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Phylogenetic analyses fail to yield a satisfactory resolution of some relationships in the tree of life even with
genome-scale datasets, so the failure is unlikely to reflect limitations in the amount of data. Gene tree conflicts
are particularly notable in studies focused on these contentious nodes, and taxon sampling, different analytical
methods, and/or data type effects can further confound analyses. Although many efforts have been made to
incorporate biological conflicts, few studies have curated individual genes for their efficiency in phylogenomic
studies. Here, we conduct an edge-based analysis of Neoavian evolution, examining the phylogenetic efficacy of
two recent phylogenomic bird datasets and three datatypes (ultraconserved elements [UCEs], introns, and coding
regions). We assess the potential causes for biases in signal-resolution for three difficult nodes: the earliest
divergence of Neoaves, the position of the enigmatic Hoatzin (Opisthocomus hoazin), and the position of owls
(Strigiformes). We observed extensive conflict among genes for all data types and datasets even after meticulous
curation. Edge-based analyses (EBA) increased congruence and provided information about the impact of data
type, GC content variation (GCcy), and outlier genes on each of nodes we examined. First, outlier gene signals
appeared to drive different patterns of support for the relationships among the earliest diverging Neoaves.
Second, the placement of Hoatzin was highly variable, although our EBA did reveal a previously unappreciated
data type effect with an impact on its position. It also revealed that the resolution with the most support here was
Hoatzin + shorebirds. Finally, GCcy, rather than data type (i.e., coding vs non-coding) per se, was correlated with
a signal that supports monophyly of owls + Accipitriformes (hawks, eagles, and vultures). Eliminating high GCcy
loci increased the signal for owls + mousebirds. Categorical EBA was able to reveal the nature of each edge and
provide a way to highlight especially problematic branches that warrant a further examination. The current
study increases our understanding about the contentious parts of the avian tree, which show even greater
conflicts than appreciated previously.

1. Introduction

The growth of genomic datasets is increasingly facilitating the res-
olution of phylogenetic relationships, although as datasets have grown,
so has conflict. This may involve gene-tree discordances within a single
study (e.g., Wang et al., 2019) or the resolution of difficult and
controversial hypotheses found across multiple studies (e.g., Wickett
et al., 2014; Puttick et al., 2018). Conflicting gene trees can be the result
of biological processes such as hybridization, gene duplication and loss,
and incomplete lineage sorting (ILS; see Table 1 for list of abbreviations)
or they can be the result of artificial noise arising from, for example,

assembly error, orthology inference, sequence alignment, model speci-
fication, and insufficient informative variation (Springer and Gatesy,
2019). In part, due to these conflicts, several areas across the tree of life
have consistently been difficult to resolve (Tarver et al., 2016; Shen
et al., 2017) despite the use of genome-scale datasets and increased taxa
sampling (Prum et al., 2015; Wang et al., 2017) that benefit from
growing effort and worldwide collaboration, as well as easier acquire-
ment of ancient DNA (e.g., Chen et al., 2018).

Additionally, different analytical methods, and/or the inclusion or
exclusion of multiple data types (Reddy et al., 2017) can result in con-
flicting resolutions, with issues regarding methodology (e.g., inaccurate
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Table 1
Glossary of terms and abbreviations used in this study.
Term Full name and explanation
EBA edge-based analyses: constraint phylogenetic analyses on

certain edge on the tree.

categorical EBA categorical edge-based analyses

UCEs Ultra-conserved elements

GCev GC content variation

ILS Incomplete Lineage Sorting

BS Bootstrap Support

UFBS Ultra Fast Bootstrap Support

SH-aLRT approximate likelihood-ratio test with the nonparametric SH
correction

NNI Nearest-neighbor interchange, which exchanges the
connectivity of four subtrees within the main tree.

