
Evolution , 2026, 0 ( 0 ), 1–18 
https://doi.org/10.1093/evolut/qpag083 
Advance access publication 6 May 2026 

Original Article 

History of divergence and gene �ow shaping geographic 

variation in Andean warblers ( Myioborus ) 
Laura N. Céspedes Arias1 ,2 , Andrés M. Cuervo3 , Carlos Daniel Cadena4 , Elisa Bonaccorso5 , 

Christopher Witt6 , Irby Lovette7 ,8 , Leonardo Campagna7 ,8 

1 Committee on Evolutionary Biology, The University of Chicago, Chicago, IL, United States 
2 Birds Division, Field Museum of Natural History, Chicago, IL, United States 
3 Instituto de Ciencias Naturales, Facultad de Ciencias, Universidad Nacional de Colombia, Bogotá, Colombia 
4 Departamento de Ciencias Biológicas, Universidad de los Andes, Bogotá, Colombia 
5 Laboratorio de Biología Evolutiva, Colegio de Ciencias Biológicas y Ambientales, Universidad San Francisco de Quito, Quito, Ecuador 
6 Museum of Southwestern Biology, University of New Mexico, Albuquerque, NM, United States 
7 Fuller Evolutionary Biology Program, Cornell Lab of Ornithology, Ithaca, NY, United States 
8 Department of Ecology and Evolutionary Biology, Cornell University, Ithaca, NY, United States 

Corresponding author: Field Museum of Natural History, 1400 S. Jean Baptiste Pointe DuSable Lake Shore Drive, Chicago, IL 60605; E-mail: 
lncespedesarias@gmail.com 

Abstract 

Studying how genetic variation is structured across space, and how it relates to divergence in phenotypic traits relevant to reproductive isolation, 
is important for our understanding of the speciation process. We used ddRAD-seq data to examine genetic variation across the distribution of 
an Andean warbler species complex ( Myioborus ornatus–melanocephalus) , which includes a known hybrid zone between two taxa with striking 
plumage differences . Genetic structure re�ects geographic variation in head plumage, with some breaks coinciding with major topographic 
barriers in the Andes. We found that M. o. chrysops and M. m. bairdi , the two hybridizing taxa, were characterized by low overall genetic 
divergence. Based on our cline analyses of plumage and genomic hybrid indices, this hybrid zone extends for approximately 250 km, where 
advanced generation hybrids are likely most common. We also identi�ed a slight difference in the geographic centers of the plumage and genetic 
ancestry clines, potentially suggesting asymmetric introgression of chrysops -like plumage traits. By studying genetic variation in a phenotypically 
diverse group distributed across a topographically complex area that includes a hybrid zone, we show how both geographic features and plumage 
traits potentially relevant to mate choice may contribute to species formation and maintenance in tropical mountains. 
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Introduction 

Geographic variation in traits relevant to reproductive iso- 
lation is often viewed as a snapshot of the early stages of 
population divergence ( Mayr, 1942 ; Price, 2008 ), making 
it a focus for understanding the process of speciation. To 
study this process, it is useful to evaluate how phenotypic 
variation in such traits is related to the underlying popula- 
tion genetic structure ( Edwards et al., 2016 ; Zamudio et al.,
2016 ). A common expectation is that phenotypic and ge- 
netic divergence are positively correlated: in the absence of 
strong divergent selection, extended periods of isolation are 
typically required for phenotypic differentiation to evolve 
( Nosil, 2008 ; Price, 2008 ; Winger & Bates, 2015 ). It fol- 
lows that range disjunctions associated with topographic 
and ecological barriers, which restrict gene �ow, are ex- 
pected to be accompanied by genetic and phenotypic discon- 
tinuities ( Edwards et al., 2016 ). However, geographic varia- 
tion in phenotypic traits is not always concordant with ge- 
netic structure. This discordance may result from complex 
histories of selection and gene �ow leading to phenotypic 
convergence ( Márquez et al., 2020 ), strong selection on spe- 

ci�c traits across steep environmental gradients ( Mullen & 

Hoekstra, 2008 ) or selection on mate-choice-related traits 
in zones of secondary contact, leading to differential intro- 
gression ( Baldassarre et al., 2014 ; Lim et al., 2024 ; Stein & 

Uy, 2006b ). A better understanding of how species diver- 
sify across space requires studying such histories of isola- 
tion, and how these relate to divergence in traits, particularly 
those that might be important for mate choice and, conse- 
quently, reproductive isolation. 

Patterns of plumage differentiation—thought to be im- 
portant for reproductive isolation in birds ( Price, 2008 ; Uy 
et al., 2018 )—across allopatric populations within species 
are pervasive among Andean birds ( Graves, 1988 ; Remsen,
1984 ). Although geographic variation in plumage and ge- 
netic structure in Andean birds is often associated with cur- 
rent topographic and ecological barriers ( Gutiérrez-Pinto et 
al., 2012 ; Prieto-Torres et al., 2018 ), many of these barri- 
ers tend to be permeable and unstable over evolutionary 
timescales. Dispersal across such barriers could lead to intro- 
gressive hybridization connecting otherwise diverging popu- 
lations ( Winger, 2017 ). Additionally, differentiated popula- 
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tions may come into renewed contact as barriers change over 
time. In the particular case of the Andes, climatic �uctuations 
( Ramírez-Barahona & Eguiarte, 2013 ) and, potentially, vol- 
canic activity ( Sanín et al., 2024 ) have promoted cycles of 
fragmentation and reconnection of elevational vegetation 
belts, creating opportunities for contact among periodically 
isolated populations ( Vuilleumier, 1969 ). Examining these 
complex histories of divergence and gene �ow in geograph- 
ically variable Andean taxa contributes to a more compre- 
hensive understanding of how bird species are formed and 
maintained in this biodiversity hotspot ( Rahbek et al., 2019 ; 
Sonne et al., 2022 ). 

Here, we used a reduced-representation genomic data set 
from an Andean bird species complex of Myioborus war- 
blers (Parulidae) characterized by striking geographic varia- 
tion in head color patterns to gain insights into differentia- 
tion in geographically isolated populations and the processes 
that occur after differentiated populations come into sec- 
ondary contact. This young ( < 1 my; Cuervo, 2013 ) species 
complex inhabits the high Andes from Bolivia to Venezuela, 
and is characterized by differences in head color patterns de- 
spite shallow genetic differentiation in mitochondrial DNA 

( Céspedes-Arias et al., 2021 ; Pérez-Emán, 2005 ). Seven 
plumage groups have been described as subspecies belonging 
to two species, Myioborus ornatus and M. melanocephalus , 
distributed mostly allopatrically along different sections of 
the Andes ( Cuervo & Céspedes-Arias, 2023 ; Zimmer, 1949 ). 
According to this classi�cation scheme, M. ornatus includes 
subspecies ornatus and chrysops , and M. melanocephalus 
includes subspecies bairdi (also known as ru�coronatus ; 
but see Cuervo & Céspedes-Arias, 2023 ), griseonuchus , 
malaris , melanocephalus , and bolivianus . Recent taxonomic 
revisions, however, suggest that a four-species classi�cation 
scheme might better capture current knowledge of genetic 
and plumage variation in this complex ( Cuervo & Céspedes- 
Arias, 2023 ). Regardless of the species delimitation scheme, 
analyses based on the ND2 mitochondrial gene have re- 
vealed extensive haplotype sharing among groups with con- 
spicuous plumage differences, potentially suggesting a his- 
tory of rapid plumage evolution or repeated mitochondrial 
introgression ( Céspedes-Arias et al., 2021 ). 

