ugi and
Three Sisters).

Despite the relatively high frequency of haplotype sharing between species,
sufficient inter-specific genetic variation existed across all markers to identify most
individuals with hybrid ancestry. 100% (43/43) of allopatric M. tristrami and 98%
(44/45) of allopatric M. cardinalis possessed at least one species-specific nuclear
haplotype (Table 2.4). In total, 20% (15/75) of M. cardinalis from within the area of
sympatry possessed at least one heterospecific nuclear haplotype, including 15% (5/33)
from North Makira and 24% (10/42) from Star Harbour. Simulations predicted that M.
tristrami-specific haplotypes should be present in 68-71% of hybrid backcrosses with M.
cardinalis (Table 2.5), suggesting that these observations underestimate introgression
into M. cardinalis.

Nuclear introgression from M. cardinalis into M. tristrami was restricted almost
exclusively to admixed individuals possessing M. cardinalis mtDNA. Among sympatric
M. tristrami possessing conspecific mtDNA haplotypes, only 4% (1/25) possessed an M.
cardinalis-specific nuclear haplotype (Table 2.4), even though our simulations predicted

that 46-65% of hybrid backcrosses with M. tristrami should possess at least one M.
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cardinalis-specific haplotype (Supp. Table 2.5). Among the seven birds that were
phenotypically M. tristrami but possessed M. cardinalis mtDNA haplotypes
(“mitochondrial hybrids”), three possessed no heterospecific nuclear haplotypes, three
possessed species-specific nuclear haplotypes for both species, and one was classified as
genotypically M. cardinalis (Table 2.4). Similarly, for the seven “phenotypic hybrids”
(birds with intermediate plumage), three were classified as hybrids, two were classified as
M. cardinalis, and two were classified as M. tristrami, based on species-specific nuclear
haplotypes (Table 2.4). Simulations predicted that, under this approach, 71-83% of true
F; hybrids should be identified as genetically hybrid, 13-24% as genetically M. tristrami,
and only 2-6% as genetically M. cardinalis (Supp. Table 2.5).

Maximum likelihood-analysis indicated that sample sizes were likely to be robust
enough to minimize the chance of false mischaracterization of alleles as “species-
specific.” Based on our sample sizes, the 95% confidence interval for the true allele
frequency of a nuclear allele that went undetected was between 0.030-0.064 for our
populations (Supp. Table 2.6), while the maximum likelihood estimate for each
population was zero. As such, any undetected alleles likely represent truly rare variants in
the population. Our smallest sample sizes and greatest confidence interval estimates were
in the sympatric populations of M. tristrami and the allopatric population of M. tristrami
from Highland Makira. Under our approach for identifying hybrids, failure to detect
alleles in the latter population would result in a potential for mischaracterizing shared
nuclear alleles as “M cardinalis-specific” and, as a result, falsely identifying putative

introgression from M. cardinalis to M. tristrami. However, we note that introgression in
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this direction was separately confirmed via mitochondrial sequencing, and in all but one
case, nuclear introgression was restricted to known mitochondrial hybrids.

Mean F'gr values between populations of sympatric M. tristrami and allopatric M.
cardinalis (ranging from 0.09-0.14) were lower than mean F'sr values of allopatric M.
tristrami vs. allopatric M. cardinalis (0.15-0.24) (Supp. Table 2.3), as expected with
introgression of M. cardinalis alleles into M. tristrami in sympatry. Likewise, mean Fgr
values of populations of sympatric M. cardinalis vs. allopatric M. tristrami from
Highland Makira (0.12-0.13) were marginally lower than mean Fsy values of allopatric
M. cardinalis vs. the same M. tristrami (0.14-0.16), consistent with introgression.
However, none of these differences were statistically significant (uncorrected P-values:
0.13-0.79) as the observed patterns were not consistent for all six nuclear markers (Supp.
Tables 2.7-2.9), which is to be expected if rates of introgression varied across the
genome.

The STRUCTURE analysis (Fig. 2.5) also revealed evidence for nuclear
introgression in this system. As expected, STRUCTURE identified two species-specific
genotypic clusters, with all but one allopatric individual assigned to the conspecific
cluster with a posterior probability (“p.p.”) >90%, with 91% (29/32) of M. tristrami and
96% (44/46) of allopatric M. cardinalis assigned with >95% p.p. The exception was an
allopatric adult male M. cardinalis from Ugi which STRUCTURE assigned with
intermediate probability (p.p.: 59% M. tristrami, 41% M. cardinalis), even though all of
its alleles were shared by at least one other allopatric M. cardinalis. Still, we could not

dismiss the possibility of hybrid ancestry in this individual, as Ugi is only 8 km from
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mainland Makira, and there is a published report of vagrant M. tristrami from Ugi
(Dutson 2001). No M. tristrami, however, were sighted during any of our visits to Ugi.
Among sympatric M. cardinalis, STRUCTURE assigned nearly all individuals to
the correct cluster, but with slightly lower confidence than for allopatric individuals,
consistent with low levels of introgression from M. tristrami. Although 93% (70/75) of
sympatric M. cardinalis were assigned to the conspecific cluster with >90% p.p., only
83% (62/75) were assigned with >95% p.p., significantly lower than for allopatric
populations (two-tailed Z-test: 2.10, p=0.036) and consistent with backcrossing. Five M.
cardinalis from the area of sympatry possessed intermediate genetic structure consistent
with hybrid ancestry (p.p. of assigning to the conspecific cluster = 68.3-88.6%). Among
sympatric M. tristrami, 92% (23/25) of individuals with conspecific mitochondrial
haplotypes were assigned to the correct cluster with >95% p.p., statistically equivalent to
the assignment probabilities for allopatric populations (two-tailed Z-test: 0.18, p=0.857),
again consistent with extremely limited nuclear introgression into M. tristrami matrilines
within the area of sympatry. In contrast, M. tristrami possessing heterospecific
mitochondrial haplotypes and phenotypic hybrids both varied substantially between

individuals in their population assignments (Fig. 2.5), consistent with genetic admixture.

Discussion

Our study represents the first quantification of hybridization and introgression
between the two species of Myzomela honeyeaters present on Makira in the Solomon
Islands, a rare example of recent secondary contact between congeners in an island

radiation (Mayr and Diamond 2001). Hybridization between the native M. tristrami and
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the recent colonizer M. cardinalis was previously noted by Mayr and Diamond (2001),
who hypothesized that hybrid pairings in this system were limited to the early stages of
colonization when conspecific mating opportunities for M. cardinalis were scarce (Mayr
and Diamond 2001; Diamond 2002; Price 2008). Our findings indicate that hybridization
is ongoing more than a century after the identified colonization event, with one
phenotypic hybrid captured per every 4.6 M. tristrami (i.e., the less common species)
captured in sympatry. This ongoing hybridization occurs even though the Makira
Myzomela shared a most recent common ancestor between 3.1 and 9.3 million years ago.
Despite this divergence, our observation of an intermediate-plumage female with near-
fledgling age chicks demonstrates that F; hybrid sterility is not complete. As a result,
hybridization has led to widespread asymmetric introgression in the Makira Myzomela,
which provides insight into the dynamics of hybridization and its potential consequences
for speciation in this system.

Mitochondrial DNA sequencing indicates that all successful F'; hybrid pairings in
this system involve female M. cardinalis, with 33% of phenotypically M. tristrami
individuals from the oldest portion of the area of sympatry (North Makira) possessing M.
cardinalis mtDNA haplotypes. This asymmetric introgression from the colonizing to the
native species is opposite to the pattern predicted by wavefront models of introgression
(Currat et al. 2008) and which is observed in nearly all shifting avian hybrid zones
(Rheindt and Edwards 2011). In contrast, mitochondrial introgression in this system is
influenced predominantly by asymmetric reproductive isolation, i.e., one hybrid pairing is
more likely to occur successfully than the reverse. Asymmetric reproductive isolation and

mtDNA introgression from M. cardinalis to M. tristrami is predicted under Mayr and
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Diamond’s (2001) hypothesis that hybridization in this system was driven by a relaxation
of mate choice preferences among colonizing M. cardinalis females immediately
following secondary contact when conspecific mates were rare. However, if differences
in mate choice preferences are primarily responsible for the asymmetric patterns of
mtDNA introgression observed in this system, we would expect to observe introgression
of M. cardinalis nuclear alleles into sympatric M. tristrami matrilines, as a consequence
of pairings of M. tristrami females with all-black mitochondrial hybrid males. Yet only
one sympatric M. tristrami possessing a conspecific mtDNA haplotype exhibited any
degree of hybrid ancestry based on nuclear markers.

Instead, observed patterns of highly asymmetric mtDNA introgression likely
result from asymmetric post-zygotic genetic incompatibilities. Incompatibilities between
autosomal and mitochondrial genes involved in the OXPHOS pathway have been
hypothesized to be an important driver of post-zygotic reproductive isolation between
species (Turelli and Moyle 2007; Hill and Johnson 2013), and evidence for a link to
asymmetric hybrid viability has been observed in many taxa (Bolnick et al. 2008; Ellison
and Burton 2008; Ellison et al. 2008; Trier et al. 2014). Strong post-zygotic reproductive
isolation in this system is unsurprising as we estimate that the most recent common
ancestor for M. cardinalis and M. tristrami lived between 3.1-9.3 million years ago,
statistically comparable to the 7 million years that has been cited as the average
divergence time for species exhibiting nearly complete hybrid infertility (Price 2008).
However, direct quantification of the relative viability of offspring from differential
parental combinations as well as direct assays of female mate choice preferences are

needed to determine the relative importance of pre- and post-zygotic reproductive
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isolation to the observed patterns of asymmetric mitochondrial introgression between the
Makira Myzomela.

Asymmetric hybridization has important consequences for biodiversity in this
system. Unlike other known examples of secondary contact on small islands, the Makira
Myzomela appear to exhibit sufficient reproductive isolation to maintain phenotypic
differences between species rather than collapsing into a hybrid swarm (in contrast to
Larsen et al. 2010; Steeves et al. 2010; Lavretsky et al. 2015). For example, in contrast to
trends immediately following secondary contact, relative species abundances have
remained relatively stable since the mid-20" century, and sympatric populations continue
to exhibit generally strong species-specific genetic structure. However, reproductive
isolation in this system is not sufficient to prevent introgression between species (in
contrast to Qvarnstrom et al. 2010; Warren et al. 2011). Instead, nuclear introgression is
occurring from the native species, M. tristrami, to the colonizer, M. cardinalis. Similar
patterns of introgression also characterize several other island systems where long-
distance dispersal resulted in secondary contact, including New Zealand stilts (Steeves et
al. 2010), Galapagos finches (Grant and Grant 2014), and Mediterranean butterflies
(Cianchi et al. 2003). If the colonization patterns on Makira are similar to those directly
observed in Geospiza (Grant and Grant 2014), then all sympatric M. cardinalis should be
descendants of a small number of individuals that originally colonized Makira and
hybridized with M. tristrami, and whose offspring assortatively mated amongst
themselves. Indeed, the proportion of M. cardinalis possessing heterospecific nuclear
alleles is greater in populations that have achieved secondary contact more recently.

Based on our simulations (Table 2.5), however, these proportions are significantly less
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than those expected under this scenario. Instead, they are more consistent with three
backcross events, suggesting one or more of the following: a relatively large founder
population of M. cardinalis, repeated dispersal of M. cardinalis from the satellite islands
to Makira, or strong selection for individuals with reduced hybrid ancestry. Therefore,
even though reproductive isolation is incomplete, gene flow resulting from secondary
contact between these highly diverged island species does not appear to be substantial
enough to break down species boundaries. Hybridization does allow, however, for
adaptive alleles to potentially introgress into the colonizing species.

The Makira Myzomela also exhibit apparent nuclear introgression from the
colonizer, M. cardinalis, to the native species, M. tristrami, in contrast to the pattern
observed in nearly all avian hybrid systems (Rheindt and Edwards 2011). However, the
rarity of M. cardinalis nuclear haplotypes among individuals descended from M.
tristrami matrilines is consistent with a high degree of reproductive isolation between
female M. tristrami and the melanic birds that possess M. cardinalis mitochondrial
haplotypes. Accordingly, it may be more appropriate to characterize gene flow patterns as
an introgression of plumage alleles from the native species to the invading one, which
matches the observations from other avian systems. Such introgression would be
facilitated if black plumage is favored by sexual selection in M. cardinalis (e.g., due to
sensory bias). Similar patterns of sexual selection driving asymmetric plumage
introgression have been documented in hybrid zones between Manacus manakins
(Brumfield et al. 2001; Stein and Uy 2006) and between subspecies of red-backed fairy-
wrens, Malurus melanocephalus (Baldassarre and Webster 2013; Baldassarre et al.

2014). However, the relative rarity of mitochondrial hybrids on Makira and the
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persistence of presumably-costly carotenoid-based red plumage in allopatric M.
cardinalis suggest that plumage introgression is unlikely to be driven by shared
preferences for black mates. Ecological selection could also favor black plumage on
Makira, but an opposite pattern in terms of plumage distribution is found in the chestnut-
bellied flycatcher (Monarcha castaneiventris) complex, which includes melanic
populations on Ugi and Three Sisters and more colorful birds on Makira (Uy et al. 2009b;
Uy and Safran 2013). Plumage introgression would also be facilitated if colonization
events resulted in relaxed female preference for plumage in M. cardinalis females
(Kaneshiro 1980), under which introgression would be driven primarily by genetic drift.
Alternatively, black plumage among individuals of hybrid ancestry may be favored by
disruptive intrasexual selection if it results in decreased aggression that allows otherwise
low quality males to hold higher quality territories, as demonstrated in other examples of
avian plumage polymorphisms (Greene et al. 2000; Vallin et al. 2012). Finally, the alleles
for black plumage may be linked to alleles for genes responsible for non-plumage-related
locally-favored adaptations (e.g., disease resistance, metabolism of local food sources,
etc.) (Ducrest et al. 2008). Under this hypothesis, plumage has undergone introgression
because the recent history of secondary colonization between species has not provided
sufficient opportunity for recombination to break down linkage disequilibrium between
these alleles. With the advent of affordable next-generation sequencing, it is now possible
to examine genome-wide patterns of introgression and identify genomic regions that
show signatures of selection. Such follow-up studies on this system will provide further
insight into the evolutionary consequences of hybridization and introgression for the

