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Few phylogeographic studies have focused on understanding the role of the Tocantins—
Araguaia Interfluve (TAl) in the diversification of Amazonian biodiversity. Herein we
evaluate the phylogeographic relationships of 14 avian lineages present in the TAl and its
two neighboring Amazonian Areas of Endemism: the Xingu (XAE) and Belém (BAE). Four
alternative scenarios coupling degree of genetic differentiation and area relationships
were tested: (1) populations distributed in TAI, BAE, and XAE are not genetically
differentiated from each other (assumed as the null hypothesis); (2) populations from
TAI are more closely related to those from BAE; (3) populations from TAIl are more
closely related to those from XAE; and (4) TAI populations represent independent or
endemic lineages not present in either the BAE or XAE. Molecular analyses considered
Bayesian Inference methods and Bayesian Information Criterion (BIC) evolutionary
models, haplotype sharing and genetic differentiation estimates. We found three distinct
phylogeographic patterns: (i) four lineages presented no population structure across
XAE, TAl and BAE; (i) six lineages were represented in the TAI with distinct phylogroups
replacing each other between XAE and BAE, but with varying degrees of contact
and evidence of gene-flow within the TAI; and (i) for four lineages, the Tocantins
River acted as a barrier isolating BAE phylogroups from those inhabiting both TAI
and XAE. These different patterns demonstrate a heterogeneous response to the
barrier effects posed by both the Tocantins and Araguaia rivers on the local fauna.
Historical geomorphological and hydromorphological factors, such as the presence
and absence of paleochannels and anastomosed channel stretches and variations in
sedimentation rates support a dynamic history for the Araguaia-Tocantins floodplains,
likely accounting for the observed heterogeneity in species’ specific responses. Finally,
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the scenario of phylogeographic breaks and population subdivision recovered herein
along the Tocantins and Araguaia rivers, associated with the existence of contact zones
and the occurrence of gene flow, define the TAl as hitherto unknown biogeographic
suture zone, localized in southeasternmost Amazonia.

Keywords: Amazonia, contact zones, gene flow, hybridization, river barrier, river dynamics

INTRODUCTION

Biotic diversification in the Amazon is the result of profound
morpho-geo-climatic changes in time and space, promoting
geographic isolation of populations and species formation
(Haffer, 1969, 2008; Cracraft, 1985; Antonelli et al., 2010; Hoorn
et al., 2010). These different diversification processes have been
associated with one or more scenarios such as those predicted
by the refuge (Haffer, 1969, 1992), river barrier (Wallace, 1853;
Sick, 1967; Haffer, 1969, 1992, 2001; Cracraft, 1985), ecological
gradients (Smith et al., 2001), and maritime incursion (Bates,
2001) hypotheses. More recently, Hoorn et al. (2010) and
Silva et al. (2019) presented proposals integrating two of more
of these hypotheses, clearly demonstrating the complexity of
diversification scenarios across Amazonia.

Phylogeographic studies have helped define interspecific
boundaries and shed light on the spatio-temporal patterns of
diversification of several Amazonian taxa (Aleixo, 2002, 2004;
Marks et al., 2002; Ribas et al., 2006, 2012; Lavergne et al., 2010;
Avila-Pires et al., 2012; Carneiro et al., 2012; Batista et al., 2013;
Fouquet et al.,, 2015; Mercés et al., 2015; Thom and Aleixo,
2015; Araujo-Silva et al., 2017; Sampaio et al., 2018; Capurucho
et al,, 2020; Dantas et al., 2021). These phylogeographic studies
confirmed the effect imposed by major Amazonian rivers,
inhibiting gene flow between allopatric populations and closely
related species, and hence, delimiting interfluves as areas of
endemism or endemism center (Silva et al., 2005; Ribas et al.,
2012; Batista et al., 2013; Maldonado-Coelho et al., 2013; Thom
and Aleixo, 2015). The phylogeographic pattern determined for
the genus Psophia has been a recurrent example to illustrate the
areas of endemism in the Amazon (Ribas et al., 2012).

In parallel, the identification of contact zones and
hybridization —among Amazonian birds has gained
prominence with the phylogeographic approach. Comparative
phylogeographic studies showed that pairs of selected
parapatric taxa in the Tapajos Area of Endemism (TAE),
between the Tapajos/Teles Pires and the Xingu rivers, in
the central portion of the Amazon, presented some degree
of gene flow around the headwaters of these Amazonian
tributaries (Weir et al, 2015). Contact and hybridization
zones were also identified between pairs of parapatric
species in the headwaters of the Negro and Branco rivers,
in the Guiana Shield in northern Amazonia (Naka et al.,
2012). These phylogeographic studies confirmed the
weakening of the isolation effect of major Amazonian
rivers in their headwater portions, by facilitating gene
flow between populations on opposite banks in these areas
(Haffer, 1969, 1992).

Hence, phylogeography has played a fundamental role in
understanding the diversification processes of the Amazonian

avifauna. However, there are several regional gaps in Amazonian
phylogeographic studies, including the Tocantins-Araguaia
Interfluve (hereafter TAI). Haffer (1969, 1992) pointed to the
lower Tocantins River as a geographic barrier, promoting
the isolation of distinct lineages across their opposite
banks, as recently corroborated by studies on Pyriglena
leuconota (Maldonado-Coelho et al, 2013), Dendrocolaptes
certhia (Batista et al., 2013), and Thamnophilus aethiops
(Thom and Aleixo, 2015).