Our previous work in regions where the ranges of 
chrysops and bairdi abut, on the border between Colombia 
and Ecuador, revealed that these two taxa hybridize widely 
across more than 200 km, where individuals with a vari- 
ety of intermediate head color patterns occur ( Céspedes- 
Arias et al., 2021 ). Although hybridization has been ex- 
tensive there, the existence of a sharp plumage cline, lim- 
ited to a relatively narrow zone within these taxa’s broader 
ranges (20% −30% of the entire distribution), suggests the 
action of some form of selection maintaining their differen- 
tiation ( Barton & Hewitt, 1985 ; Brelsford & Irwin, 2009 ; 
Harrison, 1986 ). Here, we leveraged this previous system- 
atic collection and detailed plumage characterization of the 
bairdi × chrysops hybrid zone ( Céspedes-Arias et al., 2021 ) 
to gain a deeper understanding of hybridization dynamics 
using genomic data. 

The study of hybrid zones across a diversity of taxa, in- 
cluding birds, has played a central role in shaping our un- 
derstanding of species formation and maintenance ( Abbott 
et al., 2016 ; Harrison, 1990 ). In birds, a high proportion 
of detailed genomic studies of hybrid zones have focused 
on temperate species, providing key insights, among oth- 

ers, into heterogeneous patterns of genome-wide introgres- 
sion, the temporal movement of hybrid zones, and the ge- 
netic architecture of phenotypic traits ( Aguillon et al., 2021 ; 
Blain et al., 2025 ; Brelsford et al., 2017 ; De Zwaan et al.,
2022 ; Taylor et al., 2014 ). In the tropical Americas, much 
of the recent genomic work on hybrid zones has focused on 
lowland taxa, particularly in Amazonia, highlighting the im- 
portance of river dynamics and their historical �uctuations 
in shaping patterns of hybridization ( Cronemberger et al.,
2020 ; Pulido-Santacruz et al., 2018 ; Weir et al., 2015 ). De- 
spite the exceptional species richness of the tropical Andes, 
detailed genomic studies of hybrid zones in Andean taxa re- 
main relatively rare. The few well-characterized Andean hy- 
brid zones involve elevational replacements, including Ram- 
phocelus tanagers ( Castaño et al., 2026 ; Morales-Rozo et 
al., 2017 ) and Anairetes �ycatchers ( Dubay & Witt, 2014 ). 
The Myioborus hybrid zone offers a distinct window into 
the processes that follow secondary contact of latitudinal 
replacements without an obvious physical barrier and that 
occupy the same elevational band. While other hybrid zones 
among such taxa have been identi�ed using phenotypic or 
genomic data ( Graves, 1982 ; Muñoz-Quintana & Cuervo,
2024 ; Schmitt, 2022 ), our dense sampling across the con- 
tact zone, coupled with broad geographic sampling of re- 
lated populations, provides a uniquely detailed perspective 
on gene �ow and divergence in a complex Andean landscape. 

We examined patterns of genomic variation within this 
warbler species complex at two different spatial scales: the 
entire distribution of the species complex, which corre- 
sponds to a broad latitudinal band in the Andes ( ∼3800 km 

in geographic distance), and the hybrid zone between two 
markedly different plumage groups, as outlined above. By 
focusing on these two scales, we addressed questions related 
to multiple processes relevant to the formation and mainte- 
nance of species. First, leveraging a broad geographic-scale 
sampling of individuals representing all plumage forms in 
the complex, we asked: (1) How is genetic structure related 
to geographic distance, topography, and plumage variation 
along the Andes? At a �ner spatial scale, in the hybrid zone 
between two plumage forms, we asked: (2.1) Does the ge- 
ographic pattern of introgression mirror plumage variation 
across the hybrid zone? And (2.2) is there evidence for non- 
neutral processes such as selection against hybrids based on 
patterns of genomic variation? Our genome-wide data cou- 
pled with dense geographic sampling substantially improves 
our ability to reconstruct and understand the diversi�cation 
history of these colorful montane warblers, which was pre- 
viously limited to studies using only a single mitochondrial 
gene. 

Methods 

Study species and sampling 

The taxonomic classi�cation within this species complex is 
in �ux, and its reassessment is beyond the scope of this study. 
For consistency, we follow the classi�cation scheme as ac- 
cepted by the Birds of the World ( Clements et al., 2025 ): M. 
ornatus (including subspecies ornatus and chrysops ) and M. 
melanocephalus (including subspecies bairdi , griseonuchus , 
malaris , melanocephalus , and bolivianus ). The speci�c epi- 
thet bairdi is used here instead of ru�coronatus , as currently 
listed in Birds of the World, to re�ect de�nitive evidence that 



Evolution (2026), Vol. 0, No. 0 3

Figure 1. Sampling localities of specimens included in the study (A), which encompass all subspecies (B). The color of the dots corresponds to study 

taxa. The white dots correspond to areas around the bairdi × chrysops hybrid zone as identi�ed based on plumage patterns ( Céspedes-Arias et al., 

2021 ). The subspecies malaris , melanocephalus , and bolivianus , which are similar in facial pattern, are here represented by one illustration. In the map, 

elevation is denoted by the grayscale in the background, with the elevation in which these Myioborus occur shown in an intermediate shade of gray. The 

localities marked with an asterisk correspond to those in Loja and outlying ridges in Morona–Santiago that are discussed in the main text, and numbers 

mark important topographic features. (C) Maximum-likelihood phylogeny estimated with our dataset of concatenated ddRAD loci, showing how overall 

relationships somewhat re�ect geography (outgroups not shown). The terminal branches are colored by subspecies as in the map. Only bootstrap 

values over 70 are shown, and nodes with a support lower than 50 were collapsed into polytomies. Hybrid zone samples were not included in the 

analysis. Illustrations: Andrés Montes Rojas. 

the type specimen of ru�coronatus corresponds to a hybrid 
and is therefore a void name ( Cuervo & Céspedes-Arias,
2023 ; Remsen et al., 2026 ). Throughout this paper, we re- 
fer to subspecies (i.e., geographically circumscribed plumage 
groups) using their subspeci�c epithet. 

We used tissue samples collected across the distribu- 
tion of the M. ornatus–melanocephalus complex ( n = 227, 
Figure 1 .; Céspedes-Arias et al., 2021 ) and previously de- 
posited in museum collections ( Table S1 ). Samples encom- 
passed all seven subspecies and a denser sampling in the 
bairdi × chrysops hybrid zone area, along the border be- 
tween Colombia and Ecuador ( Figure 1 A). We also ob- 
tained data for eight individuals as outgroup, correspond- 
ing to three other species in Myioborus : M. pictus ( n = 3), 
M. miniatus ( n = 3), and M. brunniceps ( n = 2), which 
vary in their phylogenetic and geographic proximity to the 
M. ornatus–melanocephalus complex ( Lovette et al., 2010 ; 
Pérez-Emán, 2005 ). Additional details about subspecies dis- 
tributions and plumage descriptions are available in the Sup- 
plementary Material ( Text S1 , also see Figure S1 ). 

Laboratory procedures 

DNA extraction and library preparation 

We extracted genomic DNA from pectoral muscle ( n = 232) 
and blood samples ( n = 3) employing a modi�ed phenol–
chloroform protocol ( Sambrook, 1987 ), using phase-lock 
tubes. Each DNA extraction was subsequently puri�ed us- 
ing homemade Sera-Mag Magnetic SpeedBeads for magnetic 
nucleic acid extraction. To obtain reduced-representation ge- 
nomic data, we used double-digest restriction site-associated 
DNA sequencing (ddRAD) following Peterson et al. (2012) 

with modi�cations from Thrasher et al. (2018) . The genomic 
libraries were then sequenced on a single HiSeq2500 Illu- 
mina lane (100 bp single-end) by the Genomics Core Facil- 
ity of Cornell University. Further details on DNA extractions 
and genomic library preparation can be found in the Supple- 
mentary Material ( Text S2 ). 

