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Abstract 
Rivers frequently delimit the geographic ranges of species in the Amazon Basin. These rivers also define the boundaries between genetic clus-
ters within many species, yet river boundaries have been documented to break down in headwater regions where rivers are narrower. To explore 
the evolutionary implications of headwater contact zones in Amazonia, we examined genetic variation in the Blue-capped Manakin (Lepidothrix 
coronata), a species previously shown to contain several genetically and phenotypically distinct populations across the western Amazon Basin. 
We collected restriction site-associated DNA sequence data (RADcap) for 706 individuals and found that spatial patterns of genetic structure 
indicate several rivers, particularly the Amazon and Ucayali, are dispersal barriers for L. coronata. We also found evidence that genetic connec-
tivity is elevated across several headwater regions, highlighting the importance of headwater gene flow for models of Amazonian diversification. 
The headwater region of the Ucayali River provided a notable exception to findings of headwater gene flow by harboring non-admixed popula-
tions of L. coronata on opposite sides of a < 1-km-wide river channel with a known dynamic history, suggesting that additional prezygotic barriers 
may be limiting gene flow in this region.
Keywords: Amazonia, contact zones, gene flow, headwaters, RADcap, rivers

Introduction
The Amazon Basin is one of the most species-rich areas on 
earth (Collen et al., 2014; Gentry, 1988; Jenkins et al., 2013; 
Valencia et al., 1994). This region’s exceptional terrestrial 
biodiversity often conforms to a general biogeographic pat-
tern: species distributions are delimited by the Amazon River 
and its major tributaries (Ayres & Clutton-Brock, 1992; 
Cracraft, 1985; Hayes & Sewlal, 2004; Sick, 1967; Wallace, 
1852). Although barrier effects have been documented in 
many other river systems for a wide range of terrestrial taxa 
(Anthony et al., 2007; Brant & Ortí, 2003; Eriksson et al., 
2004; Jackson & Austin, 2010; Jalil et al., 2008; Leaché & 
Reeder, 2002; Norris, 1958; Zhang et al., 2007), the extent 
and strength of this biogeographic pattern are pronounced 
in Amazonia. For this reason, Amazonia has been the focal 
region for a large body of research devoted to developing and 
testing what is known as the “riverine barrier hypothesis” 
(reviewed in Haffer, 1997; Leite & Rogers, 2013; Moritz et 
al., 2000), which generally states that rivers reduce migration 

and promote allopatric speciation of opposite-bank popula-
tions (Capparella, 1987, 1988; Sick, 1967; Wallace, 1852).

The riverine barrier hypothesis has its origins in observa-
tions by Alfred Russel Wallace (Wallace, 1852), who noted 
that primate species were often limited to one side of major 
Amazonian rivers and acknowledged that “the native hunt-
ers are perfectly acquainted with this fact.” Additional studies 
in Amazonia have corroborated the idea that rivers com-
monly act as dispersal barriers in a diversity of taxonomic 
groups including plants (Nazareno et al., 2017, 2019), birds 
(Capparella, 1987; Cracraft, 1985; Hayes & Sewlal, 2004; 
Naka & Brumfield, 2018; Ribas et al., 2012), primates (Ayres 
& Clutton-Brock, 1992; Cortés-Ortiz et al., 2003), amphibi-
ans and squamates (Dias-Terceiro et al., 2015; Fouquet et al., 
2015; Godinho & da Silva, 2018; Moraes et al., 2016; Souza 
et al., 2013), and butterflies (Hall & Harvey, 2002; Rosser et 
al., 2021). Allozyme variation in birds along the Napo and 
Amazon rivers further demonstrated that rivers delimit spe-
cies ranges as well as the boundaries between intraspecific 
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genetic clusters (Capparella, 1987, 1988). The presence of 
genetic structuring across Amazonian rivers has now been 
documented in numerous species (e.g., Aleixo, 2004; Armenta 
et al., 2005; Cortés-Ortiz et al., 2003; d’Horta et al., 2013; 
Fernandes et al., 2014; Naka & Brumfield, 2018; Nazareno 
et al., 2019), reinforcing the role of rivers as barriers to gene 
flow. This role can be played out in various scenarios includ-
ing the division of continuous populations during river for-
mation or rearrangement (Musher et al., 2022; Ribas et al., 
2012, 2022) and the separation of populations established 
following dispersal across rivers (Brumfield, 2012; Smith et 
al., 2014).

One long-standing challenge to the idea that rivers create 
sufficient geographic isolation for allopatric speciation is that 
populations may come into contact along rivers as they nar-
row toward their headwaters (Haffer, 1992, 1997; Moritz 
et al., 2000). This river-narrowing is implicit in Wallace’s 
(1852) observation that “on approaching the sources of the 
rivers they cease to be a boundary.” A few studies have docu-
mented increased genetic similarity or hybridization between 
opposite-bank populations in headwater regions (e.g., Berv 
et al., 2021; Peres et al., 1996; Weir et al., 2015), support-
ing the idea that these regions may commonly hold contact 
zones. However, a fundamental limitation to understanding 
the role of headwater regions in permitting gene flow around 
river barriers is extremely sparse sampling, or the so-called 
“Wallacean shortfall” (Hortal et al., 2015; Lomolino, 2004), 
across these difficult-to-access regions (Oliveira et al., 2016; 
Oren & Albuquerque, 1991; Schulman et al., 2007). A sec-
ond limitation is that studies of headwater contact zones have 
generally focused on a single region, preventing our under-
standing of whether different headwater regions show differ-
ent patterns of genetic structure for widespread Amazonian 
taxa.

To test for genetic connectivity across Amazonian riv-
ers toward their headwaters, we examine populations of 
the Blue-capped Manakin (Lepidothrix coronata), which is 
among the best-sampled Amazonian species in natural history 
collections. This species is found in the understory of terra 
firme forest and has been previously shown to contain several 
genetically and phenotypically distinct populations across 
the western Amazon Basin (Capparella, 1987; Cheviron et 
al., 2005; Moncrieff et al., 2022; Paulo et al., 2023; Reis et 
al., 2020). Previous work using allozymes (Capparella, 1987, 
1988), mtDNA (Cheviron et al., 2005), and a combination of 
mtDNA and three nuclear loci (Paulo et al., 2023; Reis et al., 
2020) showed that rivers including the Napo, Japurá, and, 
especially, the Amazon are genetic barriers for L. coronata 
populations. A phylogenetic study of the genus Lepidothrix, 
based on thousands of nuclear loci, supported two clades of 
L. coronata south of the Amazon on opposite sides of the 
Ucayali and a third clade north of the Japurá, but the rela-
tionships of individuals found between the Marañón/Amazon 
and Japurá rivers were unresolved (Moncrieff et al., 2022). 
In this same region of Amazonia, Berv et al. (2021) identified 
a lineage of White-crowned Manakins (Pseudopipra pipra) 
with mixed ancestry that suggested a history of genetic con-
nectivity across the headwater region of the Amazon River 
in Peru.

Our current study seeks to identify patterns of headwater 
gene flow in L. coronata across the western Amazon Basin 
and to build on findings of headwater gene flow across indi-
vidual rivers in the basin including the Amazon (Berv et al., 

2021), Juruá (Peres et al., 1996), and Tapajós rivers (Weir 
et al., 2015). These previous findings motivate our current 
study in which we use a well-sampled study species with a 
widespread distribution to simultaneously assess patterns of 
gene flow across multiple headwater regions of the Amazon 
drainage. We suspect the results of this study will be especially 
relevant for understanding genetic connectivity in Amazonian 
taxa restricted to terra firme or upland forests.

