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Abstract.—Gene tree discordance is expected in phylogenomic trees and biological processes are often invoked to explain it.
However, heterogeneous levels of phylogenetic signal among individuals within data sets may cause artifactual sources of
topological discordance. We examined how the information content in tips and subclades impacts topological discordance
in the parrots (Order: Psittaciformes), a diverse and highly threatened clade of nearly 400 species. Using ultraconserved
elements from 96% of the clade’s species-level diversity, we estimated concatenated and species trees for 382 ingroup taxa. We
found that discordance among tree topologies was most common at nodes dating between the late Miocene and Pliocene,
and often at the taxonomic level of the genus. Accordingly, we used two metrics to characterize information content in
tips and assess the degree to which conflict between trees was being driven by lower-quality samples. Most instances of
topological conflict and nonmonophyletic genera in the species tree could be objectively identified using these metrics. For
subclades still discordant after tip-based filtering, we used a machine learning approach to determine whether phylogenetic
signal or noise was the more important predictor of metrics supporting the alternative topologies. We found that when
signal favored one of the topologies, the noise was the most important variable in poorly performing models that favored
the alternative topology. In sum, we show that artifactual sources of gene tree discordance, which are likely a common
phenomenon in many data sets, can be distinguished from biological sources by quantifying the information content in
each tip and modeling which factors support each topology. [Historical DNA; machine learning; museomics; Psittaciformes;
species tree.]

Gene tree discordance is a common feature of phylo-
genomic studies (Smith et al. 2015; Sharma et al. 2014;
Burbrink et al. 2020; Hime et al. 2021; Morales-Briones
et al. 2021). The conflict between gene and species
trees has been attributed to biological processes and
artifacts related to gene tree estimation (Gatesy and
Springer 2014). Ancient and contemporary introgression
(Eaton et al. 2015; Li et al. 2016; Thom et al. 2018),
horizontal gene transfer (Galtier and Daubin 2008),
and incomplete lineage sorting (Mirarab et al. 2016)
are among the most invoked biological processes to
explain gene tree discordance. Although introgression
is regularly modeled in small to moderately sized data
sets (e.g., Burbrink and Gehara 2018), incomplete lineage
sorting can be accounted for even in large phylogenies
using approaches that summarize gene trees (Zhang
et al. 2018). Missing data, biases introduced during
bioinformatic processing and sequence alignment, and
errors associated with gene tree estimation are the
most common artifacts that can impact the reliability
of gene tree topologies (Springer and Gatesy 2016). An
assessment of data quality issues is less constrained by
phylogeny size because a complex biological process

does not need to be modeled during phylogenetic
inference. This combination of evolutionary processes,
computational limits, and underlying data quality issues
makes phylogenomic inference challenging.

Adding to this complexity is that phylogenetic inform-
ation content varies among loci and individuals. This
heterogeneity can obscure phylogenetic relationships
and produce discordance among concatenated and
species trees. For example, sequence capture of loci from
historical museum specimens typically yields short loci
with low variation (e.g., McCormack et al. 2016), which
subsequently impacts species tree estimation (Hosner
et al. 2016; Moyle et al. 2016) and can yield questionable
phylogenetic relationships (Smith et al. 2020). Although
sequence data from historical samples are expected to
have lower quality than more recent material, other
characteristics of sequence data could lead to spurious
phylogenetic signal (i.e., phylogenetic noise) in any locus
or individual. Genomic regions with high GC richness
can favor alternative topologies, presumably because
these loci are subject to higher meiotic recombination
(Bossert et al. 2017). Other factors such as genomic library
preparation, sequencing, or bioinformatic processing
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can cause the information content in individuals to
vary. These sources of heterogeneity can lead to gene
tree estimation error and cause artifactual sources of
phylogenetic discordance. For these reasons, gene inter-
rogation approaches that identify outlier individuals
are important for characterizing the information content
underlying gene tree discordance. These approaches can
help determine whether biological or artifactual factors
are the cause.

One way to address the complexities associated
with the multiple dimensions of phylogenetic inference
is through machine learning algorithms. This class
of methods has been used to infer topologies from
multiple sequence alignments (Suvorov et al. 2020;
Zou et al. 2020), distinguish between bifurcating or
reticulating topologies (Burbrink and Gehara 2018),
determine whether maximum likelihood or maximum
parsimony are more appropriate for a particular data
set (Leuchtenberger et al. 2020), and interrogate genes in
phylogenomic studies (Burbrink et al. 2020). The applica-
tions of machine learning to gene interrogation methods
are particularly interesting because the approach can
build on previous work showing that single or few
loci can have a disproportionate impact on a particular
topology (Arcila et al. 2017; Shen et al. 2017; Brown
and Thomson 2017; Walker et al. 2018; Gatesy et al.
2019). For example, machine learning has been used to
understand why certain loci fail to support previously
proposed relationships (Burbrink et al. 2020), or why
topologies with and without missing data vary (Smith
2020). Understanding the association between a phylo-
genetic hypothesis and the signal driving topological
relationships will help clarify the causes of discordance
between trees.

In this study, we use tip-based filtering and machine
learning to examine the impact of heterogeneous data
quality among terminals and subclades in establishing
evolutionary relationships in parrots (Order: Psittaci-
formes). The species of this highly diverse pantropical
clade of birds are known for their colorful plumage
(Merwin et al. 2020), intelligence (Pepperberg 2009),
and highly threatened and endangered status (Snyder
and McGowan 2000). Because of their conservation
status and relatively high species diversity, many species
in this clade are not represented by modern genetic
samples in natural history collections and so must be
studied through historical museum specimens. This
limitation should lead to a sequence alignment with
varying levels of data completeness among individuals.
Despite the challenges in the availability of samples,
major gains in determining phylogenetic relationships
in parrots have been made through studies focusing on
particular genera (e.g., Ribas and Miyaki 2004; Ribas
et al. 2005, 2007a, 2009; Joseph et al. 2011; Kirchman
et al. 2012; Smith et al. 2013; Braun et al. 2019) or species-
complexes (e.g., Ribas et al. 2006, 2007b; Joseph et al.
2008; Braun et al. 2017), and higher-level relationships
(Tavares et al. 2006; Wright et al. 2008; White et al. 2011;
Schweizer et al. 2012, Schweizer et al. 2014; Schweizer

