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This study investigates the evolution of locomotory morphology and migratory behavior in 
nightingale-thrushes (genus Catharus), a clade of songbirds with diverse migratory strategies. With 
large datasets of molecular and morphometric characters, we resolve phylogenetic relationships, 
identify and model migration-related morphological characters, and estimate ancestral states of those 
characters to infer evolutionary transitions in the migratory phenotype. While acknowledging that 
unknown factors (e.g., differential extinction) may confound interpretation, our results suggest that 
(1) migratory behavior and its functional morphology are fundamentally linked; (2) short-distance 
or elevational migration (not long-distance) was the ancestral state of Catharus; (3) short-distance 
migration was the evolutionary precursor of long-distance migration; and (4) the short-distance 
migrant, Hermit Thrush (C. guttatus), may be in relative phenotypic (ecological) stasis. This potentially 
explains the ecological incumbency of C. guttatus in temperate North America during winter, and offers 
a new framework for interpreting the evolutionary sequence that produced long-distance migration in 
this model system.
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In most animals, the functional morphology of locomotion develops early in life and is intrinsically linked to the 
behavioral ecology of the species1,2. Modern birds have distinct anatomical “modules” for aerial and terrestrial 
locomotion—wings and legs, respectively3—and species with greater investment in the wing module, relative 
to body mass, tend to have reduced investment in the leg module, and vice versa4. This negative relationship 
appears to be a performance trade-off, shaped by natural selection: longer legs increase drag in flight, and longer 
wings are cumbersome on land. Hyper-aerial and flightless phenotypes (e.g., Apodidae and Struthionidae, 
respectively) occupy the extremes of the locomotory spectrum, whereas most taxa have intermediate anatomy 
that may reflect an equilibrium between two selective optima4. Species that colonize oceanic islands with low 
predator density (i.e., low mortality) predictably evolve toward the hindlimb-dominated body plan, even if they 
never evolve to complete flightlessness5,6. Conversely, evolution toward the forelimb-dominated body plan is 
presumably caused by sources of selection (mortality) that are associated with a more volant lifestyle7–9.

Here, we investigate the phenomenon of seasonal migration through this lens. In songbirds, migration is a 
complex behavioral trait, rooted in heritable genetic variation10–14. It is physically demanding and dangerous8,9,15,16 
and as such gives rise to new selective pressures that shape and refine morphology and physiology. Many studies 
have shown that long-distance migrants have longer wings, relative to body size, with higher aspect ratios and 
lower wing-loading than closely related short-distance migrants and sedentary species17,18. Instinctual behaviors 
are also linked to seasonal migration including migratory restlessness (zugunruhe) and hyperphagia, and the 
failure of any one of the critical components of the migratory phenotype could have fatal effects19. Therefore, 
selection-driven changes in allele frequencies may result in abrupt and/or gradual gains or losses of migratory 
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behavior19–21, which could theoretically obfuscate efforts to reconstruct its evolution in a phylogenetic context20,21. 
Notwithstanding, migration-related traits have shown strong phylogenetic signal in many clades14,18,22,23.

The genus Catharus (Turdidae), commonly known as nightingale-thrushes or simply thrushes, has emerged as 
a model system for studying the evolution of seasonal migration at multiple evolutionary scales. Despite sharing a 
recent common ancestor (4–6 mya), Catharus species exhibit an impressive array of migratory strategies7,22,24–26. 
Differing perspectives about species concepts and delimitation methods have led to conflicting taxonomies of 
Catharus, and some recent proposals have yet to be reviewed by checklist committees27,28. Therefore, we followed 
the taxonomy of the IOC World Bird List v.14.229 and placed contested species names in brackets. Hereafter, we 
use these acronyms (SED, ELM, SDM, LDM; see below) as adjectives and nouns, referring to four behavioral 
strategies and the species that exhibit them.

Many Catharus taxa are sedentary (SED) residents of montane Neotropical rainforests, like C. maculatus27 
and C. [fuscater] opertaneus28,30. Others, such as C. mexicanus, are elevational migrants (ELM) within the 
Neotropics31. At least one of these “resident” species has a mixed pattern: the northernmost populations of C. 
aurantiirostris are ELM, while the rest are apparently SED32. One species (C. guttatus), or two depending on 
species delimitation methods, is a short-distance migrant (SDM) within temperate North America, where it 
migrates latitudinally but does not cross any major (oceanic) water bodies33–35. Others, such as C. [ustulatus] 
swainsoni36–38 and C. minimus39,40, undertake long-distance migrations (LDM) between North and South 
America, with dangerous crossings of the Caribbean Sea and Gulf of México during the Atlantic hurricane 
season9,16.

