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Abstract

Behavioral changes, such as those involved in mating, foraging, and mi-
gration, can generate reproductive barriers between populations. Birds, in
particular, are known for their great diversity in these behaviors, and so be-
havioral isolation is often proposed to be the major driver of speciation. Here,
we review empirical evidence to evaluate the importance of behavioral isola-
tion in the early stages of avian speciation. Experimentally measured mating
preferences indicate that changes in mating behavior can result in premat-
ing barriers, with their strength depending on the extent of divergence in
mating signals. Differences in migratory and foraging behavior also can play
important roles in generating reproductive barriers in the early stages of
speciation. However, because premating behavioral isolation is imperfect,
extrinsic postzygotic barriers, in the form of selection against hybrids having
intermediate phenotypes, also play an important role in avian diversification,
especially in completing the speciation process.
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1. INTRODUCTION

Reproductive isolation defines biological species (Dobzhansky 1937, Mayr 1942). As such, the
study of the origin of species is essentially the study of how barriers that prevent gene flow
between divergent populations evolve (Coyne & Orr 2004). These reproductive barriers are often
characterized as acting either before or after zygotes are formed (Dobzhansky 1937, Mayr 1942).
Several general patterns have emerged from comparative studies in plants and animals on the
evolution of these barriers, which include the observations that reproductive isolation between
taxa increases with time since divergence and that the heterogametic sex is disproportionately
affected by hybrid sterility and inviability (Haldane’s rule), both forms of intrinsic postzygotic
barriers (Coyne & Orr 1997, Presgraves 2002). Despite such generalities, taxa vary in the relative
importance of pre- and postzygotic barriers as isolating mechanisms and in their relative rates
of evolution. For example, in Drosophila and several flowering plants, prezygotic barriers evolve
before hybrid sterility and inviability (Baack et al. 2015, Coyne & Orr 1997), though more subtle
postzygotic barriers are less often studied. Conversely, intrinsic postzygotic barriers can evolve
with little to no prezygotic isolation, as in Tigriopus copepods (Willett 2011). With respect to
rates of evolution, prezygotic isolation in the form of pollen and ovule incompatibility evolves
faster in annual than in perennial plants (Baack et al. 2015), whereas hybrid inviability evolves
faster in mammals than in birds and frogs (Wilson et al. 1974). This variation in the evolution
of reproductive barriers is likely mediated by taxon-specific aspects of mating systems, ecology,
genetics, and geography (Mayr 1942).

In birds, which are known for their great diversity in display traits used to compete for and at-
tract potential mates (Andersson 1994), prezygotic isolation is thought to be the major mechanism
of reproductive isolation (Hinde 1959, Price 2007). This assertion is based on at least two key ob-
servations. First, early naturalists, including Darwin (1871), noted that traits associated with mate
choice or male–male competition differ most among closely related taxa, inspiring the hypothesis
that diversifying sexual selection is a major engine of speciation (West-Eberhard 1983). Second,
many distantly related avian taxa can hybridize with little to no intrinsic genetic incompatibility
(Grant & Grant 1992, Short 1969), yet many closely related species still coexist sympatrically.
In fact, hybrid sterility and inviability in birds generally evolve after behavioral premating repro-
ductive isolation is complete (Price & Bouvier 2002). Isolating mechanisms other than intrinsic
postzygotic barriers therefore are likely more important as drivers of avian speciation.

Traits that result in premating isolation can evolve while populations are geographically iso-
lated (allopatric), with natural selection, sexual selection, and/or genetic drift causing changes in
preferences and corresponding display traits. Disruptive sexual selection, in particular, can drive
change in mating preferences (usually in females) and corresponding display traits (usually in
males), resulting in nonrandom pairing or mating between individuals of similar phenotypes [as-
sortative mating; reviewed by Ritchie (2007)]. Moreover, diversifying natural selection can cause
adaptive divergence of traits not used in mate choice, which can then be later co-opted as mat-
ing signals that facilitate assortative mating [magic traits; reviewed by Servedio et al. (2011)].
Finally, mutation and genetic drift can change display traits and preferences primarily through
the loss of display elements (Kaneshiro 1980), which can be especially important in such culturally
transmitted traits as bird song (Grant & Grant 1996).

Despite the focus on premating barriers as critical in avian speciation, the observations that
hybridization can occur between well-established species and that hybrids are typically common
in narrow zones of species contact suggest that premating reproductive barriers are imperfect and
other isolating mechanisms are important (Grant & Grant 1992, Price & Bouvier 2002, Short
1969). Reproductive barriers in the form of extrinsic postzygotic isolation can arise if genetically
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viable hybrids of intermediate phenotype fail to attract and compete for mates or fail to find suit-
able ecological conditions (Coyne & Orr 2004, Price 2007). Extrinsic postzygotic isolation, in
turn, may cause character displacement in signals used in mate recognition, thus reinforcing pre-
mating barriers and reducing the frequency of hybridization (reinforcement; Dobzhansky 1937).
In short, by promoting assortative mating, pre- and postzygotic reproductive barriers seem to be
important in avian speciation, with prezygotic barriers either evolving in complete allopatry or
being reinforced when populations come into secondary contact, and selection favors mechanisms
to avoid hybridization.

On the basis of the decades of research on avian speciation, we review how behavioral changes,
acting in concert with divergent morphological traits, can result in both pre- and postzygotic re-
productive barriers despite a lack of genetic incompatibility. We include morphological traits that
are used in behavioral interactions (e.g., plumage color), because selection necessary to maintain
differences in these traits is likely mediated by behavior (e.g., mate choice) and therefore related
to social selection within each population. We also review other mechanisms that can lead to
behavioral isolation, such as differences in dispersal ability and in migratory, foraging, and flock-
ing behaviors. Finally, we discuss the influence of sexual imprinting and learning in behavioral
isolation as well as other outstanding questions on the role of behavioral isolation in incipient
speciation in birds.

2. MECHANISMS FOR BEHAVIORAL ISOLATION

A variety of behaviors can contribute to reproductive isolation between populations by promoting
assortative mating and/or by causing low fitness of hybrids. Behavioral mechanisms of isolation
include changes in mating preferences and display traits, assortative flocking, limited dispersal,
and distinct habitat preferences or migratory behavior. We discuss each of these mechanisms, as
well as the interaction of behavior and morphology, in turn below.

