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ions. Thus, a mix of historical samples with degraded
NA and intraspecific sampling is needed to better doc-
ment tinamou diversity and phylogenetic interrela-

ionships ( McCormack et al. 2016 ). This is important be-
ause some studies have suggested that currently recog-
ized genera are non-monophyletic, warranting further
tudy to reevaluate their taxonomic treatment ( Bertelli
017 ; Almeida et al. 2022 ). Moreover, and in line with
ther Neotropical bird groups, current taxonomic treat-
ents may also misrepresent true species-level diversity

 Krabbe et al. 2020 ; Freeman and Pennell 2021 ; Musher
t al. 2023 ). Deep divergences and non-reciprocal mono-
hyly (i.e., paraphyly/polyphyly) of intraspecific pop-
lations suggest that some widespread species likely

nclude multiple species-level taxa by some criteria
 Valqui 2009 ). 

The lack of species-level phylogenies for tinamous
lso hampers efforts to understand the timeframe of di-
ersification of this group. Past studies have concluded
hat the crown divergence within tinamous resulted
n two major clades (subfamilies), the forest-dwelling
inaminae and open country Nothurinae. However, cur-
ent estimates for this node vary from roughly 20 Ma
o as much as ∼50 Ma ( Mitchell et al. 2014 ; Prum et
l. 2015 ; Bertelli 2017 ; Berv and Field 2018 ; Almeida et
l. 2022 ; Stiller et al. 2024 ). Moreover, the origins of all
xtant tinamou genera lack sufficient divergence time
stimates. Despite these limitations, there exist multi-
le crown fossils from both major clades, making this
roup a good candidate for tip-based dating approaches
 Stadler 2010 ; Didier et al. 2012 ). An advantage of tip-
ating over standard node-calibration is that it does not
equire the precise phylogenetic placement of fossils into
he tree. This is important because the phylogenetic po-
itions of multiple tinamou fossils, such as Crypturellus
eai Chandler 2012 and Nothura parvula Brodkorb 1963,
ave been equivocal ( Bertelli et al. 2014 ; Almeida et al.
022 ). Thus, tip-dating methods allow for the inclusion
f these fossils for calibration despite uncertainty about
heir phylogenetic affinities. 

When combined with fossil data, high-throughput
equencing of historical and modern material offers a
ath forward for obtaining a complete and robust dated
hylogeny. Yet even these large data sets, although
ighly informative, present unique problems ( Reddy et
l. 2017 ; Zhao et al. 2023 ). For example, analyses that
tilize alternative data sets or methodological frame-
orks to answer the same phylogenetic questions have

ften yielded conflicting, well-supported results ( Prum
t al. 2015 ; Simion et al. 2017 ; Franz et al. 2019 ; Schultz
t al. 2023 ; Stiller et al. 2024 ). Some uncertainty arises
n the presence of rapid diversification that increases
he rate of incomplete lineage sorting (ILS) and like-
ihood of ancestral introgression, two major biological
ources of discordance among data partitions in phylo-
enetic data sets. These processes increase discordance
f gene histories, posing challenges for phylogenetic re-
onstruction but also offering insights into complex evo-
utionary processes ( Burbrink and Gehara 2018 ; Rivas-
onzález et al. 2023 ). An additional challenge for re-

onstructing rapidly diversifying clades is the paucity
f polymorphic nucleotide sites needed for reconstruct-

ng short internodes ( Leaché et al. 2015 ; Mclean et al.
019 ). Briefly, rapid divergence events can be difficult
o reconstruct because the short timeframe also means
here is limited phylogenetic signal for those divergence
vents within individual gene alignments. Interestingly,
he use of sex-linked markers may help alleviate these
ssues as they are known to (1) evolve faster, thus ac-
umulating more substitutions that may be useful for
econstructing recalcitrant nodes, (2) have smaller ef-
ective population sizes, thereby reducing rates of gene
ree discordance (ILS), and (3) experience lower rates
f recombination and introgression ( Charlesworth et al.
987 ; Meisel and Connallon 2013 ; Fontaine et al. 2015 ;
i et al. 2019 ; Musher et al. 2024 ). Thus, if genealogical
ignal across much of the genome is associated with in-
rogression due to ancestral hybridization, but not the
ifurcating history of species divergence (i.e., the species
ree), sex chromosomes may be enriched with the signal
f the species tree topology ( Fontaine et al. 2015 ; Li et al.
019 ; Burbrink et al. 2025 ). 

