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A B S T R A C T   

Several bird taxa have been recently described or elevated to full species and almost twice as many bird species 
than are currently recognized may exist. Defining species is one of the most basic and important issues in bio
logical science because unknown or poorly defined species hamper subsequent studies. Here, we evaluate the 
species limits and evolutionary history of Tunchiornis ochraceiceps—a widespread forest songbird that occurs in 
the lowlands of Central America, Chocó and Amazonia—using an integrative approach that includes plumage 
coloration, morphometrics, vocalization and genomic data. The species has a relatively old crown age (~9 Ma) 
and comprises several lineages with little, if any, evidence of gene flow among them. We propose a taxonomic 
arrangement composed of four species, three with a plumage coloration diagnosis and one deeply divergent 
cryptic species. Most of the remaining lineages have variable but unfixed phenotypic characters despite their 
relatively old origin. This decoupling of genomic and phenotypic differentiation reveals a remarkable case of 
phenotypic conservatism, possibly due to strict habitat association. Lineages are geographically delimited by the 
main Amazonian rivers and the Andes, a pattern observed in studies of other understory upland forest 
Neotropical birds, although phylogenetic relationships and divergence times among populations are 
idiosyncratic.   

1. Introduction 

Several new Neotropical vertebrate species have been described 
recently (Boubli et al., 2019; Charity et al., 2016; Moraes et al., 2019; 
Rheindt et al., 2020) and many others have been elevated from sub
species to species level through recent taxonomic revisions (Buainain 
et al., 2017; Krabbe et al., 2020). Birds are one of the best-known groups 
of organisms in terms of their alpha taxonomy, although a recent study 
suggests that the current number of species may be highly under
estimated, and up to two times as many bird species may exist (Bar
rowclough et al., 2016). Defining species and their phylogenetic 
relationships is one of the foundational pieces of knowledge in the 

biological sciences, and poorly defined or unknown species may hamper 
conclusions of subsequent studies that depend on accurate estimates of 
alpha taxonomy, including conservation planning and macroecology 
(Bortolus, 2008). 

Current bird taxonomy in the Neotropics is largely based on histor
ical examination of museum skins (especially by the cataloguers such as 
J. L. Peters, C. B. Cory and C. E. Hellmayr), whereas our understanding 
of phylogenetic relationships and the evolutionary mechanisms under
lying them are usually based solely on molecular data (especially 
mitochondrial DNA, mtDNA). Nevertheless, there is a growing notion 
that coupling phenotypic and molecular data, including mtDNA and 
nuclear DNA (nuDNA), while considering the organisms’ ecological 
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characteristics (natural history) is essential to fully understand species 
limits and the evolutionary drivers of diversification (Cadena and 
Cuervo, 2010; Cadena and Zapata, 2021; Yoder et al., 2005; Zamudio 
et al., 2016). In fact, studies based on multiple kinds of data have often 
challenged current taxonomy of Neotropical birds, either by discovering 
new species or by re-arranging higher taxonomic categories (Cadena 
et al., 2020; Krabbe et al., 2020). 

One example of the instability of current Neotropical avian taxon
omy is the recent finding based on molecular data, of the polyphyly of 
the genus Hylophilus, which resulted in substantial taxonomic rear
rangements, including creation of the monotypic genus Tunchiornis 
(Slager et al., 2014; Slager and Klicka, 2014). The Tawny-Crowned 
Greenlet Tunchiornis ochraceiceps (Sclater, 1860) is a small (11.5 cm, 
11.6 g) bird species with discreet colors (mostly greenish or brownish) 
that occurs in lowland forests (0–1300 m) from Mexico to Ecuador, 
including most of Amazonia (Howard et al., 2014; Ridgely and Tudor, 
2009; Wilman et al., 2014). It occurs in the interior and under
growth—being rarely seen at the edge or canopy—of humid forest, semi- 
deciduous forests and adjacent second-growth woodland, although it is 
more common in primary forest (Antongiovanni and Metzger, 2005), 
where it forages for invertebrates in mixed species flocks (Howell and 
Webb, 1995; Ridgely and Tudor, 2009; Stiles et al., 1989). 

The species is polymorphic and different authors have recognized 
morphological differentiation of some populations based on subtle 

differences in plumage coloration and morphometric characters, leading 
to the recognition of 10 subspecies (Fig. 1A) (Dickinson and Christidis, 
2014). Although several taxa have been described as full species, most 
authors consider them as subspecies, following Hellmayr (1935), due to 
their overall morphological similarity and the fact that they are allo- 
replacements of each other, factors that could be interpreted as evi
dence against complete reproductive isolation under the Biological 
Species Concept (BSC) (Mayr, 1963). Since Hellmayr (1935), skin col
lections have grown significantly in size and the quality of the metadata 
associated with more recent specimens has improved (Remsen, 1995), 
providing a clearer basis for evaluating morphological differences 
among lineages and species limits. Yet, no recent morphological 
assessment has been performed, and vocal characters have not been 
systematically evaluated in Tunchiornis (but see (Boesman, 2016)). 

Previous molecular studies have shown that T. ochraceiceps is an old 
lineage (~10 Ma) with deep intraspecific mtDNA divergences (Milá 
et al., 2012; Naka and Brumfield, 2018; Slager et al., 2014), suggesting 
that its diversity might be underestimated by the current taxonomic 
arrangement. Additionally, T. ochraceiceps has an intercontinental dis
tribution, and its divergence time encompasses a period of intense 
landscape changes in the Neotropics, which is thought to have driven 
diversification across a wide spectrum of organisms. These changes 
include the uplift of the Isthmus of Panama and northern Andes, the 
establishment of the current Amazonian drainage system and climatic 

Fig. 1. Study sampling design used to assess the genetic and phenotypic variations of Tunchiornis ochraceiceps. (a) Samples used in genomic analyses, (b) skin 
specimens used in plumage coloration and morphometric analyses, stars represent the type material specimens (type locality) (c) recordings used in vocalization 
analyses; (d) name of main Amazonian rivers (blue) and general geographic regions (dashed lines) used as reference when describing variations in the text (d) - 
Central America (CAM), Choco (CHO), northeastern (NEA), northwestern (NWA), southwestern (SWA) and southern (SEA) Amazon. Samples are colored according to 
the current taxonomic hypothesis (subspecies). Gray area is the currently known species distribution based on BirdLife International (2019). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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cycles of the Pleistocene (Haffer, 1969; Hoorn et al., 2010; Jaramillo, 
2018). Hence, we expect that (1) the evolutionary history of 
T. ochraceiceps is at least partially congruent with some of these events, 
contributing to understanding the relationships between landscape 
change and biotic evolution in the Neotropics, and (2) that genetic 
divergence within the species will be larger and more spatially struc
tured than phenotypic variation indicates. 

Here, we assess species delimitation, phylogenetic relationships and 
the evolutionary history of T. ochraceiceps, employing an integrative 
approach that includes plumage coloration, morphometrics, vocaliza
tion and genomic data. We use the revision of genetic and phenotypic 
variation in combination with well supported phylogenetic relationships 
to discuss the clade’s biogeographic history and the decoupled evolution 
of genomic and phenotypic characters, relating these patterns to habitat 
association and the diversification processes common to other 
Neotropical groups of organisms. 