maintenance of biodiversity in island systems.
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Figure 2.1. (A) Representative examples of plumage for, from left to right: adult male M.
cardinalis, three putative hybrids from the area of sympatry based on intermediate plumage
phenotypes, and adult male M. tristrami. (B) Map of Makira and satellite islands showing
approximate range of: M. cardinalis encompassing Ugi, Three Sisters, and coastal Makira;
and M. tristrami encompassing Makira, Santa Ana, and Santa Catalina. Sampling localities are
shown with sample sizes indicated (“C” = M. cardinalis, “H” = phenotypic hybrid, “T” = M.
tristrami based on plumage phenotypes). Allopatric and sympatric populations are denoted by
“A” and “S,” respectively. Inset in upper right denotes location of Makira within the Solomon
Islands. (C) Proportion of individuals in each population possessing mitochondrial ND2
haplotypes belonging to two highly diverged clades (see Figure 2.3 for associated haplotype
network). All M. cardinalis and all phenotypic hybrids possess “red” haplotypes. All
allopatric M. tristrami possess “black haplotypes.” Sympatric M. tristrami populations possess
both haplotypes, indicative of mtDNA introgression. Numbers after population names represent
number of individuals sampled from that population.
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Figure 2.2: Consensus majority Bayesian phylogenetic tree representing evolutionary history of genus Myzomela inferred from a
single mitochondrial gene (ND2). Tree constructed using BEAST v.1.5.4 using randomly-chosen samples collected from allopatric
populations in this study and sequences available on GenBank (see Supp. Table 1). Geographic origin of each sample is listed after
each species name with asterisks (*) denoting samples from the Solomon Archipelago. Nodes are labeled with Bayesian posterior
probabilities. Mean and 95% confidence interval divergence times are noted for two nodes of particular interest for this analysis: the
most recent common ancestor of M. tristrami and M. cardinalis, and the most recent common ancestor of the Ugi and Three Sisters
subspecies of M. cardinalis and the subspecies of M. cardinalis on the Santa Cruz islands. The two taxa that are included in this
study are boxed in gray for emphasis.
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Figure 2.3: Haplotype network for 121 Myzomela cardinalis, 75 M. tristrami, and 7
phenotypic hybrids sequenced at one mitochondrial marker: NADH dehydrogenase subunit 2
(ND2). Each circle represents a haplotype with the size of the circle proportional to the
number of haplotypes in the data set. Each line connecting circles represent a single
nucleotide change. Small open circles represent inferred haplotypes not represented in the
dataset. Colors represent the population sampled, as indicated in the key. Populations labeled
“A” are allopatric populations and populations labeled “S” are sympatric populations.
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Figure 2.4: Haplotype networks for 121 Myzomela cardinalis, 75 M. tristrami, and 7 phenotypic
hybrids sequenced at six nuclear markers: a) Beta-fibrinogen intron 5 (FGB); b) Rhodopsin intron
1 (RHO); ¢) 15246; d) Glyceraldehyde 3-phosphate dehydrogenase intron 11 (GAPDH); )
Myoglobin intron 2 (MYO); f) Transforming growth factor 3-2 intron 5 (TGF/2). Each circle
represents a haplotype with the size of the circle proportional to the number of haplotypes in the
data set. Each line connecting circles represent a single nucleotide change. Small open circles
represent inferred haplotypes not represented in the dataset. Colors represent the population
sampled, as indicated in the key. Populations labeled “A” are allopatric.
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Figure 2.5. STRUCTURE plot based on haplotype data of six nuclear markers for 203 Myzomela
from Makira-Ulawa province, assuming two population clusters (k = 2). Y-axis represents
Bayesian posterior probability of assignment to clusters representing M. cardinalis (red) or M.
tristrami (dark gray). Plumage phenotype of individuals is indicated above the plot, sampling
location is indicated below the plot, with black bars separating locations



Table 2.1: Samples used in phylogenetic analysis

Species Sampling Location GenBank Accession # | Museum voucher | Study

M. cardinalis unknown AY488292.1 unvouchered Driskell & Christidis (2004)
M. cardinalis Rennell, Solomon Islands DQ469051.1 UWBMS58778 Smith & Filardi (2007)
M. cardinalis Rennell, Solomon Islands DQ469052.1 UWBMS58774 Smith & Filardi (2007)
M. cardinalis Santa Cruz, Solomon Islands KUS519944 unvouchered* this study

M. cardinalis Santa Cruz, Solomon Islands KUS519945 unvouchered* this study

M. cardinalis Three Sisters, Solomon Islands KU519949 unvouchered* this study

M. cardinalis Three Sisters, Solomon Islands KU519870 unvouchered* this study

M. cardinalis Ugi, Solomon Islands KU519927 unvouchered* this study

M. cardinalis Ugi, Solomon Islands KUS519750 unvouchered* this study

M. cineracea New Guinea DQ469054.1 UWBMG68051 Smith & Filardi (2007)
M. eichhorni Western Province, Solomon Islands DQ469053.1 UWBM63036 Smith & Filardi (2007)
M. eichhorni Western Province, Solomon Islands DQ469057.1 UWBMG63135 Smith & Filardi (2007)
M. eques New Guinea DQ469060.1 UWBM68034 Smith & Filardi (2007)
M. erythrocephala Australia AY488406.1 MV1198 Driskell & Christidis (2004)
M. erythrocephala Australia KC540589.1 ANWC29523 Nyari and Joseph

M. erythrocephala Australia KC540590.1 ANWC29639 Nyari and Joseph

M. erythrocephala Australia KC540591.1 ANWC29640 Nyari and Joseph

M. jugularis Fiji KF970738.1 KUNHM?22536 Andersen et al (2014)
M. lafargei Isabel, Solomon Islands DQ469055.1 UWBMG69655 Smith & Filardi (2007)
M. lafargei Choiseul, Solomon Islands DQ469056.1 UWBMG63179 Smith & Filardi (2007)
M. lafargei Isabel, Solomon Islands DQ469063.1 UWBM60278 Smith & Filardi (2007)
M. lafargei Choiseul, Solomon Islands DQ469064.1 UWBMG63183 Smith & Filardi (2007)
M. malaitae Malaita, Solomon Islands DQ469058.1 UWBM66085 Smith & Filardi (2007)
M. malaitae Malaita, Solomon Islands DQ469062.1 UWBMG66095 Smith & Filardi (2007)
M. melanocephala Guadalcanal, Solomon Islands DQ469059.1 UWBM60359 Smith & Filardi (2007)

St



M. melanocephala Guadalcanal, Solomon Islands DQ469061.1 UWBM60342 Smith & Filardi (2007)

M. obscura Australia AY488293.1 ANWCC531 Driskell & Christidis (2004)

M. obscura Australia HM230619.1 ANWC33606 Toon, Hughes, and Joseph (2010)
M. rosenbergii New Guinea AY488294.1 ANWCE240 Driskell & Christidis (2004)

M. sanguinolenta Australia AY488295.1 ANWCC402 Driskell & Christidis (2004)

M. tristrami Makira, Solomon Islands KUS519835 unvouchered* this study

M. tristrami Makira, Solomon Islands KUS519844 unvouchered* this study

M. tristrami Santa Catalina, Solomon Islands KUS519811 unvouchered* this study

M. tristrami Santa Catalina, Solomon Islands KUS519820 unvouchered* this study

Museum Abbreviations:

ANWC = Australian National Wildlife Collection
KUNHM = Kansas University Natural History Museum

MV = Museum Victoria

UWBM = University of Washington Burke Museum

* Samples obtained as part of this study were taken from individuals released for a banding study. Photos and feathers were also taken from each
individual to verify species indentification.
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Table 2.2: Distribution of haplotypes for one mitochondrial and six nuclear markers among allopatric and sympatric populations of M.
cardinalis and M. tristrami.

Marker Total Total non- Haplotypes shared M. tristrami haplotypes M. cardinalis haplotypes
haplotypes singleton by allopatric Shared with Unshared Shared with Unshared
haplotypes populations of sympatric M. haplotypes sympatric M. haplotypes
both species cardinalis only tristrami only
ND2 21 13 0 0 17 2 2
(mtDNA)
FGB 6 3 2 0 3 0 1
MYO 13 12 3 4 4 0 2
RHO 9 7 4 0 4 1 0
TGFp2 34 22 3 4 24 3 0
GAPDH 10 8 2 2 6 0 0
15246 14 8 6 0 7 1 0

Ly
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Table 2.3: Cross-population @s7 and Fgr values for sampled allopatric and sympatric
populations of M. cardinalis and M. tristrami. Values in the top-right above the diagonal
are @ gy for a single mitochondrial gene (ND2). Values in the bottom-left below the
diagonal are the mean F'sy values across six nuclear markers. Values for each individual
marker provided in Supplemental Tables 6-8.

M. cardinalis M. tristrami
Allopatric Sympatric Sympatric Allopatric
Three | Ugi | North Star North Star Santa | Highland
Sisters Makira | Harbor | Makira | Harbor | Catalina | Makira

# individuals 25 21 33 42 15 17 28 15

Three -- 0.241 | 0.082 0.006 0.616 0.848 0.971 0.968
., | Sisters
§ Ugi 0.020 -- 0.074 0.135 0.635 0.862 0.983 0.980
=
§ North 0.045 | 0.022 -- 0.002 0.627 0.857 0.979 0.975
S Makira

Star 0.094 | 0.079 | 0.047 -- 0.623 0.853 0.975 0.972

Harbour

North 0.123 | 0.093 | 0.091 0.096 -- 0.057 0.265 0.253
| Makira
§ Star 0.136 | 0.107 | 0.101 0.105 0.000 -- 0.088 0.050
§ Harbour
&| Santa 0.241 | 0.208 | 0.231 0.220 0.099 0.134 -- 0.076
S Catalina

Highland | 0.164 | 0.145 | 0.128 0.120 0.015 0.021 0.141 --

Makira
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Table 2.4: Percent of sampled Myzomela individuals assigned to genotypes based on
presence/absence of species-specific alleles for six nuclear markers. Individuals assigned
to a given species genotype possess at least one species-specific allele for that species and
none for the other. Individuals assigned as “hybrids” possess at least one species-specific
allele for each species, and individuals assigned as “ambiguous” possess no species-
specific alleles. Populations are specified in the table as allopatric (“A’) or sympatric
(“S”).

Population Number Percent of individuals assigned to genotype
individuals | M. cardinalis | Hybrid | M. tristrami | Ambiguous

M. cardinalis

Three Sisters (A) 25 0.96 0.00 0.00 0.04

Ugi (A) 21 1.00 0.00 0.00 0.00

North Makira (S) 33 0.79 0.06 0.09 0.06

Star Harbour (S) 42 0.71 0.21 0.02 0.05
Phenotypic hybrids (all possess M. cardinalis mtDNA haplotypes)

North Makira (S) 2 0.50 0.00 0.50 0.00

Star Harbour (S) 5 0.20 0.60 0.20 0.00
Mitochondrial hybrids (M. tristrami possessing M. cardinalis mtDNA haplotypes)

North Makira (S) 5 0.20 0.60 0.20 0.00

Star Harbour (S) 2 0.00 0.00 1.00 0.00
M. tristrami (possessing conspecific mtDNA haplotypes)

North Makira (S) 10 0.00 0.10 0.90 0.00

Star Harbour (S) 15 0.00 0.00 1.00 0.00

Santa Catalina (A) 28 0.00 0.00 1.00 0.00

Highland Makira (A) 15 0.00 0.00 1.00 0.00
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Table 2.5: Percent of 100,000 simulated F,, F,, and backcross pairings that are assigned
to specified genotypes based on presence/absence of species-specific alleles for six
nuclear markers. Simulations are based on random sampling of observed genotypes from
specified Myzomela allopatric populations. Genotype assignment is based on the
approach described in Table 1.

Simulated Pairing Percent of individuals assigned to genotype
M. cardinalis | Hybrid | M. tristrami | Ambiguous

F; Hybrids

Three Sisters x Santa Catalina 0.06 0.81 0.13 0.01

Ugi x Santa Catalina 0.05 0.71 0.23 0.02

Three Sisters x Highland Makira 0.03 0.83 0.13 0.00

Ugi x Highland Makira 0.02 0.73 0.24 0.01
F, Hybrids

Three Sisters x Santa Catalina 0.09 0.70 0.20 0.01

Ugi x Santa Catalina 0.09 0.62 0.27 0.02

Three Sisters x Highland Makira 0.07 0.72 0.20 0.01

Ugi x Highland Makira 0.07 0.64 0.27 0.01
Backcrosses with M. cardinalis

Three Sisters x Santa Catalina 0.31 0.63 0.05 0.01

Ugi x Santa Catalina 0.29 0.58 0.10 0.03

Three Sisters x Highland Makira 0.28 0.66 0.05 0.01

Ugi x Highland Makira 0.26 0.61 0.10 0.03
Backcrosses with M. tristrami

Three Sisters x Santa Catalina 0.01 0.53 0.45 0.01

Ugi x Santa Catalina 0.01 0.45 0.53 0.01

Three Sisters x Highland Makira 0.01 0.54 0.45 0.00

Ugi x Highland Makira 0.01 0.45 0.54 0.00




Table 2.6: 95% likelihood-based confidence limits of the true frequency of a nuclear
allele that went undetected in each population, based on number of alleles sampled.
Populations are specified in the table as allopatric (“A”) or sympatric (“S”).

Population Number of 95% Confidence Limit for True
Alleles Sampled Frequency of Undetected Alleles
M. cardinalis
Three Sisters (A) 50 0.039
Ugi (A) 42 0.046
North Makira (S) 66 0.030
Star Harbour (S) 84 0.024
M. tristrami
North Makira (S) 30 0.064
Star Harbour (S) 34 0.057
Santa Catalina (A) 54 0.035
Highland Makira (A) 30 0.064




Table 2.7: Cross-population Fgr values for sampled allopatric and sympatric populations of M. cardinalis and M. tristrami. Values in
the top-right above the diagonal are for Beta-fibrinogen intron 5 (FGB). Values in the bottom-left below the diagonal are for
Myoglobin intron 2 (MYO).

M. cardinalis M. tristrami
Allopatric Sympatric Sympatric Allopatric
Three | Ugi North Star North Star Santa Highland
Sisters Makira | Harbour | Makira | Harbour | Catalina Makira

Three -- -0.016 0.031 0.212 0.060 0.058 0.040 0.296
- Sisters
§ Ugi -0.019 -- 0.067 0.276 0.106 0.098 0.078 0.366
=
§ North -0.006 | -0.006 -- 0.072 -0.018 -0.010 -0.015 0.137
S Makira

Star -0.012 | -0.016 | -0.003 -- 0.023 0.023 0.054 -0.008

Harbour

North 0.150 | 0.150 0.126 0.154 -- -0.024 -0.023 0.075
_ Makira
§ Star 0.154 | 0.152 0.144 0.159 -0.004 -- -0.014 0.066
§ Harbour
IS Santa 0.059 | 0.054 0.049 0.055 0.063 0.042 -- 0.113
p Catalina

Highland | 0.190 | 0.189 0.179 0.187 0.029 0.035 0.079 --

Makira

4]



Table 2.8: Cross-population Fgr values for sampled allopatric and sympatric populations of M. cardinalis and M. tristrami. Values in
the top-right above the diagonal are for Rhodopsin intron 1 (RHO). Values in the bottom-left below the diagonal are for Transforming
growth factor f-2 intron 5 (TGF/2).

M. cardinalis M. tristrami
Allopatric Sympatric Sympatric Allopatric
Three | Ugi North Star North Star Santa Highland
Sisters Makira | Harbour | Makira | Harbour | Catalina Makira
Three -- 0.031 0.048 0.016 0.147 0.236 0.398 0.266
o Sisters
§ Ugi 0.059 -- 0.007 0.000 0.091 0.162 0.356 0.183
=
§ North 0.053 | 0.037 -- 0.002 0.170 0.215 0.459 0.269
S Makira
Star 0.066 | 0.027 0.042 -- 0.159 0.224 0.434 0.267
Harbour
North 0.068 | 0.047 0.035 0.094 -- 0.023 0.100 0.000
| Makira
§ Star 0.090 | 0.089 0.078 0.072 0.042 -- 0.227 0.024
‘E Harbour
& | Santa 0.273 | 0.251 0.216 0.260 0.140 0.175 -- 0.102
~ | Catalina
Highland | 0.069 | 0.075 0.051 0.095 -0.010 0.004 0.169 --
Makira

€g



Table 2.9: Cross-population Fsr values for sampled allopatric and sympatric populations of M. cardinalis and M. tristrami. Values in
the top-right above the diagonal are for Glyceraldehyde 3-phosphate dehydrogenase intron 11 (GAPDH). Values in the bottom-left
below the diagonal are for nuclear marker /5246.

