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D E V E L O P M E N T A L  B I O L O G Y

River network rearrangements promote speciation 
in lowland Amazonian birds
Lukas J. Musher1,2*, Melina Giakoumis3,4, James Albert5, Glaucia Del-Rio6,7, Marco Rego6,7, 
Gregory Thom2, Alexandre Aleixo8,9,10, Camila C. Ribas11, Robb T. Brumfield6,7, 
Brian Tilston Smith2, Joel Cracraft2

Large Amazonian rivers impede dispersal for many species, but lowland river networks frequently rearrange, 
thereby altering the location and effectiveness of river barriers through time. These rearrangements may pro-
mote biotic diversification by facilitating episodic allopatry and secondary contact among populations. We se-
quenced genome-wide markers to evaluate the histories of divergence and introgression in six Amazonian 
avian species complexes. We first tested the assumption that rivers are barriers for these taxa and found that even 
relatively small rivers facilitate divergence. We then tested whether species diverged with gene flow and recov-
ered reticulate histories for all species, including one potential case of hybrid speciation. Our results support the 
hypothesis that river rearrangements promote speciation and reveal that many rainforest taxa are micro-endemic, 
unrecognized, and thus threatened with imminent extinction. We propose that Amazonian hyper-diversity origi-
nates partly from fine-scale barrier displacement processes—including river dynamics—which allow small popu-
lations to differentiate and disperse into secondary contact.

INTRODUCTION
The lowland rainforests of the Amazon River basin are among the 
most diverse ecosystems on Earth, harboring more than 10% of all 
named species concentrated into an area that represents only about 
0.5% of Earth’s land surface area. Major hypotheses regarding the 
origins and assembly of this biota focus on the extreme heterogene-
ity of Amazonian environments, including the dendritic architec-
ture of river drainage networks, the perennial role of river capture 
dynamics in fragmenting and merging riverine ecosystems through 
time and space, and the great antiquity of these systems dating back 
tens of millions of years (1, 2). The riverine barrier hypothesis 
(RBH) posits that rivers can serve as barriers to dispersal and gene 
flow, fragmenting populations and causing diversification in many 
terrestrial organisms (3). Many rainforest assemblages of birds, 
primates, fishes, and other organisms exhibit high turnover in spe-
cies composition on either side of large lowland Amazonian rivers 
(>1000-m width at low water; Strahler stream orders > 5), which 
dissect the whole region into broad interfluvial areas of ende-
mism (4–6).

However, a burgeoning body of data indicates a more complex 
role for riverine barriers in generating patterns of Amazonian spe-
cies richness. For example, comparative studies have shown that 
community-wide divergences across putative river barriers can be 
asynchronous (7), suggesting that divergence is instead driven by 

some combination of factors that include happenstance dispersal 
across preexisting barriers (7), environmentally mediated dispersal 
(8, 9), and ecologically mediated divergence (10, 11). Although the 
debate over barrier causality has often been framed in the context of 
dispersal versus vicariance (12), evaluating the RBH is complicated 
by the fact that barriers often change their location and permeabili-
ty through geological time and across biogeographic space (13–17). 
Contemporary geographic features can therefore be poor indicators 
of past landscapes, a complication that has important consequences 
if trying to infer historical processes (18). For example, the river 
drainage network of lowland (below 250- to 300-m elevation) 
Amazonia is now understood to be highly dynamic, with mega-river 
capture events of more than 10,000 km2 occurring on time scales of 
tens to hundreds of thousands of years (19, 20). This dynamic land-
scape may be the primary mechanism generating patterns of aquatic 
biodiversity (1), but given such instability, some observers question 
whether Amazonian river courses actually persist long enough to act 
as effective barriers to gene flow for terrestrial organisms (13).

Despite much progress in understanding the processes mediat-
ing Amazonian diversification over time, a detailed picture of how 
biodiversity arises in this species-rich region is lacking. Most groups 
of Amazonian organisms lack genetic data with sufficient spatial 
resolution to discern the relationships between macroevolutionary 
processes (e.g., speciation and extinction) at biogeographic scales 
and microevolutionary processes (e.g., selection, migration, and drift) 
operating at populational scales (21, 22). To that end, many studies 
have identified patterns of differentiation that occur between the 
major tributaries, rather than across them, including for birds (23–
26), primates (27, 28), squamates (29), and butterflies (30). These 
patterns of differentiation have sometimes been attributed to isola-
tion by smaller rivers (100- to 1000-m width at low water) (23, 26), 
but other environmental factors that might affect population struc-
ture have rarely been tested. Thus, if biodiversity arises at microgeo-
graphic scales, which fine-scale environmental features, if any, drive 
population differentiation, and do these features promote diversifi-
cation via pure isolation or isolation with gene flow?
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The river capture hypothesis (RCH) posits that river network 
rearrangements (i.e., changes in riverine connections due to river 
captures and avulsions) that occur at appropriate spatial and tem-
poral scales can drive diversification by increasing opportunities for 
speciation and dispersal and thereby reducing the probability of ex-
tinction (1). To test this hypothesis, the southern Amazon Basin 
offers a unique test case. Southern Amazonia is characterized by a 
marked topographical gradient, in which sediment-rich rivers orig-
inating in the Andes in the west meet upland (above the fall line 
~250- to 300-m elevation; Fig. 1, map 2) rivers of the Brazilian 
Shield draining clearwater rivers from the southeast. These alterna-
tive geological settings, with rivers draining lowland sedimentary 
and upland-incising basins, tend to be more and less dynamic, re-
spectively (31). Sediment-rich lowland rivers frequently rearrange 
and continuously change via tributary captures and avulsions (32). 
Sediment-poor shield rivers rearrange less frequently and are char-
acterized by climatically or tectonically driven headwater captures 
and recaptures (19). These two topographical regimes meet within 
the Madeira-Tapajós interfluve, a region that has been a hot spot of 
Plio-Pleistocene diversification (8). Sediment-poor rivers in this 
region may rearrange at intermediate rates; their upstream portions 
flow over the Brazilian Shield where they are relatively stable, but 
downstream portions flow into the lowlands, where they become 
more dynamic (19). The Madeira-Tapajós also marks an ecotone in 
forest structure driven by varying climatic regimes, wherein humid 
rainforests are more densely vegetated in western Amazonia but 
transition into more open forests to the south and east (33, 34). Given 
the many environmental gradients in Amazonia and its broad geo-
graphic extent, an important question is how river dynamics and 
environmental gradients influence demographic (e.g., gene flow) and 
phylogenetic (e.g., divergence and reticulation) histories in codis-
tributed Amazonian organisms.

