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Hybrid speciation is rare in vertebrates, and reproductive isolation
arising from hybridization is infrequently demonstrated. Here, we
present evidence supporting a hybrid-speciation event involving
the genetic admixture of the snow-capped (Lepidothrix nattereri)
and opal-crowned (Lepidothrix iris) manakins of the Amazon basin,
leading to the formation of the hybrid species, the golden-crowned
manakin (Lepidothrix vilasboasi). We used a genome-wide SNP
dataset together with analysis of admixture, population structure,
and coalescent modeling to demonstrate that the golden-crowned
manakin is genetically an admixture of these species and does not
represent a hybrid zone but instead formed through ancient genetic
admixture. We used spectrophotometry to quantify the coloration
of the species-specific male crown patches. Crown patches are
highly reflective white (snow-capped manakin) or iridescent
whitish-blue to pink (opal-crowned manakin) in parental species but
are a much less reflective yellow in the hybrid species. The brilliant
coloration of the parental species results from nanostructural organi-
zation of the keratin matrix feather barbs of the crown. However,
using electron microscopy, we demonstrate that the structural orga-
nization of this matrix is different in the two parental species and that
the hybrid species is intermediate. The intermediate nature of the
crown barbs, resulting from past admixture appears to have rendered
a duller structural coloration. To compensate for reduced bright-
ness, selection apparently resulted in extensive thickening of the
carotenoid-laden barb cortex, producing the yellow crown coloration.
The evolution of this unique crown-color signal likely culminated in
premating isolation of the hybrid species from both parental species.
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ybridization is a common phenomenon in nature and can

either prevent or promote speciation. Introgressive gene
flow erodes population distinctions and prevents speciation, but
the introgression of select genes into new genetic backgrounds
may also increase the genetic diversity on which evolution can act
(1-4). Hybridization might also generate new species by com-
bining parental genomes in novel ways that render hybrids re-
productively isolated from parental species. Hybrid speciation
occurs commonly in plants, and involves speciation by polyploidy
and less often without polyploidy, the latter case known as
“homoploid hybrid speciation” (5-7). Hybrid speciation in ani-
mals has generally been considered rare and of limited evolu-
tionary significance (8-11). However, genome-wide assessments
of nonmodel organisms have led to a number of suspected cases
of homoploid hybrid speciation in animals (1, 10). For example,
some evidence has been presented for insects (12-16), fishes
(17-19), mammals (20-22), and birds (23-28). However, in most
putative cases of hybrid speciation in animals it remains unknown
whether hybridization itself produced reproductive isolation or
whether hybrid populations became geographically isolated, with
reproductive isolation evolving as a product of divergence in geo-
graphic isolation rather than from the original hybridization event.
The former would generally be considered a strong case of hybrid
speciation in which reproductive isolation evolved as a direct con-
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sequence of the initial admixture event (10). In the case of birds,
three examples of potential hybrid species have been analyzed us-
ing genetic data—the Audubon’s warbler (23), the Italian sparrow
(24-27, 29), and the Hawaiian duck (28)—and in all cases the
putative hybrid species are morphologically intermediate and con-
tinue to hybridize with their parental species, thus demonstrating
that hybridization has not yet led to full reproductive isolation.

