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Geographic isolation after admixture generates a distinct
lineage in an Atlantic Forest bird
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Abstract

Although traditionally viewed as opposing divergence, hybridization can have diverse evolutionary outcomes. Yet, its role in lineage divergence
remains unclear. To investigate this process, we examined the evolutionary history of the Black-cheeked Gnateater (Conopophaga melanops)
from the Atlantic Forest of eastern Brazil. The central subspecies, C. m. perspicillata, exhibits plumage traits intermediate to northern and
southern populations, raising the question of whether this pattern reflects isolation-by-distance, recent hybridization, or past admixture. Using
genome-wide markers from sequencing of ultraconserved elements along with phenotypic data, we assessed genetic structure and trait variation
across the species’ range. Our analyses reveal four population genetic clusters, with central populations exhibiting clear signatures of historical
admixture. Despite this admixture, central populations are genetically differentiated from northern and southern lineages and sing a distinct
song, suggesting divergence following admixture or transgressive segregation. WWe propose that past hybridization followed by geographic
isolation contributed to the formation of a divergent, reticulate lineage within the Black-cheeked Gnateater. This system provides an opportunity
to investigate how gene flow and allopatric divergence interact to shape lineage diversity and offers a natural framework for testing the conditions
under which reticulate lineages may emerge, persist, and diverge.
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Introduction al., 2024; Taylor et al., 2021; Weckstein et al., 2001), past
introgression from extinct lineages (Barlow et al., 2018;
Kuhlwilm et al., 2019), or hybrid lineage formation (Bertola
et al., 2024; Brelsford et al., 2011; Lopes et al., 2023; Wu et
al., 2023). Despite accumulating examples, the processes by
which admixed lineages persist, diverge, or become repro-
ductively isolated remain poorly understood. Systems where
hybridization and geographic isolation have occurred re-
cently offer valuable opportunities to investigate the condi-

Hybridization is common across animals and contributes to
diverse evolutionary outcomes (Abbott et al., 2013; Taylor
& Larson, 2019). Introgressive hybridization may slow or
reverse differentiation between populations, ultimately lead-
ing to lineage fusion (Kearns et al., 2018; Taylor et al., 2006).
Yet, introgression can also introduce novel genetic and phe-
notypic variation that supports lineage persistence or pro-
mote the emergence of new lineages (Edelman & Mallet,

2021; Pefalba et al., 2024; Seehausen, 2004). In all cases, tiolr};urgerlzvhﬁch;e:c&ﬂate historé:s form.h ;
gene flow contributes to reticulate evolution, producing lin- ¢ Black-checked Gnateater (Conopophaga melanops)

eages with admixed genotypes whose histories are better 'S @ Promising avian system for studying these dynamics. En-

represented by networks than bifurcating phylogenetic trees demic. to the Atlantic Forest of eastern ]_Srazil, this species
(Mallet et al., 2016) inhabits the understory of lowland humid forests, a land-

scape historically shaped by the expansion and contrac-
tion of forest refugia during Pleistocene climatic oscilla-
tions and bisected by major river systems that act as bar-
riers to gene flow (Carnaval & Moritz, 2008; Peres et al.,
2020). Conopophaga gnateaters are generally highly seden-
tary and philopatric (Greeney, 2018; Whitney, 2003), traits
that limit dispersal and facilitate population structuring
across such barriers. The species comprises three currently
allopatric subspecies described based on plumage differences

Genomic data increasingly reveal that reticulate evolution
is far more common than once assumed (Mallet et al., 2016).
Importantly, reticulation may result from a wide variety of
geographic and demographic scenarios. In many cases, phy-
logenetic reticulation can reflect episodic gene flow during
lineage divergence (Cui et al., 2013; Musher et al., 2022;
Singhal et al., 2021). In others, lineages with admixed an-
cestry may reflect lineage fusion events (Garrick et al., 2014;
Kearns et al., 2018), historical hybridization (McCallum et
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distributed along a north—south axis (Greeney, 2018). The
northernmost subspecies, C. m. nigrifrons, has a wide black
forehead band, white breast, and grayish back in males,
and a grayish crown in females. In the southernmost sub-
species, C. m. melanops, males typically exhibit a narrow
or absent black forehead band, a gray breast, and a brown
back, and females have a relatively brighter orange-brown
crown. The central subspecies, C. m. perspicillata, exhibits
somewhat intermediate plumage traits (Figure 1; Greeney,
2018; Whitney, 2003). This gradual geographic transition in
plumage from north to south could reflect several alternative
evolutionary scenarios, including (1) isolation-by-distance,
(2) recent hybridization between formerly isolated lineages,
or (3) the persistence of a distinct reticulate lineage formed
via past hybridization. Another possibility, divergence with
ongoing gene flow, could also generate this pattern provided
that there is sufficiently strong divergent selection to coun-
terbalance gene flow (Feder et al., 2012). However, the sub-
species are currently allopatric and the environments they
occupy do not appear to differ noticeably (Greeney, 2018).

Distinguishing among these alternative scenarios requires
evaluating the extent and structure of genotypic and pheno-
typic variation across the species’ range. A pattern of grad-
ual genomic and phenotypic change without discrete pop-
ulation boundaries would support isolation-by-distance. In
contrast, evidence of recent-generation hybrids and a spa-
tially well-defined admixture zone would suggest recent sec-
ondary contact between historically isolated northern and
southern lineages. Finally, if individuals in the central range
show no signs of recent hybridization but have consistent
genomic contributions from the northern and southern sub-
species, along with reduced gene flow into neighboring pop-
ulations, this would support the persistence in allopatry of
an admixed lineage formed through past hybridization.