2. Methods 

2.1. Sampling 

We examined 625 skins and 152 vocal recordings (Fig. 1). For 
genomic analyses we obtained 67 fresh tissue and two toepad samples 
from historical skin specimens (Fig. 1). Samples represented all 
currently described taxa for the species and covered most of its currently 
known geographical distribution according to BirdLife International 
(2019) (Fig. 1). One tissue of Pachysylvia hypoxantha (Pelzeln, 1868) was 
used as an outgroup. We examined photographs of the type material and 
original descriptions of all taxa. A complete list of the examined material 
can be found in Supplementary Material 1. 

2.2. Genomic data acquisition and processing 

We extracted DNA using the DNeasy kit (Qiagen Inc.) and sent the 
extracts to RapidGenomics® (Gainsville, FL) for sequencing, using a 
probe set targeting 2,321 Ultra Conserved Elements (UCE) loci (Fair
cloth et al., 2012; Zucker et al., 2016). UCEs have been shown to provide 
robust phylogenetic information both at deeper and shallower diver
gence levels (Faircloth et al., 2012; Smith et al., 2014). 

We processed the raw data from UCEs using Phyluce (Faircloth, 
2016) incorporating the allele phasing steps from Andermann et al. 
(2018). Sequences with adapter contamination, and those of low- 
quality, were trimmed using illumiprocessor (Faircloth, 2013). We 
used Itero v.1.1. (https://itero.readthedocs.io/en/latest/purpose.html), 
an iterative reference-based approach, to assemble contigs of our four 
best quality samples according to number and length of reads. We used 
the 2,321 UCE probe sets as reference (Faircloth et al., 2012; Zucker 
et al., 2016) for the assemblies and performed 5 iterations of reference 
guided assembly per sample. Contigs from the different samples were 
aligned and edge-trimmed with MAFFT using default settings (Katoh 
and Standley, 2013). The concatenated alignments were imported in 
Geneious R7 (Kearse et al., 2012) and we manually trimmed some loci to 
remove remaining areas of low alignment quality. After cleaning, we 
generated a consensus sequence to use as reference in the alleles phasing 
pipeline (Andermann et al., 2018). Accordingly, clean reads were 
mapped to the reference using BWA 0.7.17 (Li and Durbin, 2009) and 
alleles were sorted and phased using SAMtools 0.1.19 (Li et al., 2009) 
and Picard (http://broadinstitute.github.io/picard). We then aligned 
and edge-trimmed the two phased alleles using MAFFT. Finally, we used 
the script of Andermann et al. (2019) to merge the two alleles of each 
individual using the IUPAC ambiguity codes for heterozygous sites. The 
final sequence data matrix was produced with alignments present in at 
least 90% of samples and contained 2,267 loci. 

We applied a python script (snps_from_uce_alignments.py, available 
from: github.com/tobiashofmann88/snp_extraction_from_alignments/) 
from Andermann et al. (2019) to the phased alleles sequences to extract 

one biallelic Single Nucleotide Polymorphism (SNP) per locus (to reduce 
bias caused by linkage-disequilibrium) not allowing for missing data. 
This SNP dataset was used in the population structure and estimated 
effective migration surface analyses. 

2.3. Mitochondrial DNA 

We used MITObim v.1.9.1 (Mitochondrial baiting and interactive 
mapping) (Hahn et al., 2013) to retrieve and assemble the mitochondrial 
genome from our UCE raw data. The mitogenome of Vireo olivaceous, the 
closest relative to T. ochaceiceps with an annotated mitogenome avail
able, was retrieved from GenBank (https://www.ncbi.nlm.nih.gov/gen 
bank/) (Accession number: NC_024869.1) and used as the reference 
for MITObim assembly. Maximum iteration was set to 100. Final contigs 
were imported to Geneious R7 (Kearse et al., 2012), and mapped back to 
each of the 13 coding sequence (CDS) regions of the V. olivaceus mito
genome to annotate and extract those genes. The contigs of the 13 CDS 
genes of all samples were then aligned using the Geneious alignment 
tool. 

2.4. Population structure 

We used sNMF (Frichot et al., 2014) to infer population genomic 
structure and perform individual assignment to these populations based 
on the UCE SNP data. We evaluated the optimal number of populations 
(k value) from 1 to 12 (the number of described subspecies + 2) with 100 
runs per k, 10,000 iterations; we employed four alpha regularization 
parameter values: 1, 10, 100, 1000. We selected the run with the 
smallest cross entropy value among all alpha and k values. Because 
population structure can be hierarchical (Janes et al., 2017; Pritchard 
et al., 2000), once we detected the optimal k, we resampled SNPs within 
each population initially delimited by the software, and ran sNMF again 
using only the samples from each of those populations separately. This 
was repeated until we detected no additional structure. 

We used EEMS (Estimated Effective Migration Surface) (Petkova 
et al., 2015), a spatially explicit approach that evaluates distribution of 
genetic structure and detects regions with higher or lower-than-average 
historic gene flow than expected from an isolation-by-distance model. 
This approach allows visualization of geographic barriers and corridors 
to effective migration between populations/samples. We calculated 
Euclidean genetic distances between geo-referenced individuals with 
the function “dist.genpop” in ADEGENET2.0 (Jombart, 2008) and the 
method “Roger’s distance” (Rogers, 1972). We used the species distri
bution polygon provided by BirdLife International (2019)—slightly 
modified to eliminate disconnected (e.g. islands) and other problematic 
areas (areas too narrow to allow connection between neighboring 
demes)—as a background for demes and to project the interpolated 
effective estimated migration surface. We used 1,000 demes, which 
provided reasonable resolution for the amount of points used, and grid 
cells that were small enough to connect demes within our polygon. We 
conducted three independent runs, with 15,000,000 MCMC (Markov 
chain Monte Carlo) generations, discarding the first 14,000,000 as burn- 
in, sampling every 5,000 MCMC. We performed additional runs in each 
major region (after confirming monophyly of populations, see Section 
2.5 for the phylogenetic methods used) in a similar fashion to that used 
for sNMF analyses (resampling SNPs) to infer more detailed effective 
migration within and between major regions. Stationarity of the run was 
visually inferred by plotting the MCMCs log posteriors with the 
rEEMSplots script provided by the program. All runs were combined to 
generate the final results. 

2.5. Phylogenetic analyses based on UCE data 

Both concatenated and species tree analyses were employed to infer 
phylogenetic relationships, without using the prior information from the 
population structure results. First, we employed IQ-TREE (Nguyen et al., 
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2014) to produce a concatenated tree based on maximum likelihood 
estimation (MLE) with the concatenated sequence data. Best-fitting 
substitution model was inferred in ModelFinder (Kalyaanamoorthy 
et al., 2017) and node support was assessed using two methods, Ultra
Fast Bootstrap (UFBoot) (Hoang et al., 2017) and SH-aLRT branch test 
(Guindon et al., 2010) with 1000 replicates each. Reliable clades have 
node support ≥ 95% for UFBoot and ≥ 80% for SH-aLRT (Nguyen et al., 
2014). Second, we used Exabayes (Aberer et al., 2014) to produce 
Bayesian Inference (BI) trees with the same dataset. We performed four 
independent runs with 2,000,000 MCMC each, sampling every 500 
generations. Stationarity and convergence of the independent runs were 
inferred using Tracer 1.6 (Rambaut et al., 2014). All parameters had 
Effective Sample Size (EES) values above 200 assuring sampling ade
quacy of the analyses. A consensus tree was generated combining the 
four runs. Finally, we used the multi-species coalescent species tree (ST) 
approach SVDquartets implemented in PAUP* 4.0a (build 165) (Swof
ford, 2002) with partitioned UCE sequences, which takes into account 
the history of the different genes independently. Samples were not 
assigned to species a priori. All possible quartets were evaluated. Boot
strap values were estimated using 10,000 replicates. 