In 1957, the upland forest-dwelling passerine golden-crowned
manakin (Lepidothrix vilasboasi) was discovered in a small geo-
graphic region in the headwaters of the Cururu-ri River in Para
state, Amazonian Brazil. The discovery was unusual, given that
no other endemic species of birds are known from this region
(30). The geographic range of L. vilasboasi lies between the
ranges of two other congeners, the opal-crowned (Lepidothrix
iris) and snow-capped (Lepidothrix nattereri) manakins (Fig. 14),
which form a superspecies (31) and were later identified as sister
taxa (32). This led some ornithologists to suggest that L. vilas-
boasi might represent a rare hybrid phenotype between these two
species (33). However, L. vilasboasi has a golden-colored crown,
while L. nattereri and L. iris have shiny whitish and opalescent-
colored crowns, respectively (Fig. 1 B and C). Given the differ-
ence in crown color and the importance of this trait for female
mate choice in manakins, L. vilasboasi is generally considered a
distinct biological species (30, 34). Determining the status of
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L. vilasboasi has been difficult because the species had not been
observed since the 1950’s until 2002, when it was rediscovered
with a substantial but geographically restricted population (35).
Preliminary phylogenetic analyses with mitochondrial DNA nest
L. vilasboasi within adjacent populations of L. iris (36). The lack
of distinctive mitochondrial DNA could be compatible either
with very recent divergence of L. vilasboasi or with mitochondrial
introgression between L. iris and L. vilasboasi. A third possibility
is that L. vilasboasi represents a genetic admixture between
L. nattereri and L. iris and therefore is of hybrid origin. Here we
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Fig. 1. The three species of Lepidothrix manakin distributed east of the Madeira
River in Amazonia. (A) Outside the headwater regions, rivers and mountains
largely demarcate the boundaries of these species with the Tapajos River sepa-
rating L. nattereri from the other species, the Jamanxim River possibly separating
L. vilasboasi from L. iris (however, see text), and the Xingu River separating the
two subspecies of L. iris. The Cachimbo range (inverted V's) may provide a
partial barrier separating L. nattereri and L. vilasboasi. All these taxa are
known or presumed to come into geographic contact in headwater regions
where rivers and mountains cease to demarcate taxa boundaries. A contact
zone possessing both L. nattereri and L. iris eucephala individuals as well as
hybrids between them is demarcated by the black dotted contour. (B and C)
Males of these species differ in the presence (L. nattereri) or absence (other
species) of a white rump patch (B) and in the color of the crown patch (C). The
crown patch in L. iris is iridescent and varies from brilliant white (its usual look,
which is very similar to L. nattereri) to blue or purple, depending on the angle
of light. Males of the two subspecies of L. iris distributed on either side of the
Xingu River are almost identical in plumage, with L. iris iris possessing a thin
green strip between the upper mandible and the crown patch and with the
crown patch extending all the way to the mandible in L. iris eucephala. Fe-
males (not shown) appear like males but lack the contrasting crown and rump
patches and do not differ appreciably among species. The two subspecies of
L. nattereri (L. nattereri nattereri north of the green dashed line and L. nattereri
gracilis to the south) do not differ in male plumage. lllustrations of species used
with permission from Handbook of Birds of World (30).
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used a large genome-wide SNP dataset to assess whether L.
vilasboasi represents its own independent evolutionary lineage, a
hybrid zone between L. nattereri and L. iris, or a hybrid species.
We show that L. vilasboasi represents a genetically admixed
population from the two proposed parental species. We then
used spectrometry and transmission electron microscopy to de-
termine whether the structural elements that produce the dis-
tinctive crown coloration of L. vilasboasi have morphological
components intermediate between the two parental species,
which would suggest that reproductive isolation driven by crown
color evolved as a consequence of the admixture event.