et al. 2015; Joseph et al. 2020; see Provost et al. 2018
for a review at all levels). Several synthesis studies
using supermatrix (Burleigh et al. 2015; Provost et al.
2018) and supertree (Burgio et al. 2019) approaches
from legacy markers have provided a more complete
overview of relationships across the order. Published
multilocus studies have verified the support for most
higher-level groups, but incomplete sampling and/or
limited molecular data have caused uncertainty in the
placement of some groups (e.g., Platycercinae) and the
monophyly of particular genera (e.g., Polytelis; Provost
et al. 2018). Taxonomic relationships at lower ranks
(genera, species) have been difficult to resolve because
of plumage convergence (e.g., Merwin et al. 2020), a
high frequency of derived traits (e.g., Provost et al.
2018), and issues of lumping versus splitting genera (e.g.,
Joseph et al. 2020). A phylogenomic approach offers
an opportunity to resolve recalcitrant nodes and clarify
relationships among genera and species.

We used genome-wide markers and nearly complete
species-level sampling to produce a phylogenomic tree
for parrots. Our aim was to assess evolutionary rela-
tionships and the sensitivity of those relationships to
the information content available in the DNA sequence
alignments (Fig. 1). We estimated trees using concat-
enated and multispecies coalescent methods because
topological relationships are expected to vary between
these approaches (Maddison 1997). To test whether
topological discordance was an artifact of species in the
alignment with low data completeness, we employed
a two-step procedure. First, we used two metrics to
identify taxa with the lowest phylogenetic information
to filter those samples from the alignment. Second, we
applied predictive modeling for subclades that remained
discordant after tip-based filtering. This was done to
characterize the association between summary statistics
and their relationship to alternative topologies. From
these analyses, we demonstrated how phylogenetic
signal can be distinguished from noise to interpret
sources of conflict among phylogenies.

MATERIALS AND METHODS

We sampled ingroup taxa representing 96% of species
diversity in the Psittaciformes (382/398 recognized
species), including 58 species of lorikeets (Smith et al.
2020), the extinct Conuropsis carolinensis (Smith et al.
2021), the endangered Amazona vittata (Oleksyk et al.
2012) and three outgroup taxa (Caracara plancus cheriway,
Calyptomena viridis, Icterus cucullatus; Oliveros et al.
2019). Specimen details and locality information are
available in Supplementary Table S1 available on Dryad
at http://dx.doi.org/10.5061/dryad.b5mkkwhfm. The
unsampled species include both extinct (Nestor produc-
tus, Cyanoramphus ulietanus, Cyanoramphus zealandicus,
Psittacula wardi, Psittacula exsul, Mascarinus mascarin,
Vini diadema, and Ara tricolor) and extant (Pionus men-
struus, Tanygnathus gramineus, Psephotellus chrysoptery-
gius, Loriculus camiguinensis, Loriculus flosculus, Aratinga
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FIGURE 1. Flowchart for evaluating the impact of artifactual sources of topological discordance. Step 1: estimate concatenated (aqua on
left) and species (orange on right) trees, and then quantify differences among the topologies. Step 2: estimate tip-based metrics that reflect the
amount of phylogenetic signal in each species. Step 3: using the tip-based metrics to filter individuals above threshold values. Step 4: calculate
how different the concatenated and species tree topologies are after filtering. Step 5: for subclades, calculate gene-wise log-likelihood scores
(�glk) for each topology and Robinson–Foulds (RF) distances. Step 6: use machine learning and alignment summary statistics to predict �glk
and the RF distance between each gene tree to the species tree.

maculata, Psittacara wagleri, Pyrrhura pfrimeri, and Poiceph-
alus crassus) species. In comparison to the previously
largest published parrot phylogeny (Provost et al. 2018;
excluding Jetz et al. 2012 and Burgio et al. 2019, which
included species without genetic data), we added 82
taxa. Our sampling included several recent species splits
in Amazona, Pyrrhura, and Psittacara. This data set also
included more comprehensive sampling in the lorikeets
(Smith et al. 2020), and from groups that have not
been the focus of phylogenetic studies, such as Loriculus
and Touit, and the species Ognorhynchus icterotis in an
unsampled monotypic genus.

For species with tissue samples, we extracted total
genomic DNA from genetic resources using QIAamp
DNeasy extraction kits (Qiagen, Valencia, CA). For spe-
cies without modern genetic samples, we sampled skin
from the toes of museum specimens and applied a modi-
fied DNeasy extraction protocol that used QIAquick PCR
filter columns that size selected for smaller fragments of
DNA. The modified protocol also included washing the
sample with H2O and EtOH prior to extracting as well as
extra time for digestion. DNA extraction from historical
samples was done in a dedicated lab for working on
degraded samples to reduce contamination risk. We
quantified DNA extracts using a Qubit 2.0 Fluorometer
(Thermo Fisher Scientific). Library preparation of UCEs,
enrichment, and Illumina sequencing were performed
by RAPiD Genomics (Gainesville, FL). The Tetrapod

UCE 5K probe set was used to enrich 5060 UCE loci
(Faircloth et al. 2012). Sequencing was done on an
Illumina HiSeq 3000 PE 150 and HiSeq 10×. FASTQ files
are available on the Short Read Archive (SRA numbers
are available in Supplementary Table S1 available on
Dryad).