Bird communities of terra firme forest in Amazonia, which 
include L. coronata and over 1,000 other species of birds 
(Parker, 1996), experience a greater river barrier effect due 
to the additional effective river width provided by várzea 
or floodplain forests that flank rivers (Del-Rio et al., 2021; 
Remsen & Parker, 1983). Furthermore, bird species of dark, 
forest understory appear to show greater genetic divergence 
across rivers than canopy species (Burney & Brumfield, 
2009), suggesting that species in different habitats have differ-
ent dispersal capabilities or propensities. Dispersal-challenge 
experiments for another manakin species of forest understory, 
Pipra filicauda, resulted in mostly successful flights (36 out of 
41) across distances of 100–400 m over open water, which 
suggests that the riverine barrier effect observed for L. cor-
onata may be due more to its preference for the understory 
of terra firme forests rather than physical limitations in flight 
capability (Naka et al., 2022).

Given the life history traits and the wide geographic distri-
bution and abundance of L. coronata, we consider this species 
well suited to assess the evolutionary implications of head-
water contact zones in Amazonia and to test the hypothesis 
that gene flow across rivers increases toward their headwa-
ters. Evidence for elevated gene flow toward river headwaters 
would highlight the breakdown in the barrier effect of rivers on 
approaching their sources and suggest that river barriers may 
be insufficient for the completion of the speciation cycle. If gene 
flow is not elevated toward river headwaters, one alternative is 
that gene flow across the middle and lower sections of rivers, 
perhaps facilitated by river course changes, is sufficiently high 
to produce similar levels of gene flow along the entire length 
of rivers. Another alternative is an absence of gene flow along 
the entire length of rivers, which would suggest that additional 
reproductive barriers between opposite-bank populations are 
preventing gene flow despite contact with populations in head-
water areas. Throughout our study, we use the term “headwa-
ter region” to broadly refer to the narrower upper section (up 
to hundreds of km) of a river within the Amazonian lowlands 
(see Figure 1 in Haffer, 1992) and the terms “headwater con-
tact zone” and “headwater gene flow” to refer to features of 
headwater regions rather than of the river source sensu stricto.

Methods
Sampling and DNA extraction
We extracted DNA from the tissues of 701 individuals and 
toepads of five individuals for a total of 706 L. coronata 
from 83 localities across its geographic range in the western 
Amazon Basin and eastern foothills of the Andes (Figure 1; 
Supplementary Table S1). Some of these 83 localities included 
several sublocalities within 10 km of each other that we 
merged for visualization purposes and for calculation of 
population differentiation (FST; see Supplementary Table S1 
for precise coordinates of all samples). We obtained samples 
from existing genetic resource collections at six different 
museums and fieldwork in Peru during 2018 and 2019 along 
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the Ucayali, Urubamba, and Tambo rivers (Moncrieff et al., 
2020; see Acknowledgments for museum sources and permit 
information). Tissues consisted of pectoral muscle preserved 
in liquid nitrogen or ~95% ethanol. We used DNeasy Blood 
& Tissue Kits (Qiagen, Hilden, Germany) to extract total 
DNA for all tissues, and we assessed extract quality using 
gel electrophoresis. We found that eight tissues had especially 
short DNA fragments, indicating DNA degradation (see 
Supplementary Table S1). To extract DNA from toepads, we 
used a phenol-chloroform protocol (Tsai et al., 2020), and we 
quantified all extracts using a Qubit 2.0 Fluorometer (Life 
Technologies, Carlsbad, California, USA).

DNA probe design, library preparation, 
enrichments, and sequencing
To collect reduced representation SNP data from all samples, 
including toepads, we used RADcap (Hoffberg et al., 2016), 

as previously described (Moncrieff et al., 2022). In brief, we 
designed custom sequence capture baits using a pilot RADseq 
dataset and the reference L. coronata-1.0 genome (NCBI 
RefSeq assembly accession GCF_001604755.1; scaffold N50: 
5.0 Mb; scaffold L50: 70) that targeted 2,495 variable loci from 
putatively non-coding regions separated by > 75 kb on refer-
ence genome scaffolds > 1 Mb. Then, we prepared genomic 
libraries from tissues using dual-digest RADseq (3RAD; 
Bayona-Vásquez et al., 2019), except for eight degraded tissue 
samples (see Supplementary Table S1). We prepared standard 
genomic libraries for the eight degraded tissue samples and 
five toepad samples using a KAPA HyperPrep library prepara-
tion kit (F. Hoffmann-La Roche AG, Basel, Switzerland) and 
iTru indexes (Glenn et al., 2019). We combined libraries at 
equimolar ratios into pools of eight, and we enriched RAD 
loci from each pool using the custom sequence capture baits 
targeting RAD loci and following the manufacturer’s protocol 

Figure 1. Map of Lepidothrix coronata genetic sampling localities across the western Amazon Basin with pie charts showing locality-averaged ancestry 
coefficients estimated by sNMF at the optimal K = 6 for dataset 4 (see Supplementary Table S1 for complete sample information). The grayscale 
gradient and legend illustrate plumage color variation based on assessment of specimens, photographs from the Macaulay Library, and previous studies 
(Guilherme, 2016; Haffer, 1970; Moncrieff et al., 2022; Teófilo et al., 2018). The “X” marks indicate localities surveyed where we did not detect any 
individuals (Moncrieff et al., 2019, 2020), and question marks emphasize our uncertainty regarding the presence of L. coronata populations in the area.
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v4.01 (myBaits Custom Kit; Daicel Arbor Biosciences, Ann 
Arbor, Michigan, USA). Prior to sequencing, we combined 
enrichment pools at equimolar ratios, except for pools of 
degraded samples for which we added an additional 25% 
volume. We sequenced samples across parts of three lanes of 
paired-end, 150 base-pair sequencing on an Illumina HiSeq X 
(Novogene Corporation Inc., Sacramento, CA, USA).

Initial DNA sequence data processing
We initially processed sequence data as described by Moncrieff 
et al. (2022). In summary, we received FASTQ files from 
the sequencing center, demultiplexed reads using BBMap 
(Bushnell, 2014) and Stacks (Catchen et al., 2013), and 
aligned sequence data to the L. coronata reference genome 
using BWA (Li & Durbin, 2009) and SAMtools (Li et al., 
2009) to produce BAM files. Next, we conducted one round 
of base quality score recalibration (BQSR) on each lane of 
samples using GATK BaseRecalibrator and ApplyBQSR (Van 
der Auwera & O’Connor, 2020). Using the recalibrated BAM 
files, we jointly called variants for all individuals using GATK 
HaplotypeCaller, GenomicsDBImport, and GenotypeGVCFs, 
and we used VCFtools 0.1.16 (Danecek et al., 2011) to quality 
filter the results by removing variants outside the 2,495 tar-
geted loci, individuals with mean depth < 10× across targeted 
loci, low-quality sites (--minQ 30), indels (--remove-indels), 
and non-biallelic sites (--min-alleles 2 --max-alleles 2), result-
ing in a “clean” Variant Call Format (VCF) file.

