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Abstract.—Some phylogenetic problems remain unresolved even when large amounts of sequence data are analyzed 
and methods that accommodate processes such as incomplete lineage sorting are employed. In addition to investigating 
biological sources of phylogenetic incongruence, it is also important to reduce noise in the phylogenomic dataset by 
using appropriate 8ltering approach that addresses gene tree estimation errors. We present the results of a case study 
in manakins, focusing on the very dif8cult clade comprising the genera Antilophia and Chiroxiphia. Previous studies 
suggest that Antilophia is nested within Chiroxiphia, though relationships among Antilophia+Chiroxiphia species have 
been highly unstable. We extracted more than 11,000 loci (ultra-conserved elements and introns) from whole genomes 
and conducted analyses using concatenation and multispecies coalescent methods. Topologies resulting from analyses 
using all loci differed depending on the data type and analytical method, with 2 clades (Antilophia+Chiroxiphia and 
Manacus+Pipra+Machaeopterus) in the manakin tree showing incongruent results. We hypothesized that gene trees that 
con9icted with a long coalescent branch (e.g., the branch uniting Antilophia+Chiroxiphia) might be enriched for cases of 
gene tree estimation error, so we conducted analyses that either constrained those gene trees to include monophyly of 
Antilophia+Chiroxiphia or excluded these loci. While constraining trees reduced some incongruence, excluding the trees 
led to completely congruent species trees, regardless of the data type or model of sequence evolution used. We found that 
a suite of gene metrics (most importantly the number of informative sites and likelihood of intralocus recombination) 
collectively explained the loci that resulted in non-monophyly of Antilophia+Chiroxiphia. We also found evidence for 
introgression that may have contributed to the discordant topologies we observe in Antilophia+Chiroxiphia and led to 
deviations from expectations given the multispecies coalescent model. Our study highlights the importance of identifying 
factors that can obscure phylogenetic signal when dealing with recalcitrant phylogenetic problems, such as gene tree 
estimation error, incomplete lineage sorting, and reticulation events. [Birds; c-gene; data type; gene estimation error; 
model 8t; multispecies coalescent; phylogenomics; reticulation]

The increase in sequence data has introduced the 
challenge that gene trees often yield con9icting 
topologies due to the heterogeneity of gene histories 
(Pamilo and Nei 1988; Maddison 1997; Degnan and 
Rosenberg 2006; Edwards 2009). Con9icting signals 
can arise from various sources, such as incomplete 
lineage sorting (ILS), recombination, or reticulation 
events like introgression, hybridization, and horizon-
tal gene transfer (reviewed by Degnan and Rosenberg 
2009). Advances in next-generation sequencing tech-
nologies have facilitated examination of some of 
these complex hypotheses with substantial sequence 
data sampled across the genome (e.g., Chen et al. 
2019; Meleshko et al. 2021). However, some phyloge-
netic problems have remained unresolved despite the 
use of large amounts of unlinked sequence data, for 
example, the early evolution of metazoans (Philippe 
et al. 2009; Simion et al. 2017; Pandey and Braun 
2020), the root of placental mammals (McCormack et 
al. 2012; Song et al. 2012), and the early divergences 
of Neoaves (McCormack et al. 2013; Jarvis et al. 2014; 
Prum et al. 2015).

In addition to deep divergences, rapid radiations 
can also be challenging for phylogenetic resolution as 
they provide little time for genetic markers to accu-
mulate adequate substitutions to resolve phylogenetic 
relationships, leading to short internal branches or 
polytomies in the tree (Braun and Kimball 2001). When 
divergence time is short relative to effective population 
size, ILS can be especially problematic for phyloge-
netic inference and the most common gene tree topol-
ogy can differ from the species tree in a region of tree 
space called the anomaly zone (Degnan and Rosenberg 
2006). It has been shown that concatenation methods 
can be positively misleading when the species tree is 
in this zone (Kubatko and Degnan 2007; Roch and Steel 
2015; Mendes and Hahn 2018). Multispecies coales-
cent (MSC) methods can in theory accommodate this 
problem. However, the incongruence between trees can 
also result from the systematic errors due to nonphylo-
genetic signals in the data which cannot be eliminated 
by the addition of more data, for example, structured 
noise that results from model violation of the data 
(Jeffroy et al. 2006; Philippe et al. 2011). Reducing noise 
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in phylogenomic dataset is important for fully resolv-
ing dif8cult phylogenetic questions, but it is not always 
clear how nonphylogenetic signal will bias phyloge-
nomic inference with empirical datasets.

To alleviate issues associated with potentially prob-
lematic data, various data 8ltering approaches have 
been proposed previously. These include, for exam-
ple, selecting stationary genes (Collins et al. 2005) to 
avoid base compositional bias or selecting genes based 
on informative sites (e.g., Leite et al. 2021) and miss-
ing data (e.g., Hosner et al. 2016) or simply 8ltering 
by data type. Different data types can yield discordant 
phylogenies (e.g., Jarvis et al. 2014), for example, exons, 
introns, and ultra-conserved elements (UCEs) have all 
been used widely; however, exons can sometimes yield 
unstable results compared with introns (e.g., Chen et 
al. 2017), exhibit more content variation, and do not 8t 
commonly used models of sequence evolution as well 
as the non-coding regions, such as introns and UCEs 
(e.g., Reddy et al. 2017). Apart from subsampling loci 
prior to tree estimation, there are also approaches that 
subsample gene trees as the input for coalescent meth-
ods to address estimation error, for example, subsam-
pling based on gene tree topological incongruence (e.g., 
Arcila et al. 2017), gene tree distances (e.g., Simmons et 
al. 2016), and gene tree bootstrap support (e.g., Salichos 
and Rokas 2013). However, these various 8ltering 
approaches have not always been effective at reconcil-
ing discordance, and the best approach(es) to use, if any, 
are not clear. Some locus subsampling approaches can 
reduce the accuracy of summary methods; this has been 
shown for 8ltering loci based on missing data (Molloy 
and Warnow 2018) and for subsampling based on a sin-
gle gene property (Mongiardino Koch 2021). Especially 
for datasets like the ones analyzed in this study, where 
the loci are relatively long and informative because they 
were generated by whole genome sequencing, many 
commonly used 8ltering methods (like those based on 
locus informativeness) may be inappropriate.

A different 8ltering criterion that does not rely on any 
individual gene property might be more appropriate 
when estimated gene trees are based on highly informa-
tive genomic regions: removal of gene trees that con9ict 
with a clade that has been well supported from previous 
work, and where the branch leading to this clade is long 
in coalescent units such that gene trees characterized by 
deep coalescence are unlikely. In these cases, gene trees 
that con9ict with this branch are likely enriched for esti-
mation errors. The rationale for this 8ltering approach is 
based on spectrum of expected c-gene lengths. c-genes 
(coalescence genes) are genomic segments each with a 
single branching history (Doyle 1995, 1997). Since deep 
coalescence trees, by de8nition, have more ancient 
divergences than shallow coalescence trees, a c-gene 
associated with a deep coalescence gene tree will have 
experienced more recombination events that reduce the 
length of that c-gene. For example, for human–chimpan-
zee–gorilla divergence, the shallow coalescence c-genes 
were estimated to range from 532 to 2710 bp in length, 
whereas the deep coalescence c-genes ranged from 41 

to 65 bp (Hobolth et al. 2007). This further leads to the 
expectation that c-genes associated with deep coales-
cence gene trees will be similar in length to c-genes for 
shallow coalescence gene trees when the focal branch is 
short (i.e., very little time for recombination), but deep 
coalescence c-genes will be much shorter than shallow 
coalescence c-genes when focal branch in the species 
tree is long (Hobolth et al. 2007).

The expectation that deep coalescence c-genes will be 
short leads us to a fundamental question: why would 
analyses of relatively long regions yield estimated gene 
trees that appear to re9ect very deep coalescences? After 
all, we expect the majority of sites in any relatively long 
genomic segment to have a shallow coalescence. The 
simplest explanation for any apparent deep coalescence 
gene trees is estimation error, regardless of whether 
that error is stochastic (e.g., Meiklejohn et al. 2016) or 
systematic (e.g., Richards et al. 2018). Alternatively, the 
analyzed region could have been subject to intralocus 
recombination and therefore include 2 or more c-genes, 
at least one of which is a deep coalescence gene. 
However, intralocus recombination can itself lead to 
erroneous estimation of phylogeny (see Schierup and 
Hein 2000). Finally, it is possible that the deep coales-
cence gene tree is real and the region in question is an 
exceptionally long c-gene with that topology—though 
we expect these to be rare. If deep coalescence gene 
trees are enriched for erroneous gene trees, they should 
be correlated with known sources of gene tree estima-
tion error (e.g., loci with limited phylogenetic informa-
tion, deviations from base compositional stationarity, 
or evidence for intralocus recombination). In this case, 
removing those gene trees from consideration could 
improve estimation of the species tree.