Previous genetic work based on few loci documented dis-
crete population structure aligned with the three plumage-
based subspecies (Batalha-Filho et al., 2014; Cabanne et al.,
2016). However, limited genetic sampling often masks retic-
ulation, as shown by early studies of other birds that inferred
simple bifurcating histories (Ribas et al., 2018; Schultz et al.,
2019; Thom & Aleixo, 20135) later overturned by genomic
data revealing extensive reticulation (Del-Rio et al., 2022;
Musher et al., 2022, 2024; Pulido-Santacruz et al., 2020).
This raises the possibility that the Black-cheeked Gnateater
also harbors a more complex evolutionary history consistent
with its clinal plumage variation. Lastly, geographic varia-
tion in other key traits remains unexplored. Because varia-
tion in bird vocalizations often promotes premating repro-
ductive barriers (Price, 2008; Uy et al., 2018), vocal diver-
gence might provide a strong indicator of reproductive bar-
riers among Black-cheeked Gnateater populations.

To discriminate among alternative divergence and admix-
ture scenarios, we integrate genomic, plumage, and vocal
data across the species’ range. First, we analyze genome-
wide SNP data and a mitochondrial gene from 45 individ-
uals spanning the full range of the Black-cheeked Gnateater
to characterize population structure and admixture. We then
apply phylogenetic tree and network methods to character-
ize phylogenetic discordance and reticulation, and we ex-
amine geographic patterns of heterozygosity to distinguish
between different hybrid classes. Finally, we analyze spa-
tial patterns in plumage and vocal traits to compare phe-
notypic and genetic structure and assess the distinctive-
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ness of the central subspecies. These combined analyses al-
low us to evaluate whether variation in the Black-cheeked
Gnateater is best explained by isolation-by-distance, re-
cent hybridization, or the persistence of an admixed lineage
formed through past hybridization.

Methods

Genetic sampling, DNA extraction, and sequencing

We generated genome-wide SNP data for 45 individuals
from 31 localities across the Black-cheeked Gnateater’s
range (Figure 1A). These included 14 individuals of C. m.
melanops, 18 of C. m. perspicillata, and 13 of C. m. ni-
grifrons (Supplementary Table S1). For phylogenetic anal-
yses, we also sequenced four Black-bellied Gnateaters (C.
melanogaster) to use as outgroups. Samples were obtained
during our own field work and from existing collections (de-
tails in Supplementary Table S1). For 31 fresh tissue sam-
ples, we extracted genomic DNA using standard extraction
kits (Qiagen DNeasy Blood & Tissue Kit and Invitrogen
PureLink Genomic DNA Mini Kit) following the manufac-
turers’ instructions. To fill in important geographic sam-
pling gaps where fresh tissue samples were not available,
we also extracted historical DNA from 10 toepads sam-
pled from museum study skins using a silica spin-column
protocol adapted from Harvey et al. (2020). These histori-
cal DNA extractions were performed with dedicated equip-
ment to prevent cross-contamination. Given the mix of high-
quality and highly degraded DNA in our dataset, we se-
lected ultraconserved elements (UCEs) for genomic sequenc-
ing. We sent DNA extracts to Rapid Genomics (Gainesville,
FL, USA) for library preparation, enrichment, and sequence
capture using either the Tetrapod UCE 2.5K or 5K probe
sets (details in Supplementary Table S1), following a proto-
col modified from Faircloth et al. (2012). To ensure consis-
tent coverage across samples, we restricted all downstream
analyses to the set of loci shared by both probe sets (~2,500
loci).

Genetic data processing

We obtained an average of 2,332,907 read pairs per sample.
We used Illumiprocessor v.2.1 (Faircloth, 2013) and Trim-
momatic v.0.39 (Bolger et al., 2014) within Phyluce v.1.7.2
(Faircloth, 2016) to remove adapters, barcodes, and low-
quality regions from the raw reads. We then used SPAdes
v.3.14.1 (Prjibelski et al., 2020) to assemble the cleaned
reads into contigs and Phyluce v.1.7.2 (Faircloth, 2016) to
match the assembled contigs to the probe set. This process
successfully assembled an average of 3,417 contigs per sam-
ple, with a mean coverage of 26 x. Tissue samples sequenced
with the 2.5K probe set yielded an average of 2,108 contigs
(SD = 135), whereas those sequenced with the 5K probe set
yielded 4,459 contigs on average (SD = 13). Toepad sam-
ples, sequenced with the 5K probe set, yielded an average of
3,807 contigs (SD = 583). Mean contig length was 774 bp
for tissue samples (SD = 87) and 430 bp for toepad samples
(SD = 173).

We selected the sample with the greatest number of assem-
bled UCE loci (tissue MZUSP 91,214) as a pseudo-reference
for mapping and calling SNPs for all samples, using a
custom script modified from Harvey et al. (2016). Briefly,
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Figure 1. Population genetic structure of the Black-cheeked Gnateater. (A) Circles, triangles, and squares on the main map indicate sampling locations of
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genotyped individuals. Sample numbers are the same across panels. The dark gray polygons on the maps illustrate the species’ range, adapted

from Greeney (2018). Rivers referenced in the text are labeled on the main map. Inset map shows the species’ range within South America. Bird
illustrations show the main plumage differences among subspecies (details in Introduction). (B) Distance-based phylogenetic network showing
relatedness among samples and reticulation among population clusters, based on 758 genome-wide single nucleotide polymorphisms (SNPs). (C)
Principal component analyses (PCA) depicting population clustering on two principal component axes that together explained 44% of the genotypic
variance in the dataset with 7568 genome-wide SNPs. (D) sSNMF analyses showing genetic admixture among populations across three clustering
scenarios, based on 553 unlinked SNPs. (E) Haplotype network of mitochondrial ND2 sequences. This network contains 20 of the 45 individuals in the
nuclear genetic analyses. Numbers identify samples in each haplotype. Circle size is proportional to haplotype frequency: smaller circles denote
haplotypes found in only one sample, and larger circles those found in two samples. Inferred intermediate haplotypes are shown as black circles on
branches connecting observed haplotypes. Tick marks between haplotypes represent mutation steps.
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we used BWA v.0.7.17 (Li & Durbin, 2010), SAMtools
v.1.11 (Li et al., 2009), and GATK v.3.8 (McKenna et al.,
2010) to index the reference contigs, aligned trimmed raw
reads to the reference, called SNPs and indels, and obtained
phased alleles. This process yielded a dataset of 155,803
SNPs in variant call format.