In this study, we sampled bird populations across the lowlands 
of southern Amazonia and sequenced hundreds of thousands of ge-
netic markers to generate a dataset of 371 individuals sampled across 
six independently evolving species groups (table S1). These groups 
vary in the amount of phenotypic divergence from monotypic species 
with little variation (Galbula cyanicollis and Malacoptila rufa) to poly-
typic species (Thamnophilus aethiops and Phlegopsis nigromaculata) 
or species complexes (e.g., Hypocnemis rondoni, Hypocnemis striata, 
Hypocnemis ochrogyna, and Hypocnemis peruviana or Willisornis 
poecilinotus and Willisornis vidua) with considerable phenotypic 
and behavioral variation. Despite their differences, all these taxa 
share relatively limited dispersal capacities and are tied to upland 
forests, making them good subjects for studying the effects of river 
dynamics. Our objectives are to (i) characterize genome-wide levels 
of genetic diversity in codistributed avian species groups, (ii) test 
the drivers of population genomic divergence in each species group, 
(iii) quantify each species’ history of differentiation and gene flow, 
and (iv) test the hypothesis that river rearrangements promote di-
versification and gene flow in Amazonian birds.

Assumptions, hypotheses, and predictions
Our hypotheses are predicated on a growing body of evidence sug-
gesting that lowland Amazonian river networks are more dynamic 
over relatively short time scales of tens to hundreds of thousands of 
years than are upland (shield) rivers (13). Since river rearrangements 
represent both the genesis and elimination of barriers to dispersal 
and gene flow, events that occur at appropriate spatiotemporal 

scales may leave signatures in the diversification histories of taxa (20). 
Therefore, if upland rivers are barriers to terrestrial organisms, then 
rearrangements among these watercourses would have important 
populational and phylogenomic consequences. For example, frequent 
river rearrangements, such as those expected along lowland rivers 
of sedimentary basins, may hamper population differentiation by 
homogenizing allele frequencies among populations on either side 
of a river (35). On the other hand, rearrangements may promote 
diversification by facilitating secondary contact between populations 
that had previously diverged in allopatry, including, for example, 
cycles of isolation with infrequent introgression (i.e., reticulation) 
(36). Thus, if river dynamics inhibit diversification, then current river 
courses should not be strong predictors of population genomic 
structure because frequent rearrangements hamper divergence (13). 
Instead, other processes may be better predictors of genomic varia-
tion. For example, isolation by distance (IBD; in which genetic dif-
ferentiation increases with increasing geographic distance) (37) and 
isolation by environment (IBE; in which genetic differentiation in-
creases with increasing environmental disparity) (38) are deviations 
from panmixia that can mimic the population genetic predictions 
of isolation by barriers (i.e., allopatry). If riverine barriers do struc-
ture populations, then river-course rearrangements could stimulate 
diversification by promoting episodic isolation and secondary con-
tact. In these cases, populations are not only expected to be struc-
tured across riverine barriers but also show evidence of varying 
degrees of gene flow or sympatry between differentiated populations.

RESULTS
Our analyses revealed fine-scale population structure and suggested 
a notable effect of modern river channels in structuring genetic 
diversity. We used restriction site–associated DNA sequencing 
(RADSeq) to sample genome-wide sequence data for six avian spe-
cies groups codistributed across eight populations in the southern 
Amazonian lowlands and recovered high-quality sequences for all 
six species (Table 1). To visualize the geographic component of 
population structure, we defined these populations a priori as fol-
lows: (i) West Inambari: south of Solimões River and west of Purus 
River; (ii) East Inambari: Purus-Madeira interfluve; (iii) Rondonia 
1: Jiparaná-Guaporé interfluve; (iv) Rondonia 2: Jiparaná-Roosevelt 
interfluve; (v) Rondonia 3: Roosevelt-Aripuanã interfluve; (vi) 
Rondonia 4: Aripuanã-Sucunduri interfluve; (vii) Rondonia 5: 
Sucunduri-Tapajós interfluve; and (viii) West Pará: Tapajós-Xingú 
interfluve (Fig. 1, map 1). These seven regions were selected for data 
visualization because they represent major interfluves bordered by 
rivers proposed to act as barriers (23–26).

After characterizing genomic diversity, we recovered population 
structure associated with river barriers in all six species (Fig. 1). To 
elucidate potential fine-scale patterns of differentiation in these 
taxa, we used t-distributed stochastic neighbor embedding (t-SNE), 
a machine learning dimensionality reduction algorithm that is ca-
pable of detecting subtle characteristics of datasets (39). Although 
t-SNE revealed similar results to a more commonly used principal 
components analysis (PCA; fig. S1), t-SNE recovered additional 
structure in Willisornis not detectable in the first two PC axes 
(Fig. 1). An independent method for assigning individuals to ances-
tral populations, STRUCTURE v2.3.4 (40), showed less geographic 
structuring overall but recapitulated the general pattern of rivers as 
barriers (Fig. 1 and fig. S2). In all analyses, a handful of individual 
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samples clustered outside of their geographic populations, a pattern 
possibly indicating recent dispersal events.

Although all species were finely structured across space, we re-
covered unique spatial histories for each species group (Fig. 2). Spe-
cies tree analyses (41) recovered robust phylogenetic topologies but 
differing area relationships among taxa. Bootstrap support for the 

relationships in these trees was generally high (>99), but the place-
ment of the Rondonia 3 population in Malacoptila was unsupported. 
As the barrier associated with the deepest split in each taxon varied 
from large rivers such as the Madeira (Hypocnemis and Phlegopsis) 
and Tapajós (Thamnophilus) to smaller rivers such as the Aripuanã-
Roosevelt (Malacoptila) or Sucunduri (Willisornis), these results 

Fig. 1. Population genomic structure in six codistributed Amazonian bird species groups. For each species, results of the best k value for STRUCTURE analysis of split 
datasets (left) and example replicates of the t-distributed stochastic neighbor embedding (t-SNE) analysis (right) are shown. Colored bars underneath the STRUCTURE 
plots and circles on the t-SNE plots are colored on the basis of major interfluvial regions in map 1 (top left). Map 2 (top right) shows the topography of the study region 
within the dark red box, where yellow contours represent the 250- to 300-m elevational zone demarcating dynamic lowland (<250 m; shaded in blue) from relatively 
stable upland (>300 m; shaded in red) basins. Map 3 (top right inset) shows precipitation during the driest annual quarter (76), with high precipitation in gray, low precip-
itation in red, and a strong cline across the middle to lower reaches of the rivers draining the Brazilian Shield (plotted using QGIS).
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support the hypothesis that rivers of various sizes are historically 
important for population divergence in these taxa across the cen-
tral Amazon.

In Malacoptila, we identified two apparently reproductively iso-
lated, secondarily sympatric populations in the Rondonia 2 area 
(Fig. 1 and figs. S1 and S2). These two overlapping populations were 
also syntopic, as they included two individuals, one from each pop-
ulation, collected at the same locality and date (MPEG T474 and 
MPEG T476). They are distantly related within this species group 
(Fig.  2), indicating secondary contact between divergent taxa de-
spite strong isolation by barrier, a key prediction of the RCH.