We present the results of a case study within manak-
ins (Aves: Pipridae), which are known for their strong 
sexual dimorphism, elaborate courtship displays in leks 
(including choreographed multi-male displays for some 
species), and diverse coloration patterns (Snow 1963; 
Sick 1967). Our primary focus was on the Antilophia 
and Chiroxiphia clade which comprises 7 extant species. 
There is consistent evidence showing that Antilophia 
is nested within Chiroxiphia, rendering it paraphyletic 
(Tello et al. 2009; Ohlson et al. 2013; Silva et al. 2018; 
Harvey et al. 2020; Leite et al. 2021). Although previ-
ous phylogenetic studies agreed on the monophyly of 
Antilophia+Chiroxiphia, relationships within this clade 
remain unstable across analyses. Leite et al. (2021) used 
~2200 UCEs with an average length of ~640 bp but still 
produced con9icting topologies depending on choice of 
analytical method and informative site 8ltering scheme 
for this clade. Therefore, it is worthwhile to revisit this 
problem with an additional data type, more and longer 
loci, and more informative sites.

We collected genomic data for 14 manakins, and 
added data from 6 published genomes, for a total of 
18 species (20 individuals) sampled across the fam-
ily Pipridae. We extracted UCEs (average length over 
2000  bp) and introns, with a total dataset comprising 
more than 11,000 loci—many more loci and informative 
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sites than previous phylogenomic work on this group 
(e.g., Harvey et al. 2020; Leite et al. 2021). Our goals 
were to 1) examine whether introducing more data/
data types helps resolve the incongruence observed 
for Antilophia+Chiroxiphia in previous studies; 2) 
investigate differences between data types, models 
of sequence evolution and analytical methods; and 3) 
explore the potential sources of incongruence, such as 
gene tree estimation error, ILS, and reticulation events. 
To address these questions, we 8rst conducted phy-
logenomic analyses using concatenation and MSC 
approaches to examine whether UCEs and introns esti-
mate the same topology and whether concatenation 
and MSC methods agree. We then chose a branch with 
long coalescent branch length in the species tree and 
used this branch to de8ne an expected monophyletic 
clade. We used non-monophyly of this clade to identify 
the gene trees likely to be inaccurate, and subsampled 
loci and their associated gene trees. We performed tests 
of stationarity, homogeneity, and signals of recombina-
tion and used a logistic regression model to identify the 
metrics that best explained the loci that did not recover 
monophyly of the expected monophyletic clade. We 
also explored the potential biological sources of phy-
logenetic incongruence (ILS and reticulation) using 
relative frequency analysis, ABBA-BABA tests, and 
phylogenetic network analysis.

Materials and Methods

Taxon Sampling and Sequencing

We obtained fresh tissue samples for 14 individu-
als of 13 manakin species in Pipridae (Supplementary 
Table S1), including 2 individuals to represent the 2 
morphologically distinct groups of Lepidothrix coronata: 
L. c. minuscula (L. velutina minuscula in Moncrieff et al. 
2022) and L. c. exquisite. We extracted DNA from these 
14 samples and obtained low-coverage whole genome 
sequencing reads with average 9× depth (see White et 
al. 2022 for details). Raw genome reads are available 
under BioProject PRJNA727529 in NCBI SRA data-
base. We then performed quality control and trimmed 
raw sequence reads to eliminate adapter contamina-
tion using Trimmomatic v0.39 (Bolger et al. 2014) with 
default settings. We also downloaded all available 
GenBank genome assembly data for 6 manakin species, 
including L. c. coronata, and for Empidonax traillii the 
Willow Flycatcher which represents the closely related 
family Tyrannidae as the outgroup. In total, we sam-
pled 20 individuals of 18 manakin species from 13 of 17 
named genera and 5 of 7 Antilophia+Chiroxiphia species 
(Supplementary Table S1).

Data Processing

We searched for UCEs in the 7 NCBI genome assem-
blies using the UCE 5K probe sequences, which are 
available from the PHYLUCE documentation (Faircloth 

2016) and extracted 1000 bases of 9anking sequence on 
each side of the conserved UCE core. As Neopelma chrys-
ocephalum is equally distant to all of our other sampled 
manakin taxa according to Leite et al (2021), we used 
it as a reference to map raw reads onto UCEs to avoid 
assembling some taxa on a closer reference sequence 
than other taxa. Since some UCEs may be nearby other 
UCEs, CAP3 (Huang and Madan 1999) was employed 
to identify and assemble overlapping UCEs into con-
tigs for Neopelma chrysocephalum, which in total yielded 
188 UCE contigs and 4495 UCE singletons. For the 188 
Neopelma UCE contigs, we used BLAST+ (Camacho 
et al. 2009) to search against the other 6 genomes and 
extracted the best hits by e-value.

For our shotgun sequencing data, we aligned paired-
end sequencing reads of the 14 manakin individuals 
to the Neopelma UCEs (4683 sequences, contigs plus 
singletons) using the alignment algorithm BWA-MEM 
(Li 2013) implemented in BWA v0.7.17. We then used 
SAMtools v1.10 (Li et al. 2009) to sort the SAM 8le and 
convert it to a BAM 8le for each individual. We kept 
only alignments with a MAPping Quality value of 60 
or greater and removed PCR duplicates. We called 
sequence variants using freeBayes v1.3.2 (Garrison 
and Marth 2012) and used BCFtools v1.5 (Li 2011) to 
extract all of the genotype entries and create a consen-
sus FASTA 8le for each haplotype. We generated con-
sensus sequences from 2 haplotypes for each locus and 
replaced heterozygous sites with IUPAC ambiguity 
characters using a custom perl script. We aligned UCEs 
from both sources (raw sequencing reads and GenBank 
genome assembly) and built alignments using MAFFT 
v7.407 (Katoh and Standley 2013). We retained the 
UCEs that contained at least 18 taxa (90% of taxa) for 
downstream phylogenomic analyses.

For introns, we used a reference dataset of 7057 intron 
alignments for 48 avian species (including Manacus vitelli-
nus) obtained from Jarvis et al (2014). In some cases, mul-
tiple introns from the same gene were included. These 
alignments were used as queries to search for introns 
from genome assemblies with Extract_seq.pl, a data 
extraction pipeline (https://github.com/aakanksha12/
Extract_seq) that uses the program nhmmer (Wheeler 
and Eddy 2013), to extract the best match to the query.

For mapping paired-end sequencing reads to the 
introns, we applied the same pipeline as described 
above for UCEs, except that we used the Manacus 
introns as the reference. We built 7057 intron align-
ments using MAFFT and used a custom perl script to 
prune alignments from the ends until there was at least 
one site with 60% of the genome assembly taxa present 
and 60% of all taxa present to avoid missing data biases. 
After pruning, we retained the introns that had at least 
18 taxa and were 500 bp in length for downstream phy-
logenomic analyses.

To evaluate genome coverage of our datasets, we 
BLASTed (Camacho et al. 2009) each locus against the 
Chiroxiphia lanceolata chromosomes (assembly bChi-
Lan1.pri) using makeblastdb and blastn to determine 
their chromosomal locations.
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Analyses of Concatenated Data

We performed 2 partitioned analyses in IQ-TREE 
v2.1.0 (Nguyen et al. 2015; Minh et al. 2020b) for each 
of the 3 datasets (UCEs, introns, and UCEs/introns com-
bined): 1) considering all standard substitution models 
and only allowing for invariable sites and the discrete 
gamma model for rate heterogeneity (-m TESTMERGE; 
traditional models) and 2) considering all previous 
models as well as the FreeRate heterogeneity model (-m 
MFP+MERGE; expanded models). All analyses were 
run for 1000 ultrafast bootstrap replicates (--ufboot 1000) 
with all partitions sharing the same set of branch lengths 
but allowing for partition-speci8c evolutionary rates 
(edge-proportional, -p). A greedy strategy was imple-
mented to search for the best-8t partition scheme and 
only the top 10% partition merging schemes were exam-
ined to reduce computational burden (-rcluster 10).

Gene Tree and Species Tree Estimation

We performed 2 separate gene tree estimations for 
every locus in IQ-TREE which considered 2 different 
model sets discussed above: traditional models (-m TEST), 
and expanded models (-m MFP). All analyses were run 
for 1000 ultrafast bootstrap replicates (--ufboot 1000) with 
zero length branches collapsed (--polytomy). We extracted 
the model 8t for every gene tree from the iqtree 8les to 
compare the model 8t between traditional and FreeRate 
models.