We then applied various filters to this SNP dataset us-
ing the R packages v¢fR (Knaus & Grunwald, 2017) and
SNPfiltR (DeRaad, 2022) to prepare optimized SNP datasets
for analysis. We first removed SNPs with quality scores
<30 and read depth <35, those with more than two alle-
les, those falling outside of a 0.25-0.75 allele balance range,
and those with a mean depth of coverage >150, resulting
in a dataset of 41,912 high-quality SNPs with 61% over-
all missing data. Then, we iteratively explored the impact of
missing data and minor allele frequency thresholds (Linck
& Battey, 2019; Willing et al., 2012; Yi & Latch, 2022)
on our analyses. First, we used the SNPfiliR function as-
sess_missing_data_pca to examine sample clustering across
six per-SNP completeness thresholds, ranging from 75% to
99%, to ensure that missing data were not driving patterns
of sample clustering. Based on this exploratory analysis, we
applied a per-SNP completeness cutoff of 95%, which elim-
inated missing data effects. Subsequently, we conducted ex-
ploratory PCA and calculated measures of genetic differ-
entiation (Weir and Cockerham’s Fst and Nei’s D) across
various minor allele count (MAC) cutoffs, ranging from 1
to 15, to assess their impact on inferences of population
differentiation. We observed that removing rare alleles did
not change clustering patterns but gradually increased the
proportion of variance explained in the first principal com-
ponent axes, indicating that the primary signals of differ-
entiation in our dataset are associated with common alle-
les. However, removing rare alleles also resulted in a grad-
ual increase in Fst and Nei’s D estimates, as the more fil-
tered datasets contained increasingly higher proportions of
loci with significant population differentiation. Since focus-
ing on common alleles with high differentiation could lead
to an overestimation of genetic differentiation (Willing et
al., 2012), we applied conservative a MAC cutoff of 2 to
only remove rare alleles that might result from sequencing
error.

Finally, we exported three optimized SNP datasets for
downstream analyses. For population genetic analyses, we
exported a “linked SNP dataset” comprising 758 SNPs and
an “unlinked SNP dataset” of 553 SNPs with one ran-
domly selected SNP per 10,000 bp, designed for use in anal-
yses that require unlinked loci. Both datasets included the
45 Black-cheeked Gnateater individuals and had 2% over-
all missing data. For phylogenetic analysis, we exported
an unlinked dataset with 828 SNPs shared by all Black-
cheeked Gnateater individuals and the outgroup samples.
This dataset also had 2% overall missing data.

To examine mitochondrial variation, we used MITObim
v.1.9.1 (Hahn et al., 2013) to assemble draft mitochondrial
genomes from off-target UCE reads, and used GENEIOUS
v.9.1.8 (Kearse et al., 2012) to manually extract the NADH
dehydrogenase subunit 2 (ND2) gene from these assemblies.
We then exported a trimmed alignment with the 20 highest-
quality sequences (each 1030 bp in length) for further anal-
ysis.
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Phylogenetic inference

To assess patterns of phylogenetic discordance and test for
signals of reticulate evolution, we performed both tree-
and network-based phylogenetic analyses. First, we used
SNAPP (Bryant et al.,, 2012), implemented in BEAST2
v.2.4.8 (Bouckaert et al., 2014), to infer a species tree from
the set of 828 SNPs, with outgroup samples included and
ingroup sampling localities as tips. To meet the algorithm’s
assumption of no gene flow between lineages, we excluded
individuals with more than 40% admixture (as measured
by sNMF; see below). We used default priors and con-
ducted two independent runs of 5 million generations each,
sampling every 1,000 steps and discarding the first 10%
as burn-in. Effective sample sizes >400 were confirmed in
Tracer 1.7.1 (Rambaut et al.,2018). We generated maximum
clade credibility trees using LogCombiner and TreeAnnota-
tor (Bouckaert et al., 2014) and visualized them with Den-
siTree v.2.2.6 (Bouckaert & Heled, 2014).

We also used BEAST2 v.2.4.6 (Bouckaert et al., 2014)
to infer a time-calibrated gene tree from the mitochondrial
ND2 alignment. We determined the best nucleotide substi-
tution model (TIM3 + I) using the corrected Akaike Infor-
mation Criterion (AICc; Hurvich & Tsai, 1989) in jModel-
Test2 (Darriba et al.,2012). Following Nabholz et al. (2016),
we applied a body-mass correction using a mass of 20.1 g
(Whitney, 2003) to estimate an average substitution rate of
0.0186 substitutions per site per million years. The analy-
sis used a relaxed molecular clock, a coalescent constant-
population prior, no topological constraints, and a randomly
generated starting tree. We ran Markov Chain Monte Carlo
analyses for 500 million generations, sampling every 1,000
steps, and assessed convergence across independent runs by
confirming effective sample sizes >400 in TRACER v.1.7.1
(Rambaut et al., 2018). After discarding the first 10% of
samples as burn-in, we summarized results as a maximum
clade credibility tree in TreeAnnotator v.2.4.4 (Bouckaert et
al., 2014), retaining nodes with posterior probabilities >0.5.

Since a bifurcating phylogenetic tree may not accurately
represent the evolutionary history of the Black-cheeked
Gnateater, we also constructed an unrooted phylogenetic
network to visualize evolutionary relationships while ac-
counting for possible reticulation (Huson & Bryant, 2006).
We first calculated a matrix of pairwise genetic distances
(sensu Nei, 1972) between samples in the linked SNP
dataset, using the stamppNeisD function from the R pack-
age StAMPP (Pembleton et al., 2013). This distance matrix
was then used to build a network with the neighbor-net algo-
rithm (Bryant & Huson, 2023) in SplitsTree v.4.19.2 (Huson
& Bryant, 2006). Finally, we visualized the network using
the R packages phangorn (Schliep, 2011), ggtree (Yu et al.,
2017), and tanggle (Schliep et al., 2017).

