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Migratory species that alternate between sympatry and allopatry over the course of an annual cycle are
promising subjects for studies seeking to understand the process of speciation in the absence of strict
geographic isolation. Here we sought to identify cryptic species and assess rates of gene flow in a clade
of neotropical migrant songbirds in which geography and taxonomy are currently out of sync: the Red-
Eyed Vireo (V. olivaceus) Species Complex. Phylogenetic, clustering, and statistical species delimitation
analyses found that V. olivaceus includes two non-sister lineages migrating in opposite directions across
the equator. Analyses of gene flow identified low levels of introgression between two species pairs, but
none between northern and southern olivaceus. We also identified substantial well-supported conflicts
between nuclear and mitochondrial topologies. Although the geographic distribution of mito-nuclear dis-
cordance is suggestive of hybridization and mitochondrial capture, we found no evidence of introgression
in the nuclear genome of populations with discordant mitochondrial gene trees. Our study finds that spe-
cies boundaries match breeding range and migratory phenology rather than the existing taxonomy in this
group, and demonstrates the utility of genomic data in inferring species boundaries in recently diverged
clades.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

Geographic isolation is thought to be the dominant factor in ini-
tiating speciation in birds (Mayr, 1942; Mayr and O’Hara, 1986;
Coyne and Price, 2000; Phillimore et al., 2008), and comparative
studies often focus on the role of range gaps and geographic barri-
ers in generating species diversity (Smith et al., 2014; Barber and
Klicka, 2010; Zink et al., 2001). For migratory species, the role of
allopatry in lineage divergence is unusual. Most individuals are
physiologically capable of moving between disjunct ranges even
when separated by large distances, but populations are isolated
by heritable variation in the direction and timing of migration
(Helbig, 1991; Pulido et al., 2001; Delmore and Irwin, 2014). In
some cases sister species are allopatric during the breeding season
and sym- or parapatric during the nonbreeding season, as occurs in
many neotropical migrants breeding in northern temperate
regions and wintering in Central and South America. Rates of gene
flow across the ranges of these species are dependent on levels of
migratory connectivity and distance of natal dispersal, rather than
simple inertia in natal location.
The extensive spatial mixing associated with seasonal migra-
tion suggests that migratory species are promising subjects for
studies seeking to better understand the role of gene flow in speci-
ation. Recent studies in songbirds such as Redpolls (Acanthis;
Mason and Taylor, 2015), Greenish Warblers (Phylloscopus trochi-
loides; Irwin et al., 2005), and Darwin’s Finches (Geospiza;
Lamichhaney et al., 2015) have found evidence of extensive intro-
gression among morphologically divergent populations. In some
cases (e.g. Geospiza, Acanthis) phenotypic plasticity and divergent
selection on a small number of genes is thought to drive morpho-
logical variation despite a largely panmictic nuclear genome. One
recent whole-genome sequencing study of hybridizing Golden-
and Blue-winged warblers (Vermivora chrysoptera & V. cyanoptera,
respectively), found that just 6 genomic regions appear to control
phenotypic variation between species despite extensive introgres-
sion across the genome (Toews et al., 2016). These studies are part
of an increasing focus on the extent and impacts of hybridization
on speciation (and, in corollary, the biological meaning of taxo-
nomic designations).

In this study we assess the consequences of divergent migratory
behavior on speciation and geneflow in a systematically recalcitrant
clade of neotropical songbirds: the Red-Eyed Vireo (V. olivaceus)
Species Complex. This group includes three widespread migratory
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species that are sympatric in northern South America during the
nonbreeding season and para- or allopatric during the breeding sea-
son. Unusually, the most widespread species in the group – V. oli-
vaceus – includes populations migrating both north and south of
the equator, as well as sedentary populations breeding in northern
South America. Due to similar habits, vocalizations, and morpholo-
gies, earlier taxonomists typically recognized three (Mayr and Short,
1970) or four (Paynter, 1968; AmericanOrnithologists’ Union, 1983)
species in the group. The first genetic study of the group (Johnson
and Zink, 1985) found the North- and South American olivaceus
monophyletic relative to the Central American flavoviridis, resulting
in the current five-species taxonomy (Johnson and Zink, 1985;
American Ornithologists’ Union, 1998). Surprisingly, a recent study
of mitochondrial DNA suggested the presence of at least six geo-
graphically and genetically distinct lineages (Slager et al., 2014),
though basal nodes in the group were poorly supported.