RF Robinson-Foulds distances

TENT ExaML the concatenated total evidence nucleotide tree from Jarvis

et al. (2014)

ICA value Internode Certainty All: the degree of certainty for a bipartition
in a given set of trees in conjunction with all conflicting
bipartitions in the same tree set

GTEE gene-tree estimation error

InL log likelihood score

AlnL difference in InL between the best and the second-best
resolutions for each gene

> AlnL summation of AlnL for each constraint from supporting genes

sigAlnL genes showing significant support for a specific topology (i.e.,
AlnL > 2)

>sigAlnL summation of AlnL among genes with significant support (i.e.,
AlnL > 2)

>"Ng the number of genes supporting a specific topology

EL/EH exons with lower or higher AGCgyp/tree length

IL/IH introns with lower or higher AGCqo/tree length

UL/UH UCEs with lower or higher AGCq¢/tree length

AGCsg the GC differences between taxa with high (the upper quartile)
and low (the lower quartile) GC content.

AGCgo the GC differences between taxa with high (the 95 percentile)
and low (the 5 percentile) GC content.

AGCigo the GC differences between taxa with the highest and the lowest
GC content.

Avian lineages: Also see Jarvis et al. (2014) and Sangster et al. (2022) for clade
names

S Shorebirds (Charadriiformes)
CR Cranes and Rails (Gruiformes)
TB Turacos and Bustards (Musophagotides)
M Mousebirds (Coliiformes)
w Woodpeckers and allies (Cavitaves)
EHV Eagles, Hawks, and Vultures (Accipitriformes)
“Magnificent Superordinal groups in Neoaves tree that have been recovered
Seven” in almost all recent large-scale studies; we use Roman numerals
to indicate these groups
1 Telluraves (Core Landbirds)
I Aequornithes (Core Waterbirds)
III Phaethontimorphae (Sunbittern, Kagu, and Tropicbirds)
v Otidimorphae (Cuckoos, Bustards, and Turacos)
\Y% Strisores/Caprimulgimorphae (Nightjars, Swifts,
Hummingbirds, and allies)
VI Columbimorphae (Doves, Mesites, and Sandgrouse)
VII Phoenicopterimorphae/Mirandornithes (Flamingos and
Grebes)

evolutionary models) may be more difficult to address. In particular,
difficult-to-resolve edges may be the result of low signal within very
short internodes. Concatenation can overcome low signal by combining
the signal from multiple genes but also assumes that all genes share a
single evolutionary history, yet population genetic and molecular
evolutionary processes can result in highly heterogeneous gene trees and
violate this assumption (Kolaczkowski and Thornton, 2004; Kubatko
and Degnan, 2007; Edwards, 2009). The most commonly used summary
coalescent methods (e.g., ASTRAL III, Zhang et al., 2018; MP-EST, Liu
et al., 2010), on the other hand, accommodate gene tree conflicts but
assume accurately estimated gene trees for neutrally evolving gene re-
gions that are free of intralocus recombination and only exhibit conflict
due to ILS (Springer and Gatesy, 2016). However, typical phylogenomic
datasets include many genes that violate at least some of these
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assumptions (although the methods may be robust to these model
violation). Also, when analyzing large genomic datasets, many genes
will have experienced episodic periods of strong selection, or linkage
and hitchhiking can also cause violation of neutral evolution for most
genomic regions (e.g., Wang et al., 2021). Moreover, some genes show
within-gene conflict, supporting multiple trees (Kimball et al., 2013;
Mendes et al., 2019). These observations highlight the importance of
examining individual genes in phylogenetic analyses, especially when
errors in alignment, assembly, and gene-tree estimation may be common
as dataset size increases and larger datasets are more difficult to curate
(Gatesy and Springer, 2017; Liu et al., 2017).