We then estimated species trees under the MSC model 
in ASTRAL 5.7.4 (Mirarab et al. 2014) using the gene 
trees estimated with traditional models in IQ-TREE and 
the gene trees estimated with expanded models respec-
tively. We also combined UCE and intron gene trees 
together to estimate a species tree in ASTRAL. A species 
tree estimated using the site-based coalescent method 
SVDquartets implemented in PAUP* (Swofford 1998) was 
done on the UCE and intron concatenated datasets. A 50% 
majority-rule consensus tree was computed based on 1000 
bootstrap replicates using 500,000 random quartets.

Due to the conserved core and variable 9anking 
regions, UCEs exhibit a high degree of among-sites rate 
heterogeneity. Tagliacollo and Lanfear (2018) propose 
UCE-speci8c models to address within-UCE heteroge-
neity. However, to allow for better comparison to the 
introns, we wanted to use the same set of models imple-
mented in IQ-TREE. Therefore, to account for rate het-
erogeneity within UCEs in our data, we also estimated 
gene trees using the left and right 9anking regions 
(1000 bases on each side) in IQ-TREE and input these in 
ASTRAL. Since the species tree topologies of the 9ank-
ing regions were identical to those of the whole UCEs 
for all ASTRAL analyses, we only present these results 
in Supplementary Data.

Topological Constraints and Data Filtering

There were a number of long branches in the ASTRAL 
species trees, and the 2 longest (both >1.8 coalescent 
units) were the stem branch uniting Antilophia and 

Chiroxiphia (referred as Antilophia+Chiroxiphia hereaf-
ter) and the stem branch uniting Antilophia, Chiroxiphia, 
Masius, and Corapipo (Fig. 1). We used non-monophyly 
of the Antilophia+Chiroxiphia clade to identify gene trees 
likely to be inaccurate, as this clade was not only united 
by a very long branch, but also had much more complete 
taxon sampling compared with the other clade. c-genes 
are expected to be especially short when they are dis-
cordant with a long branch in the species tree. Since 
our loci are relatively long, we believe that the majority 
of loci with gene trees that con9ict with this clade are 
likely to result from an erroneous estimate of phylogeny 
rather than genuine discordance. Genes that produced 
topologies that con9icted with Antilophia+Chiroxiphia 
monophyly were identi8ed using custom R scripts that 
incorporated the 8ndMRCA function in the R package 
phytools (Revell 2012). We also computed gene concor-
dance factors (Minh et al. 2020a) in IQ-TREE for UCEs 
and introns gene trees estimated with traditional and 
expanded models, respectively.

After we identi8ed the loci whose gene trees did not 
include a monophyletic Antilophia+Chiroxiphia clade 
(hereafter, referred to as “non-monophyletic loci”), we 
conducted 2 analyses. First, we excluded the non-mono-
phyletic loci and conducted our 3 major analytical 
methods: 1) we concatenated the “monophyletic loci” 
and reran partitioned analysis in IQ-TREE; 2) we gener-
ated an ASTRAL species tree using only the gene trees 
for monophyletic loci; 3) and we reran SVDquartets 
using the concatenated dataset of monophyletic loci. 
Second, we re-estimated gene trees (using either tra-
ditional or expanded models in IQ-TREE) for these 
non-monophyletic loci but enforced monophyly of the 
Antilophia+Chiroxiphia clade, and then we combined 
constrained gene trees with the original gene trees of 
the monophyletic loci to summarize an ASTRAL spe-
cies tree (constr1).

Our initial analyses with un8ltered datasets also 
revealed con9icting topologies within another 
clade (Manacus + Pipra + Machaeropterus) that 
received extremely high support in Leite et al. (2021) 
(see below). This motivated us to re-estimate all 
gene trees by simultaneously constraining mono-
phyly of both clades (Antilophia+Chiroxiphia and 
Manacus+Pipra+Machaeropterus) and summarizing the 
gene trees to an ASTRAL species tree (constr2).

We used DiscoVista (Sayyari et al. 2018) to summarize 
all ASTRAL species trees (un8ltered datasets, monophy-
letic loci only, constr1 and constr2) to show whether an 
internal branch in Antilophia+Chiroxiphia is supported 
or rejected by an ASTRAL tree. DiscoVista considers 
a branch with quartet support above 95% as strongly 
supported, a branch with 90–95% support as weakly 
supported, a branch that is not present in the tree but 
becomes compatible if low support branches (below 
90%) are collapsed as compatible (or weakly rejected), 
and a strongly rejected branch as incompatible.

We calculated average GC content, interquartile 
range of GC variation across taxa, number of parsimony 
informative sites, proportion of parsimony information 
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sites, and proportion of missing characters (Ns and 
gaps) for each locus to examine the summary statis-
tics of monophyletic and non-monophyletic loci. We 
tested stationarity and homogeneity using the IQ-TREE 
symtest (Naser-Khdour et al. 2019), which outputs the 
number of sequence pairs in each locus alignment that 
can reject the assumption of stationarity and homoge-
neity. We also examined intralocus recombination using 
3SEQ (Lam et al. 2018), which estimates the number of 
sequence triplets in each alignment that exhibit evi-
dence for recombination.

We used a generalized linear model to determine 
whether any of the properties that we measured for indi-
vidual loci can predict whether analysis of each locus will 
result in a tree that is monophyletic or not monophyletic 
for Antilophia+Chiroxiphia. To do this, we standardized the 
8 summary statistics to have a mean of zero and a stan-
dard deviation of one and then ran logistic regression with 
standardized variables combined using the glm function 
in R base package stats (R Core Team 2013). We did this 
separately for introns, UCEs, and all loci combined. We 
also performed Spearman’s correlation tests for all pairs 
of variables and reported the r values in Supplementary 
Table S2. The parsimony informative sites and propor-
tion of informative sites for UCEs are highly correlated (r 
= 0.947), since the UCEs in general have similar lengths. 
Therefore, we only kept the number of parsimony infor-
mative sites for the glm analysis of UCEs.

We calculated the absolute Robinson–Foulds (RF) 
tree distances (Robinson and Foulds 1981) between 
each gene tree and the reference tree using ETE Python 
toolkit v3.0 (Huerta-Cepas et al. 2016) with the 2 ten-
tative species tree topologies as the reference tree, 
respectively.

Test of the MSC Model

We pruned the UCE and intron gene trees estimated 
under traditional models to only include the 5 species 
in Antilophia+Chiroxiphia and Masius chrysopterus as out-
group. We then performed relative frequency analysis 
on pruned gene trees of UCEs, introns, and their mono-
phyletic loci, respectively, in DiscoVista (Sayyari et al. 
2018) to visualize the frequency of 3 possible gene tree 
topologies around a focal branch of their correspond-
ing species tree. As C. lanceolata and C. pareola were 
well-accepted as close relatives, sometimes treated as 
conspeci8c (Snow 2020), we grouped them together 
to better focus on the internal branches that exhibited 
discordance. For an unrooted 4-taxon species tree, there 
are 3 possible gene tree topologies, one concordant 
with the species tree topology and 2 discordant (Pamilo 
and Nei 1988). Given the MSC model, if ILS is the only 
cause of gene tree incongruence, we would observe 1) 
a majority topology that is congruent with the species 
tree with a frequency of gene trees higher than 1/3 and 
2) 2 minority topologies with equal frequencies (both < 
1/3).

Test for Reticulation Events

To test whether historical reticulation events like intro-
gression and hybridization contribute to the incongru-
ence observed in Antilophia+Chiroxiphia, we performed 
ABBA-BABA tests (Green et al. 2010; Durand et al. 2011) 
on all possible combinations of C. pareola, C. lanceolata, 
A. galeata, C. boliviana, and C. caudata under the 2 tenta-
tive species tree topologies with the relationship ((P1, 
P2), P3), using Masius chrysopterus as the outgroup. D 
statistics were computed to test for excessive gene 9ow 

Figure 1. ASTRAL species tree of Pipridae containing 18 species, 20 individuals, based on combined gene trees of 4606 UCEs and 6895 
introns estimated under the traditional models. Coalescent branch lengths greater than 1 are labeled on tree. Two clades shaded in gray showed 
topological discordance among analyses. Trees in boxes on right highlight the alternative topologies yielded in our study, color-coded based 
on shades used in Table 1. Node support values are shown in Table 1. (Note that Lepidothrix coronata minuscula was proposed to be renamed as 
Lepidothrix velutina minuscula in Moncrieff et al. 2022.).
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between the 2 nonsister taxa of a trio. For example, for 
trio C. boliviana (P1), C. caudata (P2), and A. galeata (P3), a 
positive D statistic indicates excessive gene 9ow between 
C. caudata (P2) and A. galeata (P3), whereas a negative D 
statistic indicates excessive gene 9ow between C. bolivi-
ana (P1) and A. galeata (P3). We 8rst extracted single-nu-
cleotide polymorphisms (SNPs) using SNP-sites (Page et 
al. 2016) for each 4-taxon set (a trio and the outgroup) 
from each locus alignment and wrote a custom script to 
randomly select one SNP per locus per set. We then com-
bined the SNPs for UCEs, introns and all loci respectively 
for each set to compute D statistics in the CalcD function 
of the R package evobiR (Blackmon and Adams 2015) 
and used 1000 bootstrap iterations to test for a signi8cant 
deviation from the null hypothesis of D statistic = 0 (no 
gene 9ow). We repeated the random selection of SNPs 
100 times for UCEs, introns and all loci combined.