Even when weather conditions are ideal, an estimated 10% of C. [u.] swainsoni individuals perish while 
migrating across the Gulf of México in autumn, and the mortality rate increases to > 65% when conditions are 
poor9. In contrast, its sister group (C. [u.] ustulatus) takes a western (Pacific) route to Middle America, thereby 
avoiding the Gulf crossing12,36. The recent discovery that one of the LDM species (C. fuscescens) also practices 
SDM within South America, during the non-breeding season, may have implications for the origins of LDM, or 
it may be a derived condition41,42. In any case, the genetic infrastructure that supports this phenotypic diversity 
was presumably already present in the common ancestor of Catharus, because its sister group is an LDM species 
(Hylocichla mustelina) that migrates across the Gulf of México43.

Behavioral variation of this kind makes an attractive target for phylogenetic comparative analysis, but the 
results of previous attempts to reconstruct the ancestral state of migration in Catharus22,24–26 have been difficult 
to interpret. The uncertainty in the reconstructions stems from a variety of factors. First, these studies were 
weakened by sparse sampling of taxa and/or genetic characters. Second, the uncertain phylogenetic placement 
of the C. [u.] ustulatus + C. [u.] swainsoni clade, which appears to have captured the mitochondrial genome 
of an extinct lineage via hybridization26,44, has led to conflicting interpretations of the evolutionary history of 
migration in the group. Hereafter, we refer to the hypothesis that the C. [ustulatus] clade is sister to the rest of 
Catharus as the “Delmore et al.”26 topology, although they were not the first authors to propose this arrangement25. 
Third, an unrealistically simple coding of the behavioral spectrum (migrant/resident) has failed to capture the 
breadth of variation in migratory strategies used by different Catharus taxa. For example, several taxa (e.g., C. 
occidentalis, C. mexicanus, C. aurantiirostris) were classified as “resident” (non-migratory) in previous (binary) 
reconstructions22,24–26, despite evidence of ELM or even SDM in some populations31,32,45–48.

To overcome these challenges, we generated large datasets of genomic and morphometric characters, from a 
nearly comprehensive taxonomic and geographic sample of Catharus specimens. In lieu of comparative muscle 
mass data from the wings and legs4,5, which are unavailable for most taxa, we quantified the relative lengths of the 
forewing and tarsometatarsus, which are easily obtained from museum study skins. These variables are directly 
related to the inferred cause of the negative relationship between forelimb and hindlimb investment in birds (i.e., 
longer legs increase drag in flight; longer wings impede terrestrial movement)4,5. Our goals were to (1) resolve 
phylogenetic relationships, (2) characterize locomotory morphology as it relates to the sedentary-migratory 
behavioral spectrum, (3) model the evolution of migration-related morphology (i.e., the locomotory spectrum) 
in a phylogenetic context, and (4) reconstruct ancestral states at critical nodes of the Catharus phylogeny to infer 
evolutionary transitions in the migratory phenotype.

Results
Phylogeny and evolutionary units of analysis
We reconstructed a phylogeny with a dataset containing 156 ingroup (Catharus) samples and 3 outgroup (H. 
mustelina) samples (Fig. 1). The final alignment included 2,119,341 characters from 1,238 UCEs. A complete 
list of samples, with their associated voucher numbers and taxonomic identifications, is available in the 
Supplementary Material (Table S1). As explained in the Methods, we identified 25 genetically diagnosable 
“lineages” (i.e., monophyletic clades) that correspond unambiguously to taxonomic units with diagnosable 
phenotypic characters. To this, we added C. fuscater (sensu stricto), which has been recovered as monophyletic in 
previous phylogenetic analyses of mitochondrial ND228,49. Thus, our comparative analysis included 26 lineages, 
of which 58% (15/26) were SED; 15% (4/26) were ELM; 8% (2/26) were SDM; and 19% (5/26) were LDM.