M. cardinalis M. tristrami
Allopatric Sympatric Sympatric Allopatric
Three | Ugi North Star North Star Santa Highland
Sisters Makira | Harbour | Makira | Harbour | Catalina Makira
Three -- 0.009 0.029 0.245 0.160 0.124 0.473 0.036
. | Sisters
§ Ugi 0.056 -- -0.018 0.135 0.104 0.085 0.420 0.027
=
§ North 0.117 | 0.044 -- 0.114 0.095 0.081 0.408 0.031
S Makira
Star 0.036 | 0.057 0.055 -- 0.030 0.059 0.263 0.094
Harbour
North 0.151 | 0.061 0.139 0.114 -- -0.017 0.178 0.021
) Makira
§ Star 0.151 | 0.057 0.099 0.091 -0.020 -- 0.202 0.004
§ Harbour
& | Santa 0.206 | 0.088 0.267 0.256 0.133 0.175 -- 0.290
S Catalina
Highland | 0.129 | 0.030 0.099 0.086 -0.020 -0.010 0.094 --
Makira

vS



Chapter 3
Recently sympatric, hybridizing island birds exhibit unusual patterns of biased male
aggressive response towards heterospecifics
Background

Signal divergence between populations can have important evolutionary
consequences for interspecies interactions (Lande 1981; West-Eberhard 1983; Panhuis et
al. 2001; Ritchie 2007; Price 2008). Much emphasis in this context has been placed on
the consequences of signal divergence for female mate choice, assortative mating, and
speciation (Boughman 2001; Rundle et al. 2005; Ritchie 2007; Maan and Seehausen
2011; Safran et al. 2013). However, signal divergence can also play an important role in
mediating intrasexual (e.g., male-male) competition between species (Grether et al. 2009;
Qvarnstrom et al. 2012), which can arise through competition for mating opportunities
between hybridizing taxa or for access to limited resources, such as food sources or
breeding territories, between taxa that fill similar ecological niches (West-Eberhard 1983;
Grether et al. 2013). Differences in receiver response to conspecific and heterospecific
signals can arise in allopatric populations, but secondary contact is expected to play an
important role in determining the responses of receivers towards heterospecific signals.
For example, interspecific competition in sympatry can result in either increased
aggressive response towards heterospecifics (Prescott 1987; Baker 1991; Gil 1997) or
increased discrimination in aggression (Lynch and Baker 1991; Kirschel et al. 2009)
relative to allopatric populations. Interspecific competition can also drive signal evolution
in sympatry, e.g., by selecting for signal convergence (Tobias and Seddon 2009; Prum

2014) or signal divergence (i.e., “agonistic character displacement”) (Tynkkynen et al.
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2005; Anderson and Grether 2010; Vallin et al. 2012; Grether et al. 2013) between
species. Accordingly, additional studies that examine the relationships between signal
divergence and interspecies aggression in both allopatric and recently sympatric
populations will provide important insight into the interplay of intrasexual selection and
signal divergence.

The two species of nectivorous Myzomela honeyeaters found on Makira in the
Solomon Islands (Myzomela cardinalis pulcherrima and Myzomela tristrami) represent
an excellent system for investigating the consequences of signal divergence for agonistic
interactions before and after secondary contact. These species are sympatric in secondary,
lowland habitats along coastal Makira, but a review of collection records indicated that
secondary contact between the two was recent, with M. cardinalis colonizing Makira
from the nearby satellite islands of Ugi and/or Three Sisters around the turn of the 20"-
century (Mayr and Diamond 2001; Diamond 2002) (Fig 3.1a). The two species are
ecologically similar, and often feed in the same flowering trees in sympatry (Diamond
2002), suggesting that competition for resources should play a prominent role in
interspecies interactions. In contrast, the species differ notably in plumage color: M.
cardinalis possesses red carotenoid-based plumage that is brighter and more extensive in
males, while both sexes of M. tristrami are fully melanic (Fig. 3.1b). Accordingly,
plumage color may act as a signal mediating aggressive interactions within and between
species in this system.

Several studies have failed to find a link between plumage divergence and
aggressive response in birds, with males exhibiting similar levels of aggression toward

conspecifics and heterospecifics (Stein and Uy 2006; Flockhart and Wiebe 2009; Greig et
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al. 2015). However, in most systems, males display increased aggression towards rivals
that more closely resemble themselves, as competition for mates and resources are
predicted to be greatest between conspecifics (Mikami et al. 2004; Seehausen and
Schluter 2004; van Doorn et al. 2004; Uy et al. 2009a; Uy et al. 2009b). Under this
hypothesis, plumage divergence in Myzomela will be associated with lower levels of
male aggression toward heterospecifics relative to conspecifics. Additionally, if
competition for mating opportunities is strong, then this hypothesis predicts that
intrasexual selection will favor increased aggression between males that compete most
strongly for mates (Irwin et al. 2001; Grant and Grant 2002; Balakrishnan and Sorenson
2006; Uy et al. 2009a). Hybridization between the Makira Myzomela is highly
asymmetric, with all successful hybridization events involving pairings of red female M.
cardinalis with black male M. tristrami (Sardell and Uy 2016). Thus, reproductive
competition should drive male M. cardinalis to be more aggressive toward
heterospecifics than M. tristrami, because the latter faces less competition for conspecific
mates. Such asymmetric biases in male agonistic response, where males of one species
are more aggressive towards conspecifics while males of the other species are equally
aggressive toward both, have been observed in several other systems (Pearson and
Rohwer 2000; Dingle et al. 2010; McEntee 2014).

Alternatively, aggressive behavior in the Makira Myzomela may primarily reflect
interspecific competition for resources such as access to flowering trees rather than
competition for mates (Qvarnstrom et al. 2012). In rare cases, such interspecific
competition can cause species to exhibit biased aggression toward sympatric

heterospecifics. Depending on the system, this bias can reflect increased aggression either
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towards a larger, more aggressive species, as in hybridizing cichlids (Dijkstra et al.
2007), or towards a less aggressive, subordinate species, as in reproductively-isolated
Australian finches that compete for nesting cavities (Pearce et al. 2011). Biased
aggression toward heterospecifics may also result from shared sensory biases towards
signals possessed by only one species, as demonstrated in widowbirds (Ninnes and
Andersson 2014) and Sceloporus lizards (Quinn and Hews 2000; but see Stephenson and
Ramirez-Bautista 2012). If sensory biases are important for the evolution and
maintenance of plumage signals in Myzomela, then we expect allopatric and sympatric
populations will exhibit the same biases towards specific signals. Finally, asymmetric
hybridization may influence aggressive interactions if receiver responses are genetically
determined. In the Makira Myzomela, we predict that asymmetric introgression is most
likely to result in black “cryptic” hybrids that possess M. cardinalis alleles favoring
aggression toward red males.

Asymmetric introgression of plumage alleles in this system has resulted in
“cryptic hybrids”, i.e. birds that possess black plumage typical of M. tristrami but M.
cardinalis mitochondrial haplotypes (Sardell and Uy 2016). Similar introgression of
secondary sexual traits between hybridizing species is promoted by interspecific
aggression, or lack thereof, in other systems (Greig et al. 2015; While et al. 2015).
Accordingly, competition for resources and mating opportunities may also promote
phenotypic introgression in the Makira Myzomela. In sympatric Ficedula flycatchers,
selection for signals that elicit reduced aggression from the dominant species drives
character displacement for plumage coloration in the subordinate species (Vallin et al.

2012). We hypothesize that introgression of melanic plumage from M. tristrami to M.
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cardinalis may be similarly adaptive in agonistic contexts if two conditions are satisfied.
First M. cardinalis must be larger than hybrids in sympatry, as size is an important
indicator of dominance during agonistic interactions between honeyeaters (Ford 1979;
Beehler 1980; Ford and Paton 1982; Diamond et al. 1989). Second, M. cardinalis must
exhibit reduced aggression toward melanic males compared to males with red plumage.
Using taxidermy mounts, we simulated territorial intrusions to test the hypothesis
that divergence between M. cardinalis and M. tristrami mediates receiver response
behavior in this system. By comparing behavioral responses of sympatric males to
allopatric males, we also tested whether receiver responses have shifted in response to
secondary contact. If so, the known history of this system will provide unique insight into
the potential for receiver response to change rapidly as a response to shifting community
dynamics (i.e., over the approximately 120 years since M. cardinalis colonized Makira).
Finally, we tested whether competition between males could have facilitated
introgression of visual signals following hybridization in this system, providing important

insight into the potential for intrasexual selection to promote adaptive introgression.

Methods
Experimental Stimuli

We created 12 taxidermy mounts to use as experimental stimuli: four male M.
cardinalis from Kirakira (Makira), four male M. tristrami from Kirakira, two male
Mottled Flowerpeckers (Dicaeum tristrami) from Kirakira, and two male Olive-backed
Sunbirds (Cinnyris jugularis) from Ugi. These latter two species represent small

nectivorous passerines that belong to unrelated families, allowing us to explicitly test for
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male responses towards species that compete with Myzomela for resources but not mating
opportunities. All mounts were created from skins of birds captured in the field during
2013-2014 and humanely euthanized using methods approved by IACUC (University of
Miami protocol 15072). Presence of testes was used to confirm that all individuals used
for mounts were male. Use of multiple mounts allows us to control for pseudoreplication
(Kroodsma et al. 2001). Several previous studies that employed similar experimental
setups used four or fewer mounts of each visual stimulus class to successfully test the
effect of plumage color on behavioral response (Patten et al. 2004; Uy et al. 2009a; Uy et
al. 2009b; Greig et al. 2015).

We used audio stimulus files to entice nearby territorial males to approach within
visual proximity of the mount. In contrast to other species of Myzomela, M. cardinalis
pulcherrima and M. tristrami are relatively silent, with no consistent territorial song
given throughout the day (J.Sardell, unpublished data.). Instead, vocalizations by the
Makira Myzomela generally fall in three categories: 1) single “chip” notes, most often
given by juvenile males, although also given occasionally by adults, 2) harsh “chattering”
given primarily during agonistic interactions between individuals, and 3) pre-dawn songs
consisting of long bouts of interspersed melodic “chip” and “chatter” syllables, which are
only given in the half-hour immediately preceding sunrise. Myzomela vocalizations were
recorded in the field using a Marantz (Mahwah, NJ) PMD670 digital recorder with a
Sennheiser (Old Lyme, CT) shotgun microphone. Because individuals giving pre-dawn
songs could not be visually identified to species at the time, recordings of pre-dawn songs
were only taken from territories where the identity of the territory-holder had been

previously determined. Vocal stimulus files were created using the software program
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Raven (Cornell Lab of Ornithology, Ithaca, NY). Calls consisting of either one or more
consecutive “chip” notes or “chatter” bouts were isolated from recordings and then
repeated with one-to-two second gaps between calls to construct a one-minute series.
These series were then combined to create 12 two-minute stimulus files, each consisting
of one minute of either repeated “chip” calls or pre-dawn songs followed by one minute

of “chatter” calls.

Experimental Design

We repeated experiments for each study population until we had 30 successful
trials: 12 with black M. tristrami mounts, 12 with red M. cardinalis mounts, and 6 with
ecological competitors (either D. tristrami or C. jugularis as noted below). Three trials
were conducted with each mount, and each of the 12 vocal stimuli was used for one
successful trial with each type of mount.

We conducted experiments either in known Myozmela territories or appropriate
habitat, avoiding areas within 30m of flowering trees where multiple Myzomela had
congregated to feed. We placed the mount on an exposed branch 2-5m off the ground and
concealed a Radio Shack Mini-Amplifier Speaker (part no. 277-1008) attached to an iPod
Nano (Apple Inc.) within 1m of the mount. Each trial lasted eight minutes, comprising
two minutes of conspecific vocal stimulus, a two minute intermission, two minutes of the
same vocal stimulus, and two minutes of follow-up. A trial was only considered
successful if a Myzomela approached within 20m of the mount during playback and had
an unobstructed view of the mount from its perch. If the first trial elicited no response, we

occasionally conducted a second trial, especially if we had previously sighted Myzomela
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nearby. Unsuccessful trials (i.e. no response to audio stimuli) were ignored for the
purposes of evaluating differences in agonistic responses towards conspecific vs.
heterospecific visual signals.

All experimental trials were conducted between 15 minutes after sunrise and 10
a.m. by J.M.S., aided by experienced local guides, who hid greater than 10m from the
mount and dictated descriptions of behavioral responses into a Philips Voice Tracer 1200
digital recorder. In particular, we noted every time the focal bird flew or vocalized, its
position relative to the mount at all times, and any time spent “fighting” with the mount.
Focal birds were unbanded, so when more than one bird was present, the bird nearest to
the mount was considered the focal bird for purposes of recording behavioral responses.
Because birds often responded in pairs, this qualification was most important for
experiments that tested responses by M. tristrami, a sexually monomorphic species. In
contrast, because M. cardinalis is sexually dimorphic, we were able to restrict focal
observations to responding males only. This experimental limitation hinders cross-species
behavioral comparisons, as always focusing on the bird nearest to the mount may
overestimate male aggression in M. tristrami. However, we note that male M. cardinalis
consistently were more aggressive than females when both sexes were present during
experiments. Responses from juvenile birds were excluded, as both species possess

delayed plumage maturation allowing for identification of juveniles.

Study Populations
We conducted experiments in five populations of Myzomela, representing

allopatric and sympatric populations of both species (Fig. 3.1a). Experiments with
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sympatric birds of both species were conducted in heavily-disturbed garden and coconut
plantation areas in Kirakira, Makira between 4 August - 25 August 2014. We also
separately provide data from 17 additional experimental trials involving M. cardinalis,
including 15 times where M. cardinalis males responded during trials that targeted M.
tristrami with appropriate vocalizations, and two trials in which incorrect pairings of
mount and M. cardinalis vocal stimulus were accidentally used. Flowerpecker (D.
tristrami) mounts were used as controls for both sympatric populations, as this species is
much more common than C. jugularis, a recent colonizer of Makira (Sardell 2016).

Experiments testing the territorial responses of allopatric M. cardinalis were
conducted in the village of on Towarodo on Ugi between 5 — 8 Sept. 2014 and 1 — 2 July
2015. Due to equipment failure, only 27 trials were successfully completed (11 with each
Myzomela mount, and 5 with C. jugularis). C. jugularis mounts were used to assess
behavioral responses to ecological competitors in this population, as this species is
common on Ugi, whereas D. tristrami is absent.

We initially conducted experimental trials to assess behavioral responses of
allopatric M. tristrami in interior Makira between 29 Aug — 2 Sept. 2015, but were
limited to only 19 trials due to time constraints (15 on ridges near Hauta, elevation 475-
700m, and 4 in Na’ara, elevation 50m). Individuals in this population exhibited little
aggression toward any mount relative to observations from sympatric individuals, and we
suspected that differences in habitat could have been responsible for lower levels of
aggression in this population. Notably, Myzomela typically dwell in forest canopy, which
is higher in primary rainforest in interior Makira than in the secondary vegetation around

Kirakira. Accordingly, mounts placed in the forest understory may not have been
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perceived as territorial intruders in the former population. Therefore, between 19-23 July
2015, we conducted a full set of 30 trials on allopatric M. tristrami on the island of Santa
Catalina in secondary habitats (i.e., gardens and coconut plantations) that were similar to
those in Kirakira and Ugi. Our main analysis presents the results of trials involving the
Santa Catalina population, but we also present in the supplementary materials the results
from the interior Makira population, which do not differ qualitatively from experimental
data for Santa Catalina.

We observed breeding behavior among Myzomela during the testing period in all
populations, with the exception of interior Makira. However, many trials in interior
Makira elicited responses by pairs of M. tristrami, consistent with territorial breeding.
Accordingly, we believe that differences in breeding phenology during the time of testing
were unlikely to be a major factor driving differences in aggressive behavior between

populations.