2.6. Time calibrated trees based on mtDNA data 

We used BEAST 2.6.0 (Bouckaert et al., 2019) to estimate phyloge
netic relationships and divergence times based on 13 CDS mitochondrial 
genes. We used PartitionFinder2 (Lanfear et al., 2017) to find the best fit 
substitution model for each gene, not partitioning by codon position 
because initial runs with data partitioned by codon failed to stabilize/ 
converge. We used an unlinked relaxed clock model, which allows in
dependent rates among genes and variable rates along the tree branches. 
For time calibration we used the substitution rate of 2.1% per myr (Weir 
and Schluter, 2008), using a more strict prior (normal distribution, 
0.0105 mean and 0.0034 SD) for the CYTB gene and a more relaxed prior 
(mean 0.01 and 0.004 SD) for the other coding genes, because their 
mutation rates are more variable but still close to 2% (Campillo et al., 
2019). A birth-death speciation model was used, because extinction may 
play a significant role in time scale of diversification of the studied 
group. We initially set a uniform prior for birth-death rates with lower 
and upper limits of 0 and 1. We then experimented with more relaxed 
priors increasing the upper limits to 10, 100 and 1000 and we also used 
an exponential distribution around the same values. Because we 
consistently estimated the same values for the birth-death rates, 
regardless of the experimental prior used, for the final run we set a more 
strict prior with normal distribution and mean 0.26 and 0.3 SD for the 
BirthRate and 0.94 mean and 0.1 SD for DeathRate. 

We performed three independent runs with 200,000,000 MCMC and 
discarded 10% as burn-in. Stationarity and convergence of runs were 
inspected using Tracer 1.6 (Rambaut et al., 2014). All parameters had 
ESS values above 200. Runs were then combined with LogCombiner 
(Rambaut and Drummond, 2019a) and the maximum clade credibility 
tree was extracted with TreeAnnotator (Rambaut and Drummond, 
2019b). 

2.7. Plumage coloration and morphometrics 

We used Smithe (1975) as a color guide for specimen plumage de
scriptions. Nomenclature of plumage parts followed Proctor and Lynch 
(1993). Because some of the characters were continuous in variation (e. 
g. amount of buff on the chest), we defined categories and classified 
specimens accordingly. Because classifications into these categories can 
be somewhat subjective, we also assessed morphological diagnoses of 
populations through direct comparison of a large series of specimens 
archived in different museums that were loaned to the American 
Museum of Natural History, New York. Simultaneous direct comparison 
of hundreds of specimens allowed better assignment to the categories 
defined, and better evaluation of some subtle plumage variations 

proposed as diagnoses, which could be otherwise difficult to infer due to 
the lack of precision of some colors in the color catalog. We used QGIS 
2.18 (Qgis Development Team, 2016) to map plumage character and 
look for geographic variations and fixed characters. 

We used a digital caliper (150 × 0.01 mm) to collect the following 
morphometric measurements (Baldwin et al., 1931): left wing (closed 
wing, “chord”), tail (central rectrices) and bill length (total culmen), bill 
height (at proximal portion of nostrils) and width (at base). All mea
surements were taken by NB. To remove the scale differences between 
variables, we standardized the data with the function “decostand” 
(“standardize”) in the Vegan package (Oksanen et al., 2019) in the R 
environment (R Core Team, 2019), prior to multivariate analyses. We 
tested the number of clusters in the morphometric data using a model- 
based clustering algorithm, mclust5 (Scrucca et al., 2016) in R (R Core 
Team, 2019). The most likely number of clusters was determined using 
Bayesian Information Criteria (BIC). We then inspected the classification 
matrix to check if clusters were biologically meaningful (e. g. different 
sexes, taxa or geographical groups). Additionally, we performed a 
Principal Component Analysis (PCA) with the morphometric measure
ments using the function “prcomp” in R (R Core Team, 2019) to visu
alize structure in the dataset without prior information on groups. 

We plotted measurement values using the main genomic groups 
(clades) for comparison. Descriptive statistics (mean m, standard devi
ation sd, minimum min and maximum max) are provided for each group 
delimited at the end of all analyses. We discarded data from immature 
individuals for both the coloration and morphometric analyses, 
although we used these individuals to re-describe the final delimited 
taxa. Because our question whether there were diagnosable differences 
(no measurement overlap) between groups, and not if they were sta
tistically different, we did not perform variance tests. 

2.8. Vocalizations 

We used RavenPro1.5 (Center for Conservation Bioacoustics, 2014) 
to import vocal recordings and to obtain sonograms and oscillograms for 
qualitative and quantitative analyses of songs. We followed the 
nomenclature of vocal traits proposed by Catchpole and Slater (2008), in 
which phrases consist of a series of units that occur together in a 
particular pattern. These units were referred to as syllables. We evalu
ated the following characters: song duration, number of syllables and 
modulation of each syllable. We also measured five frequency characters 
(min 5%, max 95%, bandwidth 90%, central and max frequencies) from 
both the whole song and for each syllable separately. Durations of 
phrases and syllables were measured from oscillograms due to its higher 
numerical precision (Köhler et al., 2017). All spectrograms were 
analyzed using the Hann window type with a frequency resolution of 
512 samples. 

We used QGIS 2.18 (Qgis Development Team, 2016) to map quali
tative characters. Quantitative characters measured from spectrogram 
(duration and frequency) were standardized before being used in 
multivariate analyses. Statistical procedures were the same used for 
morphometric analyses (mclust, PCA and scatter plots). Because vocal
izations were variable in number of syllables, we could not quantita
tively compare each syllable separately. Thus, we used the number of 
syllables, and frequency and time characters measured from the whole 
song (regardless of syllable number), which were comparable among all 
vocalizations. 

3. Results 

3.1. Population structure 

Population structure analyses with sNMF initially detected six groups 
(Fig. 2) but two of the groups had substructure (a2 and b2). East of the 
Andes, clusters were delimited by large Amazonian rivers (Branco, 
Solimões/Amazonas, Madeira, Tapajós and Xingú), while western 
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Andean clades were spatially congruent with the Central America (CAM) 
and Chocó (CHO) regions (see Fig. 1d for general geographic areas and 
rivers referenced). Admixed genotypes were found between pop
ulations: 1) from CAM and CHO in Panama (Fig. 2a); 2) from north
western and southwestern Amazonia (NWA and SWA) at the Solimões- 
Japurá interfluve and at the extreme west of Amazonia in northwestern 
Peru (close to the Marañon-Santiago river confluence); 3) from both 
banks of the Tapajós River (Fig. 2b) in southeastern Amazonia (SEA); 
and 4) from both banks of the Xingú River, also in SEA. 

The EEMS analysis confirmed that large Amazonian rivers and the 
Andes are strong barriers to effective migration between most pop
ulations (Fig. 3). In contrast, high effective migration was detected be
tween trans-Andean populations. We also observed a previously 
undetected (by sNMF) barrier related to the upper Amazonas/Marañon 
River confluence in northwestern Peru. The structure we detected be
tween populations from opposite banks of the Xingú River appears to be 
less strong than what we observed across other rivers. When SNPs were 
resampled for each region separately, two regions had additional pat
terns revealed. First effective migration was still high in CAM but two 
regions with reduced migration were found between the CAM and CHO 
(Fig. 3, a2), a stronger (lower values of effective migration) one in 
eastern Panama and a less effective one in western Panama. Second, in 
western Amazonia, the Japura appeared to be more evidenced as a 
barrier, and there was a possible additional structure associated with the 
mid Ucayali river (Peru) (Fig. 3, b2). 

