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Ever since Alfred Russel Wallace’s nineteenth-century observation that
related terrestrial species are often separated on opposing riverbanks,
major Amazonian rivers have been recognized as key drivers of speciation.
However, rivers are dynamic entities whose widths and courses may
vary through time. It thus remains unknown how effective rivers are at
reducing gene flow and promoting speciation over long timescales. We
fit demographic models to genomic sequences to reconstruct the history
of gene flow in three pairs of avian taxa fully separated by different
Amazonian rivers, and whose geographic ranges do not make contact in
headwater regions where rivers may cease to be barriers. Models with
gene flow were best fit but still supported an initial period without any
gene flow, which ranged from 187 000 to over 959 000 years, suggesting
that rivers are capable of initiating speciation through long stretches of
allopatric divergence. Allopatry was followed by either bursts or prolonged
episodes of gene flow that retarded genomic differentiation but did not
fully homogenize populations. Our results support Amazonian rivers as
key barriers that promoted speciation and the build-up of species richness,
but they also suggest that river barriers are often leaky, with genomic
divergence accumulating slowly owing to episodes of substantial gene
flow.

1. Introduction

Exceptionally high species richness of the Amazon basin is unparalleled in
terrestrial vertebrates and many other groups [1], yet the geographic drivers
of Amazonian speciation are heavily debated [2,3]. It is now generally agreed
that most speciation events in terrestrial vertebrates involve an allopatric
phase [4,5] with geographic barriers playing a key role in greatly limiting
or preventing gene flow. Yet, there are not a lot of apparent geographic
barriers within the Amazon basin that might drive in situ speciation. The
key exception is the river system that bisects the region. The Amazon River
and its major tributaries, the Negro, Madeira, Tapajos and Xingu rivers (figure
1), are generally hundreds of metres to kilometres (up to 20 km) in width.
Alfred Russel Wallace was the first to suggest these rivers acted as dispersal
barriers promoting allopatric speciation in closely related species distributed
on opposing riverbanks [6-8]. Since Wallace, extensive field sampling and
biogeographic work have made clear that rivers often form the boundaries
between geographically adjacent taxa not only just for butterflies but also
for a host of understory forest bird species (and a few canopy ones), as
well as primates and other groups [9-14]. Indeed, avian groups that com-
monly speciate within the Amazon tend to proliferate, with distinct species

© 2024 The Author(s). Published by the Royal Society. All rights reserved.


http://orcid.org/
http://orcid.org/0000-0001-8372-9937
http://orcid.org/0000-0002-7816-9725
http://orcid.org/0000-0001-7125-0304
https://crossmark.crossref.org/dialog/?doi=10.1098/rspb.2024.0795&domain=pdf&date_stamp=2024-09-03
https://doi.org/10.1098/rspb.2024.0795
https://doi.org/10.6084/m9.figshare.c.7396502
https://doi.org/10.6084/m9.figshare.c.7396502

Downloaded from https://royal societypublishing.org/ on 23 January 2025

or subspecies forming on opposite sides of multiple rivers, thereby forming large superspecies complexes with many geograph- n

ically non-overlapping taxa, each occurring in separate interfluves demarcated by rivers (e.g. figure 1). These biogeographic
patterns suggest that rivers do not just promote speciation but that they promote speciation en masse. Many in the field today
recognize Amazonian rivers as key barriers driving terrestrial animal speciation [15-19]. Yet, despite this growing recognition of
the importance of rivers, there is much we do not understand about how rivers function as barriers that promote speciation.

While rivers often form the division between geographically adjacent taxa, just how effective are they at limiting dispersal?
In a classic study, birds were released from a boat at different distances from shore in the Panama Canal to test their ability
to cross open water. Individuals from a number of understory species simply crashed into the water when released 100 to
200 m from shoreline demonstrating a poor ability to disperse across open water [20]. A similar study recently conducted on
an Amazonian river found similar results [21]. Clear demonstrations like these have cemented the potential for tropical rivers
to act as strong dispersal barriers in some species, which is corroborated by an ever-growing number of studies that have
demonstrated genetic differentiation across rivers [15,19,22-24]. Still, we do not yet know whether rivers caused a near complete
cessation of gene flow between taxa as would be expected if they operated as absolute barriers driving strictly allopatric
speciation. Indeed, the river release studies found mixed results for some species with some individuals capable of flying to
land and others not [20,21]. These mixed results might support an alternative to rivers acting as absolute barriers, which is that
rivers have acted as leaky barriers, reducing but not eliminating gene flow completely.

Gene flow across rivers might be promoted in several ways. First, rivers are dynamic entities whose courses may have
changed over time, for example, during tectonic uplift or during the process of oxbow lake formation, thereby passively moving
local populations to opposing riverbanks (figure 1a; see also [25]). Likewise, extended periods of reduced rainfall (e.g. during
prolonged droughts or drier Pleistocene glacial periods) may have resulted in narrower river barriers that were more permeable
to gene flow [22]. Finally, some gene flow may occur even when rivers are at their widest, perhaps with the assistance of
large river islands as stepping stones (figure 1b). These factors leave open the possibility that semipermeable river barriers may
provide the perfect opportunity for parapatric speciation scenarios in which divergence occurs, despite ongoing but reduced
gene flow connecting populations on opposing riverbanks.