SNP datasets
Because we were interested in examining the effects of data 
filtering on our results, we prepared several SNP datasets 
using different samples and levels of site filtering. We began 
by creating two VCF files representing different sampling 
schemes of individuals: (a) a file containing all individuals 
in the dataset (identical to the “clean” VCF file that resulted 
from our initial processing in the previous section) and (b) 
a file containing a maximum of 10 individuals per locality 
(for localities with > 10 individuals, we retained individuals 
with the least missing data; many localities had fewer than 10 
individuals). Once we prepared these files with different sam-
ples of individuals, we used VCFtools to ensure the included 
sites had a depth of ≥ 15× (--minDP 15) and a minor allele 
frequency ≥ 0.05 (--maf 0.05). To examine the effects of site 
completeness, we created two files for each sample of individ-
uals having ≥ 75% and ≥ 95% site completeness (--max-miss-
ing 0.75; --max-missing 0.95). Lastly, we thinned each of 
these four VCF files by removing sites < 75 kb apart (--thin 
75000; equivalent to retaining no more than one SNP per 
RADcap locus; datasets 1–4 in Table 1).

To test demographic models for different opposite-bank 
locality pairs, we created three additional VCF files from 
the “clean” VCF file that resulted from our initial process-
ing. We first subset the “clean” VCF file to create three VCF 
files with different sets of individuals from specific locality 
pairs (see Figure 1 and Supplementary Table S1): 21 and 44 
(dataset 5), 17 and 42 (dataset 6), and 15 and 28 (dataset 
7), retaining a maximum of 10 individuals per locality (as 
described above). We further removed all sites with missing 
data (--max-missing 1), sites with < 15× depth (--minDP 15), 
invariant sites created by subsetting (--mac 1), and sites < 75 
kb apart (--thin 75000). We then used VCFtools to calculate 
the mean depth and missingness for each SNP for all datasets 
(Table 1; Supplementary Tables S2–S8).

Genetic structure and gene flow
To examine how rivers structure L. coronata populations 
across the western Amazon Basin, we estimated ancestry coef-
ficients for datasets 1–4 assuming different numbers of ances-
tral populations using the sNMF function (Frichot et al., 2014) 
implemented in R package LEA 3.6.0 (Frichot & François, 
2015). We set K = 10 as the upper bound for the number of 
ancestral populations after test runs showed that cross-en-
tropy was consistently lower with fewer than 10 populations. 
We conducted analyses for each dataset that consisted of 100 
replicate runs of ancestry coefficient estimation at 10 values 
of K (1–10) across four values of the alpha regularization 
parameter (1, 10, 100, and 1,000). For each dataset, we identi-
fied the alpha regularization parameter value that consistently 
provided the lowest mean cross-entropy values at different 
values of K (Supplementary Tables S9–S12), and we input the 
associated set of sNMF runs (K = 2–10) into the online ver-
sion of CLUMPAK (Kopelman et al., 2015; accessed March 
2022) to summarize replicate runs and visualize ancestry 
coefficients (Supplementary Figures S1–S4). Because visualiz-
ing genetic variation in a geographic context across multiple 
datasets at multiple K values is difficult, we also identified the 
value of K that best fit each dataset by selecting the value after 
which cross-entropy values decreased slightly (by < 0.001) 
for successive values of K (Supplementary Tables S9–S12). 
Then, we compared cross-entropy values of replicates at these 
“best” K values across datasets and identified dataset 4 as 
having the replicate with the lowest cross-entropy (at K = 6; 
Supplementary Table S12). Using this sNMF replicate (from 
dataset 4, K = 6), we averaged the ancestry coefficients across 
individuals at each locality and used QGIS 3.20 (QGIS, 2021) 
to map average ancestry coefficients to localities (Figure 1). 
Due to dataset 4 having slightly lower cross-entropy values 
across Ks in sNMF analyses, a maximum of 10 individuals 

Table 1. Summary of SNP datasets used in this study.

Dataset Individuals Minimum site 
completeness

Minor allele 
frequency cutoff

SNPs Mean depth/SNP 
(range of means)

Mean 
missingness/SNP

1 706 75% 5% 1595 28–120 2.1%

2 706 95% 5% 1408 41–167 0.8%

3 387 75% 5% 1663 29–114 2.4%

4 387 95% 5% 1436 42–161 1.0%

5 14 100% None 1939 35–191 0%

6 20 100% None 1955 36–149 0%

7 20 100% None 1773 32–143 0%
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per locality (providing more even sampling and reduced com-
putation time for subsequent analyses, particularly EEMS), 
and minimal missing data, we selected this dataset for several 
analyses described below.

Because we were interested in visualizing patterns of relat-
edness between genetic clusters, we conducted a discrimi-
nant analysis of principal components (DAPC) for datasets 
1–4 (Jombart et al., 2010). We used the K-means find.clus-
ters function in Adegenet 2.1.5 (Jombart & Ahmed, 2011) 
run in R version 4.1.1 (R Core Team, 2021) to estimate the 
optimal number of populations (K), retaining all principal 
components and increasing K until the slope in plots of K 
versus the Bayesian information criterion (BIC) decreased 
only slightly, as if approaching an asymptote, or began to 
increase (Supplementary Figures S5–S8). Then, we used the 
dapc function to calculate maximal differences among pop-
ulations, retaining 450 (datasets 1 and 2) or 300 (datasets 3 
and 4) principal components and all four discriminant func-
tions (Figure 2A; Supplementary Figures S9–S12). Finally, to 
investigate the major axes of genetic variation across all indi-
viduals, we conducted a principal components analysis (PCA) 
in Adegenet 2.1.5 (Jombart & Ahmed, 2011) for datasets 
1–4 using the dudi.pca function (Figure 2B; Supplementary 
Figures S13–S16), and we colored individuals according to 
their population assignments inferred by K-means clustering 
(Supplementary Tables S13–S16).

To investigate whether river barriers have caused popula-
tions across the landscape to deviate from an isolation-by-dis-
tance model and to estimate geographic areas of higher- or 
lower-than-average gene flow, we calculated an estimated 

effective migration surface using the EEMS pipeline (GitHub 
commit c1849ea; Petkova et al., 2016). We computed a full-
rank Euclidean distance matrix of average pairwise genetic 
distances between all 387 individuals using dataset 4 and the 
str2diffs pipeline, and we selected the Diffs_v1 output since 
our data met the necessary requirements (Petkova, 2016). 
Then, we prepared files of (a) individual coordinates and (b) 
coordinates defining the polygon within which we wanted to 
estimate the migration surface (the approximate geographic 
distribution of L. coronata). Next, we performed several test 
runs (runeems_snps) using random seeds and spatial grids of 
up to 1 K demes (georeferenced individuals associated with 
the nearest deme) to tune the migration (mEffctProposalS2, 
mSeedsProposalS2, and mrateMuProposalS2) and diversity 
(qEffctProposalS2, qSeedsProposalS2) proposal variances and 
achieve an acceptance rate of 20%–30%, improving sampling 
of parameter space (Petkova, 2017). After parameter tuning, we 
ran three independent Markov chain Monte Carlo (MCMC) 
chains with runeems_snps using random seeds, a spatial grid 
of 1 K demes, and 4 M iterations of MCMC. We discarded 
the first 2 M iterations as burn-in, sampled the posterior dis-
tribution every 10 K iterations, and evaluated posterior traces 
produced by eems.plots to ensure adequate convergence of the 
three MCMC chains by looking for similar values, horizon-
tal trajectories, and overlapping amplitudes (Petkova, 2017). 
We used the R package rEEMSplots to prepare a map over-
laid with a continuous estimated effective migration surface 
(Figure 3A) and a map highlighting regions where the poste-
rior probabilities were above 90% for an estimated migration 
rate (m) above or below the mean (Figure 3B).