However, thus far, the evolutionary relationships of the TAI
with other Amazonian areas of endemism remain obscure, with
only a few studies sampling intensively populations in this
sector of Amazonia (e.g., Hrbek et al., 2014, Rocha et al., 2015).
The results found by Naka et al. (2012), Naka and Brumfield
(2018), and Weir et al. (2015), in the northern and central
regions of the Amazon, respectively, would also suggest a loss
in power of any barrier effect exerted by the Tocantins River
toward its headwaters, favoring a scenario of gene flow and little
genetic differentiation between the TAI and neighboring areas of
endemism. However, in contrast to this expectation, Rocha et al.
(2015) showed that structured populations of small marsupials
exist between the opposite banks of the middle Araguaia River.

To fill in these gaps, here we evaluate the phylogeographic
relationships of at least 21 taxa belonging to 17 species of
the avifauna of the TAI associated with humid and ecotonal
forests occurring in its central-northern portion, with other
Amazonian Areas of Endemism, mainly the neighboring Xingu
(XAE) and Belém (BAE) (sensu Silva et al., 2005). Considering
the relevant role played by major Amazonian rivers as geographic
barriers, directly influencing the diversification of neotropical
avifauna, we assume that the Araguaia and Tocantins rivers
could act in such way, promoting genetic structuring of bird
populations within the TAL

Hence, we tested four alternative predictions concerning
comparative levels of genetic differentiation and phylogeographic
relationships (Figure 1) among the BAE, TAIL and XAE, as
follows: (1) populations distributed in the TAI, BAE, and XAE
are not genetically differentiated from each other, assumed as
our null hypothesis; (2) populations from TAI are more closely
related to those from XAE; (3) populations from TAI are more
closely related to those from BAE; and (4) TAI populations
represent genetically differentiated lineages not shared with the
BAE and XAE. These hypotheses examine the possibility of the
Tocantins and Araguaia rivers acting as geographical barriers to
gene flow and the role of TAI as a contact, hybridization and
introgression zone, or even as a new area of endemism for the
Amazon. In addition, geological features of the Araguaia and
Tocantins rivers are considered to support the discussion on how
both rivers have influenced patterns of gene flow between lineages
from their opposite banks.
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Hypothesis 1 (null) |

FIGURE 1 | Left: Amazonian areas of endemism according Silva et al. (2019), with the TAI shown in southeasternmost Amazonia. Right and clockwise: frames (A-D)
of the four hypotheses of expected phylogeographic patterns for the TAl and neighboring areas (Belém Area of Endemism — BAE and Xingu Area of Endemism —
XAE). (A) Hypothesis 1, all three areas are inhabited by genetically undifferentiated populations (assumed as the null hypothesis). (B) Hypothesis 2, TAl and XAE are
inhabited by sister populations to the exclusion of BAE populations. (C) Hypothesis 3, TAl and BAE are inhabited by sister populations to the exclusion of XAE
populations. (D) Hypothesis 4, TAI populations are inhabited by reciprocally monophyletic populations with respect to those in both BAE and XAE.

MATERIALS AND METHODS
Study Area

The TAI is located in southeasternmost Amazonian Brazil,
inserted predominantly in the limits of the state of Tocantins
(Figure 1). It is characterized as an ecotonal region with
two morpho-phyto-climatic domains, the Cerrado and the
Amazon (Absaber, 2003; Instituto Brasileiro de Geografia e
Estatistica [IBGE], 2019). The western and northern regions of
the TAI harbor a predominantly Amazonian avifauna, while
the eastern, southeastern and central portions support an
avifauna typical of the Cerrado biome (Dornas et al., in press).
Together, these regions present Amazonian forest formations
characterized by tropical and ecotonal forests (i.e., forest enclaves
surrounded by seasonal semideciduous forests) and savannah
vegetation including the cerrado sensu stricto and cerraddo
phytophysiognomies (Secretaria e Planejamento do Estado do
Tocantins [Seplan], 2012; Haidar et al., 2013; Marques et al,,
2020).

Selection of Taxa

To detect broad patterns of avian taxa replacement across the
TAI and neighboring interfluves (BAE and XAE) and select
the taxa to be sampled in this study, we mapped localities and
assessed subspecific taxonomies of specimens from these areas
deposited at the Fernando C. Novaes Ornithological Collection
at the Museu Paraense Emilio Goeldi (hereafter MPEG), as well
as those obtained from the literature. For the BAE, the following
references were considered: Roma (1996), Vasconcelos et al.
(2007), Novaes and Lima (2009), Portes et al. (2011), Oren and
Roma (2012), Lees et al. (2012), Henriques et al. (2021) and the
Wikiaves portal.! For the XAE, the following references were
consulted: Graves and Zusi (1990), Aleixo et al. (2000), Oliveira

Lwww.wikiaves.com.br

et al. (2005), Valente (2006), Pacheco et al. (2007), Vasconcelos
et al. (2007), Whittaker (2008), Aleixo et al. (2010), Somenzari
et al. (2011), Aleixo et al. (2012), Henriques et al. (2021) and the
Wikiaves portal. With respect to the TAI, the compilation made
by Dornas et al. (in press) was considered. When reporting on our
results, we followed the nomenclature and taxonomy contained
in Pacheco et al. (2021), complemented by data on species and
subspecies distributions found in the E-Bird portal.’