We reconstruct the history of across-river gene flow in three non-flooded (e.g. terra firme) forest understory inhabiting avian
species possessing genetically differentiated lineages on either side of three major Amazonian rivers. We tested two subspecies
of the Plain-brown Woodcreeper (Dendrocincla fuliginosa) that are each other’s closest relatives. Dendrocincla f. fuliginosa occurs
on the north bank of the Amazon River and D. f. rufoolivacea on the south bank along the river’s lower course in eastern
Amazonia (figure 2a). This river can be slightly less than 2 km wide at its narrowest point (Obidos, Para State, Brazil) but often
exceeds 8 km in width. We also tested two genetically differentiated populations of the black-throated subspecies of the Xingu
Scale-backed Antbird (Willisornis vidua nigrigula) distributed on either side of the Tapajos River (figure 2b). The Tapajos River
typically exceeds 1 km in width where these two populations are found on opposing riverbanks but can exceed 19 km near its
mouth. Finally, we tested the two genetically differentiated populations of Spix’s Woodcreeper (Xiphorhynchus spixii) which are
distributed on either side of the Xingu River (figure 2c), a river which generally exceeds 500 m in width, but can be as wide as
14 km near its mouth. For each of these three species, populations on either side of these rivers have previously been shown
to represent genetically unique lineages in both the mitochondrial and nuclear genomes [27-30], and given this we refer to
them here as distinct taxa even though in two instances (X. spixii and W. v. nigrigula), they have not yet been awarded distinct
subspecies status.

Two key difficulties are involved with reconstructing the history of gene flow across Amazonian rivers. First, gene flow
might occur around rivers rather than over them. Many taxon pairs that are separated by rivers over most of their range also
extend into headwater regions where rivers narrow and cease to act as barriers to gene flow [10,15,31,32]. For example, many
taxon pairs separated by the Tapajos River and its key tributary, the Teles Pires River, form hybrid zones in headwater regions
[15,28,33]. Headwater gene flow was previously cited as a key objection to the primary role of rivers in driving speciation
[31,32]. Our study limits this confounding factor, as the species we examined do not have geographic contact in headwater
regions owing to the presence of reproductively isolated sister species [28,30] inhibiting their presence in these areas (see
ranges of sister species in grey in figure 2). The species we study now form very narrow hybrid zones with their sister species
that presumably keeps them from expanding into contact in headwater regions. Detailed studies in two of these species pairs
indicate strong post-zygotic reproductive barriers and a lack of introgression with their sister species across these hybrid zones
[28], suggesting that the sister species are not, at least currently, a conduit for gene flow between populations of our species
isolated on either side of rivers. With headwater gene flow inhibited at present, we are able to test whether wide stretches
of Amazonian rivers outside of headwater regions were able to eliminate or reduce gene flow at the current time. A second
difficulty is that taxon pairs within a genus that are not closely related might have formed somewhere else in Amazonia without
rivers playing a role and then expanded their geographic ranges to come into secondary contact along a river. We attempted to
avoid this here by focusing on taxon pairs that are true sister taxa (the two subspecies of Plain-brown Woodcreeper and the two
unnamed taxa of Spix’s Woodcreeper are true sisters [28,30]) or very closely related (the two populations of W. v. nigrigula are
either true sisters or one may be slightly more closely related to another subspecies, W. v. vidua [27]). Their close relationships
make it more likely that the rivers separating them represent the primary cause of their divergence, rather than a secondary
barrier.

Our earlier work on these three species demonstrated the genetic distinctiveness of populations on either side of major rivers
[27,28,30]. Here, we extend our earlier work by using demographic modelling applied to several hundred thousand base pairs
of genomic sequence to test whether genetic differentiation across rivers in the taxa pairs in these three species occurs with or
without gene flow, and whether gene flow, if present, has been continuous through time or occurred only after a period of initial
allopatric differentiation. If rivers functioned as absolute barriers promoting strictly allopatric speciation, then a demographic
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Figure 1. River topologies that might assist across-river migration. (a) River course changes may passively move entire populations from one riverbank to the other
resulting in a burst of unidirectional gene flow. In this potential future example, the large, forested region (outlined in orange) lying west of the Napo River in Peru
where it joins the Amazon River would end up on the eastern side of the Napo River if this river were to carve a new channel to the Amazon (shown by the red arrow).
(b) River islands may function as dispersal stepping stones such as the series of islands shown here at the mouth of the Amazon River. (¢) Otherwise, broad rivers may
become heavily braided into a series of narrow channels that cease to block migration such as braided sections along the Xingu River where the widest channel in a
stretch of river can be less than 50 m across. Geographic ranges of six taxa that make up the Elegant Woodcreeper (Xiphorhynchus elegans) and Spix’s Woodcreeper
(Xiphorhynchus spixi) superspecies complex are shown and illustrate how rivers frequently form the boundaries between adjacent taxa in Amazonia. Major rivers that
commonly demarcate Amazonian taxa and are proposed to act as barriers are shown in thick blue and are labelled. Satellite imagery obtained from Google Earth.
Annotations on these images are our own.

model with no gene flow should be supported. Alternatively, given their dynamic history, we predict that river barriers will be
leaky to gene flow. To test this, we fit a series of demographic models which allowed gene flow either continuously through
time, as expected under a strictly parapatric model of speciation, or during specific periods in time, with both allopatry (no gene
flow) and parapatry (gene flow) playing a role during speciation.