We used a modified data-processing pipeline that
incorporated PHYLUCE v. 1.6.8 (Faircloth 2016), a soft-
ware package developed for analyzing UCE data and
a variant calling pipeline (Harvey et al. 2016). Low-
quality bases and adaptor sequences were trimmed
from demultiplexed FASTQ files using illumiprocessor
v1 (Faircloth 2013; Bolger et al. 2014). Next, we chose
a single individual per genus and produced de novo
contigs with ABySS v.1.5.2 (Simpson et al. 2009). We
explored using several assemblers, and although ABySS
produced shorter contigs, preliminary results found
that these produced more stable phylogenetic relation-
ships among modern and historical samples, and less
branch length heterogeneity. We mapped contigs to
UCE probes and generated an index for the genus-
specific reference sequence and independently mapped
reads from each of the species belonging to the same
genus using BWA v0.7.13-r1126 (Li and Durbin 2009).
SAM files produced from the BWA mapping were
converted to BAM files and sorted with SAMtools v. 1.10
(Li et al. 2009). Then, we used the mpileup function in
SAMtools v. 1.10 (-C 30; -Q 20) to produce a VCF file,



Copyedited by: YS MANUSCRIPT CATEGORY: Systematic Biology

[16:11 25/8/2022 Sysbio-OP-SYSB220055.tex] Page: 4 1–14

4 SYSTEMATIC BIOLOGY

bcftools v. 1.12 (Danecek et al. 2021), and vcfutils to call
variant sites and filter sites with <5× coverage per SNP
and a quality score < 20, and seqtk to convert FASTQ files
to FASTA. Using the PHYLUCE default settings, MAFFT
v. 7.455 (Katoh and Standley 2013) aligned loci that were
a minimum of 100 base pairs (bp). Heterozygous sites
were labeled with IUPAC ambiguity codes. The final
concatenated alignment retained only loci for which 75%
of the samples were present.

Phylogenomic Analyses

We estimated phylogenies using concatenated and
coalescent approaches to assess the stability of relation-
ships and the extent of phylogenetic discordance. To
infer phylogenomic relationships from the concatenated
UCE alignment, we used IQ-TREE2 v. 2.1.3 (Minh et al.
2020) with 1000 rapid bootstraps, and the software’s
ModelFinder implementation (Kalyaanamoorthy et al.
2017) to select the best-fit substitution model for each
gene partition (Chernomor et al. 2016). We also generated
gene trees from locus alignments where heterozygous
sites had an ambiguity code in IQ-TREE2, and we col-
lapsed all nodes in the gene trees with 0% SH-like aLRT
support using newick utilities (Junier and Zdobnov 2010)
following Simmons and Kessenich (2020) and Simmons
and Gatesy (2021). These gene trees were used for species
tree estimation in ASTRAL-III v. 5.7.3 where support for
nodes was determined by local posterior probabilities
(Zhang et al. 2017). Finally, we used an approximately
unbiased topology test (AU test; Shimodaira 2002) to
determine whether the concatenated and species tree
topology were significantly different than each gene
tree topology for each subclade with 10,000 multiscale
bootstrap replicates in IQ-TREE2 v. 2.1.3 (Minh et al.
2020).

Detecting Outlier Samples

Poorly resolved gene trees have been shown to
decrease the performance of species tree estimation
using gene tree summary methods such as ASTRAL
(Zhang et al. 2018). Typically, low-quality gene trees are
caused by loci with overall low phylogenetic signal or
by individuals with high proportions of missing data
(Sayyari et al. 2017). We determined how the species
tree topology changed by filtering individuals based
on two metrics that reflect data quality. The number of
parsimony informative sites (PIS) is a commonly used
metric that reflects the information content of a locus.
However, the total PIS varies among loci because of
differences in sequence length and mutation rate. To
scale PIS per individual by the average PIS per locus,
we estimated the difference between the overall mean
PIS per locus and the per sample mean PIS per locus.
We refer to this metric as the deviation in PIS (dPIS).
The per species mean of this metric is similar to the
total PIS per individual, which is useful for identifying
low information content samples. The per locus value
of dPIS can indicate which individuals have fewer or

more PIS than expected for a given locus; this can
be useful for filtering individuals from specific gene
trees. To calculate the PIS per individual per locus, we
converted the FASTA alignment for each locus into a VCF
file using the program SNP-SITES v. 2.5.1 (Page et al.
2016). We used VCFTOOLS v0.1.15 (Danecek et al. 2021)
to calculate the PIS by first filtering out all sites with
minor allele count < 4 and, and then calculating the
number of homozygous sites for the alternative allele
to avoid counting heterozygous sites as PIS, using the
most distant outgroup (C. cheriway) as the reference. The
second metric was the number of missing loci for each
individual, which was calculated using the summary
statistics R script from Burbrink et al. (2020). For both
metrics, we estimated the 90th, 80th, and 70th percentiles
as filtering thresholds: 1) dPIS: > 7.43 (90th percentile),
> 5.30 (80%), and > 1.31 (70%) and 2) number of missing
loci per taxon: > 358.6 (90%), > 280.4 (80%), and > 169.8
(70%). From these filtered alignments, we followed the
methods listed above for estimating concatenated and
species trees. We estimated the generalized Robinson–
Foulds distances (Smith 2020) between the full and
filtered trees. Trees were plotted in R v. 3.6.3 using ape v.
5.4-1 (Paradis and Schliep 2019), ggtree v. 2.04 (Yu et al.
2017), phytools v. 0.7-70 (Revell 2012), diversitree v. 0.9-14
(FitzJohn 2012), geiger v. 2.0.7 (Pennell et al. 2014), and
RColorBrewer v. 1.1-2 (Neuwirth and Neuwirth 2011).