2.1. Divergence in Secondary Sexual Traits

Coevolutionary changes in display traits and mating preferences have been proposed as major
drivers of speciation in birds (Price 2007, West-Eberhard 1983). Theoretical and comparative
work over the past few decades, however, provides only equivocal support for this hypothesis.
Theoretical studies suggest that diversifying sexual selection, under certain conditions, can drive
speciation; however, the conditions are restrictive and, more likely, both sexual and natural se-
lection act in concert to drive divergence and cause reproductive isolation [reviewed by Servedio
& Boughman (2017)]. Moreover, although some comparative studies indicate that species rich-
ness or speciation rate in birds is predicted by proxies for the intensity of sexual selection (e.g.,
Barraclough et al. 1995, Mason et al. 2017), other comparative analyses have found that feeding
ecology or behavioral flexibility are better predictors (e.g., Huang & Rabosky 2014, Nicolakakis
et al. 2003, Phillimore et al. 2006). Despite the equivocal results of comparative and theoretical
work, studies comparing closely related species of birds seem to suggest that changes in mating
signals and preferences may cause behavioral isolation, especially at the early stages of speciation.

2.1.1. Divergence and coevolution of male traits and female preferences. Distinct poly-
morphisms in reproductive traits do arise within populations (Lamichhaney et al. 2016, Tuttle
et al. 2016); however, most cases of divergence resulting in speciation are initiated in allopatry
(Mayr 1942, Price 2007). Most studies, therefore, explore differences between populations that
are allopatric, or initially allopatric, before establishing secondary contact.
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Differentiated, allopatric populations, such as distinct subspecies or incipient species, may have
diverged with respect to display traits sufficiently to cause behavioral isolation when populations
come into secondary contact. Experimental studies that simulate contact between allopatric pop-
ulations generally indicate that females prefer signals from their own population (Table 1). For
example, playback experiments have shown that female swamp sparrows (Melospiza georgiana)
from the coastal subspecies preferred songs from their own population (homotypic) over songs
from another population/subspecies (heterotypic), suggesting behavioral isolation between the
two (Ballentine et al. 2013). Studies in which females have shown preference for homotypic over
heterotypic songs and/or plumage color among allopatric taxa are summarized in Table 1. In-
terestingly, some of the studies in Table 1 show that preferences for homotypic over heterotypic
signals can evolve rapidly, even between populations that vary only in song dialects and are mor-
phologically indistinguishable and exhibit little population genetic structure.

Cases in which allopatric populations come into secondary contact provide natural experiments
to test for the presence and strength of reproductive barriers. In virtually all published studies that
have quantified mating preferences (Table 1), differences that evolved in allopatry are maintained
at secondary contact through assortative mating. For example, in cases in which two subspecies
of song sparrow (Melospiza melodia fallax and Melospiza melodia heermanni ) have established sec-
ondary contact in the southern Coachella Valley of California, females solicited more copulations
from males with homotypic songs and plumage color than from males with heterotypic display
traits (Patten et al. 2004). Similarly, in a hybrid zone between the lazuli (Passerina amoena) and
indigo (Passerina cyanea) buntings, females from both species preferred males with conspecific
over heterospecific plumage color and song (Baker 1991, Baker & Baker 1990). A few observa-
tional studies, however, have indicated a lack of assortative mating at contact zones. For example,
observations of social pairs in two subspecies of the yellow-rumped warbler (Setophaga coronata)
revealed a pattern consistent with random mating despite the maintenance of genetically distinct
subspecies, suggesting postzygotic barriers are likely more important (Brelsford & Irwin 2009).
Despite a few exceptions from field observations (Supplemental Table 1), a clear consensus from
experimental data favors a strong preference for homotypic color or song, consistent with the hy-
pothesis that behavioral isolation is important in maintaining distinct populations in the face of
potential gene flow upon secondary contact (see Table 1). In fact, even genetic studies that did
not directly test for mating preferences revealed a general consensus that many species boundaries
are semipermeable upon secondary contact but that hybrids are kept within distinct hybrid zones,
presumably due to their lower fitness [reviewed by Ottenburghs et al. (2017)].

When selection against hybridization is strong, yet considerable heterospecific mating still
occurs, assortative pairing could be enhanced through reinforcement of preference and display
traits. Evidence for reinforcement is rare (Marshall et al. 2002), especially in birds. However, dis-
placement of display traits and/or preferences has been observed when isolated populations come
into secondary contact (Kirschel et al. 2009, Seddon & Tobias 2010). In the hybrid zone between
the closely related white-collared (Ficedula albicollis) and pied (Ficedula hypoleuca) flycatchers, for
instance, hybrid females are sterile and hybrid males suffer a mating disadvantage, as they are
less attractive to females (Svedin et al. 2008). Plumage differences are exaggerated in the hybrid
zone, apparently a result of selection for conspecific recognition and against heterospecific pairing
(Sætre et al. 1997). When heterospecific pairings do occur, they are caused primarily by a lack
of potential conspecific mates. However, females can reduce the incidence of hybridization by
soliciting extrapair matings from conspecifics or by preferentially fertilizing eggs with conspecific
sperm through cryptic choice and sperm competition (Cramer et al. 2016).

Other studies provide evidence consistent with reproductive character displacement in birds,
as there often seems to be enhanced recognition of conspecifics by territorial males in regions of
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sympatry over those in allopatry [reviewed by Irwin & Price (1999)]. However, the few cases listed
in Table 1 that directly measured mating preferences provide little evidence of enhanced prefer-
ence for conspecifics at contact zones, suggesting lack of reinforcement. One reason reinforcement
may not be observed in contact/hybrid zones is that many are essentially tension zones, with net
gene flow into the zone that could swamp selection within it (Barton & Hewitt 1985). In sum,
in spite of a likely publication bias for positive results, behavioral isolation through divergence in
male display and female preference may be common in the early stages of speciation. Accordingly,
behavioral isolation would appear to evolve rapidly, even between populations with little genetic
and morphological divergence (see Table 1).