2. Material and methods

See Methods in the electronic supplementary material for full details of methods.

(a) Sample collection and DNA sequencing

We used genotype by sequencing to obtain genome-wide reduced representation sequence data for 40 individuals of Spix’s
Woodcreeper (32 west and 8 east of the Xingu River), 28 individuals of the Xingu Scale-backed Antbird (7 west and 21 east of
the Tapajos River) and 16 individuals of the Plain-brown Woodcreeper (7 of D. f. fuliginosa north and 9 of D. f. rufoolivacea south
of the Amazon River). Sequence data used in this study were previously generated and published by us [28,30]. Reads were
aligned to reference genomes and filtered for quality.

(b) Population structure and admixture

We used Structure (v. 2.3.4) [34] to calculate the number of genetically distinctive populations and to estimate genome-wide
admixture values between these populations. In all three taxon pairs, previous analyses have uncovered only two mitochondrial
haplogroups and two nuclear groupings for each pair that differentiate across their respective rivers [27-30]. After filtering, we
used a total of 15406 single nucleotide polymorphisms (SNPs) for Spix’s Woodcreeper, 12 722 for the Plain-brown Woodcreeper
and 12 556 for the Xingu Scale-backed Antbird to assess admixture. Ten independent runs of Structure were performed for each
population number tested, each with 250 000 samples obtained following a 50 000 step burnin. We used the Evanno method
[35] to calculate the number of genetically distinctive populations. As admixture proportions were identical across runs for the
best-fit number of populations, we plotted only one run for each group.
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Figure 2. Population structure, history of gene flow and genetic differentiation in three pairs of taxa separated by Amazonian rivers: (a) Plain-brown Woodcreeper
(Dendrocincla fuliginosa), (b) Xingu Scale-backed Anthird (Willisornis vidua nigrigula) and (c) Spix’s Woodcreeper (Xiphorhynchus spixii). For each species tested, a range
map shows the distribution of lineages under study for populations genetically differentiated on either side of rivers (green and magenta) and of reproductively
isolated congeners (Dendrocincla [f] atrirostris, Willisornis poecilinotus, Xiphorhynchus elegans) believed to prevent gene flow through headwater regions in grey. Rivers
separating populations are shown by thick blue lines. Bar charts below maps show genomic assignment of individuals to populations and admixture levels. The black
star indicates a genomically admixed individual and its corresponding sampling locality on the map. Schematic summary of the best-fit demographic models shows
timing of migration (illustrated by vertical black arrows) with curved arrows showing the number of immigrants per generation (but not timing of immigration) that
move between populations. The simulated history of genomic differentiation under each demographic model shows the accumulation of Hudson’s Fsy through time
(black) as well as Fsy values expected without gene flow in the models (dark grey), with 95% CI shown by pale grey. Empirical Hudson’s Fsy values at the present
time are shown by blue triangles and closely correspond to Hudson’s F¢y simulated under the best-fit demographic models. Global averaged palaeo-temperature record
obtained from the deep-sea oxygen record [26] shows the duration of glacial and interglacial periods over the past one million years. PDB refers to the Pee Dee
Belemnite standard used to calibrate isotope ratios.
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We used demographic modelling applied to several hundred thousand base pairs of filtered genomic sequence (427415 for
Spix’s Woodcreeper, 174 230 for Plain-brown Woodcreeper and 458 197 for Xingu Scale-backed Antbird) to test whether genomic
differentiation across rivers occurs with or without gene flow, and whether gene flow, if present, has been continuous through
time or occurred only after a period of allopatric differentiation. We used fastsimcoal2 v. 27.09 [36] to fit seven sets of models
which varied in whether gene flow occurred between our populations on either side of their respective rivers, and if it did,
whether gene flow was continuous or episodic since divergence (figure 3).