With ~ 10,500 living species, birds represent the most species-rich
group of tetrapod vertebrates. Despite their importance, several
controversial relationships in Neoaves have not been settled (e.g., Reddy
et al.,, 2017). Challenges to resolving these nodes are not unexpected
considering that neoavian birds likely experienced a very rapid radiation
(e.g., Ericson et al., 2006; Jarvis et al., 2014; Prum et al., 2015; Houde
et al., 2020). Although genome-scale datasets have facilitated the re-
covery of many relationships (e.g., passerines + parrots, flamingos +
grebes, sunbittern + tropicbirds, and core landbirds; Hackett et al.,
2008; Wang et al., 2012; McCormack et al., 2013; Jarvis et al., 2014; Suh
et al., 2015; Braun et al., 2019; Sangster et al., 2022), the Neoaves are
still well-known for multiple, extremely recalcitrant nodes. Specifically,
the earliest divergences of Neoaves remain one of the most difficult
phylogenetic problems in vertebrates, which has even been suggested to
represent a hard polytomy (Suh, 2016, but see Reddy et al., 2017).
Within Neoaves, the positions of Hoatzin (Ophisthocomus hoazin) and
owls (Strigiformes) remain especially problematic as well as being sig-
nificant for the analysis of avian development, life history, and
morphological traits. The Hoatzin is a bizarre and enigmatic bird spe-
cies. It converts plant cellulose to simple sugars using microbial foregut
fermentation (Dominguez-Bello et al., 1994) and has a modified skel-
eton (sternum) to accommodate a large crop. Also, Hoatzin chicks have
claws on two of their wing digits (Hughes and Baker, 1999). The unique
features of the Hoatzin have confounded efforts to understand its
phylogenetic position for decades, leading to the placement of Hoatzin
with diverse taxa such as landfowl (Galliformes), cuckoos (Cuculi-
formes), or turacos (Musophagiformes) (Hughes and Baker, 1999). Owls
are nocturnal predators with raptorial features, but their relationships
have been obscure. Within Neoaves there are at least two distinct
raptorial lineages. The first is the falcons (Falconiformes sensu stricto),
which have now been shown to be related to parrots and passerines,
whereas the second, Accipitriformes, includes the hawks, eagles, and
vultures. Presently, it remains unclear whether owls represent a third
raptorial lineage or whether they are sister to hawks, eagles, and vul-
tures. This uncertainty impacts our understanding of the evolution of
raptorial features.

Recent avian studies have suggested that phylogenetic reconstruc-
tion is biased by the source of the data (e.g., exon, intron, or UCE
[ultraconserved element], Reddy et al., 2017), which we refer to as data
type effects. For example, in Jarvis et al. (2014), concatenated analyses
of exons, introns, and UCEs were largely discordant among each other.
The resolution of owls and the topology for the earliest split of Neoaves
have been shown to vary among different data types (Reddy et al., 2017;
Braun et al., 2019; Braun and Kimball, 2021). In contrast, the position of
the Hoatzin has been even more variable across studies (e.g., Reddy
etal., 2017) and its position does not exhibit an obvious correlation with
data type. Due to biased base composition and high GC content variation
(hereafter GC¢y), exons received the most criticism for model violation
and impact on phylogenetic reconstruction (Jarvis et al., 2014; Reddy
et al., 2017; Braun and Kimball, 2021). Using models that incorporate
base compositional heterogeneity (e.g., Galtier and Gouy, 1998; Morgan
et al., 2013) might improve analyses, but dramatic incongruence among
gene trees is often observed within data types (e.g., Jarvis et al., 2014) so
the available models that incorporate base compositional heterogeneity
are unlikely to eliminate incongruence among exonic trees.
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Nevertheless, finding that exons are generally misleading in the re-
lationships they reconstruct would have far reaching implications for
phylogenomic analyses as transcriptomic and targeted sequencing data
have become more common (e.g., Prum et al., 2015; Wang et al., 2019).

Herein we examine conflicting signals within two major avian
datasets: Jarvis et al. (2014) and Prum et al. (2015). We conduct con-
strained phylogenetic analyses (edge-based analyses [EBA], see Smith
et al., 2020) to examine the relative support for alternative resolutions of
three relationships within Neoaves that have proven to be difficult to
resolve; specifically, we examine the earliest divergence within Neo-
aves, the position of Hoatzin, and the position of owls. We explore the
efficacy of large datasets to resolving these relationships by carefully
curating individual genes and assessing their contribution to the support
for alternative hypotheses. In addition to individual gene evaluations,
we focus on dissecting the phylogenetic signal associated with different
data types (exon, intron, and UCE) and examine other factors, such as
GCcy (Foster and Hickey, 1999) and gene evolutionary rate (Chojnowski
et al., 2008) that might also influence phylogenetic estimation. The in-
clusion of multiple data types facilitates examination of whether
phylogenetic signal from protein-coding regions were different from
those of non-coding regions. Through these analyses, we seek to better
characterize the ability of large datasets to address difficult phylogenetic
questions in birds and other groups.