2.1.2. Intrasexual competition and behavioral isolation. Because territorial males respond
readily to test stimuli, most field studies testing the role of divergent display traits in species
recognition focus on aggressive reactions of males (rather than females) to homotypic versus het-
erotypic signals. A literature search for field experiments published between 1987 and 2017, using
“song playback” and “species recognition” as key words, indicated that in 36 of 49 studies (73%)
males preferentially responded to homotypic over heterotypic signals. Six studies found asymmet-
rical responses, wherein one species of the tested taxon pair preferentially responded to playbacks
of homotypic songs, but the other species responded to both song types equally. The remaining
7 studies found no difference in response to homotypic versus heterotypic songs. This survey
indicates general support for the hypothesis that divergent signals function in species recognition,
at least for males interacting with potential competitors (Supplemental Table 2). However, the
literature is likely biased toward publishing positive results, and so this conclusion should be ac-
cepted cautiously. One study presented results from playback experiments involving 72 pairs of
related, allopatric neotropical passerines and quantified the difference in song structure between
taxon pairs (Freeman & Montgomery 2017). As this was a single study, it does not suffer from
publication bias. The results revealed significant variation across species in how territorial males
responded to homotypic and heterotypic songs, with some species ignoring heterotypic signals
and others responding equally to both song types. Importantly, the magnitude of the difference in
song structure between the paired taxa predicted the likelihood that males discriminated between
homo- and heterotypic song types, independent of genetic divergence (Freeman & Montgomery
2017). Overall, the positive association between signal divergence and species discrimination in-
dicates a critical role for changes in mating signal in generating behavioral isolation (see also
Sosa-Lopez et al. 2016, Tobias & Seddon 2009).

To relate the results of these playback experiments using territorial males more directly to
the evolution of assortative mating, the signals used to recognize sexual competitors (typically
among males) are assumed to be the same signals used in mate choice (typically by females)
(e.g., Freeman & Montgomery 2017). A test of this critical assumption requires experiments that
measure species recognition in both males and females, but these experiments are few. A literature
review produced 17 studies in which responses to the same homotypic and heterotypic signals
were tested experimentally in both males and females (Table 1). Thirteen of the 17 studies (76%)
revealed that both sexes used the same signals for mate choice and agonistic interactions (Table 1),
suggesting that playback experiments with aggressive males could indeed serve as an index of
behavioral isolation. For example, in the song sparrow study and the lazuli/indigo bunting study
discussed in Section 2.1.1, differences in song mediated species recognition in both females and
males (Baker 1991, Baker & Baker 1990, Patten et al. 2004). Four of the 17 studies (24%) found,
however, that males and females responded differently to the same signals. In one case, females
preferred homotypic over heterotypic songs, but males surprisingly responded more aggressively
to heterotypic songs (Balaban 1988). The remaining three cases found females using song or
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plumage to recognize potential mates, with males initiating agonistic interactions in response to
any signal (Table 1). For instance, female rufous-collared sparrows (Zonotrichia capensis) preferred
homotypic over heterotypic songs, but males responded aggressively to all songs regardless of
origin. Similarly, in red-backed fairywrens (Malurus melanocephalus), manipulation of plumage to
mimic another subspecies resulted in females producing young sired by extra-paired males with
heterotypic plumage. Males, in contrast, attacked taxidermic mounts of either subspecies’ plumage
color (Baldassarre & Webster 2013, Greig et al. 2015). The more general response by aggressive
males suggests that males are less discriminating than females, a pattern found in other nonavian
species (Bernal et al. 2007). In fact, in no case were males more discriminating than females, which
suggests that male aggressive response to playbacks may be a conservative index of conspecific
recognition (see Irwin & Price 1999). However, very few studies have assessed both male and
female responses, and additional work is needed to robustly test the assumption that agonistic and
mating interactions are mediated by the same signals.

Although discussed decades ago (West-Eberhard 1983), the hypothesis that intrasexual compe-
tition can be a driver of speciation has only recently gained widespread attention. Largely inspired
by cases in fish (e.g., Lackey & Boughman 2013), this hypothesis posits that diversifying sexual
selection through intrasexual competition can drive changes in male display traits in the absence
of divergence in mating preferences. In cases in which male display traits mediate the ability to
control resources necessary for breeding, variation in display traits would lead to variation repro-
ductive success that could, in turn, lead to premating barriers. This mechanism could apply to
birds, as males are often highly aggressive and defend territories or display arenas necessary for
breeding (Andersson 1994). As such, the results of playback experiments discussed above could be
interpreted under this hypothesis, especially in studies with controls that differentiated responses
between ecological and sexual competitors.

In some cases, differences in the degree of aggression among males of different species do not
produce assortative mating at secondary contact but rather one species competitively excluding the
other or the asymmetrical introgression of an adaptive trait across the hybrid zone (Ottenburghs
et al. 2017). For example, the Townsend’s (Setophaga townsendi ) and hermit (Setophaga occidentalis)
warblers hybridize where their ranges overlap in western North America, and the more aggressive
Townsend’s warbler is replacing the hermit warbler in habitats where both species defend breed-
ing territories (Pearson & Rohwer 2000). The result is a moving hybrid zone. These examples
demonstrate the important role of intrasexual competition in determining the dynamics of hybrid
zones, which, in turn, influence the outcome and completion of speciation.

2.1.3. Hybridization, postzygotic isolation, and speciation. Overall, premating isolation
clearly is important in incipient speciation; however, divergent taxa of birds occasionally do hy-
bridize, indicating that premating isolation is imperfect. In such situations, populations blend
together in the absence of postzygotic isolation. Given that intrinsic postzygotic isolation evolves
slowly in birds, extrinsic postzygotic barriers are likely important in promoting and maintain-
ing species boundaries (Price 2007). For example, extrinsic postzygotic isolation can occur when
hybrid males possess display traits that are intermediate and thus unattractive to either parental
species (e.g., Svedin et al. 2008). Alternatively, hybrids exhibiting intermediate behavior and mor-
phology could be less efficient in foraging or other ecological tasks than the parental phenotypes
(Grant & Grant 2007; see Sections 2.3–2.5 below).