Purely allopatric differentiation would be supported by a model with no gene flow following divergence (Model 1). This
model had an ancestral population which split at time T7 into two daughter populations—one from each side of the river being
assessed —with the ancestral and two daughter populations each having their own effective population size. The remaining
models also included migration rate parameters (estimated as a per capita probability of migration between populations per
generation but reported in figure 2 as the number of migrants per generation). These per capita migration rates were symmetrical
with the same rate in either direction between populations. Parapatric differentiation would be supported by a model with
continuous gene flow to the present (Model 2: with a single constant rate of migration and five parameters) or in which initial
rates of gene flow increased after a break point in time as expected if river barriers became weaker through time (Model 3: seven
parameters) or in which initial rates slowed after a break point in time (Model 4: seven parameters) as expected if taxa evolved
stronger reproductive isolation towards the present or if river barriers became stronger through time but did not eliminate gene
flow completely. We also tested a series of models that possessed both periods with and without gene flow. First, we allowed
gene flow initially up to a break point in time, followed by no gene flow (Model 5: six parameters), representing a scenario
whereby river barriers were initially leaky but then prevented gene flow or where populations diverged initially with gene
flow and then evolved reproductive isolation. Next, we allowed an initial period of allopatry with no gene flow, followed by
initiation of gene flow towards the present after a time break point (Model 6: six parameters). This scenario models initially
strong river barriers that prevent gene flow followed by a weakening of these barriers and initiation of gene flow to the present.
Finally, we tested a model in which gene flow was absent except for a single burst occurring between two break points in time
(with the timing of each break point estimated as parameters) as might be expected if river barriers were weakened for a period
and then re-established at full strength (Model 7: seven parameters). We also tested versions of Models 2 to 7 in which the
number of migration rate parameters between populations was doubled to allow migration to be asymmetrical, with different
rates in each direction between populations. Asymmetrical versions of Model 2 had six parameters; Models 3, 4 and 7 had eight
parameters, and Models 5 and 6 had seven parameters. In addition to rates of gene flow, models estimate a single effective
population size for each population (and its ancestor), the timing of divergence between populations separated by rivers, and
the time of the initiation and cessation of gene flow.

A caveat to testing whether gene flow across rivers is possible is that gene flow might occur with the sister species of each
of the species in our study. These sister species are located in headwater regions and appear to retard the range expansion
of our focal species through the headwaters. However, it is possible that gene flow may occur via the sister species if full
reproductive isolation is not in place (e.g. either historically when reproductive isolation had not yet evolved or at the present
also if reproductive isolation is currently incomplete). We test this using three population demographic models. We added
genetic samples of the sister species to the best-fit population demographic model (figure 3) for each of our species (see details
in the electronic supplementary material) and compared the following three population models: (i) a model in which gene flow
occurred only between the two populations of our focal species but not between these and the sister species (Model A), (ii) a
model in which no gene flow occurred directly between the two populations of our focal species but occurred only between
these populations and the sister species (Model B), and (iii) a model in which gene flow occurred between both populations of
our focal species and between each of these and the sister species (Model C). For Models A and C, we used the same modelling
of gene flow between our populations on either side of their respective rivers as was used in the best-fit population model
for each species (figure 3). However, all parameters of these models were re-estimated when adding the sister species to the
model. In all models, per capita rates of gene flow involving the sister species were held constant through time and were not
asymmetric. Adding the sister species to these models resulted in four additional parameters (two new effective population
size parameters, the divergence date between our focal species and the sister species, and one new migration rate parameter
involving the sister species).

Support for Model B would indicate that gene flow directly between populations diverging across rivers is not warranted
and would instead suggest that gene flow occurred only indirectly around rivers via the headwater inhabiting sister species.
Support for Model C would indicate that though some gene flow via the sister species occurred, gene flow still occurred directly
between our focal populations distributed on either side of their respective rivers. We used this two-stage approach —testing for
the best two population models (Models 1 to 7) first and then conditioning on the best of these to test the effect of gene flow
with the sister species (Models A to B)—to keep the total number of models tested to a reasonable number.

Fastsimcoal2 uses coalescent simulation to generate the expected site frequency spectrum (SFS) under a variety of parameter
values and then optimizes the set of parameters that generates the SFS most similar to the empirical SFS. For the best-fit models
for each species tested, 200 non-parametric bootstraps (each using a different bootstrapped SFS) were performed to estimate
95% Cls for parameter estimates. These were calculated using identical methods reported in Barrera-Guzman et al. [37].
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Figure 3. Support for alternative demographic models across rivers. Models vary in whether gene flow is present, and if present whether it is continuous through
time or discontinuous and symmetrical or asymmetrical. Demographic scenarios have vertical arrows indicating gene flow which may either be symmetrical or
asymmetrical. Models 3 and 4 have different rates of gene flow at different time periods as shown by the thickness of the arrows. Npar is the number of model
parameters. Akaike weights show relative model support and sum to 1 for each species. The best-fit model with the highest Akaike weight for each species is shown in
bold and is followed by an asterisk (*). Akaike weights for continuous models show the combined Akaike weight across Models 2—4 for which gene flow is continuous
from divergence to the present as expected under parapatric divergence. Akaike weights for discontinuous models show the combined Akaike weight across Models
5-7 for which gene flow is discontinuous with periods of no gene flow.

We used scripts in Barrera-Guzman et al. [37] to simulate SNPs using fastsimcoal2 under our best-fit demographic model (from
T1 to the present) and to calculate Hudson’s Fgt from these to determine the extent to which across-river gene flow could be
expected to have reversed genomic differentiation. Ninety-five per cent ClIs (non-parametric) were obtained from 200 replicate
simulations, each obtained from a different bootstrapped SFS. To gauge the accuracy of our simulated values, we compared
simulated to empirical Fst at the present using the Fastsimcoal2 biallelic SNP dataset prior to the final thinning step.