Here we sequenced a genome-wide sampling of SNP’s from
museum specimens caught across the western hemisphere in
order to assess the strength and distribution of species boundaries
across the group. Specifically, we ask: (1) What is the optimal spe-
cies delimitation scheme for partitioning diversity in the Red-Eyed
Vireo Complex? (2) Do migrant species breeding in parapatry show
evidence of gene flow after lineage divergence? And (3) Does intro-
gression lead to erosion of neutral genetic differentiation among
putative species?
2. Methods

2.1. Sampling and library preparation

We obtained frozen tissue samples from vouchered natural his-
tory museum specimens representing 40 individuals and 6 species
of Vireo. These included four members of the Red-eyed vireo com-
plex (V. olivaceus, V. flavoviridis, V. altiloquus, V. magister) and two
outgroup taxa (V. gilvus, V. plumbeus) (Fig. 1, Supplementary
Table 1). No tissue samples of V. gracilirostris (endemic to Noronha
Island off the coast of Brazil) could be located, so this taxon was not
included in our study. Southern and northern V. olivaceuswere dis-
tinguished by subspecific identity in museum records, or by loca-
tion and time of capture for any specimens lacking subspecific
identification.

Whole genomic DNA was extracted using a Qiagen DNEasy
spin-column extraction kit, following manufacturer instructions.
Sequencing libraries were prepared following the ddRADseq proto-
col (Peterson et al., 2012). Briefly, we digested 300–500 ng of DNA
per sample with NEB high-fidelity sbf1 and msp1 restriction
enzymes. Barcoded adapters were ligated onto the resulting frag-
ments and those in the 415–515 bp range were selected with a
Blue Pippin Prep. Illumina flowcell annealing primers, PCR primers,
and multiplexing indices were ligated to size-selected fragments,
and the products amplified over 11 PCR cycles. We used a 1.5�
ratio of AmPure XP beads to remove small DNA fragments between
all steps. Amplification and size distribution were checked prior to
sequencing with a qBit 2.0 fluorometer and a BioAnalyzer run.
Samples were sequenced for 50 bp single-end reads on shared
lanes (with other Passerine birds) across two runs of an Illumina
Hiseq 2000.
2.2. Sequence assembly

Raw sequencing reads were processed with pyRAD v. 2.17
(Eaton, 2014). PyRAD demultiplexes and quality-filters reads, then
uses the Usearch algorithm (Edgar, 2010) to cluster reads into loci
within samples and loci into stacks between samples. Stacks of
putatively orthologous loci are then aligned with Muscle (Edgar,
2004) and output in a variety of sequence alignment formats for
downstream analysis. We set a minimum read depth of 6 for call-
ing consensus sequences within samples and used a clustering
threshold of 0.90 for all Usearch runs. We filtered out all loci shar-
ing heterozygotic sites across more than 8 individuals to avoid
including paralogs in our sequencing alignment.

Because sample coverage – the proportion of sampled individu-
als sequenced for any given locus – is known to have a large effect
on the total number of loci recovered (Leaché et al., 2014; Huang
and Knowles, 2014; DaCosta and Sorenson, 2016), we prepared
two sequence assemblies for downstream analyses by varying this
parameter in pyRAD. The ‘‘MD10” alignment includes all loci
sequenced for at least 90% of samples, while the ‘‘MD50” alignment
includes loci sequenced for at least 50% of samples. To explore the
source of missing data in our alignments we also used a Mantel
Test (Mantel, 1967) to test for a correlation between pairwise
genetic distance and the number of shared loci among samples.

Sequence alignments for concatenated phylogenetic analyses
and structure input files were prepared with PyRAD’s standard
output options. STRUCTURE and Adegenet analyses used the
MD50 alignment. SNAPP and RAxML were run on both MD50
and MD10 alignments, though only MD10 alignments were used
for Bayes Factor Delimitation (BFD⁄). Both STRUCTURE and SNAPP
input files include one random SNP per locus. For SNAPP, pyRAD’s
‘‘unlinked_snps” output was converted to a three-state numeric
input file (two alleles plus heterozygotes) suitable for analysis in
SNAPP using custom R scripts written by Dr. Barbara Banbury
and available online on the shinyphry webserver (https://rstudio.
stat.washington.edu/shiny/phrynomics/). We developed additional
custom R scripts for visualizing patterns of missing data, writing
D-test input files, summarizing D-test output, and plotting STRUC-
TURE results with consistent color matching (github.com/cjbattey/
radplots/). All analyses were conducted in the R programming
language (R Development Core Team, 2014).
2.3. Phylogenetics