Quantifying Topological Discordance in Subclades

The relationship between locus properties and topo-
logical discordance can be modeled to distinguish
between loci with signal versus those with noise. We
focused on subclades, as opposed to the full tree, to
capture more nuanced patterns within clades. From
our filtered trees (threshold dPIS > 1.31; 70th per-
centile), we sampled subclades that showed either: 1)
topological differences between the concatenated and
species trees (n=21), 2) differences in the phylogenomic
trees (concatenated and species tree) from previously
published relationships (n=1), or 3) nonmonophyletic
genera in both trees (n=2), which were compared
to a topology where monophyly was enforced. We
subsampled the number of taxa in each subclade, when
appropriate, to retain the minimal number of taxa that
showed the alternative relationships among topologies.
Next, we used per-locus alignment summary statistics
as independent variables in our models (alignment
length, undetermined characters, number of variable
sites, PIS, GC content, frequency of gaps, segregating
sites with gaps, and number of individuals) which we
estimated in AMAS (Borowiec 2016) and the summary
statistics R script from Burbrink et al. (2020). These
statistics provided an overview of the phylogenetic
signal and potential biases within each locus. We also
included which chromosome each locus was on as an
independent variable by mapping the UCE probes to the
Melopsittacus undulatus genome (Ganapathy et al. 2014)
in PHYLUCE. This variable was included to determine
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whether loci on particular chromosomes favored a
topology. We estimated two dependent variables: 1) the
normalized Robinson–Foulds distance (Robinson and
Foulds 1981), or RF distance, a metric that captures
the distance between the phylogenomic tree and each
gene tree and 2) the gene-wise log-likelihood for each
topology (Shen et al. 2017; Walker et al. 2018). We
estimated normalized RF distances between every gene
tree and the species/alternative and concatenated trees
estimated with the same filtered data sets in the R
packages ape v. 5.4 (Paradis and Schliep 2019), phytools
v. 0.7-47 (Revell 2012), and phangorn v. 2.5.5 (Schliep
2011). Using RAxML (Stamatakis 2014), site-wise log-
likelihoods were calculated for the concatenated (T1)
and species/alternative tree (T2) topologies for each
subclade, and gene-wise log-likelihoods were the sum
of site-wise log-likelihoods for each gene. The change in
gene-wise log-likelihoods were estimated for each gene
partition (hereafter �glk = T1 gene log-likelihood - T2
gene log-likelihood). Positive �glk scores supported T1
and negative scores supported T2.

We used the K-nearest neighbor (KNN) classifier in
the machine learning R package caret v. 6.0.79 (Kuhn
2008) to determine which summary statistics were most
important in predicting: 1) �glk scores and 2) the
species-gene tree RF distance in each of the 24 subclades.
We used KNN instead of a neural net because it
could handle chromosome location as a single variable,
and the results were qualitatively similar with either
algorithm. The input data were centered and scaled,
and the percentage of training versus test data was
set to 70% and 30%, respectively. We produced 100

training/test data sets, and reported the mean: R2, root
mean square error, and variable importance. To obtain
the directionality of relationships for the most important
variables in the model, we estimated the correlation
coefficient in R. We used KNN modeling to determine
whether topological discordance, between species and
concatenated trees, was caused by phylogenetic signal
or noise. It is expected that multilocus data sets will
harbor both informative and noninformative loci, but
the overall ratio of signal-noise can be captured by
the KNN modeling. For example, if a metric that
reflects phylogenetic signal (e.g., PIS) was an important
variable that had a positive correlation with�glk, it
would indicate that the topology in the concatenated
tree was being driven by phylogenetic information
content. Alternatively, if models where statistics that may
capture noise in the data (e.g., GC content; undetermined
characters) are found to be the most important variable,
that would indicate the topology they were correlated
with was likely biased by low information content. For
subclades where the models were a poor fit to the data

(i.e., low R2 values), the alternative topologies could not
be predicted by the summary statistics.

Time-Calibrating the Parrot Phylogeny

To provide a temporal perspective on topological
discordance in the Psittaciformes, we estimated a time-

calibrated tree for the clade. We used a penalized
likelihood method to estimate divergence dates to
accommodate the large number of species and characters
in our data set. We dated the complete concatenated tree
using treePL (Smith and O’Meara 2012) and calibrated
nodes with the fossil ages of the following extinct
taxa: Eozygodactylus americanus (Weidig 2010; minimum
age: 51.81 Ma; maximum age: 66.5 Ma) for calibrating
the split between Psittacopasserae (Psittaciformes and
Passeriformes; Nelepsittacus minimus (Worthy et al. 2011;
minimum age: 15.9 Ma; maximum age: 66.5 Ma) for
the split between Strigops and Nestor; an unidentified
member of the extant genus Cacatua (Boles 1993; min-
imum age: 11.608 Ma; maximum age: 23.03 Ma) for the
split between Eolophus and Callocephalon; and Suboscines
indet. (Mayr and Manegold 2006; minimum age: 27.25
Ma; maximum age: 56.0 Ma) for the split between oscine
and suboscine passerines. To specify an upper bound
on the tree root, we used an external calibration from
Jarvis et al. (2014) for the split between Falconiformes
and Psittacopasserae (minimum age: 57; maximum age:
62 Ma). Justification for these fossil calibrations and
their ages, except for Cacatua, are discussed in detail in
Kimball et al. (2019) and Oliveros et al. (2019). In treePL,
we estimated the optimal parameter settings using the
prime and thorough options and randomly sampled
during the cross-validation over a range of smoothing

parameters (1×10−7 −1×104) for 10 iterations and ran
the analysis on 100 bootstrapped trees.

RESULTS

Data Characteristics

We obtained 3242 loci from 385 taxa totaling 1,285,685
bp per taxon consisting of 132,895 PIS, 84,944 singleton
variable sites, and 941,672 constant sites. The average
number of species per locus was 340 (range = 3–
382); locus length average 352 bp (range = 100–1572
bp), and GC content was 0.40 (range = 0.39–0.45). The
metrics dPIS and number of missing loci were partially
correlated (0.66), but different sets of individuals were
identified in the threshold categories (Supplementary
Table S2 available on Dryad). Both metrics were plotted
on the concatenated tree to show their distribution across
taxonomic groups (Supplementary Fig. S1 available on
Dryad). The number of missing loci per taxon ranged
from 18 to 3086 with a mean ± SD of 198 ± 327. Based
on our filtering threshold categories, 39 individuals had
>358.6 missing loci (samples from fresh tissues: n=

21; museum skins: n=18), 76 had >280.4 missing loci
(fresh tissues: n=37; museum skins: n=39), and 102
had >169.8 missing loci (fresh tissues: n=61; museum
skins: n=54; Supplementary Figs. S2 and S3 available
on Dryad; Supplementary Table S2 available on Dryad).
The mean dPIS across species was 0.02 (SD =5.52) with
a range of -4.85 to 21.65. When the dPIS was greater than
zero, the individual had fewer mean PIS per locus than
the average across species. Based on filtering threshold
categories, 42 individuals had a dPIS>7.43 (fresh tissues:
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n=7; museum skins: n=35), 77 had > 5.30 (fresh tissues:
n=31; museum skins: n=46), and 116 had >1.31 (fresh
tissues: n=40; museum skins: n=76; Supplementary
Figs. S2 and S3 available on Dryad; Supplementary
Table S2 available on Dryad). A total of 211/269 taxa were
identified in the 70th percentile lists for both metrics
(Supplementary Table S2 available on Dryad).