Historically, hybridization has been viewed as a force that primarily hinders speciation (Mayr
1942) by preventing differentiation and/or by causing genetic swamping and extinction of geneti-
cally unique lineages (e.g., Kleindorfer et al. 2014). However, hybridization can also be a creative
process. For example, hybridization can serve as a conduit for the introgression of adaptive traits
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between species, which can facilitate adaptive evolution [reviewed by Ottenburghs et al. (2017)).
This introgression includes traits that are adaptive for behavioral interactions, such as song and
plumage color.

Finally and more directly, hybridization can create new species when two distinct species hy-
bridize and form a third lineage that is reproductively isolated from either parental species. Though
common in plants, hybrid species have been confirmed only recently in birds. For example, ge-
nomic analyses indicate that the golden-crowned manakin (Lepidothrix vilasboasi ) of Amazonia is
a result of a hybridization event that occurred more than 100,000 years ago between the snow-
capped (Lepidothrix nattereri ) and opal-crowned (Lepidothrix iris) manakins (Barrera-Guzmán et al.
2017). Two other examples of hybrid species in birds include the Italian sparrow (Passer italiae),
which originated from hybridization between the house (Passer domesticus) and Spanish (Passer
hispaniolensis) sparrows approximately 10,000 years ago (Elgvin et al. 2017), and a putative new
hybrid species of Darwin’s finch on Daphne Major island in the Galápagos Islands, which was
established within a few generations, initiated by a breeding event between an immigrant large cac-
tus finch (Geospiza conirostris) and a resident medium ground finch (Geospiza fortis) (Lamichhaney
et al. 2017). In all three cases of hybrid speciation, behavioral barriers seem critical in maintaining
species boundaries in sympatry, as the hybrid species possess mating signals that are intermedi-
ate or distinct from those of the parental species. Given low genetic incompatibilities between
well-established species (Grant & Grant 1992) and the advent of new sequencing technology,
it would not be surprising if other examples of hybrid avian species are found in the next few
years.

2.2. Assortative Flocking or Grouping

Assortative mating leading to reproductive isolation might also arise, even in sympatry, from eco-
logical specialization that leads to spatial groupings of phenotypically similar individuals. Perhaps
the best-studied case in birds is that of the red crossbill (Loxia curvirostra) complex. In crossbills,
disruptive ecological selection has led to several subpopulations that differ in bill morphology, each
adapted to foraging on seeds from a particular conifer species (Benkman 2003). These subpopu-
lations are referred to as call types because they also differ in the vocalizations used to coordinate
movements in foraging flocks (Groth 1993). In this system, three interrelated mechanisms appear
to produce assortative mating by call type. First, call type subpopulations tend to be spatially
segregated in at least some parts of their range, because the tree species on which each specializes
do not fully co-occur (Smith & Benkman 2007). Second, even in areas where they do co-occur,
birds of the same call type typically flock together; individual birds are more strongly attracted
to calls of their own call type than to other call types, likely because calls are a form of public
information for finding suitable food resources (Smith et al. 2012). Because mate selection tends
to occur within foraging flocks, assortative flocking produces assortative mating as a by-product.
Finally, even in the absence of co-flocking, females tend to choose males of their own call type
on the basis of vocal signals (Snowberg & Benkman 2007). In this case, female preference for
males of the same song type is likely favored by production of offspring that are well adapted for
foraging (Snowberg & Benkman 2007). Thus, in this system, multiple mechanisms appear to favor
assortative associations among similar birds, facilitating behavioral isolation across call types and
adaptive divergence.

Assortative grouping, leading to assortative mating and reproductive isolation, may occur in
other taxa as well, including other cardueline finches (e.g., Badyaev et al. 2008) and species in which
foraging efficiency favors morphological specialization. For example, island scrub jays (Aphelocoma
insularis) in pine stands have narrower, longer bills than do those in oak habitats, likely due to
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selection for foraging adaptations in the two habitat types (Langin et al. 2015). The population
exhibits positive assortative mating by bill size, which appears to have led to subtle, yet significant,
genetic differences between jays across habitat types (Langin et al. 2015). However, it is not
clear whether this pattern has arisen because habitat preferences affect mating patterns directly or
because bill size affects vocalizations that might be involved in pair formation (Langin et al. 2017;
see Section 3 below).

2.3. Limited Dispersal

Reproductive isolation might also arise from limited dispersal ability, even without significant
ecological differences between regions. If geographic barriers to dispersal were semipermeable—
that is, if dispersal across a barrier is possible but difficult—then rare dispersal events would lead to
colonization of new regions with limited gene flow between the parent and daughter populations
(Price 2007). Reduced gene flow would allow for divergence in sexual signals or other traits even
without strong selection for local ecological adaptation.

Dispersal ability is an important driver of diversification in at least some regions and/or groups
of birds. For example, one large-scale comparative study (Smith et al. 2014) has shown that much
of the diversification of neotropical lowland birds has occurred after major geologic events and is
best explained by lineage age and ecological factors that affect dispersal ability. Specifically, older
lineages (which have had more time to colonize new areas) and those with limited dispersal ability
(e.g., understory versus canopy species) showed higher rates of phylogeographic diversification.
Similarly, species with morphologies (i.e., wing shape) associated with high dispersal ability show
reduced levels of phylogeographic differentiation compared to those with low dispersal ability
(Claramunt et al. 2012; but see Kennedy et al. 2016).

2.4. Seasonal Migration and Migratory Divides

Most bird speciation research has focused on the breeding season, because that is when reproduc-
tive isolation most obviously manifests itself; however, variation in behavior outside the breed-
ing season, including seasonal migratory behavior, can cause reproductive isolation [reviewed by
Turbek et al. (2017)].

Prezygotic isolation can result from different timing of spring migration, such that individu-
als wintering in different areas arrive on the breeding grounds and pair at different times (e.g.,
Bearhop et al. 2005). Prezygotic isolation could also arise more indirectly as a result of migra-
tory differences, if different migratory behaviors lead to different morphologies or display traits,
producing assortative mating based on those traits (Rolshausen et al. 2009).