Two genetically distinctive populations were best supported by the Evanno method [35] for each of our three species (electronic
supplementary material, figure S1), with distinct populations separated by their respective barrier rivers in each case (figure
2). These results are in agreement with our previously published Structure analyses for Spix’s Woodcreeper [28] and Xingu
Scale-backed Antbird [27,28,30], and phylogenetic trees for Plain-brown Woodcreeper [30]. Two individuals in our dataset were
reconstructed as hybrids with admixture proportions that were significantly greater than zero. Both admixed individuals came
from the population of Spix’s Woodcreeper located east of the Xingu River. This included an individual located just east of the
Xingu River that was reconstructed to be admixed with 22% (19 to 24%; 95% CI) of its genome derived from the west-bank
population. A second individual located further east had 6% (3 to 8%; 95% CI) derived from the west-bank population (figure
2¢).

For all three pairs of taxa, a demographic model without gene flow (Model 1) was overwhelmingly rejected (Akaike weight
<0.001% in all three species; figure 3). Models with initial long periods of allopatry followed by brief or long episodes of gene
flow (Models 6 and 7) were best fit (combined Akaike weight: Plain-brown Woodcreeper 74%, Xingu Scale-backed Antbird
>99% and Spix’s Woodcreeper 55%; figure 3), while those with continuous gene flow from population formation to the present
(Models 2, 3 and 4) received very low-to-moderate support (combined Akaike weight: Plain-brown Woodcreeper 26%, Xingu
Scale-backed Antbird <0.2% and Spix’s Woodcreeper 45%; figure 3). The best-fit model (Model 7; figure 3) for the Plain-brown
Woodcreeper supported a divergence date of 1157 thousand years ago (Ka) (1061-1261 Ka, 95% CI) across the Amazon River
with no gene flow except during an episode between 174 and 198 Ka when migration greatly exceeded one individual per
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generation (12-25 individuals; figure 2a). Population genetic theory suggests that more than one migrant per generation is

sufficient to prevent populations from diverging at neutral sites irrespective of effective population size [38,39]. We thus
consider values greater than one migrant per generation to represent high levels of gene flow and values near one migrant to be
moderate and below 1 to be low. For the Xingu Scale-backed Antbird, the best-fit model (Model 7) produced similar results with
a divergence date of 1047 Ka (983-1097 Ka, 95% CI) across the Tapajos River and high levels of gene flow (5.2-14.2 individuals
per generation) only during a very brief window between 92 and 99 Ka (figure 2b). The Spix’s Woodcreeper supported a
different model (Model 6) with a divergence date of 444 Ka (412—470 Ka, 95% CI) across the Xingu River and low-to-moderate
gene flow (0.4-0.9 individuals per generation) initiated at 257 Ka and lasting up to the present (figure 2c). For all model
parameters and their CIs, see electronic supplementary material, figure S2.

For the best-fit models, we also tested the potential effect of gene flow via their sister species in headwater regions. In all
cases, the model with gene flow occurring only via the sister species and not directly between populations of each species
on either side of their respective rivers (Model B) was strongly rejected with Akaike weights of 0.0 (electronic supplementary
material, table S1). However, models with gene flow both between our focal populations and between these and their sister
species (Model C) were strongly supported (Akaike weight 1.0 for all three species; electronic supplementary material, table
S1) over a model in which gene flow did not occur with the sister (Model A). These results support direct gene flow between
populations separated by rivers for each of our focal species despite low background gene flow involving the sister species. The
number of migrants per generation was generally one to two orders of magnitude lower between the sister species, and our
focal species compared with the rates between the two populations of our focal species (see rates in electronic supplementary
material, figure S2).

Simulated Hudson’s Fsr (figure 2) through time under the best-fit demographic models (figure 3 for the best-fit models)
illustrates the expected effect of periods of gene flow on genetic differentiation and produced almost identical Fgt at the present
(Plain-brown Woodcreeper; mean = 0.132, 95% CI = 0.124-0.141; the Xingu Scale-backed Antbird = 0.220, 95% CI = 0.206-0.233;
Spix’s Woodcreeper simulated = 0.143, 95% CI = 0.132-0.153) as our empirical estimates (Plain-brown Woodcreeper: mean =
0.132, 95% CI = 0.124-0.140; the Xingu Scale-backed Antbird: mean = 0.228, 95% CI = 0.223-0.232; Spix’s Woodcreeper: mean =
0.135, 95% CI = 0.131-0.139), suggesting that our models do a reasonably good job of reflecting reality.