Figure 2. (A) Discriminant analysis of principal components of dataset 4 with the first two discriminant functions showing relatedness among genetic 
clusters of Lepidothrix coronata at K = 5, which was the optimal value inferred after K-means clustering and minimizing the Bayesian information 
criterion (BIC; see Methods). (B) Principal component analysis of dataset 4 showing the first two axes (PC1 and PC2) and percent genetic variance 
explained, with individuals colored by population assignments from K-means clustering. Locality numbers refer to those in Figure 1 and Supplementary 
Table S1. Note that locality 51 contains individuals assigned to different populations (Supplementary Table S16).
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Relationships of riverine variables to population 
differentiation
One challenge to the riverine barrier hypothesis is the 
idea that opposite-bank populations may come into con-
tact with river headwaters, so we wanted to examine more 
directly the relationships of river width, floodplain width, 
and distance from river source to population differentia-
tion between opposite-bank populations. We first identified 
opposite-bank localities along the Amazon and its 10 larg-
est tributaries based on annual discharge (Gibbs, 1967). To 
select opposite-bank locality pairs, we limited each local-
ity to a single comparison per river with the nearest (< 150 
km) opposite-bank locality with no obvious additional geo-
graphic barriers intersecting the straight line between them. 
We retained only those locality pairs with a minimum of two 
individuals at each locality. This locality selection scheme 
resulted in eight opposite-bank locality pairs along the 
Amazon and five of its largest tributaries (Supplementary 
Table S17). One locality (locality 44 in Figure 1) was involved 
in two comparisons involving distinct rivers: cross-Amazon 
(localities 21–44) and cross-Jutaí (localities 44–45). Using 
Google Earth Pro v7.3 to access Landsat/Copernicus satel-
lite imagery from December 2020, we drew straight lines 
between opposite-bank localities and measured a represen-
tative width of the main river channel where the straight line 
bisected the river or at a location that was slightly shifted 
to avoid measurements where the presence of river islands 
exaggerated river widths (Supplementary Figure S17). We 
also measured the straight-line distance between the near-
est opposite-bank “non-wetland” areas in the vicinity of our 
sampled localities, ensuring that the straight line between 

“non-wetland” areas intersected over the river with the 
straight line between opposite-bank localities; the “non-wet-
land” areas were based on the Amazonian wetland extent, 
cover, and flooding layer generated by Hess et al. (2015). 
Hereafter, we refer to this distance as the floodplain width. 
Finally, we measured the distance of opposite-bank localities 
from the source of the river using 10-km increments to fol-
low the river course until reaching the straight line between 
opposite-bank localities (Supplementary Table S17). Next, 
we used VCFtools to compute Weir and Cockerham’s 
weighted FST between paired localities based on dataset 4. 
Because we predicted that population differentiation would 
increase with greater river width, floodplain width, and dis-
tance from river source, we computed one-sided Spearman’s 
rank-order correlations in R with the base cor.test function 
between population differentiation (FST) of opposite-bank 
populations and: (a) river width, (b) floodplain width, and 
(c) distance from river source (Figure 4; Supplementary Table 
S17). We performed these three correlation analyses again 
(Supplementary Figure S18) after removing a single-locality 
pair across the upper Ucayali River due to the different land-
scape features across the river, which potentially made the 
locality pair unsuitable for measuring a river barrier effect. 
Specifically, the cross-Ucayali locality pair included pop-
ulation 39 which was in Andean foothills and population 
56 which was in Amazonian lowlands (inset, Figure 1); all 
other locality pairs occupied lowland forest on both river-
banks. Other variability in habitat, fluvial geomorphology, 
elevation, and location of river source likely influences the 
strength of river barriers and is not accounted for by the 
three river metrics we used in these correlation analyses.

Figure 3. (A) Effective migration rate (m), a proxy for gene flow calculated using EEMS, across the western Amazon Basin based on a genetic distance 
matrix of 387 georeferenced individuals of Lepidothrix coronata (dataset 4). The log10 scale for effective migration is normalized so that 0 is the mean 
migration rate under an isolation by distance model, negative values (browns) indicate lower migration than expected, and positive values (blues) 
indicate higher migration than expected. (B) Posterior probabilities of effective migration rate (m) estimates presented in (A). This map illustrates 
the most likely corridors for gene flow by highlighting areas in blue where posterior probabilities p{log(m) > 0} exceed 90% while simultaneously 
emphasizing the most likely barriers for gene flow by highlighting areas in brown where posterior probabilities p{log(m) < 0} exceed 90%. Points 
shown in (A) and (B) are not exact localities of individuals; rather, they represent the localities shifted to the nearest vertex on the population grid 
(nDemes = 1,000), as required for the calculation of the effective migration surface.
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Demographic analyses
To further test the hypothesis that gene flow across rivers 
increases toward their headwaters, we evaluated competing 
demographic models for populations along different sections 
of the Amazon drainage. First, we selected the three best-sam-
pled cross-river locality pairs (the only such pairs with at 
least four individuals per locality), which were located at 
strategic points for comparisons along the Amazon drainage: 
(a) populations 21 and 44 across the upper Amazon River 
(dataset 5; 2,790 km from river source; see Figure 1, Table 
1, and Supplementary Table S1); (b) populations 17 and 42 
across the far upper Amazon River (dataset 6; 1,975 km from 
river source); and (c) populations 15 and 28 across the lower 
Napo River (dataset 7; 808 km from river source). For each 
of these three locality pairs, we evaluated four demographic 
models using momi v2.1.20 (Kamm et al., 2020): no migra-
tion, low migration, medium migration, and high migration 
(Supplementary Figure S19). As input to momi, we provided 
an ancestral effective population size of 500 K, which is com-
parable to previous estimates for other widespread Amazonian 
suboscines (Luna et al., 2022; Thom et al., 2020). We also 
ran momi analyses with ancestral population sizes of 100 K 
and 2 M (Supplementary Tables S18 and S19) to assess the 
sensitivity of our models to this parameter; however, model 
likelihoods were extremely similar (identical to four decimal 
places) to those estimated from models with ancestral popula-
tion size inputs of 500 K (Table 2; Supplementary Table S20), 
so we do not report further on these additional model runs. 
We used two additional inputs for demographic models: (a) 
a generation time of 2 years based on the age when individu-
als of L. coronata acquire definitive plumage and presumably 
reach sexual maturity (1 year; Scholer et al., 2022) multiplied 
by two, which approximates the average age of females pro-
ducing a clutch (see Nadachowska-Brzyska et al., 2015), and 