Our comparisons revealed which taxa are shared among the
three different areas considering the following configuration (i)
taxa with allopatric distributions replacing each other across the
three areas; (ii) taxa with allopatric occurrences replacing each
other between BAE/TAI or XAE/TAI or (iii) taxa overlapping
in distribution across all three areas. In all, 54 taxa belonging
to 42 different species (of which 16 and 26 were, respectively,
monotypic and polytypic) were identified as candidates for
an initial screening (Supplementary Table 1). From these, a
total of 21 taxa belonging to 17 species (8 monotypic and
9 polytypic) were selected as targets for this study due to
tissue availability across all three major interfluves sampled.
Together, these taxa comprise a total of 14 lineages, each
corresponding to a monotypic/polytypic species or species
complex (Table 1). Altogether, a total of 397 genetic samples
belonging to these taxa were obtained from ornithological tissue
collections (Supplementary Table 2) and sequenced herein.

Molecular Data

The genetic marker chosen for the molecular analyses was
the mitochondrial NADH dehydrogenase subunit 2 gene
(ND2). In addition to the 397 samples sequenced, another
141 ND2 sequences belonging to the selected species and
respective outgroups were obtained from the GenBank database
(Supplementary Table 2).

Zhttps://ebird.org/home
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TABLE 1 | List containing 14 avian lineages included in the molecular analyses and the taxon present in each of the major areas sampled in this study.

Xingu area of endemism

Tocantins-Araguaia interfluve

Belem area of endemism Phylogeographic

pattern

Myrmotherula axillaris axillaris

Sclateria naevia toddi

S. naevia ssp. (single phylogroup)

Sclateria naevia naevia

Dendrocincla fuliginosa rufoolivacea

Manacus manacus longibarbatus

M. manacus ssp. (single phylogroup)

Manacus manacus purissimus

XAE phylogroup

Pyrrhura anerythra

Thamnophilus amazonicus obscurus
XAE phylogroup

Campylopterus obscurus
Pyrrhura spp.
T. amazonicus ssp.
Willisornis vidua

BAE phylogroup ii
P, coerulescens

Thamnophilus amazonicus paraensis
BAE phylogroup

(contact by apparent parapatry)

Dendrocolaptes retentus
XAE phylogroup

Dendrocolaptes spp.
Taeniotriccus andrei klagesi (contact by

D. medius
BAE phylogroup

apparent parapathy)

Psophia interjecta*
Formicarius colma amazonicus (XAE + TAI phylogroup)
Schiffornis turdina wallacii (XAE + TAI phylogroup)
Granatellus pelzelni pelzelni

P, obscura iii
F. colma amazonicus (BAE phylogroup)
S. turdina wallacii (BAE phylogroup)
Granatellus pelzelni paraensis

Key to the recovered phylogeographic patterns are as follows: (i) no population structure across XAE, TAl, and BAE; (i) TAl as a contact zone between distinct
species/phylogroups inhabiting XAE and BAE; and (i) the Tocantins River as a barrier isolating BAE phylogroups from those inhabiting both TAl and XAE.

*See Dornas et al. (2017).

Total DNA was extracted following standard procedures of
the phenol-chloroform technique (Sambrook et al., 1989). The
amplification of the ND2 gene occurred through the Polymerase
Chain Reaction (PCR). Primers used for gene amplification were
H6313: CCTTGAAGCACTTCTGGGAATCAGA (Sorenson
et al, 1999) and L5215 TATCGGGCCCATACCCCGAAAAT
(Hackett, 1996). The total volume of PCR reactions was
25 pL containing: 12.4 pL of Master Mix (50 U/mL, 400 pnL
of each ANTP and 3 mM of MgCI2), 9.8 uL of ultra-pure
water, 0.4 WL of each of the primers (200 ng/pL) and, finally,
2 nL of genomic DNA.

The amplification profile proceeded in the following order: an
initial 5 min step at 95°C for block temperature homogenization;
followed by 35 cycles of 3 min each, separated by 1 min
at 95°C, 1 min at the initiator association temperature for
each selected species, and 1 min at 72°C; finally, a final
step of 5 min, at 72°C, for the polymerization of eventual
molecules, from which the polymerase has dissociated before
the end of the total synthesis of the fragment. The association
temperatures of the primers of each species were determined by
a temperature gradient PCR (from 50 to 63°C). The amplified
samples were checked in electrophoresis using a 1% agarose
gel and purified following the Polyethylene Glycol (PEG-8000)
protocol. The products of the amplifications and purifications
were sequenced, directly and automatically, using the Kit-Big
Dye Terminator Cycle Sequencing Standard Version 3.1|jon the
ABI 3130 Sequencer from Applied Biosystems according to the
manufacturer’s specifications.

After DNA extraction, amplification and sequencing
processes, the sequences were edited and aligned by the ClustalW
method using the BioEdit software (Hall, 1999). The saturation
in the number of mutations was evaluated through graphs of

transitions plotted against transversions as a function of genetic
distances using the DAMBE program (Xia and Xie, 2001).

Molecular Analyses

Phylogenetic analyses were carried out using Bayesian
Inference (BI), as implemented in the MrBayes 3.1.2 program
(Ronquist and Huelsenbeck, 2003). The molecular model
of evolution best fitting each dataset was obtained based
on the Bayesian Information Criterion (BIC) estimated
with JModelTest (Posada, 2008). The BI proceeded with
independent runs of 10,000,000 generations each,
with the sampling of one tree every 1,000 generations.
The TRACER 1.5 software (Rambaut and Drummond,
2009) was used to verify whether posterior distributions of
parameters reached the minimum threshold (ESS >200).
Trees obtained before the Markov chain reached stable and
convergent likelihood values were discarded. Haplotype
networks were estimated for all species with HaploViewer
(Salzburger et al., 2011).