Phylogenetic Discordance and Tip-based Filtering

Most nodes in the concatenated tree had 100% boot-
strap support, whereas support values in the species tree
were more varied but also high (Supplementary Figs. S4
and S5 available on Dryad). Higher-level phylogenetic
relationships were similar to previous phylogenetic
studies, with some notable exceptions. In the concat-
enated tree, relationships among three superfamilies
were as expected based on previous work, showing
Strigopoidea from New Zealand as sister to a clade
containing Australasian Cacatuoidea and pantropical
Psittacoidea. Within Psittacoidea, Psittacidae was sister
to a clade containing Psittrichasidae and Psittaculidae.
The species tree, however, showed extensive discordance
with the concatenated tree (Supplementary Figs. S4
and S5 available on Dryad). For example, Strigopoidea
consists of two low-diversity families, Strigopidae and
Nestoridae. In the concatenated tree, the relationships
between Strigops and Nestor and between the two extant
Nestor species (Nestor meridionalis and Nestor notabilis)
were highly supported. In contrast, in the species tree,
Strigopoidea was paraphyletic because Strigopidae and
then Nestoridae were on successive branches separated
by a short branch with 100% support. A similar pattern
was recovered for Psittrichasidae (Coracopseinae and
Psittrichasinae), which was monophyletic only in the
concatenated tree. In the species tree, Coracopseinae
and then Psittrichasiinae were on successive branches
that were short but highly supported (100% and
99%, respectively). Higher-level relationships within
Cacatuidae, Psittacidae, and Psittaculidae were similar
between the species and concatenated trees, with a few
exceptions. The Afrotropical Psittacinae was sister to
the New World Arinae, and the tribes in Arinae had
the same relationships in the species and concatenated
trees. One notable difference was that the support for
Androglossini of the Neotropics as a clade was lower
in the species tree than the concatenated tree (BS =75%
vs. 100%, respectively). Agapornithinae was sister to the
Loriini in the concatenated tree (BS =100%) and sister
to the Platycercinae in the species tree (BS =63). The
genera Amazona, Anodorhynchus, Aratinga, Bolborhynchus,
Cacatua, Cyanoramphus, Cyclopsitta, Eos, Nannopsittaca,
Polytelis, Psilopsiagon, Psittacula, Saudareos, Tanygnathus,
Trichoglossus, and Vini were not monophyletic in the
species tree (Supplementary Figs. S5 and S6 available
on Dryad). Many of these cases of nonmonophyly
were unexpected based on the known phylogenetics
and taxonomy of these groups. Psittacula, Nannopsittaca,
Bolborhynchus, Psilopsiagon, and Cyclopsitta were not

monophyletic in either tree (Supplementary Figs. S4–S6
available on Dryad).

We filtered individuals from the alignment using the
metrics dPIS and number of missing loci and found
that many of the cases of nonmonophyly of genera
were driven by low-quality samples (e.g., Amazona,
Anodorhynchus, or Aratinga; Supplementary Figs. S4–S18
available on Dryad). Tip-based filtering reduced RF
distances among the concatenated and species trees
from 0.27 (full concatenated vs. full species trees) to
0.08 (dPIS > 1.31 concatenated tree vs. dPIS > 1.31
species tree; Supplementary Fig. S19 available on Dryad).
RF distances between the full concatenated and the
filtered species tree topology were lower when using
the dPIS filter (>7.43=0.18; >5.3=0.15; >1.31=0.08)
than the number of missing loci filter (>358.6=0.24;
>280.4=0.22; >169.8=0.19). dPIS (>7.32=3 cases; >

5.3=2; >1.31=1) was more efficient than number
of missing loci (>358.6=9; >280.4=8; >169.8=4) at
identifying samples that produced unexpected cases of
nonmonophyly in the species tree based on taxonomy
(Supplementary Fig. S6 available on Dryad). Tip filter-
ing by the two metrics identified the most data-poor
samples. It showed that in the species tree, most instances
of nonmonophyletic genera were due to data quality,
although discordance between the two trees persisted
after filtering.

Discordant Subclades

To further assess drivers of topological conflict, we
focused on three categories: 1) subclades (n=21) that
were discordant between the concatenated and species
tree after the tip-based filtering, 2) one case in which the
phylogenomic tree differed from previously published
phylogenetic relationships (Nymphicus; White et al. 2011),
and 3) two cases in which nonmonophyletic genera
(Psittacula and Cyclopsitta-Psittaculirostris) were found in
both phylogenomic trees and monophyly was enforced
in the alternative topology (Fig. 3; Supplementary
Figs. S20–S26 available on Dryad). We split several
genera into smaller subclades to decrease the number
of relationships that differed among trees. For example,
there were three clades in Cacatua, one composed of
species with dark bills (Cacatua A) and another with
lighter colored bills (Cacatua B), and a separate subclade
where the placement of C. haematuropygia (Cacatua C)
differed. Pyrrhura was also split into A and B clades.
In some subclades (Agapornis, Eupsittula, Eupsittula-
Psittacara, Micropsitta, Poicephalus, Pyrilia, Pyrrhura A,
and Pyrrhura B), relationships differed between the two
topologies, but the relationships were poorly supported
in one tree. There was also one subclade where the
placement of the genera Eupsittula and Psittacara varied
among trees, lower support being in the species tree (BS
80%). Most subclades had discordance within genera
(e.g., Ara, Cacatua A–C, Pionus, Primolius, Psittacula, Touit,
and Psittacara). In the species tree, Polytelis alexandrae
was sister to Aprosmictus (BS =100%) whereas in the
concatenated tree P. alexandrae was sister to the other
two taxa in Polytelis (BS =69%). Comparisons of these
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(a) (b)