Morphological correlates of migratory behavior
We used simulation-based phylogenetic ANOVA to test whether the mean values of the wing, tail, 
tarsometatarsus, and “volancy” (θ = mass-equated ratio of the lengths of the wing and tarsometatarsus), obtained 
from adult study skins of known sex (n = 2,578), and body mass, obtained from a curated sample of publicly 
available records (n = 1,922), differed among migratory strategies (see Methods). Mean body mass did not differ 
among the strategies (p = 0.312), confirming its utility as a migration-independent body size proxy (Table 1). 
Mass-equated wing length, tarsometatarsus length, and volancy (θ), but not mass-equated tail length, were 
significantly different among the migratory strategies and exhibited high phylogenetic signal (λ ≥ 0.99), with 
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significant p-values in likelihood ratio tests (Table 1). In both sexes, the mass-equated wing and tarsometatarsus 
lengths had a negative relationship (Fig. 2; Linear regression, males: p < < 0.001, t = −22.16, ß = −1.54, df = 1,599, 
R2 = 0.24; females: p < < 0.001, t = −18.05, ß = −1.64, df = 877, R2 = 0.27). Mean volancy (θ) did not differ between 
the sexes (Fig. 3A, Mann–Whitney U-test, p = 0.11, W = 676,341) but increased progressively with migratory 
strategy (Fig. 3B).

Ancestral state reconstructions
We modeled the evolution of volancy (θ) by evaluating six likelihood models, separately on the UCE topology 
and Delmore et al.26 topology, with two different approaches for estimating branch lengths (ND2 and EQUAL), 
then applied the best-fit models to reconstruct ancestral states (see Methods). The kappa (punctuational) model 
was the best fit, in the analysis that used the UCE phylogeny and ND2 branch lengths (κ = 0.00), and the early 
burst model was the best fit for the other three approaches (Table 2). In the kappa model, a κ-value below 1 
implies that most evolutionary change is associated with cladogenesis events (at nodes), not gradual anagenesis 
(on branches).

Reconstructions of the common ancestor of C. [guttatus] and the LDM clade containing C. fuscescens (ß 
node, see Fig. 1) were relatively invariable, with an estimated volancy of 0.97 ± 0.01, averaged across the four 
approaches (reported as mean ± SD). Among the extant lineages, this estimate was closest to C. [g.] faxoni (SDM, 
θmean = 0.98). The averaged upper bound (θmax) of the 95% confidence interval was 1.03 ± 0.01, significantly 
below the means of LDM species (θmean = 1.06–1.14) and C. [g.] guttatus (SDM, θmean = 1.06). The averaged lower 
bound (θmin) was 0.91 ± 0.01, higher than all ELM and SED lineages except C. [m.] mexicanus (ELM, θmean = 0.90) 
and C. occidentalis (ELM, θmean = 0.93). These results support an SDM or ELM ancestor at the ß node.

Reconstructions of the common ancestor of Catharus (ω node) were more variable and sensitive to methods. 
SDM was the only strategy supported by all four reconstructions. In both reconstructions with the UCE 

Fig. 1.  Maximum likelihood (ML) phylogeny of the genus Catharus (Passeriformes: Turdidae) based a matrix 
of 1,238 UCEs assembled from 156 ingroup and 3 outgroup (H. mustelina) samples. Black circles denote 
100% bootstrap support for nodes supporting the monophyly of lineages. The tips are denoted by (column 1) 
voucher number and grouped by (column 2) species limits as recognized by the IOC World Bird List v. 14.229 
and (column 3) “lineages” recognized in this study. Colors denoting migratory strategy are standardized across 
figures. To the left of the voucher numbers, type specimens (i.e., supporting the lineage names) are denoted 
with a dagger (†) and samples collected within 50 km of a type locality (“topotypes” or nearly so) are denoted 
by double daggers (‡).
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topology, the common ancestor had an estimated volancy of 0.92; the only difference was in the width of the 
confidence interval (ND2: 0.82–1.01; EQUAL: 0.85–0.99). Reconstructions with the UCE topology suggest that 
the common ancestor of Catharus had body proportions most similar to C. occidentalis (ELM, θmean = 0.93), the 
ELM sister group of the C. [guttatus] clade. The next closest matches were C. [m.] mexicanus (ELM, θmean = 0.90) 
and C. [g.] faxoni (SDM, θmean = 0.98). The upper bound of the wider confidence interval (i.e., θmax with ND2 
branch lengths) was 1.01, well below the means of LDM species (θmean = 1.06–1.14) and C. [g.] guttatus (SDM, 
θmean = 1.06). With the UCE topology, irrespective of branch lengths, the lower bounds of the confidence 
intervals encompassed the values of multiple SED and ELM lineages. These results support an SDM, ELM, or 
SED ancestor, but not an LDM ancestor.