We also estimated phylogenetic networks in PhyloNet 
v3.8.2 (Wen et al. 2018) which examines the strongest sig-
nals of introgression among any taxa, including unsam-
pled ghost lineages, unlike the ABBA-BABA tests which 
focus on introgression for targeted relationships and 
can be in9uenced if ghost lineages are not taken into 
account (Tricou et al. 2022). We used “MCMC_GT” in 
PhyloNet to estimate phylogenetic networks which per-
forms Bayesian inference of the posterior distribution of 
the networks (Wen et al. 2016). To do this, we used the 
pruned gene trees (pruned to Antilophia+Chiroxiphia and 
outgroup Masius chrysopterus) and performed separate 
network searches for UCEs, introns and all loci com-
bined, each with 3 sets of analyses: 1) one reticulation 
maximum (with MCMC chains running for 1,100,000 
generations, sampling every thousand, and a burn-in 
of 8rst 100,000 generations); 2) 2 reticulations maxi-
mum (MCMC chain = 550,000, sampling frequency = 
1000, burn-in = 50,000); and 3) 3 reticulations maximum 
(MCMC chain = 250,000, sampling frequency = 1000, 
burn-in = 50,000). Each analysis used 3 MCMC chains 
(1 cold chain and 2 hot chains; temperature list (1.0, 2.0, 
3.0)), and we conducted 3 independent runs for each 
analysis. We chose the number of generations for each 
MCMC analysis to allow them to complete within the 
time limit of our clusters (28 days). We then summa-
rized the 3 MCMC runs and assessed mixing of chains 
by examining the PSRF (potential scale reduction factor) 
values for posterior, likelihood and prior based on the 
tutorial in https://wiki.rice.edu/con9uence/display/
PHYLONET/MCMC_GT (PSRF approaching 1.0 indi-
cates good mixing). Only the top 3 most probable net-
works in the 95% credible set were considered for each 
dataset. Networks were visualized using Dendroscope 
(Huson and Scornavacca 2012).

Results

Sequencing Data

We obtained an average of 29,624,754 sequence reads 
per taxon after trimming for the 14 samples. The UCE 

dataset contained ~10  Mb of data comprising 4606 
UCEs with 94.6% data coverage and the intron dataset 
included ~10.94 Mb data, 6895 loci, with 98.1% coverage. 
Both UCEs and introns were sampled across the entire 
genome, covering almost all chromosomes, including 
the avian sex chromosome, Z (Supplementary Table S3).

Initial Phylogenomic Analyses

Our results overall showed congruent phylogenetic 
relationships with high support among most of the gen-
era. These relationships were constant across analyses 
using different datasets, model selections, and choices 
of method (Supplementary Figs. S1–S17) and corrobo-
rated the topologies presented in Leite et al. (2021). The 
exception were relationships within 2 clades, where 
relationships differed among analyses (Fig. 1).

For the Antilophia+Chiroxiphia clade, which exhibited 
discordant relationships in Leite et al. (2021), we found 
3 different topologies based on our initial phylogenomic 
analyses of the complete dataset: T1, T2, and T3 (Fig. 1 
and Table 1). The intron dataset introduced topology T3 
which had not been reported previously. ASTRAL spe-
cies trees supported either T1 or T3. Using ML, the UCE 
concatenated tree shifted from T2 to T1 when models 
switched from traditional to expanded models, though 
the intron dataset estimated T3 with both models. The 
SVDquartets trees, for both UCEs and introns, sup-
ported T1 (Supplementary Fig. S1). Thus, relationships 
within this group varied depending on dataset, model, 
and type of analysis.

Unexpectedly, we also observed incongruence among 
analyses for the clade containing Manacus vitellinus, 
Pipra #licauda and Machaeropterus pyrocephalus (Fig. 1). 
The intron dataset in general supported Ta (Manacus, 
(Pipra, Machaeropterus)) except for the SVDquartets tree, 
while UCEs supported Tb (Machaeropterus, (Manacus, 
Pipra)), although Leite et al. (2021) strongly supported 
Ta and the Ta topology was consistent with other recent 
studies (e.g., McKay et al. 2010; Ohlson et al. 2013; 
Harvey et al. 2020).

Another incongruence was found within the L. coro-
nata species complex. The divergence among the 3 sub-
species of L. coronata showed deep divergences, similar 
to differences among other Lepidothrix species. While 
concatenation and ASTRAL trees of both UCEs and 
introns all consistently supported a sister relationship 
between the 2 Peruvian samples (L. c. exquisita and L. 
c. coronata) with high support, SVDquartets trees sug-
gested L. c. exquisita sister to the Panamanian sample, L. 
c. minuscula (Supplementary Fig. S1).

Topological Constraints and Trees Filtering

Based on the concordance factors, we noted ~18% of 
UCE gene trees (traditional models: 18.3%; expanded 
models: 18.84%) and ~29% of intron gene trees (tra-
ditional: 28.98%; expanded: 28.8%) did not sup-
port monophyly for the Antilophia+Chiroxiphia clade 
(Supplementary Table S4), even though all of our 
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analyses and previous studies consistently identi8ed 
this as a monophyletic clade supported with a relatively 
long branch.

We 8ltered out the gene trees for these non-mono-
phyletic loci. After removal, UCEs and introns pro-
duced congruent ASTRAL trees supporting T3 and Ta, 
regardless of the models used (Table 1). Concatenated 
trees remained the same as the initial trees for 
Antilophia+Chiroxiphia, except for introns under the 
expanded models, which shifted from T3 to T1 but 
with reduced support. All ASTRAL and concatenated 
trees supported Ta for Manacus+Pipra+Machaeropterus. 
SVDquartets trees based on monophyletic loci remained 
the same, including the relationships within L. coronata.

We also constrained monophyly of gene trees, 
constraining monophyly just in gene trees from 
non-monophyletic loci for Antilophia+Chiroxiphia 
(constr1), and simultaneously constrained mono-
phyly in all gene trees for both Antilophia+Chiroxiphia 
and Manacus+Pipra+Machaeropterus (constr2). The 
UCE ASTRAL trees (constr1), based on traditional 
or expanded models, both shifted from T1 to T3, 
but still supported Tb (Table 1). After constrain-
ing monophyly for both Antilophia+Chiroxiphia and 
Manacus+Pipra+Machaeropterus, the UCE ASTRAL 
tree (constr2) based on gene trees under traditional 
models supported T3 and Ta, whereas the ASTRAL 
tree under expanded models supported T1 and Ta. 

The intron ASTRAL trees (constr1 and constr2) all 
supported T3 and Ta. Overall, ASTRAL trees using 
gene trees under traditional and expanded models 
exhibited improved congruence after imposing topo-
logical constraints, but only became completely con-
gruent across all ASTRAL analyses after removal of 
non-monophyletic loci.

We then summarized the ASTRAL species trees under 
traditional and expanded models for the 5 different 
splits in T1, T2 and T3 for Antilophia+Chiroxiphia (Fig. 2). 
In general, our ASTRAL trees showed strong support 
for A. galeata grouping with C. lanceolata/pareola (A, B, 
C; in both T1 and T3), and also showed better support 
for a sister relationship between C. boliviana and C. cau-
data (D, E; in T3) than C. caudata sister to everything else 
(A, B, C, D; in T1) or C. boliviana sister to everything else 
(A, B, C, E; in T2). All ASTRAL trees strongly rejected A. 
galeata sister to C. caudata (C, E; in T2).