3.2. Phylogenetic analyses 

All analyses of the UCE dataset resulted in the same basic topology 
(MLE, BI and ST) with minor variations in node support and relation
ships among tips within the main clades (Fig. 4 and Supplementary 
Material 2). The phylogenetic analyses showed that T. ochraceiceps is 
composed of multiple well-supported lineages, and clade composition is 
almost entirely congruent with the population structure of the groups. 

The first split separates the western (CAM, CHO, NWA and SWA) and 
eastern (NEA and SEA) lineages. The western clade is divided into trans- 
and cis-Andean lineages. The trans-Andean lineage is further divided in 
CAM and CHO (although one sample from eastern Darien, eastern 
Panama, in the CHO region, grouped with samples from CAM). In 
western Amazonia, the first split separates lineages south (SWA) and 
north (NWA) of the Solimões river. Within NWA, there are three lineages 
in the phylogenetic tree, separated by the upper Negro and Japurá 
rivers, although the single individual sampled at the Japurá-Solimões 
(light orange circle) interfluve has an admixed genotype (Fig. 2). The 
Japurá-Negro clade was only recovered in the BI and MLE trees (but not 
in the ST) and with overall low node support. Within SWA, the single 
sample in northwestern Peru with an admixed genotype is sister to all 
the remaining samples (purple and dashed circle “b” in the map, Fig. 4). 
Within the eastern clade, the first split separates the samples occurring 
north (Guyana Shield, northeastern Amazonia, NEA) and south (Bra
zilian Shield, southeastern Amazonia SEA) of the Amazon River. In SEA, 
the first split is between lineages from opposite banks of the Tapajós 
River, with eastern clade further subdivided by the Xingú River. The 
multispecies coalescent method (species tree) produced the exact same 
topology, but the Xingú-Tapajós clade (green) had low support (Sup
plementary Material 2). 

The phylogenetic tree obtained from analyses of the mtDNA dataset 
had a similar topology to the UCE trees, but with some relevant dis
cordances. In the mtDNA tree: 1) the trans-Andean lineages are more 
structured and slightly geographically rearranged compared to the UCE 
tree. Samples from eastern Panama (red dashed circle “a” in Fig. 4) form 
a distinct clade (red in Fig. 5), sister to samples from CHO, and not to 
other samples from CAM; 2) the single sample from northwestern Peru 
(“b” in Fig. 4, and purple in Figs. 4 and 5) is sister to the whole NWA 
lineage (and not to SWA), but with low support; 3) the single Solimões- 
Japurá sample (light orange in Figs. 4 and 5) is sister to a clade formed 
by all remaining SWA and NWA samples instead of sister to NWA; and 4) 
composition of the two clades north of the Japurá river (light and dark 

Fig. 2. Population structure in Tunchiornis ochracei
ceps inferred with sNMF using SNPs extracted from 
the UCE data. The first round detected six structured 
populations corresponded to the different colors. Pie 
charts were colored proportionally to their ancestry 
coefficients (probability to belong to one or more 
group) of each sample. Subsequent analyses ran in 
each of the six populations detected at first, showed 
that two groups (a1, black and b1, white) had sub
structure (a2 and b2). The dataset for the first round 
contained 1,889 SNPs, while the dataset used in the 
subsequent rounds, a and b, had 902 and 2,058 SNPs 
respectively.   
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blue) is slightly different from the UCE tree, although short branches 
within that whole lineage suggests a relatively low differentiation 
among them. 

3.3. Molecular dating 

The initial divergence time between the western and eastern lineages 
was estimated to be late Miocene (9 Ma, 95% HPD = 6.1–12.7 Ma). In 
the eastern clade, the split north and south of the Amazon River is 
estimated at 7.5 Ma (95% HPD = 5–10 Ma). The divergences between 
lineages from opposite banks of the Tapajós and Xingú rivers are much 
younger, occurring during the Pleistocene (2.2 Ma, 95% HPD = 1.5–3.2 
Ma and 0.8 Ma, 95% HPD = 0.5–1.1 Ma, respectively). In the western 
clade, the split between cis- and trans-Andean lineages dates back to the 
Pliocene (4.6 Ma, 95% HPD = 3.1–6.5 Ma). The divergence between the 
CAM and CHO lineages is estimated at 1.8 Ma (95% HPD = 1.2–2.2 Ma) 
and diversification of the western Amazonian lineages (NWA and SWA) 
starts at 1.1 Ma (95% HPD = 0.7–1.5 Ma). 

3.4. Plumage coloration 

Only one plumage coloration character is geographically fixed, yet 
unmistakably distinguishing three different groups. All western speci
mens (CAM, CHO, SWA and NWA) have extended rufous (combination 
of color coded as 140 + 132 in Smithe (1975)) to ochraceous (24 + 38) 
forehead and crown (further referenced as crown) which are variable 
from darker to paler tones (Fig. 6a,b). Specimens in SEA have the rufous 
restricted to the lores, forehead and supercilium, whereas specimens in 
NEA have either a plain olive green (48 or 49) with no rufous/ 

ochraceous crown, or a vestigial and discreet whitish or light yellow 
(157) lore, which can be more or less extended towards the eye. In 
general, NEA specimens have overall olivaceous (48/49) and buff (24) 
tones, visible both on dorsum and ventrum and whitish throat; SEA have 
more yellow and buff ventrum (including throat), buff also over the 
dorsum, which sometimes have gray (86) suffusion especially over the 
crown; and the CAM, CHO, SWA and NWA specimens are highly vari
able in coloration of both ventrum and dorsum (see below) but have 
predominantly gray throat. However, despite those trends these char
acters (except the pattern of front coloration) tend to overlap among 
most groups. 

Other characteristics are not fixed but present noteworthy 
geographic variation. Information from specimen tags indicates that iris 
color is white/pale in western groups and brown/dark in eastern groups, 
although four adult specimens (inferred from gonads and skull ossifi
cation) had a different iris color than expected for their locality (Fig. 6c). 
Specimens from northern CAM typically have a paler crown (more 
ochraceous) with yellow on lore, brown (37/129) dorsum (including 
tertiaries and rectrices), and yellow (157) ventrum heavily buffed; trans- 
Andean specimens in the southern part of CHO, typically have a darker 
tone rufous crown, olive-green dorsum, tertiaries and rectrices variable 
in brown and green, and grayish or yellow ventrum with no buff (Figs. 6 
and 7). However, specimens from the intermediate portion of their 
distribution (especially in the Panama Canal area) seem to be morpho
logically intermediate between the two forms in most characters, espe
cially coloration of ventrum and dorsum and crown. Therefore, the 
geographic extremes are easily distinguishable but there is either a 
smooth cline or a large area with intermediate phenotypes, making it 
hard to delimit the geographic boundaries between both groups. 