The population genetics fixation index Fst was calculated
using the Arlequin 3.0 program (Excoffier et al., 2005). Following
Wright (1978), Hartl and Clark (2007), and Frankham et al.
(2008), Fst values smaller than 0.49 were interpreted as
representing low differentiation, between 0.5 and 0.69, moderate
differentiation and above 0.7 high genetic differentiation.

two

RESULTS

The superposition of distributions of the XAE, BAE, and
TAI target taxa belonging to the 14 lineages selected for the
phylogeographic analyses revealed the following patterns: (1)
7 pairs of taxa replace each other between XAE and BAE,
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with populations of unknown subspecific identity present in
the TAIL; and (2) 7 taxa occur indistinctly throughout all three
areas (Table 1). Among the 14 lineages selected, the lower
Tocantins River was a barrier separating 10 pairs of differentiated
phylogroups belonging to thirteen species or species complexes
(Table 1). In contrast, only four lineages belonging each to a
distinct species did not show signs of geographic structuring
across the Tocantins and Araguaia rivers. Below, we describe the
results of the phylogeographic analyses in detail.

Phylogeographic Patterns

The phylogenetic and population genetic analyses obtained
for the different lineages sampled uncovered three main
distinct phylogeographic patterns (Figure 2), as follows:
i) no population structure across XAE, TAI, and BAE,
found in Mpymotherula axillaris, Sclateria naevia, Manacus
manacus, and Dendrocincla fuliginosa; (ii) TAI as a contact
zone with evidence of gene-flow of lack thereof between
distinct species/phylogroups replacing each other in the XAE
and BAE, as in Pyrrhura anerythra/Pyrrhura coerulescens,
Campylopterus obscurus, Dendrocolaptes medius/Dendrocolaptes
retentus, Thamnophilus amazonicus, Willisornis vidua, and
Taenotriccus andrei; and (iii) the Tocantins River as the
barrier isolating BAE phylogroups from those inhabiting
both TAI and XAE, as in Psophia interjecta/Psophia obscura,
Formicarius colma, Granatellus pelzelni/Granatellus paraensis,
and Schiffornis turdina. We found no support among the
sampled taxa for two of our a priori hypotheses; ie., no
TAI lineages/populations grouped as sister to those in the
BAE, to the exclusion of XAE phylogroups (as postulated by
hypothesis 3), and no reciprocally monophyletic (endemic)
phylogroups on the TAI were recovered (as predicted
by hypothesis 4).

Pattern “1” corroborated hypothesis 1, assumed as the null,
that populations distributed in TAI, BAE, and XAE are not
genetically differentiated, demonstrating no barrier effect posed
by the Araguaia River or the Tocantins River on the gene flow
between populations of species present in all sampled areas.
The topologies of the phylogenetic trees indicated non-reciprocal
monophyly among the TAI and the two neighboring endemic
areas (Figure 3) which, added to the absence of population
structure indicated by the extensive sharing of haplotypes and
reduced Fst values (smaller than 0.49), demonstrated absence
of genetic structure, supporting regular levels of gene flow
between populations of M. axillaris, S. naevia, M. manacus, and
D. fuliginosa across these three different areas (Supplementary
Figures 1-4 and Supplementary Table 3). For D. fuliginosa,
the absence of genetic differentiation seemed to also include
the Tapajos Area of Endemism (TAE), suggesting a lack of
phylogeographic structure across southeastern Amazonia as a
whole, but strong genetic differentiation with respect to lineages
occurring in western Amazonia and the Guiana Shield (see also
Schultz et al., 2019).

For pattern “ii, the phylogenetic trees presented two
statistically well-supported and reciprocally monophyletic
clades associated with XAE and BAE, respectively, with
TAI populations grouping in both clades (Figure 3 and

Supplementary Figures 5-8). The haplotype networks also
confirmed this genetic structure, indicating the presence of
haplotypes otherwise restricted to both the XAE and BAE
in the interior of the TAI (Supplementary Figures 5-9).
These phylogeographic results showed, therefore, that there
are representatives of both XAE and BAE in the TAI, which
constitutes a wide contact zone between pairs of distinct taxa
endemic to those areas of endemism. In addition to the contact
zones, our phylogenetic trees and haplotypes networks also
suggest the existence of hybrid individuals, at least between the
closely related species pairs P. anerythra/P. coerulescens and
D. retentus/D. medius (Supplementary Figures 5, 6). In other
cases, such as in C. obscurus, specimens occurring in syntopy
(e.g., AGUA 97 and AGUA 47) belonged to these two distinct
mitochondrial clades, reinforcing the TAI as a wide contact zone
between otherwise genetically structured populations across the
lower Tocantins River, a situation clearly not maintained across
the Araguaia River.

In Willisornis vidua, BAE populations clustered in a well-
supported clade along with those from the northernmost part
of the TAI, whereas XAE specimens did not cluster in a
single clade, but with some of them being closely related to
several individuals occurring throughout most of the TAI, as
also supported by the haplotype networks (Supplementary
Figure 9). These two genetically structured W. vidua populations
within the TAI are apparently parapatric, and no evidence of
widespread gene flow between them has been recovered so
far (see Quaresma et al., 2022). Preliminary phylogeographic
analyses focusing on T. andrei showed a similar north-south
replacement across the TAI involving distinct phylogroups and
haplotype network arrangements clustering with the BAE or
XAE clades (Supplementary Figure 10). However, as we had
access to few samples, this phylogeographic structure was not well
supported statistically and could just be a sampling artifact. In
this case, it is necessary to increase the sampling of T. andrei.