Bioinformatics pipeline 

Quality assessment, �ltering, and demultiplexing 

We assessed sequence quality using FastQC ( Andrews,
2010 ). We used the process_radtags function implemented 
in STACKS 2.66 ( Rochette et al., 2019 ) to demultiplex the 
reads and apply quality �lters. Speci�cally, we �ltered out 
all reads with uncalled bases, those with a Phred quality 
score below 20, and those that did not pass the Illumina 
chastity/purity �lter. After demultiplexing, we checked the 
number of reads available per individual and only kept sam- 
ples with 200,000 or more reads ( Figure S2 ). Using this 
threshold, we discarded 11 individuals, mostly correspond- 
ing to the ornatus group and tissues collected around ten 
years prior to this study (range of number of reads for these 
individuals = 960 −150,152). Despite discarding these sam- 
ples, 23 high-quality samples for the ornatus group remained 
in downstream analyses. Following these exclusions, we kept 
a total of 242,204,894 reads corresponding to 224 individ- 
uals at this stage. 

Integrated assembly 

After demultiplexing, we assembled the RAD reads de-novo 
using functions implemented in STACKS 2.66 ( Rochette et 
al., 2019 ), and later integrated position information for the 
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loci in the catalog from a reference genome ( Paris et al.,
2017 ; Rivera-Colón & Catchen, 2022 ). This integrated ap- 
proach performs better than directly mapping reads onto a 
reference genome in some scenarios, for example, if the refer- 
ence genome is relatively distant to the study species as is our 
case ( Paris et al., 2017 ). We used the chromosome-level as- 
sembly of the Setophaga coronata genome ( Baiz et al., 2021 ) 
as a reference, the highest quality available genome within 
Parulidae. The time to the most recent common ancestor be- 
tween Setophaga and Myioborus is estimated between 5 and 
7 mya ( Barker et al., 2015 ). 

Before assembling the reads, we conducted an optimiza- 
tion of the parameters M and n used by denovo_map.pl 
( Rochette et al., 2019 ), for three different assemblies: one in- 
cluding representatives from the outgroup, one that only in- 
cluded individuals within the ornatus–melanocephalus com- 
plex, and one including only samples relevant for the hy- 
brid zone analyses ( chrysops , individuals in the hybrid zone, 
bairdi , and griseonuchus , Figure 1 ). A detailed explanation 
of these optimization steps is provided in the Supplementary 
Material ( Text S3 ), and the results are summarized in Table 
S2 . 

After the optimization runs , we ran denovo_map.pl for 
the entire dataset with the chosen parameter values ( n = 224 
for the full assembly, n = 216 for the ingroup-only assem- 
bly, and n = 123 for the hybrid zone assembly). We then 
mapped the de novo catalogs to the reference genome using 
bwa ( Li & Durbin, 2009 ). After excluding four individuals 
with a mean effective coverage lower than 20x ( Figure S3 ), 
221 individuals were retained for downstream analyses. A 

full description of each of the integrated assembly steps and 
results (i.e., coverage and mapping rates) can be found in the 
Supplementary Material ( Text S3 ). 

SNP datasets 

We obtained different SNP datasets to be used in down- 
stream analyses using the populations program from 

STACKS 2.66 ( Rochette et al., 2019 ). For some analyses, we 
further �ltered SNPs using VCFtools ( Danecek et al., 2011 ). 
A detailed description of how the datasets were obtained is 
provided in the Supplementary Material ( Text S4 ), includ- 
ing our rationale for the chosen �ltering parameter values. 
A summary of �ltering parameters and resulting number of 
SNPs per dataset used in each analysis is shown in Table S3 . 

Analyses of diversi�cation within the 

ornatus–melanocephalus complex 

Phylogenetic and admixture graph inference 

With the goal of inferring the overall relationships among 
subspecies, we employed two methods to build phylogenies 
and also inferred admixture graphs. For this set of analy- 
ses, we excluded all individuals from or adjacent to the hy- 
brid zone (in white, Figure 1 ) and the griseonuchus–bairdi 
transition area (arrows, Figure 1 ) and used the assembly 
that includes outgroup taxa ( M. pictus , M. miniatus , M. 
brunniceps ). For phylogenetic approaches, we included all 
outgroup individuals (total n = 110), while for the admix- 
ture graph inference, we only included one outgroup (total 
n = 105). 

RAxML-NG: We used RAxML-NG ( Kozlov et al.,
2019 ) to infer maximum-likelihood trees from concatenated 
ddRAD loci, including both variant and invariant sites. Be- 

cause individual fragments are short ( ∼150 bp), we concate- 
nated all loci into a supermatrix ( Leaché & Oaks, 2017 ). 
Although a concatenated approach ignores the different co- 
alescent histories of individual loci, each short ddRAD frag- 
ment contains limited phylogenetic information on its own, 
so concatenation is generally considered appropriate for 
ddRAD datasets ( Eaton & Ree, 2013 ). We also note that, be- 
cause the M. ornatus–M. melanocephalus clade is relatively 
young, we expect minimal issues with homology decay, as 
a large number of restriction sites should be orthologous 
across samples ( Rubin et al., 2012 ). A full description of the 
RAXML-NG analyses is provided in the supplementary ma- 
terial ( Text S5 ). 

snapper: To infer evolutionary relationships among sub- 
species under a phylogenetic framework, we used snapper 
( Stoltz et al., 2021 ). Snapper infers a “species” tree using dif- 
fusion models and takes as input biallelic SNPs that are as- 
sumed to be unlinked, bypassing the necessity of building in- 
dividual gene trees, similar to site-based coalescent methods 
( Bryant et al., 2012 ). To meet this assumption, we retained 
only a single SNP per RAD locus, thereby minimizing link- 
age among markers, and �ltered loci based on missing data 
using a predetermined classi�cation of individuals into pop- 
ulations ( Table S3 ). A full description of the snapper analysis 
is provided in the supplementary material ( Text S5 ). 

OrientAGraph: As an alternative way to describe the his- 
torical relationships among subspecies, we used OrientA- 
Graph ( Molloy et al., 2021 ), an approach based on the 
TreeMix algorithm, which implements a graph-based model 
that uses genome-wide allele frequencies to infer population 
splits and admixture events ( Pickrell & Pritchard, 2012 ). 
This method detects evidence of historical introgression be- 
tween lineages and can better describe the history of pop- 
ulations when not fully bifurcating. A full description of 
the OrientAGraph analysis is provided in the supplementary 
material ( Text S5 ). 

Genetic structure within the ornatus –melanocephalus com- 
plex 

PCA: To summarize genetic variation in the ornatus–
melanocephalus complex, we conducted a genomic PCA us- 
ing functions implemented in gdsfmt and SNPRelate ( Zheng,
2013 ) in R. To conduct this PCA, we used only one SNP per 
locus, including only biallelic SNPs. To account for the effect 
of missing data on the PCA ( Yi & Latch, 2022 ), we visual- 
ized the amount of missing data in our PC plots to evalu- 
ate the possibility that samples with high levels of missing 
data could be clustered together and/or have values biased 
toward the origin. When performing the PCA ( snpgdsPCA 

function in SNPRelate ), we also excluded SNPs with a miss- 
ing rate higher than 0.1 (3,041 SNPs retained). We also con- 
ducted a PCA for a subset of the individuals to describe in 
more detail genetic variation in the hybrid zone and adja- 
cent areas ( chrysops , hybrid zone individuals, bairdi , and 
griseonuchus ). 