A major objection to rivers as engines of in situ Amazonian diversification is the potential for ongoing gene flow to occur
through headwater regions, where rivers narrow to streams that fail to act as barriers [15]. Gene flow through headwater
regions could homogenize populations on either side of rivers, preventing speciation. However, not all Amazonian taxa pairs
separated by rivers extend their geographic ranges into headwater regions. Here, we focus on three such taxon pairs which
differentiate across three different major Amazonian rivers but for which range expansion and geographic contact through
headwater regions are, at least currently, blocked by the presence of geographically excluding and reproductively isolated
sister species occupying headwater regions. Though our modelling suggests that some gene flow may occur indirectly through
headwater regions via hybridization with the sister species, our results continue to strongly support direct gene flow between
our taxon pairs (electronic supplementary material, figure S3). Our model-based estimates of gene flow at the present thus
capture the effect of river barriers at limiting across-river gene flow in the heart of Amazonia where rivers are at their widest.
Our best-fit demographic models suggest that no detectable recent gene flow for the Plain-brown Woodcreeper differentiating
across the Amazon River and the Xingu Scale-backed Antbird across the Tapajos River (figure 2a,b) has occurred in the
past several tens of thousands of years. In contrast, moderate levels (0.4-0.9 individuals per generation in each direction) of
contemporary across-river gene flow occur in the Spix’s Woodcreeper differentiating on either bank of the Xingu River (figure
2c). Our results thus suggest that some Amazonian rivers, outside of headwater regions, are currently acting as near-absolute
barriers to gene flow, whereas others are not. However, our modelling also strongly supports periods of gene flow across all
rivers tested, indicating that over longer time periods, Amazonian rivers have been leaky barriers to gene flow (figures 2 and
3) and have not acted as strictly allopatric drivers of speciation. Here, we discuss the implications of our model fitting both
for how speciation is initiated across rivers, whether speciation across rivers is parapatric with ongoing gene flow or whether
periods of allopatry with no gene flow are still instrumental in initiating speciation. We also discuss the timeline to speciation
with gene flow across semipermeable river barriers.

We begin by asking whether rivers initiate speciation through vicariance or dispersal. According to our demographic
modelling (figure 2) estimates, our taxon pairs have been diverging for half a million (Spix’s Woodcreeper) to almost a million
years (Plain-brown Woodcreeper and Xingu Scale-backed Antbird). In the case of the Plain-brown Woodcreeper, the date
greatly postdates the origin of the eastward Atlantic-draining Amazon River around 11.8 Ma and the deep channelling of the
river around 5 Ma [40], suggesting that these subspecies formed either through active dispersal or passive transport (via channel
movement) across an already established Amazon River. The ages of formation of the Tapajés and Xingu Rivers are less well
understood, with evidence that the Tapajos shifted to its current north-eastward course sometime during the past 2 million
years, as indicated by both geological evidence [41] and the estimated divergence time between other avian sister taxa replacing
each other across the river [42,43]. Hence, it remains possible that populations of Spix’s Woodcreeper and Xingu Scale-backed
Antbird may have formed either via vicariance when these rivers acquired their modern configurations or via dispersal across
rivers thereafter.

A key question, both for the role of Amazonian rivers and more generally for other geographic barriers driving vertebrate
speciation, is whether barriers need to be absolute, with no gene flow, or whether speciation can occur parapatrically with
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ongoing, albeit reduced gene flow over the partial barrier. The poor fit of models with continuous gene flow from population [ 8 |

divergence to the present suggests that rivers are not commonly driving strictly parapatric speciation. Instead, the best-suppor-
ted model for each species (Model 7 for the Plain-brown Woodcreeper and the Xingu Scale-backed Antbird; Model 6 for
Spix’s Woodcreeper) suggests a long period without gene flow following divergence, consistent with population differentiation
initiated in allopatry across strong river barriers. This period of allopatry, estimated to be 187 kyr in Spix’s Woodcreeper, 959
kyr in the Plain-brown Woodcreeper and 948 kyr in the Xingu Scale-backed Antbird (figure 2), provided time for at least some
genetic differentiation (but not complete reproductive isolation) between taxa before the onset of gene flow. Our results thus
suggest that rivers are capable of providing long periods of allopatric divergence without gene flow and contribute to a growing
consensus that periods of allopatry are fundamental to most vertebrate speciation events [5,44] including those with current
parapatric distributions [45,46].

For both the Plain-brown Woodcreeper and the Xingu Scale-backed Antbird, gene flow was reconstructed as having
occurred as a single, several thousand-year burst during the mid- to late-Pleistocene. There could be several causes for such a
focused burst in time. A change in river course—whereby a river switches to a new carved channel, resulting in a geographic
region that once occurred on one side of the river to now occur on the other—might have transferred an entire population
passively from one riverbank to the adjacent one as a single event in time (e.g. figure 1a; see also [25]). Such passive transport
events might have resulted in a short-lived burst of gene flow as the transferred population merged genomically with its
conspecific sister lineage. Such events have previously been proposed for the Tapajos River [33]. Such a course change should
result in strongly unidirectional gene flow and can thus be tested by our demographic models. A model in which per capita
rates of gene flow were asymmetric was strongly supported for the Xingu Scale-backed Antbird but not for the Plain-brown
Woodcreeper. Nevertheless, the absolute number of migrants per generation was still highly asymmetrical in both species, with
more individuals dispersing from south to north across the Amazon River for the Plain-brown Woodcreeper, or from the east
to west across the Tapajos River for the Xingu Scale-backed Antbird. Despite this asymmetry, gene flow was still bidirectional
with elevated rates (i.e. >1 individual per generation) in both directions (figure 24,b). The presence of bidirectional gene flow
argues against a single major change in river course as the key driving cause of gene flow, though more complex changes in
river courses involving population transfer in both directions across these rivers at specific times remains possible. Another
possible cause for a burst of bidirectional gene flow would be reduced river volume and flow rate during a severe drought or
during periods of reduced rainfall across the Amazon basin, such as during cool periods of the middle and late Pleistocene
glacial cycles [47,48]. The Plain-brown Woodcreeper had its burst overlapping with the second to last glacial maxima, and the
Xingu Scale-backed Antbird had its short-lived burst of gene flow during the early part of the most recent glacial cycle. River
widths may have been affected at these times.