Analysis of Experimental Results

We used the following metrics to quantify behavioral responses during each trial:
(1) time spent physically “attacking” the mount as a percent of total time between the
bird’s initial response and the end of the trial, (2) percent of remaining time that bird
spent within 15 cm of mount, (3) percent of remaining time spent within 2m of mount,
(4) percent of remaining time spent between 2-5m of mount, (5) percent of remaining
time spent between 5-10m of mount, and (6) percent of remaining time spent between 10-
20m. These measures are cumulatively exclusive to reduce systematic correlation, e.g.,

the last measurement represents the time the bird spent between 10-20m as a percent of
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the total time the bird was greater than 10m from the mount after the initial response and
before the end of the trial (excluding any time spent within 10m which is represented by
measures 1-5). Use of relative rather than absolute measures of time allowed us to
minimize the effect of differences in response latency to audio signals between trials.
Additionally, we measured (7) closest distance of approach to the mount, (8) total
number of calls given during the trial, (9) number of “aggressive flights”, defined as any
flight in which the focal bird flew directly over or under the mount within 2m, and (10)
number of other “non-aggressive flights”. Because we expect these measures of
behavioral response to be correlated, we used principal component analysis in R (R
development team) to collapse them into orthogonal measures of total aggression.
Finally, we performed a mixed-model, nested ANOVA on log-transformed PCl1 to test
for effects of focal species, presence of heterospecifics (i.e., allopatric vs sympatric), and
mount type on behavioral aggression, with specific mount nested within mount type. All
interactions were tested for significance, and non-significant interactions removed from
the model. Residual plots and Shapiro-Wilk normality tests confirmed that log(PC1 + 2)
better satisfied the assumptions of data normality than untransformed data (P = 0.009 vs.
2.1x107'*). This analytical approach is consistent with several previous studies that
experimentally tested response of males toward different vocal and audio stimuli (Grant

and Grant 2002; Newman et al. 2006; Uy et al. 2009a; Uy et al. 2009b).

Morphological analysis
Relative size strongly influences the outcomes of agonistic interactions between

honeyeaters (Ford 1979; Beehler 1980; Ford and Paton 1982; Diamond et al. 1989). We
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used mist-netting to capture 65 adult male Myzomela from the area of sympatry on
Makira in the field between 2011-2014, including 38 M. cardinalis, 22 M. tristrami, and
5 hybrids (including both phenotypic and cryptic hybrids). JMS obtained standard
morphometric measures from each bird, including mass, bill length (measured from tip to
start of nares), bill width at start of nares, bill height at start of nares, tarsus length,
unflattened wing chord, and tail length. We then used principal component analysis to
collapse the measurements into a single “size” score (per Rising and Somers 1989;
Freeman and Jackson 1990). Blood samples were also collected from the brachial vein of
each individual, and preserved in lysis buffer (Longmire et al. 1997) until return from the
field, upon which DNeasy Blood & Tissue Kits (Qiagen) were used to extract genomic
DNA. We used primers and techniques described in Han et al. (2009) to molecularly sex
each bird to ensure that only males were included in our dataset. To identify cryptic
hybrids, i.e., birds that possessed melanic plumage and M. cardinalis mtDNA, we Sanger
sequenced each individual at a single mitochondrial marker, NADH dehydrogenase
subunit 2 (ND2), using the primers H6313 and L5216 (Sorenson et al. 1999), and
compared the sequences to species-specific ND2 haplotypes identified in Sardell and Uy
(2016). Finally we used a Mann-Whitney U test to determine whether differences in
mean male mass between M. cardinalis, M. tristrami, and hybrids in sympatry were

statistically significant.

Results
The first two principal components of behavioral response data from simulated

territorial intrusions explain 34.9 percent and 17.0 percent of total variation, respectively.
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We applied PC1 as our primary measure of agonistic response towards rivals, because
this component is strongly loaded with expected measures of aggression, including time
spent attacking or close to the mount, approach distance, and number of “aggressive”
flights (Supp. Table S3.1).

In sympatry, males of both Myzomela species exhibited biased overall aggression
toward red M. cardinalis mounts (Fig. 3.2). Furthermore, both species were more likely
to attack M. cardinalis mounts in sympatry (Supp. Fig. S3.1), albeit not significantly so.
The ANOVA for log-transformed PC1 revealed that three factors are significant
predictors of agonistic response to territorial intrusions: mount color, presence of
heterospecifics (i.e., sympatry vs. allopatry), and the interaction between the two (Table
3.1). Aggression was significantly higher in sympatric populations than allopatric
populations. The statistical significance of the interaction between mount color and
presence of heterospecifics indicates that sympatry significantly affects the bias for
higher aggression toward red plumage signals. Mount ID nested within mount color was
not significant, nor were other interaction terms. There was also no support for focal
species as a significant predictor of overall level of aggression. However, our
experimental protocol may overestimate relative aggression by M. tristrami compared to
M. cardinalis, due to an inability to identify the sex of responding birds in the former
species. Furthermore, this experiment only tests aggressive response towards visual
stimulus by males that initially responded to audio stimulus. Therefore, we are unable to
detect any differences in aggression in which males of one species are more likely to
avoid agonistic interactions entirely. Use of untransformed data in an ANOVA did not

qualitatively change any of these results (Supp. Table S3.2). Additionally, behavioral
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response data from sympatric M. cardinalis responding to experiments targeting M.
tristrami and for allopatric M. tristrami from the Makira highlands are qualitatively
similar to results from targeted sympatric M. cardinalis and allopatric M. tristrami from
Santa Catalina, respectively, providing further support for these findings (Supp. Figure
S3.2).

M. cardinalis males are significantly bigger than M. tristrami males in sympatry
(W =737, p=1.3x10") (Fig. 3.4), suggesting that the former should be dominant in any
agonistic interactions between the two species. Hybrids, including cryptic hybrids, are
intermediate in size, but differences in mean size from either parental population are not
significant (Hybrids vs. M. cardinalis: W = 146, p = 0.054; Hybrids vs. M. tristrami: W =

74, p = 0.2572), likely due to the small sample of adult male hybrids (n=5).

Discussion

We found that sympatric populations of both species exhibit aggression biases
toward red M. cardinalis mounts over melanic M. tristrami mounts. Aggression biases
among M. cardinalis towards conspecifics was expected, as competition for mates and
resources are often expected to be greatest between males of the same species (Mikami et
al. 2004; Seehausen and Schluter 2004; Uy et al. 2009a). In contrast, aggression biases
toward red M. cardinalis mounts by M. tristrami represents an unusual example of
heterospecifics eliciting a stronger response than conspecifics. These species differ most
notably in plumage, suggesting that coloration acts as an important signal mediating
agonistic contests between sympatric Myzomela on Makira. Several previous studies

similarly interpreted aggressive response towards taxidermy mounts of different birds
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species as a measure of response to plumage signal variation (McDonald et al. 2001;
Patten et al. 2004; Stein and Uy 2006; Ligon and Hill 2009; Uy et al. 2009a). Still, we
cannot eliminate the possibility that other traits which differ between mounts, such as
size, are more important than plumage in determining receiver response toward simulated

territorial intrusions.

Aggression Biases in Terms of Reproductive and Ecological Competition

Observed patterns of behavioral responses in the Makira Myzomela are opposite
to those predicted by reproductive competition. M. cardinalis females hybridize with M.
tristrami males, but M. tristrami females never successfully hybridize with M. cardinalis
males (Sardell and Uy 2016). Accordingly, M. tristrami compete much more strongly
with conspecifics than heterospecifics for mating opportunities, which should favor
increased aggression toward conspecifics, while M. cardinalis should show elevated
aggression toward M. tristrami males with whom they compete for conspecific mating
opportunities. Instead, M. tristrami males exhibit elevated aggression towards M.
cardinalis while M. cardinalis males are more likely to ignore M. tristrami. The similar
levels of aggression exhibited by Myzomela males toward M tristrami and unrelated
ecological competitors further suggests that competition for mates is less important than
ecological competition for limited resources such as high-quality food sources or
breeding territories in influencing male aggressive response in this system. These results
indicate that, although male response towards signals sometimes reflects reproductive

isolation in birds (Baker and Baker 1990; Baker 1991; Patten et al. 2004), this
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relationship does not hold in all species (see also Seddon and Tobias 2010; Greig et al.
2015).

While rare, biased aggression towards heterospecifics has been experimentally
observed in at least two other systems. Blue cichlid fish exhibit aggression biases toward
larger, dominant red males, but only in hybridizing populations (Dijkstra et al. 2007).
This pattern is similar to that observed in the Makira Myzomela , where aggressive
response is greater towards the larger, more dominant M. cardinalis (Diamond 2002)
relative to M. tristrami and smaller ecological competitors, which represent less of a
threat in terms of resource competition. In contrast, long-tailed finches (Poephila
acuticauda) exhibit preferential aggressive towards subordinate Gouldian finches
(Erythrura gouldiae) with which they compete for limited nesting cavities but not mates,
and do not differ in size (Pearce et al. 2011). Sexual dimorphism may also play a role in
promoting aggression biases in this system. Because plumage patterns differ between M.
cardinalis males and females, they can act as a signal that allows receivers to reliably
evaluate whether an intruder is a rival male. In contrast, M. tristrami is sexually
monomorphic, so an intruding bird possessing melanic plumage may represent either a
rival male or a potential mate.

M. cardinalis are significantly larger than M. tristrami, which strongly suggests
that the former species should be dominant during any interspecies agonistic interactions
(Ford 1979; Beehler 1980; Ford and Paton 1982; Diamond et al. 1989), yet species was
not a significant predictor of aggressive response during our experiments. However, we
caution against interpreting these results to conclude that both species are equally

aggressive. First, biases in our experimental protocol due to differences in sexual
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dimorphism will lead us to overestimate aggression of sexually monomorphic M.
tristrami relative to M. cardinalis. Furthermore, our experiment only tested for
differences in response among males that responded positively to audio stimulus.
Therefore we cannot detect differences in aggression that manifest as a decreased
likelihood of responding to audio stimulus. Accordingly, our data do not refute the
hypothesis that aggression biases towards M. cardinalis in this system reflect increased

aggressive response toward more aggressive males.

Aggression Biases May Drive Plumage Introgression

We hypothesize that aggression biases toward M. cardinalis in sympatry drive
adaptive introgression of melanic plumage in this system (Sardell and Uy 2016). Because
individuals with hybrid ancestry are intermediate in size between M. cardinalis and M.
tristrami, selection should favor signals that help these individuals avoid costly agonistic
interactions with larger, dominant M. cardinalis. In the Makira Myzomela, selection for
avoidance favors melanic plumage in smaller individuals, such as those with hybrid
ancestry, with red carotenoid-based plumage continuing to potentially act as a signal of
dominance in larger M. cardinalis males. Avoidance of interspecific aggression similarly
drives character displacement in plumage in Ficedula flycatchers (Vallin et al. 2012), and
delayed plumage maturation in Passerina buntings (Greene et al. 2000). In both of these
systems, plumage patterns that elicit reduced aggressive response enable subordinate
individuals to exploit high quality. Moreover, asymmetric behavioral responses also drive

introgression of plumage signals in manakins (Stein and Uy 2006) and fairy-wrens (Greig
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et al. 2015) due to female mate choice preferences. However, this is the first study that
links avoidance of interspecific aggression with adaptive introgression of plumage traits.
By favoring introgression of plumage traits between Myzomela, intrasexual
selection in the Makira Myzomela impedes the ability of the same traits to act as honest
signals of reproductive compatibility between individuals. Specifically, genetic data
indicate that post-zygotic incompatibilities result not only in absolute reproductive
isolation between females with M. tristrami mitochondrial haplotypes and M. cardinalis
males, but also in a lack of backcrossing between the females and individuals with hybrid
ancestry, including cryptic hybrids (Sardell and Uy 2016). Accordingly, female M.
tristrami that use melanic plumage to recognize potential mates risk mating with cryptic
hybrids with which they are reproductively incompatible, thereby favoring opposing

evolutionary trajectories of signal response in males and females.

Comparisons of Aggression in Sympatric and Allopatric Populations

Our results indicate that biased aggression of sympatric M. tristrami toward M.
cardinalis is a result of sympatry, with shifts in behavioral responses towards
heterospecific occurring sometime during the approximately 120 years since secondary
contact. Statistically significant biases were not detected in either of the two allopatric
populations of M. tristrami that we tested, and observed attacks in these populations all
involved black mounts (n=1 for each population). Accordingly, we reject the hypothesis
that biased aggression towards M. cardinalis is due to ancestral sensory bias (e.g.,
preferential aggression toward red carotenoid-based plumage). Environmentally-

mediated differences in signal conspicuousness may alternatively be responsible for the
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behavioral differences between populations. However, experiments in Kirakira, Ugi, and
Santa Catalina were all conducted in similar types of habitats and light profiles do not
differ significantly between these three sites (J.A.C. Uy, unpublished data). Although
allopatric M. cardinalis from Ugi only attacked conspecifics (Supp. Fig. S3.1), there was
no statistically significant evidence for biased aggression toward heterospecifics in this
population, in contrast to sympatric populations. Sympatry may favor increased
aggressiveness if secondary contact results in increased overall competition.
Alternatively, aggression is correlated with dispersal ability in other birds (Duckworth
and Badyaev 2007), and a link between dispersal ability and aggression could have
pleiotropically selected for increased aggression during colonization of Makira by M.
cardinalis.

Hybridization can also potentially result in adaptive introgression of alleles
associated with receiver responses, but this does not appear to drive aggression biases in
the Makira Myzomela. We successfully captured four M. tristrami males that exhibited
strong aggressive response to simulated territorial intrusions, including three that were
aggressive towards M. cardinalis mounts. Of these four males, only one, which exhibited
aggression toward M. cardinalis, possessed hybrid ancestry based on a mismatch
between plumage phenotype and mitochondrial haplotype. These preliminary results
indicate that biased aggression towards M. cardinalis among M. tristrami is not
predominantly driven by introgression of associated alleles from M. cardinalis.

The differences in aggressive response between allopatric and sympatric
populations of Myzomela indicate that population-level shifts in receiver response can

occur over short time scales. If receiver response is genetically controlled, then these
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shifts may represent strong selection for increased aggression towards M. cardinalis in
sympatric populations (Johnstone 1997). Alternatively, aggression biases in this system
may represent learned behavior based on individuals’ prior life experiences, as
associative learning has been shown to influence male response during agonistic
interactions in other species of birds (Richards 1979; Hansen and Slagsvold 2003;
Jankowski et al. 2010). Further research into the ontogeny of aggressive response
behavior in this system is needed to determine which of these mechanisms is responsible

for the behavioral shift that followed secondary contact in this system

Conclusions

Signal divergence is commonly assumed to promote increased discrimination
between species and decreased frequency of interspecific aggression between males, but
the results of this study demonstrate that signal divergence can sometimes lead to
elevated male aggression towards heterospecifics relative to conspecifics. Moreover, we
have shown that receiver response to these signals is a highly labile trait that can shift
rapidly following secondary contact. Simultaneously, aggressive interactions between
males can favor the introgression of signals, even if such signal introgression is
maladaptive for signal use in the context of mate choice. Combined, these results provide
novel and important insight into the potential evolutionary consequences of intrasexual

selection for population divergence and speciation in hybridizing taxa.