�neRADStructure: As a complementary approach to visu- 
alize genetic structure within the ornatus–melanocephalus 
complex, we used �neRADStructure, which estimates a 
coancestry matrix and an associated distance tree based on 
full haplotype information from RADseq data ( Malinsky 
et al., 2018 ). This method has particularly high resolution 
for inferring recent shared ancestry, and allows the descrip- 
tion of nested patterns of genetic structure ( Malinsky et al.,
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2018 ). To run �nestructure (part of the �neRADStructure 
pipeline), we used the output from the populations program 

corresponding to full haplotype data (22,132 variant sites). 
No population prior was speci�ed for the run, which was 
set for 200,000 iterations with a burn-in of 100,000 ( −x 
100,000, −y 100,000) and a thinning interval of 1,000 ( −z 
1,000). 

Calculation of FST : To estimate overall genetic differentia- 
tion between subspecies, we calculated pairwise FST between 
subspecies (i.e., plumage and geographic groups). We ex- 
cluded all individuals from the hybrid zone from this analy- 
sis. Given the uncertainty regarding the bairdi–griseonuchus 
limits (see Results section), we also excluded individuals 
from the southern Ecuadorian provinces (as in the snapper 
analyses). We calculated the Weir and Cockerham estima- 
tor ( Weir & Cockerham, 1984 ) using VCFtools ( Danecek et 
al., 2011 ) in 25,000 bp windows. To test for potential dis- 
cordance between nuclear and mitochondrial divergence, we 
evaluated whether SNP-based pairwise FST values were cor- 
related with those estimated from the ND2 gene ( Céspedes- 
Arias et al., 2021 ). To assess the correlation between these 
two matrices, we implemented a Mantel test based on Pear- 
son’s correlation using the function mantel implemented in 
the R package vegan ( Oksanen et al., 2019 ). 

To test for isolation-by-distance (IBD), we also calcu- 
lated pairwise windowed FST between localities as de�ned 
in Table S1 and evaluated whether these were correlated 
with the pairwise geographic distances. Geographic dis- 
tances between localities were calculated using the function 
rdist.earth implemented in the R package �elds ( Nychka et 
al., 2025 ) . We also evaluated the correlation between these 
matrices using a Mantel test based on Pearson’s correlation 
as implemented in vegan ( Oksanen et al., 2019 ). 

Admixture: We employed admixture ( Alexander et al.,
2009 ) to estimate individual genetic ancestries using a 
maximum-likelihood approach at three different geographic 
scales: the whole complex, the hybrid zone and adjacent 
populations ( bairdi , chrysops , hybrid zone, griseonuchus ), 
and the hybrid zone only ( bairdi , chrysops , hybrid zone). 
Details on the admixture analysis are provided in the Sup- 
plementary Material ( Text S6 ). 

Fast Estimation of Effective Migration Surfaces: To more 
directly evaluate how genetic variation is shaped across the 
Andes, we used a spatially explicit model-based approach: 
Fast Estimation of Effective Migration Surfaces (FEEMS; 
Marcus et al., 2021 ) ( https://github.com/VivaswatS/feems ). 
This approach is based on a model of IBD and builds con- 
tinuous migration surfaces based on a geographic grid, visu- 
alizing areas of inferred low and high gene �ow ( Marcus et 
al., 2021 ). Additional details on this analysis are provided in 
the Supplementary Material ( Text S7 ). 

Analysis of genetic variation across the 

bairdi × chrysops hybrid zone 

Calculation of a genomic hybrid index and genetic composi- 
tion of the hybrid zone 

We estimated a genomic hybrid index and interclass het- 
erozygosity using functions implemented in triangulaR 

( Wiens & Colella et al., 2025 ). As noted above, the southern 
parental population was de�ned based on our own results 
and includes individuals from central to southern Ecuador 
that do not cluster genetically with griseonuchus (see Results 

section). In the SNP dataset for this analysis, we included all 
SNPs per locus. 

To identify ancestry-informative SNPs, we chose an allele 
frequency difference of 0.5 between parental populations. 
Higher thresholds resulted in very few (i.e., less than 10) or 
no SNPs being retained, and there were no alleles �xed in 
each parental population. Then, to describe the genetic com- 
position of the hybrid zone, we used the values of genome- 
wide hybrid indices and observed interclass heterozygosity 
values for all individuals, and plotted these in a triangle plot 
( Cronemberger et al., 2020 ; Liu et al., 2022 ; Lopez et al.,
2021 ). 

Geographic cline analyses 

To describe the geographic extent of the hybrid zone and 
evaluate whether genetic and plumage variation were con- 
cordant, we �tted geographic clines using HZAR v0.2-5 
( Derryberry et al., 2014 ). We �tted and compared clines 
of genomic hybrid indeces—corresponding to admixture 
proportions—and plumage hybrid indices estimated previ- 
ously for these individuals ( Céspedes-Arias et al., 2021 ). For 
this analysis, we only included individuals ( n = 103) with 
both genomic and plumage data, collected from localities 
with a sample size of four or more individuals. For each of 
these “traits,” we �tted a model that estimates cline width 
( w ) and center ( c ) but has �xed values for the mean and vari- 
ance of the trait values at the cline extremes ( µL , µR , varL , 
varR ). Both models were run with a tune value of 1.5, and for 
each of these, we ran 3 chains of 2 million iterations discard- 
ing the �rst 10% as burn-in. All runs were performed ran- 
domizing starting parameters. To evaluate whether plumage 
and genomic hybrid index (i.e., genetic ancestry) clines are 
coincident and concordant, we compared the 95% con�- 
dence interval (CI) of the center and width estimates, which 
were calculated by aggregating the three independent chains 
for each model. 

Results 

Evolutionary relationships among subspecies as 
inferred from phylogenies and admixture graphs 

We employed two different phylogenetic approaches to 
describe evolutionary relationships among the seven sub- 
species within the M. ornatus–melanocephalus complex. 
Using a maximum-likelihood approach with all loci con- 
catenated, we found that most individuals of the same 
subspecies clustered together ( Figure 1 , panel C), yet we 
did not observe complete reciprocal monophyly in most 
groups. The chrysops group was the exception, as it ap- 
peared as a clade nested within the ornatus population. No- 
tably, however, support values were generally low, imply- 
ing that not many sites are phylogenetically informative as 
expected for a scenario of recent divergence and/or ongo- 
ing gene �ow. Generally, we observed that individuals from 

geographically adjacent subspecies are intermixed in the 
tree. 

The snapper subspecies-level tree ( Figure 2 A) showed 
strong support (posterior probability = 1.0, Figure S4 ) for 
a monophyletic “southern” group, encompassing three M. 
melanocephalus subspecies ( malaris , melanocephalus , bo- 
livianus ) characterized by having spectacles and a black 
crown. The taxon griseonuchus , from north of the Marañón 
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Figure 2. Evolutionary relationships among taxa in the Myioborus ornatus–melanocephalus complex as inferred by snapper and OrientAGraph. (A) 

DensiTree representation of the posterior distribution of trees from snapper. The blue lines represent the most frequent topology, while red and gray 

lines indicate less frequent topologies. (B) Admixture graph inferred by OrientAGraph with two migration edges. Migration edges are shown as colored 

arrows, with the hue indicating the migration weight. 

River Valley, characterized by having a reddish crown that is 
phenotypically very similar to bairdi , was recovered as sister 
to a clade including the more northerly groups from Colom- 
bia and Ecuador. Within this expanded “northern” group, 
chrysops was recovered as sister to ornatus , and these, in 
turn, are sister to bairdi ( Figure 2 A). Note that, unlike the 
maximum-likelihood tree, we a priori assigned individuals 
to groups for these analyses, which can bias the phylogenetic 
estimation given that the limits among these populations are 
not fully de�ned. 