Characteristics of Monophyletic and Non-monophyletic Loci

Compared with the loci that did not support mono-
phyly of Antilophia+Chiroxiphia, the monophyletic UCEs 
and introns were on average longer and had lower inter-
quartile GC variation, slightly higher GC content, fewer 
parsimony informative sites in proportion to locus length, 
and less missing data (Fig. 3; Supplementary Table S5). 
Among the introns that did not support monophyly, most 

Table 1. A summary of phylogenomic analyses

Method Input data Model Original dataset Only monophyletic loci
Topology Support Topology Support 

Concatenation UCE concat. Traditional T2 Tb 52,52 T2 Ta 49,49
Concatenation UCE concat. Expanded T1 Tb 86,83 T1 Ta 78,76
Concatenation Intron concat. Traditional T3 Ta *,* T3 Ta 99,*
Concatenation Intron concat. Expanded T3 Ta 87,* T1 Ta 59,98
Concatenation UCE + intron concat. Traditional T3 Tb *,* T3 Ta 86,92
Concatenation UCE + intron concat. Expanded T1 Tb 93,* T1 Ta 95,98
SVDquartets UCE concat. T1 Tb 96,84 T1 Tb *,98
SVDquartets Intron concat. T1 Tb *,99 T1 Tb *,*
ASTRAL UCE gene trees Traditional T1 Tb 0.55,0.99 T3 Ta 0.59,*
ASTRAL UCE gene trees Expanded T1 Tb 0.83,0.99 T3 Ta 0.47,*
ASTRAL Intron gene trees Traditional T3 Ta 0.82,* T3 Ta 0.88,*
ASTRAL Intron gene trees Expanded T1 Ta 0.8,* T3 Ta 0.46,*
ASTRAL UCE+intron gene trees Traditional T3 Ta 0.69,* T3 Ta 0.92,*
ASTRAL UCE+intron gene trees Expanded T1 Ta 0.96,* T3 Ta 0.58,*

Constrained trees
ASTRAL UCE constr1 Traditional T3 Tb 0.76,*
ASTRAL UCE constr1 Expanded T3 Tb 0.52,*
ASTRAL UCE constr2 Traditional T3 Ta 0.79,*
ASTRAL UCE constr2 Expanded T1 Ta 0.48,*
ASTRAL Intron constr1 Traditional T3 Ta 0.96,*
ASTRAL Intron constr1 Expanded T3 Ta 0.71,*
ASTRAL Intron constr2 Traditional T3 Ta 0.98,*
ASTRAL Intron constr2 Expanded T3 Ta 0.76,*

Notes: Supports show either bootstrap or quartet supports for the 2 internal nodes in Antilophia+Chiroxiphia, and asterisk (*) represents full 
support. For the internal node in Manacus+Pipra+Machaeropterus, all analyses had full support except one had 99%, therefore, they are not 
shown in the table here. For T1, support values are for nodes a,b as shown in Fig. 1; x,y for T2; and i,j for T3. Topologies were color-coded based 
on shades used in Fig. 1. The black box contains the ASTRAL trees based on only monophyletic loci using either traditional or expanded models 
that all support T3 and Ta. constr1 refers to the ASTRAL tree summarized from constrained gene trees of non-monophyletic loci (constraining 
monophyly for Antilophia+Chiroxiphia) plus the original gene trees of monophyletic loci. constr2 refers to the ASTRAL tree summarized from 
constrained gene trees of all loci (constraining monophyly simultaneously for both Antilophia+Chiroxiphia and Manacus+Pipra+Machaeropterus). 
All trees are available in Supplementary Materials.
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of the loci (1397/2057; 68%) were in our shortest length 
category (500–999  bp; Supplementary Table S5). The 
non-monophyletic loci also had lower gene concordance 
factors across all nodes in the tree, compared with the 
monophyletic loci and all loci combined (Supplementary 
Fig. S18). We did not 8nd a consistent pattern for the 
average number of sequence pairs that rejected station-
arity or homogeneity with statistical signi8cance (Fig. 3; 
Supplementary Table S6). For the test of recombination 
signal, we found that the non-monophyletic loci of both 
UCEs and introns on average exhibited higher mosaic 
recombination signal (i.e., more putatively recombinant 
triplets identi8ed).

We ran a logistic regression model on the above 8 
metrics combined and found that 5 variables explain 
the differences between monophyletic and non-mono-
phyletic loci with a statistical signi8cance of p-value < 
0.05 for all loci and for introns (Table 2). Four of these 
metrics were signi8cant for UCEs (Table 2). In all cases, 
the 2 β values with the largest absolute values were the 
number of informative sites (which decreased the risk 
of non-monophyly) and number of likely recombinant 
sequences based on the 3SEQ analysis (which increased 
the risk of non-monophyly).

Gene trees estimated from the non-monophyletic loci 
of UCEs and introns had much higher average RF dis-
tances both from the T1/Tb and T3/Ta topology (Fig. 

4). For the trees based on monophyletic loci, the RF dis-
tances were on average slightly lower when the refer-
ence tree was T3/Ta than when the reference tree was 
T1/Tb (Supplementary Table S7).

Exploring Biological Sources of Tree Discordance

To examine consistency with the multispecies coales-
cent model, we looked at frequencies of the 2 minority 
quartet topologies for both un8ltered datasets and 
monophyletic loci. All 4 datasets had the same major-
ity topology for the branch connecting A. galeata and 
C. lanceolata/pareola (branch 1 in Figs. 5 and 6). The 
majority topology (red bars) was clear in all cases, and 
both of the minority topologies for branch 1 had sim-
ilar frequencies and frequencies <1/3 (shown as blue 
and teal bars). These results conform to the expecta-
tion under the MSC model. As we expected given the 
ASTRAL analyses (Table 1), the datasets that com-
prised both monophyletic and non-monophyletic loci 
had 2 different topologies with majorities (Fig. 5), one 
consistent with topology T1 for the UCEs (branch 2) 
and the other consistent with T3 for introns (branch 3). 
However, both of these datasets had a second topol-
ogy supported by >1/3 of the gene trees; for UCEs, 
the intermediate frequency quartet (blue bar) was 
consistent with T3 and for introns the intermediate 

Figure 2. A summary of all ASTRAL species trees based on gene trees estimated under traditional and expanded models (from left to 
right: UCEs all loci, introns all loci, UCEs & introns all loci combined, UCEs with Antilophia+Chiroxiphia constrained to be monophyletic for 
the non-monophyletic loci (constr1), UCEs with Antilophia+Chiroxiphia and Manacus+Pipra+Machaeropterus simultaneously constrained to be 
monophyletic for all loci (constr2), UCEs with only monophyletic loci, introns with one clade constrained (constr1), introns with 2 clades 
constrained (constr2), introns with only monophyletic loci, and UCEs & introns monophyletic loci combined).
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frequency quartet (blue bar) was consistent with T1. 
Thus, the frequencies of quartets favoring both T1 and 
T3 exceed 1/3 for both data types, the only difference 
was the quartet with the highest absolute frequency. 
These results do not conform to the expectation under 
the MSC model. However, focusing on the monophy-
letic loci (Fig. 6), UCEs and intron both had the same 
most frequent topology for branch 3 and, as expected 
based on the ASTRAL analyses (Table 1), that topol-
ogy was concordant with T3 (red bars in Fig. 6). Both 
minority topologies for branch 3 had a frequency <1/3, 
indicating that removal of the non-monophyletic loci 

improved the 8t to the multispecies coalescent model. 
However, a modest asymmetry in the frequencies of 
the minority topologies was still evident and it was in 
different directions for UCEs and introns (blue and teal 
bars).

We also tested for gene 9ow after divergence to see 
whether introgression contributed to the asymmetries 
observed above. The ABBA-BABA tests based on all 
loci combined consistently provide evidence for gene 
9ow between C. boliviana and all members of the clade 
comprising C. lanceolata, C. pareola, A. galeata, but this 
was only evident when the underlying topology was 

Figure 3. Summary statistics for monophyletic and non-monophyletic loci of UCEs and introns. The violin plots show the kernel probability 
density of the data at different values, and also include a black dot for the mean of the data and black lines indicating the standard deviation. 
For the number of signi8cant sequence pairs that reject the assumption of stationarity (F), the number of signi8cant sequence pairs that reject 
the assumption of homogeneity (G) and the number of recombinant triplets (H), zeros were removed from the plots. Metrics that showed 
signi8cant effects (P < 0.05) in the logistic regression analysis for either UCEs or introns are shaded in gray.
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T3 (Table 3). Very few other tests, including the tests 
that assume T1, yielded evidence of gene 9ow. ABBA-
BABA tests based on UCEs and introns both show 
the same pattern as those based on all loci combined 
(Supplementary Table S8).

For Bayesian estimation of the phylogenetic networks 
by PhyloNet, we presented the top 3 most probable 
networks within the 95% credible set for each analy-
sis (1, 2, or 3 reticulations maximum) of the 3 datasets 
(all genes combined, UCEs and introns). Among these 
27 estimated networks, 26 networks recovered a sister 
relationship between C. caudata and C. boliviana in the 
backbone phylogeny, and 20 of the networks recovered 
a topology that corresponded to T3, and none corre-
sponded to T1 (Supplementary Figs. S19–S21). When 
the underlying topology was T3, three of the networks 
also suggested gene 9ow between the outgroup and C. 
caudata (depicted in red).