Here, we sequenced whole genomes for all described
inamou species and many subspecies using a combina-
ion of frozen tissues and antique DNA sampled from
istorical museum skins. Specifically, we reconstruct the
volutionary history in this group while examining and
esting for the impacts ILS and introgression on phylo-
enetic inference. Our objectives are to (1) reconstruct
he species-level interrelationships of tinamous, (2) esti-

ate the timeframe of tinamou diversification, and (3)
est for the effects of ILS and introgression on genome
volution, including differences between sex-linked and
utosomal markers. 

Materials and Methods 

Sampling 

There are 46 currently recognized species of tina-
ous classified into nine genera ( Clements et al. 2023 ).

wenty-two of these species are monotypic and the re-
aining species contain two or more subspecies, total-

ng 175 named taxa (monotypic species plus subspecies)
ecognized in Tinamidae. We sampled 55 frozen tis-
ues, 14 toe pads from museum study skins, and down-
oaded 11 whole-genome assemblies from NCBI Assem-
ly Archive, spanning a total of 71 named taxa and all 46
ecognized tinamou species ( Supplementary Table S1 ). 

Tinamous belong to the infraclass, Palaeognathae,
hich includes many extant flightless ratites such as os-

riches (Struthionidae) and rheas (Rheidae) along with
xtinct forms such as moas (Dinornithiformes). Recent
ork has corroborated that moas are the sister group

o tinamous and that rheas belong to a clade that is sis-
er to tinamous plus moas ( Phillips et al. 2010 ; Baker et

https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
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al. 2014 ; Cloutier et al. 2019 ). Thus, as outgroup taxa for
tree rooting, we also downloaded whole-genome assem-
blies for Rhea pennata (greater rhea) and Anomalopteryx
didiformis (little bush moa) from the NCBI Assembly
Archive. Supplementary Table S1 lists the 82 (80 Tina-
mous + two outgroup taxa) samples included in this
study. 

Whole-Genome Assembly and Ortholog Identification 

The details of whole-genome sequencing and assem-
bly can be found in the Supplementary Materials doc-
ument. After sequencing, we cleaned and mapped raw
reads for each sample ( Supplementary Table S1 ) to a
closely related scaffold-level assembly from NCBI. Deci-
sions about which genome to use for reference mapping
were made based on a previously published tinamou
phylogeny ( Almeida et al. 2022 ). We used (1) fastp ( Chen
et al. 2018 ) to clean raw reads, trim adapters, and remove
low quality reads, (2) Burrows-Wheeler Aligner (bwa)
v0.7.17 ( Li and Durbin 2009 ) to map the cleaned reads
to reference genomes, (3) samtools v1.6 to convert the
resulting sam-files into sorted bam-files ( Li et al. 2009 ),
and (4) Analysis of Next Generation Sequencing Data
(ANGSD) v1.2.13 ( Korneliussen et al. 2014 ) to convert
bam-files into fasta format genomes. To obtain pseudo-
chromosome assemblies for each sample, we then used
ragtag v2.1.0 ( Alonge et al. 2022 ) to scaffold each assem-
bly against the chromosome-level Rhea pennata genome
(NCBI refseq assembly: GCF_028389875.1) using default
settings. 

We identified and extracted two types of ortholo-
gous markers from the whole genomes. First, we uti-
lized nucleotide sequences of protein-coding genes har-
vested using Benchmarking of Universal Single Copy
Orthologs (BUSCO) v5.3.0 ( Simão et al. 2015 ). We used
custom scripts to append orthologous genes from all
samples into the same text file before aligning. Second,
we harvested ultraconserved elements (UCEs) from
each genome assembly, including the entire conserved
UCE core plus 1000 bp of flanking sequence on both
5′ and 3′ ends. UCEs are conserved, putatively single-
copy, sequences in the genome that are flanked by
sites that become more variable moving away from
the conserved core ( Faircloth et al. 2012 ; McCormack
et al. 2012 ). We followed the pipeline outlined in Phy-
luce v1.7.1 ( Faircloth 2016 ) for harvesting loci from
whole genomes using the Tetrapods-UCE-5kv1 probe-
set of 5060 UCEs (see Supplementary Materials ). To
examine differences among sex-linked and autosomal
markers, we also created two data sets of UCEs (see
Supplementary Materials ), one data set of sequences
mapping to the Z-chromosome (an avian sex chromo-
some with idealized Ne of 0.75 autosomal Ne ) and one
that mapped to autosomes. Some analyses suggested
that UCEs were more reliable markers than BUSCOs,
which had a potential impact of systematic error (see
Supplementary Materials ); for this reason, we only sep-
arated the UCE data set, and not the BUSCOs, into 

sex-linked and autosomal data sets. All data sets were 
aligned using MAFFT v7.453 ( Katoh and Standley 2013 ). 