2. Materials and methods

We have illustrated the data sources and overall analytical frame-
work for this study using the flow chart in Fig. 1.

Jarvis et al. (2014)
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2.1. Data acquisition and filtering

We obtained 8251 exons, 2516 introns, and 3769 UCEs from Jarvis
et al. (2015) (hereafter Jarvis data). To increase the phylogenetic signal
from individual genes and eliminate potential systematic error or noise,
we conducted several filtering steps. First, genes having a short align-
ment (<500 bp) and/or missing taxa (<42 species after deleting se-
quences with > 70% gaps in the alignment) were excluded. Second, we
reconstructed ML gene trees using IQTREE (v. 1.6.3, Nguyen et al.,
2014) with the GTR + I' model and 1000 Ultra-Fast Bootstrap (UFBS,
Minh et al., 2013) replicates. Trees having outgroups that clustered
within ingroups (i.e., non-bird species nested within birds, and/or spe-
cies from Palaeognathae and Galloanserae nested within Neoaves) were
treated as systematic error and excluded from additional analyses.
Finally, trees with extremely long branch lengths (>1 expected substi-
tution per site) were also excluded due to potential error in ortholog
identification. Scripts are available at https://bitbucket.org/ningwan
g83/avian_conflict assess. In addition, the original 259 sequence align-
ments and gene trees from Prum et al. (2015) were downloaded and
filtered following a same procedure (hereafter Prum data).

2.2. Examination of gene tree resolution diversity

In general, we focused on three controversial edges on the avian tree
of life: the earliest divergence in Neoaves and those encompassing the
positions of the Hoatzin and owls (Table 2). We assessed the diversity of
resolutions in the gene trees as follows. First, we examined the topo-
logical distributions of ML gene trees (Fig. 2) in relation to the three
focal edges under different support cutoffs (i.e., > 0%, 50%, 70%, 95%
support based on either BS [bootstrap] or UFBS, Hoang et al., 2018).

Prum et al. (2015)
3
Target sequenci
loci
)

DATA

., Common Edge

L
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+  Assess performance of EBA using simulation B Wl
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Fig. 1. Flow chart illustrating the analytical processes in the current study. Briefly, we used four types of sequence data (blue box, top) obtained from Jarvis et al
(2014) and Prum et al. (2015) to examine the support for three selected edges in the avian tree of life (green box, left). Then we conducted two types of analyses using
the sequence data (red box, center). First, we examined the resolutions of the three focal edges in gene trees. The results of those analyses (black box, right) were most
common resolutions of the edges (upper pie chart) and information about the distribution of distances among gene trees (e.g., histogram of RF distances). Those
results, combined with prior information from the literature, allowed us to define the set of plausible resolutions for each focal edge. EBA yields information about the
relative support for each of those plausible resolutions; we present the relative support for each resolution either as a pie chart or as stacked column graphs (showing
in the lower part of black box). The largest slice in this example pie chart (green) is the best-corroborated relationship, but the chart also shows three alternatives
with substantial differences in their relative support. The interpretation of stacked column graphs is similar, but the use of columns makes it easier to compare
differences in the relative support for various subsets of the data (in this example, data subsets A and B were compared). (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
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Table 2
Three focal edges and major testing hypotheses that published before.

Focal Edges Hypotheses Major References
Earliest 1. VI 4 VII Jarvis et al., 2014; Reddy et al., 2017; Braun
Neoaves and Kimball 2021
2.V Jarvis et al., 2014, Prum et al., 2015
3. VIl Jarvis et al., 2014; Braun and Kimball 2021;
Kuhl et al., 2021

4. 11+ V + VI + Hackett et al., 2008
VII
5. Doves McCormack et al., 2013

Hoatzin’s 1.I4+II+V Reddy et al., 2017

sister

2.1 Prum et al., 2015
3.S+CR Jarvis et al., 2014
4.V Jarvis et al., 2014
58 McCormack et al, 2013, Jarvis et al., 2014
6. TB Jarvis et al., 2014
7.0+ 10+ S + Jarvis et al., 2014
CR

Owls’ sister 1.M+W Jarvis et al., 2014; Prum et al., 2015; Reddy

etal, 2017

2. W McCormack et al., 2013; Jarvis et al., 2014
3. EHV Jarvis et al., 2014
4. M Hackett et al., 2008; Gilbert et al., 2018

NOTE.— the Greek numbers (bolded) correspond to the “magnificent seven” of
Reddy et al. (2017), with other italic acronyms that can be referred to Table 1.