75

a) b)
o
® [
Allopatric M. cardinalis
Kirakira

1

Allopatric M. tristrami
Sympatric M. cardinalis

Myzomela cardinalis

I
20 km Santa Catalina @

Allopatric M. tristrami

Myzomela tristrami

Figure 3.1: (A) Map of Makira and satellite islands showing approximate range of M.
cardinalis and M. tristrami. Study populations are denoted by yellow dots. (B) Typical
plumage of adult male M. cardinalis (top) and adult male M. tristrami (bottom).
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Figure 3.2: Aggressive response by Myzomela towards taxidermy mounts of red M. cardinalis males, black M. tristrami males, and
unrelated ecological competitors. Graphs represent different populations tested: sympatric M. cardinalis from Kirakira (upper left),
sympatric M. tristrami from Kirakira (upper right), allopatric M. cardinalis from Ugi (lower left), allopatric M. tristrami from Santa
Catalina (lower right). Positive principal component values indicate more intensive response. Box plots represent 25™ and 75
percentile of aggression scores towards each mount with mean aggression represented by solid black line.
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Figure 3.3: Distributions of adult male sizes in sympatric populations of Myzomela on
Makira. Based on sample sizes of 38 M. cardinalis, 22 M. tristrami, and 5 hybrids
(including phenotypic hybrids and “cryptic hybrids”, i.e., black birds possessing M.
cardinalis mitochondrial haplotypes). Box plots represent 25™ and 75™ percentile of
aggression scores towards each mount with mean aggression represented by solid black
line.
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Table 3.1: ANOVA of aggressive response (log-transformed PC1) of Myzomela males
towards simulated territorial intrusion using different color mounts. All nonsignificant
interactions, including mount ID nested within mount color were removed from the
model. Results of Tukey’s HSD test presented for pair-wise comparisons of mount color.

Factor df Sum of F P
Squares
Focal species 1 0.00 0.000 0.9881
Mount color 2 5.05 7.344 0.0078
Red vs. black 0.0360
Red vs. control 0.0169
Black vs. control 0.7297
Presence of heterospecifics 1 3.69 7.344 0.0081
(sympatry vs. allopatry)
Interaction: Mount color x 2 3.93 3.915 0.0228
Presence of heterospecifics
Residuals 110 55.26




Supplementary Table S3.1: Loadings for first three principal components of behavioral
responses towards simulated territorial incursions.

PC1 PC2 PC3
Standard deviation 1.868 1.303 1.133
Proportion of variance 0.349 0.170 0.128
Loadings:
% time attacking mount after initial response 0.417 0.302 0.161
% remaining time <l5cm from mount 0.470 0.235 0.200
% remaining time 15cm-2m from mount 0.396 0.285 0.080
% remaining time 2-5m from mount 0.319 -0.130 -0.338
% remaining time 5-10m from mount 0.159 -0.521 -0.135
% remaining time 10-20m from mount 0.065 -0.518 0.520
Nearest approach distance -0.338 0.122 0.377
Number of calls -0.030 -0.269 0.076
“Aggressive” flights 0.297 -0.188 0.505
“Non-aggressive” flights 0.337 -0.304 -0.350
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Supplementary Table 3.2: ANOVA of aggressive response (untransformed PC1) of
Myzomela males towards simulated territorial intrusion using different color mounts. All
nonsignificant interactions, including mount ID nested within mount color were removed
from the model. Results of Tukey’s HSD test presented for pair-wise comparisons of
mount color.

Factor df Sum of F P
Squares
Focal species 1 2.2 0.765 0.3836
Mount color 2 34.8 5.920 0.0036
Red vs. black 0.0143
Red vs. control 0.0118
Black vs. control 0.8169
Presence of heterospecifics 1 37.7 12.827 0.0005
(sympatry vs. allopatry)
Interaction: Mount color x 2 22.1 3.764 0.0262
Presence of heterospecifics
Residuals 110 323.1
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Supplementary Figure S3.1: Percent of trials that resulted in attacks towards taxidermy mounts of red M. cardinalis males, black M.
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Supplementary Figure S3.2: Aggressive response by Myzomela towards taxidermy
mounts of red M. cardinalis males, black M. tristrami males, and unrelated ecological
competitors. Top graph represents Myzomela cardinalis that responded to experiments
targeting M. tristrami. Bottom graph represents experiments conducted on allopatric M.
tristrami from interior Makira. Positive principal component values indicate more
intensive response. Box plots represent 25™ and 75™ percentile of aggression scores
towards each mount with mean aggression represented by solid black line.



Chapter 4

Rapid ecological character displacement follows secondary contact in island birds

Background

Ecological character displacement (“ECD”), the phenomenon in which selection
for reduced competition drives the evolution of increased morphological differentiation
between sympatric species, has been hypothesized to be an important driver of
phenotypic divergence (Brown and Wilson 1956; Schluter and McPhail 1992; Pfennig
and Pfennig 2009). ECD has remained controversial (Stuart and Losos 2013), partly
because several models predict that it should only occur under limited circumstances
(e.g., Slatkin 1980; Abrams and Matsuda 1994; but see Doebeli 1996; Drossel and
McKane 1999), but evidence for the phenomenon exists in a variety of taxa (summarized
in Grant 1972; Schluter 2001; Dayan and Simberloff 2005). ECD is most commonly
assumed to be driven by resource partitioning, i.e., selection for phenotypes that improve
organisms’ ability to exploit unoccupied ecological niches (Fjeldsé 1983; Schluter et al.
1985; Dayan et al. 1989; Schluter and McPhail 1992; Jones 1997; Reifova et al. 2011). In
contrast, much less attention has been given to the potential for agonistic interactions
between species to directly drive ECD via interference competition, the phenomenon in
which one species actively prevents another from exploiting high-quality resources
(Jaeger et al. 2002; Grether et al. 2009; Grether et al. 2013). Putative ECD in size driven
by interference competition has been identified in lizards (Melville 2002), carnivorous
mammals (Whitehead and Walde 1993; Sidorovich et al. 1999; McDonald 2002), and

birds (Diamond et al. 1989). Notably, this latter study identified putative ECD between

83
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species of nectivorous Myzomela honeyeaters (M. pammelaena and M. sclateri) that are
believed to have achieved sympatry on a volcanic island during the mid-17" century.
However, the date of secondary contact in Diamond et al. (1989) was indirectly inferred
from geological evidence, and ECD in that system could not be distinguished from the
alternative hypothesis that differences in sizes were a byproduct of founder effects. In this
study, we test for evidence of ECD between two different species of Myzomela
honeyeaters, M. cardinalis and M. tristrami, which achieved historically recent secondary
contact on Makira in the Solomon Islands.

The Makira Myzomela represent an excellent system for testing whether ECD can
occur over short time scales. The two species exist in sympatry along the coast of Makira,
allopatric populations of M. cardinalis occur on the satellite islands of Ugi and Three
Sisters, and allopatric populations of M. tristrami persist in the montane, forested interior
of Makira, as well as the satellite islands of Santa Catalina and Santa Ana (Fig 4.1) (see
Sardell and Uy 2016 for more description). These species hybridize in sympatry (Sardell
and Uy 2016), which could promote phenotypic convergence between them (Grant et al.
2004; Heliconius Genome Consortium 2012; Stern 2013). Alternatively, secondary
contact may have resulted in selection for ECD in this system. Notably, interference
competition is expected to be high between these species because they feed in the same
flowering trees, a limited food source, and are highly aggressive toward one another, with
male M. cardinalis being dominant (Diamond 2002). Furthermore, size is an important
driver of interspecies interactions in honeyeaters. Specifically, larger species dominantly
exclude smaller ones from high-quality nectar sources, whereas smaller species can

exploit poor-quality nectar sources due to their lower energy requirements (Ford 1979;
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Beehler 1980; Ford and Paton 1982; Diamond et al. 1989). If interference competition
has driven ECD in this system, then we predict that it would predominantly favor reduced
body size in M. tristrami, the subordinate species, similar to asymmetric ECD patterns
found in lizards with high degrees of interference competition (Melville 2002). Taxon
cycle theory also predicts similar patterns of asymmetric ECD, with competition selecting
for smaller body size in native species following secondary contact with larger invaders
(Roughgarden and Pacala 1989).

The Makira Myzomela offer an unusual opportunity to test the rate of evolution in
natural populations. Historical collection records indicate that secondary contact between
M. cardinalis and M. tristrami occurred naturally around the turn of the 20™ century, with
M. cardinalis colonizing Makira from Ugi and/or Three Sisters (Diamond 2002). Studies
from introduced populations provide evidence that body size can evolve over similar time
scales due to character release or size convergence (Yom-Tov et al. 1999; Simberloff et
al. 2000), and observations of ECD in the Makira Myzomela would provide additional
data supporting the power of selection to drive rapid evolution of phenotypic

differentiation in natural vertebrate populations.

Methods

We captured 283 Myzomela from six regions of Makira-Ulawa province,
Solomon Islands during annual field expeditions between 2012 and 2015 (Fig. 4.1b).
Two of these regions, Ugi and Three Sisters contain allopatric populations of M.
cardinalis; two regions, Santa Catalina and highland Makira, contain allopatric

populations of M. tristrami; and two regions, North Makira and Star Harbour, contain
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populations of both species, with the former site representing an older area of sympatry
relative to the latter (Fig. 4.1b). Nearly all birds were captured by erecting mist-nets in
areas where Myzomela congregated, often at flowering trees.

Seven morphological measurements were obtained from each captured Myzomela.
Mass was measured with a 60g spring scale (Pesola AG, Switzerland). Bill length from
tip of bill to start of nares, bill height at the start of nares, bill width at the start of nares,
and tarsus length were obtained based on the median of three measurements for each bird
using 150mm dial calipers (Swiss Precision Instruments, Switzerland). Unflattened wing
chord length and tail length were measured with a 15cm wing rule (AVINET, Dryden,
NY). JMS measured all birds to eliminate observer effects. We took multiple voucher
photos of each individual to record its plumage. Finally, blood samples were taken from
the brachial vein of each bird and preserved in lysis buffer (Longmire et al. 1997), and
genomic DNA was extracted in the lab using DNeasy Blood & Tissue Kits (Qiagen).

We assigned birds to species based on plumage phenotypes as described in
Sardell and Uy (2016). Birds possessing abnormal combinations of red and black
plumage (e.g., a black body and red back or a black head with patches of red feathers)
were classified as phenotypic hybrids. Similarly, birds were assigned to age classes (i.e.,
adult vs. juvenile) based on plumage. Adult M. tristrami are fully melanic with entirely
black bills, whereas juveniles possess gray plumage on their underparts and yellow bills.
Adult M. cardinalis possess distinct bright red plumage and black gapes that
distinguishes them from juveniles with duller plumage and yellow gapes. Birds were
sexed using molecular PCR-based methods and primers described in Han et al. (2009).

Accuracy of molecular sexing was confirmed by checking for consistency with sexing
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based on plumage phenotype, as well as presence/absence of testes in vouchered
specimens.

We expected the seven morphological measurements to be highly correlated, so
we used principal component analysis to collapse them into a single “body size” score
(per Rising and Somers 1989; Freeman and Jackson 1990) based on all individuals in the
data set. The first principal component (PC1) of morphological data explained 58.5
percent of total morphological variation, with all seven measures of size loading equally
and in the expected direction for a correlation with body size (Supp. Table S4.1). Use of a
single PC1 metric for all individuals allows for direct comparisons of size between sexes.
However, morphology may differ between males and females, so we also conducted
separate analyses using PC1 values calculated separately for each sex. For both sets of
PC1 data, we fitted linear models to the data using the | mfunction in R v.3.2.3 (R
Development Team) to test if differences in mean size between populations were
statistically significant. We ran two sets of models for males: one which included adults
and juveniles with both age and population as fixed factors, and one which included only
adults. Because sample size of adult females was very low for some populations, we were
only able to test for differences in mean female size between populations using pooled

adult and juvenile data, including both age and population as factors in the model.

Results
For M. cardinalis, body size as measured by PC1 was significantly larger for
allopatric males from Three Sisters than males from other populations (Table 4.1). PC1

for sympatric male M. cardinalis from Star Harbour were significantly greater than PC1
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for males from North Makira (sympatric) and Ugi (allopatric). PC1 for males from the
latter two populations were statistically equivalent. Adult males were significantly larger
than juveniles. The same patterns held when limiting the analysis to adult males (Supp.
Table S4.2). Adult female M. cardinalis were also significantly larger than juveniles, and
allopatric females from Three Sisters were significantly larger than those from other
populations (Table 4.1). Unlike males, sympatric female M. cardinalis from Star Harbour
were not statistically different in size from females from North Makira or Ugi.

For M. tristrami, male body sizes as measured by PC1 in the two allopatric
populations, Highland Makira and Santa Catalina, were statistically equivalent (Table
4.2). Male PC1 in both of these populations was significantly greater than PC1 for
sympatric male M. tristrami from North Makira. Sympatric male M. tristrami from Star
Harbour were intermediate in size, but not significantly different from any of the three
other populations. Adult male M. tristrami did not differ significantly in size from
juveniles. These patterns continued to hold when the analysis was limited to adult males
only (Supp. Table S4.3). In contrast, juvenile M. tristrami females were significantly
smaller than adults, and mean female size did not different significantly between any of
the four populations (Table 4.2).

Analyses which used PC1 values calculated separately for each sex revealed the
same patterns of size variation and ECD in males and females as discussed above for PC1

values reflecting all individuals combined (Supp. Tables S4.3-S4.5).
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Discussion

We found that recent secondary contact has resulted in the evolution of
asymmetric ECD in the Makira Myzomela, despite ongoing hybridization between the
two species, which should favor phenotypic convergence (Grant et al. 2004; Heliconius
Genome Consortium 2012). M. tristrami males from the population that has been in
contact with M. cardinalis the longest are significantly smaller than those from allopatric
populations, while M. tristrami males that have come into contact with M. cardinalis
during a more recent range expansion are smaller, but not significantly so, as expected if
the magnitude of ECD depends on time in sympatry. Several studies have shown that
differences in body size can evolve over 100-300 years (e.g.,Diamond et al. 1989; Yom-
Tov et al. 1999; Simberloff et al. 2000), but this is the most robust study to date that
demonstrated that secondary contact can specifically drive ECD in body size over these
time scales, as opposed to size convergence in sympatry or size divergence due to
character release in derived allopatric populations.

In contrast to M. tristrami, we found no evidence for ECD among sympatric M.
cardinalis males. Allopatric M. cardinalis from Three Sisters were larger than males
from other populations, suggesting possible selection for reduced size on Makira if this
population was the source for the original colonization. However, we believe that Ugi is a
more likely source due to its closer proximity (8km away from Makira versus 20km for
Three Sisters). Furthermore, M. tristrami vagrants have been observed on Ugi but not
Three Sisters (Dutson 2001), indicating greater exchange of migrants between Makira
and the former but not the latter. Prior genetic sequencing to examine haplotype sharing

between populations did not clarify whether Three Sisters or Ugi was the original source
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of M. cardinalis that colonized Makira (Sardell and Uy 2016). Increased male size in M.
cardinalis from Star Harbour may be due to general selection for increased sized in this
population relative to North Makira, as similar patterns were observed in M. tristrami,
and may explain why no significant ECD among the latter species was observed in this
population. Alternatively, body size is often correlated with increased dispersal ability in
birds (Dawideit et al. 2009), so selection may have favored increased size in M.
cardinalis during its recent range expansion along the coast of Makira.

We hypothesize that asymmetric ECD in the Makira Myzomela was driven
primarily by interference competition. Larger M. cardinalis are predicted to dominate
smaller M. tristrami during aggressive interactions at flowering trees and prevent the
latter species from accessing high-quality nectar sources (Diamond et al. 1989). Smaller
size in M .tristrami was therefore driven by selection for reduced energy requirements.
This hypothesis potentially explains why no ECD was observed in females. Female M.
cardinalis are statistically equivalent in size to female M. tristrami, strongly reducing
interference competition between the two, and suggesting that females of both species
should be subject to similar levels of interference competition from males. Failure to
observe ECD in sympatric females also is consistent with size reductions in sympatric
male M. tristrami being driven by selection for smaller male size rather than adverse
maternal or developmental affects resulting from reliance on low-quality food sources
which should affect both sexes.