Results

Genetic Patterns. Genetic analyses from genome-wide SNP and
mtDNA data suggest that L. vilasboasi is genetically admixed
between L. nattereri and L. iris. First, for genome-wide SNPs, we
find that L. vilasboasi individuals are genetically more similar to
one or the other putative parental species than the parental
species are to each other based on coancestry (P < 0.00001, two-
tailed ¢ test) (Fig. 24 and SI Appendix, Table S1) and fixation
index (Fst) (P = 0.000, based on 1,000 bootstrap datasets) (SI
Appendix, Table S1), which is consistent either with a hybrid
origin or with L. vilasboasi representing a distinct lineage that
has had substantial gene flow from the other species. Fgr values
were significantly greater than 0 but were low (0.14 to 0.2)
compared with other Amazonian species pairs (37) suggesting
recent divergence. Second, a principal coordinate analysis
(PCoA) indicates an intermediate position of L. vilasboasi along
the first principal coordinate (PCol), as is consistent with genetic
admixture (Fig. 2B). While the position of L. vilasboasi along
PCol is similar to that of several L. iris x L. nattereri hybrids from
a recently discovered contact zone (37), L. vilasboasi individuals
are differentiated in PCo2 from both the parental species and
their hybrids, as expected if L. vilasboasi has had sufficient time
for sorting of some ancestral alleles or evolved distinct alleles
following the initial admixture event. PCoA results were mir-
rored by Bayesian analyses of population structure and admix-
ture (Fig. 2C). The best-fit models supported either two or three
distinct populations (with only a modest increase in likelihood
under the three-population model) (SI Appendix, section 3 and
Fig. S2) differing in whether L. vilasboasi was treated as a distinct
population. The three-population model recognized L. vilasboasi
as distinct, albeit with substantial admixture with L. iris. In
contrast, in the two-population model, L. vilasboasi was not a
distinct population but instead derived 15-20% of its genome
from L. nattereri and the remainder from L. iris. These results,
for both the structure plots and PCoA, are consistent with a
hybrid origin of L. vilasboasi resulting in a population that has
become weakly differentiated genetically since its initial origin
but could also be consistent with L. vilasboasi representing its
own, recently differentiated independent lineage. Third, the
phylogenetic network connecting the three species shows ex-
tensive reticulation, demonstrating that the three species likely
do not share a bifurcating, tree-like history (Fig. 2D), although
this analysis does not discriminate between reticulation derived
from admixture versus ancestral polymorphism. Finally, our
mtDNA haplotype network (Fig. 2E) indicates a lack of differ-
entiation of L. vilasboasi haplotypes from adjacent L. iris hap-
lotypes as previously reported (36). Our sole sequenced sample
of L. iris iris found east of the Xingu River was highly differen-
tiated in mtDNA from L. iris eucephala found west of the Xingu.
In contrast, the two subspecies of L. iris were not differentiated
in the genome-wide SNP data (Fig. 2B). This lack of nuclear
differentiation might suggest that males freely cross the Xingu
River, preventing differentiation in nuclear markers, while fe-
males are more dispersal limited, with the Xingu forming a
barrier to gene flow and promoting mtDNA differentiation.
If correct, then L. vilasboasi may have inherited the mtDNA of
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Fig. 2. Genetic analyses of Lepidothrix in southern Amazonia. (A) Coancestry matrix using the 12 individuals with the highest coverage and least amount of
missing data for each species. (B) PCoA showing the first two coordinates and the percentage of variation explained by each. (C) Bayesian estimates of
population structure and admixture obtained for two and three populations (K = 2 and K = 3). (D) Phylogenetic network showing genome reticulation. (E)
Mitochondrial DNA haplotype network with the sole individual of L. iris iris indicated. In B-E, L. nattereri is divided into populations east (E) and west (W) of
the Juruena River. Only nattereri E is included in A. Headwater populations of L. nattereri (nattereri E) come into geographic contact (contact zone) and form
a narrow hybrid zone with an adjacent population of L. iris eucephala. Hybrids and parentals of both species were found in syntopy in this population.

Contact zone individuals were not included in E.

L. iris eucephala as a consequence of a past hybridization event.
Alternatively, the mtDNA of L. iris eucephala might have origi-
nated in L. vilasboasi following its formation either as a hybrid
species or as a nonhybrid lineage and then more recently intro-
gressed across species boundaries into adjacent populations of L.
iris west of the Xingu River. Both scenarios for the mtDNA data
are consistent with hybridization playing a role in the formation
of this species complex. We point out that results from each of
these genetic analyses are consistent with an initial hybrid origin
for L. vilasboasi, but some of these results could also be consis-
tent with a nonhybrid origin. We next used coalescent modeling
to test these alternatives.

Coalescent Test for Hybrid Origins. Coalescent modeling of genome-
wide, noncoding nuclear markers not closely linked to coding re-
gions (and thus presumably neutral) clearly favored a hybrid
speciation model leading to the formation of L. vilasboasi over
models in which L. vilasboasi is sister to either L. nattereri or L. iris
or is basal to these (Table 1). The maximum likelihood parameter
estimates of the hybrid speciation model suggested that 62% (95%
CI: 54-72%) of the genome of L. vilasboasi was derived from
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L. iris and 38% (28-46%) from L. nattereri (SI Appendix, Fig. S4),
which is slightly different from the admixture proportions reported
from our analyses of population structure (Fig. 2B). Assuming the
neutral mutation rate calculated from pedigree analyses in Fice-
dula flycatchers (38) and a generation length of 2y, L. nattereri and

Table 1. Support for coalescent models in which L. vilasboasi (V)
arises with (A1) and without (T1, T2, T3) genetic admixture from
L. nattereri (N) and L. iris (1)

T1 T2 T3 Al
N V | N V | V N | N VI

Model

No. samples 6 6 6 7
AAIC 333 124.4 130.0 0.0
Akaike weights 0.00 0.00 0.00 1.00

AAIC, change in Akaike information criterion.
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L. iris are estimated to have split 242 kya, with the hybrid-
speciation event leading to L. vilasboasi occurring 158 kya.
We also tested more complex models in which gene flow occurred
among all three species. While a hybrid speciation model with gene
flow received substantial support over a model without gene flow
(SI Appendix, Table S3), the resulting parameter estimates relating
to admixture proportions had broad CIs (SI Appendix, Fig. S4),
suggesting that the signal in the data may not be sufficient to obtain
precise estimates for this parameter from models of this complexity.
Moreover, various issues related to genome reduction datasets are
known to influence parameter estimates in coalescent models (39,
40), and so we treat all parameter estimates with caution. Never-
theless, the better fit of a hybrid speciation model with gene flow
(SI Appendix, Table S3) suggests that gene flow among these spe-
cies occurred following the hybrid-speciation event.