Second, we examined Robinson-Foulds (RF, Robinson and Foulds,
1981) distances among gene-trees for each data type, as well as between
each gene tree and the concatenated TENT_ExaML species tree from
Jarvis et al. (2014) and the concatenated RAXML tree from Prum et al.
(2015). RF distances were calculated using the bp script (https://github.
com/FePhyFoFum/gophy), which allows non-overlapping taxa in the
gene trees. Finally, to quantify the relative strength of the phylogenetic
signal for a certain edge, we calculated the ICA values (Internode Cer-
tainty All; Salichos et al., 2014; see Table 1) on the species trees (same as
above) from the filtered gene trees of each data type respectively. These
analyses were conducted using RAXML 8.2.11 (Stamatakis, 2014) with
the GTRCAT model and lossless support to accommodate partial gene
trees (Kobert et al., 2016).

2.3. Edge-based analyses — Assessment for constraint topologies of three
focal edges

We selected several alternative topologies from previous large-scale
studies (Table 2) for each of the three focal edges. For the Jarvis data,
gene trees were reconstructed in IQTREE using one constrained edge at a
time and optimizing the remainder of the tree. This analysis was con-
ducted for each locus and every focal edge (Fig. 3). Since the ML gene
trees typically exhibited topologies different from published dominant
relationships (see discussion bellow), genes were excluded if their ML
gene tree was incompatible with any testing constraint under a 95%
UFBS cutoff (i.e., any locus with an ML gene tree that has a focal node
conflict with all test hypotheses would be kept only if the conflicting
node was weakly supported [< 95% UFBS]). To identify the best hy-
pothesis, we conducted the following analysis:

(1) We compared InL (log likelihood) scores among conflicting
alternative topologies for a single edge for each gene and iden-
tified its supporting (i.e., the best) topology.

(2) We calculated the difference in InL (AlnL) between the best and
the second-best resolutions for each gene. At this stage, we also
identified potential outlier genes (cases where AlnL fell out of the
smooth distribution among other genes) by eye.

(3) We summed AlnL for each constraint from supporting or signif-
icantly supporting (AlnL > 2) genes (referred to as ) AlnL or
> sigAlnL).
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(4) We identified the overall best topology either supported or
significantly supported (AlnL > 2) using two criteria: the largest
number of genes (Y Ng: simply the number of genes supporting a
specific topology) and the highest > AlnL (or Y sigAlnL) scores
(Fig. 3).

Genes for which the InL could not be calculated given specific
constraint topologies (this occurs when relevant taxa are missing) were
excluded from the calculation.

We manually examined the outlier genes for misalignment and
collected information about the functions of them. We did this because
positive selection can give rise to convergent evolution, at least in
principle, and genes with a specific function might group corresponding
species together and mislead phylogenetic inferences. For example, the
hearing gene Prestin grouped echolocating taxa (microbats and toothed
whales), presumably reflecting convergence (Li et al., 2010). Using
BLAST, we determined outlier exons whether their function might be
related to the outlier topology. However, we did not conduct lineage-
specific selection analyses for outlier exons as their alignments con-
tained several premature stop codons.

To control for the impact of taxon sampling on topological prefer-
ence, we also conducted EBA using genes from the large sampling (i.e.,
198 bird species) of Prum et al. (2015), following similar processes and
criteria indicated above. To limit CPU time, RAXML 8.2.11 (Stamatakis,
2014) with GTRCAT model was used. The ML gene-trees including BS
support built with RAXML were directly retrieved from Prum et al.
(2015). We also reduced the number of constraint topologies to include
only three hypotheses for each focal edge (see Results and Discussion
3.3). Results were organized after filtering out loci with gene-tree in-
compatibilities with any testing constraints under 70% BS cutoff (Hillis
and Bull, 1993). In addition, to examine the sampling effect on the hy-
potheses examined here, we focused on the earliest diverging Neoaves
and assessed five additional hypotheses by referring one single lineage
(i.e., caprimulgiforms [nightjars], Hoatzin, charadriiforms [represented
by plovers], gruiforms [cranes], or cuculiforms [cuckoos], Fig. 4) as
sister to other Neoaves and conducted EBA with Jarvis data using the
same criteria mentioned above.