We ran two phylogenetic analyses on both the MD50 and MD10
alignments. First, we inferred a phylogenetic tree of concatenated
full sequences (i.e. full RAD loci stripped of barcode, adapter, and
restriction overhang sequences) in a maximum likelihood frame-
work with the program RAxML v8 (Stamatakis, 2014). We used
the GTR + Gammamodel of sequence evolution and ran 1000 boot-
strap iterations to assess support.

Next, we inferred a species tree in the program SNAPP v. 1.3
(Bryant et al., 2012), an add-on to the BEAST 2.2.0 package
(Bouckaert et al., 2014). SNAPP requires the user to input the num-
ber of putative taxa and assign individual samples to these taxa.
We initially assigned individuals to taxa based on nodes with at
least 70% bootstrap support in the RAxML analysis (5 populations),
and later re-ran the SNAPP analysis for the best-fitting BFD⁄ model
(6 populations, see Results). Because SNAPP models gene/species
tree conflicts as the result of incomplete lineage sorting (ILS) rather
than horizontal gene flow, we eliminated any individuals with
more than 5% admixture in the best-performing STRUCTURE anal-
yses from our SNAPP runs, resulting in the exclusion of two sam-
ples of V. olivaceus from Trinidad and Tobago. We used default
values for forward and back mutation rates (3.33 and 5.08, respec-
tively), and sampled the coalescence rate from a uniform infinite
distribution. SNAPP analyses were run for one million generations,
sampling every 10,000. Convergence was assessed through esti-
mated ESS values and trace plots in Tracer v1.6 (Rambaut and
Drummond, 2003).

https://rstudio.stat.washington.edu/shiny/phrynomics/
https://rstudio.stat.washington.edu/shiny/phrynomics/
http://www.github.com/cjbattey/radplots/
http://www.github.com/cjbattey/radplots/
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Fig. 1. A: range map for breeding (top) and nonbreeding (bottom, circled) seasons, adapted from Birdlife International & Natureserve, 2013. Circled points represent
specimens captured during the migration season. Magnified cutouts are provided for two regions of parapatry. B: STRUCTURE output for highest marginal-likelihood runs at
k = 4–6. C: RAxML MD50 concatenated phylogeny. Numbers at nodes indicate bootstrap support, and circles represent bootstrap support > 90. D: PCA sample and population
coordinates on the first two PC axes, using population assignments from k-means clustering.
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2.4. Clustering and ordination

We used two unsupervised clustering algorithms to assign
individuals to genetic clusters: STRUCTURE (Pritchard et al.,
2000; Falush et al., 2003) and k-means clustering in the R pack-
age Adegenet (Jombart, 2008). For STRUCTURE analyses we
adjusted the prior mean on F (parameter ‘‘FPRIORMEAN” in
mainparams) to 0.1 (from the default value of 0.01) in order to
reflect the higher expected divergence among named species.
Analyses were run using the admixture model, correlated allele
frequencies, and with a starting state based on population
assignments from museum specimen records. We conducted 10
runs for each value of k between 2 and 8 and used the
StructureHarvester web server to identify the value of k associ-
ated with the largest second-order change in marginal likelihood
(Evanno et al., 2005; Earl, 2012).

For Adegenet analyses we first conducted a Principal Compo-
nents Analysis (PCA; Pearson, 1901) on allele counts from the
STRUCTURE input file, and then used k-means clustering to esti-
mate the number of clusters and assign individuals to genotype
clusters. We kept all PC axes for k-means clustering and inspected
both population assignments and change in Bayesian Information
Criterion (BIC) scores across values of k to select an optimal parti-
tioning scheme for the group. PCA results were plotted using the
first two PC axes and population assignments from k-means clus-
tering (Fig. 1).