We present here OrientAGraph admixture graphs based 
on models with m = 1 and 2 migration edges ( Figure 2 B, 
Figure S5 ). Because model likelihood plateaued at m = 2, 
we focus our discussion on this graph ( Figure S6 ). Both 
OrientAGraph topologies recovered a monophyletic “south- 
ern” group ( malaris , melanocephalus , and bolivianus ), as 
seen in the snapper tree. However, in contrast to the snap- 
per topology, both graphs recover griseonuchus as sister to 
this “southern” group. In both graphs, a chrysops–bairdi–
ornatus group is inferred. The two hybridizing taxa, bairdi 
and chrysops , are recovered as sister in the m = 2 graph, 

while in the m = 1 graph chrysops is recovered as sister to 
its conspeci�c ornatus ( Figure 2 B, Figure S5 ). 

The m = 2 graph ( Figure 2 B) indicates evidence of ad- 
mixture between bairdi and griseonuchus , as indicated by 
the high migration weight of this edge. Another migration 
edge, with lower weight, was inferred between the branch 
leading to the ingroup and the bolivianus–melanocephalus 
group. This migration edge was also inferred in the m = 1 
graph ( Figure S5 ) and may re�ect a signature of historical 
introgression between ancestral lineages within this species 
complex. 

Genetic structure within the 

ornatus–melanocephalus complex 

The PCA showed that individuals generally cluster in re- 
lation to plumage groups and geographic origin ( Figure 3 ), 
but some phenotypically distinct groups were very close in 
the PC1-2 space (particularly chrysops , ornatus , and bairdi ). 
As in the phylogenetic analyses, the “southern” group can 
be clearly distinguished, including all individuals from pop- 
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ulations south of the Marañón River Valley ( bolivianus , 
melanocephalus , malaris ), which occupied a wide range of 
PC1 values ( Figure 3 A). When PC1 was plotted against lat- 
itude, a clear north–south pattern was revealed. There was 
also an identi�able northern cluster ( chrysops , bairdi , and 
hybrid zone individuals) that was, however, not fully dis- 
tinct from a third cluster comprised of griseonuchus in- 
dividuals. Within this northern cluster, the subspecies or- 
natus , chrysops , bairdi , and individuals from the hybrid 
zone (“northern,” hereafter) appeared very close in PC1-2 
space. As expected, individuals from the hybrid zone (in gray 
in Figure 3 ) fell intermediate between their parental popula- 
tions. The ornatus group appeared as a more de�ned cluster 
when considering PC3 ( Figure S7 ). Notably, some individu- 
als putatively classi�ed as bairdi , collected in the Ecuadorian 
provinces of Loja and outlying ridges in the Amazon, ap- 
peared to cluster with griseonuchus ( Figure 3 ). We observed 
a similar pattern in the hybrid zone plus griseonuchus PCA 

( Figure S8 ). 
Two main clusters are supported in the coancestry ma- 

trix resulting from �neRADstructure: populations occurring 
from north Peru Dto Bolivia ( griseonuchus plus “south- 
ern” group), and those occurring from Ecuador to Colom- 
bia (“northern” group) ( Figure 3 C), which contrasted with 
the topology inferred by snapper. Within the �rst group, 
griseonuchus and the southern group appear as differenti- 
ated clusters. The few exceptions to this pattern are a few pu- 
tatively bairdi individuals that clustered with griseonuchus , 

which were collected at the southern edge of the distribu- 
tion of this subspecies (where it is replaced by griseonuchus ) 
in the Cordillera del Cutucú and Loja Province of Ecuador. 
We detected two main groups within the “northern” group 
(Ecuador and Colombia): one corresponded to ornatus and 
chrysops , and the other to bairdi and individuals from the 
hybrid zone. 

Admixture analyses, including all individuals in the 
ornatus–melanocephalus complex, revealed genetic breaks 
along the distribution of these warblers that were overall 
consistent with �neRADStructure ( Figure 4 A). For example, 
when assuming K = 2 and K = 3, the “southern” group ap- 
peared as an identi�able cluster. For K = 2, which is the op- 
timal K value based on cross-validation error values ( Figure 
S9 , top panel), the group griseonuchus also clustered with 
the southern group ( Figure 4 A). For K = 3, a “southern”
plus griseonuchus group can be also identi�ed, and there 
was an additional genetic break roughly located in the de- 
scribed bairdi × chrysops hybrid zone in southern Colom- 
bia (see Figure 1 A). For both K values, replicate runs were 
highly concordant (average pairwise similarity = 0.99 in 
both cases), with pong recovering a single clustering mode. 

The results of admixture analyses focused on the hy- 
brid zone and parental populations, when assuming K = 2, 
showed a genetic break that clearly coincides with the 
bairdi × chrysops hybrid zone ( Figure 4 B3 and C3), as pre- 
viously identi�ed based on plumage variation ( Figure 1 A). 
However, when also considering griseonuchus , the transition 
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between these genetic groups is less sharp and displaced to 
the south ( Figure 4 B1). When using K = 3 for the analyses in- 
cluding griseonuchus (a K that corresponds to the number of 
subspecies), two genetic clusters were identi�ed in Ecuador, 
and one in Colombia, and one of these genetic breaks did 
again roughly correspond to the bairdi × chrysops hybrid 
zone ( Figure 4 B2). In both cases, the K value with the lowest 
cross-validation is K = 1 ( Figure S8 ). For both analyses (in- 
cluding and excluding griseonuchus ), pong identi�ed a single 
clustering mode across all evaluated K values ( K = 2 for the 
hybrid zone analysis; K = 2 and 3 for the analysis, includ- 
ing griseonuchus and southern bairdi populations). Repli- 
cate runs were highly concordant, with mean pairwise simi- 
larity > 0.95 in all cases. 

Values of pairwise FST between populations showed an 
overall correspondence with geographic distance: subspecies 
that are far apart in space show higher genetic differen- 
tiation (e.g., bairdi vs. bolivianus , Figure 5 ). We observed 
higher pairwise differentiation between taxa belonging to 
the “southern” versus “northern” groups, which is con- 
sistent with all other analyses describing genetic structure. 
In contrast, there was very low differentiation among the 
three subspecies occurring south of the Marañón River Val- 
ley (“southern” group), which all have similar head col- 
oration. However, there were also relatively low levels of dif- 
ferentiation within the “northern” plus griseonuchus group, 
which encompasses striking plumage diversity, particularly 
between the two hybridizing taxa, bairdi and chrysops , and 
bairdi and griseonuchus ( Figure 5 ). There was a positive cor- 
relation ( Figure 5 , Mantel statistic r = 0.75, p -value = .001) 
between pairwise FST calculated from our ddRAD SNPs and 
from the ND2 mitochondrial gene ( Céspedes-Arias et al.,
2021 ). Lastly, as expected, if patterns of genetic variation re- 
�ect IBD, we found a positive correlation between pairwise 
FST between localities and geographic distance ( Figure 5 , 
Mantel statistic r = 0.65, p -value = .001). Using the same 
classi�cation scheme for individuals as that used to calculate 
FST , we estimated genetic diversity statistics. We found that 
nucleotide diversity is very similar among groups, ranging 
from 0.00218 to 0.0027 ( Table S4 ). 