(b) a germline mutation rate of 4.6 × 10−9 mutations per site 
per (2-year) generation estimated for another passerine bird, 
Ficedula albicollis (Smeds et al., 2016). We designed models 
to include: (a) a parameter for time of population divergence 
within the last 4 Myr, an upper bound that contains all pre-
vious divergence time estimates for L. coronata populations 
across the Amazon and Napo rivers (Cheviron et al., 2005; 
Paulo et al., 2023; Reis et al., 2020), (b) parameters for the 
size of each population, and (c) parameters for time of migra-
tion for the three models including this event. Specifically, 
each migration model included three bidirectional pulses of 
migration (after population divergence) occurring at different 
rates depending on the model: 1% (low migration model), 5% 
(medium migration model), or 10% (high migration model) of 
the populations. We considered it reasonable to include three 
pulses of migration in each model given the frequency and size 
of river captures transferring terra firme forest across rivers 
in the Amazon drainage over the last 100 kyr (Ruokolainen 
et al., 2019), and we allowed momi to optimize the timing 
of these pulses in each model. We used the momi functions 
read_vcf and extract_sfs to generate a site-frequency spectrum 
for each dataset and the optimize function to calculate model 
likelihoods and parameter estimates. We ran each model 100 
times and selected the run with the highest likelihood. To iden-
tify the best models, we used the highest likelihood for each 
model to calculate the Akaike information criterion (AIC) and 
Akaike weights (Akaike, 1974; Burnham & Anderson, 2002). 
We also calculated two versions of the corrected AIC, AIC

c, 
and associated Akaike weights (Burnham & Anderson, 2002; 
Hurvich & Tsai, 1989), trying both n = number of individuals 
and n = number of SNPs in the AICc formula, since the inter-
pretation of what constitutes the most natural unit for sample 
size in model testing varies across studies (e.g., O’Meara et al., 
2006; Posada & Crandall, 2001; Salter et al., 2023).

Figure 4. Scatterplots of values for population differentiation (FST) between opposite-bank populations of Lepidothrix coronata along major rivers of the 
western Amazon Basin and (A) river width, (B) floodplain width, and (C) distance from river source. Correlation coefficients and p-values for one-tailed 
Spearman’s rank-order correlations shown above each panel. The paired numbers next to each plotted shape refer to locality numbers in Figure 1 and 
Supplementary Table S1.
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Results
DNA sequencing
Illumina sequencing produced an average of 1.4 M read pairs/
sample (range 100 K–3.9 M) for the 693 non-degraded tis-
sue samples, 5.4 M read pairs/sample (range 3.0–9.3 M) for 
the eight degraded tissue samples, and 10 M read pairs/sam-
ple for the five toepads (range 5.0–23.2 M; Supplementary 
Table S1). After removing PCR duplicates and off-target reads 
(those not overlapping any of the 2,495 RADcap loci), we 
retained averages of 628 K read pairs/sample (range 46 K–2.0 
M) for non-degraded tissues, 127 K read pairs/sample (range 
47–284 K) for degraded tissue samples, and 230 K read pairs/
sample (range 65–489 K) for toepads (Supplementary Table 
S1). Across all datasets, mean depth per SNP ranged from 28 
to 191; mean missingness per SNP for datasets 1–4 ranged 
from 0.8%–2.4% (Table 1; Supplementary Tables S2–S8).

Genetic structure and gene flow
sNMF ancestry coefficient estimates for L. coronata across 
the western Amazon Basin were consistent across datasets 1–4 
(Figure 1; Supplementary Figures S1–S4), and we observed 
support for optimal Ks of 6 and 7 based on cross-entropy 
values (Supplementary Tables S9–S12). Examining ancestry 
coefficients from a range of K values (Supplementary Figures 
S1–S4) helped explain the hierarchy of genetic structure across 
the landscape. At K = 2 and K = 3, the Amazon and Ucayali 
rivers, respectively, consistently divided populations—high-
lighting their role as the barriers between the deepest genetic 
breaks within L. coronata; at higher K values, rivers such as 
the Japurá and Napo further subdivided more closely related 
populations. Generally speaking, populations occupied entire 
interfluves, although at higher K values, some individuals 
were assigned to populations located in areas without appar-
ent geographic barriers such as the population east of the 
upper Ucayali River (blue in Figure 1), which consistently 
appeared at K ≥ 5 in all sNMF analyses. Ancestry coefficients 
were similar across the Yavarí, Juruá, and Purús rivers, which 

is consistent with previous findings showing that relatively 
few taxa are separated by these rivers (Gascon et al., 2000; 
Haffer, 1997; Johnson et al., 2021; Lane et al., 2003; Rego et 
al., 2023; but see Del-Rio et al., 2021). This finding is possi-
bly related to the dynamic history of these particularly mean-
dering rivers (Abad et al., 2013; da Silva, 2020; Sylvester et 
al., 2019) and the location of their sources well within the 
Amazonian lowland distribution of L. coronata rather than 
in the Andes, factors that could facilitate dispersal across and 
around these rivers, respectively. Across several headwater 
regions, including those of the Caquetá, Putumayo, Napo, 
and Marañón rivers (i.e., localities 12–14, 24–27, and 29; see 
Figure 1 and Supplementary Table S1 for locality numbers), 
we observed more similar ancestry coefficients than those 
we observed across wider portions of the Amazon drainage 
further downriver (e.g., localities 10 vs. 21–23 vs. 44–45), 
consistent with the prediction that gene flow across rivers 
is greater toward river headwaters (Figure 1). In the Ucayali 
headwater region, including the Tambo and Urubamba rivers, 
we observed a striking exception. Here, populations showed 
non-overlapping ancestry coefficients despite occurring on 
opposite banks of the Ucayali River, which is under 1 km 
wide in the region (inset, Figure 1).

For the DAPC, we consistently identified K = 5 as the opti-
mal number of populations based on the BIC (Supplementary 
Figures S5–S8). The DAPC, by minimizing variation within 
these five population clusters, highlighted the large differences 
between populations divided by the Amazon and Ucayali riv-
ers, pointing to the particularly important role of these rivers 
as biogeographic barriers (Figure 2A; Supplementary Figures 
S9–S12). The DAPC also clarified the high degree of similar-
ity between the two population clusters south of the Amazon 
and east of the Ucayali (localities 51–66 vs. localities 42–51 
and 67–83), showing that rivers such as the Yavarí, Juruá, and 
Purús have a smaller role as biogeographic barriers. The PCA 
provided further insights into genetic structure across the 
landscape by permitting visualization of more within-cluster 
genetic variation, including the notable string-like distribution 

Table 2. Summary of results from demographic analyses conducted in the program momi.

Populations Distance  
from river 
source (km)

Model K Max. 
ln(L)

AIC AICc

(n = no.
of SNPs)

AICc

(n = no. of indiv.)
wi(AIC) wi(AICc)

(n = no. of SNPs)
wi(AICc)
(n = no. of indiv.)