Spatially explicit models of population connectivity 
and genetic diversity
We found that populations in dynamic regions west of the Madeira 
river and near to the mouth of the Tapajós River may have experi-
enced higher rates of secondary contact (42). Whereas areas of low 
gene flow relative to expectations under pure IBD overlapped with 
riverine barriers, in contrast, gene flow tended to be higher west of 
the Madeira where rivers are most dynamic (Fig. 3 and fig. S3). In 
three groups (Galbula, Phlegopsis, and Willisornis), we recovered 
evidence of higher genetic diversity than expected under IBD west 
of the Madeira (Fig. 4 and fig. S4) despite high gene flow (Fig. 3 and 

Table 1. Assembly statistics for all species groups. These statistics include the number of individuals in the assembly (n), the mean statistical depth of 
coverage, the SD of statistical depth of coverage, the number of loci in the assembly (total loci), the average number of loci per sample (mean loci), the range of 
loci per sample (range loci), and the species and citation of the reference genomes sampled. 

Taxon n
Mean 

coverage 
depth

SD coverage 
depth Total loci Mean loci Range loci Reference genome 

taxon
Genome 
citation

Galbula 
cyanicollis 53 25.92 7.19 87,606 46,669.10 13,585–60,141 Galbula dea (79)

Malacoptila rufa 51 32.8 10.34 64,477 31,179.70 16,035–42,638 Bucco capensis (79)

Thamnophilus 
aethiops 64 25.53 8.2 119,998 47,008.50 4,089–68,972 Sakesphorus 

luctuosus (79)

Hypocnemis sp. 61 22.89 7.12 110,035 52,986.10 9,913–78,143 Rhegmatorhina 
melanosticta (80)

Phlegopsis 
nigromaculata 77 24.5 6.4 122,081 64,081.80 19,603–83,765 Rhegmatorhina 

melanosticta (80)

Willisornis sp. 83 23.46 5.54 143,810 64,410.70 14,266–81,671 Rhegmatorhina 
melanosticta (80)

Fig. 2. Summary of phylogenomic results for six Amazonian bird species groups examined in this study. Results of species tree analysis in ASTRAL (41) showing the 
historical relationships among a priori defined populations in each species inferred from thousands of gene trees. All nodes are recovered with 100% bootstrap support 
except where noted.
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fig. S3), a pattern consistent with secondary contact. We also found 
evidence of high gene flow coupled with high genetic diversity west 
of the mouth of the Tapajós River and north of the Aripuanã River 
for Hypocnemis and Thamnophilus. Thus, populations in these dy-
namic regions were more likely to experience secondary contact, a 
result consistent with predictions of the RCH.

Predictors of genomic divergence
A multivariate logistic regression model incorporating geographic 
dispersal distance, environmental disparity, and rivers as predictors 
of genomic divergence (measured in pairwise Euclidean distances 
in t-SNE space) rejected the hypotheses of IBD and IBE as the pri-
mary drivers of divergences in all six groups. Specifically, we tested 
the assumption that the seven focal rivers were barriers and found 
that isolation by river was a significant predictor of genomic diver-
gence in all groups irrespective of any nonindependence among 
predictor variables (Fig. 5 and Table 2) (43). The models strongly 
predicted genomic divergence in each species group (pseudo-R2 = 
0.30 to 0.74). Both rivers and dispersal distance were statistically 
significant predictors of divergence in each species group, but envi-
ronmental disparity was often not significant (Table 2). Common-
ality analysis revealed that rivers were the most important predictor 
of genomic divergence in all six species groups, and their unique 
effects explained 31 to 60% of the total model fit. Although the 
unique effects of dispersal distance were relatively important for 
some species, explaining up to 13% of the model fit, dispersal dis-
tance was never as important of a predictor as rivers. The unique 

effect of environmental disparity, though, tended to explain very 
little of each model (0 to 5%). This result was relatively robust to 
coarser measures of genomic divergence and geographic distance 
(figs. S7 to S9 and tables S2 and S3). Thus, models explicitly testing 
the effects of IBD and IBE support the notion that rivers drive ge-
nomic divergence, a key prediction of the RBH and RCH.

Tests of introgression
Phylogenomic network analyses (44) recovered histories of intro-
gression during diversification of these taxa despite clear spatial 
structuring around rivers, consistent with the RCH prediction that 
divergent populations experienced secondary contact (Fig. 6A). We 
specifically recovered two reticulation events—the maximum allowed 
in the analysis—in all species complexes but one (Willisornis). In 
most species, the most credible network topology was highly sup-
ported [posterior probability (PP) = 1.0], but the best models for 
Malacoptila and Thamnophilus were less supported. Still, alterna-
tive topologies for these two species recapitulated similar patterns 
of reticulation (fig. S10). Unlike in other species, the dominant net-
work topologies for Hypocnemis and Thamnophilus groups were 
inconsistent with the results of the species tree analysis, which sug-
gests that ancestral gene flow among differentiating populations has 
obscured species tree inference for these taxa. Estimates of inter-
population gene flow using a maximum likelihood population 
graph (45) were mostly consistent with the network modeling re-
sults, although with some notable differences (Fig. 6B). The best-
fitting population graph model included at least one admixture edge 

Fig. 3. Effective migration (gene flow) results estimated in EEMS. Results are shown for (left to right and top to bottom) G. cyanicollis, M. rufa, Hypocnemis spp., 
T. aethiops, P. nigromaculata, and Willisornis spp. Effective migration rate (m)—a measure of gene flow—is shown on a log10 scale relative to the expected value under an 
IBD model across the sampled range. Darker blues correspond to higher effective migration rate, whereas darker oranges correspond to lower rates.

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of H

elsinki on July 01, 2022



Musher et al., Sci. Adv. 8, eabn1099 (2022)     8 April 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

6 of 15

in each species but with diminishing gains in likelihood after that 
(Fig. 6C). Thus, many adjacent populations separated by rivers like-
ly experienced substantial post-isolation gene flow.