In reconstructions with the Delmore et al.26 topology, where the C. [u.] ustulatus + C. [u.] swainsoni (both 
LDM) clade was sister to the rest of Catharus, the common ancestor (ω node) had an estimated volancy of 0.97, 
when ND2 branch lengths were used, and 1.03, when branch lengths were equal. The first estimate is most similar 
to C. [g.] faxoni (SDM, θmean = 0.98). The upper bound of the confidence interval (θmax averaged across the four 
approaches) was 1.03 (± 0.01), significantly below the means of the LDM lineages (θmean = 1.06–1.14) and C. 
[g.] guttatus (SDM, θmean = 1.06). The lower bound (θmin averaged across the four approaches) was 0.91 ± 0.01, 
higher than all ELM and SED lineages except C. [m.] mexicanus (ELM, θmean = 0.90) and C. occidentalis (ELM, 
θmean = 0.93). These results support an SDM or ELM ancestor at the ω node, but not an LDM or SED ancestor.

In the final reconstruction, which used the Delmore et al.26 topology and equal branch lengths, the common 
ancestor of Catharus had an estimated volancy of 1.03, which is higher than C. [g.] faxoni (SDM, θmean = 0.98) 
but lower than any of the extant LDM lineages (θmean = 1.06–1.14) and C. [g.] guttatus (SDM, θmean = 1.06). The 
upper bound of the confidence interval extended to 1.10, providing weak support for an LDM ancestor, and the 

Fig. 1.  (continued)
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Fig. 2.  Negative relationship (in both sexes) between mass-equated wing and tarsometatarsus length in 
the genus Catharus (Passeriformes: Turdidae), as measured from study skins (n = 2,480). Colors denoting 
migratory strategy are standardized across figures. Black dashed lines are linear regression trendlines for the 
female and male datasets, respectively, and colored lines are trendlines for each migratory strategy.

 

Topology Branches Variable λ F p

UCE ND2 mass 0.90* 1.07 0.302

WG 1.00* 23.47 0.001

TR 1.00* 13.29 0.001

TL 0.82* 0.24 0.827

θ 0.99* 57.16 0.001

EQUAL mass 0.93* 1.07 0.294

WG 1.00* 23.47 0.001

TR 1.00* 13.29 0.001

TL 1.00* 0.24 0.868

θ 1.00* 57.16 0.001

Delmore et al.26 ND2 mass 0.92* 1.07 0.314

WG 1.00* 23.47 0.001

TR 1.00* 13.29 0.001

TL 0.73 0.24 0.865

θ 1.00* 57.16 0.001

EQUAL mass 0.85* 1.07 0.355

WG 1.00* 23.47 0.001

TR 1.00* 13.29 0.001

TL 1.00* 0.24 0.870

θ 1.00* 57.16 0.001

Table 1.  Results of Phylogenetic ANOVA tests of relationships between five morphological variables 
(mass, WG, TR, TL, θ) and migratory strategy (independent variable with 4 classes) in the genus Catharus 
(Passeriformes: Turdidae). Four different analyses are presented for comparison, corresponding to different 
topologies and approaches to estimating branch lengths (see Methods). Phylogenetic signal (λ) and ANOVA 
test statistics (F and p-values) are provided for each variable. Asterisks (*) denote significant likelihood ratio 
tests (p < 0.05) indicating rejection of the null hypothesis of no phylogenetic signal. Bonferroni corrections 
were applied to all tests to control for multiple comparisons. Significant results (p < 0.05) are shown in boldface.
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lower bound extended to 0.95, excluding all SED and ELM lineages (θmean = 0.75–0.93). These results support an 
SDM or LDM ancestor at the ω node.

Discussion
By leveraging data from thousands of nuclear UCE loci, and morphometric data from thousands of museum 
specimens, we reconstructed a robust phylogeny of Catharus and confirmed that the mass-equated lengths of 
the forewing and tarsometatarsus, and their mass-equated ratio (volancy, θ), are statistically correlated with 
four behavioral strategies of increasing migratory intensity (SED > ELM > SDM > LDM). In birds, a negative 
relationship between forelimb and hindlimb size, as exhibited by our data, is presumably caused by performance 
trade-offs associated with maintaining dual (aerial and terrestrial) locomotory strategies—i.e., natural selection 
acting on and shaping the phenotype4. Our data suggest that the evolution of seasonal migration is associated with 
a shift toward the forelimb-dominated end of the locomotory spectrum. All four ancestral state reconstructions 
found support for an SDM common ancestor (ω node), while support for the other strategies (SED, ELM, LDM) 
was variable; and only one reconstruction found (weak) support for an LDM common ancestor [contra 25].