To evaluate impacts of missing data, we filtered UCE 

and BUSCO alignments twice, once to keep only those 
loci with a minimum of 75% of samples represented in 

each alignment (75% complete data sets) and once to 

keep only those with complete sampling (100% com- 
plete data sets). However, for autosomal and Z-linked 

data sets, we kept only 75% complete alignments to 

maximize alignment inclusion in these two smaller data 

sets. Finally, each alignment was trimmed using Tri- 
mAL v1.4 ( Capella-Gutierrez et al. 2009 ) with a gap 

threshold of 97.5% to trim out potential BUSCO mis- 
annotations unique to a small number of samples (see 
Supplementary Materials ). This resulted in six primary 

data sets of sequence alignments used in our analyses 
for the entire Tinamou data set (four additional data 

sets are discussed in the Supplementary Materials doc- 
ument): (1) 75% complete BUSCO, (2) 100% complete 
BUSCO, (3) 75% complete UCE, (4) 100% complete UCE, 
(5) 75% complete autosomal UCE, and (6) 75% complete 
Z-linked UCE. 

Phylogenomic Analyses 

For each of the six data sets, we employed both a 

concatenation approach using IQ-TREE v2.0.3 ( Minh et 
al. 2020 ) and a multi-species coalescent (MSC) approach 

using ASTRAL-III v5.7.7 ( Mirarab et al. 2014 ; Zhang et 
al. 2018 ). For our concatenation approach, we used IQ- 
TREE to concatenate all alignments and used the edge- 
linked proportional partition model to partition by locus 
( Chernomor et al. 2016 ). In IQ-TREE, we implemented 

ModelFinder ( Kalyaanamoorthy et al. 2017 ) to choose 
the best substitution model from the standard model 
set for each partition from all possible models. We then 

used IQ-TREE to reconstruct the phylogeny and per- 
form 1,000 ultrafast bootstrap replicates ( Hoang et al. 
2018 ). 

Next, we estimated phylogenies for each alignment 
(gene trees) within each of the six data sets, again us- 
ing IQ-TREE with ModelFinder to identify the best-fit 
substitution model, and again performed 1000 ultrafast 
bootstraps on each gene tree. We then collapsed all low- 
support (bootstrap < 75) nodes within each gene tree 
( Simmons and Gatesy 2021 ). Using these gene trees, we 
implemented a gene tree summarization quartet-based 

MSC approach in ASTRAL-III. This approach assumes 
that all gene tree discordance is due to ILS without sig- 
nificant ancestral introgression, recombination, or gene 
tree estimation error. 

In addition to estimating node bootstrap support in 

IQ-TREE and local posterior probability in ASTRAL-III, 
we assessed node support using gene concordance fac- 
tors (gCFs) for all species trees using IQ-TREE. gCFs are 
the percentage of gene trees that contain a given node in 

a species tree. 

https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
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Estimating the Tempo of Tinamou Diversification 

To estimate the timeframe of tinamou diversification,
e used a fossilized birth–death model with six crown

inamidae tip-fossil calibrations using an optimized re-
axed clock in Beast v2.7.7 with the Sampled Ancestors
nd Optimized Relaxed Clock packages ( Drummond et
l. 2006 ; Gavryushkina et al. 2014 ; Bouckaert et al. 2019 ;
hang and Drummond 2020 ; Douglas et al. 2021 ), and
onditioning on the root and rho parameters. Specifi-
ally, we filtered the autosomal UCE data set for the most
lock-like loci that also had low Robinson-Foulds (RF)
istances ( Robinson and Foulds 1981 ) between gene and
pecies trees using modified R scripts from a prior study
 Musher et al. 2019 ). The details of these analyses, along

ith our justification of priors, node constraints, and
ossil calibrations, can be found in the Supplementary

aterials ( Alvarenga 1983 ; Bertelli and Chiappe 2005 ;
lmeida et al. 2022 ). We also modeled speciation and ex-

inction rates using the R-package “TESS” ( Höhna et al.
016 ) (see Supplementary Materials ). 