Similar patterns of asymmetric ECD resulting from interference competition were
observed in Niveoscincus lizards, where interspecific aggression is hypothesized to select

for decreased body size in the smaller species (Melville 2002). This pattern also matches
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key predictions from taxon cycle theory: that native species on islands will evolve an
optimum body size for available resources, that only larger species will be able to
successfully invade islands by outcompeting natives for access to these resources, and
that these interspecies interactions will result in size displacement in the native species
(Roughgarden and Pacala 1989). However, results from the Makira Myzomela differ from
patterns of putative ECD between Myzomela species on Long Island in Papua New
Guinea where displacement occurred among both species (Diamond et al. 1989). In
contrast to the single colonization on Makira, both species of Long Island Myzomela
recently colonized the island via long-distance dispersal (Diamond et al. 1989). If long-
distance dispersal ability and colonization probability was correlated with increased body
size (see Dawideit et al. 2009), then relative increases in body size in the larger species of
the Long Island Myzomela would be expected for reasons other than ECD.

This study provides some of the strongest evidence to-date that interspecfic
competition and agonistic interactions between species can drive rapid asymmetric ECD
following secondary contact, even in the face of ongoing hybridization. Additional
studies similar to this one are needed to provide insight into this neglected evolutionary
process, as are studies that directly quantify the fitness consequences of size differences

in sympatric and allopatric populations.
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Figure 4.1: (A) Adult male M. cardinalis (top) and adult male M. tristrami (bottom). (B)
Map of Makira and satellite islands showing approximate range of M. cardinalis and M.
tristrami Sampling localities are shown with sample sizes for each species, sex, and size
class indicated (“C” = M. cardinalis, “T” = M. tristrami, “A” = adult, “J” = juvenile).
Arrows show range expansion of M. cardinalis with approximate dates indicated.
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Figure 4.2: Mean body size of Myzomela from different populations as measured by first principal component of morphology (PC1).
From left to right: adult males, juvenile males, adult females, juvenile females. Top row represents M. cardinalis. Bottom row
represents M. tristrami. Guide to populations: NM = North Makira, SH = Star Harbour, U = Ugi, 3S = Three Sisters, HM = Highland
Makira, SC = Santa Catalina. Sympatric populations denoted with diagonal hatching. Error bars represent standard error.
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Table 4.1: Linear models of body size (PC1) based on population and age for male and
female M. cardinalis. A = allopatric population. S = sympatric population. p-values in

bold are significant at p < 0.05.

Factor Estimat Std. t value p-value
e Error

Model 1: male M. cardinalis
Age (adult vs. juvenile) -1.11 0.221 -5.02 | 3.1x10°
North Makira (S) vs. Star Harbour (S) 0.65 0.240 2.72 7.9x10
North Makira (S) vs. Ugi (A) -0.27 0.253 -1.06 |0.29
North Makira (S) vs. Three Sisters (A) 1.59 0.301 5.29 1.1x10°
Star Harbour (S) vs. Ugi (A) -0.92 0.255 -3.60 |5.5x10™
Star Harbour (S) vs. Three Sisters (A) 0.94 0.292 3.22 1.91x10~
Ugi (A) vs. Three Sisters (A) 1.86 0.312 594 |6.9x10"
Model 2: female M. cardinalis
Age (adult vs. juvenile) 0.74 0.292 2.55 0.014
North Makira (S) vs. Star Harbour (S) 0.03 0.348 0.08 |0.94
North Makira (S) vs. Ugi (A) 0.23 0.360 0.63 0.53
North Makira (S) vs. Three Sisters (A) -1.48 0.344 432 | 6.6x107
Star Harbour (S) vs. Ugi (A) 0.20 0.338 0.59 0.56
Star Harbour (S) vs. Three Sisters (A) -1.51 0.331 -4.57 |2.9x10°
Ugi (A) vs. Three Sisters (A) -1.71 0.364 471 | 1.8x10”
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Table 4.2: Linear models of body size (PC1) based on population and age for male and
female M. tristrami. A = allopatric population. S = sympatric population. p-values in bold

are significant at p <0.05.

Factor Estimate Std. t value p-value
Error

Model 3: male M. tristrami
Age (adult vs. juvenile) -0.20 0.179 -1.14 | 0.26
North Makira (S) vs. Star Harbour (S) 0.51 0.259 1.98 0.05
North Makira (S) vs. Highland Makira 0.85 0.272 3.12 | 2.5x10°
A)
North Makira (S) vs. Santa Catalina (A) 0.87 0.275 3.16 |2.2x107
Star Harbour (S) vs. Highland Makira 0.34 0.231 1.45 0.15
A)
Star Harbour (S) vs. Santa Catalina (A) 0.36 0.234 1.53 0.13
Highland Makira (A) vs. Santa Catalina 0.02 0.248 0.09 |0.93
(A)
Model 4: female M. tristrami
Age (adult vs. juvenile) 0.66 0.254 2.59 10.014
North Makira (S) vs. Star Harbour (S) 0.07 0.330 0.20 |0.84
North Makira (S) vs. Highland Makira -0.58 0.344 -1.67 | 0.10
A)
North Makira (S) vs. Santa Catalina (A) -0.17 0.335 -0.51 | 0.62
Star Harbour (S) vs. Highland Makira -0.64 0.318 -2.02 | 0.05
A)
Star Harbour (S) vs. Santa Catalina (A) -0.24 0.307 -0.77 10.45
Highland Makira (A) vs. Santa Catalina 0.41 0.301 1.35 0.19

(A)




Supplementary Table S4.1: First three principal components of morphology in Makira
Myzomela calculated for all individuals (both males and females)

PC1 PC2 PC3
Standard deviation 2.023 0.876 0.831
Proportion of variance 0.585 0.110 0.099
Loadings:
Mass 0.413 0.033 -0.322
Bill length 0.317 0.213 0.834
Bill height 0.373 -0.197 0.291
Bill width 0.288 -0.882 -0.018
Tarsus length 0.411 0.116 -0.127
Wing chord length 0.438 0.207 -0.213
Tail length 0.383 0.283 -0.234
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Supplementary Table S4.2: Linear models of body size (PC1) based on population, for
only adult male M. cardinalis and M. tristrami. A = allopatric population. S = sympatric
population. p-values in bold are significant at p < 0.05.

Factor Estimate Std. t value p-value
Error

Model 5: adult male M. cardinalis
North Makira (S) vs. Star Harbour (S) 0.72 0.249 2.89 |5.3x10°
North Makira (S) vs. Ugi (A) 0.12 0.281 042 ]0.68
North Makira (S) vs. Three Sisters (A) 1.72 0.281 6.13 8.0x107
Star Harbour (S) vs. Ugi (A) -0.60 0.265 -2.28 1 0.027
Star Harbour (S) vs. Three Sisters (A) 1.00 0.265 3.76 |3.9x10"
Ugi (A) vs. Three Sisters (A) 1.60 0.295 543 1.1x10°
Model 6: adult male M. tristrami
North Makira (S) vs. Star Harbour (S) 0.49 0.360 1.35 ]0.18

North Makira (S) vs. Highland Makira 0.88 0.365 2.41 0.02
A)

North Makira (S) vs. Santa Catalina (A) 1.02 0.365 2.81 7.2x10°

Star Harbour (S) vs. Highland Makira 0.39 0.317 1.24 |0.22
(A)

Star Harbour (S) vs. Santa Catalina (A) 0.54 0.317 1.69 |0.10

Highland Makira (A) vs. Santa Catalina 0.14 0.323 0.45 0.66
A)




Supplementary Table S4.3: First three principal components of morphology in Makira
Myzomela calculated separately for males and females.

PC1 PC2 PC3
MALES
Standard deviation 1.60 1.09 0.98
Proportion of variance 0.365 0.170 0.138
Loadings:
Mass 0.470 -0.322 0.028
Bill length -0.003 0.617 -0.683
Bill height 0.240 0.595 0.329
Bill width 0.275 0.369 0.558
Tarsus length 0.408 -0.080 -0.043
Wing chord length 0.518 -0.136 -0.226
Tail length 0.459 0.025 -0.247
FEMALES
Standard deviation 1.40 1.08 0.98
Proportion of variance 0.279 0.168 0.136
Loadings:
Mass 0.440 0.115 -0.190
Bill length 0.290 0.077 0.039
Bill height 0.374 0.194 -0.242
Bill width 0.405 0.461 -0.365
Tarsus length 0.456 0.001 0.613
Wing chord length 0.431 -0.526 0.278
Tail length 0.158 -0.674 -0.563
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Supplementary Table S4.4: Linear models of male body size (sex-specific PC1 calculated
for males only) based on age and population. A = allopatric population. S = sympatric
population. p-values in bold are significant at p < 0.05.

Factor Estimate Std. t value p-value
Error

Model 5: male M. cardinalis
Age (adult vs. juvenile) -1.51 0.295 -5.14 | 1.9x10°°
North Makira (S) vs. Star Harbour (S) 0.65 0.319 2.04 ]0.04
North Makira (S) vs. Ugi (A) -0.35 0.337 -1.05 [0.30
North Makira (S) vs. Three Sisters (A) 2.52 0.401 6.28 1.7x10°
Star Harbour (S) vs. Ugi (A) -1.00 0.340 295 | 4.1x10°
Star Harbour (S) vs. Three Sisters (A) 1.87 0.389 480 |7.2x10°
Ugi (A) vs. Three Sisters (A) 2.87 0.416 6.90 |1.1x10”
Model 6: male M. tristrami
Age (adult vs. juvenile) -0.18 0.200 -0.88 | 0.38
North Makira (S) vs. Star Harbour (S) 0.45 0.289 1.57 ]0.12

North Makira (S) vs. Highland Makira 0.95 0.303 3.14 | 2.3x10”
A)

North Makira (S) vs. Santa Catalina (A) 0.88 0.306 2.87 |5.2x10°

Star Harbour (S) vs. Highland Makira 0.50 0.257 1.95 |0.05
A)

Star Harbour (S) vs. Santa Catalina (A) 0.43 0.261 1.64 |0.11

Highland Makira (A) vs. Santa Catalina -0.07 0.276 -0.27 10.79
(A)
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Supplementary Table S4.5: Linear models of female body size (sex-specific PC1
calculated for females only) based on age and population. A = allopatric population. S =
sympatric population. p-values in bold are significant at p < 0.05.

Factor Estimate Std. t value p-value
Error

Model 5: female M. cardinalis
Age (adult vs. juvenile) -0.90 0.426 -2.12 1 0.038
North Makira (S) vs. Star Harbour (S) -0.22 0.508 -0.44 | 0.66
North Makira (S) vs. Ugi (A) -0.31 0.526 -0.60 | 0.55
North Makira (S) vs. Three Sisters (A) 2.10 0.502 4.19 1.0x10™
Star Harbour (S) vs. Ugi (A) -0.09 0.493 -0.19 | 0.85
Star Harbour (S) vs. Three Sisters (A) 2.33 0.483 4.81 1.2x107
Ugi (A) vs. Three Sisters (A) 2.42 0.531 4.55 3.0x10°
Model 6: female M. tristrami
Age (adult vs. juvenile) -0.78 0.372 -2.10 | 0.04
North Makira (S) vs. Star Harbour (S) 0.04 0.484 0.09 |0.93

North Makira (S) vs. Highland Makira 0.98 0.504 1.95 |0.06
A)

North Makira (S) vs. Santa Catalina (A) 0.32 0.491 0.65 0.52

Star Harbour (S) vs. Highland Makira 0.94 0.467 2.01 0.05
A)

Star Harbour (S) vs. Santa Catalina (A) 0.28 0.450 0.61 0.54
Highland Makira (A) vs. Santa Catalina -0.66 0.441 -1.5 0.14

(A)




Chapter 5
A neo-sex chromosome mediates plumage divergence and speciation in island
honeyeaters
Background

Sex chromosomes are predicted to accumulate alleles for traits whose fitness
consequences vary by sex (i.e., sexually antagonistic traits) due to selection favoring
linkage between such alleles and loci important for sex determination (Fisher 1931; Rice
1984; Albert and Otto 2005). Indeed, many examples of alleles for sexually-selected
traits, including those important for mate choice in a variety of species, map
disproportionately to sex chromosomes (Reinhold 1998; Lindholm and Breden 2002;
Saether et al. 2007). Because divergence in sexual signals is an important driver of pre-
zygotic reproductive isolation in many taxa (Boughman 2001; Coyne and Orr 2004; Price
2008), sex chromosomes are expected to play an important role in the relationship
between sexual selection and speciation (Qvarnstrdom and Bailey 2009). Here we provide
evidence that a previously-unknown neo-sex chromosome plays a prominent role in the
maintenance of plumage divergence, an important sexual signal, between two hybridizing
species of honeyeaters (Myzomela tristrami and Myzomela cardinalis pulcherrima).
Using a genome-wide set of 132,351 single-nucleotide polymorphisms (SNPs), we
demonstrate that SNPs that map to a neo-sex chromosome exhibit the increased
differentiation between species expected of loci important for speciation. The same
genomic region is also strongly associated with differences in plumage color between
species. We also identified two candidate genes responsible for plumage divergence in

Myzomela, both of which map to the neo-sex chromosome. These results provide
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important evidence supporting the hypothesis that accumulation of novel sex linkage
facilitates divergence in sexual traits and speciation.

Darwin first hypothesized that sexual selection can drive phenotypic divergence
in traits important for species recognition and mate choice, leading to reproductive
isolation and speciation (Darwin 1871). Sexual selection has been hypothesized to play
an especially prominent role in avian speciation, because intrinsic postzygotic
reproductive incompatibilities accumulate relatively slowly in birds, whereas the sexual
signals that mediate prezygotic incompatibilities (e.g., plumage and song) diverge
relatively rapidly between bird species (Price 2008; Rabosky and Matute 2013; Seddon et
al. 2013). Because many species of birds exhibit notable sexual dimorphism in these
signals, theory predicts that the avian sex chromosomes will act as particularly harbor
important genomic loci for signal divergence and speciation in birds (Kirkpatrick et al.
2004). Chromosomal synteny is highly conserved across distantly-related birds
(Derjusheva et al. 2004; Backstrom et al. 2008b), particularly in the sex chromosomes
(birds have ZW sex determination where females are the heterogametic sex and males are
homozygous ZZ), while the loci of sexual selection vary between closely-related species
(Wilkinson et al. 2015). Accordingly, it is unclear whether existing sex chromosomes can
play a disproportionate role in avian speciation via the on-going accumulation of alleles
that are subject to sexual antagonism. One mechanism by which sexually-antagonistic
alleles can accumulate novel sex-linkage is via a chromosomal fusion between an
ancestral autosome and an existing sex chromosome (i.e., a neo-sex chromosome)
(Pennell et al. 2015). Indeed, neo-sex chromosomes have been implicated in behavioral

isolation and hybrid sterility that drives speciation in stickleback fish (Kitano et al. 2009).
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Only one example of an avian neo-sex chromosome has been previously identified (in
Sylvioidea passerines) (Pala et al. 2012), but it remains unknown whether loci associated
with speciation or sexually-selected traits accumulate disproportionately on the
Sylvioidea neo-sex chromosome. Therefore, whether neo-sex chromosomes can facilitate
speciation in birds via the accumulation of divergence in sexual traits has not been tested.