Crown Feather Coloration. Feather coloration and the brilliance of
the ornamental male crown patches differed in the three species
(Figs. 3 and 4). The dramatic change in reflectance (with colors
ranging from white to blue to pink) (Fig. 1C) with probe angle
(UV/blue at 45° and red at 90°) in L. iris is indicative of strong
iridescence, likely produced by the linearly arranged ordered
layers of air and keratin in the spongy matrix (Fig. 3) (41-43).
L. iris barbs also possessed a thin cortex (Fig. 4C) with some
melanosomes present, while barbules were filled with melano-
somes (SI Appendix, Fig. S5A). Melanosomes are thought to play
little role in the crown coloration of L. iris (41). In contrast,
L. nattereri and L. vilasboasi did not exhibit strong iridescence,
with the former lacking or having few ordered layers in the
spongy matrix and the latter having an intermediate number of
layers (Figs. 3 and 4). L. nattereri possessed a brilliant white color
with flatter reflectance spectra caused by incoherent scattering

L. nattereri 90° 45°

L. vilasboasi

L. iris

hybrid

from a disordered matrix in the absence of melanosomes (Fig. 3
and SI Appendix, Fig. SSB). The melanin pigments in melano-
somes can absorb incoherently scattered light at certain wave-
lengths (42-45). The absence of melanin allows a brilliant white
coloration, as observed in albino individuals of normally blue- or
black-colored avian species (44). Thus, both L. nattereri and
L. iris possess brilliant crown coloration that is strongly influ-
enced by the morphology of the spongy matrix, but the structural
coloration of each species is obtained through different ar-
rangements of the components of this matrix. In contrast, the
sharp drop in reflectance below 500 nm in L. vilasboasi at both
angles is characteristic of yellow pigmentation caused by carot-
enoids (46-48) that disappears after performing carotenoid ex-
traction (Fig. 3). The unusually thick cortex of L. vilasboasi (Fig.
4C) contains structures that resemble carotenoid pigments
reported for other bird species (46), and we did not observe
these structures in L. iris or L. nattereri (SI Appendix, Fig. S5).
Melanosomes were also present in the thinnest parts of the barb
cortex and throughout the barbules (S Appendix, Fig. S5C). The
nanostructure of L. vilasboasi is mostly quasi-ordered, as in
L. nattereri, and has an intermediate number of ordered layers of
the keratin matrix (Fig. 44). The observed yellow coloration is
likely produced by a combination of light scattering by the keratin
matrix and filtering by carotenoids as in yellow budgerigars (48).
The average diameter of the air pockets in the keratin matrix of
L. vilasboasi is also intermediate between the other two species (Fig.
4 A and B). L. vilasboasi exhibited much lower reflectance values
(44% at peak) than L. nattereri (109%) or L. iris (380%), resulting in
a much duller look both before and after carotenoid extraction.
Crown feathers of the L. iris X L. nattereri F1-like hybrid have some
iridescence, as in L. iris, but their reflectance is lower than in
both parental species and is slightly higher than in L. vilasboasi

Barb TEM

Photos

Fig. 3. (Left) Percentage of reflectance (90° and 45° to feather). Percentage of reflectance is show before (red trace) and after (blue trace) carotenoid
extraction in L. vilasboasi. Reflectance curves and their SEs are taken from five measures of two stacked feathers. (Center) Transmission electron micrographs
(TEMs) of the barb cortex and keratin spongy layer of male crown patch. (Scale bars: 1 um.) (Right) Crown patch photographs for three species of Lepidothrix

and an F1-like L. nattereri x L. iris hybrid.
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Fig. 4. Properties of Lepidothrix male crown feathers shown as box-and-
whisker plots. (A) The number of 2D layers. (B) Spacing of air pockets in the
spongy keratin matrix of feather barbs. (C) Barb cortex thickness. (D) Peak
reflectance measured from two stacked crown feathers on a dull black
background at 90°.

(Fig. 4D). The nanostructure of the spongy matrix is also in-
termediate between that of the parental species (Fig. 3) with the
spacing for the air pockets and the number of ordered layers very
close to the values obtained for L. vilasboasi (Fig. 4 A and B).
Unlike L. vilasboasi, the cortex of the hybrid is very thin (Fig. 4C)
and contained few melanosomes (S Appendix, Fig. S5D).