21 and 44a 2790 No mig.b 3 -5,399.43 10,804.85 10,804.86 10,807.25 0.87 0.87 1.00

Low mig. 6 -5,399.43 10,810.85 10,810.89 10,822.85 0.04 0.04 0.00

Med. mig. 6 -5,399.43 10,810.85 10,810.89 10,822.85 0.04 0.04 0.00

High mig. 6 -5,399.43 10,810.85 10,810.89 10,822.85 0.04 0.04 0.00

17 and 42 1975 No mig. 3 -5,901.97 11,809.93 11,809.95 11,811.43 0.19 0.19 0.74

Low mig. 6 -5,897.62 11,807.23 11,807.28 11,813.70 0.74 0.74 0.24

Med. mig. 6 -5,900.14 11,812.27 11,812.31 11,818.73 0.06 0.06 0.02

High mig. 6 -5,901.97 11,815.93 11,815.98 11,822.40 0.01 0.01 0.00

15 and 28 808 No mig. 3 -5,343.27 10,692.53 10,692.55 10,694.03 0.00 0.00 0.00

Low mig. 6 -5,324.32 10,660.64 10,660.69 10,667.10 0.00 0.00 0.00

Med. mig. 6 -5,307.25 10,626.51 10,626.55 10,632.97 0.82 0.82 0.82

High mig. 6 -5,308.78 10,629.55 10,629.60 10,636.01 0.18 0.18 0.18

Note. K = number of model parameters; Max. ln(L) = maximum log-likelihood; AIC = Akaike information criterion; AICc = corrected AIC; wi = Akaike 
weight.
aPopulation numbers refer to localities numbered in Figure 1 and Supplementary Table S1.
bModels with highest support for each population pair according to Akaike weights in bold.
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of individuals (localities 30–41) along the PC2 axis (Figure 
2B; Supplementary Figures S13–S16). These individuals are 
consistently oriented north to south along PC2, displaying a 
pattern consistent with isolation by distance (Novembre & 
Stephens, 2008) across the topographically complex Andean 
foothills west of the Ucayali River. Also apparent in the PCA 
was the intermediate placement of the individual sampled 
at locality 29 between other more distant populations (i.e., 
localities 24–27 and 30–36). The K-means clustering popu-
lation assignment for locality 29 was also shared with other-
wise north-of-Marañón/Amazon individuals across datasets 
1–4 (Figure 2; Supplementary Tables S13–S16). These find-
ings of intermediate placement of the individual from local-
ity 29 in the PCA and a shared population assignment with 
north-of-Marañón/Amazon individuals are consistent with 
admixture across the Marañón River, an upper tributary of 
the Amazon River.

The estimated effective migration surface (EEMS) analysis 
showed substantial variation in effective migration, a proxy for 
gene flow, across the western Amazon Basin (Figure 3). Areas 
of reduced effective migration are evident along the Amazon 
and Ucayali rivers, a finding consistent with our population 
structure analyses using sNMF, DAPC, and PCA (Figures 1 and 
2). Reduced effective migration along the Juruá, Purús, and 
Negro rivers is also visible, although the rate is lower. Areas of 
increased effective migration are apparent in interfluves such 
as the Purús-Madeira and Amazon-Juruá. Effective migration 
rates in headwater regions of the Marañón, Napo, Putumayo, 
and Caquetá rivers were elevated relative to those along the 
Ucayali and Amazon rivers (Figure 3A); however, there was 
low support (posterior probability < 90%) for migration rates 
being higher than the mean migration rate for much of the 
area in these headwater regions (Figure 3B). Due to the inter-
polation of migration rate estimates across the entire range of 
L. coronata (Figure 3A), proper interpretation of the EEMS 
requires attention to the density and location of sampled ver-
tices and the probability of migration rates differing from the 
mean migration rate (Figure 3B).

Relationships of riverine variables to population 
differentiation
Spearman’s correlations between population differentiation 
(FST) of opposite-bank populations and river width (Figure 
4A) and distance from the river source (Figure 4C) were sig-
nificant (p < .05). Population differentiation and floodplain 
width were not correlated (Figure 4B); however, when we 
removed the cross-Ucayali locality pair, we found this rela-
tionship to be significant (Supplementary Figure S18B) in 
addition to finding significant relationships between popu-
lation differentiation (FST) and river width (Supplementary 
Figure S18A) and distance from river source (Supplementary 
Figure S18C). Although the upper Ucayali is generally < 1 
km wide, has a floodplain < 10 km wide, and is in the upper 
reaches of the Amazon drainage, it separated the most dif-
ferentiated pair of opposite-bank populations (Figure 4). 
We suspect that the different habitat and landscape features 
on either side of the Ucayali contribute to the high popula-
tion differentiation between opposite-bank populations (see 
Discussion). Although the results of these correlations are 
consistent with our predictions, low sample sizes for oppo-
site-bank comparisons along individual rivers inhibit further 
testing of these relationships and point to the need for more 
coordinated sampling of opposite-bank localities.

Demographic analyses
Comparison of demographic models for cross-river popula-
tions showed support for greater levels of migration upon 
moving upriver along the Amazon drainage (Table 2). For 
populations 21 and 44, which are on opposite banks of the 
Amazon River (Figure 1), the no migration model received 
the highest support (wi = 0.87–1.00). In each migration 
model for populations 21 and 44, all three migration pulses 
clumped within 1 year of the population divergence 4 Ma 
(Supplementary Table S20), explaining the minimal effect of 
migration on model likelihoods. For populations 17 and 42, 
also along the Amazon but closer to the river source, the no 
migration or low migration models were alternatively the best 
models given the data, depending on how the Akaike weights 
were computed (see Methods and Table 2). For populations 
15 and 28, further upriver on opposite banks of the lower 
Napo, the medium migration model received the highest sup-
port (wi = 0.82), although the high migration model received 
modest support (wi = 0.18).

Discussion
Our study provides unprecedented resolution of the genetic 
structure of the Blue-capped Manakin (L. coronata) around 
Amazonian rivers and their headwater regions. We found that 
a biogeographic framework based on river courses is essen-
tial for understanding genetic variation in L. coronata: the 
Amazon and Ucayali rivers formed the principal barriers to 
gene flow, and portions of other rivers including the lower 
Japurá, middle Juruá, lower Putumayo, and lower Napo 
were associated with smaller genetic discontinuities (Figures 
1–3; Supplementary Figures S1–S4). We consider this bio-
geographic pattern as evidence for the ongoing role of riv-
ers in maintaining allopatry and promoting speciation in the 
Amazon Basin. Inferring the historical role of river barriers, 
however, is complicated by the fact that rivers are not fixed 
features on the landscape (Musher et al., 2022; Salo et al., 
1986).

Amazonian river channels have been highly dynamic due to 
erosion and tectonics during the Quaternary (Hayakawa et al., 
2010; Pärssinen et al., 1996; Pupim et al., 2019; Ruokolainen 
et al., 2019), which has implications for the spatial context 
of gene flow and speciation (Musher et al., 2022; Salo et al., 
1986). For instance, paleochannels indicate that the lower 
Japurá River drained into the Negro River until roughly 1 
kya rather than into the Amazon, where it currently drains 
(Ruokolainen et al., 2019), and it is possible that landscape 
connectivity prior to the large avulsion could help explain 
overlapping ancestry coefficients among populations at local-
ities 21–23 and those in the Japurá-Negro interfluve (locali-
ties 7–11; Figure 1). However, our ability to associate specific 
landscape events with patterns of genetic structure is gener-
ally limited by sampling, our knowledge of the timing for 
landscape events and population divergences, and the likely 
contributions of multiple cycles of allopatry and secondary 
contact among river-delimited populations. We suspect that 
intraspecific genetic variation has been accumulating in L. 
coronata populations across a continually shifting landscape 
of river barriers over the course of their evolution, with the 
crown age of L. coronata estimated at 0.9–3.5 Ma (Cheviron 
et al., 2005; Paulo et al., 2023; Reis et al., 2020). Despite the 
dynamic history of Amazonian rivers, our general finding is 
that the boundaries between populations of L. coronata are 
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remarkably coincident with present-day river courses, and we 
propose this is because opposite-bank populations that come 
into secondary contact due to a river rearrangement or other 
mechanism quickly revert to a pattern where rivers delimit 
range boundaries.