Evaluation of Gene Tree Discordance 

Gene tree discordance arises from multiple sources,
ncluding biological processes like ILS and introgres-
ion, and gene tree estimation error. To examine the
rivers of gene tree discordance and thereby better inter-
ret phylogenetic results, we first used R v4.3.1 ( R Core
eam 2023 ) to assess the relationship between the num-
er of parsimony informative sites (PIS) at each locus
nd gene tree discordance. PIS were defined as variable
ites in the alignment wherein each variant nucleotide
s represented by at least two samples. We then mea-
ured the RF distances between each collapsed gene tree
nd the inferred species tree for the 100% complete UCE
ata set only (an examination of the remaining data sets
an be found in the Supplementary Materials), and used
F as a measure of gene tree discordance. RF distances
ere quantified using the “RF.dist” function in phang-

rn v2.11.1 ( Schliep 2011 ). To estimate RF distances, we
ompared the gene trees from each data set to their cor-
esponding MSC tree. To test for differences in gene tree
iscordance, as measured by RF distance, between auto-
omal and Z-linked UCEs, we used Kruskal–Wallis tests
n base R ( R Core Team 2023 ). We then ran generalized
inear models using PIS, a metric of information content,
s the independent variable and RF distance as the de-
endent variable for the 100% complete UCE data set. To
haracterize the relationship between information con-
ent and gene tree topology, we compared Akaike Infor-

ation Criterion (AIC) values for linear and logarith-
ic fits for each regression and chose the model with

he lowest AIC for each data set ( Akaike 1973 ). This en-
bled us to examine the potential impact of stochastic
rror (error introduced by insufficient data) on gene tree
iscordance, as the R2 from this analysis measures the
roportion of variation in gene tree topology (RF dis-
ance) that is explained by alignment information con-
ent (PIS). If stochastic error is absent, the slope should
ot significantly differ from zero and/or R2 should be

ow. From this, we could also see if Z-linked markers be-
aved differently from autosomal markers, with the ex-
ectation that Z-linked UCEs should have reduced lev-
ls of ILS and introgression relative to autosomal mark-
rs, and thus reduced gene-tree-to-species-tree discor-
ance as measured using RF distance. Specifically, we
xpect reduced RF distances for Z-linked gene trees rel-
tive to autosomal gene trees given comparable levels of
hylogenetic information content (PIS). In other words,
e expect that, while accounting for potential impacts of

tochastic error driven by insufficient data in the align-
ents, RF distances will be reduced for Z-linked gene

rees. 
Because we found conflicting phylogenetic relation-

hips between data sets for a subclade in the genus Cryp-
urellus (Clade A, see the Results section), we assessed
he extent to which this gene tree discordance could be
xplained by ILS due to rapid divergences or introgres-
ion between non-sister taxa. To do so, we first filtered
ll UCE alignments to only include one member of each
pecies within Clade A ( C. c. goldmani , C. erythropus , C.
trocapillus , C. duidae , C. kerriae , C. noctivagus , C. bou-
ardi , C. strigulosus , C. transfasciatus , and C. u. undulatus )
lus one outgroup ( C. variegatus ), and then re-filtered for
00% completeness (including fewer samples resulted
n more alignments with complete representation; com-
lete sampling is a prerequisite for the quartet-based ILS
nalysis outlined below). We then reran IQ-TREE, using
he same model selection, bootstrapping, and node col-
apsing as outlined above, to produce gene trees for the
lade A data sets. We then evaluated the impacts of ILS
nd introgression on the relationships in Clade A in mul-
iple ways. Consistent with examples in the literature
 Reddy et al. 2017 ; Stiller et al. 2024 ), we found evidence
hat BUSCOs may be enriched for systematic error, so we
herefore only applied these analyses to the UCE data set
see Supplementary Materials). 