Because volancy (θ) increases progressively with migratory strategy, if directional selection (driven by non-
random mortality) were to act on a SED lineage, gradually pushing it toward the forelimb-dominated end of the 
volancy axis, the lineage would first pass through the average ELM and SDM morphologies, before eventually 
arriving at the LDM morphology. If directional selection is the primary driver of volancy, as we hypothesize, 
this implies that species cannot rapidly “switch” between LDM and SED behavioral phenotypes (i.e., the poles 

Topology Branches Model Node θmin θmean θmax

UCE ND2 kappa ß 0.91 0.97 1.03

ω 0.82 0.92 1.01

EQUAL early burst ß 0.90 0.97 1.03

ω 0.85 0.92 0.99

Delmore et al.26 ND2 early burst ß 0.90 0.96 1.03

ω 0.89 0.97 1.05

EQUAL early burst ß 0.91 0.97 1.04

ω 0.95 1.03 1.10

Table 2.  Results of ancestral state reconstructions of “volancy” (θ) in the genus Catharus (Passeriformes: 
Turdidae), reflecting two different topologies and two approaches to estimating branch lengths. The best-fit 
(applied) model is shown for each reconstruction, as determined by ranking AICc scores (see Methods). The 
beta (ß) node represents the common ancestor of C. guttatus (sensu lato) and the LDM clade that contains C. 
fuscescens, C. minimus, and C. bicknelli (and C. [u.] ustulatus + C. [u.] swainsoni in the UCE topology); and the 
omega (ω) node represents the common ancestor of all extant Catharus lineages (see Fig. 1). Minimum and 
maximum θ-values represent the 95% confidence interval around the mean.

 

Fig. 3.  Boxplots show (A) no relationship between sex and “volancy” (θ) in the genus Catharus (Passeriformes: 
Turdidae), based on measurements of study skins (n = 2,480); and (B) mean volancy increases progressively 
with migratory strategy (SED = sedentary; ELM = elevational; SDM = short distance; LDM = long distance). The 
second boxplot combines data from males and females. Colors denoting migratory strategy are standardized 
across figures.
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of the volancy axis), without passing through the intermediate stages [contra 21]. It also offers evidence that, 
in Catharus at least, SDM is an evolutionary precursor to LDM, and that the LDM clade had an SDM ancestor.

Directional selection is admittedly only one plausible explanation for the inter-lineage variation in volancy, 
and its correlation with migratory behavior, and we acknowledge that it may work in tandem with other 
macroevolutionary forces. We do not (and may never) know the role that extinction and lineage sorting played 
in the assembly of the extant fauna50. One can imagine a putative ancestral clade with a broad distribution and 
a range of phenotypic variation, partitioned amongst and within its populations. In such a case, the differential 
extinction of lineages might produce an extant fauna with a narrower and non-representative phenotypic 
range, relative to the ancestor, potentially misleading our reconstructions. To that point, the SDM clade (C. 
[g.] guttatus + C. [g.] faxoni) does have a broad geographic range and an anomalous degree of phenotypic 
diversity (including variation in plumage color)—“For a migratory species, the amount of geographic variation 
is prodigious!”32—although most of its geographic range is occupied solely by the trans-continental lineage 
C. [g.] faxoni, and most of the phenotypic variation is found among populations of the western lineage C. [g.] 
guttatus32,51.

Without fossils or ancient genomic data, the scope of our evolutionary inference is obviously limited. However, 
our data lend credibility to a relatively novel hypothesis (with respect to Catharus) and warrant a discussion 
of its potential implications. All four ancestral reconstructions agreed that the common ancestor of the SDM 
and LDM clades (ß node) was most similar in volancy to C. [g.] faxoni. Consequently, the most parsimonious 
interpretation (i.e., the one requiring the smallest change in volancy) is that, since the ß node, the C. [g.] faxoni 
lineage has been in relative phenotypic stasis. We acknowledge that the characterization of an extant taxon as 
“ancestral” is unconventional and laden with assumptions. Notwithstanding, if our reconstructions are correct, 
alternative hypotheses, which fail to explain the incumbency, must nevertheless presume the existence of an 
extinct ancestor with a similar morphology to C. [g.] faxoni. The stasis hypothesis may also provide a new lens 
for interpreting the results of former studies. For example, if the SDM clade did not experience dramatic range 
contractions during the Pleistocene, like the LDM lineages21, then the stability and breadth of its ecological niche 
may have buffered it against extinction, facilitating stasis.