We investigated the genomics of speciation and phenotypic divergence in two
congeneric species of honeyeaters that hybridize on Makira in the Solomon Islands,
Myzomela cardinalis pulcherrima (Cardinal Myzomela) and Myzomela tristrami (Sooty
Myzomela). These two species fill similar ecological niches in sympatry but are highly
divergent in plumage (Fig. 5.1). Both sexes of M. tristrami are entirely black (i.e.,
melanic), while M. cardinalis is sexually dimorphic, with males possessing brighter
patches of red carotenoid-based plumage, consistent with plumage being a signal that is
subject to sexual antagonism in this species (Hill and McGraw 2006; Seddon et al. 2013).
We previously established that hybridization has led to introgression in this system, and
that the two species exhibit extensive haplotype sharing (Sardell and Uy 2016).
Admixture offers the opportunity to identify genomic regions that are associated with
speciation and phenotypic divergence (Buerkle and Lexer 2008), as theory predicts that
these regions will be resistant to gene flow, resulting in elevated divergence in genomic
regions containing speciation genes (Turner et al. 2005; Renaut et al. 2013). We exploited
the low levels of background genomic divergence in the Makira Myzomela to
characterize regions associated with speciation and plumage divergence in this system,
and to test the hypothesis that sexually antagonistic loci will accumulate

disproportionately in sex chromosomes.
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Methods
Sampling and Sequencing

We visited Makira-Ulawa province in the Solomon Islands during 2012 and 2013,
and used passive mist-netting to capture and collect blood and feather samples of
Myzomela tristrami and Myzomela cardinalis pulcherrima individuals from allopatric
and sympatric populations (Sardell and Uy 2016). Blood samples were stored in lysis
buffer (Longmire et al. 1997) and genomic DNA was extracted in the lab using Qiagen
DNeasy Blood and Tissue Kit. Molecular sexing of each individual was performed using
established protocols (Han et al. 2009). For sequencing, we randomly selected 15
allopatric and 15 sympatric individuals from each species, and supplemented them with
12 additional individuals that had previously been established to be genetically admixed
(Sardell and Uy 2016), including seven phenotypically intermediate birds and three M.
tristrami and two M. cardinalis (Supp. Table 5.1). We then prepared three mixed-species
paired-end restriction-site associated DNA sequencing (RAD-seq) libraries of 24
individuals each using a modified version of the protocol described in Parchman et al.
(2013) (Parchman et al. 2013). In brief, we used EcoRI and Msel enzymes to double
digest DNA, and ligated the product to customized barcoded adapters to allow pooling of
multiple individuals within a single sequencing lane. Adapter-ligated DNA was purified
using an AMPure purificiation kit (Beckman-Coulter cat #A63880), amplified via PCR,
size-selected using gel electrophoresis, and then purified again prior to sequencing. Each
library underwent paired-end sequencing in a half lane on an Illumina HiSeq 2000 at the
core facilities of the University of Miami’s John P. Hussman Institute for Human

Genomics.
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Filtering, Alignment, and SNP calling

We sorted raw Illumina reads by barcode, removed adapter sequences and
barcodes, which resulted in 94-bp reads, and filtered for quality (removing tags with
phred quality scores < 20) using the process_radtags script implemented in the Stacks
package (Catchen et al. 2011). We assembled a de novo “reference” using the tags
produced from a single library. Using the ustacks program in the Stacks package, we first
clustered highly similar (99%) reads within each individual and removed tags with
excessive read depth (>50), where the cut-off was determined based on the empirical
distribution of read depths in our data. Potentially paralogous loci were identified as those
reads that clustered at 90% or higher within any individual using the program CAP3
(Huang and Madan 1999), and were removed to avoid potential alignment errors.
Consensus reads for each individual were then pooled and aligned using ustacks and
cstacks with relaxed clustering parameters (homologous tags were defined as those with
fewer than 10 mismatches) to create a de novo alignment reference.

The quality-filtered reads for each individual from all libraries were then mapped
back to the consensus “reference” using BWA (Li and Durbin 2010), again with up to 10
mismatches allowed. We used the vcfutils program in the SAMtools package to call
SNPs, based on a minimum quality threshold of 20, minimum individual read depth of 5
(to allow for identification of heterozygotes), and a maximum individual read depth
threshold of 50 (to remove false SNP calls resulting from aligning paralogs). We then
used customized Perl scripts to remove loci with more than two alleles and to remove
polymorphisms where the minor allele frequency was below five percent. We also

improved the accuracy of heterozygous variant calling within individuals by requiring at
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least 20% of reads to contain the minor allele at each heterozygous site. Loci where the
minor allele frequency for reads from a single individual was greater than zero and less
than 20 percent were reclassified as missing data for that individual due to ambiguity in
base calling.

For genotype-phenotype associations, we further excluded any loci for which data
were not present in at least eight individuals from each of the following populations:
allopatric M. tristrami, sympatric M. tristrami, sympatric M. cardinalis, and allopatric M.
cardinalis. This resulted in a total data set of 317,767 SNPs (“filtered SNP dataset”).
Because sex ratio is male biased in both species, this standard also results in exclusion of
all loci located on the W sex chromosome from the filtered SNP data set. To assign SNPs
to chromosomes, we aligned our de novo reference to the February 2013 assembly
(WashU taeGut324/taeGut2) of the zebra finch (Taeniopygia guttata) reference genome
(Warren et al. 2010) downloaded from the UCSC Genome Browser using BWA with the
same parameters described above. The 132,251 SNPs which successfully aligned to the

zebra finch genome are hereafter called the “mapped SNP dataset”.

Divergence calculations and Genotype-Phenotype Associations

Genetic structure in the filtered SNP dataset was quantified via a principal
component analysis (PCA) implemented in PLINK, and the first and second principal
components were plotted in R to visualize variation associated with species, sex, and

population.
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Fsrvalues were calculated by classifying individuals to species based on plumage
phenotype regardless of mitochondrial haplotype (see Sardell and Uy 2016), with
phenotypically intermediate birds excluded from the calculation. Specially, F'st estimates
for each locus in the filtered SNP dataset were calculated using the following equation,
with expected heterozygosity ignoring structure (Hr) and average of expected
heterozygosity over both subpopulations (Hs) estimated from observed minor allele
frequency:

Hy — Hs
Hr

For =
To test whether high F'st loci accumulate disproportionately in different genomic regions,
we identified the loci with the top 1% and top 0.1% of F's values in the mapped SNP
dataset. The expected random distribution of such high-frequency SNPs throughout the
genome was estimated based on the proportion of SNPs that mapped to each contig in the
zebra finch genome. Statistical significance of differences in observed versus expected
frequency of high-Fst SNPs was calculated via Bonferroni-corrected Fisher’s exact tests
for each contig.

Genome wide association studies (GWAS) were carried out using a univariate
linear mixed model (LMM) approach implemented in the software package GEMMA
v.0.94.1. This program quantifies the association between each locus and individual
phenotypes (e.g., plumage color) while controlling for population stratification. To
account for population structure and kinship, we ran a PCA in Plink, setting the number

of principal components equal to the number of individuals in the analysis, and input the

results as a relatedness matrix into GEMMA (see Turner and Harr (2014)). Resulting
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Wald test p-values were then mapped to the zebra finch genome to identify genomic
regions containing loci most strongly associated with plumage color.

Candidate plumage genes were identified as loci where alleles were perfectly
associated with phenotype, i.e., all individuals with one plumage phenotype are
homozygous for one allele and all individuals with the alternate plumage are either
homozygous for the alternate allele or heterozygous. Candidate SNPs were mapped
against the annotated zebra finch genome using the UCSC Genome Browser to determine
chromosomal position and proximally located genes.

Similar approaches were also used to calculate site-by-site divergence between
sexes, treating members of each sex as a single population, regardless of species or
plumage phenotype, and identifying genomic regions associated with sex-based genetic
variation. GWAS were also performed in GEMMA as described above, using sex as the
binary trait of interest. Mean heterozygosity was calculated by sex for each locus in the
mapped SNP dataset, based on the percent of individuals that were heterozygous at each
locus, and averaged over each contig to identify large-scale genomic regions where male
and female heterozygosity differed. The statistical significance of any observed
differences in heterozygosity was assessed using a customized randomization test
implemented in R, wherein 42 individuals were randomly assigned to the “male” group
with the remaining 30 individuals assigned to the “female” group. Differences in mean
heterozygosity between sexes were then calculated for each of the 36 chromosomal
contigs containing at least 100 SNPs, and this process was repeated 10,000 times to
create a distribution of expected values under the null hypotheses (i.e., no difference in

mean heterozygosity between males and females).
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Results

Using paired-end restriction-site associated DNA sequencing (RAD-seq) of 72
Myzomela individuals (Supplemental Table 5.1), we created a de novo assembly
comprising 661,236 94bp-long tags containing 317,767 total single-nucleotide
polymorphisms (SNPs) post-filtering. 132,251 of these SNPs were located in tags that
aligned to the most recent annotated assembly of the zebra finch (Taeniopygia guttata)
reference genome (Warren et al. 2010). A principal component analysis of SNP data
revealed that species-level differences explain 80.2% of the genetic variation in this
system (PC1), with intermediate PC1 values representing hybrid individuals that possess
either phenotypically-intermediate plumage or a mismatch between plumage phenotype
and mitochondrial haplotype (Fig. 5.1). Unusually, an additional 6.3% of the genetic
variation in this pooled data set (PC2) is strongly correlated with sex regardless of species
(Fig. 5.1), suggesting that Myzomela sexes possess fundamentally different genotypes,
even though all SNPs located on the female-specific W chromosome were removed from
the genomic data set during filtering.

If we classify individuals into species based on plumage phenotype, SNPs that
show elevated differentiation (i.e., F'st) disproportionately map to the zebra finch Z
chromosome (ZFchrZ) as well as zebra finch chromosome 5 (ZFchrS) (Fig. 5.2a). SNPs
that map to ZFchrZ and ZFchr5 represent 30.5% and 18.2%, respectively of the 99"-
percentile SNPs ranked by Fisr, a significant deviation from expected values based on
total SNP frequency (ZFchrZ: 3.6% of total SNPs, Fisher’s Exact Test: p < 2.2x107'°,
odds ratio = 9.19; ZFchr5: 10.2% of total SNPs, Fisher’s Exact Test: p = 4.0x10'8, odds

ratio = 1.80). No other chromosome is significantly overrepresented among highly



110

differentiated SNPs. ZFchrZ (54.5%) and ZFchr5 (26.5%) also are disproportionately
represented in the top 99.9™ percentile of SNPs ranked by Fsr (ZFchrZ: p <2.2x10™'°,
odds ratio = 14.63; ZFchr5: p = 0.0021, odds ratio = 2.70). Genomic regions with
elevated differentiation like these are often assumed to be centered on alleles subject to
strong selection against introgression, and therefore important for speciation (Turner et
al. 2005; Renaut et al. 2013).

A GWAS used to identify genes associated with plumage phenotypes also
indicates a strong correlation between plumage color and SNPs located on ZFchr5 and
ZFchrZ (Fig. 5.2b). Furthermore, only 18 of the 317,767 total SNPs are fixed (including
three pairs of linked SNPs that are located within 50bp of each other), such that all
individuals of one species are homozygous for one allele, while all individuals of the
other species are either homozygous for the alternate allele or heterozygous. Four of the
18 fixed SNPs map to the zebra finch genome (Supp. Table 5.2): two to non-genic
regions on ZFchrZ, and two to ZFchr5. One of the latter SNPs falls within an intron of
the Zebra Finch homolog of eukaryotic translation initiation factor gamma 2 (EIF4G?2),
expression of which is associated with carotenoid-based plumage in house finches
(Carpodacus mexicanus) (Balenger et al. 2015). A second fixed SNP on ZFchr5 falls
within an intron of the zebra finch homolog to diacylglycerol kinase zeta-like (DGKZ), a
gene that affects melanin expression in human melanocytes (Kawaguchi et al. 2012) and
pigmentation in mice (Agin et al. 1991). An additional fixed SNP that did not
successfully map to the zebra finch genome with our default alignment parameters,
nonetheless mapped with a high degree of confidence on the UCSC Genome Browser

(BLAT score = 50) to a non-coding region of ZFchr5 located approximately 30kbp
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downstream from the zebra finch homolog of DNA damage-binding protein 2 (DDB2), a
gene associated with xeroderma pigmentosum in humans, a disorder that results in
extreme sensitivity of skin cells to ultraviolet light (Itoh et al. 2001).

To investigate sex-linked genetic structure in this system, we again used F'st as a
measure of population divergence to identify genomic regions exhibiting significant
population structuring, pooling all individuals and defining “sex” rather than “species” as
the populations of interest. High sex-linked Fst loci mapped disproportionately to a
42Mbp region of ZFchrS5, including 82.7% of the top 1% of SNPs (versus 16.7%
expected, Fisher’s exact test p < 2.2x107'°, odds ratio = 5.32) and 75% of the top 0.1%
SNPs (p = 6.6x107"%, odds ratio = 12.94) (Fig. 5.3a). In addition, SNPs that align to four
additional contigs in the zebra finch genome are also disproportionately represented in
the top 1% of sex-linked SNPs: one also associated with ZFchr5, one also associated with
ZFchrZ, and two unanchored contigs. A GWAS with sex as the trait of interest reveals
that sex is highly associated with the same contigs identified in the Fst outlier analysis,
including the same region of ZFchr5 that shows elevated Fst by sex (Fig. 5.3b).
Heterozygosity on ZFchrS5 is also significantly elevated in females, the heterogametic sex
in birds, relative to males, the homogametic sex, (P<0.0072 based on a Bonferroni-
corrected randomization test) as expected for young sex chromosomes that have diverged
but not yet undergone significant deterioration (Yoshida et al. 2014) (Fig. 5.4). Indeed,
female heterozygosity was >0.9 in 1.4% (168/12023) of the SNPs mapping to ZFchr5,
while male heterozygosity was <0.075 in the same SNPs. Together these results are
consistent with ZFchr5 acting as a neo-sex chromosome in Myzomela, likely resulting

from a chromosomal fusion between the autosome and an ancestral sex chromosome.
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Discussion

Using genome-wide data from hybridizing taxa, we have demonstrated that alleles
associated with both speciation and divergence in a sexual signal, i.e., plumage color,
disproportionately map to a previously unknown neo-sex chromosome along with the
ancestral Z sex-chromosome in Myzomela honeyeaters. This observation provides
important support for the hypothesis that sex-linkage is a key mechanism for promoting
divergence within sexually selected traits, which can in turn drive pre-zygotic
reproductive isolation and speciation. Sex-linkage previously has been hypothesized to be
important for the evolution of the extraordinary diversity of sexual signals in birds
(Kirkpatrick et al. 2004), and this study provides novel evidence that the accumulation of
sex-linkage via the evolution of a neo-sex chromosome is associated with plumage
divergence in an avian system.

The particular mechanism responsible for generating novel sex-linkage in the
Myzomela homolog of ZFchr5 remains unknown, because visualization of karyotypes
using fluorescence in situ hybridization for this system was not possible due to logistical
constraints imposed by working in the Solomon Islands. The most parsimonious
explanation is that sex-linkage resulted from the fusion of ZFchr5 with an existing sex
chromosome, as similar fusion events are believed to be responsible for the origin of neo-
sex chromosomes in Sylvioidea birds (Pala et al. 2012), as well as a many fishes, reptiles,
and mammals (Pennell et al. 2015) Alternatively, sex chromosome turnover in this
system may have followed either de novo evolution of a sex-determining locus (SDL) on
ZFchr5 or a translocation event involving an existing SDL. However, evolutionary

models predict that these events are highly unlikely to occur in systems with significant
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sex chromosome degeneration, such as birds, because natural selection will strongly
oppose decoupling of the primary SDL from loci located on the ancestral sex
chromosome that are subject to strong sexually-antagonistic selection (Van Doorn and
Kirkpatrick 2007).