Population genetic structure

We conducted three complementary analyses to estimate
population structure from nuclear genome-wide SNP data.
First, we performed a PCA using the function dudi.pca from
the R package adegenet v.2.1.10 (Jombart, 2008) to visu-
ally assess genetic structure without prior assumptions about
population assignment or the number of clusters. To statis-
tically validate our qualitative assessment of genetic struc-
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ture based on the PCA, we applied two distinct clustering
algorithms. First, we applied the K-means clustering algo-
rithm via the adegenet function find.clusters (Jombart, 2008)
to determine the statistically optimal number of clusters (k)
in the linked SNP dataset. We retained all principal compo-
nents summarizing the genotypic variance in the dimension-
reduction step and performed 100 replicate runs of the K-
means clustering algorithm, considering a range of k = 1-10.
The best fitting k was selected based on the smallest Bayesian
information criterion (BIC) value. After determining the sta-
tistically optimal k, we performed a discriminant analysis
of principal components (DAPC; Jombart et al., 2010) using
the adegenet function dapc to examine the separation among
the identified clusters, retaining k — 1 principal components
following Thia (2023). Second, we used sparse nonnegative
matrix factorization (sNMF; Frichot et al., 2014) as imple-
mented in the R package LEA (Frichot & Frangois, 2015) as
an alternative clustering algorithm. Unlike K-means, SNMF
can assign samples to multiple clusters if they are admixed.
We performed 100 replicate runs of the sSNMF algorithm,
considering values of k ranging from 1 to 10 and four dif-
ferent values of the o regularization parameter (10,100, 500,
and 1,000), using the unlinked SNP dataset as input. The sta-
tistically optimal k and o were selected based on the small-
est cross-entropy values, with the final results taken from the
replicate with the lowest cross-entropy.

To measure the magnitude of genetic differentiation
among genetic clusters identified in the previous analyses, we
calculated pairwise Fst (sensu Weir & Cockerham, 1984)
with the function stamppFst from the R package StAMPP
(Pembleton et al., 2013) and measured the number of fixed
SNPs between clusters using a custom R script. Both analy-
ses used the linked SNP dataset as input.

To further explore population structure, we also inferred
an estimated effective migration surface (EEMS; Petkova et
al., 2016). We used the unlinked SNP dataset to calculate
a pairwise genetic dissimilarity matrix that we used as in-
put to perform three replicate runs of EEMS with 20 million
MCMC iterations each, discarding the first 1 million itera-
tions as burn-in in each run. We ran EEMS using deme sizes
ranging from 200 to 600 and retained results with deme
size equal to 400 after exploring parameter space. To test
whether patterns of genetic variation in the Black-cheeked
Gnateater are consistent with isolation-by-distance, we used
Spearman’s correlation and polynomial regression to assess
the relationship between geographic and genetic distances as
calculated in the EEMS.

To assess mitochondrial genetic differentiation without
assuming a bifurcating history, we also used the ND2 align-
ment to construct a TCS haplotype network (Clement et al.,
2000) with PopART v.1.7 (Leigh & Bryant,2015) and to cal-
culate uncorrected pairwise distances between populations
with a custom R script.

Genetic admixture

To assess genetic admixture among populations, we esti-
mated individual ancestry coefficients using SNMF (Frichot
et al.,, 2014) in the R package LEA (Frichot & Francois,
2015). We examined admixture under three alternative clus-
tering scenarios (k = 2-4), using the same parameters de-
scribed above for identifying the statistically optimal k in
sNME. To distinguish between historical and contemporary

Lima et al.

gene flow, we employed triangle plots to classify admixed
individuals by hybrid class. These plots show interclass het-
erozygosity (i.e., the proportion of loci with alleles from both
parental populations) plotted against a hybrid index. The set
of possible coordinates forms a triangular shape, with differ-
ent positions along the triangle indicating different hybrid
classes (Wiens et al., 2025). In cases of neutral admixture
with ongoing gene flow, hybrids are expected to occupy a
specific area of the triangle (Fitzpatrick, 2012; Wiens et al.,
2025). As immigration from the parental populations ceases,
hybrid populations tend to lose alleles through drift, result-
ing in increasing homozygosity. This leads to a decrease in
interclass heterozygosity while the hybrid index remains rel-
atively stable (Fitzpatrick, 2012), enabling distinguishing be-
tween historic and contemporary hybridization. To gener-
ate the triangle plots, we used multiple functions from the R
package triangulaR (Wiens et al., 2025) to identify ancestry-
informative SNPs between the northernmost and southern-
most genomic clusters and to calculate interclass heterozy-
gosity and hybrid indices based on these SNPs. We analyzed
triangle plots using two allele frequency difference thresh-
olds (D = 1 and 0.75) to evaluate their impact on hybrid
class inference. Lower thresholds result in more loci and
can significantly improve the precision of hybrid index and
interclass heterozygosity estimates for late-generation hy-
brids with little loss in accuracy for F; hybrids (Wiens et al.,
2025). Importantly, even small sets of highly differentiated
SNPs (15-30 loci) are sufficient for generating reliable plots
(Wiens et al., 2025). Lastly, we used a custom R script to cal-
culate the proportion of heterozygous loci for each sample
in the linked SNP dataset, and plotted heterozygosity against
latitude to investigate geographic variation in heterozygos-

ity.

Phenotypic trait data collection and geographic
cline analysis

To characterize geographic variation in phenotypes and
compare it to patterns of genetic variation, we gathered data
on plumage and vocal traits from across the species’ range.
Plumage traits were scored for 33 of the 45 genotyped in-
dividuals, along with an additional 121 study skins held in
the Museu de Zoologia da Universidade de Sdo Paulo. These
individuals included 104 C. m. melanops (67 males, 37 fe-
males), 13 C. m. perspicillata (7 males, 6 females), and 37
C. m. nigrifrons (18 males, 19 females), totaling 154 indi-
viduals (Supplementary Table S2). Four plumage traits were
assessed: Female crown color was scored on a scale from 0 to
3 with “0” being orange-brown, “1” being dull brown, “2”
being olive-brown, and “3” being grayish-olive. Male back
color was categorized as either “0” (brown) or “1” (gray-
ish). Male breast pattern was scored on a scale from 0 to
2 with “0” having a clearly defined gray breast band, “1”
having a fuzzy gray breast band, and “2” having a white
central breast. Male black forehead band width was mea-
sured in millimeters with a digital caliper to the nearest 0.1
mm. Supplementary Figure S1 illustrates each plumage trait
and corresponding score. All scoring was done by a single
author (VG) and under a single light source. To standardize
the data, we scaled all plumage trait scores to range from 0
to 1.