In contrast to the Plain-brown Woodcreeper and the Xingu Scale-backed Antbird, the best-fit model for Spix’s Woodcreeper
supported a much shorter initial period of allopatry without gene flow and a much longer period with gene flow (initiated 257
Ka), which continues to the present (figures 2c and 3). Though the exact cause of gene flow initiation is not known, a change in
river course ca 257 Ka might have permanently weakened the Xingu River’s ability to act as an absolute barrier. A likely location
for sustained gene flow across the Xingu River over the past several hundred thousand years is along a series of braided river
channels, each with a narrow width (the widest of which can be less than 50 m), where the Xingu River descends from the
Brazilian shield to the Amazonian lowlands downriver from the confluence with its largest tributary, the Iriri River (figures
1c and 4). This braided section occurs about 210 km south from where the Xingu empties into the Amazon River and persists
upstream for an additional 200 km. The individual of the eastern lineage sampled on the eastern bank near this braided channel
region showed 22% ancestry from the western lineage (figure 4), whereas the remaining individuals of the eastern lineage were
sampled further away from the Xingu River exhibited only 0 to 5% admixture. These patterns of introgression are consistent
with ongoing gene flow occurring primarily through the braided channel regions in the north with much less (if any) gene flow
occurring across the river further south. Dense sampling along both riverbanks above, below and within the braided channel
region would help confirm the role of the braided channels in promoting gene flow.

To what extent did these shorter bursts of gene flow in the Plain-brown Woodcreeper and the Xingu Scale-backed Antbird,
or prolonged episode of gene flow in Spix’s Woodcreeper, retard the process of genomic differentiation and speciation? To
address this, we simulated SNPs along our best-fit demographic models to various time points following population divergence
and calculated Fst at these time points from these. We found that simulated Hudson’s Fst increased steadily, as expected
during periods without gene flow, but declined precipitously by 55% during the 24 000 years of gene flow in the Plain-brown
Woodcreeper and modestly by 16% during the 7000 years of gene flow in the Xingu Scale-backed Antbird (figure 2a,b).
Following the cessation of gene flow, simulated Fgt continued to increase in these taxa, but at the present time, they have not
yet recovered levels obtained prior to the initiation of gene flow. These results demonstrate that bouts of gene flow can rapidly
initiate genomic homogenization, at least at neutral sites, of taxa separated by rivers. The species we are studying here are
examples where gene flow was not successful in fully homogenizing taxa, but presumably there could have been examples
where episodes of dispersal have resulted in complete genomic homogenization (i.e. lineage extinction through fusion), despite
having been differentiated at some point in the past. In contrast, simulated Fgr in Spix’s Woodcreeper did not decline following
the initiation of gene flow, but continued to increase, albeit at a much-reduced rate, compared with its rate of increase prior
to gene flow (figure 2c). Spix’s Woodcreeper thus represents a case of ongoing genomic differentiation despite moderate levels
of gene flow, and illustrates that even the weaker river barrier effect of the Xingu may promote genetic differentiation and
presumably speciation once enough time has passed. Nevertheless, the Xingu River appears to separate relatively few species
pairs compared with other major rivers such as the Amazon, Tapajos, Madeira and Negro (e.g. [49]), suggesting few taxa pairs
are able to persist long enough as distinct lineages on either side of the Xingu for reproductive isolation to take hold. The
permeability of the Xingu River to gene flow thus renders it less effective at driving speciation in birds.
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Figure 4. Population structure of Spix’s Woodcreeper (Xiphorhynchus spixii) across the Xingu River. Population differentiation was constructed from a genome-wide
sample of SNPs using the program Structure and shows two distinct lineages (k = 2) separated east (magenta) and west (green) by the Xingu River. One individual
from the eastern lineage had 22% of its genome derived from the western population. This individual was collected from the eastern bank of the Xingu River along
a stretch of narrow braided channels (figure 1c) highlighted in red. To the north of these braided channels, the river expands into a broad lake-like barrier as wide as
14 km before emptying into the Amazon River. To the south, the river’s main channel is generally a few hundred metres to more than a kilometre wide all the way to
headwater regions beyond the southern limits of the range of Spix's Woodcreeper. Note that the Xingu River is exaggerated in this figure relative to other Amazonia
rivers.