Fig. 3. Estimated Effective Migration Surface (EEMS) 
plots of Tunchiornis ochraceiceps. Colors represent 
effective migration rates (m) on the log10 scale be
tween genomic samples. Blue color represents areas 
with more migration (corridors), dark orange repre
sent areas with less migration (barriers), and white 
represent areas consistent with the null model (isola
tion by distance). Size of black circles represent 
number of samples in the same deme (sampling site). 
Light blue lines represent river courses. Dashed rect
angles a2 and b2 show results of EEMS runs for each 
region (a1 and b1) separately, after resampling SNPs 
from those samples only. The dataset for the first 
round contained 1,889 SNPs, while the dataset used in 
the subsequent rounds, a and b, had 902 and 1,932 
SNPs respectively. (For interpretation of the refer
ences to color in this figure legend, the reader is 
referred to the web version of this article.)   
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NWA specimens, especially in the upper Negro River and Venezuela, 
are overall more similar to CHO specimens, having olive-green dorsum 
and darker rufous crown, but with grayish and olive-green ventrum 
(usually more yellow on CHO). SWA specimens, especially in southern 
Peru and Acre, Brazil, have paler crown (ochraceous), lighter green 
(yellowish olive-green, 50) dorsum (including tertiaries and rectrices) 
and in general have more yellowish strikes on their ventrum (similar to 
the CHO). However, many specimens had intermediate conditions (for 
crown, ventrum and dorsum coloration) and in a direct comparison of a 
large series of specimens from SWA, NWA and CHO, it was not possible 
to clearly differentiate them based on any of the characters and methods 
used (Figs. 6 and 7). 

Within the SEA, there may be a greater frequency of the predomi
nantly yellow with less buffy ventrum morphotype west of the Tapajós 
River compared to specimens east of that river, but it is very clear that 
this character is also not constant (Fig. 7a). 

Additional photographs and brief discussions on the overlap and 
variation on some plumage characters can be found in the Supplemen
tary Material 3. 

3.5. Morphometrics 

Clustering analysis (mclust) selected VVE (ellipsoidal, equal orien
tation) with two components (clusters) as the best fit model for the data 
(Supplementary Material 4). However, no clear spatial separation be
tween samples belonging to the two clusters can be seen in the classi
fication graph (Supplementary Material 4). Comparing the classification 
matrix with subspecies, genomic group or sex matrices of samples sug
gests there is not easily discerned biological meaning for mclust’s 

classifications (Supplementary Material 4). PCA shows a similar result 
with no structure in the data (Supplementary Material 4). Plotting the 
measurements values confirms that there is a high overlap between 
males and females from the groups delimited by genomic analyses 
(Supplementary Material 4), corroborating the lack of morphometric 
differences between populations and sexes. A table with the summary 
statistics (number of samples, mean, maximum and minimum values of 
each character) can be found in Supplementary Material 4. 

3.6. Vocal analyses 

The qualitative analysis shows no diagnostic vocal characters for any 
of the populations of T. ochraceiceps (Fig. 8a–d). Some variation, how
ever, is noteworthy and a relatively reliable indicator of population 
assignment. Most recordings are composed of a very simple song type 
with a single phrase containing one whistled syllable between the fre
quencies of ~ 2–4 KHz (for descriptive statistics regarding song char
acters see Supplementary Material 5) and variable in frequency 
modulation (descending, flat or ascending along time) (Fig. 8b). The 
NEA populations east of the Branco River, predominantly produced a 
distinct song with two whistled syllables, between the frequencies of ~ 
2.7–3.8 KHz, being the last syllable descending in modulation. However, 
it is clear that these birds can eventually produce one syllable vocali
zations (ML 80429, NB observation during field work around Manaus, 
AM, Brazil) that are apparently indistinguishable from songs with one 
syllable from the other populations. One recording from eastern 
Venezuela (ML70336), initially attributed to the NWA population, has a 
three syllable song and most likely corresponds to the northwestern- 
most record of the NEA group. 

Fig. 4. Bayesian tree of Tunchiornis ochraceiceps inferred with ExaBayes and the 2,267 concatenated UCE dataset. Node supports with posterior ≥ 0.95 are repre
sented as black circles and nodes with ≤ − 0.95 are represented as white circles. The deepest lineages correspond to the clearly morphologically distinguishable taxa 
(bird silhouette over tree branch). Terminals with circles are represented by a single sample each. Red dashed areas indicate samples that grouped in distinct clades in 
the mitochondrial and nuclear trees (see results section). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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All recordings from the Madeira-Tapajós interfluve, in SEA, con
tained a distinct song with two to three syllables, between the fre
quencies 2.8–3.5 KHz, but with ascending second and third syllables, 
thus different from the NEA population in modulation. However, songs 
with one and two syllables were recorded in the Juruena-Teles Pires 
(whose confluence form the Tapajos River) interfluve. This area lies in 
the limit between the single and multiple syllable song populations in 
SEA. Thus, although some interesting difference in frequency of vocal 
pattern exist, it is not possible to unmistakably distinguish populations 
by their songs. 

The mclust analysis detected two clusters: one containing the 
multiple-syllable songs from populations east of the Branco River and 
from the Madeira to Teles Pires interfluvia and one cluster containing 
single-syllable songs including single-syllable vocalizations from the 
“multiple-syllable song” populations (Supplementary Material 5). 
Similarly, the PCA shows differentiation with overlap between groups, 
which correspond to these songs “atypical” for their area (Fig. 9h). Both 
PCs explained together 88% (PC1 = 55%, PC2 = 34%) of the total 
variation in the data. The variables most related with PC1 were max, 

center, 5% and 95% frequency and with PC2 were duration, bandwidth 
90% and number of syllables. 

The plots for the quantitative vocal characters show overlap among 
populations in all characters (Fig. 9). The multiple syllable songs are 
clearly longer in duration (Fig. 9a) and have greater Bandwidth 90% 
(Fig. 9e) values, especially in the NEA population. The overlap in 
measurements between populations with multiple-syllable songs with 
the remaining populations can be attributed to the one-syllable songs 
that are detected (Fig. 9b). The trans-Andean populations tend to have 
higher frequency (higher pitch) songs (Fig. 9c–g), although there is 
much overlap with other populations. A table with the summary sta
tistics (number of samples, mean, maximum and minimum values of 
each character) can be found in Supplementary Material 5. 

4. Discussion 

Our analyses indicate that T. ochraceiceps comprises several different 
lineages. Some have corresponding subtle but fixed phenotypic differ
entiation, whereas most do not. This phenotypic conservatism is 

Fig. 5. Bayesian phylogenetic time tree of Tunchiornis ochraceiceps inferred in BEAST2 using the 13 CDS mitochondrial genes. The final result is a consensus tree 
generated from three independent runs combined. All nodes had posterior ≥ 0.95 except the ones colored in red. Error bars represent the 95% HDP (High Posterior 
Density) of node ages. Map inside dashed rectangle represent geographic position of samples used in the analyses, colored by clade in this tree. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.) 
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surprising considering the relatively old history of the complex when 
compared to other Neotropical birds (Silva et al., 2019). We found few 
but nonetheless interesting discordances between mitochondrial and 
genomic datasets, which suggests their evolutionary histories might 
have been complex in some areas. The distributions of lineages are 
mainly delimited by large Amazonian rivers and the Andes, a classic 
pattern already described for other organisms (Cracraft, 1985; Cracraft 
et al., 2020; Wallace, 1852), although phylogenetic relationships among 
them are idiosyncratic. Below, we describe our proposal of revised 
species limits for Tunchiornis, applying the International Code of 
Zoological Nomenclature (ICZN, 1999), and discuss some of the mech
anisms that might underlie the temporal and spatial pattern of their 
diversification, the discordance between mtDNA and nuDNA phyloge
netic trees, and the decoupling between phenotypic and genotypic 
patterns. 

4.1. Species delimitation 

The two deepest nodes in our phylogeny (Fig. 4) separate three un
mistakably distinct species that can be readily differentiated by a single 

plumage character: the coloration pattern of the front and crown 
(Fig. 6a). The first split also separates the white from the brown-eyed 
clades (even though this character is not fully fixed, Fig. 6c) (Todd, 
1929), which roughly correspond to a west-east geographic separation. 
Then, the eastern clade is separated into two lineages, distributed on the 
Guyana and Brazilian Shields north and south from the Amazon River. 