The stasis hypothesis implies that the ecological incumbency of C. [guttatus] in North America during winter 
is not happenstance, but a reflection of evolutionary history—i.e., it was there first. If so, instead of multiple 
independent origins of migration and phenotypic convergence24, the apparent homoplasy of the migratory 
phenotype (i.e., when SDM and LDM are combined as a single category) may be reflective of the occasional 
“budding” of daughter lineages from a long-lived stem lineage7. The western C. [g.] guttatus, which has relatively 
high volancy (θ = 1.06) equivalent to the LDM species, may thus be viewed as the most recent daughter of 
the persistent SDM ancestor—a modern analog to the ancient lineage that begat the LDM clade. Similarly, C. 
occidentalis and the clade containing C. [f.] frantzii, C. [f.] alticola, and C. gracilirostris, would be the descendants 
of two additional budding events, which led to evolutionary reductions in volancy.

Finally, the stasis hypothesis has further implications for the evolution of LDM. If the ancestor of the LDM 
clade diverged from an ancestral SDM lineage, which persists today as C. [guttatus], then LDM may be viewed 
as an adaptation for winter survival in the daughter lineage, possibly driven by competitive exclusion with the 
parental form52–54. In this scenario, we hypothesize that individuals of the daughter lineage that remained in 
North America during winter were outcompeted by the parental SDM lineage (i.e., the ecological incumbent), but 
those that retreated to the south persisted and passed on the alleles that supported their migratory tendencies7. 
Because LDM across the Gulf of México and Caribbean Sea during the Atlantic hurricane season may be one of 
the riskiest events of the annual cycle8,9,16,55, we must assume that the fitness cost of the alternative strategy—
competing with the ecological incumbent during winter—was even greater54. As the non-breeding range of 
the LDM ancestor expanded southward, and its migrations grew progressively longer and more complex, we 
hypothesize that its functional morphology was gradually optimized by directional selection, driven toward the 
forelimb-dominated end of the volancy axis, by new sources of mortality associated with a migratory lifestyle8,9,16.

Methods
Molecular sampling and DNA extraction
We generated DNA sequences from a taxonomically diverse collection of Catharus (n = 134) and H. mustelina 
(n = 1) tissues, and supplemented this dataset with sequences of Catharus (n = 22) and H. mustelina (n = 2) 
published by Everson et al.43, for a total of 156 ingroup and 3 outgroup sequences (see Table S1). DNA was 
sourced from frozen tissues (89% of samples, 141/159) or study skin toepads (11%, 18/159). We extracted whole-
genomic DNA from vouchered tissues with DNeasy tissue extraction kits following the manufacturer’s protocol 
(Qiagen, Inc., Venlo, Netherlands). Toepad samples were collected with a sterilized scalpel and processed in a 
lab where no modern bird tissues have been handled. We used an extraction technique developed by Andrés 
M. Cuervo and colleagues28, or a Phenol–Chloroform extraction protocol followed by bead cleanup56. We 
quantified dsDNA concentration in all extractions using a real-time qPCR fluorescent detection57 with the 
Quant-iT™ PicoGreen™ dsDNA Assay Kit (Invitrogen, Eugene, OR).

UCE enrichment, sequencing and library preparation
We submitted DNA extracts to RAPiD Genomics (Gainesville, FL, USA) for library preparation and 
sequencing of UCEs58. Libraries were enriched for UCEs using either the 2.5  k tetrapod probe kit (2,386 
UCEs) supplemented with approximately 100 avian exons, or the standard 5  k tetrapod probe kit (5,060 
UCEs) and sequenced with either 100 (2.5 k kit) or 150 (5 k kit) base pair, paired end reads on an Illumina 
HiSeq 3000/4000. Mitochondrial sequence data were recovered from off target reads as a byproduct of this 
process59 or with Sanger sequencing methods following Voelker et al.[25. After sequencing, we discarded duplicate reads with the 
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python script fastqSplitDups.py (https://github.com/McIntyre-Lab/mcscript) and eliminated adaptors and low 
quality bases with trimmomatic, implemented in illumiprocessor60–63.

We assembled the trimmed reads using ABySS 2.1.5 as implemented in PHYLUCE59,64 following the 
standard UCE pipeline. PHYLUCE matched the assemblies to UCE probes and produced concatenated files 
for alignment. We used a series of custom scripts to create a single FASTA file containing the longest contig 
from each UCE (https://github.com/juliema/phylogenomics_scripts), then used this file as a new set of target 
sequences to readmap in aTRAM v. 2.3.065. This is a pipeline that iteratively assembles reads to form contigs 
by first matching reads to a provided target sequence; then, for subsequent iterations, to the results from the 
previous iteration. We assembled contigs for each of our samples using five iterations in aTRAM v. 2.3.0 with 
ABySS66. We then selected the longest contig for each assembled UCE, grouped taxa by UCE, and aligned each 
UCE using MAFFT67. Most variation in UCEs occurs in the flanking regions rather than the central probe area, 
so we selected the longest contig rather than the results from the last iteration. This ensured that the maximum 
number of informative sites would be utilized, necessitating additional quality control steps as described below.