Discussion
Here, we presented a well-supported Pipridae phy-

logeny with genus-level taxon sampling that largely 
agreed with a recent phylogenomic study (Leite et al. 

2021). Our results further con8rmed the monophyly 
of Antilophia+Chiroxiphia and provided strong sup-
port for the hypothesis that Antilophia is nested inside 
Chiroxiphia. However, our analyses also found instabil-
ity in the relationships for C. caudata and C. boliviana. 
This instability was not clearly driven by data type, 
type of analysis, or model choice. Excluding loci that 
were not monophyletic for the Antilophia+Chiroxiphia 
clade, or constraining those gene trees to be mono-
phyletic, increased congruence for intraclade relation-
ships in ASTRAL analyses. Multiple commonly used 
gene metrics were found to collectively predict the 
non-monophyletic loci. The data exhibited deviations 
from expectations given the MSC, likely due to estima-
tion errors and gene 9ow after divergence.

Identifying Potentially Erroneous Gene Trees

It has long been recognized that misleading signal 
is nonrandomly distributed in phylogenetic datasets 
(e.g., Naylor and Brown 1998). This recognition has 
led to the practice of data 8ltering in the phyloge-
nomic era (e.g., Jeffroy et al. 2006). The fundamental 
idea underlying data 8ltering in phylogenomics is the 
identi8cation of genomic regions that could poten-
tially yield misleading estimates of phylogeny. In 

Table 2. Three logistic regression models were run respectively for UCEs, introns and all loci combined, using 8 standardized summary 
statistics as the explanatory variables, and a binary variable (monophyletic or non-monophyletic) as the response

Variable All loci combined UCEs Introns
β ± SE P-value β ± SE P-value β ± SE P-value 

Parsimony informative sites −1.481 ± 0.061 <2e-16*** −0.344 ± 0.057 1.68e-09*** −2.257 ± 0.107 <2e-16***
Proportion of informative sites 0.537 ± 0.026 <2e-16*** — — 0.479 ± 0.033 <2e-16***
GC content −0.04 ± 0.028 0.155 0.010 ± 0.046 0.832 −0.061 ± 0.036 0.093
Interquartile GC variation 0.164 ± 0.025 9.07e-11*** 0.266 ± 0.041 8.97e-11*** 0.073 ± 0.033 0.026*
Missing data 0.297 ± 0.028 <2e-16*** 0.303 ± 0.043 2.23e-12*** 0.306 ± 0.036 <2e-16***
Stationarity −0.016 ± 

0.029
0.584 0.058 ± 0.045 0.198 −0.018 ± 

0.036
0.623

Homogeneity 0.013 ± 0.024 0.587 0.003 ± 0.040 0.945 0.034 ± 0.030 0.264
Recombinant triplets 0.832 ± 0.046 <2e-16*** 0.818 ± 0.063 <2e-16*** 1.442 ± 0.103 <2e-16***

Notes: Variables that showed signi8cant effects (p < 0.05) in the logistic regression analyses are in bold. *Indicates 0.01 ≤ p < 0.05, and *** 
indicates p < 0.001. Since parsimony informative sites and proportion of informative sites were highly correlated for UCEs, the proportion of 
informative sites was not included in that analysis.

Figure 4. Absolute Robinson–Foulds distances from each gene tree to a reference tree with topology T3/Ta (A) or T1/Tb (B).
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some cases, it is possible to 8nd evidence for funda-
mental model violations, like variation in base compo-
sition (Collins et al. 2005; Jeffroy et al. 2006; Katsu et 
al. 2009; Reddy et al. 2017). However, in the absence of 
clear model violations, identifying loci that are espe-
cially likely to yield inaccurate estimates of phylogeny 
is challenging. After all, any estimated gene tree with 
profound differences from the best overall estimates 
of the species tree could simply re9ect a c-gene with 
an especially discordant topology. In fact, we expect 
ILS to result in some c-gene trees that are highly dis-
cordant with the true species tree because coalescent 
times are exponentially distributed (Kingman 1982; 
Edwards and Beerli 2000). How then can we identify 
cases where a gene tree is highly discordant due to 
error rather than ILS?

We reasoned that gene trees that con9ict with 
clades united by a very long coalescent branch in a 
species tree are more likely to represent estimation 
errors than genuine discordance. Our argument for 
this is based on the expected lengths of c-genes; as we 
stated in the introduction, deep coalescence involving 
a long branch (in coalescent units) in the species tree 
leads to short c-genes that re9ect the deep coalescence 
gene trees. Estimating the precise length spectrum of 
c-genes remains a challenging problem, but the best 
estimates have been obtained using a coalescent hid-
den Markov model (HMM) framework (Hobolth et al. 
2007). Unfortunately, the coalescent HMM approach 
is computationally demanding and, at present, is only 
suitable for the analysis of very long contigs. Thus, it 
is not appropriate for low-coverage genome data such 

Figure 5. Relative frequency analysis using DiscoVista for the gene trees of all loci of UCEs and introns estimated under traditional models. 
Red bar shows the relative frequency of the topology consistent to branch 1, branch 2, and branch 3 in their associated reference species 
tree topology on the left, whereas blue and teal bars show alternative topologies. The dotted lines at 0.33 indicate the 1/3 threshold for the 
frequency of gene trees supporting the 2 minority topologies given multispecies coalescent. For tree tip labels, A is short for A. galeata, cau for 
C. caudata, bol for C. boliviana, pl for C. pareola plus C. lanceolata, and out for outgroup Masius chrysopterus. Numbers labeled on tree branches in 
the original DiscoVista output were recoded to facilitate easy comparison between datasets.
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Figure 6. Relative frequency analysis using DiscoVista for the gene trees of the monophyletic loci of UCEs and introns estimated under 
traditional models. Red bar shows the relative frequency of the topology consistent to branch 1 and branch 3 in the reference species tree 
topology on the left, whereas blue and teal bars show alternative topologies. The dotted lines at 0.33 indicate the 1/3 threshold for the frequency 
of gene trees supporting the 2 minority topologies given multispecies coalescent. For tree tip labels, A is short for A. galeata, cau for C. caudata, 
bol for C. boliviana, pl for C. pareola plus C. lanceolata, and out for outgroup Masius chrysopterus. Numbers labeled on tree branches in the original 
DiscoVista output were recoded to facilitate easy comparison between datasets.

Table 3. ABBA-BABA tests for all possible combinations of C. pareola, C. lanceolata, A. galeata, C. boliviana, and C. caudata with the relation-
ship of ((P1,P2),P3) using Masius chrysopterus as the outgroup

Underlying topology 

Taxon set All loci combined
P1 P2 P3 N D stat. SD 

T1 C. boliviana A. galeata C. caudata 3 0.046 0.133
C. boliviana C. lanceolata C. caudata 5 −0.102 0.006
C. boliviana C. pareola C. caudata 9 0.109 0.017

T3 C. caudata C. boliviana A. galeata 58 0.120 0.024
C. caudata C. boliviana C. lanceolata 83 0.132 0.034
C. caudata C. boliviana C. pareola 60 0.123 0.030

T1 or T3 A. galeata C. lanceolata C. boliviana 9 0.058 0.100
C. lanceolata A. galeata C. caudata 7 0.110 0.006
C. pareola A. galeata C. boliviana 8 −0.112 0.024
C. pareola A. galeata C. caudata 8 −0.096 0.085
C. pareola C. lanceolata C. boliviana 7 −0.117 0.014
C. pareola C. lanceolata C. caudata 23 −0.117 0.021
C. pareola C. lanceolata A. galeata 9 0.116 0.021

Notes: The underlying topology for the tests is indicated (T1 for 3 triplets, T3 for 3 triplets, and it is compatible with either T1 or T3 for 7 
triplets). N is the number of tests with signi8cant D statistics (P-value < 0.05) out of a total of 100 random SNP selections from all loci, D stat. is 
the average D statistic across N tests, and SD is the standard deviation. Positive D statistics indicate excess shared ancestry for P2 and P3 and 
negative D statistics indicate excess shared ancestry between P1 and P3.
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as we collected. When Hobolth et al. (2007) analyzed 
the human–chimpanzee–gorilla divergence, they esti-
mated that the shallow coalescence c-genes in 4 dif-
ferent genomic regions ranged from 532 to 2710 bp in 
length, whereas the deep coalescence c-genes had mean 
lengths ranging from 41 to 65 bp. This led us to hypoth-
esize that any estimated gene trees that con9ict with a 
clade united by a very long branch in the species tree 
would be more likely to represent errors rather than 
genuine discordance.