We obtained some preliminary evidence for this rapid 
return of populations in secondary contact back to river-de-
limited populations in our recent examination of a historically 
documented river avulsion on the Ucayali River (Moncrieff 
et al., 2020). With data from the current study, we can now 
confirm that a population of L. coronata (locality 54) on 
land that formed the west bank of the Ucayali until a large 
avulsion ~240 years ago (Pärssinen et al., 1996) showed clear 
affinities genetically and phenotypically with east bank pop-
ulations (Figure 1). This finding suggests rapid colonization 
of newly accessible habitat after the avulsion by east bank 
populations and the disappearance of remnant populations 
that were on the west bank prior to the avulsion. A variety 
of scenarios could lead to a similar return to river-delimited 
populations after river rearrangements or dispersal events. 
For instance, if the taxa form a hybrid zone, then the zone 
will tend to stabilize geographically in a population density 
trough (Barton, 1979; Hewitt, 1988), which in Amazonia is 
likely to be along a river barrier. Despite the strength of many 
river barriers, dispersal events across rivers may happen with 
regularity through either active dispersal such as swimming or 
flight (e.g., Gonzalez-Socoloske & Snarr, 2010; Nunes, 2014; 
Remsen & Parker, 1983) or passive dispersal such as by a 
change in river course (e.g., Musher et al., 2022; Rabelo et al., 
2014). An evolutionary scenario involving a recent cross-river 
dispersal (either active or passive) and range expansion may 
help explain why a large river such as the Negro, which is a 
known barrier for 22 avian taxon pairs above its confluence 
with the Branco River (Naka & Brumfield, 2018; Naka et al., 
2012), could appear to have a relatively small barrier effect 
for populations of L. coronata (Figures 1–3). Interestingly, the 
Negro River showed a more geographically extensive, albeit 
weak, barrier effect than the Japurá River in our EEMS anal-
ysis (Figure 3A), which contrasts with our sNMF results in 
which the Japurá is a more substantial barrier (Figure 1). We 
attribute this discrepancy to the sensitivity of the spatially 
explicit EEMS method to our limited sampling along the 
length of the lower and middle Japurá River. However, we 
note that where we have collected samples along the Japurá 
around localities 10 and 23, the EEMS analysis does show a 
barrier effect with high support (Figure 3B), emphasizing the 
importance of migration rate probabilities for proper inter-
pretation of the migration surface.

In addition to the effects of river rearrangements, Pleistocene 
climate cycles may have influenced connectivity among L. 
coronata populations by shaping the geographic distribution 
of terra firme forest (Haffer, 1969), although these habitat 
changes were not as extensive as originally envisioned in the 
Pleistocene refuge hypothesis (Baker et al., 2020). Evidence 
from the last 250 kyr points to a relatively stable climatic 
environment in western Amazonia (Cheng et al., 2013) with 
only small-scale contractions of rainforest habitat on the 
periphery of this region rather than complete isolation of for-
est refugia during glacial maxima (Mayle et al., 2004; Sato et 
al., 2021). However, even modest contractions of terra firme 
forest could pull geographic distributions away from headwa-
ter regions and increase the isolation of opposite-bank pop-
ulations as suggested by the “river-refuge hypothesis” (Ayres 

& Clutton-Brock, 1992; Capparella, 1991; Haffer, 1997). 
The presence of hybridization between divergent forms in 
headwater regions appears to favor a scenario of secondary 
contact rather than in situ divergence in parapatry (Weir et 
al., 2015) given that forests on either side of rivers generally 
have similar ecological features. However, a scenario of isola-
tion-by-distance—with gene flow connecting populations on 
one side of the river mouth, around the headwaters, and back 
to the opposite bank along the mouth—could account for a 
signal of genetic connectivity through headwater regions in 
closely related populations.

Our data suggest a general pattern of greater genetic simi-
larity between opposite-bank populations toward headwater 
regions. Our correlation analyses show that the current met-
rics of river width, floodplain width, and distance from river 
source are related variables positively associated with popu-
lation differentiation (Figure 4; Supplementary Figure S18). 
The finding of these associations despite the dynamic nature 
of rivers and their floodplains over the course of their his-
tory (Passos et al., 2020; Pupim et al., 2019; Ruokolainen et 
al., 2019; Sawakuchi et al., 2022) again highlights that pop-
ulation genetic patterns appear to often readjust rapidly to 
current configurations of river barriers in the Amazon Basin. 
Although the correlation analyses show a consistent signal, 
they were based on seven to eight locality pairs, so further 
coordinated sampling on opposite banks, including along the 
Putumayo and Yavarí rivers which form international borders, 
is a high priority for future work. Demographic modeling 
along three sections of the Amazon drainage also supported 
the hypothesis of greater gene flow toward headwaters (Table 
2), although further sampling is needed to extend these analy-
ses along greater portions of the Amazon drainage.

Our sNMF analyses highlighted a few headwater regions 
as likely areas of genetic connectivity, particularly where the 
Napo, Putumayo, and Caquetá rivers approach the foothills 
of the Andes (Figure 1). More broadly, the swath of locali-
ties from the north bank of the Caquetá to the south bank 
of the Marañón (localities 12–14 and 24–29), showed more 
similar ancestry coefficients than populations across down-
stream portions of these rivers (Figure 1; localities 10 vs. 
21–23 vs. 44–45). Given that the north-of-Amazon popu-
lations clustered near each other in the DAPC (Figure 2A) 
and PCA (Figure 2B) and thus are closely related, we suggest 
that future work could test the extent to which isolation by 
distance shaped by river barriers rather than allopatry and 
secondary contact in headwater regions can explain spatial 
patterns of genetic structure. With improved sampling along 
the lengths of these rivers, particularly in Colombia, it would 
be possible to better assess this hypothesis.