We verified each alignment by eye using GENEIOUS 8.0.4 (https://www.geneious.com) and performed 
two manual types of quality control to reduce errors caused by degraded DNA from toepad samples68–71. First, 
we removed any unalignable portions of a contig. If multiple samples had identical, but extremely divergent, 
sequences from other samples in the UCE probe portion of the alignment, we deleted the entire alignment from 
that probe. UCE probe regions from closely related samples are unlikely to exhibit large amounts of sequence 
variation because the probes bind to regions that are highly conserved across all tetrapods57. Next, we scanned 
(by eye) for mismatches occurring within individual toepad samples. When a column contained a base call in 
a toepad sample that did not occur in any other sample we re-coded the mismatches as an “N”. If the base call 
occurred in any other sample (regardless of which sample) the base was not replaced. This final step targeted 
toepads because libraries prepared from toepad extracts have poorer quality reads and lower coverage than 
libraries prepared from frozen tissues. These extra quality control steps enabled us to reduce the “noise” caused 
by sequencing error and low-quality DNA in our toepad-generated sequence data, which may artificially add 
length and uncertainty to the inferred phylogeny. Finally, we realigned the contigs with MAFFT and trimmed 
the alignments with trimAL v1.272 to remove columns of the alignment where over half of the samples contained 
missing data.

Phylogenetic analysis of UCE alignment
We used Partitionfinder 2.1.173,74 as implemented on CIPRES75 to select the best partitioning scheme (limited to 
GTR and GTR + G models) while treating each UCE as a separate partition. We selected models with the lowest 
second-order Akaike Information Criterion (AICc) score. Due to computational constraints we set rcluster_
max to 1000 and rcluster_percent to 5.0. Because RAxML v. 8.2.1276 as implemented on CIPRES RAxML-HPC 
BlackBox75 allows only one model to be selected, we used the most commonly selected model (GTR + G) and 
partitioned the data in accordance with the scheme selected by Partitionfinder. We also used RAxML to perform 
a bootstrap analysis and allowed the program to autocomplete.

Lineage delimitation
We used “lineage” as the unit of analysis in this study, while recognizing that there is considerable disagreement 
about species and subspecies limits in the genus Catharus27–29,32. Following species delimitation criteria set forth 
in our recent revision of the C. [fuscater] complex28, modeled after Cadena et al.77, we identified populations 
as “lineages” when they were monophyletic in the UCE-derived phylogeny and had at least one diagnostic 
morphological or vocal character. Throughout this paper, we restrict our use of the word “lineage” to clades in 
our UCE phylogeny that satisfy these criteria (n = 25), and one polytypic species-rank clade (C. fuscater, sensu 
stricto) for which no UCE data were available28. All lineages recognized in this study have been previously 
identified as taxonomic units (Table S1) based on diagnostic characters discussed in literature27,28,30. Thus, our 
comparative analysis was based on a phylogenetic reconstruction containing 26 lineages. We used information 
from published literature to score each lineage with one of four migratory strategies (SED, ELM, SDM, LDM).

Branch lengths
In the comparative analysis, we used and compared two different approaches for estimating branch lengths. First, 
we randomly selected one sample from each of the 26 lineages and determined branch lengths via phylogenetic 
analysis of the mitochondrial NADH dehydrogenase subunit 2 gene (ND2). Second, because ND2 branch 
lengths may be unreliable in Catharus because of potential (ancient) gene flow among the lineages26, we also 
performed separate analyses with equal branch lengths.

To determine ND2 branch lengths, we used the MUSCLE algorithm with default settings in MEGA v.11.0.1378 
to align the sequences, then imported the alignment into PAUP* 4.0a16979 in NEXUS format. Next, we performed 
a heuristic search using Maximum Parsimony to produce a starting tree, followed by an automated test of 56 
substitution models with Bayesian Information Criterion (BIC) to select the model with the best fit to the data. 
Then, we implemented the best-fit model (HKY)80 to perform a heuristic search using Maximum Likelihood 
(ML) methods, while using the “constraint tree” option to restrict the output to trees that matched the topology 
of the UCE tree. The result was an unrooted phylogeny with 26 tips, matching the UCE topology, with branch 
lengths determined by ND2 distances. Then, we repeated these steps while constraining the resulting tree to the 
Delmore et al.26 topology.