Our analyses also revealed evidence of lineage fusions, implying 
that portions of divergent populations have merged in the past. 
Within multiple species, at least one daughter node was recovered, 
showing nearly equivalent inheritance probabilities from each of two 
parent nodes (Galbula, Hypocnemis, and Thamnophilus), where in-
heritance probability represents the proportion of sampled genes 
inherited through gene flow (Fig. 6A). For example, the genome of 
H. ochrogyna, a phenotypically and behaviorally distinct taxon, 
resulted from nearly equivalent inheritance probabilities of parent 
nodes of different taxa, H. striata (P = 0.49) and H. peruviana 
(P = 0.51), a scenario theoretically consistent with hybrid speciation 
(46). Similarly, Thamnophilus aethiops punctuliger has nearly equal 
shared ancestries with taxa in East and West Inambari (Thamnophilus 
aethiops kapouni, Thamnophilus aethiops juruanus, and Thamnophilus 
aethiops injunctus) and Pará (Thamnophilus aethiops atriceps). Within 
G. cyanicollis, multiple reticulate (nonbifurcating) nodes with high 
inheritance probabilities were associated with populations isolated 
by the Madeira and Purus, rivers known to have rearranged histor-
ically (13). Because incomplete lineage sorting is theoretically ac-
counted for in the multispecies network coalescent (MSNC) model, 
these shared ancestries are presumably driven by introgression. Thus, 
we reveal an additional potential outcome of certain river network 
rearrangements, lineage fusion that results in genetically distinct 
lineages from the introgressing populations.

Demographic modeling
Demographic modeling of divergence times (while accounting for 
gene flow among populations) (47) revealed that all divergences likely 
occurred within the past 2 million years and that all extant popula-
tions were <1 million year (Ma) old (fig. S11). However, divergences 
across the same river were asynchronous. Splits across the Tapajós 
varied, possibly forming two general groups: one at about 700 thou-
sand years (ka) ago to 1 Ma ago and another at about 300 ka ago (fig. 
S11B). Splits across the Madeira also varied, with most divergences 
being <1 Ma ago (fig. S11C). Across the Aripuanã-Roosevelt basin, 
divergences were mostly between 250 and 500 ka ago, except for 
Phlegopsis, which occurred about 70 ka ago (fig. S11D). Although 
only three of the groups were differentiated across the Purus, two of 
these (Galbula and Malacoptila) diverged about 300 ka ago (fig. S11E). 
Relative rates of gene flow based on these models were consistent 
with previous analyses (table S5). In all species with gene flow across 
the upper Madeira (Galbula, Hypocnemis, Thamnophilus, and 
Phlegopsis), the rate of gene flow was asymmetrical; it was often sub-
stantially higher from east to west than from west to east in forward 
time, with little overlap in 95% credible intervals.

DISCUSSION
We demonstrated that the spatial distributions of genomically char-
acterized lineages within six Amazonian bird clades (i.e., species 
groups) that inhabit terra firme (nonfloodplain) rainforests in 
southern Amazonia are delimited by the current position of many 

Fig. 4. Effective diversity (dissimilarity) results estimated in EEMS. Results are shown for (left to right and top to bottom) G. cyanicollis, M. rufa, Hypocnemis spp., 
T. aethiops, P. nigromaculata, and Willisornis spp. Effective diversity (q) is shown on a log10 scale relative to the expected value under an IBD model across the sampled 
range. Darker blues correspond to higher genetic diversity (dissimilarity), whereas darker oranges correspond to lower diversity.
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rivers, each with distinct hydrological and geomorphological pro-
files. Because existing river courses are the primary predictors of 
genomic divergence patterns in these species groups (7), our find-
ings support the hypothesis that river dynamics promote diversifi-
cation in southern Amazonia. Moreover, the phylogenetic histories 
of these taxa are spatially incongruent, and the divergence times 
across focal rivers are asynchronous, indicating that a simple model 
of river formation (i.e., one river and one vicariant event) alone can-
not explain patterns of divergence. Instead, our results suggest that 
a substantial portion of Amazonian biodiversity may be a product 
of historical barrier instability and dynamism across multiple scales.

Here, we reveal that establishing secondary sympatry has had several 
distinct biological outcomes, including coexistence (Malacoptila), 
introgression (most groups), and possibly hybrid speciation 
(Hypocnemis) (48). For example, we show that M. rufa experienced 
limited gene flow among differentiated populations, but secondarily 
sympatric populations in the Rondonia 2 area remained differenti-
ated, indicating that these two populations are reproductively iso-
lated. In other species, populations remained differentiated across 
rivers despite significant introgression from nonsister lineages (e.g., 
Galbula, Thamnophilus, and Phlegopsis). We even found one potential 
incidence of homoploid hybrid speciation, wherein H. ochrogyna—a 
widely recognized biological species (25)—might have resulted from 
an ancestral fusion between populations of H. peruviana and 

H. striata. Together, these results expose the necessity of accounting 
for gene flow when estimating evolutionary relationships in Ama-
zonian taxa (49).

Homoploid hybrid speciation is thought to be rare in verte-
brates, but recent studies have highlighted an increasing number of 
examples (46, 50). Lineage fusions, wherein diverging lineages—or 
portions of those lineages—merge to become geographically isolated 
but admixed evolutionary entities, seem to be more common than 
previously realized (51, 52). These fusions have been proposed to 
occur due to a number of biogeographic mechanisms that include 
river rearrangements in Amazonia (46). The examples identified 
here imply that the disappearance of physical barriers to gene flow 
can facilitate the merging of divergent populations, which may then 
emerge as novel admixed taxa (53). However, further work is needed 
to confirm whether the reticulate examples we identify are truly the 
examples of hybrid speciation or some other mechanism.

Bridging diversification models of aquatic and terrestrial 
Amazonian organisms
Spatiotemporal patterns of biodiversity are shaped by geophysically 
and climatically generated cycles of fission and fusion among pop-
ulations, species, and biogeographic areas (54). These episodic cy-
cles play out across multiple scales across the globe as ecosystems 
expand and contract, barriers to dispersal wax and wane, and as 

Fig. 5. Rivers are the most important predictors of genomic divergence. The plots show the results of the variance partitioning (commonality analysis) of the multi-
variate logistic regression model, D ~ DIST + ENV + RIV, where D is the pairwise genomic divergences across t-SNE space, DIST is the dispersal distance, ENV is the environ-
mental disparity, and RIV is the separation by rivers. The commonality coefficients of seven predictors (three unique and four common) for each species represent the 
proportion of variance of pairwise genomic divergence among samples that are explained by each predictor or set of predictors. The percent total represents the propor-
tion of variance explained by the overall multivariate model that is explained by each predictor or set of predictors. Confidence intervals of 95% around each value were 
computed using 1000 bootstrap replicates with subsampling of 90% of samples. The order of species is (from left to right beginning at the top) Galbula, Malacoptila, 
Hypocnemis, Thamnophilus, Phlegopsis, and Willisornis. Exact values for these parameters can be obtained in Table 2.
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biotic dispersal drives distributional change over time (11, 15, 55, 56). 
At shallow evolutionary time scales, and as exemplified here, these 
fission-fusion cycles can generate diversity by driving differentia-
tion via isolation, colonization, and introgression (36, 51).