First, we measured the relative quartet frequencies
or two internal branches in Clade A on both Z-linked
nd autosomal UCEs. Quartets are unrooted four-taxon
tatements for which only three alternative topologies
xist. The MSC model assumes that all gene tree discor-
ance arises via ILS (i.e., no introgression, no recombina-

ion, etc.), and it makes predictions about the relative fre-
uencies of alternative quartet topologies for all internal
ranches in a phylogeny. Specifically, the MSC predicts
ne majority topology consistent with the species tree at
 relative frequency of > 1 

3 and two minority topologies
f equal frequency at < 1 

3 ( Pamilo and Nei 1988 ). As ILS
ncreases, the frequencies of all three alternative quar-
ets approach the 1 

3 threshold. Deviations from these ex-
ectations (i.e., minority topologies are not equivalent in

requency) suggest that additional processes may be in-
uencing gene tree discordance. For this method, we uti-

https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data


646 SYSTEMATIC BIOLOGY VOL. 75

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/sysbio/article/75/4/642/8314047 by SSB M

em
ber Access user on 15 June 2026
lized the R package “MSCquartets” ( Rhodes et al. 2021 ;
Allman et al. 2021 ). Because ILS is expected at relatively
short internal branches, we evaluated the relative fre-
quencies of alternative quartet topologies at two inter-
nal branches of the difficult-to-resolve clade (Clade A).
To test for deviations from MSC predictions, we used a
multinomial test in the R-package EMT ( Menzel 2024 )
using the Monte Carlo approach to perform 10,000,000
simulated withdrawals based on expected quartet fre-
quencies. We calculated the expected quartet frequen-
cies for these branches using the “expectedCFs” func-
tion in MSCQuartets on the UCE MSC species tree,
which was congruent with the most common Clade A
topology among data sets (see the Results section and
Supplementary Materials ). 

To test for putative introgression among taxa in Clade
A, we first estimated fd M 

( Malinsky 2015 ) for 100-kb win-
dows across the whole genome. fd M 

is an f-branch statis-
tic derived from the ABBA-BABA test (D-statistic) that
can quantify the magnitude of introgression assuming
a species tree topology ( Patterson 2012 ). To do so, we
first obtained genome-wide single nucleotide polymor-
phism (SNP) data for one member of each species within
Clade A ( C. c. goldmani , C. erythropus , C. atrocapillus , C.
duidae , C. kerriae , C. noctivagus , C. boucardi , C. strigulosus ,
C. transfasciatus , and C. u. undulatus ) plus one outgroup,
C. variegatus . We again mapped cleaned reads for these
samples to a reference genome, following the same pro-
tocol as outlined above, but this time using the pseudo-
chromosome assembly from the Clade A ingroup with
a relatively complete genome assembly, C. u. undulatus
(LSUMNS 34614), as the same reference genome for all
samples. We then used bcftools to call SNPs for all vari-
ants across the genome of each species. Finally, we fil-
tered this merged vcf file using vcftools v1.16 ( Danecek
et al. 2011 ) to obtain SNPs with a minimum allele fre-
quency = 0.05, maximum missing data = 0.5, mini-
mum quality = 30, minimum depth = 10, and maximum
depth = 100. Using these SNP data, we then estimated
fd M 

for 100-kb non-overlapping windows across the
genome using the “ABBABABAwindows.py” script lo-
cated at https://github.com/simonhmartin/genomics_
general#trees-for-sliding-windows ( Martin et al. 2014 ).
We specifically tested for introgression at branches
whose phylogenetic positions differed among analyses
and data sets. Because our data sets and phylogenetic
analyses did not agree on a single most probable topol-
ogy for Clade A, we ran this script three times, each time
assuming one of the three hypothesized topologies (T1,
T2, or T4; T3 had low support and was considered unre-
solved; see the Results section, Fig. 2 ) as our guide tree. 

Finally, we estimated the species tree topology while
accounting for gene flow using a Bayesian approach im-
plemented in PhyloNet v3.8.0 (the “MCMC_GT” algo-
rithm) ( Wen et al. 2016 ). This method employs a reverse-
jump Markov chain Monte Carlo (rjMCMC) to sample
the posterior distribution of phylogenetic networks un-
der a multi-species network coalescent (MSNC) model
using rooted gene trees as input. The MSNC is simi- 
lar to the MSC, but relaxes the assumption of no intro- 
gression by modeling genome evolution as a network 

rather than bifurcating phylogeny. We ran the analysis 
twice, again using the gene trees with collapsed low- 
support nodes from the Z-linked and autosomal Clade 
A UCEs, varying the maximum number of reticulate 
nodes in each run to assess variability in the results. We 
ran PhyloNet 11 times for both the autosomal and Z- 
linked data sets restricted to Clade A, once each for m- 
values between 0 and 10 (m defines the maximum num- 
ber of reticulate nodes allowed in the MSNC model). 
We ran the rjMCMC for 5 × 107 generations with a 

burn-in of 10%, using the pseudo-likelihood calculation. 
Because likelihood scores tended to increase with each 

successive increase in m-value, we chose the optimal 
m-value using a breakpoint analysis in the R package 
“segmented” ( Muggeo et al. 2014 ). The optimal m-value 
was chosen by fitting a segmented linear model to our 
likelihoods for each m-value. This allowed us to iden- 
tify breakpoints in the slope of the regression, where 
increases in m-value resulted in diminishing gains in 

likelihood. 