To assess vocal variation in the species, we analyzed
37 songs from 25 individuals spanning 24 different lo-
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calities, sourced from three publicly available archives of
avian sound recordings (Macaulay Library, xeno-canto,
and WikiAves). These included 23 individuals of C. m.
melanops, 12 of C. m. perspicillata, and 2 of C. m. nigrifrons
(Supplementary Table S3), none of which is included in our
genetic datasets. We initially measured 10 spectral and tem-
poral variables with default settings in RAVEN Pro v.1.6
(Charif et al., 2010), but preliminary analyses showed that
geographic variation was restricted to pace (i.e., notes per
second). Thus, we retained only pace for further analysis. As
with plumage traits, song pace was scaled from 0 to 1.

Because the range of the Black-cheeked Gnateater spans a
broad latitudinal band with minimal longitudinal range, we
used latitude as the geographic axis in our geographic cline
analysis. We examined clinal transitions in allele frequencies
and phenotypic traits by plotting the genotypic hybrid index
based on fixed alleles and phenotypic trait scores against the
latitude of sampling locations.

Results

Phylogenetic inference

Coalescent-based species tree reconstruction based on
genome-wide nuclear SNP data identified four well-
supported clades: (1) one comprising C. m. nigrifrons; (2)
one comprising C. m. perspicillata north of the Contas
River; (3) one comprising C. m. perspicillata south of the
Contas River; and (4) one comprising C. m. melanops
(Supplementary Figure S2). Conopophaga m. nigrifrons
was recovered as sister to the northern C. m. perspicil-
lata clade with strong statistical support (posterior prob-
ability = 0.99). Conopophaga m. melanops grouped with
the southern C. m. perspicillata clade, but this relationship
lacked statistical support (posterior probability = 0.67). The
southern C. m. perspicillata clade featured extensive topo-
logical discordance, with many loci placing it as sister to
the northern C. m. perspicillata clade (Supplementary Figure
S2). It is likely that this species tree topology reflects the
dominant genealogical history driven by extensive nuclear
gene flow (see genetic admixture results), and the placement
of the southern C. m. perspicillata cluster is best considered
unresolved given its low statistical support.

A time-calibrated gene tree based on the mitochon-
drial ND2 gene identified three clearly distinct and well-
supported clades corresponding to the three plumage-based
subspecies (Supplementary Figure S3). The C. m. perspicil-
lata clade had the most structure, although samples sep-
arated by the Contas River were not reciprocally mono-
phyletic (Supplementary Figure S3). Conopophaga m. ni-
grifrons was recovered as sister to a clade comprising the
C. m. perspicillata and C. m. melanops clades with strong
statistical support (posterior probability = 1). Divergence
time estimates using a relaxed molecular clock and as-
suming constant population sizes indicated that C. m. ni-
grifrons split from the clade including C. m. perspicil-
lata and C. m. melanops around 760,000 years ago (95%
HPD: 1,030,000-510,000), and C. m. perspicillata and C.
m. melanops split around 442,300 years ago (95% HPD:
630,000-270,000).

A distance-based phylogenetic network inferred from nu-
clear SNP data identified the same four genetic clusters as the
nuclear species tree (Figure 1B). The network showed exten-
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sive reticulation among the four clusters, yet also highlighted
significant genetic distances between them (Figure 1B). Both
C. m. perspicillata clusters connected C. m. nigrifrons and
C. m. melanops (Figure 1B).

Population genetic structure

Principal component analysis of nuclear SNP data revealed
four clearly separate genomic clusters in the Black-cheeked
Gnateater: (1) one including all samples of C. m. nigrifrons,
north of the Sao Francisco River; (2) one including all sam-
ples of C. m. perspicillata north of the Contas River; (3)
one including all samples of C. m. perspicillata south of the
Contas River; and (4) one including all samples of C. .
melanops, south of the Doce River (Figure 1C). The first
principal component axis alone explained 34% of genotypic
variance and discriminated the four groups, with both C. m.
perspicillata clusters occupying intermediate positions be-
tween the more differentiated C. m. nigrifrons and C. m.
melanops (Figure 1C). The second axis explained 10% of
the genotypic variance and further discriminated the two C.
m. perspicillata clusters from both C. m. nigrifrons and C.
m. melanops (Figure 1C). Clustering algorithms produced
broadly consistent results, indicating k = 4 as the statistically
optimal number of clusters in the SNP data (Supplementary
Figures S4 and S5).

Pairwise Fsr estimates indicated sizable differentiation
among all four genetic clusters. Differentiation was greatest
between C. m. nigrifrons and C. m. melanops (Fst = 0.46)
and between northern C. m. perspicillata and C. m.
melanops (Fst = 0.39). The smallest Fs was between C. m.
nigrifrons and northern C. m. perspicillata (Fst = 0.18). The
remaining pairwise Fst estimates varied from 0.21 to 0.32.
The number of fixed alleles between populations ranged
from 0 to 22. We identified 22 fixed SNPs between C. m.
nigrifrons and C. m. melanops, 2 between C. m. nigrifrons
and southern C. m. perspicillata, 15 between C. m. melanops
and northern C. m. perspicillata, 4 between C. m. melanops
and southern C. m. perspicillata, and 2 between the two C.
m. perspicillata clusters. The only comparison with no fixed
SNPs was between C. m. nigrifrons and northern C. m. per-
spicillata. None of the four clusters had private alleles (i.e.,
alleles unique to that cluster).

The EEMS analysis showed areas of lower-than-expected
gene flow relative to a null model of isolation-by-distance
between C. m. nigrifrons and C. m. perspicillata and be-
tween C. m. perspicillata and C. m. melanops, but not
between the two C. m. perspicillata clusters (Figure 2A).
We observed a strong positive relationship between geo-
graphic and genetic distances as calculated in the EEMS
analysis (Spearman’s correlation: p= 0.91, p < 0.0001),
with genetic distances increasing with geographic distance
in a monotonic, non-linear fashion (Figure 2B). A quadratic
polynomial model provided a good fit for this relationship
(R¥ = 0.85, p < 0.0001; Figure 2B).