Extrinsic postzygotic isolation, in which hybrids have lower fitness, might result from migratory
differences (Turbek et al. 2017). This possibility has been investigated mostly in the context of
migratory divides, narrow contact zones between two populations with divergent migratory routes
(Bensch et al. 2002, Delmore & Irwin 2014, Helbig 1996, Irwin & Irwin 2005, Ruegg & Smith
2002). Often, the two routes skirt opposite sides of a region that is difficult to cross, because of
a lack of refueling opportunities or difficult flying conditions (e.g., mountains, open water, or
desert without opportunity for rest). For example, Eurasian blackcap warblers (Sylvia atricapilla)
use two major migratory routes: one from western Europe southwest to Spain and then south
to West Africa, and the other from eastern Europe southeast to the Middle East and then East
Africa. The region between these routes contains areas that are more difficult to migrate across.
Other examples occur in north–central Asia [e.g., western and eastern Siberian forms of greenish
warblers, Phylloscopus trochiloides viridanus and Phylloscopus trochiloides plumbeitarsus (Irwin & Irwin
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2005)] and in North America [e.g., west coast and inland forms of Swainson’s thrush, Catharus
ustulatus ustulatus and Catharus ustulatus swainsoni (Delmore et al. 2015, Ruegg & Smith 2002)].

A variety of studies have built support for the idea that the migratory route is largely genetically
determined in many species (see Delmore & Liedvogel 2016), such that hybrids may have inter-
mediate or mixed routes and associated traits. For instance, laboratory-reared hybrids between
southwest- and southeast-orienting parental populations of blackcap warblers tended to orient di-
rectly southward, a direction that would bring them down the central, presumably inferior route
(Helbig 1996). Similarly, Swainson’s thrush populations on either side of a hybrid zone in west-
ern Canada take well-separated west coast and eastern North American routes to their wintering
grounds in Central and South America, whereas birds of various hybrid genotypes tend to have
intermediate or mixed routes.

Broad literature surveys also point to associations between specific/subspecific designations (a
proxy for reproductive isolation) and differentiated migratory behaviors (Delmore et al. 2015, Irwin
& Irwin 2005). Molt scheduling provides an example of how migratory behavior can interact with
morphological and physiological traits (Rohwer & Irwin 2011). For instance, in a number of North
American pairs of western and eastern taxa, the western form undergoes postbreeding molting after
migrating southward, whereas the eastern form molts on the breeding grounds, before migration.
In at least one case, a hybrid between western and eastern forms apparently underwent two
postbreeding molts, one before and one after migration, likely a suboptimal behavior because of
unnecessary expenditure of time and energy (Rohwer & Irwin 2011).

In many narrow hybrid zones that correspond to migratory divides, little if any assortative
mating occurs aside from that caused by spatial segregation of the distinct phenotypes; however,
genetic and/or phenotypic patterns indicate that selection maintains the narrow hybrid zone [e.g.,
willow warblers, Phylloscopus trochilus (Liedvogel et al. 2014); yellow-rumped warblers, Setophaga
coronata auduboni and Setophaga coronata (Brelsford & Irwin 2009); and European barn swallows,
Hirundo rustica rustica (von Rönn et al. 2016)]. Such observations suggest that migratory differ-
ences could select against hybrids at the very early stages of speciation, before other forms of
isolation develop. However, although substantial evidence shows that hybrids have mixed migra-
tory behavior and there are compelling reasons to think that mixed behavior would be inferior, no
study has yet directly determined whether hybrids have lower fitness as a result of their migratory
behavior. This is partly due to limitations of current tracking devices. For example, light-level
geolocators usually need to be recovered from an individual before route data can be downloaded,
meaning that routes of birds that die during migration are not perceived. Advances in tracking
technology and/or studies on larger species (which can carry currently available satellite tracking
devices) may allow a more direct test of whether hybrids have lower fitness due to suboptimal
migratory behavior.

2.5. Interaction Between Behavior and Morphology

Behavioral mechanisms that affect reproductive isolation can lead to divergence in morphological
traits, as seen in cases of reproductive character displacement in Ficedula flycatchers discussed in
Section 2.1.1. In the current section, we discuss the interaction between behavior and morpholog-
ical traits not initially linked to mate choice or other social interactions, such as so-called magic
traits that affect both ecological differentiation and reproductive isolation between populations.
Mounting evidence suggests that such traits might be common in at least some taxa, though this
remains uncertain (Servedio et al. 2011). In birds, the few cases that have been suggested involve
the diversification of bill size by ecological selection, which, in turn, may affect the production and
qualities of mating signals. For example, closely related species of Darwin’s finches (Geospiza spp.)
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differ in bill size and shape due to selection by their ability to exploit different food resources (Grant
& Grant 2007). These bill size differences are, in turn, biomechanically associated with differences
in male song (Podos 2001), which is important for pair formation and territorial defense (Grant &
Grant 2007). In these cases, though, it is unclear whether changes in song and behavioral isolation
have arisen as incidental by-products of changes in bill size/shape or whether selection has directly
favored changes in song to reduce hybridization. In crossbills, in which foraging demands have
driven changes in bill size (Benkman 2003), acoustic differences in calls between subpopulations
were not related to differences in bill size, suggesting that call types have diversified in part because
of the benefits of assortative flocking (Smith et al. 2012). Other examples in which selection for
increased foraging efficiency is thought to have led to differentiation in bill size/shape, and thus
acoustic signals, include other finches (Badyaev et al. 2008), sparrows (Ballentine et al. 2013), and
possibly island scrub jays (Langin et al. 2017).

3. LEARNING AND IMPRINTING

Because the mode of signal transmission should affect the evolution of assortative mating and
the efficacy of other isolating mechanisms (Verzijden et al. 2012), we ask whether behavioral
isolation is genetically determined, learned, or both. In birds, both learning and genetics play
key roles in the development of behaviors as diverse as singing and mating preferences, foraging
and habitat preferences, and migration patterns (Slagsvold & Wiebe 2011). Any of these might
potentially affect reproductive isolation between populations. Considerable attention has been
paid to the role of learning in both the development of sexual signals (e.g., birdsong) and the
response to those signals (i.e., preferences). Because these (potentially) learned behaviors directly
affect reproduction, they are important in behavioral isolation. In this section, we focus most of
our attention on these behaviors.