Results 

Phylogenomics of Tinamous 

The concatenated and MSC phylogenies for tinamous 
were well-supported and broadly congruent across data 

sets ( Figs. 1 and 2 ; Supplementary Figs. S1–S21 ). The 
75% and 100% complete data sets were congruent ex- 
cept for in the concatenated UCE results, implying that 
missing data had limited impact on phylogenetic recon- 
struction. However, there was slight variation in boot- 
strap and gCF support values ( Fig. 2 ). The phylogenies 
from all data sets were congruent except for relation- 
ships within a single clade containing 10 species of Cryp- 
turellus , which we refer to as Clade A ( Fig. 2 ). The place- 
ment of C. atrocapillus was most unstable but was often 

recovered as sister to a clade containing C. boucardi , C. 
kerriae , C. erythropus , C. duidae , and C. strigulosus ( Fig. 
2 , “T1”). Overall, we recovered four different topologies 
for this clade based on the primary data sets ( Fig. 2 , T1–
T4). However, the Z-linked UCE data set had low sup- 
port for the placement of C. atrocapillus in the ASTRAL- 
III analysis (posterior probability = 0.46), and therefore 
failed to resolve the relationships of Clade A. 

Our results were broadly consistent with recog- 
nized taxonomic classifications. We recovered mono- 
phyletic subfamilies Nothurinae and Tinaminae and 

most genera and species were also monophyletic. How- 
ever, two genera were non-monophyletic: the mono- 
typic genus Taoniscus was embedded within Nothura , 
and Rhynchotus was embedded within Nothoprocta , ren- 
dering Nothura and Nothoprocta paraphyletic, respec- 
tively. We also recovered Nothoprocta pentlandii as poly- 
phyletic; one specimen from Bolivia (voucher LSUMZ 

https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://github.com/simonhmartin/genomics_general#trees-for-sliding-windows
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
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Figure 1. Time-calibrated phylogeny of tinamous based on autosomal UCEs with 1000 bp of flanking sequence. Node bars represent 95% 

highest posterior densities for node ages. Empty circles denote nodes constrained for monophyly based on concatenation and MSC results. 
Tinamou illustrations by T.A.C. 

D
ow

nloaded from
 https://academ

ic.oup.com
/sysbio/article/75/4/642/8314047 by SSB M

em
ber Access user on 15 June 2026



648 SYSTEMATIC BIOLOGY VOL. 75

C. kerriae
C. boucardi
C. erythropus
C. strigulosus
C. strigulosus
C. duidae
C. atrocapillus
C. cin. goldmani
C. cin. praepes
C. transfasciatus
C. noctivagus
C. undulatus

C. kerriae
C. boucardi
C. erythropus
C. strigulosus
C. strigulosus
C. duidae
C. cin. goldmani
C. cin. praepes
C. transfasciatus
C. atrocapillus
C. noctivagus
C. undulatus

C. kerriae
C. boucardi
C. erythropus
C. strigulosus
C. strigulosus
C. duidae
C. cin. goldmani
C. cin. praepes
C. transfasciatus
C. atrocapillus
C. noctivagus
C. undulatus

C. strigulosus
C. strigulosus
C. duidae
C. atrocapillus
C. kerriae
C. boucardi
C. erythropus
C. cin. goldmani
C. cin. praepes
C. transfasciatus
C. noctivagus
C. undulatus

Topology 1 (T1) Topology 2 (T2) Topology 3 (T3) Topology 4 (T4)

1

2

1

2 1

2

1

2

normalized value

Lowest

Highest

Concatenated (iqtree) MSC (Astral)

%Bootstrap/PP (“unique” node 2)

%Bootstrap/PP (“universal” node 1)

gCF (“unique” node 2)

gCF (“universal” node 1)

U
C

E
 c

om
pl

et
e 

(T
1)

U
C

E
 7

5%
 (

T
2)

A
ut

os
om

al
 U

C
E

s 
(T

1)