Mitochondrial haplotypes showed strong geographic
structuring, with the three plumage-based subspecies and
four nuclear genomic clusters showing discrete mitochon-
drial boundaries (Figure 4). The greatest differentiation was
between C. m. nigrifrons and C. m. melanops, separated
by 34-36 mutational steps (Figure 4). Conopophaga m.
perspicillata was separated from C. m. nigrifrons and C.
m. melanops by 20 and 12 mutational steps, respectively
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Figure 2. (A) EEMS showing areas of low and high gene flow. The effective migration rate (m) is a measure of gene flow relative to the expected value
under a null model of isolation-by-distance. Orange shades indicate areas of lower gene flow than expected under isolation-by-distance, while blue
shades indicate areas of higherthan-expected gene flow. Circles indicate sampling locations. (B) Positive relationship between geographic and genetic
distances as calculated in the EEMS (quadratic polynomial model: A2 = 0.85, p < 0.0001).

(Figure 4). Despite the lack of mitochondrial haplotype shar-
ing between the two C. m. perspicillata nuclear genomic
clusters, variation was greater within these clusters than be-
tween them (Figure 4). However, this absence of mitochon-
drial haplotype sharing across subspecies or nuclear clusters
should be interpreted cautiously, as the mitochondrial DNA
sample size (20 individuals from 12 different localities) was
much smaller than that available for nuclear genes (45 indi-
viduals from 31 localities) owing to the poor quality of many
off-target sequence reads from toepad samples. Uncorrected
pairwise distances between C. m. nigrifrons and the other
clusters ranged from 2.5% to 2.6% and were greatest be-
tween C. m. nigrifrons and C. m. melanops. Conopophaga
m. melanops differed from both C. m. perspicillata clusters
by 1.5%-1.6%, and the two C. m. perspicillata clusters dif-
fered from each other by 0.5%.

Genetic admixture

The sNMF analysis identified significant admixture between
genetic clusters across all tested clustering scenarios. Cross-
entropy values were smallest when using & = 10, irrespective
of the k value (Supplementary Figure S5). At k = 2, SNMF
classified nearly all birds north of the Contas River as genet-
ically pure individuals of one population and birds south of
the Doce River as genetically pure individuals of the other
population, with all birds between the Contas and Doce
rivers highly admixed (Figure 1D). At k = 3, these highly ad-
mixed individuals were classified as a separate cluster, with
admixture with both adjacent populations, particularly with
birds between the Sio Francisco and Contas rivers (Figure
1D). At k = 4, sSNMF identified admixture mainly between
the two C. m. perspicillata clusters separated by the Contas
River (Figure 1D). Most birds between the Contas and Doce
rivers had highly admixed genotypes, with some shared an-
cestry with all other clusters (Figure 1D). In the northern
C. m. perspicillata cluster, only the northernmost samples
showed significant admixture with C. m. nigrifrons (Figure
1D). Across all three scenarios, almost all samples of C. m.

nigrifrons and C. m. melanops showed no significant levels
of admixture with other clusters.

A triangle plot based on the 22 fixed SNPs between C. .
nigrifrons and C. m. melanops showed most C. m. perspicil-
lata individuals north of the Contas River as late-generation
hybrids backcrossed with C. m. nigrifrons. The exceptions
were two C. m. perspicillata individuals (samples 19 and
20) with interclass heterozygosity of zero, indicating no het-
erozygous loci derived from the two parentals for these
SNPs. All individuals of C. m. perspicillata south of the Con-
tas River exhibited heavily recombined genotypes (Figure
3A). Using a relaxed allele frequency difference threshold
of 0.75 increased the number of ancestry-informative SNPs
from 22 to 39. The resulting triangle plot closely resembled
the previous one but showed all C. m. perspicillata individ-
uals as having more heavily recombined genotypes (Figure
3B). Under this relaxed threshold, none of the C. m. perspi-
cillata individuals had an interclass heterozygosity of zero,
indicating that all have heterozygous loci from both parental
populations. Importantly, none of the individuals identified
as genetically admixed by sNMF were classified as early-
generation hybrids in both triangle plots. Finally, plotting the
heterozygosity of each genotyped sample against latitude re-
vealed that heterozygosity peaks in the central populations,
particularly around the Contas River (Figure 3C).

Geographic clines

The allele frequencies of 22 nuclear SNPs fixed between the
northernmost and southernmost genomic clusters showed
a sharp break at the Doce River and relatively smaller
but abrupt breaks at the Contas and Sdo Francisco rivers
(Figure 4A). Male black forehead band width increased from
south to north and showed a gradual transition near the
Contas and Paraguacu rivers (Figure 4B, Supplementary
Figure S6A). There was broad overlap in trait values be-
tween the northernmost and southernmost populations, de-
spite marked differences in the relative frequency of differ-
ent forehead band widths (Figure 4B, Supplementary Figure
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Figure 3. (A and B) Plots of interclass heterozygosity against hybrid indices calculated using two allele frequency difference thresholds (D = 1 and 0.75)
suggest that the central populations of the Black-cheeked Gnateater have admixed genotypes resulting from historical hybridization between northern
and southern populations. The left and right plots are based on 22 and 39 ancestry-informative nuclear SNPs, respectively. The triangular outline
represents the possible plot space, and the dotted curve indicates the expected heterozygosity under Hardy-Weinberg equilibrium. Deviation from
equilibrium in this case reflects population structure in the data, with subpopulations likely being in equilibrium. Recent hybrid generations typically
exhibit elevated heterozygosity, and so they appear at the top apex (F; hybrids) or on the equilibrium curve in the center of the triangle (F, hybrids). The
observed individuals fall below this curve, indicating historical rather than recent admixture. (C) Heterozygosity of each sample plotted against latitude,
showing that heterozygosity peaks in the central populations (perspicillata N and S). Vertical lines indicate the geographic position of major rivers.