V. magister MEX MBM5025

V. olivaceus NB JK03328

V. olivaceus PER B46057

V. olivaceus BOL 120827

V. olivaceus PER B44551

V. olivaceus GUY 627389

V. flavoviridis HND DHB3401

V. flavoviridis PAN BTS08036

V. olivaceus GUY ANSP7898

V. olivaceus GUY 90910
V. olivaceus GUY 632655

V. olivaceus WV JMD392

V. olivaceus BRA B35487

V. flavoviridis HND GAV1428

V. olivaceus ARG 141608

V. flavoviridis E-MEX BTS08394

V. olivaceus PER B32901

V. flavoviridis GTM JK02216

V. olivaceus URY ANSP10318

V. altiloquus JAM 331141
V. altiloquus GUY ANSP8467

V. flavoviridis HND GAV1430

V. olivaceus KS MM139

V. olivaceus OK JK04559

V. flavoviridis W-MEX BTS08208

V. altiloquus PRI 346176

V. olivaceus BRA 427315
V. olivaceus PER 430147

V. flavoviridis W-MEX BTS08151

V. flavoviridis E-MEX BTS08346

V. olivaceus ECU ANSP3545

V. olivaceus PER 144525

V. flavoviridis E-MEX BTS08376

V. flavoviridis E-MEX BTS08398

V. flavoviridis GTM JK02206

V. olivaceus BRA 427316

V. flavoviridis E-MEX BTS08362

V. flavoviridis E-MEX BTS08378

V. olivaceus AR MM145

V. flavoviridis W-MEX BTS08224
V. flavoviridis  W-MEX BTS08222

V. olivaceus NY JK03139

V. flavoviridis E-MEX BTS08344

V. olivaceus VEN IC1129

V. olivaceus  BRA 392423

V .  f l a v o v i r i d i s
M X  ( Y u c a t á n )

V .  f l a v o v i r i d i s
M X  ( W e s t )
C e n t r a l  A m e r i c a

V .  o l i v a c e u s
S o u t h  A m e r i c a

V .  a l t i l o q u u s

V .  o l i v a c e u s
N o r t h  A m e r i c a

V .  m a g i s t e r
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2.5. Admixture analysis

To test for introgression after the point of lineage divergence we
calculated the D statistic (‘‘ABBA/BABA”; Green et al., 2010) for all
species pairs. D tests measure the imbalance in loci that conflict
with the species tree, under the assumption that two types of dis-
cordant gene trees should occur with equal frequency if ILS is the
sole source of discordance. An imbalance in the distribution of dis-
cordant alleles is taken as evidence of introgression, and signifi-
cance assessed by a Z score describing departure from a null
mean derived from bootstrap replicates of the original data.

As in recent studies of plants (Eaton and Ree, 2013; Eaton et al.,
2015) and birds (Lamichhaney et al., 2015), we define a ‘‘test” in
this context as asking ‘‘do populations X and Y show significant
signs of introgression?” We calculated D for all unique combina-
tions of individuals on a pectinate four-tip tree consistent with
the SNAPP species tree for each test and applied a Holm-
Bonferroni correction (Holm, 1979) to each p value to correct for
multiple tests. Any combination of individuals returning less than
100 total discordant loci (including heterozygous sites) was
removed from the test. We considered a population pair to show
signs of introgression if any combination of individuals within
the test gave a corrected two-tailed p value of less than 0.05.
2.6. Species delimitation with Bayes factors

We used Bayes Factor Delimitation in SNAPP (BFD⁄; Leaché
et al., 2014; Grummer et al., 2014) to rank species delimitation
models in a multispecies coalescent framework. Briefly, BFD⁄ con-
sists of running SNAPP analyses on models with different numbers
of species and assignments of individuals to species, estimating the
marginal likelihood of each model, and ranking model fit among
runs by comparing Bayes factors. In theory, BFD⁄ provides a quan-
titative method for applying a flexible version of the genealogical
species concept (Baum and Shaw, 1995) across multiple unlinked
loci, in which the operational criteria for delimiting ‘‘species” is
fit to a coalescent model with no gene flow.
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For BFD⁄ analyses we ran SNAPP on five species delimitation
models under default parameters at a chain length of 50,000 (dis-
carding the first 5000 as burn-in) for 48 steps. In this context
‘‘steps” refers to the different levels of power-posterior used in
path sampling, and ‘‘chain length” refers to the length of the MCMC
used to optimize parameters at each step. As in our species tree
inference approach, we excluded samples with greater than 5%
admixture in our best fitting STRUCTURE model from BFD⁄ analy-
ses, because SNAPP does not account for horizontal gene flow.
BFD⁄ analyses were run on the MD10 dataset only.
3. Results

3.1. RAD loci and missing data

After demultiplexing, trimming adapter and barcode sequences,
and quality filtering in pyRAD, we recovered an average of 1.4e6
39-bp reads per individual. Usearch clustering at similarity 0.90
within individuals returned an average of 13,323 loci per individ-
ual. Two samples sequenced from relatively degraded DNA
returned high levels of missing data (over two standard deviations
above mean missing data percentage in the initial MD50 dataset;
Supplementary Fig. 1) and were removed from the analysis, result-
ing in a final dataset of 38 individuals.