The Guyana shield lineage has a relatively distinct song pattern with 
most songs being longer in duration and composed of two descending 
syllables, a characteristic found only in this group. Although this char
acter is relatively reliable to distinguish this lineage—and this certainly 
has a biological meaning as evidence of a distinct evolutionary 
pathway—, it cannot be used as a diagnostic character because these 
birds also sing one syllable songs, which are not different from the songs 
of the remaining lineages. 

The Brazilian Shield lineages can be further divided into three 
genomic groups (separated by the Tapajós and Xingú rivers) with no 
fixed morphological differences but with one lineage being relatively, 
but not unmistakably, distinguished by vocal characters. Birds west of 
the Tapajós River (Madeira-Tapajós interluve) have a distinct song with 
two to three syllables (as opposed to one) with the three-syllable song 

Fig. 6. Geographic variations of plumage color/pattern in Tunchiornis ochraceiceps. Numbers in brackets correspond to color codes in Smithe (1975). Colors in 
parentheses correspond to the colors of the symbols plotted in the map. (a) Extension of frontal pattern: rufous (variable in tone) and extended, forming a crown 
(green); rufous rufous (variable in tone) but restricted to the lores and around the eyes (black); and absent or vestigial in whitish or light yellow colors [157] (pink). 
(b) Color variation of the front in specimens with extended rufous/ochraceous front: paler/ochraceous [24 + 38] (light orange); intermediate [140] (medium or
ange); darker/rufous [140 + 132] (brown). (c) Iris color: pale [specimen’s tag information, not color referenced], (white) and dark (brown). Illustration (c) by Nelson 
Buainain. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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ascending in frequency, and thus different from the closely related 
lineage east of the Tapajós, as well as different from all other lineages. 
However, songs with one and two syllables were found at the Juruena- 
Teles Pires interfluve, at the limits of their distributions in Southeastern 
Amazonia. Only the genotype associated with the single-syllable song 
pattern (clade east of the Tapajós) was found in that region. Thus, it is 
possible that either the eastern populations have more song plasticity in 
that area, or that both lineages co-occur there, possibly hybridizing, 
although no evidence of admixture was found in those samples. The co- 
occurrence hypothesis may be more plausible given the constancy of 
song pattern in the remaining parts of the eastern lineage distribution 
and because the area in question has been shown to be a contact zone for 
other bird taxa (Weir et al., 2015). However, our vocal sampling in the 
area is not very extensive so the observed patterns have to be interpreted 
with caution considering that (i) the multiple-syllable population on the 
Guyana Shield can also occasionally produce single-syllable songs; (ii) 
the possible formation of dialects (i. e. nearby birds tend to sing more 
similar song due to a strong learning component); and (iii) large rep
ertoires. Both dialects and large repertories are common phenomena in 
songbirds (suborder Passeri) (Catchpole and Slater, 2008). 

In addition to the complex scenario of phenotypic variation, we 
found admixed ancestry among the three groups in SEA (Fig. 2), and the 
multi-species coalescent tree did not fully support the Tapajós-Xingú 
clade. Thus, we cannot rule out the possible role of gene flow or 
incomplete lineage sorting among those three lineages. Despite some 
evidence supporting differentiation, overall evidence for recognition of 
more than one species in SEA is dubious. Further genomic and vocal 
sampling in the Juruena-Teles Pires region is necessary to clarify the 
species limits in the area. Based on current evidence, the lineage at the 
Madeira-Tapajós interfluve can be considered a distinct subspecies, 
since it is monophyletic and relatively differentiated by song. 

Within the western, white-eyed clade, the geographic extremes of the 
trans-Andean populations are distinct in morphology (but not vocally), 
but samples from Costa Rica to the northwestern limits of Colombia are 
clearly intermediate. Genomic data suggests these intermediate in
dividuals also have admixed ancestry in the genomic data and some are 
assigned to different clades in the mtDNA and nuDNA datasets. The 
EEMS analyses showed extensive effective migration in the CAM with 
more limited migration between the CAM and CHO populations in the 
Panama region. Overall phenotypic and genotypic results indicate 

Fig. 7. Geographic variations of plumage color/pattern in Tunchiornis ochraceiceps. Numbers in brackets correspond to color codes in Smithe (1975). Colors in 
parentheses correspond to the colors of the symbols plotted in the map. (a) Color pattern in ventrum (except throat): yellow [157] and gray [86] strongly tinged buff 
[24] (dark orange); yellow and gray somewhat tinged buff (light orange); gray strongly tinged yellow (yellow); gray with some yellow streaks (cross); gray tinged 
with buff and olive-green [48 or 49] (green); gray tinged olive-green (black). (b) Color of ventrum: yellowish olive-green [50] (light green); intermediate between 
yellowish olive-green and olive-green (medium green); olive-green (dark green); predominantly olive-green with brown [37 or 129] (green over orange); pre
dominantly brown with olive-green (orange over green); brown (orange). (c) Color of suffusion over sepia tertiaries: brown (orange); mixture of brown and green 
[48, 49 or 50] (orange over green) and green (green). (d) Color of rectrices: brown (orange); predominantly brown with green suffusion (orange over green); 
predominantly green with brown suffusion (green over orange); green (green). (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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differentiation with introgression between those two genomic lineages. 
In addition, the cis-Andean western Amazonian lineages cannot be 
morphologically or vocally distinguished from birds in the Chocó region. 
So, although there is a tendency for morphological differentiation, there 
is no clear phenotypic diagnosis between the lineages in CAM, CHO, 
SWA and NWA. Nevertheless, the cis- and trans-Andean lineages are 
currently geographically isolated, form different clades, have no 
admixed genotypes, and no effective migration between them, which 
suggests no geneflow at present or in the recent past. These two lineages 
split over 4 Ma, an astonishingly long time considering their phenotypic 
similarity. This divergence time is far older than many other Neotropical 
birds currently considered different species (or even genera) (Barker 
et al., 2015; Imfeld et al., 2020; Silva et al., 2019). Although we did not 
include genetic samples from northern Peru and western Colombia, the 
closest area between the cis and trans Andean lineages, introgression 
between them is unlikely considering the divergence time and the 
magnitude of the geographic barrier separating them. Even though 
specimens from that area usually have the phenotype common in other 
NWA specimens, future survey is desirable to determine the genomic 
assignment of those populations . Thus, we suggest that the cis- and 
trans-Andean lineages are cryptic species, despite the apparent lack of 
diagnosability. The similarity in plumage pattern is probably due to 
retention of ancestral polymorphism, and it would be unreasonable to 
disregard all the evolutionary evidence provided by molecular data 
pointing to the deep differentiation and geographic isolation between 
these two lineages. 

Within western Amazonia, samples were divided into at least two 

major genomic clades (north and south of the Solimões River) possibly 
with further and shallower substructure that is more evident in the 
mtDNA. Although some individuals from southwestern Amazonia tend 
to have a more citrine dorsal plumage and a paler rufous crown, and 
northwestern specimens tend to have grayer ventrum with olivaceous 
feathers and a darker rufous crown, identical phenotypes can be found in 
both northwestern and southwestern Amazon. No vocal differentiation 
was found among them and admixed genotypes were found among the 
two areas. Therefore, these variations are best characterized as struc
tured populations of the same species and do not warrant being desig
nated as separate taxonomic units. 