The headwater region along the Marañón River held the 
most divergent opposite-bank populations where we still 
observed evidence of gene flow. For the individual at locality 
29, the intermediate ancestry coefficients (Figure 1), cluster-
ing assignment to north-bank populations (Figure 2A), and 
intermediate placement in the PCA (Figure 2B) highlight 
the Marañón as a possible region with headwater gene flow 
between otherwise well-differentiated populations found on 
either side of the Marañón/Amazon River barrier. This sug-
gestion of connectivity is also consistent with the presence of 
males having dark-green plumage on the north bank of the 
Marañón River—the only area north of the Marañón/Amazon 
River barrier where greenish phenotypes occur (Figure 1; 
Moncrieff et al., 2022). These males with dark-green plumage 
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are much darker than Lepidothrix coronata exquisita and 
represent an intermediate phenotype between L. c. exquisita 
and Lepidothrix c. coronata (see Supplementary Figure S14 
in Moncrieff et al., 2022). Further genetic sampling on both 
sides of the Marañón will be important for gauging the pres-
ence of gene flow between L. c. coronata to the north and L. 
c. exquisita to the south. We have previously observed that 
“true” L. c. exquisita populations, with their characteristic 
bright yellow bellies and sky-blue crowns, are restricted to 
foothills in central Peru further south (Moncrieff et al., 2022), 
so we also consider the darker plumage of L. c. exquisita pop-
ulations on the south bank of the Marañón River as evidence 
of gene flow from northern L. c. coronata. We note, however, 
that plumage variation in L. coronata is often unassociated 
with the major population genetic boundaries identified in 
our study. For instance, L. c. coronata and Lepidothrix c. cae-
lestipileata replace each other across the middle Juruá River 
(localities 49 and 70, respectively) without signs of plum-
age intergradation (Del-Rio et al., 2021), yet the divergence 
between these populations is small compared to the major 
axes of divergence across the Amazon and Ucayali rivers 
(Figures 1–4). Similarly, transitions between these two taxa 
occur within the Juruá-Purús and Purús-Madeira interfluves 
with a minimal effect on ancestry coefficients (Figure 1). 
Populations traditionally considered L. c. caelestipileata vary 
substantially in crown color in southwest Amazonia east of 
the Ucayali River (Guilherme, 2022), with some populations 
having crown color that approaches the sky-blue of “true” 
L. c. exquisita yet showing duller yellow bellies. Despite this 
notable crown color variation, we did not find it to be asso-
ciated with the broad patterns of genetic structure identified 
in this study (Figures 1–3). In summary, L. coronata plum-
age variation is complex, and further research into the spa-
tial relationship of plumage color loci versus the rest of the 
genome will be important for deciphering this complexity.

Despite evidence of increased genetic connectivity across 
several headwater regions, we found a striking exception 
across the upper Ucayali River, where ancestry coefficients 
did not overlap (Figure 1) and where population differentia-
tion exceeded that found across all other rivers including the 
Amazon (Figure 4). Prior to recent work, the upper Ucayali 
River appeared to be one of the most likely regions for doc-
umenting headwater gene flow due to the presence of three 
subspecific forms in close proximity: L. c. exquisita west of 
the Ucayali, L. c. coronata in the central Amazon of Peru, and 
the intermediate-looking L. c. caelestipileata in southeastern 
Peru. Moncrieff et al. (2020) collected 81 individuals along the 
Tambo and Urubamba rivers that showed a smooth pheno-
typic transition east of the Ucayali and Urubamba rivers from 
L. c. coronata towards L. c. caelestipileata-like populations 
(localities 59–65; see Figure 1 inset and Supplementary Figure 
S13 in Moncrieff et al., 2022), but a substantial plumage dif-
ference between these forms and the brighter L. c. exquis-
ita west of the Ucayali and Tambo rivers (Supplementary 
Figure S20). This suggests the presence of gene flow among 
populations east of the Ucayali but not across the Ucayali, a 
finding further supported by the genetic structure across the 
Ucayali identified in this study (Figures 1–4). We suspect that 
several factors may be involved in this lack of genetic con-
nectivity between populations across the Ucayali headwater 
region. First, Moncrieff et al. (2020) were unable to docu-
ment any individuals in apparently suitable terra firme forest 
in the Tambo-Urubamba interfluve despite 9 field days using 

extensive audio playback. Absence of a population of L. cor-
onata is difficult to confirm for such a poorly known area, but 
it seems likely that any population of L. coronata within the 
interfluve is of low density. We also failed to detect individuals 
along both banks of the Huallaga River just north of locality 
30 (Figure 1) despite extensive passive netting in terra firme 
forest (Moncrieff et al., 2019). These two cases of failing to 
detect L. c. exquisita in terra firme west of the Ucayali River 
may indicate this form prefers foothill forest rather than low-
land terra firme forest such as occupied by L. c. coronata and 
L. c. caelestipileata east of the Ucayali. If contact does occur 
between forms in the Ucayali headwater region, then we sus-
pect it would involve very limited, if any, gene flow given 
that we did not detect admixture. Although vocalizations are 
very similar among these subspecies, it seems possible that 
plumage differences between L. c. exquisita and other forms 
could promote assortative mating in the Ucayali headwater 
region. Alternatively, possible habitat preferences—foothill 
forest for L. c. exquisita and terra firme forest for L. c. cor-
onata and L. c. caelestipileata—could limit contact between 
subspecific forms if the transition between the two habitats is 
not suitable for any subspecies. Elevating L. c. exquisita to a 
species-level taxon, however, seems unwarranted at present 
given the need for further sampling for possible contact with 
other forms in the Ucayali headwater region. In addition, L. 
c. exquisita intergrades in plumage with L. c. coronata along 
the Marañón River (Moncrieff et al., 2022), and our genetic 
analyses suggest admixture across this barrier (Figures 1 and 
2). Further sampling of the contact zone along the Marañón 
River is a high priority for future work.

In conclusion, our data suggest that genetic connectivity 
is elevated across several headwater regions, which provides 
some support for a traditional critique of the riverine barrier 
hypothesis that headwater gene flow can limit the role of riv-
ers as barriers and drivers of diversification in the Amazon 
Basin (Haffer, 1997; Moritz et al., 2000). However, we do not 
consider gene flow across narrow rivers in headwater regions 
as a fundamental weakness of the riverine barrier hypothesis, 
which maintains its broad explanatory power, but rather a 
finding that helps to refine the hypothesis. Even in the case 
of continuous headwater gene flow, we suspect that isolation 
by distance could lead to the accumulation of distinct geno-
types on opposite banks of lower portions of rivers. A rear-
rangement along the lower portion of a river could then easily 
place distinct genotypes into contact and simultaneously iso-
late the passively transferred population from closely related 
populations. This type of scenario, without invoking any 
climate-related factors, could promote speciation (Musher 
et al., 2022). The river-refuge hypothesis has the advantage 
of invoking climatic habitat shifts (Ayres & Clutton-Brock, 
1992; Capparella, 1991; Haffer, 1997), which may have influ-
enced species- and subspecies-level diversification during the 
Pleistocene, but historically this hypothesis has not recognized 
the importance of cross-river dispersal and river rearrange-
ments in accounting for observed patterns in Amazonian 
biogeography. We suggest expanding the flexibility of the riv-
erine barrier hypothesis to acknowledge the contributions of 
cross-river dispersal, river rearrangements, and modest hab-
itat shifts during the Pleistocene. In this broader framework, 
the riverine barrier hypothesis would highlight the important 
role of rivers in driving speciation and maintaining biodi-
versity in the Amazon Basin while also acknowledging the 
complex array of behavioral, landscape, and climatic forces 
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working on and around these barriers. The spatial patterns of 
genetic variation that we identified across Amazonian rivers 
and their headwater regions have particular relevance to the 
Amazonian taxa of terra firme forests, including over 1,000 
species of birds (Parker, 1996). Variability in life history traits 
such as dispersal ability, ancestral range, affinity for terra 
firme forest, and tolerance of light gaps all likely contribute 
to incongruent divergence times for populations found across 
river barriers (Smith et al., 2014), yet genetic structure across 
many of the largest Amazonian rivers remains an important 
theme in Amazonian biogeography. We suspect that the evi-
dence in L. coronata for greater genetic connectivity across 
multiple headwater regions may find broad replicability in 
other terra firme taxa, although more studies with extensive 
sampling in headwater regions will be necessary to adequately 
test this idea.
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