Sample coverage had a large impact on the total number of loci
included in the alignment after sequence assembly. Our final
‘‘MD10” dataset consists of 938 loci, and the ‘‘MD50” dataset of
7799 loci. Total concatenated matrix lengths for MD10 and MD50
alignments are 36,582 and 304,161 base pairs, respectively. Mantel
tests found that pairwise missing data were significantly correlated
with genetic distance when all samples were analyzed (p = 0.012)
but not when outgroups were removed (p = 0.57; Supplementary
Fig. 2). This agrees with previous studies that failed to find signif-
Fig. 3. Summary of clustering results. A: BIC scores from k-means clustering in
Adegenet. B: Evanno method output from STRUCTURE HARVESTER.
icant correlations between missing loci and genetic distance at
shallow (<10 my) timescales (Eaton and Ree, 2013; Eaton et al.,
2015), suggesting that allelic dropout via mutation in restriction
sites is not the primary source of missing data in ddRAD studies
sampling at the population level in recently diverged groups.

3.2. Phylogenetics

Concatenation and species-tree analyses produced very similar
topologies (Figs. 1 and 4) for both MD50 and MD10 alignments,
though MD10 analyses had lower support values (Supplementary
Figs. 3 and 4). The species tree is fully pectinate, with the Central
American species flavoviridis representing the earliest-diverging
extant lineage. Northern and southern olivaceus are paraphyletic,
with South American breeders more closely related to the Carib-
bean taxa altiloquus and magister than their northern-hemisphere
conspecifics.

SNAPP fully supported all nodes in the species tree using the
MD50 alignment on both 5- and 6-population models (Fig. 4, Sup-
plementary Fig. 5). For the MD50 alignment, RAxML bootstraps
strongly supported the monophyly of a clade including southern
olivaceus, altiloquus, andmagister, but provided only moderate sup-
port for the monophyly of northern olivaceus and the sister rela-
tionship of flavoviridis to other taxa. In particular, some bootstrap
replicates returned topologies in which northern olivaceus forms
a paraphyletic grade sister to all ingroup taxa other than flavoviri-
dis. This topology was also observed using the MD10 alignment in
RAxML (Supplementary Fig. 4).

The nuclear topology conflicted with that found in an earlier
study of mitochondrial DNA in the clade (Slager et al., 2014;
Fig. 2); with the mtDNA topology finding flavoviridis polyphyletic
in addition to olivaceus, and placing magister as sister to a com-
bined clade of northern olivaceus and eastern flavoviridis.

3.3. Clustering

STRUCTURE analyses strongly favored a five-population model
that split northern and southern olivaceus and assigned individuals
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to the population cluster suggested by museum specimen records
and concatenated phylogenetic analyses (Fig. 3; Table 1). The two
samples of southern olivaceus placed outside the supported mono-
phyletic clade in RAxML analyses were identified as hybrids
between olivaceus and altiloquus in STRUCTURE output, a result
that matches their geography: Trinidad and Tobago is the nearest
point of contact between the ranges of olivaceus and altiloquus dur-
ing the breeding season. Aside from these samples, STRUCTURE
found very low levels of admixture between species in the complex
at k = 5, with no other individuals showing more than 5% admix-
ture from a different putative species.

K-means clustering in Adegenet found that models with 3–5
clusters minimized BIC scores (Fig. 3; Table 1). In all k-means anal-
yses, five was the highest value of k that matched results from
existing taxonomy or mitochondrial DNA, with higher values plac-
ing individual olivaceus specimens in their own clusters. The first
two PC axes cumulatively represent 13.2% of variance in the data.
Distances among clusters using the first two PC axes were concor-
dant with phylogenetic trees (Fig. 1). Interestingly, both clustering
methods showed a tendency to lump northern and southern oli-
vaceus when run at k = 4, rather than lumping any monophyletic
clade identified in phylogenetic analyses. These results occurred
in roughly half of STRUCTURE models run at k = 4 (others lumped
altiloquus and southern olivaceus, or altiloquus and magister) and
were consistently produced by k-means clustering, though in
STRUCTURE all k = 4 models returned lower marginal likelihoods
than five-population models.