S6A). Although the substantial trait variability in popula-
tions with greater sample sizes suggests that the pattern of
transition in this plumage trait could be fuzzier with greater
sample sizes, our results suggest a transition in frequencies
of this trait near the Contas and Paraguacu rivers (Figure
4B). The frequency of male breast pattern scores appeared to
change near the Paraguacu River (Figure 4C, Supplementary
Figure S6B). Although intermediate trait scores occurred
throughout the species’ range, there was a clear tendency
for males south of the Paraguacu River to have a clearly de-
fined gray breast band whereas those north of this river typ-
ically had a white breast (Figure 4C, Supplementary Figure
S6B). Male back color transitioned further south near the
Contas River (Figure 4D, Supplementary Figure S6C). Al-
though the two alternative character states scored for the
male back color did not uniquely define any population
(i.e., differences are not fixed), there was an abrupt change
in the frequency of the two scores at the Contas River
(Figure 4D, Supplementary Figure S6C). Female crown color
showed a pronounced change at the Contas River (Figure
4E, Supplementary Figure S6D). Except for a single speci-

men south of the Contas River (specimen MZUSP 10,216),
all females south of this river had either an orange-brown
or dull brown crown, whereas all north of this river had ei-
ther olive-brown or grayish-olive crowns. Finally, song pace
showed an abrupt change between the Sao Francisco and
Doce rivers (Figure 4F). Birds between these rivers exhibited
significantly slower-paced songs (mean = 10 notes/s) than
the remaining populations (mean = 16 notes/s). Birds north
of the Sao Francisco River overlapped broadly in song pace
with birds south of the Doce River (Figure 4F).

Discussion

The formation of a reticulate lineage

The patterns of genetic and phenotypic variation observed
in the Black-cheeked Gnateater cannot be fully explained
by isolation-by-distance or recent hybridization alone. While
the positive correlation between geographic and genetic dis-
tances (Figure 2B) and range-wide clinal phenotypic varia-
tion (Figure 4) are consistent with isolation-by-distance, this
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Figure 4. Latitudinal transitions in genotype and geographically varying phenotypic traits of the Black-cheeked Gnateater. Different variables were
measured in different units and then scaled to range between 0 and 1 (details in Methods). Supplementary Figure S1 shows plumage traits.

model alone cannot explain the discrete genetic and pheno-
typic clusters (Figures 1, 4) or the marked geographic vari-
ation in heterozygosity (Figure 3C). Likewise, although the
central populations have highly admixed genotypes (Figure
1D), the absence of early-generation hybrids (Figure 3A-B)

indicates primarily historical admixture. Our dataset of 22—
39 ancestry-informative SNPs provides high confidence in
ruling out F; hybrids, but definitively excluding rare ongoing
backcrossing may require >50 markers (Wiens et al., 2025).
Consequently, the central populations could represent a re-
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markably wide (~940 km) hybrid swarm that currently sep-
arates parentals geographically, preventing the formation of
Fis but allowing backcrossing at the margins. Countering
this hypothesis, the central admixed populations exhibit sig-
nificant nuclear (Figure 1B, C), mitochondrial (Figure 4), and
phenotypic differentiation from the northern and southern
lineages, including a distinct song pace (Figure 4F). Because
gnateaters are suboscine passerines, which typically possess
innate rather than learned vocalizations (Touchton et al.,
2014), we assume that this variation in song pace reflects
underlying genetic variation rather than plasticity or cul-
tural transmission. Collectively, these findings suggest that
these central admixed populations may comprise a reticu-
late lineage formed through past hybridization followed by
geographic isolation.

The persistence of these admixed central populations in
allopatry highlights the potential for post-hybridization vi-
cariance to generate distinct lineages (Brelsford, 2011; James
& Abbott, 2005). Hybrid populations exist along a con-
tinuum, ranging from transient hybrid swarms to stable
lineages that may eventually evolve reproductive isolation
from their parentals (Nolte & Tautz, 2010; Ottenburghs,
2018). This continuity may sometimes make it difficult to
distinguish among distinct stages. This challenge is evident,
for example, in the Pipilo towhees of the Trans-Mexican
Volcanic Belt, where genomic data can be plausibly inter-
preted as isolation-by-distance, a tension zone, or incipi-
ent hybrid lineage formation depending on the framework
applied (DeRaad et al., 2023). We observe a parallel com-
plexity in the Black-cheeked Gnateater—the species shows
isolation-by-distance (Figure 1C) and clinal plumage vari-
ation (Figure 4), yet the central admixed populations also
form distinct genetic clusters and possess a distinct vo-
cal phenotype (Figure 4F) characteristic of an independent
lineage.

Our results suggest that the admixed central popula-
tions of the Black-cheeked Gnateater have persisted on their
own evolutionary trajectory in allopatry for some time and
have since accrued divergence from their parentals. Simi-
lar cases where divergence from parentals may have pri-
marily occurred during a post-hybridization allopatric phase
(e.g., Barrera-Guzman et al., 2018; Brelsford et al., 2011;
Hermansen et al., 2011; James & Abbott, 2005) are not
widely considered hybrid speciation, as reproductive isola-
tion may have evolved independently of hybridization (Long
& Rieseberg, 2024; Schumer et al., 2014; Taylor & Larson,
2019). Although there is likely to be continued debate over
whether hybrid swarms that later speciate in allopatry qual-
ify as hybrid speciation (Feliner et al., 2017; Schumer et al.,
2014), we agree that broad definitions risk erasing the mech-
anistic distinction between hybrid speciation and allopatric
speciation.