The migration surfaces inferred by FEEMS indicate spa- 
tial heterogeneity in effective migration across the distri- 
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bution of these warblers, highlighting regions where gene 
�ow is reduced relative to the surface’s mean ( Figure 6 ). 
These areas of low migration coincided mostly with two ge- 
ographic breaks that dissect the distribution of the complex 
( Figures 1 and 6 ), speci�cally the Magdalena River Valley 
and the Marañón River Valley, and with the hybrid zone. In 
contrast, most of the range south of the North Peruvian Low 
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shows moderate to high inferred effective migration, with no 
clear spatial discontinuities, consistent with genetic structure 
that is broadly explained by a relatively homogeneous IBD 

process. 
We acknowledge that low sampling density in certain 

regions, particularly in southern Ecuador and central and 
southern Peru, may have in�uenced the inferred migration 
surface ( Figure 6 ). However, cross-validation results indicate 
that the selected regularization parameter provides a good �t 
while accounting for unobserved nodes ( Figure S10 ). With 
that caveat in mind, the FEEMS results are broadly consis- 
tent with the patterns of genetic structure revealed by our 
other analyses. 

Hybrid zone 

To describe the geographic extent of hybridization and the 
genetic composition of the bairdi × chrysops hybrid zone, 
we identi�ed ancestry-informative markers to estimate ge- 
nomic hybrid indexes and interclass heterozygosity for in- 
dividuals across the hybrid zone and parental bairdi and 
chrysops populations. Using a relatively low threshold for 
allele frequency difference (0.5), we identi�ed only 29 sites 
that were ancestry informative from the total of 14,301, 
and none of these were �xed between the parental popu- 
lations. This result complicates the interpretation of the tri- 
angle plots and highlights the low level of genetic differen- 
tiation between these two hybridizing taxa. Because of the 
scarcity of ancestry informative sites in our ddRAD data set, 
which can affect the accuracy of genomic hybrid index esti- 
mations, we opted to conduct cline analyses with admixture 
proportions (with K = 2) instead. 

We found that the geographic clines of head coloration 
and genomic hybrid index (i.e., genetic ancestry), de�ned as 
the admixture proportions in Figure 4 (panel C3) had dif- 
ferent centers but similar widths ( Figure 7 , panel A). The 
admixture proportion cline had a width of 281.6 km (95% 

CI: 245.0 −319.8 km), compared to 240.6 km for head col- 
oration (95% CI: 277.5 −311.1 km). Given the substantial 
overlap in CIs, we do not interpret this 41 km difference 
in width as signi�cant. However, we found a 38 km differ- 
ence in the estimates of the geographic center between the 
plumage and genetic ancestry, for which the 95% CIs did not 
overlap. For genetic ancestry, the cline was centered around 
348.8 km (95% CI: 335.4 −362.7 km) in our sampling tran- 
sect, while the plumage cline was centered around 311.1 km 

(95% CI: 300.7 −322.6 km). Therefore, based on our HZAR 

analyses, the plumage cline appeared to be displaced toward 
the south (i.e., toward Tungurahua, Ecuador, southern ex- 
treme of the sampling transect), implying that the chrysops - 
like plumage traits may be introgressing into bairdi . How- 
ever, there was an overall strong correlation between the 
plumage hybrid indices and genetic ancestry across the hy- 
brid zone and allopatric populations ( Figure 7 , panel C; lin- 
ear model; p -value < .001, m = 0.9, R -squared = 0.8). We 
identi�ed the outliers of this linear regression as those indi- 
viduals with residuals > 2 SD units from the mean, �nding 
that most were below the regression line ( Figure 7 ). Speci�- 
cally, we identi�ed six individuals that had a more chrysops - 
like plumage from the hybrid zone area (i.e., lower) relative 
to what the model predicts based on the admixture propor- 
tion, which was consistent with the cline analysis results that 
show that chrysops -like plumage is introgressing into bairdi . 

To describe the genetic composition of the 
bairdi × chrysops hybrid zone, we built triangle plots 
(interclass heterozygosity vs. hybrid index) based on the 29 
ancestry-informative markers that we identi�ed ( Figure 7 , 
panel D). The individuals from the hybrid zone are dis- 
tributed toward the center of the triangle, many below the 
line that de�nes what value combinations are possible under 
Hardy–Weinberg equilibrium, which is likely a product of 
the low allele frequency difference threshold. We note that 
individuals from populations away from the hybrid zone 
( Figure 7 , in green and orange) are not located in the bottom 

corners of the triangle plot, which is expected given that 
the allele frequency difference threshold is lower than one. 
If interpreted considering the caveats described above, the 
distribution of individuals in the triangle is suggestive of 
a hybrid zone mostly composed of advanced generation 
hybrids, without many F1s. 

Discussion 

We used reduced-representation genomic data to study ge- 
netic variation at two different spatial scales: the full dis- 
tribution of a geographically variable warbler complex ( M. 
ornatus–melanocephalus ) and a known hybrid zone be- 
tween two of these plumage forms. At both scales, our set 
of thousands of SNPs allowed us to explore genetic struc- 
ture with a resolution that mtDNA loci could not provide in 
previous studies ( Céspedes-Arias et al., 2021 ; Pérez-Emán,
2005 ). We found evidence of IBD driving genetic struc- 
ture across the latitudinally extensive range of these war- 
blers, and genetic divergence increasing where ranges are 
separated by known geographic barriers (i.e., Magdalena 
and Marañón river valleys; Gutiérrez-Pinto et al., 2012 ; 
Martínez-Gómez et al., 2023 ; Winger & Bates, 2015 ). These 
clear genetic breaks coincided with observed differences in 
head plumage coloration among populations. One transition 
corresponds to a hybrid zone between bairdi and chrysops , 
likely composed primarily of advanced-generation hybrids, 
where variation in genetic ancestry correlates with head col- 
oration. 

Below, we discuss how our �ndings relate to the history 
of divergence and gene �ow among these populations, with 
a focus on how genetic variation imperfectly covaries with 
plumage traits, and how it is structured across geography. 
We then discuss how genetic variation is structured across 
the hybrid zone, how it relates to patterns of variation in 
head coloration in this area, and whether there is evidence 
of selection against hybrids maintaining this seemingly ex- 
tensive hybrid zone. 

Geographic variation in plumage color and genetic 
structure 

Our qualitative assessments based on historical plumage 
descriptions and examinations of study skins suggest that 
for these Myioborus , patterns of geographically clustered 
phenotypic variation coincide with phylogeographic struc- 
ture. First, we found that individuals belonging to the same 
subspecies usually form genetic clusters, and that all ma- 
jor genetic breaks within the species complex coincide with 
a transition between clearly differentiated plumage groups, 
although we note that we lack data quantifying the de- 
gree of plumage differentiation between subspecies (e.g., 
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Figure 7. Genetic and plumage variation across the bairdi × chrysops hybrid zone. (A) The plumage and genetic ancestry geographic clines have different 

estimated centers. (B) Photographs of birds collected for which we calculated a plumage hybrid index, showing a sample of the phenotypic diversity 

across the hybrid zone, and parental phenotypes at both extremes. (C) We observed an overall strong correlation between the genomic hybrid index 

( bairdi admixture proportion) and the plumage hybrid index. Most individuals that deviate from this relationship (outliers marked in color) are individuals 

with a more chrysops -like plumage than expected given the admixture proportion. (D) Triangle plot showing the genetic composition of the hybrid zone. 

The x axis corresponds to a genomic hybrid index as calculated using 29 ancestry-informative markers. Parentals are shown in lime green and orange. 

Photos: Andrés Cuervo, Paulo Pulgarín, David Ocampo, and Laura Céspedes Arias. 
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Winger & Bates, 2015 ). In addition, subspecies with seem- 
ingly subtle plumage differentiation ( Cuervo & Céspedes- 
Arias, 2023 ), speci�cally those occurring south of the 
Marañón River Valley and all characterized by black crowns 
and spectacles, show little genetic differentiation from one 
another. 