Learning plays a key role in the development of song in at least three groups of birds: the
oscine passerines, parrots, and hummingbirds (Baptista & Schuchmann 1990, Nottebohm 1972).
Moreover, mounting evidence suggests that learning is also important for at least some species
in avian clades that are traditionally thought to have songs that are largely innate, such as some
suboscine passerines (Kroodsma et al. 2013). One key consequence of song learning is that it
can lead to rapid cultural evolution (Mason et al. 2017), which facilitates the divergence of sig-
nals across populations by creating regional dialects (Mundinger 1982; see Table 1). As dis-
cussed above, both male and female birds react more strongly to local over foreign song dialects,
which would facilitate behavioral reproductive isolation between populations (Section 2.1 and
Table 1).

Although learned signals, including song, can lead to behavioral isolation between populations,
this isolation can be weak or even absent despite song differences across populations (Kenyon
et al. 2017, McEntee et al. 2016). This lack of reproductive isolation is likely a consequence of
song learning itself, which can be flexible or even open-ended in many species. For example, if
adult males could learn new songs, it could facilitate their ability to reproduce in newly adopted
populations. Likewise, the male offspring of immigrant females would learn the local dialect,
leading to gene flow and introgression of other (nonsong) traits despite song differences (Greig
& Webster 2013). Similarly, in zones of contact between populations that have diverged in song,
learning can facilitate the ability of males in each population to learn and use each other’s songs,
such that song differences across individuals are decoupled from genetic differences (Kenyon et al.
2017, McEntee et al. 2016, Secondi et al. 2003). These effects may explain why song discrimination
and the isolating effects of song are often weaker in areas of sympatry than in allopatry (Lipshutz
et al. 2017).
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Just as sexual signals, particularly song, may be learned, so too may be the responses to
those signals. For example, when cross-fostered birds from two different subspecies of zebra
finch (Taeniopygia guttata) were allowed to choose mates freely, birds raised by adults of their
own subspecies tended to pair assortatively with others of their own subspecies, whereas birds
raised by adults of a different subspecies chose individuals of the subspecies that raised them
(Clayton 1990). This process of sexual imprinting—in which young birds learn traits that af-
fect their mating decisions later in life—has been well studied in birds [reviewed by Irwin &
Price (1999)]. The most basic outcome of sexual imprinting is assortative mating, and it is easy
to see that this can lead to reproductive isolation in which populations differ in key phenotypic
traits. Indeed, imprinting has been found to have strong effects on mating patterns in several
species of birds under natural or seminatural conditions (Cooke & McNally 1975, Warriner
et al. 1963). Good examples are provided by brood-parasitic Vidua indigobirds, for which
imprinting on host songs by both males and females appears to facilitate assortative mating
and create behavioral isolation among populations specialized on different hosts (Payne et al.
2000).

Although imprinting often reinforces behavioral isolation, it also can erode isolation and fa-
cilitate gene flow across subpopulations under some conditions. First, natural cross-fostering
sometimes occurs—for example, when a breeding pair takes over the active nesting site of another
species (Rowley & Chapman 1986) or when a facultative brood parasite lays an egg in the nest
of a different species (Lyon & Eadie 1991). In these situations, imprinting on the wrong host
species may cause birds to develop mating preferences for heterospecifics, leading to hybridiza-
tion and gene flow (Slagsvold et al. 2002, Sorenson et al. 2010). However, hybrid pairings as a
result of imprinting appear to be rare in species with facultative brood parasitism, possibly be-
cause other mechanisms facilitate conspecific pairing (Sorenson et al. 2010). Indeed, in species
that interact little with conspecifics early in life, early life experiences appear to have little ef-
fect on species recognition or pairing patterns later in life (Hauber et al. 2001, King & West
1977).

The second way that imprinting can lead to a breakdown of behavioral isolation occurs when
potentially hybridizing species have similar sexual signals and/or imprinting syndromes, as would
likely occur in the early stages of population divergence. In these cases, the generalized rules learned
during imprinting for recognizing suitable mates might not exclude closely related populations
with similar mating signals (Irwin & Price 1999). For example, hybridization in Darwin’s finches
(Geospiza spp.) is most common when parental species have similar morphology and/or songs
(Grant & Grant 1997). Again, in cases in which both species occur together and hybridization is
costly, we would expect selection to favor more restricted imprinting, such that recognition rules
are not overly generalized or too permissive; selection might also favor genetic assimilation, such
that mating preferences are inherited genetically with reduced reliance on learning (see Irwin &
Price 1999).

More recent work suggests more complex interactions between learning and genetic mecha-
nisms. For instance, returning to the pied flycatcher and white-collared flycatcher example, cross-
fostering experiments indicate that young birds more actively respond to conspecific songs, even
though they were raised by heterospecifics. Furthermore, the song response of hybrid nestlings
does not depend on their social experience or the maternal species (Wheatcroft & Qvarnström
2017). These results suggest that early song discrimination by immature birds has a genetic basis.
Similar results have been found in other songbirds, in which songs are learned by immature males
during the sensitive phase of memorization but individuals have a genetic predisposition to learn
conspecific songs (Catchpole & Slater 2003).
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4. GENETIC BASIS OF BEHAVIORAL ISOLATION

Recent advances in DNA sequencing technology, bioinformatics, and evolutionary theory have
produced a rapid increase in our understanding of the genetic differences between species [reviewed
by Toews et al. (2016a)]. By incorporating studies of behavioral variation, biologists are developing
an understanding of the genetic basis of behavioral isolation.

4.1. Divergence Needed in Only a Small Part of the Genome

For most of the twentieth century, speciation was usually viewed as a phenomenon in which most of
the genome became differentiated between populations. A major shift in thinking occurred toward
the end of the century (e.g., Wu 2001), with increasing realization that speciation can occur as a
result of differentiation of only a small part of the genome. Moreover, substantial gene flow can
occur during the early and middle phases of speciation, homogenizing much of the genome. Since
then, genome sequencing has strengthened that view, providing many examples in which taxa long
recognized as distinct species are differentiated in only a few small regions of the genome, against
a background of general homogeneity (Ravinet et al. 2017).