In order to assess influence of GCcy and tree length (i.e., gene
evolutionary rate) on tree reconstruction using different data types, we
sorted the filtered genes from Jarvis et al. (2014) based on their GCcy
and tree length. We characterized GCcy using a method similar to Reddy
et al. (2017). We excluded the crocodilian outgroups and calculated the
GC content for sites that are variable within birds. Then we calculated
three different AGC metrics (AGCsg, AGCgg, and AGCigp), which
represent the GC content difference between a high-GC and a low-GC
taxon. The three different metrics differ in the high- and low-GC taxa
that we selected; for AGCsg it was the upper and lower quartile, for
AGCgq it was the 95th and 5th percentile, and for AGCyqg it was the
maximum and minimum. We ordered genes based on AGCy to balance
the GC difference and similarity among data types (i.e., maximize dif-
ferences while eliminating outlier signals, Fig. 5A) and examined the
gene trees in the upper (i.e., high GCcy) and lower (i.e., low GCcy)
quartiles of the variation for their supporting pattern to each testing
edge (Fig. 5B). We conducted similar analyses by sorting genes based on
their total tree length and compared support for focal edges between
gene sets from the upper and lower quartile of the tree lengths (Fig. 5C
and D).

2.4. Comparison of tree topologies within genetic regions

Within-genetic region comparisons were conducted using exons and
UCEs from Jarvis et al. (2014), which have high alignment quality
without long indels, in addition to the Prum dataset. We split the genes
into 1000 bp chunks, omitting the short leftovers. We conducted ML
analyses in IQTREE based on GTR + I model with uncertainty measured
using both SH-aLRT and UFBS, each with 1000 replicates. Edges with <
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Earliest diverging Neoaves No. exons Hoatzin’s _sister No. exons Owls’ sister No. exons
Hummingbirds & Swifts 125 Sunbittern 148 Eagles 130
Cuckoos 119 Plovers 115 Falcons 116
Doves 83 Cranes 107 Cuckoo-roller 114
Bustards 72 Turacos 106 Seriemas 106
Sandgrouse 70 Sandgrouse 100 Trogons 94
Mesites 70 Doves 95 New World Vultures 92
Parrots 70 Nightjars 93 Mousebirds 91
Woodpeckers 65 Bustards 93 Parrots 75
Tropicbirds [ Cuckoos 89 Hornbills 64
Nightjars 58 Tropicbirds 85 Tropicbirds 63
Hoatzin 55 Mesites 84 Nightjars 56
Mousebirds 52 Falcons 76 Cranes 53
Cranes 52 Trogons 70 Bee-caters 52
Passerines 46 Loons 64 Sunbittern 51
Plovers 46 Herons 62 Plovers 51
Turacos 43 Cuckoo-roller 56 Bustards 48
Falcons 42 Cormorants 52 Sandgrouse 47
Sunbittern 42 Seriemas 52 Mesites 45
Loons 38 Flamingos & Grebes 50 Hoatzin 45
Bee-caters 36 Flamingos 50 Loons 44
Rare resolutions 976 Rare resolutions 803 Rare resolutions 740
Unsupported 2472 Unsupported 1975 Unsupported 2092
Hoatzin missing 61 Owl missing 298

Fig. 2. A: Node support distribution among ML gene trees. B: Topology distribution of the ML gene trees for the three focal edges using Jarvis et al. (2014) exon data.
Analyses for Introns and UCEs can be found in Fig. S3. unsupported: relationships shown have <50% UFBS (ultrafast bootstrap support, we use lower support cutoff
to show potential topology distributions). The Top 20 supported topologies are shown. rare resolutions: relationships shown in <10 gene trees. Hoatzin missing or
Owl missing: Hoatzin or Owl is missing in the gene trees.