Pattern “iii” supports the Tocantins River as a barrier
separating phylogroups restricted to the TAI and XAE from
those in BAE (Figure 3), as predicted by hypothesis 2. The
topologies of phylogenetic trees, the sharing of haplotypes and
the Fst values recovered for F. colma, G. pelzelni, S. turdina,
and P. interjecta/P. obscura are consistent with a stronger barrier
effect played by the Tocantins River (Supplementary Figures 11-
13 and Supplementary Table 3; see Dornas et al., 2017 for
P. interjecta).

DISCUSSION

The determination of phylogeographic patterns in the Amazon
involving the sampling of the TAI area has been limited
(Hrbek et al., 2014; Rocha et al., 2015) or completely absent
(e.g. Aleixo, 2002; Ribas et al., 2006, 2012; Patané et al., 2009;
Batista et al.,, 2013; Rodrigues et al., 2013; Soares et al., 2019).
This lack of TAI samples in Amazonian phylogeographic studies
precludes postulating any preliminary hypothesis regarding the
historical relationships between this eastern Amazon interfluve
and other regions.
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Patternii-b

Willisornis vidua
Taenotriccus andrei

A
\\- Pattern i Patternii-a
‘\ [ymotherula axillaris ira/ P. coerulescens
Sclateria naevia . Campylopterus obscurus
Manacus manacus ‘Dendrocolaptes retentus / D. medius
Dendrocincla fuliginosa T i "Jma- i b: us/ T. a. paraensis
Cc D

Pattern iii

Psophia interjecta / P. obscura
Formicarius colina
Grahatellus p. pelzelni / G. p. paraensis
Schiffornis turdina

FIGURE 2 | Phylogenetic and haplotype network analyses and Fst indexes revealed three distinct phylogeographic patterns shared by genetically sampled avian
lineages in the TAI, as follows: pattern i (A), no population structure across the Xingu Area of Endemism (XAE), TAI, and Belem Area of Endemism (BAE); pattern ii,
two clades associated each with XAE and BAE, with TAI populations grouping in both clades, but with two alternative spatial distributions, defined as “a” — TAl as a
contact zone with evidence of gene-flow and sympatry between distinct species/phylogroups inhabiting XAE and BAE (B), and “b” — two distinct phylogroups
without evidence of gene-flow, associated with XAE and BAE and distributed in a parapatric fashion within the TAI (C); and pattern iii (D), the Tocantins River as the
barrier isolating BAE phylogroups from those inhabiting both TAl and XAE. See Supplementary Material for details.

Here, we assessed for the first time the comparative barrier
effects posed by both the Tocantins and Araguaia rivers on
14 avian linages in the southeasternmost Amazonian biota.
With the caveat that we sampled only one mitochondrial locus,
which is insufficient to estimate accurate rates of gene flow
and hybridization, our data showed the TAI as a contact zone
between the rather differentiated avifauna of the neighboring
BAE and XAE, providing further support to the overall

view that the upper reaches of major Amazonian rivers are
more permeable to gene flow and faunal exchange than their
lowermost parts.

Effect of Geographic Barrier of the

Tocantins and Araguaia Rivers
The effect of large Amazonian rivers as primary or secondary
geographic barriers to the local avifauna, delimiting the
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FIGURE 3 | Topologies of phylogenetic trees representative of each of the three phylogeographic patterns recovered among lineages of the sampled taxa inhabiting
the XAE, BAE, and TAI. Black circles represent outgroup samples, whereas red, green, pink, and brown circles refer respectively to the TAE, TAI, XAE, and BAE
samples. (A) Phylogenetic tree obtained for Dendrocincla fuliginosa illustrating pattern i (null hypothesis), whereby no geographically structured was recovered.

(B) Phylogenetic tree of samples of the allopatric Dendrocolaptes retentus (whose distribution is centered in the XAE) and D. medius (distributed mainly in the BAE)
illustrating pattern ii, in which the riverine barrier effect is present only in the lower Tocantins River, with the TAI consisting a contact zone between otherwise allopatric
lineages replacing each other in the XAE and BAE. (C) Phylogenetic tree recovered for Formicarius colma samples illustrating pattern iii, in which the barrier effect is
present along the entire Tocantins River, implying in a sister relationship between XAE and TAl lineages to the exclusion of those in the BAE. See Supplementary

Material for details on these and the other sampled species.

distribution of independent evolutionary lineages among
interfluves, is widespread (Wallace, 1853; Sick, 1967; Haffer,
1969, 1992; Naka, 2011; Fernandes et al., 2012; Naka et al., 2012;
Ribas et al., 2012; Naka and Brumfield, 2018; Silva et al., 2019).
The phylogeographic patterns documented herein demonstrated
that TAI lineages are closely related to those in the neighboring
XAE and BAE. However, the different patterns of genetic
diversity and area relationships found revealed that taxa have
had distinct evolutionary histories in the TAL

Pattern “I,” consistent with the assumed null hypothesis, given
the expected outcome of a lack of genetic differentiation in the
absence of a river-barrier effect, was shared by four species and
indicated an absence of genetic structuring between TAI, XAE,
and BAE. This supports a lack of barrier effects imposed by
the Araguaia and Tocantins rivers, consistent with gene flow
between populations of the sampled lineages across the TAI,
XAE, and BAE (Figure 2). Natural history attributes of the avian
lineages sampled, alongside with the history of formation of
the Araguaia and Tocantins rivers may explain these inferred
high rates of gene flow. The four species included in pattern “i”
inhabit environments of flooded forest or floodplain, typical of
river banks (Remsen and Parker, 1983), as well as river islands
(Sick, 1997; Ridgely and Tudor, 2009; Kirwan and Green, 2011;

Sigrist, 2013), which may have facilitated their dispersal across
both the Araguaia and Tocantins rivers. Species in this habitat
are known to have different population genetic histories than
those in terra firme habitats (Harvey et al.,, 2017), which may
explain this pattern.