Furthermore, it is tempting to speculate that the evolution of the Myzomela neo-
sex chromosome may have played a broader role in diversification in this genus, the most
species-rich genus in the unusually-complex Meliphagidae honeyeater radiation, and the
26™-most species-rich of the 1,258 genera of Passerine songbirds (Gill and Donsker
2014). Unlike nearly all other species of honeyeaters, many species of Myzomela possess
bright red, sexually-dichromatic, carotenoid-based plumage, consistent with plumage
color being a sexually antagonistic trait in this genus. By increasing the number of sex-
linked loci in the genome, evolution of the neo-sex chromosome in this genus may have
enhanced the potential for sexual antagonism at previously non-sex-linked loci to be
resolved through sex-specific trait expression. Such relaxation of evolutionary constraints
imposed by sexual antagonism could in turn increase the potential for sexual traits that
are favored exclusively in males to elaborate and diverge rapidly, resulting in the
noteworthy diversity of plumages observed across the Myzomela radiation. Preliminary
phylogenetic data indicates that M. tristrami and M. cardinalis are not sister species
(Sardell and Uy 2016), suggesting that the neo-sex chromosome is likely shared by many
other taxa in this genus. Future studies examining the phylogenetic distribution of the
Myzomela sex chromosome will provide further insight into the potential for sex

chromosome rearrangements to drive rapid diversification in this system.
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Figure 5.1: (top) Representative plumage phenotypes for, from right to left, adult male
Myzomela cardinalis, adult female M. cardinalis, phenotypically intermediate hybrid,
adult M. tristrami. (bottom) First two principal components of PCA of genetic variation
for 38 M. tristrami, 37 M. cardinalis, and 7 phenotypic intermediates sequenced at
317,767 SNPs. PC1 and PC2 explain 80.2 percent and 6.3 percent of total genetic
variation, respectively.
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Figure 5.2: Identification of genomic regions associated with plumage divergence in
Myzomela via SNP mapping to chromosomal contigs from the zebra finch genome.
Contigs containing fewer than 100 SNPs are excluded from plots. Top: SNP-by-SNP Fgr
comparisons for M. cardinalis versus M. tristrami individuals with standard plumage
phenotypes. Blue line represent 99 percentile of SNPs by F'st. Red line represents 99.9
percentile of SNPs. Bottom: SNP-by-SNP Wald P values resulting from genome-wide
associate study (GWAS) for plumage phenotype, i.e., red vs. melanic. Blue line
represents Bonferroni-corrected line of significance (P=0.05).
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Figure 5.3: Identification of sex-linked genomic regions in Myzomela via SNP mapping
to chromosomal contigs from the zebra finch genome. Contigs containing fewer than 100

SNPs are excluded from plots. Top: SNP-by-SNP Fst comparisons for males versus
females. Blue line represent 99th percentile of SNPs by Fsr. Red line represents 99,9
percentile of SNPs. Bottom: SNP-by-SNP Wald P values resulting from genome-wide
associate study (GWAS) for sex. Blue line represents Bonferroni-corrected line of

significance (P=0.05).
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Figure 5.4: Mean male and female heterozygosity for Myzomela SNPs that map to
different chromosomal regions in the zebra finch genome. Observed heterozygosity
values greater than zero for SNPs mapping to the Z chromosome in females are likely

artifacts of sequencing and alignment error.



Supplemental Table 5.1: Breakdown of Myzomela sequenced for SNP dataset.

Species Population Males Females Total
M. tristrami Allopatric 9 6 15
(Highland Makira)

M. tristrami Sympatric 10 8 18
(Coastal Makira)

M. cardinalis Allopatric 9 6 15

(Ugi)

M. cardinalis Sympatric 10 7 17
(Coastal Makira)

Phenotypic Sympatric 4 3 7

intermediates (Coastal Makira)

118
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Supplemental Table 5.2: Candidate plumage loci perfectly fixed by phenotype.

Chromosomal Location of Sequenced Sequenced
SNP on Zebra Finch Genome | M. cardinalis haplotypes | M. tristrami haplotypes
chr5:8,250,298 T/T-23,C/T-3 C/C-31
chr5:21,784,005 G/G-14,G/C - 16 C/C-31
chr5:22,313,536 G/G-22,G/T-6 T/T -32
chrZ:31,068,488 G/G -25,G/A -4 A/A -31
chrZ:50,039,192 A/A - 24, A/G -6 G/G - 32




Chapter 6

Summary of dissertation findings

For my Ph.D. dissertation, I examined the evolutionary consequences of recent secondary
contact between two honeyeater species, Myzomela cardinalis and Myzomela tristrami,
which came into contact on Makira in the Solomon Islands approximately 120 years ago.
Under the traditional allopatric model of speciation, secondary contact is the “moment of
truth” for whether or not phenotypic and genotypic divergence between two previously
isolated populations is sufficient to result in reproductive isolation (Mayr 1942; Brown
and Wilson 1956; Harrison 1993; Noor 1999; Mayr and Diamond 2001). If not,
hybridization and gene flow is traditionally expected to lead to convergence between two
taxa (Dobzhansky 1937; Mayr 1942; Rhymer and Simberloff 1996; Grant et al. 2004;
Taylor et al. 2006). Alternatively, secondary contact can act to promote phenotypic
divergence between taxa, e.g., via mechanisms such as character displacement and
reinforcement (Dobzhansky 1940; Brown and Wilson 1956; Grant 1972; Grether et al.
2009; Ortiz-Barrientos et al. 2009; Pfennig and Pfennig 2009). Insights into the potential
evolutionary outcomes of secondary contact are important for our understanding of the
processes which have historically governed the evolution of biodiversity. However, most
such knowledge comes from studies that compared allopatric populations either to
populations with long-standing sympatry (Caraway et al. 2001; Shaw 2002; Cianchi et al.
2003; Larsen et al. 2010; Nunes et al. 2010; Lavretsky et al. 2015) or to recently
sympatric populations that resulted from anthropogenic species introductions (Rhymer

and Simberloff 1996; Mooney and Cleland 2001; Fitzpatrick et al. 2010), both of which

120
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may be unrepresentative of the dynamics of initial secondary contact events (Strauss et al.
2006). Few examples of natural, historically-recent secondary contact between closely-
related taxa have been well studied, and Mayr and Diamond (2001) first noted the
unusual potential for the Makira Myzomela to offer unique insights into this rarely
observed, but important stage of the speciation process. The data and results that I
presented in the previous chapters represent the first study examining the genetics,
behavioral ecology and evolutionary dynamics of this noteworthy system.

In Chapter 2, I tested whether reproductive isolation is complete between the
Makira Myzomela, or whether hybridization has had potentially important consequences
for the maintenance of phenotypic and genotypic divergences in this system. By
documenting phenotypically intermediate birds in the field, I confirmed on-going
hybridization between the two species even at site where both are common. This
observation conflicts with Mayr and Diamond’s (2001) hypothesis that prior
hybridization in this system only occurred when mating opportunities between M.
cardinalis were very rare during the generations immediately following secondary
contact. By sequencing birds at one mitochondrial and six nuclear markers, I confirmed
that sympatric populations contained admixed individuals. However, hybridization was
asymmetric with all individuals with admixed ancestry descending from the M. cardinalis
matriline.

I further discovered that asymmetric reproductive isolation in this system has
resulted in low-levels of nuclear introgression, but no mitochondrial introgression into
sympatric M. cardinalis. In contrast, both M. cardinalis mitochondrial and nuclear

haplotypes have introgressed into sympatric M. tristrami. This pattern was opposite to



122

that found in nearly all shifting avian hybrid zones, where introgression is predominantly
from the native species to the invading one. However, I proposed an alternative
interpretation of the data that is consistent with the standard pattern of introgression: that
gene flow should be viewed as an introgression of M. tristrami plumage alleles into the
genotypic background of M. cardinalis. Indeed, evidence of nuclear introgression of M.
cardinalis alleles to M. tristrami was nearly exclusively limited to “cryptic” hybrids, i.e.,
birds that possessed melanic plumage typical of M. tristrami but M. cardinalis
mitochondrial haplotypes. These results were consistent with a lack of backcrossing in
this direction, and strong reproductive isolation between M. tristrami and the
phenotypically-similar, black cryptic hybrids. Therefore, secondary contact which results
in hybridization had important evolutionary consequences for associations between
phenotype and genetic compatibility in this system.

In Chapter 3, I experimentally tested whether phenotypic divergence between
Myzomela species on Makira influenced agonistic interactions during male-male
competition in sympatry. To do so, I used taxidermy mounts to simulate territorial
intrusions and recorded the behavioral responses of males that responded. I discovered
that males of both Myzomela species exhibited significantly increased aggressiveness
towards mounts of M. cardinalis mounts relative to mounts of M. tristrami as well as an
unrelated ecological competitor (Dicaeum tristrami). This result was contrary to the
hypothesis that males should be most aggressive towards individuals with whom they
compete most strongly for mating opportunities and resources conspecifics (Mikami et al.
2004; Seehausen and Schluter 2004; van Doorn et al. 2004; Uy et al. 2009a; Uy et al.

2009b). Notably, M. tristrami were aggressive towards M. cardinalis males, even though
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genetic data from Chapter 2 indicated that M. tristrami males do not compete with M.
cardinalis males for mating opportunities with M. tristrami females. Instead, I
hypothesized that agonistic interactions between the nectivorous Myzomela species were
predominantly driven by competition for limited food resources (i.e., nectar sources such
as flowering trees) rather than competition for mates. I showed that sympatric M.
cardinalis males were significantly larger than sympatric M. tristrami males, and
therefore should dominate inter-species conflicts. Furthermore, hybrids were intermediate
in size, and therefore would also be expected to lose most agonistic interactions with M.
cardinalis. These results provided a potential explanation for the introgression of melanic
plumage alleles from M. tristrami to M. cardinalis that I identified in Chapter 2. Namely,
black plumage may be favored in hybrids because it reduces the probability of eliciting
aggressive responses from larger, dominant M. cardinalis males.

I did not detect any evidence of significantly biased aggression toward any mount
types among allopatric males of either species, suggesting that aggression biases of M.
tristrami toward M. cardinalis likely represented an artifact of secondary contact rather
than ancestral secondary bias. These results indicated that population-level shifts in
behavioral response in this system occurred rapidly over the 120 years since secondary
contact, either due to selection for increased aggression towards M. cardinalis or as a
learned response to previously-experienced agonistic interactions. Increased aggression
in sympatric M. cardinalis may also have been driven by increased competition following
secondary contact, although we cannot dismiss the possibility that these differences
originated during colonization (e.g., if increased dispersal ability is pleiotropically

associated with aggression).
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Although I did not detect any significant differences in overall aggression
between species, as expected if M. cardinalis is dominant over M. tristrami, my
experiments were limited in their ability to detect any such differences. For example,
biases in data collection would have tended to overestimate aggression in M. tristrami
relative to M. cardinalis. Moreover, my experimental design did not test for any
differences in aggression that result in one species being less likely to respond
aggressively to audio stimuli. Accordingly, these data did not contradict the hypotheses
that difference in overall aggression between Myzomela species has driven shifts in
behavioral responses and phenotypic introgression of plumage-related alleles.

In Chapter 5, I investigated whether secondary contact has had evolutionary
consequences for size divergence in Myzomela. I captured 283 total Myzomela from two
sympatric populations and two allopatric populations of each species, and measured
morphology and determined the sex and age class (adult vs. juvenile) of each individual. I
found that hybridization between Myzomela has not driven phenotypic convergence via
the evolution of reduced size differences in sympatry in this system. Instead, secondary
contact has resulted in asymmetric ecological character displacement, with mean size of
male M. tristrami from the oldest sympatric population being significantly smaller than
males form allopatric populations. Furthermore, males from the more recent area of
secondary contact were intermediate in size, as expected if evolution of character
displacement is gradual. M. cardinalis males from the oldest sympatric population were
statistically identical in size to those from the presumed colonization source, indicative of
a lack of character displacement in size in the larger, colonizing species. Lack of

character displacement in sympatric M. cardinalis also suggests that decrease in sizes of
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sympatric male M. tristrami is likely due to secondary contact rather than site-specific
environmental effects.

As with phenotypic introgression and aggression biases described in Chapter 2
and 3, I hypothesize that character displacement in this system was also driven primarily
by interspecies competition (i.e., “agonistic character displacement”) (Grether et al. 2009;
Grether et al. 2013). Specifically, theory predicts that interference competition for limited
food sources in which the larger dominant species (i.e., M. cardinalis) prevents the
smaller species (i.e., M. tristrami) from accessing high-quality food sources will result in
selection for decreased size and lower resource requirements in the smaller species
(Dayan and Simberloff 2005). No character displacement was observed in females of
either species, which are equivalent in size and expected to receive reduced aggression
relative to males. Lack of character displacement in females also indicated that the
reduction in body size in male M. tristrami was driven by sex-specific selection, rather
than maternal or developmental affects caused by reduced access to high-quality food
sources. Although other studies have found that population-level mean sizes can evolve
over 100-300 years, my results provide the best evidence to-date that rapid agonistic
character displacement can occur over these time scales.

Finally, in Chapter 6, I leveraged admixture resulting from hybridization between
the Makira Myzomela to identify genomic regions that were resistant to introgression and
associated with speciation and plumage divergence in this system. Using double-digest
RAD-seq, I generated a set of 317,767 genome-wide single nucleotide polymorphisms,
132,251 of which occurred in sequences that mapped to the zebra finch genome. During

the course of this research, I discovered that Myzomela possess a previously-unknown
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neo-sex chromosome that originated from a fusion between chromosome 5 and an
existing sex chromosome, only the second known example of this phenomenon in birds
(Pala et al. 2012). A 23 Mbp region on this chromosome exhibited significantly elevated
heterozygosity in females and reduced heterozygosity in males, as predicted of young sex
chromosomes that have experienced a reduction in recombination but which have not
undergone significant degeneration. SNPs in this region also showed significantly
increased genetic divergence between sex (as measured by F'sr), and were highly
associated with sex in a genome wide association study, consistent with it acting as a neo-
sex chromosome.

SNPs exhibiting high differentiation in hybridizing populations are assumed to
represent genomic regions that are resistant to introgression and which are important for
speciation (Turner et al. 2005; Nadeau et al. 2012; Nosil and Feder 2012; Renaut et al.
2012; Renaut et al. 2013; but see Cruickshank and Hahn 2014; Burri et al. 2015). High
Fsr SNPs in the Makira Myzomela disproportionately mapped to the neo-sex
chromosome, as did SNPs that were highly associated with plumage color, a sexually-
antagonistic train, in a genome-wide associate study. Additionally, of the four SNPs that
were “fixed” for plumage phenotype and which map to the zebra finch genome, two were
located on the Z sex chromosome, and two were located on the neo-sex chromosome
within introns of candidate genes known to be associated with coloration in other
organisms. Theory predicts that genes under sexually-antagonistic selection should
accumulate on sex chromosomes, and that genomic regions with reduced recombination
will feature prominently in speciation (Fisher 1931; Rice 1984, 1987; Kirkpatrick et al.

2004; Kirkpatrick and Barton 2006; Van Doorn and Kirkpatrick 2007). This study
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represents only the third known example of a system where neo-sex chromosomes are
linked with speciation (Kitano et al. 2009; Nguyen et al. 2013), and only the second
example linking neo-sex chromosomes with secondary sexual traits (Kitano et al. 2009).

With this project, I have established the Makira Myzomela as a potentially
important model system for future studies examining the evolutionary consequences of
secondary contact, as well as the genomics of speciation, sexual selection, and sex
chromosome evolution. Moreover, I used this system to test several key evolutionary
hypotheses, and uncovered unusual patterns of asymmetric introgression, behavioral
ecology, and character displacement. Together, these results provide novel insights into
the rarely observed immediate outcomes of recent secondary contact, as well as the

processes that govern the evolution and maintenance of biodiversity.
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