80% SH-aLRT or < 95% UFBS support were collapsed. We note that this 2.5. Coalescent simulation — Assessing the performance of EBA for deep

requirement is extremely conservative but limits false positives. We also coalescence

re-estimated gene trees using these same criteria for consistency among

these tests. We then compared trees from gene region fragments to the We conducted simulations to assess the performance of EBA in
ML gene trees based on the entire gene region and noted conflicts. recovering the potential true topology at edges under differing level of
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Fig. 3. A: Keys (I-VII) for each major clade in the hypotheses being tested. B: flow chart on how to conduct edge-based analyses by using the earliest diverging

Neoaves as an example.

ILS. The Jarvis et al. (2014) MP-EST* TENT tree, which was built with a
binned MP-EST* method (Mirarab et al., 2014), was used as the model
species tree. We rescaled the terminal branch length of the model species
tree to make it ultrametric and generated 500 simulated gene trees using
the neutral coalescent model with the treesim.contained coalescent tree
module in Dendropy 4.2.0 (Sukumaran and Holder, 2010). We rescaled
the internal branches of these gene trees with 0.01, which is estimated
by comparing the coalescent and substitution branch lengths (BLs) in the
empirical data of Jarvis et al. (2014). Duchene et al. (2018) found that
the tip branch-lengths (tipBLs) are best to be proportional among species
across gene trees. Thus, we first obtained the distribution of BLs for each
species from the empirical ML gene trees of Jarvis et al. (2014). Then, we
generated tipBLs for each simulated gene by selecting the same
percentile tipBLs value from the empirical distribution of each species.
This rescaling method ensures a proportional tipBLs across all gene
trees. To simulate different types of data, we estimated the branch length
distributions, and the modeling parameters (see below) from exons,
introns and UCEs, respectively. Here for each datatype, we built a coa-
lescent species tree with ASTRAL III (Zhang et al., 2018) using these
rescaled simulated gene trees. Moreover, the average RF distance
(ARFD) between the model species tree and the simulated gene trees was
used to reflect the level of overall ILS.

We generated one sequence alignment with length of 800-3000 bp
for each simulated gene tree using Seq-Gen (Rambaut and Grass, 1997,
implemented in Dendropy). All alignments were generated using the
GTR + I model with model parameters (base composition, o« parameter
for I distribution, and GTR substitution rates) selected randomly from
the density distribution of the Jarvis data of exons, introns, and UCEs,
respectively. Simulations were repeated once for each data type to
validate results, so there were six sets of 500 simulated alignments in
total. Then we obtained ML estimates of simulated gene trees for these
simulated alignments in IQTREE using the GTR + I model. In addition,
184 bipartition constraints were generated from 27 species-tree esti-
mates constructed by Jarivs et al. (2014), which provide a reasonable
representation of the extent variation of species tree hypotheses as to

bird relationships, so that all the bipartitions in the model species tree
were included. The EBA were conducted using the simulated alignments
following the method described above on the three difficult focal edges
that exhibit higher level of ILS as well as some commonly accepted edges
that exhibit lower levels of ILS, including I, II, III, and V (Table 1) from
the “magnificent seven” superordinal groups (Reddy et al., 2017). We
also conducted ASTRAL analyses using the ML estimates of simulated
gene trees. We calculated the mean gene-tree estimation error (GTEE) by
using Dendropy to calculate the unweighted RF distance between the
simulated gene trees and the ML estimates of the simulated gene trees,
which we averaged across all genes. To compare the performance of
concatenation analyses, we concatenated the simulated alignments of
each data type and conducted ML analyses in RAXML 8.2.11 using GTR
+ I model, partitioned by locus, and we calculated node support using
200 bootstrap replicates.

3. Results and discussion
3.1. Gene informativeness

After careful data curation, we obtained 5062 exons, 1409 introns
and 3370 UCEs (Table S1) from Jarvis et al. (2015). All data from Prum
et al. (2015) passed the filtering processes and were therefore retained.