Z
-li

nk
ed

 U
C

E
s 

(T
1)

B
U

S
C

O
s 

co
m

pl
et

e 
(T

4)

B
U

S
C

O
s 

75
%

 (
T

4)

U
C

E
 c

om
pl

et
e 

(T
1)

U
C

E
 7

5%
 (

T
1)

A
ut

os
om

al
 U

C
E

s 
(T

1)

Z
-li

nk
ed

 U
C

E
s 

(T
3)

B
U

S
C

O
s 

co
m

pl
et

e 
(T

4)

B
U

S
C

O
s 

75
%

(T
4)

Species Tree Support Metrics for Clade A

87 28 98 78 99 100 92 97 97 46 100 100

13 13 12 9 12 11 13 12 13 10 12 11

59 57 57 66 34 32 59 57 57 66 34 32

100 100 100 100 100 100 100 100 100 100 100 100

Figure 2. Phylogenetic topologies for a difficult-to-resolve clade (Clade A) of Crypturellus tinamous. The phylogenetic placement of C. 
atrocapillus was discordant among data sets and species tree approaches. The top four topologies are shown at the top (T1–T4). The heatmap 

at the bottom shows node support and/or concordance for each data set and phylogenetic approach (concatenation and MSC). From top to 
bottom, these are (1) gene concordance factors (gCF), which are the percentage of gene trees containing a given node, for a “universal” node 
shared among all three topologies, (2) gCF for a “unique” node in each topology associated with the position of C. atrocapillus , (3) bootstrap 

(IQ-TREE) or posterior probability (ASTRAL-III) for the “universal” node, and (4) bootstrap or posterior probability (PP) for the “unique” node. 
The “universal” (node 1) and “unique” (node 2) nodes on each of the four topologies are marked on trees at the top of the figure. The numbers 
on the heatmap denote the rounded values, and the colors correspond to normalized values, such that the darkest red in each row is the highest 
value and the darkest blue is the lowest for that row. PP and bootstrap values are both shown as percentages for easy comparison. Results for 
additional data sets can be found in the Supplementary Materials. 
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123403) was sister to N. perdicaria , whereas the remain-
ing samples from Peru formed a clade that was sis-
ter to all remaining Nothoprocta . All other species that
were represented by multiple samples were recovered as
monophyletic. 

The Tempo of Tinamou Diversification 

Our tip-dated phylogeny revealed relatively constant
diversification of tinamous, which diverged from moas
roughly 55 Ma ( Fig. 1 ). The crown divergence of tina-
mous, separating forest (Tinaminae) from non-forest
(Nothurinae) lineages, occurred roughly 37 Ma. A list
of divergence times for genera and major clades can be
found in Supplementary Table S2 . Speciation and extinc-
tion rates were stable through time, without any signif-
icant rate changes ( Supplementary Fig. S25 ). We recov-
ered a high rate of molecular evolution for the Tinami-
dae stem lineage (0.0034 substitutions/million years) 
compared with the mean for all lineages (ORCucld- 
Mean = 0.0019; 95% HPD = 0.0016–0.0023). 

Gene Tree Discordance Arises from Stochastic Error, ILS, 
and Introgression 

We examined gene tree discordance for each data set 
using RF distances between gene and species trees. To 

quantify the relationship between alignment informa- 
tion content, as measured using PIS, and gene tree dis- 
cordance, we modeled RF distances as a function of 
the number of PIS per locus using a generalized linear 
model ( Fig. 3A and Supplementary Fig. S23 ). This model 
was overall consistent with an expected negative associ- 
ation between PIS and RF distance, with lower RF dis- 
tances in gene trees built from more informative align- 
ments. This negative association ( R2 = 0.29, P < 0.0001) 

https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf077#supplementary-data
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Figure 4. Analysis of genome-wide introgression. (A) Introgression ( fdM 

) mapping for 100-kb non-overlapping windows across the genome 
assuming each of the three well-supported topologies ( Fig. 2 , T1, T2, and T4). The trees at the left of each plot show the assumed background 

topology and arrows indicate positive or negative values of fdM 

, wherein these values represent an excess of shared alleles between a “donor”
lineage, and one or the other of a pair of sister lineages within a given test. Tips on the trees show taxa assigned to each population in the 
introgression model (from left to right: P1, P2, P3, and P4 assigned populations in the model). (B) The results from the multi-species network 
coalescent model in PhyloNet. The Z-linked tree was weakly supported. 
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