Our study exemplifies one possible geomorphological mechanism—
river drainage evolution and rearrangement—through which these 
fission-fusion cycles may play out for Amazonian organisms that 
rarely cross rivers and their associated floodplains (57). This mech-
anism is already thought to have had a profound effect on freshwater 
fish diversity, which reaches its global zenith in lowland Amazonia, 
but has rarely been studied for terrestrial organisms (6). For exam-
ple, fish alpha diversity (local diversity) is highest at Amazonia’s 
core, in the lowland sedimentary basins, where the low topographic 
relief facilitates frequent connections and disconnections among 
watersheds driven primarily by erosional forces. In contrast, fish 
beta diversity (endemism) is higher in the upland shields at Amazonia’s 
periphery, where rearrangements occur less frequently (5). To sum-
marize, more frequent river rearrangement is thought to facilitate 
higher rates of both isolation and dispersal (i.e., secondary contact) 
among adjacent watersheds, thereby promoting low spatial and 
high temporal fish species turnover in lowland western Amazonia 
(Amazonia’s core). Slower rearrangements, though result in high 
spatial and low temporal turnover in the upland portions of eastern 
Amazonia (Amazonia’s periphery) (1).

This core-periphery pattern is mirrored by broad patterns of 
many terrestrial organisms in two ways. First, phylogenetically 

underdispersed communities of birds inhabiting the tectonically 
unstable western basin indicate rapid in situ diversification and the 
repeated establishment of secondary sympatry, while phylogeneti-
cally overdispersed communities of the more stable Brazilian Shield 
suggest slower diversification with higher local endemism (12, 31). 
Second, rate estimates of phylogeographic lineage splitting for Am-
azonian birds are higher in the western lowlands than eastern 
shields. Rates of lineage loss, however, are overall higher in the up-
lands (21). Our results show that this pattern holds true for certain 
taxa at microevolutionary scales as well; effective diversity is higher 
across western Amazonia for three of the six taxa despite higher rates 
of migration, implying more rapid episodes of isolation and sec-
ondary contact at the epicenter of drainage rearrangement (Figs. 3 
and 4 and figs. S3 and S4). Our data also lend support to this model in 
another important way: We show that the biogeographic processes 
acting on Amazonian birds at this intermediate scale are dominated 
by isolation by barrier and not local adaptation to environmental 
differences, as environmental disparity explains little, if any, varia-
tion in genomic divergence for all sampled taxa (Fig. 5 and Table 2).

Through this study, we may catch a glimpse of how barrier dis-
placement in the form of river rearrangement can facilitate isolation 
and secondary contact as populations of M. rufa in the Rondonia 2 
area became syntopic and others show reticulation. For example, 
although no two species’ histories were phylogenetically congruent 
with respect to the details of geography, some general patterns emerged 
among species groups. All six groups showed either phylogenetic 

Fig. 6. Summary of phylogenomic network results for six Amazonian bird species groups examined in this study. (A) Results of Bayesian network analysis in Phy-
loNet (44) showing the most credible topology for each species group. Reticulate branches are shown in red and labeled with inheritance probabilities. Tips are labeled 
with taxonomic designations for all polytypic species groups. (B) Results from TreeMix showing the inferred topology among populations (black branches) and inferred 
admixture edges (red arrows). The thickness of each migration edge is proportional to its inferred magnitude. (C) Results of the model-fitting exercise in TreeMix. The y 
axes show the average log(likelihood) among all TreeMix replicates that varied in missing data thresholds for each value of m (the number of admixture edges). Circles at 
the tips of all networks are colored on the basis of a priori defined populations (Fig. 1, map 1). Because PhyloNet and TreeMix populations were assigned using the results 
from STRUCTURE (45), multiple a priori defined populations may be sampled in a given tip.
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(Galbula, Malacoptila, Thamnophilus, and Willisornis species trees) 
or reticulate (Galbula, Malacoptila, Hypocnemis, and Thamnophilus 
networks) affinities across the upper Madeira, a section of river 
thought to have been captured from a tributary of the Purus during 
the late Quaternary (Figs. 2 and 6) (13). Demographic modeling 
recovered asymmetric gene flow (stronger from east to west) for all 
species that experienced gene flow across this barrier (table S5), 
which is consistent with such an eastward shift in that river. Taken 
at face value, our data suggest that this capture event occurred 
roughly 100 to 800 ka ago, consistent with or older than previous 
estimates (fig. S11C) (13, 58). Similarly, five of six species showed 
phylogenetic or reticulate affinities across the lower Tapajós, where 
avulsion shifted the mouth of the main channel multiple times (19). 
Phylogenomic trees and networks show that the Pará population is 
sister to northern populations of the Madeira-Tapajós for Malacoptila 
(Rondonia 2 to 5) and Willisornis (Rondonia 5), implying that 
these avulsions at the mouth of the Tapajós may have occurred 
during the late Quaternary (fig. S11B), which is consistent with the 
geological literature (19). Moreover, in Galbula and Hypocnemis, 
the Pará population is sister to populations at the center of the 
Madeira-Tapajós (Rondonia 2 and 3), where river capture is thought 
to have shifted drainage from Madeira tributaries to Tapajós basins 
(5). Overall, then, we provide evidence that drainage instability, 
rather than river formation sensu stricto, may contribute to diversi-
fication dynamics in many Neotropical organisms limited by rivers.

Therefore, the RCH as a general framework unifies the biogeo-
graphic theory of both aquatic (primarily freshwater fish) and ter-
restrial (primarily birds and primates) Amazonian vertebrates and 
implies a common cause for species accumulation in these groups 
(31). First, macroevolutionary patterns of biodiversity seem to arise 
at microevolutionary scales (21–23, 26, 28), and here, we demon-
strated that even small rivers can be key drivers of microevolution-
ary diversity for many Amazonian birds (Fig. 5 and Table 2). Since 
lowland rivers are typically dynamic, we propose that, like many 
aquatic organisms, Amazonian terrestrial diversity originates from 
river dynamics at local to regional scales, which promote the early 
divergence of populations, forming spatially restricted and differen-
tiated populations (i.e., taxa) (20). Ongoing river rearrangements 
may then promote dispersal, leading to secondary contact among 
previously isolated populations, as well as subsequent isolation and 
divergences. As these rivers shift course via river capture and avulsion, 
they directly affect the three fundamental parameters of diversifica-
tion: dispersal (colonization after the loss of barriers), speciation 
(via isolation and secondary contact), and, theoretically, extinction 
(via changes to population connectivity or spatial restriction) (1). 
Given Amazonia’s ancient history and probable low extinction rates 
(21), we propose that the repetition of this process through deep 
time may have promoted the accumulation of a large portion of its 
vertebrate diversity. If so, Amazonia would be both a species pump 
that continuously generates new diversity and a “museum” for old 
lineages that originated in or colonized the South American tropics 
long ago (59, 60).