Discussion

Hybrid speciation involves an admixture event between two spe-
cies that produces a new lineage that, as a consequence of hy-
bridization, is reproductively isolated from both parental species
(1, 7, 10, 49, 50). Here, we present evidence that the geographically
restricted and recently rediscovered L. vilasboasi represents a
hybrid species of recent origin from the Amazon basin of Brazil.
Our coalescent-based model-testing framework strongly favored
a hybrid origin over nonhybrid scenarios (Table 1 and SI Ap-
pendix, Table S1), while a variety of genetic analyses add com-
plementary support that this species is genetically admixed
between L. iris and L. nattereri (Fig. 2). Haffer (51), one of the
most influential Amazonian ornithologists of the 20th century,
had earlier argued that L. vilasboasi might represent rare hybrid
individuals along a contact zone between L. iris and L. nattereri.
If L. vilasboasi represented a hybrid zone, then we would expect
to find only F1 hybrids (all with hybrid indexes close to 0.5) if
these hybrids were sterile or if later-generation hybrids were
inviable or a range of hybrid genotypes with varying admixture
proportions between the two parental species. Instead, our results
show that the admixture proportions of L. vilasboasi depart from the
0.5 expectation for F1 hybrids and are tightly coupled around a
value of 0.2 (ca. 80% composition of L. iris and 20% composition of
L. nattereri) (Fig. 2B and SI Appendix, Fig. S3). Heterozygosity of
L. vilasboasi is also lower than expected for early generation hybrids
(SI Appendix, Fig. S3). Together, these results reject the hybrid zone
hypothesis and instead demonstrate that L. vilasboasi is a uniquely
evolving lineage of hybrid origin.

A hybrid origin of L. vilasboasi is surprising, given its unique
yellow crown color, which differentiates it from all other members
of its genus (30, 34). The higher reflectance observed in the crown
patches of the parental species makes them highly visible in the
dark forest interior where males form leks to attract females. The
high reflectance of the parental species results from the organi-
zation of the keratin matrix of feather barbs, but this organization
differed between these two species. The white crown color of
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L. nattereri is produced by incoherent scattering of light from the
disordered array of air spaces in the keratin spongy layer. In
contrast, in L. iris the air spaces are arranged in highly ordered
layers—unique in the bird world—that produce the strong irides-
cent coloration in combination with a flattened barb shape, a re-
stricted distribution of melanosomes, and the presence of vacuoles
at the center of barb medullary cells (43). As expected for a hybrid
lineage, L. vilasboasi is intermediate between the parental species
in both the number of ordered layers and the distance of air spaces
in the keratin spongy matrix (Fig. 4 4 and B). In addition, it derives
melanosomes in the barbules and barb cortex from L. iris but is
unique in having a thickened barb cortex laden with carotenoids,
which lend it its yellow appearance. The intermediate nature of the
keratin matrix appears to have disrupted both the brilliant irides-
cence found in L. iris and the brilliant white found in L. nattereri, as
suggested by the much lower reflectance values in the hybrid
species. Extraction of the carotenoids of these feathers resulted
in a dull grayish-white appearance in L. vilasboasi (Fig. 3 and
SI Appendix, Fig. S6), which probably is close to the original ap-
pearance of the crown following the initial hybridization event, as
also suggested by the pattern of crown reflectance recorded for L.
iris X L. nattereri hybrids (see below). To compensate, we propose
that sexual selection, probably mediated by female choice, resulted
in extensive thickening of the carotenoid-laden barb cortex, with a
yellow crown as the outcome (SI Appendix, Fig. S7). The evolution
of this unique yellow crown color was thus not a direct conse-
quence of hybridization but instead was selected to compensate for
the significant loss of reflectance following hybridization. It is
plausible that the yellow crown could have evolved in a relatively
short period, given that sexual selection can accelerate the evo-
lution of male plumage characters related to premating isolation
(52). Preference for the novel yellow crown phenotype in hybrid
females (not tested here) also could have evolved in parallel after
the initial hybridization event. Experimental interspecific crosses in
fishes (53) and insects (54-56) have demonstrated that early
generation hybrid females often show mating preferences for novel
hybrid phenotypes, and such mating preferences are believed to
promote hybrid speciation (53, 54, 57). Furthermore, it is docu-
mented in other manakin species that female choice can promote
the establishment of certain hybrid phenotypes in some pop-
ulations (58), while in Darwin’s finches the preference for hybrid
phenotypes has been documented to occur in as little as three
generations following hybridization (59). As crown patches are
displayed prominently during courtship of lekking males (30, 34), it
is likely that this character plays a strong role in premating re-
productive isolation between the Lepidothrix species. In contrast,
song, which is used by the males to attract females to leks, is not
known to differ among these species (60), and we have successfully
used the songs of L. iris to attract L. nattereri females, showing that
songs are not causing strong premating reproductive isolation.