3.4. D-Tests

D statistics identified significant introgression between south-
ern olivaceus and altiloquus in all tests that included one of the
samples from Trinidad and Tobago. We also identified significant
introgression between olivaceus and western flavoviridis in four
combinations of individuals (Fig. 4; Table 2). In both cases, gene
Table 1
Clustering analyses summary.

Structure Adegenet

K Mean LnP(K) Delta K BIC

3 �63155.08 30.75 123.63
4 �61946.92 1.22 123.56
5 �55761.99 627.23 123.72
6 �94794.66 6.32 125.42
7 �72233.84 2.03 127.12

Table 2
D-Test results summary. Number of loci, ABBA and BABA are mean values for all combina

Test Number of loci ABBA

alt flav 3387 51
alt mag 2795 54
alt olivN 3148 48
alt olivS 3015 49
flav alt 3634 43
flav mag 3472 42
flav olivN 3515 39
flav olivS 3594 39
olivN alt 2357 63
olivN flav 2211 59
olivN mag 2218 63
olivN olivS 2203 59
olivS alt 2318 53
olivS flav 2476 57
olivS mag 2281 59
olivS olivN 2539 53

Bolded rows indicate tests returning significant signal of introgression.
flow appears to be unidirectional (into olivaceus), as reciprocal
tests failed to find significant introgression (though limited sam-
pling in some areas may limit resolution of gene flow restricted
to narrow hybrid zones). In the case of flavoviridis, all significant
combinations involved west-Mexican individuals – conflicting
with the mitochondrial topology that places east-Mexican popula-
tions in a monophyletic clade with northern olivaceus and magister
(Fig. 2). No tests with magister as the putative receptor lineage had
over 100 discordant loci, reflecting the low genetic variability
observed between samples of this micro-endemic species. Notably,
for olivaceus, no combinations of individuals supported significant
introgression between northern and southern populations.

3.5. Coalescent species delimitation

Bayes factor delimitation selected a model of 6 species, reflect-
ing the major clades observed in the ND2 gene tree (Fig. 4; Table 3).
This species delimitation scheme splits olivaceus between North
and South American breeding populations, and flavoviridis between
eastern Mexico and west Mexico + Central America. The second
ranked model split olivaceus and retained a monphyletic flavoviri-
dis, reflecting the clades in our concatenated RADseq tree. All mod-
els that did not split olivaceus were at least an order of magnitude
worse performing than those that did (in terms of Bayes Factors),
and splitting only olivaceus resulted in a much larger increase in
marginal likelihood than splitting only flavoviridis. The mean ESS
across all steps and all models was 326.7 (standard devia-
tion = 211.0), suggesting that our chain length was sufficient to
reach convergence.

4. Discussion

4.1. Migration, range, and gene flow

Dispersal ability and levels of genetic divergence across biogeo-
graphic barriers have generally been found to be inversely corre-
tions in a given test. Tests are given as the species assigned to P1 + P2 and P3 tips.

BABA Z range Significant combinations

50 (0.03,1.69) 0/8
52 (0,1.11) 0/16
43 (0.07,2.65) 0/30
46 (0,2.89) 0/37
48 (0.24,1.83) 0/7
40 (0.09,0.68) 0/2
44 (0.23,2.55) 0/14
47 (0.06,1.86) 0/11
65 (0.02,3.02) 0/126
63 (0.03,3.9) 4/153
65 (0,2.14) 0/62
59 (0,2.55) 0/205
65 (0.02,5.71) 23/172
58 (0.06,2.8) 0/99
63 (0.03,2.46) 0/75
57 (0,2.88) 0/148

Table 3
BFD* results summary.