(c)

(d)

FIGURE 2. Exemplar subclades with alternative topologies between the concatenated (left) and species (right) trees with plots showing
the change in gene-wise likelihood scores for the two topologies, and the distance among gene trees to each of the topologies. a) Shown is the
filtered concatenated tree (dPIS < 1.31) with exemplar subclades highlighted, and the 24 subclades denoted with colored circles. The colored
nodes reflect different conditions. The different relationships between the concatenated and species tree had support values >95% (blue), <95%
(red), or where an alternative relationship was forced (orange). b) Pionus (red) was an example where summary statistics were a good predictor
of the Robinson–Foulds distance (RF distance) between gene trees and the species tree. c) Touit (light blue) was an example where summary
statistics were a good predictor of the gene-wise � log-likelihood (�glk). d) Cyclopsitta-Psittaculirostris (bright green) was an example where both
phylogenomic trees agreed, but we forced monophyly. b–d) Shown for each subclade are the branches of conflicting topologies that differ for the
concatenated (aqua) and species tree (orange). Nodes with support values ≥95% are denoted with circles. The trees were filtered by excluding all
tips with dPIS values >1.31. To the right are the �glk scores for each gene partition across each subclade’s alignment, where positive scores are of
genes that support the concatenated tree (aqua) and negative scores favor the species tree (orange). Far right are histograms of the RF distances
for gene trees versus species trees (orange), and gene trees versus the concatenated tree (aqua). Plots for the other subclades are available in
Supplementary Figures S20–S26 available on Dryad.

topologies with prior Sanger-based topologies (e.g.,
Provost et al. 2018) resulted in four categories of
congruence. The Sanger tree was congruent with either
the concatenated or species trees, or was incongruent
with either phylogenomic tree, or incomplete sampling
prevented the comparison.

There was a wide variation in the number of loci
supporting a topology across subclades. Using an AU
test, we found that the percentage of gene tree topologies
that were not statistically different (�=0.05) from either
the concatenated or species tree topology ranged from
36% (Ara) to 86% (Primolius) (Supplementary Table S3
available on Dryad). There were a low number of loci

supporting either topology detected in the gene-wise
likelihood analyses. Across subclades, 1−26% of gene
trees had �glk scores > 2, which favored the concat-
enated topology, and no more than 2% of gene trees
supported the species or alternative tree (�glk scores <-
2). RF distances between the species tree/concatenated
tree and gene trees also showed high variability
(Supplementary Figs. S20–S26 available on Dryad).

Predictive Modeling

Model performance varied across the 24 subclades
(Fig. 2a) and the two dependent variables that were
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run independently (Supplementary Table S4 available
on Dryad). We found two general patterns across the
modeling results where the data were a good fit in
predicting: 1) �glk scores favoring the concatenated tree
(Fig. 2b; e.g., Pionus) or 2) RF distance between gene trees
and the species (Fig. 2c; e.g., Touit) or alternative tree
(Fig. 2d; Cyclopsitta-Psittaculirostris). The distributions of
�glk scores were heterogeneous across alignments (e.g.,
Fig. 2), but more loci favored the concatenated tree versus
the species-tree topology for all subclades.

Predictive modeling revealed that the RF distances
were an overall better fit to the data than the �glk, but the

pattern varied across subclades. The range in R2 values
varied across subclades for the �glk scores (0.00–0.21)
and RF distances (0.00–0.48). The relative importance of
variables was summarized in a heatmap (Fig. 3). The
best performing models had PIS as the most important

variable �glk: N =5; R2 range = 0.05–0.21; RF distance:

N =12; R2 range = 0.17–0.48), and nearly all runs had
PIS as one of the top three most important variables.
PIS was positively correlated with �glk and negatively
correlated with RF distances (gene trees s. species trees).

The next most important variable was GC content, and
for the cases in which GC content was the most important

variable, the R2 values were lower (�glk: N =15; R2 range

= 0.00–0.10; RF distance: N =9; R2 range = 0.00–0.12).
The frequency of gaps and segregating sites with gaps
were in the top four most important variables in most
models. Percentage of missing data, alignment length,
chromosome, and number of individuals were never in
the top three most important variables for any model. For
12 of the subclades (Agapornis, Ara, Cacatua A, Cyclopsitta-
Psittaculirostris, Eupsittula-Psittacara, Nymphicus, Pionus,
Polytelis, Psilopsiagon-Bolborhynchus-Nannopsittaca, Psit-
tacula, Psittacula-Tanygnathus, and Pyrilia), RF distances
between the gene trees and species tree were best
explained by PIS. In contrast, the best performing
models for �glk were in Amazona, Micropsitta, Psittacara,
Pyrrhura B, and Vini, indicating that the support for
the concatenated tree over species tree was driven by
phylogenetic signal. The three subclades in which the
phylogenomic trees were concordant but an alternat-
ive topology was assessed (Cyclopsitta-Psittaculirostris,
Nymphicus, and Psittacula) had well-fit models for RF

(a) (b)

FIGURE 3. Heatmap showing variable importance for the KNN model for a) concatenated-species tree gene-wise � log-likelihood (�glk)
scores and b) Robinson–Foulds distance (RF distance) from gene trees to the species tree. On the vertical axes are each of the 24 subclades, which
were independently analyzed, and on the horizontal axes are summary statistics used for the KNN classification. Warmer colors denote more
important variables.
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FIGURE 4. Time-calibrated tree of the Psittaciformes. Colored clades represent the lowest taxonomic rank from Family to Tribe in each
lineage. Bars on nodes are from 100 rapid bootstrap trees. Included is an exemplar from each taxonomic group. Bird illustrations reproduced by
permission of Lynx Edicions under an Open Access Creative Commons License.

distance but not �glk. Interestingly, for these thre sub-
clades, there were few genes (Cyclopsitta-Psittaculirostris:
n=1; Nymphicus: n=3; and Psittacula: n=17) based on
�glk scores (−2) that supported the alternative tree.