Extreme examples of this pattern are seen in golden-winged and blue-winged warblers (Ver-
mivora chrysoptera and Vermivora cyanoptera), which differ in only six small regions of the genome
(Toews et al. 2016b); in the chestnut-bellied and melanic subspecies of the monarch flycatcher
(Monarcha castaneiventris megarhynchus and Monarcha castaneiventris ugiensis), in which only a single
point mutation in the melanocortin-1 receptor gene distinguishes the two color forms (Cooper & Uy
2017, Uy et al. 2016); and in carrion and hooded crows (Corvus corone and Corvus corone cornix), in
which only 0.28% of the genome clearly separates the two species (Poelstra et al. 2014). Extensive
hybridization occurs between each of these taxon pairs, such that much of the genome can flow
between taxa. The highly differentiated regions contain genes known to have roles in plumage
color, which in each case differs noticeably between species and forms. Divergent plumage color,
in turn, likely mediates species recognition and behavioral isolation (e.g., Table 1).

4.2. Genomic Architecture and Evolvability

We now turn to the genomic architecture of behavioral traits themselves. Behavioral traits are
more difficult to quantify than are plumage color traits, and hence less is known about their
genetic bases. However, one area of substantial progress centers on migratory behavior. Migratory
restlessness (Berthold & Querner 1981) and orientation (e.g., Helbig 1996) of blackcap warblers
have a strong genetic basis and are remarkably evolvable. In laboratory breeding experiments
between southwest- and southeast-migrating blackcaps, F2 hybrids showed much more variation
in migratory orientation than F1 hybrids, suggesting a role for a small number of genes of major
effect (rather than many genes of small effect) (Helbig 1996).

Bensch et al. (2002) surveyed thousands of markers and identified a single nucleotide polymor-
phism (SNP) that differed strongly in allele frequency between southern and northern subspecies
of willow warblers in Scandinavia. These subspecies are separated by a migratory divide similar to
that of the blackcap warblers, with the southern willow warblers wintering in West Africa and the
northern willow warblers wintering in East Africa. More recent analyses using larger numbers of
SNPs (Liedvogel et al. 2014, Lundberg et al. 2017) found little differentiation across most of the
genome, with just 3 blocks of high differentiation containing 146, 135, and 53 genes, respectively,
on chromosomes 1, 3, and 5. Although one of these blocks [on chromosome 3; including the
locus first identified by Bensch et al. (2002)] is associated more with altitude and latitude than
with migratory phenotype, the other two blocks are highly associated with geographic variation
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in migratory phenotype. Given that premating isolation in the migratory divide is weak, genes
influencing migratory behavior could plausibly occur in these genomic clusters, and hybrids could
plausibly suffer lower fitness because of suboptimal combinations of alleles, and the behaviors they
confer, in these two genomic blocks.

Sampling in the Swainson’s thrush migratory divide has provided a direct examination of which
parts of the genome are associated with migratory route and wintering location in free-flying
birds breeding within the hybrid zone. Delmore et al. (2016) identified a large (approximately
30 million base pairs) region on chromosome 4 within which allelic variation is highly associated
with migratory route and wintering longitude. This region contains the circadian rhythm gene
CLOCK (circadian rhythm is thought to play a role in migration; Delmore & Liedvogel 2016).
However, the large size of this region and its physical linkage means that the particular genes
responsible for migratory differences are difficult to determine with confidence. A strong possibility
is that multiple closely linked loci are differentially adapted to the two migratory routes. It should
be noted that this large block is only one of many regions of high differentiation between the
two forms of Swainson’s thrushes, suggesting the role of other traits in speciation in addition to
migration.

The genomic regions associated with migratory routes differ between willow warblers (located
on chromosomes 1 and 5) and Swainson’s thrushes (chromosome 4), suggesting that the genetic
architecture of migratory route differs among bird species. The unifying pattern in these two cases
consists of loci of large effect, found in large linkage blocks that display substantial differentiation
between subspecies.

Another behavior that can differ strongly between bird species is song, and recent progress
has been made in understanding its genetic basis. Although learning plays a substantial role in
singing behavior, it is well established that genetic differences between species influence which
songs are learned (Catchpole & Slater 2003), such that song evolution can be considered an
example of gene-culture evolution (Feldman & Laland 1996). Analyses of the zebra finch genome
and gene expression patterns have shown that approximately 10% of the genes are regulated by
singing behavior (Warren et al. 2010, Whitney et al. 2014), and much is now known about the
neural circuitry involved in song learning and production [reviewed by Brainard & Doupe (2013)].
Although many genes are clearly involved in singing, less is known about the genetic architecture
of differences in singing behavior between species. Nonetheless, remarkable progress in this area
has been made using different strains of domesticated canaries (Serinus canaria) (Mundinger &
Lahti 2014). By producing hybrids and backcrosses via captive breeding and by rearing offspring
in acoustic isolation chambers with controlled exposure to songs of the two strains, Mundinger &
Lahti (2014) showed a strong effect of both autosomes and the Z chromosome (a sex chromosome)
in determining which songs were learned, mostly in an additive manner.

Aside from migratory and singing behavior, the genetic architecture of other behavioral dif-
ferences between bird species has received little attention. However, within-population analyses
of variation in social and mate-choice behaviors show strong potential for loci of major effect
in these areas as well. In ruffs (Philomachus pugnax), differences in social behavior and plumage
color among three male morphs are explained by genetic differences in a single autosomal region
where differences have accumulated in part owing to suppressed recombination within inversions
(Lamichhaney et al. 2016). Likewise, in white-throated sparrows (Zonotrichia albicollis), differences
in mating and parental care behaviors, as well as plumage differences between two morphs, are
attributable to different alleles at a single large inversion-based supergene more than 100 million
base pairs long (Tuttle et al. 2016). Although these two examples characterize stable polymor-
phisms within populations, they also demonstrate the strong potential for simple genetic bases for
mating and parental care behavioral differences between species.
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4.3. Sex Chromosomes

Although the examples discussed in Section 4.2 are mostly related to autosomes, evidence suggests
that the Z chromosome, a sex chromosome that occurs singly in female birds and doubly in males,
might play a disproportionate role (in comparison to its size in the genome) in behavioral isolation
(Albert & Otto 2005, Ellegren 2009). Its sex-linked inheritance causes the Z chromosome to
have a higher rate of substitution owing to a higher male mutation rate, less effective purging
of deleterious mutations compared with autosomes, and more effective selection favoring some
types of beneficial mutations (Charlesworth et al. 1987, Mank et al. 2009, Wright et al. 2015).
This higher evolutionary rate means faster differentiation between populations and potentially
more involvement in speciation [reviewed by Irwin (2018)].