Broader implications: The drivers of Amazonian endemism
From a broader perspective, our results suggest that a long-recognized 
area of endemism [Rondonia sensu Cracraft (4); i.e., the Madeira-
Tapajós interfluve] may not represent a historically unified bio-
geographic area for many taxa. In four of the six sampled species 
groups, sets of populations within Rondonia were not reciprocally 

monophyletic. Rather, Galbula, Malacoptila, Hypocnemis, and 
Willisornis all included lineages within Rondonia with sister relation-
ships either west of the Madeira or east of the Tapajos, rather than 
to other Rondonian populations. Previous work similarly demon-
strated nonreciprocal monophyly of populations within Rondonia 
in addition to fine-scale landscape partitioning of phylogeographic 
lineages within this region (26). Our results support this observa-
tion, as we elucidate fine-scale co-occurrent distributions of phylo-
geographic lineages of Amazonian birds that largely overlap with 
those of other studies (23, 24, 26, 61). The patterns and processes 
that we identified are likely not limited to the region’s avifauna; the 
distributions of primates in Rondonia are notably similar to, if not 
more spatially restricted than, those identified here (62, 63). Thus, 
the Rondonia area of endemism, although descriptive at one spatial 
scale, can be deconstructed when assessing patterns at finer scales.

Consequently, we suggest that areas of endemism in general may 
be described on the basis of a misconstrued understanding of pat-
terns of biodiversity. As we show, the histories of species in this study 
were characterized by gene flow among nonsister taxa (genomic re-
ticulation) and exhibit phylogenetic incongruence with respect to the 
details of geography (biogeographic area reticulation) (5). Indeed, the 
biota of all areas of endemism may be assembled by a reticulated 
phylogenetic history of dispersal, in situ speciation, and local extir-
pation (7, 64). Thus, portions of Rondonia have been connected to and 
disconnected from other areas over evolutionary time, and as a result, 
the components of its biota are of different ages (5, 7). Although 
Rondonia contains a distinct contemporary biological community that 
is unequivocally real at a coarse spatial scale, this observation may be 
biogeographically misleading as it is in part a construct of taxonomic 
artifact (unrecognized taxa at smaller spatial scales) and in part the 
result of multiple superimposed histories of isolation and expansion 
yielding quasi-congruent spatial patterns (64).

In general, then, we propose that areas of endemism may instead 
result because taxa originate at smaller scales and then expand their 
ranges as dynamic barriers to dispersal erode. In regions with high 
rates of river rearrangement such as the western Amazon, the signal 
of fine-scale diversification and endemism may quickly dissipate 
because of high temporal turnover of taxa (12, 31). In regions with 
somewhat slower rates of displacement, such as those within the 
Madeira and Tapajós basins, where upland shield and lowland sed-
imentary rivers meet, the signal of local diversification may persist 
over longer time periods, facilitating detection by studies such as 
ours (12, 26). Therefore, as Amazonian watersheds are reticulate 
biogeographic areas for obligate aquatic and riparian organisms (5), 
so too might they be for endemism in some birds.

Previous work has shown that avian population differentiation may 
occur more than three times faster than speciation in the Neotropics, 
which implies that many differentiated populations (i.e., young, 
spatially restricted taxa like those identified here) are short-lived 
(22). Thus, we argue that fine-scale ephemeral processes, such as river 
rearrangement, may aid in generating diversity, but this diversity even-
tually expands to reach barriers that are, although not static in the strict 
sense, less permeable at a given point in time (31). These dynamics may 
often, but not always, result in sister relationships across larger rivers 
over deeper time scales of millions of years (65).

Limitations and future directions
Although our findings support the RCH, the effects of rivers likely 
interact with other processes. For example, climate change can alter 
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the strength of riverine barriers and can also drive local extinction 
dynamics, thereby mediating extinction-recolonization cycles (8). 
Such effects of climate on barrier effectiveness may be difficult to 
distinguish from river rearrangements in the strict sense based on 
the data we provide and could also explain some patterns found here. 
Given that there are many young divergences across the Brazilian 
Shield (8), future work should directly compare processes occurring 
in lowland and upland basins across Amazonia to disentangle the two 
processes with more certainty (1).

Furthermore, the occurrence of rare but consequential (i.e., 
sweepstakes) dispersal events across rivers—thought to be rare in 
many understory taxa (57)—may be difficult to distinguish from a 
barrier displacement model in practice. Future work explicitly test-
ing pulse migration versus continuous migration models of gene flow 
may help clarify the relative contributions of these two nonmutually 
exclusive mechanisms. Nevertheless, the explicit assumption of the 
framework presented here is that the underlying lowland riverine 
landscape is not stable, which has also been confirmed, for instance, 
on the easternmost Amazonian part of the Brazilian Shield (66, 67). 
Within this conceptual framework, drainage network evolution is a 
simple solution to the question of how secondary contact occurs 
between differentiated taxa that are otherwise isolated by rivers.

Historically, many biogeographic models have treated organisms 
as passive participants in biotic diversification, where the landscape 
alone dictates dispersal dynamics and rates of gene flow (68). Al-
though our model highlights the profound effects of Earth history 
processes underlying the evolutionary processes of speciation and 
gene flow, it does not preclude the unquestionable influence of other 
mechanisms in contributing to such diversity patterns (10, 11). For 
example, much of previous work has shown that dispersal capacity 
(vagility) has a measurable impact on divergence rates (11). In this 
study, however, we focus on avian taxa that have a relatively weak 
propensity to dispersal with the goal of testing whether and how 
river dynamics contribute to diversification in these terrestrial 
organisms. Although we argue that the RCH explains a substantial 
portion of the patterns observed, the patterns and processes of biotic 
diversification are better understood as layered, with dispersal and 
local extinction affected by organismal traits contributing to per-
sistence on the landscape (7). Therefore, future work should assess 
how the RCH interacts with other mechanisms that influence spe-
ciation, persistence, and adaptation, in addition to how this process 
plays out for other, more dispersive groups of birds.

The future of Amazonian biodiversity
Amazonian biodiversity is unmatched by any other terrestrial eco-
system (69). Still, we demonstrate that its species richness may be great-
ly underestimated even in well-studied groups such as birds (2, 70). 
This diversity, though, is nonrandomly distributed across the basin, 
with community composition shifting across many rivers (4, 12). Our 
results corroborate those of other studies that have reported fine-scale 
patterns of diversity across the Madeira-Tapajós interfluve—a region 
threatened by rapid and ongoing deforestation (26, 71)—yet this diver-
sity is generally unrecognized (69). Many of the populations delimited 
by these rivers represent taxa, as they are differentiated, isolated evolu-
tionary entities even if they are genomically admixed. They are rel-
atively young (<500 ka) and spatially restricted. That these taxa are 
micro-endemic conveys the severity of future biodiversity loss in south-
ern Amazonia should deforestation continue at current levels (72, 73); 
that many of them are not yet named and formally described reveals 

how much fundamental biological information of the Amazonian 
avifauna is threatened with loss to imminent extinction.