Previous examinations of genetic variation in mitochon- 
drial loci ( Céspedes-Arias et al., 2021 ; Pérez-Emán, 2005 ) 
found extensive haplotype sharing and little genetic differ- 
entiation among the subspecies ornatus and the hybridiz- 
ing bairdi and chrysops , which are all characterized by 
striking plumage differences. In contrast, in our analyses of 
ddRAD data, which encompass thousands of SNPs across 
the genome, these subspecies are each identi�able genetic 
clusters, albeit with shallow genetic differentiation. Taken 
together, we interpret these results as evidence of rapid 
and recent diversi�cation of head plumage patches in the 
ornatus–melanocephalus complex, as seen in other Neotrop- 
ical taxa ( Campagna et al., 2012 , 2017 ). Our results also 
highlight the usefulness of reduced representation genomic 
data to study the evolutionary history of young radiations 
( Aguillon et al., 2018 ; Toews et al., 2016a ; Wagner et al.,
2013 ), in which few loci might be insuf�cient to detect 
genetic differentiation and describe evolutionary relation- 
ships among phenotypically distinct populations ( Friis et 
al., 2016 ; Stryjewski & Sorenson, 2017 ). We note that lack 
of differentiation in mtDNA between phenotypically dis- 
tinct groups could also be the result of mitochondrial in- 
trogression ( Irwin et al., 2009 ; Toews & Brelsford, 2012 ), 
although the strong positive correlation of FST for ND2 and 
our ddRAD loci does not support a scenario of extensive 
mitochondrial introgression in the group. 

Genetic structure in the region of the Andes spanning from 

central Ecuador to northern Peru (north of the Marañón 
River Valley) is complex and not clearly associated with 
a single topographic feature. This area also broadly corre- 
sponds to the transition between bairdi and griseonuchus 
plumage ( Figure 1 , Figure S1 ), two subspecies characterized 
by a rufous crown and spectacles. Despite their overall sim- 
ilarity, these two groups show differentiation in at least two 
head plumage traits: the presence of a black band behind 
the rufous crown and the extent of black in the cheeks and 
lores ( Cuervo & Céspedes-Arias, 2023 ; Curson et al., 1994 ; 
Zimmer, 1949 ). Our qualitative assessments of plumage 
variation ( Figure S1 ), however, suggest that the variation 
in these traits might not be completely discrete. Moreover, 
we found that individuals from Loja and the Cordillera del 
Cutucú (Ecuador) show substantial variation in both puta- 
tively diagnostic plumage traits. Therefore, these individuals, 
which are genetically clustered with griseonuchus , do not 
uniformly resemble the individuals from Cajamarca, Peru. 
Because of limited sampling in the area, we are unable to 
draw stronger conclusions, but our data suggest that there 
is some discordance between plumage and genetic variation, 
and evidence of introgression based on admixture graphs. 
Despite some differentiation in at least these two plumage 
traits, our genetic results are concordant with substantial 
historical or contemporary gene �ow among populations in 
this area. This pattern suggests that the geographic range of 
bairdi is potentially outlined by two hybrid zones, one to the 
north with chrysops ( Céspedes-Arias et al., 2021 ) and one to 
the south with griseonuchus. Evaluating this hypothesis of 
hybrid zones at the range edges, as observed in barn swal- 

lows ( Scordato et al., 2017 ), will require a systematic collec- 
tion of specimens across the bairdi–griseonuchus boundary. 

Genetic structure across space: the in�uence of 
geographic distance and topographic features 
along the Andes 

Several of our analyses support a strong correlation between 
genetic variation and geographic locations of samples and an 
important role of IBD driving genetic structure in Myioborus 
along the Andes. Patterns of IBD are close to ubiquitous in 
nature ( Aguillon et al., 2017 ; Seeholzer & Brum�eld, 2018 ; 
Vos & Velicer, 2008 , but see Meirmans, 2012 ), and are often 
treated as a null expectation for genetic differentiation if or- 
ganisms have limited dispersal given the scale of their range, 
as is the case for these small warblers with a latitudinally 
expansive distribution range. 

However, spatially homogeneous IBD does not fully ex- 
plain the observed patterns of genetic variation. Speci�cally, 
we found evidence of discrete genetic clusters and of reduced 
effective migration (relative to average genetic differentia- 
tion per unit geographic distance) in some regions of the An- 
des, which in turn correspond to lowland valleys such as the 
Marañón and the Magdalena River Valleys. These deep, low- 
land gaps interrupt the continuity of humid high-elevation 
forest and scrub ( Graham et al., 2010 ) that these Myioborus 
inhabit in the present, and also coincide with genetic and 
phenotypic breaks within other taxa that inhabit similar ele- 
vation bands ( Gutiérrez-Pinto et al., 2012 ; Martínez-Gómez 
et al., 2023 ; Winger & Bates, 2015 ). These two topographic 
features were also identi�ed in a comparative study as be- 
ing associated with allopatric events across multiple Andean 
bird genera ( Hazzi et al., 2018 ). These genetic breaks, clearly 
tied to topographic features, also correspond with striking 
discontinuities in head coloration traits. 

Other areas associated with clear genetic breaks observed 
in the inferred migration surface were not clearly associ- 
ated with topographic features that interrupt the present- 
day continuity of humid, high-elevation forests. Speci�cally, 
low migration was inferred in a large area ranging from the 
border between Ecuador and Colombia down to southern 
Ecuador. We suggest that this pattern results partially be- 
cause this broad area includes the bairdi × chrysops hy- 
brid zone, in which genetic differentiation relative to dis- 
tance is expected to be higher than what is expected un- 
der pure IBD, as two somewhat genetically distinct taxa 
came into secondary contact. The extension of this area 
of low inferred migration to south Ecuador is consistent 
with our �neRADStructure, PCA, and admixture results 
that suggest that there is substantial genetic differentiation 
between individuals in close geographic proximity in this 
area. Speci�cally, we found that birds from isolated moun- 
tain spurs such as the Cordillera del Cutucú (southeastern 
Ecuador) and Cordillera del Condor (Peru–Ecuador border) 
clustered genetically with birds from the main Andes in Ca- 
jamarca (northwestern Peru), and Loja (southern Ecuador), 
instead of the more geographically proximate individuals 
from the eastern Ecuadorian Andes in Morona–Santiago. 
The Cordillera del Cutucú and Cordillera del Cóndor are 
outlying mountain ranges in the Amazonian foothills, sepa- 
rated from the main Andes by the valleys of the rivers Up- 
ano and Zamora, respectively ( Pozo-Zamora et al., 2022 ; 
Robbins et al., 1987 ). Our results suggest that these valleys, 
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and surrounding lowland areas, have likely acted as disper- 
sal barriers for these high-elevation warblers. On the other 
hand, the patterns of genetic variation described here indi- 
cate that there has likely been substantial gene �ow connect- 
ing the populations of warblers inhabiting isolated peaks in 
these mountain ranges (separated by the Santiago River Val- 
ley; Pozo-Zamora et al., 2022 ; Robbins et al., 1987 ), and the 
eastern slope of the Andes in northern Peru. 