A critical outstanding question is whether the distinct
song pace of the admixed central populations (Figure 4F)
represents a transgressive phenotype resulting from admix-
ture that could contribute to reproductive isolation. Fur-
ther genetic sampling across the Doce River could deter-
mine whether the vocally distinct populations are in geo-
graphic contact and, if so, assess reproductive isolation. If
they are not in geographic contact, one could conduct field
playback experiments to determine whether song differences
could contribute to behavioral premating isolation.
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Timing of divergence, refuges, and rivers

Mitochondrial phylogenies consistently recover three clades
corresponding to the plumage-based subspecies of the Black-
cheeked Gnateater (Supplementary Figure S3; Batalha-
Filho et al., 2014). In contrast, phylogenetic analysis of
genome-wide nuclear data identifies four distinct clades
and groups the admixed central populations with different
parental lineages (Supplementary Figure S2). This discor-
dance likely reflects the greater susceptibility of the avian
nuclear genome to introgression due to its biparental inher-
itance, larger effective population size, and widespread re-
combination, whereas the mitochondrial genome is typically
non-recombining (Ottenburghs, 2022; Rheindt & Edwards,
2011). Thus, the mitochondrial phylogeny likely reflects the
initial history of population divergence, whereas nuclear
markers capture the species’ history of extensive gene flow,
grouping admixed lineages with the parental lineage with
which they share the most alleles.

Mitochondrial divergence time estimates indicate that the
three subspecies of the Black-cheeked Gnateater split dur-
ing the mid-Pleistocene, between roughly 1.3 and 0.44 mil-
lion years ago (Supplementary Figure S3; Batalha-Filho et
al., 2014). This timing implicates Pleistocene climatic oscil-
lations and the resulting contraction and expansion of for-
est refugia—rather than more ancient formation of rivers—
as the primary drivers of geographic isolation and diver-
sification. Pleistocene climatic oscillations played a promi-
nent role in shaping present-day terrestrial lineage diver-
sity patterns (Hewitt, 2000). These oscillations promoted
both population subdivision, facilitating allopatric diver-
gence, and geographic contact between differentiated pop-
ulations, allowing for gene flow (Hewitt, 2004). Historical
climate modelling identifies a large area of historical forest
stability (i.e., refugium) between the Sao Francisco and Doce
rivers in the central Atlantic Forest, and smaller areas to
the north and south (Carnaval & Moritz, 2008; Carnaval
et al., 2009). The geographic distribution of genomic clus-
ters in the Black-cheeked Gnateater (Figure 1) shows no-
table spatial congruence with these predicted stability zones.
The central admixed populations align closely with the large
central refugium, while the northernmost cluster matches
the northern refugium. The southernmost cluster encom-
passes the small southern refugium but extends far beyond
it, suggesting a substantial southward range expansion as
lowland forests expanded. Furthermore, the extensive size
of the central refugium may explain the unequal admix-
ture gradient in the central lineages (Figure 1D). It is likely
that northern—central populations exchanged genes with the
northern refugium, while distant southern—central popula-
tions interacted with the southern refugium, generating the
current admixture gradient (Figure 1). Given the large size
of the central refugium, it is likely that not enough time has
passed since the admixture event for gene flow to homoge-
nize ancestry proportions across the central populations.

Superimposed on this climatic legacy, rivers appear to
have acted as secondary barriers that reinforced geographic
isolation. Although the current courses of major Atlantic
Forest rivers long predate the lineage diversification of the
Black-cheeked Gnateater (Lundberg et al., 1998; Potter,
1997), genetic and phenotypic breaks consistently coin-
cide with the Sio Francisco, Paraguacu, Contas, and Doce
rivers (Figures 1, 4). Because forest understory birds like
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Conopophaga gnateaters are often poor dispersers, unable
to fly over rivers only a few hundred meters wide (Naka et
al.,2022), rivers can act as significant, albeit semipermeable,
barriers to gene flow (Sotelo-Mufioz et al., 2020; Weir et al.,
2024). Notably, the persistence of nuclear and mitochondrial
genetic structure within the admixed central populations, de-
spite geographic proximity of genomic clusters (Figures 1, 3),
suggests a possible major role for the Contas River in main-
taining this structure. Broadly, the spatial and temporal di-
versification of the Black-cheeked Gnateater aligns with bio-
geographic patterns observed across the Atlantic Forest. The
role of Pleistocene refugia and riverine barriers in structuring
genetic diversity is mirrored in several co-distributed avian
lineages (Bocalini et al., 2021; Cabanne et al., 2008; d’Horta
et al., 2011) and other vertebrate taxa (Peres et al., 2020),
highlighting their broad impact on the regional biota.

Implications for taxonomy and conservation

Our results confirm that plumage variation in the Black-
cheeked Gnateater is largely clinal (Figure 4B-E) and does
not uniquely define the currently accepted subspecies. We
also found discordance between phenotypic and genetic
variation. In particular, our genetic analyses reveal that birds
immediately south of the Sao Francisco River in northern
Bahia differ markedly from those to the north both geneti-
cally (Figure 1) and vocally (Figure 4F), despite their simi-
larity in plumage, which has traditionally led to the assign-
ment of both populations to the threatened subspecies C. m.
nigrifrons (Lima & Grantsau, 2005). This discordance in-
dicates that plumage traits are relatively poor indicators of
evolutionary lineages in this system compared with genomic
structure and vocalizations.

Concluding remarks

Our results provide compelling evidence for a com-
plex, reticulate evolutionary history in the Black-cheeked
Gnateater, contrasting with earlier inferences of a simple
bifurcating history based on limited genetic data (Batalha-
Filho et al., 2014; Cabanne et al., 2016). This underscores
that reticulate evolutionary histories are common (Mallet et
al.,2016) but detectable only with extensive genomic and ge-
ographic sampling. Moreover, the Black-cheeked Gnateater
may provide a valuable case study of how a lineage of hy-
brid origin can emerge and diverge, offering a window into
the potential outcomes of reticulate evolution. Further ge-
netic research with expanded geographic and genetic sam-
pling is essential to deepen our understanding of this sys-
tem and to test the hypotheses introduced here with more
robust datasets. In particular, future genetic work could em-
ploy whole-genome sequencing to further characterize pat-
terns of admixture, apply demographic modeling to explic-
itly test alternative diversification hypotheses, and estimate
the species’ phylogenetic history using regions of low recom-
bination, where the correct species topology is less likely to
be eroded by introgression (Burbrink et al., 2025). Further
sampling across the Doce and Contas rivers is also particu-
larly important to test the hypotheses discussed here.
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