In contrast, pattern “ii” reflect an important biogeographic
characteristic of the Amazon: the reduction of the barrier effect of
Amazonian rivers toward their headwaters (see Weir et al., 2015).
Disregarding the four species sharing the phylogeographic
pattern “i” discussed above, the remaining thirteen species
targeted for molecular analysis presented genetically structured
populations along the opposite banks of the lower Tocantins
River (Table 1). This role played by the lower Tocantins River in
isolating populations of reciprocally monophyletic and allopatric
taxa between the XAE and BAE had already been documented for
several avian lineages associated mainly with upland terra-firme
forest (Ribas et al., 2012; Batista et al., 2013; Maldonado-Coelho
et al., 2013; Thom and Aleixo, 2015; Silva et al., 2019). This
variation in strength of the barrier effect played by the Tocantins
River is consistent with the narrowing of its course upstream
from its confluence with the Araguaia River, which can be two to
three times narrower compared to its lower course. This is clearly
demonstrated by the phylogeographic patterns detected for the
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allopatric species pairs P. anerythra/P. coerulescens, D. retentus/D.
medius, Campylopyerus obscurus, and Thamnophilus amazonicus.

This gradual reduction in the barrier effect between the lower
Tocantins River and its middle and upper portions together with
the Araguaia River is similar to the conditions described for
the Negro and Branco rivers on the Guiana shield (Naka et al.,
2012; Naka and Brumfield, 2018). The lower Rio Negro acts as a
phylogeographic break for more than 40 pairs of allopatric taxa
among those 69 sampled (Naka et al., 2012; Naka and Brumfield,
2018). For the region of the Tocantins—Araguaia basin, the lower
Tocantins River isolated seven pairs of allopatric taxa between
XAE and BAE and five more taxa whose populations showed
genetic structure between those areas of endemism (patterns “ii”
and “iii”). In addition to these allopatric populations and taxa for
which we obtained genetic data, another nine pairs of taxa are
separated by the lower Tocantins River (Supplementary Table 1),
but were not sampled genetically by us.

In addition to its narrower course when compared to the lower
Tocantins, glaciation cycles between 1 million and 20,000 years
before present, when dry and cold periods alternated with hot
and humid periods (Hoorn et al., 2010; Meyer et al., 2014)
might be related to the lower intensity of the barrier effect
exerted by the Araguaia River. Ecological niche modeling showed
that during the driest and coldest glacial periods (such as the
Last Glacial Maximum), forests were likely replaced by savanna
and non-humid forest phytophysiognomies in southeastern
Amazonia (Aleixo et al., 2014; Silva et al., 2019). If this scenario
is correct, then it would have caused a reduction in the
geographic distribution of bird species associated with humid
forests in southeastern most Amazonia, probably accompanied
by the extinction of several taxa, which nevertheless might have
persisted in the central-western portions of the biome (Silva et al.,
2019). Although in the wettest and hottest periods of these glacial
cycles there were probably successive retakes of forest cover into
the extreme east of the Amazon, it is assumed that on these
occasions the Araguaia River acted as a secondary geographic
barrier, preventing the transposition of many typical upland
terra-firme species, which are present in the XAE but do not enter
the TAI (such as Cercomacra cinerascens, T. aethiops, Monasa
morphoeus, P. leuconota, Galbula dea, Thamnophilus palliatus,
Myrmoborus myotherinus, Glyphorynchus spirurus, Vireolanius
leucotis, Conopophaga aurita, Hylopezus paraensis, Synallaxis
rutilans, Lamprospiza melanoleuca, Ramphocaenus melanurus,
and Piprites chloris) (Ridgely and Tudor, 2009; Billerman et al.,
20205 Birdlife International, 2020; Supplementary Figure 14).

The current patterns of geographic distributions of this set
of bird species could reflect a response to paleoenvironmental
conditions affecting southeastern Amazonia as a whole and the
upper stretches of the Tocantins and Araguaia rivers in a similar
way as discussed for the genera Hylexetastes and Xiphocolaptes,
which are widely present in Amazonia, but absent in the BAE,
the easternmost Amazonian area of endemism (Silva et al., 2002;
Azuaje-Rodriguez et al., 2020). Therefore, the hypothesis 3 that
postulated the Araguaia River as a geographic barrier impeding
the gene flow between TAI and XAE, albeit not corroborated by
our molecular analyses, appears nevertheless supported by the
geographic distributions of Ortalis superciliaris, shared between

TAI and BAE, but absent in XAE (Supplementary Figure 14;
Grantsau, 2010; Pascoal et al., 2016; Del Hoyo and Kirwan, 2020),
and Piculus paraensis, also absent in XAE, but confirmed in
the BAE (Del-Rio et al., 2013) and suspected within the TAI
(Dornas et al., in press).