In addition to this faster rate of evolution, the Z chromosome is expected to accumulate sexually
antagonistic polymorphisms (Albert & Otto 2005, Charlesworth et al. 1987), in which one allele
benefits females and another benefits males. Many of these polymorphisms could be related to
behavioral traits, such as song or other displays. Two alleles involved in such a polymorphism reach
stable equilibrium frequencies, based on the relative advantages of the two alleles in the two sexes.
In this situation, a new allele at a second locus that confers a preference for one of the traits can
spread through the population (Albert & Otto 2005). If the preference is Z-linked, a preference
for a male-benefitting trait spreads, driving a similar shift in the trait itself. If the preference is
autosomal, a preference for a female-benefitting trait spreads. It is not difficult to imagine how
such dynamics occurring in different populations of a species could lead to differentiation and
reproductive isolation between populations (Irwin 2018).

Empirical evidence for a large role of the Z chromosome in behavioral differentiation and
speciation is growing. Approximately 22% of traits, some behavioral, that distinguish breeds of
domesticated birds appear to be Z-linked, whereas the Z chromosome contains only approxi-
mately 2.7% of the whole genome (Edwards et al. 2005, Price 2002). In Gouldian finches, mating
discrimination between two color morphs and plumage color traits (see Table 1) is Z-linked
(Pryke 2010). Finally, female mating discrimination between male collared and pied flycatchers is
Z-linked, as are the male traits that differ between the species (Sæther et al. 2007).

5. CONCLUSIONS AND FUTURE DIRECTIONS

5.1. Multimodal Signal Divergence and Speciation

Sexual selection for multiple ornaments can enhance reproductive isolation if multiple signals
diverge and facilitate species recognition (Mead & Arnold 2004). As such, multimodal signal di-
vergence could further enhance species recognition through simultaneous or sequential assessment
of divergent signals. For example, the use of multimodal signals may provide more information
and facilitate decision making more than the use of unimodal signals (Kulahci et al. 2008). In
addition, multimodal signals may facilitate the sequential assessment of signals across different
temporal and spatial scales, as the properties of different signaling modalities make each ideal for
assessment or detection at different distances (Uy & Safran 2013). In the Monarcha castaneiventris
flycatcher example discussed in Section 4, closely related taxa vary in both plumage color and song
throughout the Solomon Islands. Field experiments indicated that song mediates the decision to
approach, whereas plumage color mediates the decision to attack taxidermy mounts, suggesting
that species recognition from a distance makes use of an acoustic signal, whereas species recogni-
tion at close range makes use of a visual signal (Uy & Safran 2013). Multimodal signals, therefore,
provide the opportunity for sequential behavioral barriers (see also Greig et al. 2015). To date,
limited empirical data address multimodal signal divergence and speciation in birds, despite the
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observation that many closely related taxa use both acoustic and visual signals in species recog-
nition and mate choice (Table 1). Additional work is needed to determine how divergence in
multimodal signals facilitates or even accelerates diversification and the evolution of enhanced
behavioral isolation.

5.2. Genomic Architecture of Behavior and Speciation

As discussed in Section 4, unprecedented advances in sequencing and bioinformatics tools are
providing unique insights into the genetic basis of morphological and behavioral traits involved
in behavioral isolation. Candidate genes or genomic regions are identified by finding associations
between traits and genetic variation. To go beyond correlation, the next necessary step is to
validate these candidate genomic regions through functional experiments by directly establishing
the effects of candidate mutations on trait expression (Hubbard et al. 2010).

A critical missing component in understanding the genetic basis of behavioral isolation is the
genetic basis of mating preferences, which remains largely unknown. Although imprinting and
learning are the major avenues of transmitting mating preferences in songbirds, recent genetic
studies have revealed biases with respect to which signals to imprint (Wheatcroft & Qvarnström
2017). Uncovering the genetic basis of mating preferences should become more feasible as se-
quencing technologies and approaches from developmental biology become more readily available.

5.3. When Does Behavioral Isolation Lead to Distinct Species?

Even though reproductive isolation between pairs of descendent taxa increases with time since
divergence (Coyne & Orr 1997), the efficacy of behavioral barriers in birds seem to depend
more on the extent of phenotypic differences between signals rather than time since isolation.
That is, several studies suggest that discrimination between homotypic and heterotypic signals
is better predicted by differences in signal characteristics than time since divergence (Freeman
& Montgomery 2017, Grant & Grant 1997, Sosa-Lopez et al. 2016, Tobias & Seddon 2009).
Accordingly, given the importance of premating isolation to incipient speciation in birds, the
likelihood that speciation between two taxa will reach completion might depend critically on the
extent of signal divergence when (and if ) allopatric populations come into secondary contact.

Finally, intrinsic postzygotic barriers are irreversible, whereas pre- and postzygotic behav-
ioral isolation can be reversed. For example, in Darwin’s finches of the genus Camarhynchus (tree
finches), specimens collected on Floreana Island from 1852 to 1906 consisted of three genetically
and morphologically distinct species. Resampling in 2005 and 2010 on the same island revealed
that extensive hybridization had caused the collapse of the third species, resulting in only two ge-
netically and morphologically distinct species and a third group of hybrids of the two (Kleindorfer
et al. 2014). This example of a loss of a species through hybridization illustrates that even strong
behavioral barriers are reversible, and as such, intrinsic postzygotic barriers may be necessary to
complete the speciation process. In this context, pre- and postzygotic behavioral isolation can be
critical to initiating speciation, thereby allowing for the eventual evolution of genetic incompati-
bilities to reach the final stages of speciation.
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