Morphometrics and body mass data
The lead author (MRH) used calipers and a metric ruler to record measurements from adult study skins of 
known sex (n = 2,578) in the collections of the American Museum of Natural History (AMNH), Academy of 
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Natural Sciences of Drexel University (ANSP), Carnegie Museum of Natural History (CM), Delaware Museum 
of Nature & Science (DMNH, formerly Delaware Museum of Natural History), Field Museum of Natural History 
(FMNH), Louisiana State University Museum of Natural Science (LSUMZ), Museum of Comparative Zoology, 
Harvard University (MCZ), and National Museum of Natural History, Smithsonian Institution (USNM). Each 
specimen was assigned to one of the 26 lineages based on plumage color, mandible color, and collecting locality32.

MRH took the following three morphometric measurements, unless the body part was damaged: (1) length 
of the (flattened) wing, measured with a ruler (to the nearest 1 mm) from the carpal joint to the tip of the longest 
primary remex; (2) tarsometatarsus length, measured with calipers (to the nearest 0.01 mm) from the intertarsal 
joint to the distal end of the final leg scale; (3) tail length, measured with a ruler (to the nearest 1 mm) from the 
insertion point of the two central rectrices to the tip of the longest rectrix. All three variables were subsequently 
mass-equated.

To equate the variables, we downloaded Catharus specimen records with mass data from VertNet.org 
(n = 5,830) and truncated the dataset as follows. We removed mass records collected during the spring (1 April–31 
May) and autumn (1 August–31 October) migratory periods, to mitigate variance caused by fluctuations in fat 
stores. We removed SDM and LDM females collected during the Nearctic breeding season (May–July), and 
ELM and SED females with at least one ovum ≥ 2 mm in diameter (based on label data), to mitigate variance 
caused by egg production. The truncated dataset (n = 1,922) was therefore restricted to SDM and LDM females 
collected during the non-breeding season (1 November–31 March), SDM and LDM males collected during the 
non-breeding season (1 November–31 March) and breeding season (1 June–31 July), ELM and SED females 
with ova ≤ 2 mm in diameter, and all ELM and SED males.

We calculated the mean body mass of each lineage and, because mass varies in proportion to the cube of the 
linear measurements81, took the cube root as an index of general size. To produce our mass-equated response 
variables, we divided the uncorrected means of each species by the size index. Finally, for each specimen and 
lineage, we calculated the ratio of wing length (un-equated) to tarsometatarsus length (un-equated), then 
divided that value by the size index. Throughout the study, we refer to this variable as “volancy” and represent it 
with the Greek letter theta (θ).

Phylogenetic ANOVA
We used the “phylosig” function in the phytools package, implemented in R with RStudio82, to estimate the 
phylogenetic signal (λ) of our variables83,84 and conduct likelihood ratio tests (α = 0.05) to determine whether 
the observed data were significantly different than values estimated under a null hypothesis of no phylogenetic 
signal. Next, we used the “phylANOVA” function to perform simulation-based phylogenetic ANOVA tests, 
with Bonferroni corrections for multiple comparisons, to determine whether the mean values of the response 
variables differed among migratory strategies.

Ancestral state reconstructions
We modeled the evolution of volancy (θ) with the “fitContinuous” function in the GEIGER library in R85 by 
evaluating six likelihood models: (1) Brownian motion86; (2) lambda: change concentrated at the tips84; (3) 
kappa (punctuational): change concentrated at nodes84; (4) early burst: change concentrated at deepest nodes85; 
(5) delta: accelerating or decelerating84; and (6) Ornstein–Uhlenbeck: constrained random walk87. We used the 
lambda model to assess levels of phylogenetic signal for each variable84, assessed model support with the second-
order estimator of the Akaike information criterion (AICc), and transformed the phylogeny according to the 
best-fit model with functions in the GEIGER library in R85. Finally, we used GEIGER to reconstruct volancy 
values at ancestral nodes.

Data availability
All raw UCE reads generated for this project have been deposited to the NCBI SRA library (Temporary Sub-
missionID: SUB14752167), with a release date of “2025–10-01, or with the release of linked data, whichever is 
first”. The morphometric data and R script are available as a supplementary file: Halley_etal_CatharusData.zip.
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