One way to support the hypothesis for the dull origin of L.
vilasboasi would be to observe hybrids between L. iris and L.
nattereri. L. iris and L. nattereri currently form a narrow hybrid
zone in the southern part of their distributions (37). The sole
adult male F1-like hybrid that we collected had structural fea-
tures of the barb keratin matrix in its crown that were in-
termediate between those in the parental species and closely
matched L. vilasboasi (Fig. 3 and 4). Like L. vilasboasi, this hy-
brid individual had greatly reduced reflectance of the crown,
although the color remained whitish and not yellow as in L.
vilasboasi. The duller crown in the hybrid supports our hypoth-
esis that L. vilasboasi began as a dull-crowned hybrid swarm
before sequestering carotenoids in the crown feathers. The even
duller look of L. vilasboasi compared with the early generation L.
iris X L. nattereri hybrid might have derived from increased re-
combination of the parental genomes in later-generation hybrids
that resulted in still further disruption of the structural elements
fine-tuned to generate high reflectivity.
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Despite species-specific ornamentation, reproductive isolation
between L. nattereri, L. iris, and L. vilasboasi appears to be in-
complete, as is often true of other morphologically distinctive
manakins and for birds in general. First, coalescent model testing
with and without gene flow favored a model with ongoing mi-
gration among each of the three species following the initial
admixture event leading to L. vilasboasi. However, the maximum
likelihood estimates of migration rates in SNPs far from coding
regions (and which are presumably neutral) are slightly less than
a single individual per generation (SI Appendix, Fig. S4). This
level of gene flow is unlikely to result in homogenization of the
gene pools of these species. Second, populations of L. nattereri
west of the Tapajoés and Juruena Rivers possess a considerable
genome proportion of L. iris and/or L. vilasboasi origin, as shown
by structure and PCoA plots (Fig. 2 4 and B). The introgression
appears to be one-sided, with L. nattereri genes not occurring in
L. iris along the east bank of the Tapajds River. A likely expla-
nation is that the Tapajos River, which forms a barrier between
these and many other pairs of species (37, 51), may have origi-
nally flowed further west. A change in its course brought it east
to its current position, transferring a small population of L. iris
and possibly also L. vilasboasi to the west bank of the Tapajos,
where they became genetically subsumed into adjacent pop-
ulations of L. nattereri. The proportion of L. iris or L. vilasboasi
genes in this L. nattereri population declines from north to south,
consistent with this interpretation (in Fig. 2B these individuals
are arranged from left to right corresponding to a south-to-north
gradient). Changes in the course of the Tapajos River have also
been proposed as an explanation for complex phylogeographical
patterns of other bird species in the region (61-65).

A third indicator of incomplete reproductive isolation comes
from a parapatric contact zone between L. nattereri and L. iris in
the headwater region between the Teles Pires and Xingu Rivers
(37). We found both species syntopically at a few localities in this
contact zone (Fig. 14). Genetic analyses identified only two early
generation hybrids (F1, F2, or backcrosses of these with paren-
tals) among our contact zone sample (SI Appendix, Fig. S3), al-
though a small amount of introgression is seen in a substantial
number of individuals of either species from the contact zone
(Fig. 2 A and B). The small number of early generation hybrids
suggests substantial reproductive isolation between L. iris and L.
nattereri, which may include premating isolation (resulting in the
formation of few early generation hybrids) and also might in-
clude postzygotic selection against early-generation hybrids (e.g.,
few early generation hybrids would be found). If the parental
species possess genetic incompatibilities, then postzygotic iso-
lation could rapidly be generated in the hybrid population,
leading to L. vilasboasi through the mosaic inheritance of alleles
at incompatibility loci (26, 27, 66), and tests are needed to assess
levels of postzygotic isolation. The formation of these species,
including the hybrid-speciation event leading to L. vilasboasi, are
likely to represent cases in which moderate pre- and postmating
isolating barriers are in place but fail to prevent small amounts of
hybridization between species.