4.2. Nomenclatural applications 

We suggest a taxonomic arrangement with four species, two of which 
include two subspecies each, for a total of six taxa (Fig. 10) and the 
names that should be applied to them are: 1) T. ochraceiceps (Type lo
cality Playa Vicente, Oaxaca, Mexico, Type material BM1886-9-15-315 
in British Museum) from the trans-Andean region; 2) T. ferrugineifrons 
(Sclater, 1862) (Type locality “Bogota”, Colombia, Type material BM86- 
9-15-317 in British Museum) a cryptic species from western Amazonia 
occurring between the Madeira and Branco rivers; 3) T. luteifrons 
(Sclater, 1881) from the Guyana Shield east of the Branco River (Type 
locality “Bartica Grove, British Guyana”, Type material not examined, in 
British Museum); and 4) T. rubrifrons (Sclater & Salvin, 1867) from the 
Brazilian Shield, east from the Madeira River (Type locality “River 
Amazon, Para”, Type material BM1886-9-15-316 in British Museum). 

Fig. 8. Geographic variation of descriptive vocal character in Tunchiornis ochraceiceps: (a) number of syllables; and modulations of (b) first, (c) second and (d) third 
syllables. Sonograms inside windows show a visual representation of each character state determined for each character. 
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The Madeira-Tapajós lineage may be attributed to a different sub
species, T. rubrifrons lutescens (Snethlage, 1914) (Type locality “Boim, 
Rio Tapajoz, Para, Brazil”, type material MPEG 8552 in Museu Goeldi). 
Although our genomic sampling in CAM is limited, the phenotypic and 
genomic results suggest that the populations (including the type mate
rial) carrying the subspecific names T. o. pallidipectus (Ridgway, 1903) 
and T. o. pacificus (Parkes, 1991) are not distinguishable from specimens 
of T. o. ochraceiceps. Tunchiornis o. nelsoni (Todd, 1929) is the morpho
logical and geographic intermediate (as already observed by Todd 
(1929)), and a genomically-admixed form between the two trans-An
dean parental forms T. o. ochraceiceps and T. o. bulunensis (Hartert, 
1902), although mtDNA and EEMS results suggest that the evolutionary 
history in the area is more complex (see mtDNA and nuDNA discordance 
section). Thus, we suggest that all taxa in CAM should be considered 
junior synonyms of T. ochraceiceps, while Tunchiornis o. bulunensis, from 
the CHO region, may be considered a different subspecies (Type locality 
“Bulún, Esmeraldas, Ecuador”, misspelling of Pulún, type material 
AMNH 505,298 in American Museum of Natural History). The subspe
cies T. o. viridior, associated with the paler plumages of southwestern 
Amazonia in southern Peru and northern Bolivia is not a valid taxon and 
should be synonymized with T. ferrugineifrons. 

In summary, our suggested taxonomic arrangement consists of the 
following six taxa: T. o. ochraceiceps, T. o. bulunensis, T. ferrugineifrons, 
T. luteifrons, T. r. rubrifrons and T. r. lutescens (Fig. 10). All names applied 
are in agreement with their original description, type material, and 
within their type locality range. A further discussion on type specimens 
and their localities, the descriptions of each taxon, geographic 

distribution, and the lists of type material and synonyms can be found in 
Supplementary Material 6. 

4.3. mtDNA and nuDNA discordance 

West of the Andes, nuDNA shows admixed genotypes between two 
parental populations with limited effective migration in Panama (Figs. 2 
and 3), but mtDNA revealed a third mitochondrial lineage exclusive to 
the eastern Panamanian region and sister to the CHO lineage instead of 
to the remaining CAM samples. The associated divergence is relatively 
old (~2 Ma). This suggests that gene flow with the CAM lineage was 
once limited or absent, allowing mitochondrial differentiation, but that 
secondary contact may have caused admixture of genotypes before 
complete isolation, consequently erasing a part of the evolutionary 
history from the genomic DNA. Thus, trans-Andean diversification is 
probably not due to primary differentiation as suggested by a possible 
clinal variation in plumage and may be more complex than a single 
secondary contact event between the CAM and CHO populations. More 
investigation is required to elucidate the diversification processes in that 
area, which is known to be evolutionarily complex (Brumfield and 
Braun, 2001; Brumfield et al., 2007). 

In western Amazonia, besides the distinct placement of the admixed 
samples from the Japurá-Solimões interfluve (orange in Figs. 4 and 5) 
and northwestern Peru (purple in Figs. 4 and 5) in the mtDNA and 
nuDNA phylogenetic trees, they both represent relatively old mtDNA 
lineages. Additional structure in western Amazonia is also suggested by 
EEMS (Fig. 3, b2) in these two regions and possibly in the mid Ucayali 

Fig. 9. Scatter plot and Principal Component analysis quantitative vocal characters of Tunchiornis ochraceiceps populations classified by genomic groups. Circles, 
boxplots and ellipses are colored according to population assignments. Ellipses represent the 95% confidence level. 
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River. This possibility is not surprising given that geographically 
restricted lineages in western Amazonia were also found in other upland 
forest birds (Berv et al., 2019; Cheviron et al., 2005; Ferreira et al., 
2017). However, further sampling is necessary to evaluate if: 1) these 
lineages are actually distinct, especially in nuDNA, and their admixed 
genotypes obtained in sNMF are misleading due to small sample sizes; 
and/or 2) isolation with incomplete speciation or introgression occurred 
in some parts of western Amazonia. Evidence for introgression between 
lineages from different Amazonian interfluvia is becoming more 
frequent with the use of genomic data and might be more common than 
previously thought (Buainain et al., 2020; Dias et al., 2018; Ferreira 
et al., 2018). In any case, overall evidence points to a complex and dy
namic diversification in western Amazonia during the Pleistocene. 

4.4. Contribution to the historical biogeography of northern south 
American forests 

The revised taxonomy and robust phylogenetic relationships pre
sented here allow the analysis of one of the few diversification patterns 
available for lowland northern South American oscines. Although time 
estimates are based on mtDNA evolutionary rates with large confidence 
intervals, the pattern obtained suggests that in contrast to most oscines, 
which colonized South America after the final closure of the Panama 
Isthmus (usually in the last 4 myr) (Barker et al., 2015; Smith and Klicka, 
2010), Tunchiornis has been diversifying in South America for a rela
tively longer period (9 Ma). This time frame is old even when compared 
with most other modern Amazonian terrestrial vertebrates, many of 
which originated in the last 5 myr (Cracraft et al., 2020). 

Although lineages of T. ochraceiceps are delimited by large Amazo
nian rivers, a pattern commonly found in many other understory birds 
associated with upland forests (Cracraft, 1985; Cracraft et al., 2020), the 
spatial and temporal patterns we found are not very common in other 
studies. The oldest divergence within Tunchiornis separates clades that 
are currently delimited by the Branco and Madeira rivers, in an east-west 
pattern. Usually, the first divergence events observed in groups with 

similar distribution are either between cis- and trans-Andean lineages, or 
between taxa north and south of the Amazon River, and at more recent 
times (Bates et al., 1998; Silva et al., 2019). It is possible that the initial 
divergence of Tunchiornis can be attributed to an ancestral distribution 
restricted to upland forests at the base of the Andes, and at the Brazilian 
and Guyana shields, that were isolated by an unsuitable region largely 
dominated by aquatic, flooded and grassy habitats, corresponding to the 
Solimões sedimentary basin (Bicudo et al., 2019). A recent colonization 
of the sedimentary basin is also suggested by the long branches leading 
to western Amazonian lineages, whose diversification started only in the 
last 1.1 myr. Recent diversification in western Amazonia has been pre
viously recovered for other groups and has been attributed to a recent 
expansion of upland forest into the sedimentary basin (Bicudo et al., 
2019; Pupim et al., 2019; Ribas et al., 2018). 