Hybrid zone dynamics 

Based on our reduced-representation genomic data set, the 
hybridizing chrysops and bairdi are characterized by very 
shallow genetic divergence, which contrasts with their strik- 
ing plumage differentiation. Moreover, across thousands of 
SNPs, we only identi�ed 29 ancestry informative sites with 
substantial allele frequency differences between parental 
populations. This scarcity of ancestry informative markers 
limits our ability to draw de�nitive conclusions about the ge- 
netic composition of this hybrid zone but highlights the low 

level of genetic differentiation between chrysops and bairdi . 
This hybrid zone likely formed by secondary contact of 

two formerly isolated plumage forms. The disconnection 
and subsequent reconnection of habitat that could have 
shaped this process may have followed elevational shifts in 
the cloud forest belt during the Pleistocene ( Flantua et al.,
2014 ; Ramírez-Barahona & Eguiarte, 2013 ), or potentially 
been driven by volcanic activity that modi�ed topographic 
connectivity ( Sanín et al., 2024 ). An investigation of the evo- 
lutionary origins of this hybrid zone will require both a bet- 
ter understanding of the patterns of connectivity of cloud 
forest in the area where it is centered, as well as an estima- 
tion of the time since secondary contact, which could be ob- 
tained from whole genome data through demographic mod- 
eling based on allele counts ( Excof�er et al., 2013 ) or in- 
ferences based on ancestry tract lengths ( Pool & Nielsen,
2009 ). 

Our geographic cline analyses using plumage and genomic 
data suggest that the hybrid zone extends for over 200 km, 
similar to the �ndings from its original description based 
on face color traits ( Céspedes-Arias et al., 2021 ). We do 
not �nd statistically signi�cant differences in the width of 
the admixture proportion (i.e., genomic) and plumage ge- 
ographic clines. Taken together, plumage and genomic pat- 
terns of variation thus suggest that hybridization between 
chrysops and bairdi has been extensive, albeit still restricted 
to a fraction of the entire distribution of these taxa (ap- 
proximately 30% of our sampling transect), which is con- 
tinuous at least from central Ecuador to the north of the 
Central Andes of Colombia. Therefore, the geographic ex- 
tent of hybridization is unlikely to be constrained by phys- 
ical or ecological barriers that limit dispersal beyond the 
hybrid zone (e.g., DeRaad et al., 2023 ), raising the ques- 
tion of what factors are restricting the hybrid zone to this 
area. 

The lack of information on natal dispersal distances as 
well as the wide range of plausible times since secondary 
contact constrains our ability to generate a direct compari- 
son of the observed cline widths with that expected under 
neutral diffusion ( Barton & Gale, 1993 ). With the avail- 
able data, we are thereby unable to evaluate whether the 
chrysops × bairdi hybrid zone corresponds to a stable ten- 
sion zone, in which the width of clines is constrained by se- 

lection against hybrids. A second possibility is that the ob- 
served sharp genomic and plumage clines are not maintained 
by selection, but instead that this is a young and potentially 
expanding hybrid zone, and that the differentiation between 
chrysops and bairdi might become eroded over time ( Kearns 
et al., 2018 ). 

Using a range of plausible dispersal distances inferred 
( Mumme, 2015 ), we can approximate expectations under 
neutrality ( Barton & Gale, 1993 ). For a cline width of 281 
km, the neutral diffusion model predicts that ∼14,337 gen- 
erations would be required assuming a dispersal distance of 
935 m, or ∼53,278 generations with a dispersal distance of 
485 m. In principle, building upon our systematic collection 
of specimens across the chrysops × bairdi hybrid zone, the 
alternative of an expanding hybrid zone could be revisited 
by comparing geographic clines of plumage and genomic hy- 
brid indices, based on specimens collected across different 
time points. However, given that the expansion of this hy- 
brid zone under neutral diffusion with plausible dispersal 
distances is expected to be slow (i.e., 0.5 km over 50 gen- 
erations), time between sampling periods would need to be 
very long to detect changes. 

We found that cline centers are not fully coincident, as 
that of the plumage cline is displaced to the south of the ge- 
netic ancestry cline center, implying that the chrysops -like 
plumage is introgressing into bairdi. Assuming that most of 
our ddRAD loci can be considered neutral markers, our re- 
sults indicate that head coloration might be under selection 
across this hybrid zone ( Gay et al., 2008 ). Speci�cally, the ob- 
served pattern would be consistent with a scenario in which 
the chrysops -like plumage is favored across the hybrid zone, 
which would lead to the asymmetric introgression of this 
phenotype toward the south. Asymmetric introgression of 
plumage traits has been observed in other avian hybrid zones 
( Baldassarre et al., 2014 ; Del-rio et al., 2022 ; DeRaad et al.,
2023 ; Lim et al., 2024 ; Semenov et al., 2021 ), and in at least 
two of these cases, behavioral evidence supported the idea 
that these traits provide �tness advantages in the context 
of mate choice ( Baldassarre & Webster, 2013 ; Long et al.,
2024 ; Stein & Uy, 2006a ). 

Even though the difference in plumage and genetic an- 
cestry center is statistically signi�cant, we found it to be 
relatively small (38 km; approximately 4% of the entire 
sampling transect). This contrasts with much more marked 
differences in center estimations found in other hybridiz- 
ing birds like Motacilla wagtails ( Semenov et al., 2021 ) and 
Malurus fairy-wrens ( Baldassarre et al., 2014 ). We acknowl- 
edge that this minor difference could be an artifact of the 
way in which both of our hybrid indexes were calculated 
(e.g., with the scoring system giving equal weight to pre- 
de�ned patches; Céspedes-Arias et al., 2021 ), and potentially 
low sampling sizes in some of the localities. However, this 
slight difference could be the result of selection on the head 
plumage patches. Even though the role of these color patches 
has not been studied in these warblers yet, it is plausible 
that they may be relevant for intraspeci�c communication 
and mate choice as seen in head plumage patterns in many 
other bird species (e.g., Andersson et al., 1998 ; Marchetti,
1992 ; Rémy et al., 2010 ; Scott & Deag, 1998 ). Future be- 
havioral studies (e.g., taxidermic mount presentation exper- 
iments; Avendaño, 2021 ; Ocampo et al., 2025 ; Uy et al.,
2009 ) could evaluate these hypotheses of selection favoring 
chrysops -like head color patterns across this hybrid zone. 
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Besides describing the geographic extent of hybridiza- 
tion, we used our reduced-representation genomic data set 
to gain insights into the genetic composition of the chyr- 
sops × bairdi hybrid zone. However, as noted above, the 
scarcity of ancestry informative sites in our dataset com- 
plicates the interpretation of these results, as it compro- 
mises the accuracy of genomic hybrid indexes and interclass 
heterozygosity estimations ( Gompert et al., 2024 ; Wiens & 

Colella et al., 2025 ). Setting a low allele frequency thresh- 
old, which was necessary in our case, can also result in a 
tendency of individuals to cluster near the center of triangle 
plots ( Wiens & Colella et al., 2025 ). Bearing these caveats 
in mind, we interpret our triangle plot results as suggestive 
of a hybrid zone composed mostly of advanced generation 
hybrids, with no F1s sampled, given the lack of individu- 
als with intermediate hybrid indexes and very high inter- 
class heterozygosity ( Capblancq et al., 2020 ; DeRaad et al.,
2023 ; Natola et al., 2021 ). This is consistent with the exis- 
tence of a high diversity of plumage phenotypes in the hy- 
brid zone, as well as the lack of contemporary geographic 
contact between parental chrysops and bairdi populations 
(i.e., we do not observe “pure” individuals of both species in 
the same sites) ( Céspedes-Arias et al., 2021 ). Given the shal- 
low genetic divergence between chrysops and bairdi , a more 
detailed examination of the genetic composition of this hy- 
brid zone will necessitate whole-genome sequencing, captur- 
ing more ancestry informative sites. Speci�cally, as in other 
examples of hybridizing taxa with very little genomic diver- 
gence, whole-genome sequencing may be needed to identify 
regions and sites that are highly differentiated and allow hy- 
bridization dynamics to be studied in detail ( Aguillon et al.,
2021 ; Poelstra et al., 2014 ; Toews et al. 2016b ). 
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