The phylogeographic pattern documented here for W. vidua,
whereby two parapatric genetic lineages exist in the TAI could
also be related to Late Pleistocene climatic-vegetational changes,
which could have resulted in the presence of large savanna blocks
between the northern and central-southern parts of the TAI
separating two patches of fully forested areas. The first to the
north of the TAI, geographically close to the BAE and adjacent
to the left (western) bank of the Tocantins River, and the second
to the south, geographically close to the XAE and adjacent to
the right (eastern) bank of the Araguaia River (Supplementary
Figure 15). These genetically distinct populations of W. vidua
are apparently not in direct contact and exchanging genes due to
the presence of an intervening modern ecological barrier, at the
same time that their establishment in different parts of the TAI
reflects distinct origins and possible independent colonization
events into this interfluve.

In contrast to pattern “ii,’ pattern “iii” documented herein
for five species supported an extended barrier effect along the
Tocantins River upstream from its confluence with the Araguaia
River, highlighting the variability in inter-specific responses to
a single riverine barrier, as verified for the middle and upper
portions of the Negro and Branco rivers (Naka et al., 2012; Naka
and Brumfield, 2018). Similarly, the proximity of middle and
upper Tocantins River to the Amazon - Cerrado ecotone may
enhance the barrier effect posed by the physical course of the
river itself, which could “stabilize” the southeasternmost limits of
ranges of several humid forest taxa within the TAL

Finally, the phylogeographic analyses of the selected taxa did
not demonstrate the presence of any genetically differentiated
lineage restricted to the TAIL Evolutionarily, avian endemic
lineages to the easternmost portion of the Amazon have shown
very recent times of diversification coupled with smaller genetic
distances separating them from other closely related south-
central Amazonian lineages (Ribas et al., 2012; Batista et al., 2013;
Aleixo et al., 2014; Thom and Aleixo, 2015; Silva et al., 2019).
The continuing existence of gene flow together with the variation
in the intensity of the barrier effect of the Tocantins and
Araguaia rivers show that the time of diversification of these
populations present in the TAI is still very recent, not favoring
local coalescent processes.

Phylogenetic systematic studies supported lineages associated
to the BAE and XAE, as single evolutionary units (e.g., Hylopezus
macularius complex), hence, corroborating a scenario of reduced
genetic diversification in the far east of the Amazon (Carneiro
et al., 2012; Rodrigues et al., 2013; Silva et al., 2019). However,
the presence of some species with populations showing high
and significant Fst values between the TAI and XAE and also
between TAI and BAE (Supplementary Table 3), demonstrate
that genetic differentiation is underway inside the TAIL Until now,
the only endemism of the TAI supported by molecular analyses
is a didelphid marsupial described from the right bank of the
Araguaia River (Rocha et al., 2015).
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Contact Zones and Gene Flow

Contact zones represent areas where there is an overlap
between parapatric populations of different taxa (Haffer, 1997;
Aleixo, 2007). The recovered phylogeographic pattern “ii”
demonstrated that within the TAI there is the concomitant
occurrence of distinct populations or lineages otherwise endemic
to the XAE and BAE, as verified for D. retentus/D. medius,
P. anerythra/P. coerulescens, and C. obscurus.

The comparison of plumages of the specimens collected in
the TAI for D. medius and D. retentus and P. anerythra and
P. coerulescens, with those obtained from XAE and BAE indicated
the apparent occurrence of hybridization events (Supplementary
Table 2 and Supplementary Figures 5, 6). In Dendrocolaptes,
the sharing of haplotypes from both endemic areas within
the TAI, associated with the intermediate phenotypes between
D. retentus and D. medius, support this area as a contact
and hybridization zone between these species (Fst XAE and
TAI = 0.23660/Fst BAE and TAI = 0.41681/P > 0.05), which
nevertheless sort out completely across the lower Tocantins River
(Batista et al., 2013).

The hybridization between P. anerythra and P. coerulescens
had been initially suggested for the lower Tocantins River
(Somenzari and Silveira, 2015) and later confirmed within the
TAI by morphological comparisons among three specimens
collected in the region (Brito et al., 2016). The three specimens
collected in the TAI by Brito et al. (2016) were sampled
in the molecular analyses (Supplementary Table 2) and had
their hybridization also corroborated by genetic characters
(Supplementary Figure 5). However, one specimen syntopic
with the three hybrid specimens mentioned above (Dornas et al.,
in press), presented haplotype and morphological diagnoses
of P. anerythra, supporting the phenotypic and genotypic
occurrence of the species in the TAI. The confirmation
of P. coerulescens records within the limits of the TAI
is provided only through photographic records WA2759636
(Corréa, 2017) and WA1882554 (Pacheco, 2005). The low and
non-significant Fst values between XAE and TAI (Fst = 0.157),
and between BAE and TAI (Fst = 0.368) P. anerythra/P.
coerulescens lineages support a scenario of ongoing gene
flow between them.

In turn, C. obscurus is a recently split species recognized by
recent taxonomic revisions within the Campylopterus largipennis
complex (Lopes et al., 2017). Our phylogenetic analyses recovered
structure between XAE and BAE populations of this species,
but which was not maintained in the TAI, where specimens of
both lineages were found in syntopy (Supplementary Figure 7).
Despite the marked molecular divergences observed between
BAE and XAE C. obscurus populations, no apparent diagnosable
morphological differences between were observed. Therefore, the
extension of gene flow between these distinct populations must
be assessed with a wider spectrum of genetic markers.