Temporal Divergences

For node ages, we report estimates from the maximum
likelihood concatenated tree and the range from 100
rapid bootstrapped trees (Fig. 4). A time-calibrated
tree with tips (n=384) is provided in Supplementary
Figure S28 available on Dryad. Pyrrhura snethlageae, now
known as Pyrrhura amazonum pallescens, was removed
because it was a low-quality sample with an unexpected
position within Pyrrhura. Strigopoidea diverged from
Cacatuoidea/Psittacoidea at 37.45 Ma (33.03–43.81 Ma),
and Cacatuoidea and Psittacoidea split at 33.15 Ma
(28.27–40.11 Ma). The six families diverged during a sim-
ilar timeframe in the Oligocene. Strigopidae and Nestor-
idae diverged 31.45 Ma (26.16–39.67). Psittacidae had
a crown age of 28.13 Ma (22.81–35.17). Psittrichasiidae

and Psittaculidae diverged 28.51 Ma (23.27–35.89). The
12 subfamilies originated throughout the Miocene.
The 14 lower diversity tribes (e.g., Melopsittacini and
Microglossini) and the species-rich ones (e.g., Arini and
Loriini) diversified from the early Miocene to Pliocene.
The crown ages of the tribes ranged from the early Mio-
cene (e.g., Androglossini) to Pliocene (e.g., Forpini). The
oldest species divergences are for monotypic lineages
(e.g., Psittrichas fulgidus split from Coracopsis 26.94 Ma
(21.86–34.56)) and the youngest divergences are <1 Ma
at the species level (e.g., Rhynchopsitta pachyrhyncha and
R. terrisi split at 0.39 Ma (0.2–0.74)). The majority of
the 21 subclades that show phylogenetic discordance
involved divergences that occurred within the last 10
million years.

DISCUSSION

We showed that by identifying low-quality samples
with simple metrics and applying a predictive modeling
approach to evaluate the support for a topology, we
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could distinguish artifactual from biological sources of
topological discordance in the phylogeny of parrots. In
phylogenies inferred from genome-wide markers and
96% of the species diversity in the clade, we recovered
extensive discordance among the concatenated and
species tree topologies. In contrast to previous studies
showing ancient phylogenetic discordance in other
systems (e.g., Burbrink et al. 2020; Hime et al. 2021;
Morales-Briones et al. 2021), we found that the deeper
nodes in the parrot tree, which date to the Eocene
through to the middle Miocene, were congruent among
the species and concatenated analyses. Topological
conflict, however, was most evident in portions of
the tree that were previously poorly understood (i.e.,
within genera). By using simple, tip-based metrics, we
differentiated among samples having low versus higher
phylogenetic information content. Likewise, by filtering
these samples at different thresholds, we resolved the
bulk of the discordance, particularly cases of unexpected
nonmonophyly in the species tree based on taxonomy.
Support for alternative topologies in individual sub-
clades was further determined using tree-based metrics
and alignment summary statistics. For subclades where
the models performed well, PIS was the most important
variable in predicting gene-wise log-likelihood scores.
A similar pattern was found in models for a different
subset of subclades where PIS was most important
in predicting the distances between gene trees and
the species tree. That, in turn, indicates phylogenetic
information was driving the species tree topology in
those particular subclades. Collectively, this shows that
neither the concatenated nor the species tree can be
treated as the preferred tree when alignments consist
of varying levels of data completeness.

Detecting Artifactual Signal

Our approach differs from previously applied gene
interrogation methods in that it consisted of mul-
tiple steps that filtered low-quality samples, modeled
gene characteristics supporting alternative trees, and
examined subclades versus the whole tree. Exclud-
ing loci based on their phylogenetic signal (Gatesy
et al. 2019), amount of missing data (Hosner et al.
2016), or evolutionary rate and phylogenetic usefulness
(Mongiardino Koch 2021) have been used to decrease
gene tree estimation error prior to species tree estimation
(Simmons et al. 2016; Molloy and Warnow 2018). Our
results indicate that a similar result is achievable by
removing lower-quality samples from the alignment.
We built on work showing that filtering of fragmentary
sequences using missing data thresholds reduced gene
tree estimation error (Sayyari et al. 2017). We showed
that excluding species with fewer PIS than expected
per locus was more effective at reducing RF distances
among trees than the number of missing genes per
tip. Previous studies have examined the correlation
between alignment statistics and used tree-based metrics
to identify the loci that may be most suitable for

phylogenomic inference (Shen et al. 2016), or to quantify
the properties of loci that support conflicting nodes
(Burbrink et al. 2020; Singhal et al. 2021). In our study,
we developed a framework that quantitatively identified
which samples would most likely produce artifactual
discordance in the species tree and modeled whether
signal or noise was driving a conflicting topology.

We focused on subclades that largely represented
genera or complexes of genera because these were
the sources of most topological conflict. By examining
discordance within subclades, our modeling clarified
whether the phylogenetic signal favored one of the
topologies, a result that would have been masked if we
had examined the entire tree. Most studies that employ
phylogenomic subsampling on gene interrogation do so
on the full alignment and tree. These global comparisons
of phylogenetic discordance across an entire tree may
overlook more nuanced patterns within subclades if data
quality issues bias relationships in only portions of a tree.
An alternative approach would be to apply hierarchical
sampling and examine nested subclades. This could be
done independently or in conjunction with previously
implemented gene interrogation approaches on an entire
tree and alignment.