MATERIALS AND METHODS
Restriction site–associated DNA sequencing
We extracted total DNA from vouchered fresh tissue samples using 
a DNeasy tissue extraction kit (Qiagen, Valencia, California), which 
recovered sufficiently high-quality DNA (>10-kb fragments) for all 
samples. Library prep for RADSeq was then performed at the Uni-
versity of Wisconsin Biotechnology Center (Madison, WI) using 
two enzymes (Pst l and Msp l) but barcoding only a single cut site 
(TGCA). We then performed 150–base pair (bp) paired-end se-
quencing on an Illumina NovaSeq.

Raw Illumina reads were processed using iPyrad version 0.9 (74). 
We first demultiplexed the raw reads and trimmed low-quality base 
pairs and then aligned reads for each species to a reference genome. 
We specifically applied a minimum coverage for statistical base calling 
of six, with a minimum trimmed read length of 35 bp, a maximum 
of 5% uncalled bases and 5% heterozygous sites, and a mapping 
threshold of 0.9. These steps were repeated to generate variant call 
format files for each species group, which were used and filtered for 
downstream analyses.

Characterization of genomic variation
We took multiple approaches to characterize genomic diversity across 
each species without a priori geographic bias. First, we used iPyrad 
API analysis tools (74) to perform PCA on unlinked (one randomly 
sampled genotype per locus) genotype calls for each species group. 
Because RADSeq datasets often contain a large proportion of missing 
data, we performed PCA after imputing missing genotypes based on 
population assignments in k-means clustering implemented in the 
iPyrad API. This method allows imputation without a priori bias about 
population assignments (the eight a priori areas were chosen only 
for data visualization; the assumption of rivers as barriers was tested 
using multiple approaches). Specifically, we assumed k = 8 for all spe-
cies (except Hypocnemis because West Inambari was not sampled) 
and used iterative clustering to group individuals into populations. 
For iterative clustering, we first sampled single-nucleotide polymor-
phisms (SNPs) present across 90% of individuals in the assembly and 
then clustered with the assumed K. This was repeated five times, allow-
ing more missing data at each successive iteration until reaching a 
minimum of 75% coverage at each sampled SNP. Although k-means 
clustering is a crude method for population assignment, it is used only 
to minimize geographic bias during imputation and thus to reduce bias 
in downstream analyses. To impute, we randomly sampled genotypes 
based on the frequency of alleles within each of the populations defined 
by k-means. We then used t-SNE to decompose the PCA results into 
fewer dimensions, which is explained in further detail below. PCA and 
t-SNE are dimensionality reduction tools and do not test hypothe-
ses on their own.

Spatially explicit models of population connectivity 
and diversity
To examine how the distribution of population genomic diversity 
within each species group varies across space, identify regions of 
high or low dispersal, and evaluate the contribution of IBD to spa-
tial patterns of genetic variation, we used estimated effective migra-
tion surfaces (EEMS) (24). As input for EEMS, we first computed 
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pairwise genetic distance matrices (dxy) between individuals for 
each species complex using iPyrad API analysis tools (74). To gen-
erate polygons to constrain the spatial extent of the analysis, we 
drew a rectangle around all sampled localities for each species and 
distributed 1000 demes over each one. We then performed three 
runs of the Markov Chain Monte Carlo (MCMC) for 2,000,000 iter-
ations, thinning every 10,000 iterations, and excluded a burn-in of 
1,000,000 iterations. The convergence of the MCMC was visually 
assessed by plotting the log PPs of each run and comparing results 
among runs for the same species. When results were converged 
among runs, a single run was chosen.

Testing the predictors of genomic divergence
To dissect the effects of IBD, IBE, and isolation by river, we used 
multivariate logistic regression and commonality analysis (43). Be-
cause we were interested in fine-scale patterns of differentiation, we 
quantified pairwise genomic divergence among samples in each 
species using t-SNE (39) implemented in the iPyrad API analysis 
tools. t-SNE is a machine learning dimensionality reduction algo-
rithm that decomposes high-dimensionality data into two compo-
nents for more intuitive quantification and visualization and is 
capable of detecting subtle characteristics of datasets (39). First, we 
decomposed the data using PCA (as above) and then ran t-SNE on 
the PCA output (see above) to quantify the total genomic separa-
tion of samples across PC space.

However, t-SNE results are sensitive to two input parameters: 
“perplexity” (a parameter representing an approximate estimate of 
the number of neighboring points per cluster) and the starting seed 
(39). Although these values do not typically influence the general 
patterns recovered by t-SNE, no two t-SNE runs that differ in seed 
and perplexity will produce identical results. To account for vari-
ance among t-SNE runs, we performed 10,000 t-SNE replicates, 
randomly choosing perplexity values (integers between three and 
eight) and starting seeds. We then used the average pairwise Euclid-
ean distances between samples in t-SNE space as a measure of ge-
nomic divergence. We also compared these results to those based 
on a coarser measure of divergence, pairwise genetic distance (dxy).

We measured geographic distance by taking the least cost-path 
distance between sample localities based on environmental niche 
models (see Supplementary Materials and Methods). This method 
provides a metric of geographic distance that reflects the most likely 
dispersal paths based on habitat suitability on the landscape. The 
least cost-path distances were calculated using the R package GDIS-
TANCE (75). To measure environmental disparity, we extracted 
climatic data from 19 BioClim variables (76) for all sample localities 
and used PCA to summarize the climatic conditions at each locality. 
We then calculated the Euclidean distance between all samples in 
this 10-dimensional climatic PC space.

Last, to test the assumption that rivers are barriers, we generated 
a pairwise matrix of individuals, where sample pairs were scored as 
either 0 (not separated by a river) or 1 (separated by a river). We 
specifically tested the seven focal river barriers corresponding to the 
boundaries of the eight a priori defined populations (Purus, Madeira, 
Jiparaná, Roosevelt, Aripuanã, Sucunduri, and Tapajós rivers). Al-
though not all rivers should be considered equal, we discretized these 
barriers to conservatively test for their overall effects on genomic 
divergence. Although other potentially important riverine barriers 
occur in the region, our sampling is strongest across these seven rivers, 
and we therefore did not test other rivers (e.g., the Juruá River).