In our study, we chose the stem branch uniting the 
Antilophia+Chiroxiphia clade, for which estimates of 
the coalescent branch length ranged from 1.593 to 
2.046 in our ASTRAL trees based on un8ltered data-
sets. This is much longer than the length of the branch 
length uniting humans and chimpanzees (about 0.55 
coalescent units; Hobolth et al. 2007). Thus, c-genes for 
which the true topology con9icts with monophyly of 
the Antilophia+Chiroxiphia clade should be even shorter 
(on average) than the deep coalescence trees for the 
human–chimpanzee–gorilla analysis and those loci in 
which Antilophia+Chiroxiphia are non-monophyletic 
should be enriched for loci that yield topological errors 
when they were analyzed. After all, even if there is a 
discordant c-gene embedded in one of our relatively 
long alignments the majority of the aligned sites in our 
loci should still have an underlying gene tree congruent 
with monophyly of the Antilophia+Chiroxiphia clade.

There are several complexities associated with our 
hypothesis that non-monophyletic loci often yield trees 
with errors. First, c-genes lengths are expected to be 
geometrically distributed, so it is possible to 8nd some 
relatively long c-genes with a discordant topology. This 
is not a major problem because our hypothesis is that 
the non-monophyletic loci are enriched for loci that 
yield inaccurate estimates of phylogeny, not that all 
non-monophyletic loci yield erroneous trees. Second, 
the length of c-genes depends on the recombination rate 
as well as the coalescent branch length so the expected 
length spectrum of avian c-genes could be longer if typ-
ical avian recombination rates are lower than typical 
mammalian rates. The second issue is also unlikely to 
be a problem because avian recombination rates appear 
to be higher than mammalian recombination rates 
(Backström et al. 2010) and higher recombination rates 
will yield shorter c-genes. Consistent with our theoret-
ical framework that suggests deep coalescence c-genes 
are likely to be short, we found that the number of trip-
let sequences with evidence of recombination based on 
the 3SEQ analysis was higher in the non-monophyletic 
loci than in the monophyletic loci (Fig. 3).

Data Filtering Resolved Discordant ASTRAL Trees

Many studies have attempted to identify reliable 
predictors of loci that are prone for gene tree estima-
tion error, such as base compositional stationarity (e.g., 
Collins et al. 2005), missing data (e.g., Hosner et al. 
2016), or information content (e.g., Meiklejohn et al. 
2016). However, more recent studies (e.g., Burbrink et 

al. 2020; Mongiardino Koch 2021) have found that a 
suite of gene properties better predict the performance 
of genes in phylogenetic analyses. Our results agree 
with those studies, in that multiple characteristics best 
explained the differences between monophyletic and 
non-monophyletic loci. For our datasets, the number of 
parsimony informative sites was the strongest predictor 
for non-monophyletic introns, whereas signal of recom-
bination was the strongest predictor for non-mono-
phyletic UCEs. In addition, some variables (e.g., GC 
variation) had strong effects in one dataset but not in 
the other. Therefore, 8ltering loci by any single or small 
number of gene properties could be dif8cult. However, 
our results also suggest that a simple topological crite-
rion (con9icts with a long coalescent branch in the spe-
cies tree), which encompasses a suite of gene properties, 
might provide useful information about the quality of 
gene trees and provide an easy way to 8lter loci.

Using this approach and excluding the non-mono-
phyletic loci from the gene tree analyses increased 
congruence between UCEs and introns and between 
different model selections in the ASTRAL species trees. 
The topology of the Manacus+Pipra+Machaeropterus 
clade (Ta vs. Tb in Fig. 1) provides another line of evi-
dence that non-monophyletic loci yielded trees that 
were enriched for gene tree estimation error. There 
is no obvious reason why removing gene trees of 
non-monophyletic loci should have an impact on the 
Manacus+Pipra+Machaeropterus clade; after all, the 
identi8cation of non-monophyletic loci did not con-
sider the Manacus+Pipra+Machaeropterus clade. Studies 
with much better taxon sampling in this part of the tree 
(McKay et al. 2010; Ohlson et al. 2013; Harvey et al. 
2020; Leite et al. 2021), found support for Ta. The sim-
plest explanation for this result is that non-monophy-
letic loci were enriched for loci that yielded inaccurate 
gene tree topologies and contain con9icting signals for 
multiple groups, not just for Antilophia+Chiroxiphia.

Using topological constraints on the non-mono-
phyletic loci also improved congruence for 
Antilophia+Chiroxiphia among ASTRAL analyses. 
However, the evidence that trees based on non-mono-
phyletic loci may have more errors throughout their 
gene trees (e.g., errors that impact resolution of the 
Manacus+Pipra+Machaeropterus clade) suggests that 
constraining gene trees to include a well-expected clade 
may be less effective than excluding likely problematic 
loci. In addition, enforcing constraints may introduce 
errors if the unconstrained gene trees accurately re9ect 
relationships.

The argument that non-monophyletic loci are 
enriched for gene tree estimation error implies that the 
tree recovered in all analyses after removing those loci 
(T3) is likely to be the best estimate of phylogeny for 
Antilophia+Chiroxiphia. However, T3 was not present 
in the set of 7 topologies for the Antilophia+Chiroxiphia 
clade that was found in the earlier manakin UCE study 
(Leite et al. 2021). This raises an important question: is T3 
reasonable from a biological standpoint? Provocatively, 
T3 is consistent with a biogeographical study that 
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found C. boliviana more closely related to C. caudata 
than to C. pareola (Batalha-Filho et al. 2013). Another 
recent study also found high niche similarity between 
C. caudata and C. boliviana when compared with all 
the other Antilophia+Chiroxiphia species (Villegas et al. 
2021). Moreover, this close relationship between birds 
from the Andean Yungas rainforests (e.g., C. boliviana) 
and the Atlantic Forest (e.g., C. caudata) has been found 
in many other avian taxa (e.g., Trujillo-Arias et al. 2017, 
2018; 2020; Cabanne et al. 2019).

Data Type Effects, Model Fit, and Choice of Methods

Initially, our results also seemed to re9ect data type 
effects, as UCEs tended to support T1 and Tb, whereas 
introns supported T3 and Ta. Since both UCEs and 
introns were sampled relatively evenly across the entire 
genome, it is unlikely this could have re9ected a linked 
or sex -speci8c inheritance pattern. Although UCEs are 
expected to be under strong purifying selection, they 
have been shown to perform more similarly to introns 
than to exons (Reddy et al. 2017) and have been effec-
tively used in phylogenomic studies for various avian 
groups (e.g., McCormack et al. 2013; Bryson et al. 2016; 
Wang et al. 2017; White et al. 2017). The summary sta-
tistics of our UCEs were very similar to those of the 
introns in terms of base composition, GC variation and 
information content, though UCEs did have more loci 
(50.52%) that exhibited signals of recombination than 
did the introns (37.90%) (Supplementary Table S6). It 
is also possible that UCEs have more complex rate het-
erogeneity patterns among sites than introns due to the 
highly conserved cores and increasingly variable 9anks, 
which may make UCEs harder to model. Supporting this 
possibility, we found that more UCEs (65%) than introns 
(56%) had a best-8tting model that included FreeRate 
(rather than gamma-distributed rates and/or invari-
ant sites) when IQTREE was allowed to consider those 
models. However, using expanded models did not sub-
stantially improve gene tree estimation for our datasets, 
since we found only marginally more non-monophyletic 
introns for traditional (28.98%) than expanded models 
(28.8%) and we actually found slightly more non-mono-
phyletic UCEs for expanded (18.84%) than traditional 
models (18.3%). The data type effects we observed could 
potentially be re9ecting some level of poor model 8t, but 
using more complex and parameter-rich models, like the 
FreeRate models, did not resolve the topological con9icts. 
In fact, the gene trees based on expanded models overall 
yielded lower quartet support in the ASTRAL analyses 
than those using the traditional models (Table 1).

We initially found 2 competing topologies for the 
Manacus+Pipra+Machaeropterus clade (Ta vs. Tb); how-
ever, Ta was supported by previous studies with much 
denser taxon sampling within this clade (McKay et al. 
2010; Ohlson et al. 2013; Harvey et al. 2020; Leite et al. 
2021). Many studies have shown that taxon sampling 
can have a profound impact on phylogenetic analyses 
(e.g., Pollock et al. 2002; Zwickl and Hillis 2002) and, 
despite the fact that some other studies suggested that 

data type and model 8t may have stronger in9uences 
than taxon sampling (Braun and Kimball 2002; Reddy 
et al. 2017), it seems reasonable to view the Ta resolution 
of Manacus+Pipra+Machaeropterus in the studies with 
better taxon sampling to be correct. With removal of 
the non-monophyletic loci, con9icts between data types 
and between models were resolved for ASTRAL trees. 
Since removal of the non-monophyletic loci appeared 
to diminish the impact of data types or model 8t for 
our data, we suggest that we were removing nonphy-
logenetic signal and gene tree estimation error that can 
exacerbate problems with limited taxon sampling.