The combined effect of river barriers and wet forest retraction
during past climatic oscillations may have provided periods of
allopatry (33, 37, 67, 68) facilitating the origination of L. vilas-
boasi following hybridization of the parental species. L. vilasboasi
is located in a very restricted geographical region west of the
Jamanxim River and east of the Cachimbo range and Tapajos
River. These geographic features may form partial barriers to
gene flow in the north (although at one locality L. vilasboasi and
L. iris occur syntopically along the east bank of the Jamanxim
River in our samples, and contact between L. vilasboasi and L.
nattereri around the north end of the Cachimbo range is likely,
given continuous habitat and a lack of river barriers) (SI Ap-
pendix, Fig. S6), but there is currently no obvious barrier to the
south where all three species are likely to come into contact (S/
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Appendix, Fig. S6). We suspect that during a past humid period
L. nattereri and L. iris came into geographic contact and formed a
hybrid zone in the region now occupied by L. vilasboasi. With the
onset of the next glacial period, the southern edge of humid
forest in Amazonia retracted to the north (37), isolating the
hybrid zone populations in this region from the broader ranges
of L. nattereri and L. iris and forcing them to collapse into a
hybrid swarm. The disruption of the brilliant structural crown
colors of the parental species in the hybrid swarm precipitated
the sequestering of carotenoids in crown feathers, leading to the
formation of the unique ornamentation of L. vilasboasi. During
interglacials, humid forest expanded to the south, bringing L.
vilasboasi back into contact with its parental species, as is likely at
present (SI Appendix, Fig. S6). Although our estimates of the
timing of these events vary depending on whether we allow
postspeciation gene flow between species (i.e., migration essen-
tially doubles the estimated dates), model estimates nevertheless
place the separation of L. nattereri and L. iris within the past
600,000 y and the hybrid-speciation event within the past
260,000 y, coinciding with the Mid- to Late-Pleistocene severe
climatic cycles that most likely caused oscillation of the southern
extent of humid forest in Amazonia (69). It thus seems likely
that, following its initial isolation, L. vilasboasi has come back
into contact with the other parental species during one or two
interglacial periods when humid forests expanded maximally to
the south and has maintained its morphological distinction and
species status despite this contact.

We have presented substantial evidence that L. vilasboasi is of
hybrid origin. Whether L. vilasboasi also represents a hybrid
species depends largely on how hybrid species are defined. A
recent review (10) narrowly defined hybrid species as having had
a hybrid origin, exhibiting reproductive isolation from parental
species, and in which reproductive isolation originated as a direct
consequence of hybridization. Here we demonstrate a hybrid
origin and argue that the unique yellow crown likely results in
substantial (but incomplete) premating reproductive isolation.
However, we favor a scenario in which the yellow crown color-
ation originated as an indirect, rather than a direct, consequence
of the hybrid event. We argue that the initial admixture event
may have triggered a chain of events that ultimately and in-
directly resulted in reproductive isolation, as proposed here, and
that such examples should also be considered valid hybrid-
speciation events. We do caution, however, that a key aspect
of our scenario remains speculative. We have demonstrated that
both L. vilasboasi and an early generation hybrid between the
parental species have a duller crown color associated with an
intermediate nanostructural organization of the keratin matrix of
crown barbs. We argue that selection favored sequestration of
carotenoids (which are present across the yellow body plumage
of these birds) in crown feathers as a way to render dull-crowned
males more attractive to females. However, an alternative is that
the yellow crown coloration evolved for reasons unrelated to
hybridization. Unfortunately, we are not aware of any way to test
these alternatives, short of trying to replicate this chain of events
through impractical laboratory-based formation of a hybrid
swarm. Nevertheless, it seems highly unlikely that L. vilasboasi
would have evolved a dull yellow crown from the brilliant white
or opalescent crown of the parental species without the in-
termediate nanostructural arrangement of the barbs in the hy-
brids reducing both iridescence and the incoherently scattered
white, as suggested by early generation hybrids between L. iris
and L. nattereri.