We then modeled genomic divergence as a function of these 
three spatial variables (dispersal distance, environmental disparity, 
and rivers). Ordinary least squares (OLS) linear regression models 
are commonly applied in landscape genetics, but they assume that 
the model residuals are normally distributed. We plotted diver-
gence data for each species and found it to be multimodal without 
exception, thus violating the assumptions of OLS regression. To ad-
dress this problem, following Prunier et  al. (43), we transformed 
genomic divergences into binary variables of zero (i.e., failure to 
diverge) or one (successful divergence). To define our threshold for 
this transformation, a kernel density with an adjustment of 0.25 was 
used to estimate the boundaries of each mode in the standardized 
divergence data. Divergences were standardized using a z transfor-
mation (subtract the mean and divide by SD). Any values falling within 
the first mode (i.e., before the kernel density begins to increase for a 
second time; figs. S5 and S6) were scored as 0 (failed divergences). 
Those that fell above the first mode (i.e., after the kernel density begins 
to increase for a second time) were scored as 1 (successful divergences). 
Then, logistic regression was performed using the glm function with 
a logit link in R 4.0.3 to predict the likelihood of a success (i.e., the 
probability that Y = 1) given the three predictor variables (dispersal 
distance, environmental disparity, and rivers) (43). To assess the over-
all fit of each model, we computed pseudo-R2 using Nagelkerke’s 
index using the R package fmsb with a range from zero to one (see 
also the Supplementary Materials).

To evaluate the relative contributions of each variable while con-
trolling for multicollinearity among predictors, we also performed 
logistic commonality analysis using the cc4log function available in 
the work of Roberts and Nimon (77). Commonality analysis is a 
variance partitioning approach that determines the relative contri-
butions of a set of independent variables on a dependent vari-
able while accounting for nonindependence among predictors. 
This helps us to pinpoint the location and extent of multicol-
linearity among variables. To do this, the multivariate logistic 
regression model is decomposed into its unique and common con-
tributions. The unique contribution of a given predictor represents 
the proportion of the pseudo-R2 (i.e., the proportion of total vari-
ance in genomic divergence explained by the multivariate logistic 
regression model) that is explained solely by that predictor. Com-
mon contributions represent the proportions of the total pseudo-R2 
that are explained by that predictor in combination with other pre-
dictors. The total contribution of each predictor, the commonality 
coefficient, is thus quantified irrespective of any nonindependence 
among predictors. To do this, we adapted R scripts from Prunier et al. 
(43) and Seeholzer and Brumfield (78). We also z-transformed 
all predictors to generate comparable beta weights () and odd 
ratios () (43). Last, we computed 95% confidence intervals around 
for commonality coefficients by performing 1000 bootstrap replicates 
on random selections of 90% of samples without replacement 
(see the Supplementary Materials).

Phylogenomic species trees
We estimated the historical relationships among a priori popula-
tions using ASTRAL 5.7.3 (41). ASTRAL estimates the species tree 
from a set of unrooted gene trees under the multispecies coalescent 
model, with an assumption of no gene flow among species. To as-
sess the robustness of the inferred population relationships, we also 
applied 100 bootstraps, subsampling gene trees only, using the --gene-
only flag. Gene trees were generated for all loci greater than 400 bp 
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in length. To reduce potential noise from gene tree estimation error, 
we then applied a filtering algorithm that identifies outlier loci (loci 
deviating from clock likeness expectations across the genome) (56). 
Species trees were rooted on the basis of the reference genome se-
quences for each species group (see Supplementary Materials 
and Methods).

Tests of introgression
To examine the evolutionary relationships within each species 
while relaxing the assumption of no gene flow, we additionally ap-
plied Bayesian phylogenomic network analysis using the MCMC_
GT algorithm implemented in PhyloNet (44). This algorithm uses a 
reverse-jump MCMC (rjMCMC) to sample the posterior distribu-
tion of phylogenetic networks under an MSNC model. The MSNC 
models genome evolution as a network (as opposed to bifurcating 
tree), accounting for both incomplete lineage sorting and interlin-
eage gene flow (reticulation). We used the same set of gene trees 
filtered under the above criteria to estimate the network for each 
species. We ran the rjMCMC for 5 × 107 generations with a burn-in of 
5 × 106, sampling every 105 generations, using the pseudo-likelihood 
calculation, and allowing a maximum of two reticulate nodes per 
network (the rjMCMC will thus test networks with zero, one, and 
two reticulations only). The network topology with the highest PP 
is chosen as the most credible network topology.

Last, we used TreeMix 1.13 (45) to estimate the maximum likeli-
hood population graph in the presence of gene flow by attaching 
migration edges (inferred shared ancestry due to genetic exchange) 
to a tree of bifurcating populations. Migration edges are assigned 
migration weights, which are related to the proportion of alleles in 
a population that are derived from migration. To examine the sen-
sitivity of TreeMix output to missing data, we first ran TreeMix on 
subsamples of 50, 60, 70, 80, and 90% missing data with one migra-
tion edge (m = 1). We then examined the model fit for varying val-
ues of m (m = 0 to 3), where m represents the number of migration 
edges in the model (zero represents a pure isolation model). To do 
so, we performed 250 TreeMix replicates, randomly choosing miss-
ing data thresholds between 50% and 95% and quantifying the like-
lihood of the model and averaging across all replicates. This was 
repeated for each value of m.

Because unstructured populations may experience high gene flow, 
for both PhyloNet and TreeMix, we assigned individuals to popula-
tions based on their assignments in STRUCTURE. However, because 
STRUCTURE analyses resulted in underestimation of population 
structure for Thamnophilus and Phlegopsis when compared with 
PCA and previous work (8, 24), we split one of the population 
assignments in two based on PCA results with the goal of better 
understanding spatial patterns of isolation and reticulation in these 
groups (for additional details, see Supplementary Materials and 
Methods).

Demographic modeling
To estimate divergence times and effective population sizes in 
the presence of gene flow, we applied a Bayesian approach using 
Generalized Phylogenetic Coalescent Sampler (G-PhoCS) (47). G-PhoCS 
integrates full likelihood computation across all possible gametic 
phasings based on unphased loci and a predefined demographic 
model to estimate mutation-scaled effective population sizes () 
and divergence times () for all populations. The software also al-
lows estimation of continuous gene flow between sets of current 

and ancestral populations. We constructed demographic models 
for each species group based on the results from PhyloNet. Specifi-
cally, reticulate edges in PhyloNet with higher inheritance probabil-
ities (>0.5) were treated as population divergences, whereas the edges 
with lower probabilities (<0.5) were treated as migration edges. We 
allowed for all possible migration edges based on both PhyloNet 
and TreeMix results. We applied priors on root  ( = 3.0 and  = 
1000) and  ( = 5.0 and  = 1000), migration ( = 1.2 and  = 0.01), 
and divergence (:  = 1.0 and  = 50,000; :  = 5.0 and  = 1000) 
for each population. We then ran the MCMC for 5 × 105 iterations 
after a burn-in of 10%, and sampling every 10 iterations. To convert 
 and  outputs to absolute divergence times (T) and effective pop-
ulation sizes (Ne), respectively, we used the formulas Ne = /4 and 
T = G/, where  is the mutation rate in substitutions per site per 
generation, and G is the generation time in years (for additional 
details, see Supplementary Materials and Methods).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn1099

View/request a protocol for this paper from Bio-protocol.
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