The establishment of the modern Amazonian drainage system, as a 
result of the final uplift of the Andes, is considered one of the most 
important geological event for the assembly of the current Amazonian 
biota. This process may have caused isolation and vicariance among 
previously widespread populations (Hoorn et al., 2010; Ribas et al., 
2012). However, the timing of that event is debatable and ranges from 
10 to 2.5 Ma (Campbell et al., 2006; Hoorn et al., 2010; Latrubesse et al., 
2010). Although the Miocene model (10–7 Ma), based on the arrival of 
Andean sourced sediments at the Amazon fan, is one of the most refer
enced, finer sampling in bird and primate phylogeographic studies have 
failed to corroborate this date, as divergence times are usually younger 
(Plio and Pleistocene) (Boubli et al., 2015; Byrne et al., 2018; Ferreira 
et al., 2017; Ribas et al., 2012; Silva et al., 2019). The divergence time 
we find between the SEA and NEA lineages in eastern Amazonia (7.5 
Ma) might be the first case of bird taxa being congruent with the 
establishment of a trans-continental configuration of the Solimões- 
Amazonas course proposed by the Miocene model. But interestingly, the 
north-south divergence obtained for western Amazonian lineages (1.1 
myr) was not synchronous with the same event, suggesting that different 
processes may have acted on upper and lower Amazonas-Solimões. A 
more direct vicariant impact of the final uplift of northern and central 

Fig. 10. Geographic distribution of the taxa delimited in the Tunchiornis genus after our taxonomic decision based on genomic, morphologic and vocal data. The 
distribution polygons were drawn around all samples used in this study (see Fig. 1). Possible contact zones between taxa are shown in black diagonal bars. 
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Andes is suggested by the divergence among the Tunchiornis lineages 
currently distributed on opposite sides of the Andes at 4.5 Ma. This time 
period is congruent with geological estimates for that event at 5–2.5 Ma 
(Gregory-Wodzicki, 2000; Hoorn et al., 2010), and with divergence 
times found for other taxa with similar distribution (Brumfield and 
Edwards, 2007; Weir and Price, 2011). 

Several Tunchiornis lineages originated more recently, during the 
Pleistocene (last 2.6 Ma). Increasing evidence suggests differential im
pacts of climate variation and sedimentation patterns on the availability 
and connectedness among upland forest environments in Amazonia 
during this period (Buainain et al., 2020; Cheng et al., 2013; Pupim 
et al., 2019; Silva et al., 2019; Wang et al., 2017). The improved taxo
nomic and phylogenetic information presented here makes Tunchiornis 
an interesting model to further test biogeographic hypotheses in the 
region. 

4.5. Phenotypic conservatism 

It is remarkable how morphologically and vocally similar the 
different lineages are despite the large divergence times among them. 
Even the most divergent lineages have notably conserved and/ or 
unfixed phenotypic characters (plumage, morphometric and vocaliza
tion). The overall song variation is also low considering the striking 
vocal capacity in developing dialects and extensive repertoires that 
oscine birds have, as well as the vocal variation found in closely related 
species (Catchpole and Slater, 2008; Raposo et al., 1998). This decou
pling between genomic and phenotypic differentiation suggests that 
despite deep divergence, little evolutionary pressure (social and/or 
ecological) may have existed to develop phenotypic differentiation, thus 
pointing to stabilizing, rather than directional selection over those traits. 
A similar scenario was observed for other Amazonian vertebrates 
(Kaefer et al., 2012; Pulido-Santacruz et al., 2018) suggesting that this 
might be a common phenomenon. Despite its wide distribution, Tun
chiornis is primarily associated with upland rain forests (Terra Firme), 
being more abundant in the interior of primary forest than edges and 
second-growth (Antongiovanni and Metzger, 2005). It is possible that a 
more strict habitat association coupled with unsuccessful colonization of 
new or sub-optimal habitat, resulted in slower diversification rates by 
not imposing selective pressure for new phenotypic traits. Although 
extensive habitat heterogeneity can be found in Amazonia, even within 
upland forests (Tuomisto et al., 2019), Tunchiornis might track similar 
habitat conditions in different parts of the heterogeneous forest, or 
perhaps the magnitude of habitat variation is not relevant enough to 
drive phenotypic selection in the group. 

Our results are congruent with other studies on Amazonian birds, 
which show that speciation in the tropics can occur with slow evolu
tionary rates in phenotypic traits responsible for pre-zygotic isolation 
(mating recognition) and slow accumulation of genomic differences 
with no directional selection. This accumulation eventually results in 
postzygotically isolated, but phenotypically similar species and this 
speciation mode might be common in tropical regions, especially in 
Amazonian upland forests (Cronemberger et al., 2020; Pulido-Santacruz 
et al., 2018). 

Interestingly, in Central America, these birds also occupy deciduous 
forests (Stiles et al., 1989), and despite the Chocó-Central America split 
being relatively recent within the group, Mesoamerican birds have one 
of the most distinct plumage within the genus, being mostly brown on 
the dorsum—thus lighter in tone—instead of olive-green. This is 
congruent with the tendency of some birds and mammals from more 
humid and darker habitats, such as rainforests, to have darker coloration 
than those from drier and more open environments, which have been 
associated with more rufous tones, the so called Gloger’s rule (Kamilar 
and Bradley, 2011; Marcondes and Brumfield, 2019; Marcondes et al., 
2020; Miller et al., 2019; Zink and Remsen Jr., 1986). The distinct 
coloration may provide better crypsis and better chances of survival in 
their respective habitats, or heavier pigmentation may confer protection 

against feather degradation by bacteria, which are more abundant in 
humid environments (Burtt and Ichida, 2004; Goldstein et al., 2004). 

The evolution of phenotypes can be complex, especially in evolu
tionarily complex environments such as the Neotropics. In this sense, 
different evolutionary forces (e. g. genetic drift, natural and social se
lection) may act distinctly over different phenotypic characters (Cadena 
and Zapata, 2021; Zamudio et al., 2016). This may result in asynchro
nous variations where some characters have little variation among 
populations (e. g. morphometrics), others may be variable, but not 
necessarily indicative of phylogenetic relationships (e. g. some plumage 
characters studied here) and some may be fixed among populations but 
as a result of different drivers. Further studies might help to elucidate if 
the ecological niche of Tunchiornis is restricted, if niche restriction can 
be associated with phenotypic conservatism, and if distinct evolutionary 
processes are driving the evolution of the different phenotypic charac
ters like plumage coloration and vocalization. 

5. Conclusions 

By improving our knowledge about the systematics and distribution 
of Tunchiornis, we set a clearer scenario for future studies on the species 
and broader biological studies that rely on well-defined evolutionary 
units. Coupling genomic and phenotypic approaches while considering 
the intrinsic natural history aspects of each organism is essential for 
understanding the evolutionary forces acting on phenotypic characters 
and diversification of organisms. This allows us to understand why 
different lineages evolve at different paces and modes, and consequently 
propose more realistic species limits. Tunchiornis is a remarkable 
example of an ancient taxon with underestimated diversity due to 
decoupling between conserved phenotypic characters and deep molec
ular divergence, possibly due to stabilizing selection related to habitat 
specificity and/or absence of social selection. In contrast to other os
cines, diversification within the genus has been occurring in South 
America for a relatively long time period, and its unique evolutionary 
history provides important information for comparative biogeographic 
studies. 
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