In conclusion, we provide evidence of a hybrid origin for a
morphologically distinctive Neotropical bird species. Our results
highlight the importance of hybridization both as a source of
genetic variation for the speciation process and as a source of
evolutionary novelty. This study adds to the growing number
of putative cases of homoploid hybrid speciation in terrestrial
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vertebrates, particularly birds. In contrast to other reported
avian examples, such as the Italian sparrow (24-27, 29), the
Audubon’s warbler (23) and the Hawaiian duck (28), the
yellow-crown phenotype of L. vilasboasi is not intermediate
between the parentals. This yellow crown coloration could
represent a novel transgressive phenotype that arose purely
through the recombination of parental alleles (1, 7, 49, 50, 70,
71). Instead, our analyses of crown feather coloration and
nanostructure suggest that the intermediate and mosaic na-
ture of the nanostructural elements of the hybrids resulted in
a dull white-gray crown ornamentation with subsequent sexual
selection resulting in the sequestration of carotenoids leading
to the novel yellow coloration (SI Appendix, Fig. S7). Although our
current understanding of the levels of both pre- and postzygotic
isolation is incomplete, the tight coupling of admixture propor-
tions and low levels of heterozygosity suggest our sample of
L. vilasboasi does not contain any early generation hybrids with
parental species despite the syntopic presence of L. vilasboasi and
L. iris at one of our sampling localities and the likely presence of
parapatric contact zones with the parental species in the western
and southern portions of its range (SI Appendix, Fig. S6). These
results are consistent with substantial reproductive isolation, as
also suggested by the fairly low migration rates estimated between
L. vilasboasi and L. iris/nattereri. Nevertheless, our modeling re-
sults support ongoing interspecies migration at neutral loci. The
unique crown ornamentations of L. vilasboasi, L. iris, and L. nat-
tereri appear to have evolved despite ongoing episodes of gene
flow. Future work should (7) investigate the extent to which female
L. vilasboasi prefer the yellow crown coloration over the crown
color of the parental species; (if) sample further putative para-
patric contact zones to assess levels of hybridization; and (i)
evaluate whether genetic incompatibilities exist and are the result
of mosaic inheritance of preexisting genetic variation found in the
parental species, as suggested for other hybrid species.

Methods

Sampling Design. We collected specimen-vouchered genetic samples (de-
posited at the Museu Paraense Emilio Goeldi) during four field trips to Para
and Mato Grosso states of Brazil during 2012 (see further details in ref. 37),
2014, and 2015 and obtained additional samples from museum collections
for a total of 144 individuals with tissue samples [21 L. vilasboasi, 47 L.
nattereri, 21 L. iris eucephala, 1 L. iris iris, and 54 individuals from the Xingu/
Teles Pires headwaters contact zone between L. nattereri and L. iris euce-
phala (Fig. 1A and Dataset S1)]. Approval was obtained from the Brazilian
Government (collecting permits 4253-1, 40173-1, and 6581-1).

DNA Sequencing. A 966-bp fragment of the mtDNA gene cytochrome b was
sequenced for 109 individuals using standard protocols (S/ Appendix, section
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2). Genome-reduction genotype-by-sequencing was used to obtain a
genome-wide sample of SNPs. We generated three datasets that differed in
the individuals included and in filtering strategy. Dataset 1 retained 16,281
SNPs for 12 individuals of each species. Dataset 2 retained 7,394 SNPs for
120 individuals. Dataset 3 down-sampled individuals at each of 10,298 SNPs
to retain 42 gene copies per SNP (12 L. iris eucephala, 10 L. vilasboasi, 20 L.
nattereri). For details, see S/ Appendix, section 1.

Genetic Analyses. Dataset 1 was used for coancestry estimates, and Dataset 2
was used to characterize genetic structure, population differentiation, and
admixture patterns using PCoA, structure plots (72), phylogenetic networks,
and pairwise Fst. A haplotype network was generated for the mtDNA
dataset. For details, see S/ Appendix, section 2.

Coalescent Modeling. We used coalescent modeling in a composite likelihood
framework to compare the fit of six models for the origin of L. vilasboasi (see
models in Table 1) using Dataset 3. These models differ in whether L.
vilasboasi originated with or without genetic admixture between L. iris and
L. nattereri and whether that admixture occurred as a point event in time,
through ongoing gene flow, or a combination of the two. For details, see S/
Appendix, section 3.

Spectrophotometry and Microscopy. Reflectance of male crown feathers for
each species was obtained with a spectrometer held at an angle of 90° and
45°, For L. vilasboasi, this was done both before and after carotenoid ex-
traction. Transmission electron microscopy was used in one feather per
species (and one from the early generation hybrid individual) to quantify the
number of ordered layers perpendicular to the barb surface and the spacing
of air cavities in the keratin matrix of the barbs, barb cortex thickness, and to
corroborate the presence of melanosomes. For details, see S/ Appendix,
sections 4 and 5.
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