What are the implications of our results for the timeline of speciation in forest understory birds of Amazonia? The period
of initial divergence across rivers without gene flow supported by our models was relatively long, lasting anywhere from 187
to 959 kyr depending on the species (figure 2). Nevertheless, these long durations without gene flow were insufficient to drive
high levels of reproductive isolation as evidenced by the moderate (0.9 individuals per generation) to very high levels of gene
flow (up to 25 individuals per generation) that retarded or eroded genomic differentiation in each pair tested once river barriers
became leaky. They also failed to consistently drive substantial plumage differentiation, with two of our three pairs of taxa
having not previously been recognized as distinct subspecies presumably because of their plumage similarity. Our results imply
that strong reproductive isolation in Amazonian birds separated by occasionally permeable rivers may require considerably
more than a million years before complete reproductive isolation is achieved. In contrast, parapatric pairs of Amazonian taxa
estimated to be two or more million years since divergence, and for which rivers may have also played a key role in speciation,
failed to homogenize at neutral genomic regions upon secondary contact (Xiphorhynchus and Willisornis [28] and Hypocnemis
[50]) demonstrating that reproductive isolation was completed over these longer timescales. Complete speciation in forest bird
taxa separated by episodically permeable barriers may thus be a drawn-out process, requiring more than a million years.

How do our results regarding the role of river barriers relate to competing models of terrestrial vertebrate speciation
in Amazonia? Two key theories emphasize the role of river barriers in speciation. These are the River Barrier Hypothesis
[31,51], which emphasizes only the role of the rivers, and the River Refuge Hypothesis [12,51,52], which emphasizes that
river barriers were most effective during periods when the periphery of wet forest in Amazonia retracted inwards away from
headwater regions (e.g. during glacial cycles of drying/cooling). Rivers become narrower and may cease to be effective barriers
in headwater regions [15,32,52]. Retraction of wet forest away from headwater regions (well supported by palaeo-pollen records
during the last glacial maximum and presumably would have also occurred during earlier glacial cycles; [50]) into the heart
of the Amazon basin where rivers are broader would have aided genetic differentiation leading to speciation according to this
theory. In contrast, a third theory, the Forest Refuge Hypothesis, at first tried to do away with the need for rivers at all. It took
forest retraction to the extreme and suggested that wet forests retracted even within the heart of Amazonia into tiny islands
of habitat (an idea for which palaeo-pollen evidence is largely lacking [53]). It was these forest refugia, rather than wide rivers
that initiated population divergence under this model. Back when this hypothesis was first coined, speciation was imagined as
having occurred within the timeline of a single refugial cycle (i.e. 100 kyr assuming it was driven by mid- to late-Pleistocene
glacial events) and completely within forest refugia. The rivers played no role in speciation itself but did form secondary
barriers to range expansion for already reproductively isolated species once forest re-expanded following each glacial cycle.
Molecular dating subsequently demonstrated that reproductive isolation in birds generally requires a much longer process than
afforded by the 100 kyr duration of a mid- to late-Pleistocene glacial cycle [54,55]. The lack of well-developed reproductive
isolation in the taxon pairs we studied here, despite having diverged half a million to a million years ago, is in agreement
with a long timeline for species formation (figure 2). Many glacial cycles would be needed. The implication for the Forest
Refuge Hypothesis is that river barriers would be important in retarding gene flow during periods of forest expansion between
subsequent refugial events. Over the million plus year duration of a typical speciation event, there would have been about seven
or eight major interglacials during the mid- to late-Pleistocene (back to ca 0.8 Ma) and many more minor ones during the weaker
cycles of the early Pleistocene (0.8-2.5 Ma). River barriers would be essential at preventing the genetic collapse of diverging
populations at these times even under the Forest Refuge Hypothesis. Because river barriers are key to all three leading models
of Amazonian terrestrial speciation, our evidence for river barriers uncovered here using demographic modelling does not help
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us discriminate between them. Retraction of forest away from headwater regions and forest refugia could have played a role
together with river barriers in driving speciation over long time periods in Amazonia.

In conclusion, we have demonstrated that Amazonian rivers represent leaky barriers allowing episodes of gene flow between
taxa that lasted just a few thousand to several hundred thousand years in duration. However, we did not find strong support
for a scenario where population differentiation was initiated with ongoing gene flow from population divergence to the present,
as expected if rivers have commonly promoted strictly parapatric speciation. Instead, our models suggest that rivers may have
acted as absolute barriers to gene flow initially, followed by subsequent episodes where rivers permitted moderate-to-strong
gene flow. This interplay between long periods with no gene flow interspersed with episodic bursts of gene flow may often
prolong the speciation process to greatly exceed a million years in duration. Thus, while rivers appear to contribute importantly
to speciation in many Amazonian birds and other groups, the formation of fully reproductively isolated new species through
river barriers appears to be a protracted process that often involves episodes of gene flow.
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