The occurrence of these contact and hybridization zones
within the TAI (see also Areta et al., 2017) can be related to
fluvial morphodynamic processes, such as the reduction of the
isolation effect of the Tocantins and Araguaia rivers upstream
from their confluence, due to geological and geomorphological

characteristics. The widths of the Tocantins and Araguaia rivers
gradually reduce upstream of their confluence (Supplementary
Figure 16), being up to 10 times narrowed than the width
of stretches of the Tocantins River downstream of the
confluence with the Araguaia River (Agéncia Nacional das
Aguas [ANA], 2020). Moreover, the presence of extensive and
forested river islands along the headwaters of the Tocantins
and Araguaia rivers favors the establishment of several species
of birds associated with humid forest habitats. These islands
may facilitate the crossing between banks, promoting more
frequent gene flow between populations on these upper
stretches than in the Lower Tocantins area (Supplementary
Figure 16).

Two other morphodynamic processes linked to fluvial systems
in the Tocantins and Araguaia rivers can be related to the
transposition of the banks by birds and consequent gene flow.
The first is a succession of large oxbow lakes, with their
surroundings taken over by floodplain forests. These lakes
signal the old lines of the riverbed, known as paleochannels
and characterize a meandrite fluvial system (Supplementary
Figure 16), in which the riverbed is strongly sinuous, constituting
an anastomosed fluvial system formed by numerous fluvial
islands of varying sizes, generating a fluvial landscape with
a highly ramified (Riccomini and Coimbra, 1993; Latrubesse
and Stevaux, 2002, 2006; Morais et al., 2005; Rocha, 2011;
Fryirs and Brierley, 2018). The second is the presence of
straits, known also as pinched channels. Straits are drainage
anomalies characterized by places where there is a narrowing
of the river banks, with a marked reduction in the width of
the riverbed, from the order of kilometers to a few hundred
meters, usually resulting from local structural geological control,
such as superimposition on dikes or embankments conditioned
by geological faults (Howard, 1967; Summerfield, 2014; Barros
and Magalhées Junior, 2020). Consequently, they can represent a
relevant crossing point for the local biota between opposite river
banks in closer proximity.

In the Tocantins River, one of the most remarkable straits
is located in front of the municipality of Estreito. This river
section presents an abrupt funneling of the riverbed from
a predominant width of 1 km to about 150 m (6°33/42"S,
47°27'36" W). On the Araguaia River, one of the main existing
straits is located near the city of Xambiod (6°22'S; 48°23'W).
The Pre-cambrian rock matrix of highly resistant quartzites,
prominent in the region of Serra das Andorinhas (left bank)
called the Morro Grande Formation, crosses the Araguaia
River, entering the limits of the TAI (Figueiredo and Sousa,
2009). This geological continuity originates a very tapered
strait, regionally called Remanso dos Botos (Supplementary
Figure 16). The reduction in the width of the river in
this stretch goes from 1.2 km to ca. 400-500 m. In sum,
geomorphological fluvial processes support a strong physical
historical connection between XAE and BAE biotas in the
TAI, which is consistent with the documented contact zones
and hybridization and gene flow events documented herein
between lineages isolated in the BAE and XAE across the Lower
Tocantins River.
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Tocantins-Araguaia Interfluve as an

Eastern Amazon Suture Zone

The disproportionate presence of a high number of
phylogeographic breaks, contact zones and hybridization
events configure the definition of biogeographic suture zones
(Remington, 1968; Swenson and Howard, 2004, 2005). In the
Amazon, the Negro-Branco interfluve has been characterized as
a biogeographic suture zone for birds (Naka et al., 2012; Naka
and Brumfield, 2018), as also verified for the upper reaches of the
Tapajos River (Haffer, 1992).

Similarly, within the TAI, the recovered pattern “iii”
supports the Tocantins River as a barrier separating
genetically differentiated populations distributed in the
XAE and TAI from those occurring in the BAE. In turn,
pattern “ii” indicates the joint occurrence within the TAI
of taxa otherwise distributed allopatrically in the XAE
and BAE, hence, characterizing the existence of a contact
zone. As discussed above, these contact zones involve
either (1) an instance of apparent parapatry between two
genetically distinct populations occurring in different parts
of the TAI, and separated by the original presence of
savanna formations (such as in W. vidua), or (2) taxa in
apparent direct contact and which hybridize with each
other within the TAI (such as in D. retentus/D. medius and
P. anerythra/P. coerulescens).

Thus, the high number of phylogeographic breaks and
contact zones within a single interfluve, as described for
the Negro-Branco rivers by Naka et al. (2012) is equivalent
to the one we documented herein for the TAI Similarly,
Weir et al. (2015) show several instances of hybridization
between taxa distributed otherwise parapatrically across the
headwaters of the Tapajos/Teles Pires and Xingu rivers, hence,
further supporting a suture zone in south-central Amazonia.
Both sutures zones documented by Naka et al. (2012) and
Weir et al. (2015) overlap to some extent with ecotonal
transitions between forest and savanna habitats located in the
middle and upper portions of their respective hydrographic
basins. These characteristics are also shared by the TAI, where
another ecotonal transition between Amazonian forests and
Cerrado savannas occur (Haidar et al., 2013; Marques et al,
2020). Therefore, all these characteristics combined support
the TAI as a novel biogeographic suture zone, localized in
the Eastern Amazon.
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