Model lnL 2lnBF Rank

Split flavoviridis + olivaceus �6969.89 NA 1
Split olivaceus �6983.59 27.41 2
Current taxonomy �7168.87 397.96 4
Split flavoviridis �7154.83 369.88 3
Lump olivaceus + altiloquus �7220.66 501.54 5
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lated in birds, with higher dispersing species experiencing more
gene flow and lower levels of divergence among putatively allopa-
tric populations (Smith et al., 2013). Long-distance migration rep-
resents the high end of the spectrum of dispersal abilities,
suggesting that populations of migrant species are likely to experi-
ence high rates of gene flow, even when ranges are separated by
substantial biogeographic barriers. Even in the Eurasian Blackcap
(Sylvia atricapilla), a species for which migratory orientation is
known to be heritable (Helbig, 1991), studies of up to 17
microsatellite loci have failed to find significant genetic structure
among populations that vary in migratory behavior in the wild
(Mettler et al., 2013; Linossier et al., 2016); suggesting that gene
flow associated with incomplete philopatry may prevent diver-
gence at selectively neutral loci. Even among well-recognized spe-
cies of songbird, interspecific hybridization is relatively commonly
reported (McCarthy, 2006). However, determining whether these
events contribute significantly to the genetic makeup of extant
species requires sampling extensively across the genome, which
has historically limited the resolution of studies employing
Sanger-sequencing approaches.

Using genome-wide SNP’s we observed significant introgression
in two species pairs in the Red-Eyed Vireo Complex, but found that
hybridization contributes little to the overall genomic makeup of
most species. Intriguingly, we only observed introgression
between species pairs for which the breeding ranges are separated
by substantial range gaps. Among species breeding in sym- or
parapatry (olivaceus and altiloquus in Florida; olivaceus and flavo-
viridis in the Darien, magister and flavoviridis on the Yucatán) we
observed no introgressed individuals. In the cases where we did
observe significant introgression it either occurred at very low
levels suggestive of historic rather than contemporary gene flow
(e.g. flavoviridis and northern olivaceus), or was limited to areas
near the range boundaries of both species (altiloquus and southern
olivaceus). Unlike the extensive homogenizing gene flow seen in
Acanthis (Mason and Taylor, 2015), introgression in the Red-Eyed
Vireo complex appears to contribute relatively little to the genomic
makeup of these species despite occurring at detectable levels.

In addition to this broad view of gene flow in the group, our
results provide the basis for several novel inferences of natural his-
tory and biogeography. First, putative olivaceus populations on the
island of Trinidad appear to be hybrids between olivaceus and altil-
oquus. Although our sample size is quite limited,we observed signif-
icant introgression in all three TTO samples analyzed. The smallest
gap between the breeding ranges of olivaceus and altiloquus in the
southern Caribbean is the approximately 80 miles of open ocean
between the islands of Tobago and Grenada, and both island popu-
lations are reported to be sedentary (Cimprich et al., 2000; Chace
et al., 2002). Contemporary hybridization would thus require either
long-distance overwater dispersal by putatively sedentary birds, or
double-breeding by overwintering altiloquus from the northern Car-
ibbean. Although more extensive sampling is required to confi-
dently infer the presence of a hybrid zone in the region, our
observation should prompt further investigations of the nature of
dispersal and migration in island populations of both species.

Second, the Yucatán vireo appears to represent an instance of
speciation via loss of migration, as its ancestors are predominantly
migratory and its range is adjacent to a known stopover location
for its sister species (altiloquus) during fall migration (Birdlife
International and NatureServe, 2013). Migratory drop-off has been
proposed to form a mechanism of speciation in Sylvia warblers
(Voelker and Light, 2011) and Catharus thrushes (Outlaw et al.,
2007). The recent finding that migration evolved primarily via
temperate-breeding taxa extending their ranges to the south
(Winger et al., 2014), coupled with the high species diversity of
the tropics, suggests that loss of migration in tropical lineages is
likely a common biogeographic pattern in neotropical birds.
4.2. Species delimitation

We found that the current five-species taxonomy (AOU, 1998)
under represents diversity in the Red-Eyed Vireo Complex. Both
olivaceus and flavoviridis include genetically divergent lineages
breeding in disjunct ranges (North and South America and Eastern
and Western Mexico, respectively). In the case of olivaceus, genet-
ics and life history both support splitting the species. Northern and
southern hemisphere breeding populations are non-monophyletic,
do not exchange genes at a level detectable in our data, and are
characterized by variation in a heritable life-history trait that con-
fers effective reproductive isolation between populations (e.g.
direction and timing of migration; Helbig, 1991; Pulido et al.,
2001). The apparent migratory divide in the species is an artifact
of faulty taxonomy, not recent divergence, novel mechanisms of
gene flow through resident populations, or the rapid evolution of
migratory divides as documented in Barn Swallows (Hirundo rus-
tica; Garcia-Perez et al., 2013) and Eurasian Black-Caps (Bearhop
et al., 2005; Rolshausen et al., 2009).