We also observed topological discordance among 
methods. Overall, we found the concatenation anal-
ysis was sensitive to different model selections and 
data types. Filtering out the non-monophyletic loci 
from the concatenated dataset did not improve con-
sistency with concatenation. Although SVDquartets 
trees had identical topologies in all analyses (T1 and 
Tb), the relationship shown within Lepidothrix coro-
nata contradicts our other results as well as the results 
from previous studies (Cheviron et al. 2005; Reis et al. 
2020; Moncrieff et al. 2022). Notably, the divergence 
between the Panamanian sample (L. c. minuscula; L. 
velutina minuscula in Moncrieff et al. 2022) and the 2 
Peruvian samples (L. c. exquisita and L. c. coronata) was 
as deep as the divergences among other Lepidothrix 
species and with high support in all concatenation 
and ASTRAL trees. The 2 internal branches within 
Antilophia+Chiroxiphia are exceptionally short com-
pared to the other branches across the tree, where in 
theory ILS is even more likely to occur. It has been 
shown in some simulation studies that summary 
methods, such as ASTRAL, tend to be more accurate 
than SVDquartets when there is high level of ILS and 
large numbers of sites available per locus (Chou et 
al. 2015; Molloy and Warnow 2018). Thus, given that 
short internal branches can lead to poor performance 
of concatenation analyses and result in convergence 
on the incorrect topology even with the addition of 
more data (Degnan and Rosenberg 2006; Kubatko and 
Degnan 2007), we suggest that ASTRAL may provide 
better estimates of the true species relationships in our 
study. Collectively, this would suggest that T3 may be 
much more likely than T1 (or T2) and in turn suggests 
that the traditional models better estimated intron 
gene trees than did the expanded models in the initial 
analyses with un8ltered gene trees.

Potential Biological Sources of Discordance

Gene tree discordance and introgression are found to 
be prevalent across the suboscine radiation (Singhal et al. 
2021). In addition to potential gene tree estimation error, 
we also found evidence for a combination of ILS and 
introgression that may have contributed to the discor-
dant topologies we observed in Antilophia+Chiroxiphia, 
although disentangling their effects was challenging. 
We identi8ed the pattern of one majority topology 
with 2 co-minor topologies that 8ts the MSC model for 
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only one of the internal branches, in which the majority 
topology supports A. galeata, C. lanceolata and C. pareola 
forming a clade (Figs. 5 and 6, branch 1). This is sup-
ported by both UCEs and introns. ILS is not the only 
source of discordance for the other internal branch (Figs. 
5 and 6, branch 2 or branch 3) since the frequencies of 
the minority quartet topologies were asymmetric and, 
in the case of the analysis that included both monophy-
letic and non-monophyletic loci, 2 quartet topologies 
had frequencies in excess of 1/3 (Fig. 5). The quartet 
that is concordant with T3 was the clear majority when 
we focused on the monophyletic loci, although some 
asymmetry remained for 2 minority topologies. These 
results would be consistent with gene 9ow and/or gene 
tree estimation error in addition to ILS.

We conducted ABBA-BABA tests to examine the 
hypothesis that there was gene 9ow among members 
of the Antilophia+Chiroxiphia clade, with a special focus 
on patterns that might explain either the recovery of T1 
in some analyses if the underlying species tree topology 
is T3 or the recovery of T3 if the underlying species tree 
topology is T1. When we examined the 3 rooted triplets 
consistent with T3 (Table 3) we found evidence for gene 
9ow that involved C. boliviana regardless of the other 
taxon (C. lanceolata, C. pareola, or A. galeata) in the triplet. If 
there was gene 9ow between the C. boliviana lineage and 
the members of this clade (or their common ancestor) it 
would result in an excess of topologies that unite C. boliv-
iana with the C. lanceolata+C. pareola+A. galeata clade to 
the exclusion of C. caudata. Thus, we found evidence for 
gene 9ow that could explain the recovery of T1 in some 
analyses despite an underlying T3 species tree topology. 
In contrast, there were very few (≤9%) replicates that pro-
vided evidence for gene 9ow when we assumed T1 was 
the species tree topology, and the direction of estimated 
gene 9ows was not consistent with T3 in 2 of 3 cases (Table 
3). Therefore, only the gene 9ow patterns estimated under 
T3 can consistently explain the recovery of both T1 and T3. 
This would again suggest that T3 may be more likely to 
re9ect the true species tree topology than T1.

The hypothesis that T3 is likely to be the true spe-
cies tree is also corroborated by the observation that 
the average RF distance from all gene trees to the T3/
Ta reference tree is shorter than the distance to T1/Tb 
(Supplementary Table S7). The Bayesian phylogenetic 
networks show additional support for this. Although 
most of the estimated reticulations occur at the base 
of the clade and do not directly address the observed 
asymmetry, we found a sister relationship recovered for 
C. caudata and C. boliviana in almost all of the networks 
and most of them yielded T3 (Supplementary Figs. S19–
S21). Three networks also show evidence for reticula-
tion between the C. caudata lineage and the outgroup 
that could explain the recovery of T1 in some analyses 
despite an underlying T3 species tree topology.

Implications for Manakin Taxonomy

Our results suggest 2 taxonomic revisions within 
manakins. First, we found deep divergence between 

different subspecies of Lepidothrix coronata. A recent 
RADcap study of Lepidothrix (Moncrieff et al. 2022) 
with a larger number of individuals found a topology 
identical to ours and a similarly deep divergence. Based 
on those results, they suggest splitting L. coronata into 2 
species. Second, our study presents a strong case for a 
revision of the genera Chiroxiphia and Antilophia. When 
our results are considered in light of some other pre-
vious studies (e.g., Tello et al. 2009; Ohlson et al. 2013; 
Silva et al. 2018; Harvey et al. 2020; Leite et al. 2021) it is 
clear that Antilophia is nested within Chiroxiphia. Thus, 
Antilophia Reichenbach, 1850 should be subsumed into 
Chiroxiphia Cabanis, 1847 based on priority (see Bánki 
et al. 2021).

Conclusions
Our analyses strongly corroborated the overall 

structure of manakin phylogeny found in prior stud-
ies (e.g., Leite et al. 2021), and they indicated that the 
genus Antilophia is nested within the genus Chiroxiphia. 
This work also highlighted the importance of gene tree 
estimation error. We proposed an approach to identify 
erroneous gene trees that uses monophyly of a “refer-
ence clade” united by a long branch in the coalescent 
tree (in our case the Antilophia+Chiroxiphia clade). We 
hypothesized that estimated gene trees lacking such a 
reference clade are likely to be enriched for gene tree 
estimation errors. We corroborated that hypothesis 
using a logistic regression to show that factors cor-
related with estimation error in other studies (e.g., vari-
ation in GC content) increase the risk of reference clade 
non-monophyly. The hypothesis was further corrobo-
rated by the fact that removing the gene trees estimated 
from non-monophyletic loci increased the congruence 
between this study and other studies in another part 
of the tree (speci8cally, congruence increased for the 
Manacus+Pipra+Machaeropterus clade). Based on these 
results, we believe that the trees with non-monophy-
letic loci removed represent the best estimate of the true 
relationship for these species.

Our proposed method for the identi8cation of poten-
tially erroneous trees could be of general utility to the 
systematics community. However, we do not feel that 
it is appropriate to recommend a precise minimum 
length for the coalescent branch uniting a potential ref-
erence clade based on this study alone. It is clear that 
the branch uniting the reference clade should be long 
when measured in coalescent units and the estimate of 
its length should be based on a relatively large number 
of loci (de8ned using the standards of modern data col-
lection). Obviously, a single locus (e.g., barcode data) 
would not be suitable because it is impossible to esti-
mate a coalescent branch length using a single gene 
tree. Determining whether the approach identi8ed a set 
of gene trees that are enriched for errors can be assessed 
using the glm strategy we employed. Looking for rear-
rangements elsewhere in the tree may also provide 
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information, although that will depend on the details of 
the taxon sample. Future studies using our approach in 
a variety of taxa should yield insights into more criteria 
that best de8ne a focal reference clade.

Supplementary Material
Data available from the Dryad Digital Repository: 

http://dx.doi.org/10.5061/dryad.c2fqz6191.
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