Although some samples may have too little informa-
tion for species tree analyses, as evident in our study and
previous work (e.g., Hosner et al. 2016), they can be of
value in concatenated approaches. Much of the debate
over using supermatrix versus coalescent approaches
to infer phylogenies has centered on accounting for
the independent evolutionary histories of gene parti-
tions versus optimizing the signal contained in DNA
alignments (Edwards et al. 2016; Springer and Gatesy
2016). Our results favor a middle ground for tree
inference from alignments with highly heterogeneous
data completeness. We found that concatenation was
more effective at placing samples with limited data on
the tree, as is evident in samples of these taxa always
being placed in their appropriate genera. Because the
distribution of information content among samples will
be data set-specific, our general recommendation for
filtering is to use thresholds that identify problematic
samples and/or loci that will bias species tree estimation
while not over-filtering individuals with adequate DNA
sequence. The potential cost of excluding loci is that
sites that resolve relationships in other portions of
the tree may be dropped, which may be problematic
in alignments where relationships are driven by few
sites. In contrast, the more targeted approach that we
applied may remove taxa that could be critical to project
goals or have an accurate and stable placement in the
phylogeny despite having low-quality data. Irrespective
of which approach is implemented, artifactual sources
of phylogenetic discordance may remain.

Collectively, our results show that neither the concat-
enated nor the species tree is likely to be completely
correct. For several subclades, we found that when PIS
favored one of the topologies, GC content was the most
important variable in poorly performing models that
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favored the alternative topology, and vice versa. The iden-
tification of GC content as an important variable likely
reflects loci with shorter flanking sequences (and thus
lower information content). This importance was driven
by the highly variable GC content of the conserved
UCE core (range: 20–100%). For the subclades where
the modeling found phylogenetic signal supporting the
concatenated tree, there were no existing phylogenies
to compare. In Psittacara, where topologies differed
because of the placement of taxa such as P. brevipes,
the concatenated tree had the taxon nested within
the geographic and phenotypic species complex of P.

holochlorus, whereas in the species tree the taxon was
outside of that complex. It is more likely that the species
tree topology is aberrant for that subclade because PIS
predicted the �glk scores, and there were 303 to 44
loci favoring the concatenated over the species tree,
respectively. Nymphicus had one of the best performing
models in predicting RF distance between the species
and gene trees. For this subclade, both phylogenomic
trees agreed on its position and we tested an alternative
placement based on a previous study (White et al. 2011).
However, only three loci were found to support the
previous studies’ topology using gene-wise likelihood
scores �glk < −2) indicating strong support for our
phylogenomic tree. A similar pattern was observed in the
two subclades (Psittacula and Cyclopsitta-Psittaculirostris)
where we enforced monophyly; only the RF distance
model performed well, but there were few genes sup-
porting the alternative topology. A range of other scen-
arios including sampling differences in Touit, Cacatua
A, and Bolborhynchus-Psilopsiagon-Nannopsittaca made
phylogenetic discordance in these clades incomparable
to previous trees. In some cases, such as in Pionus (Ribas
et al. 2007a) and Pyrilia (Eberhard and Bermingham
2005; Ribas et al. 2005), both phylogenomic trees differed
from previously published trees using Sanger data. The
modeling also gave insight into previously ambiguous
results. In Polytelis, where we have provided the first
complete sampling of the genus, the still surprising
though previously observed nonmonophyly (Provost
et al. 2018) recovered was due to the species tree
finding P. alexandrae strongly supported as sister to the
morphologically distinct genus Aprosmictus. Because the
modeling indicates that loci with higher PIS favor the
species tree topology, this relationship may represent
introgression as old as 6 Ma. We are pursuing this in
a separate study.

Biogeographic and Phenotypic Considerations for Evaluating
Trees

Interpreting phylogenetic discordance in the context
of biogeographic and phenotypic evolution provides
a means of ground-truthing phylogenetic hypotheses.
Several cases of phylogenetic discordance in our study
involve clades distributed over tectonically dynamic
regions such as New Guinea, Melanesia, Indonesia,
and the Philippines, where present-day geography

may be a misleading indicator of deeper history (e.g.,
Oliver et al. 2020). For example, Micropsitta (of New
Guinea and surrounding archipelagos) and Loriculus
(largely distributed from southeast Asia through New
Guinea) have nodes that differ among concatenated and
species trees and date to a similar period during the
Late Pliocene–Early Pleistocene. Dynamic Earth history
events such as tectonics and rising and falling sea levels
that connect and disconnect land masses may increase
gene tree discordance because of rapid divergence events
and post-divergence gene flow (e.g., Peñalba et al.
2019). Phylogenetic patterns of plumage color may also
offer insight into alternative topologies. Ara, the large-
bodied Neotropical macaws, contains three general color
phenotypes: consisting predominantly of green, or red,
or blue and yellow species. The phylogenetic distribution
of colors in Ara is more concordant in the concatenated
tree, which showed the red species and the blue/yellow
species each being monophyletic. While noting that
reliance on phenotype to inform taxonomic relationships
has been shown to be misleading, particularly in parrots
(Joseph et al. 2020; Merwin et al. 2020), we find that
color evolution in these macaws on the concatenated
tree would involve single evolutionary origins of red
and blue/yellow clades/species, whereas the species
tree would entail multiple gains and losses of each of
the three color states. The more parsimonious scenario
is also preferred because the evolution of an ancestral
green lineage to blue may only require a single base-pair
change as observed in M. undulatus (Cooke et al. 2017)
and is a phylogenetic pattern of color evolution observed
in the lorikeets from Oceania (Merwin et al. 2020).

Future Directions

Even as the techniques used to produce genomic
data from museum specimens and degraded samples
improve (Raxworthy and Smith 2021), distinguishing
the ratio of phylogenetic signal to noise will remain an
important feature of interpreting gene tree discordance
because alignment completeness can vary among any
sample types. We used our approach to examine data
quality, but the method could be further extended to
evaluate the role of biological factors such as gene flow
and variation in recombination rate that are known to
cause phylogenetic discordance (e.g., Thom et al. 2018;
Li et al. 2019). As phylogenomic studies move towards
the use of whole genomes, there will be an increased
need to identify portions of the genome that best
capture evolutionary history (Thom et al. 2021) and new
measures to assess support for relationships (Thomson
and Brown 2022). While larger genomic data sets provide
a more detailed view of evolutionary history, accounting
for the sources of gene tree heterogeneity is a pressing
challenge in phylogenomics.

SUPPLEMENTARY MATERIAL

Data available from the Dryad Digital Repository:
http://dx.doi.org/10.5061/dryad.b5mkkwhfm.
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