V. flavoviridis is also structured between breeding populations
in eastern and western Mexico and splitting the species was sup-
ported by BFD⁄, but other analyses suggested that these popula-
tions are at an earlier stage in the process of speciation than
olivaceus. Although mitochondrial haplotypes are polyphyletic
and entirely sorted between eastern and western Mexico (demon-
strating that females migrating to breeding areas in the Sierra
Madre Occidental and Sierra Madre Oriental have high fidelity to
their breeding region), the species is monophyletic in nuclear
SNP’s. Clustering algorithms failed to distinguish eastern and west-
ern populations when run on the full dataset, and divergence
between these populations in the species tree was much more
recent than among any other putative species pair.

V. flavoviridis thus appears to be firmly within the ‘‘species/sub-
species conundrum” (Huang and Knowles, 2015), in which differ-
ent species delimitation criteria are likely to disagree on the
taxonomic rank granted to hierarchically structured allo- or para-
patric populations. In the absence of other data demonstrating
reproductive isolation or intrinsic ecological or life-history varia-
tion among populations of flavoviridis (as seen in olivaceus), we
take a conservative approach and propose elevating all populations
of olivaceus breeding in South America to species status under the
original name Vireo chivi (Vieillot, 1817), while retaining V. flavo-
viridis and its existing eastern and western subspecies (V. f. flavo-
viridis and V. f. forreri, respectively).

4.3. Mito-nuclear discordance

Topologies inferred from nuclear SNP’s conflicted with mito-
chondrial DNA in three species that co-occur seasonally in eastern
Mexico. Northern olivaceus, eastern flavoviridis, andmagister form a
monophyletic clade in ND2 sequences but are paraphyletic in
nuclear SNP’s. Two scenarios may explain this discordance: incom-
plete lineage sorting (ILS) of ancestral ND2 in the common ancestor
of the complex, followed by fixation of a derived allele in eastern
flavoviridis and magister; or introgression and mitochondrial cap-
ture among the parapatric species in eastern Mexico. Evidence dis-
tinguishing these scenarios is equivocal. In favor of hybridization,
the discordant populations have (nearly) parapatric breeding
ranges and overlap extensively in migration; while ILS is not
expected to lead to any coherent geographic patterns. However,
we found no evidence of nuclear introgression among northern oli-
vaceus, eastern flavoviridis, or magister, as would be expected if
hybridization was the cause of mtDNA discordance.

Although we cannot exclude either potential cause, we propose
that the geographic and topological extent of discordance is more
suggestive of past hybridization than ILS. At least one study has
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identified a case of complete mitochondrial capture despite statis-
tically insignificant levels of nuclear introgression (Good et al.,
2015). We hypothesize that hybridization may have initially trans-
ferred northern olivaceus mitochondrial haplotypes to flavoviridis
and altiloquus, which subsequently became fixed in these popula-
tions through some combination of drift (aided by the reduced
effective population size of the mitochondrial genome) and selec-
tion. Most existing evidence of interspecific hybridization and
introgression has been drawn from studies analyzing a small num-
ber of loci, precluding accurate measurement of nuclear introgres-
sion (Toews and Brelsford, 2012). Our analysis supports the general
findings of Good et al. (2015) that nuclear and mitochondrial intro-
gression can be entirely decoupled, and suggests that this system is
a promising target for future investigations of the evolutionary
dynamics of mitochondrial introgression.
5. Conclusions

We identified a cryptic species of songbird distinguished from
its congeners by divergence in migratory direction and timing,
and identified a set of unexpected hybrid individuals from puta-
tively sedentary allopatric populations in the southern Caribbean.
Our study demonstrates that post-divergence gene flow has rela-
tively little impact on the overall genetic makeup of species in
the Red-Eyed Vireo complex, despite occurring at detectable levels
in two species pairs. Previous results from studies of mitochondrial
DNA received partial support in our data, but did not reflect the
genome-wide species tree of the group. Our study demonstrates
the utility of genomic data for identifying cryptic species and gen-
erating novel natural history observations in groups with little
phenotypic diversity.
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