We examined the extent to which each genomic partition had in-
formation to resolve nodes on the tree. We found that each gene in the
Jarvis dataset supported, on average, 24 (>70% UFBS) or 15 (>95%
UFBS) of the 47 internal nodes, respectively, whereas the Prum data
supported (>70% BS) ~ 110 out of 197 internal nodes on each gene tree,
with a maximum of 144 and minimum of 22 (Fig. 2A). The low support
on many nodes is likely caused by the relatively low phylogenetic signal
for individual genes that are subject to high GTEE (Molloy and Warnow,
2018), especially across such broad relationships. Although introns
generally supported more relationships, the number of supporting nodes
appeared to correspond to alignment length (Fig. S1). For the three
edges of interest, only 23%— 33% exons, 38%-51% introns, and 34%—
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Fig. 4. The three focal edges and the testing hypotheses in the edges-based analyses using exons (upper), introns (middle) and UCEs (lower). A: The earliest diverging
clade in Neoaves, including the five dominant hypotheses published before (1-5), and the five additional hypotheses prevalent observed in the gene trees for bias
assessment (6-10). B: the sister of Hoatzin, including seven previously identified hypotheses. C: the sister group of Owls, including four commonly found hypotheses.
>"AlInL: the sum of log likelihood score differences; > Ng: the number of genes supporting a specific hypothesis. Hypotheses keys can be found in Fig. 3.

43% UCE:s in the Jarvis data obtained > 70% UFBS on ML gene trees
after excluding genes with missing owls or Hoatzin. In the Prum data,
similarly, only four loci obtained supports (>70% BS) on their ML gene
trees for the resolution of Hoatzin, two genes showed supports for the
earliest diverging clade of Neoaves, whereas no gene supported the
position of owls. 113 genes even showed non-monophyly of owls (i.e.,
the two families of owl had distinct positions on the tree) in Prum et al.
(2015). These results suggest that most loci have limited information for
resolving the contentious edges and therefore a high potential for GTEE
from these genome data, regardless of the sources of conflict.

3.2. Diversity of resolutions

Many gene regions across datasets and datatypes did not demon-
strate a strong preference for any specific resolution regarding the three
focal relationships (Fig. S2). However, to ascertain the nature of the
support for alternative resolutions when support was indicated, we
firstly examined how many different resolutions were supported by
different genes. We observed, for example in the Jarvis exons, there were
>1500 alternative resolutions for each focal relationship. Most of these
were unsupported (~five resolutions obtained > 95% UFBS and ~40
resolutions obtained > 50% UFBS) or were present in <10 gene trees (i.
e., rare resolutions, Fig. 2B). Even the best-supported topology for each
data type was still present in <5% of gene trees. The situation was
similar for introns and UCEs (Fig. S3A). The Prum data had 259 loci, and
we identified 110 or more topologies for each focal edge, but only 3 - 16
topologies had > 50% BS, within which >80% were found in a single

gene (Fig. S3B).

To properly discuss the uncertainty of the focal relationships and the
large number of plausible topological alternatives, we have adopted a
compact notation for clades. For example, the root of Neoaves in the
Jarvis et al. (2014) TENT_ExaML is between VI + VII (Table 1) and all
other Neoaves. Hereafter, we refer to this topology as VI + VII sister, and
both the VI + VII clade and the remaining Neoaves (i.e., the edge that
supports the VI + VII sister relationship) have 100% BS in the TEN-
T_ExaML and the binned MP-EST* trees in Jarvis et al. (2014). Houde
et al. (2019) conducted additional analyses of the Jarvis non-coding
(intron and UCE) data, using both nucleotide sequences and indels,
and they also reported the same basal topology (albeit with local pos-
terior probabilities < 1.0). However, the VI + VII sister obtained —0.051
(intron), —0.272 (UCE), and —0.317 (exon) ICA values in our analyses,
indicating substantial conflicting signals among gene trees, and a better
supported alternative conflicting relationship as shown in the ML to-
pology distribution (Fig. S3). The different ICA values are also indicative
of a data type effect, with introns showing a very different signal than
UCE:s or exons. Similar situations were also found for the other two focal
edges (i.e., for the Hoatzin and owls) and in both datasets (not shown).

The diversity of resolutions can also be observed by the RF distances
among gene trees. Trees based on Jarvis exons and UCEs exhibited more
among-gene tree differences (~65, 69% of the edges, Fig. S4) than do
trees based on introns (~58, 62% of the edges), implying the potential of
high GTEE in these gene trees (Simmons et al., 2016). Similar patterns
were also found when comparing gene trees to the species-tree topol-
ogies. The RF distances among gene trees for the Prum data were usually
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