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Abstract 
Hybrid zones create natural tests of genetic incompatibilities by combining loci from 2 species in the same genetic background in the wild, making 
them useful for identifying loci involved in both intrinsic and ecological (extrinsic) isolation. Two Swainson’s thrush subspecies form a hybrid zone 
in western North America. These coastal and inland subspecies exhibit dramatic differences in migration routes; their hybrids exhibit poor 
migratory survival, suggesting that ecological incompatibilities maintain this zone. We used a panel of ancestry informative markers to identify 
repeated patterns of selection and introgression across 4 hybrid populations that span the entire length of the Swainson’s thrush hybrid zone. 
Two repeatable patterns consistent with selection against incompatibilities—steep genomic clines and few transitions between ancestry 
states—were found in large genetic blocks on chromosomes 1 and 5. The block on chromosome 1 showed evidence for inland subspecies 
introgression while the block on chromosome 5 exhibited coastal subspecies introgression. Some regions previously associated with 
migratory phenotypes, including migratory orientation, or exhibiting misexpression between the subspecies exhibited signatures of selection 
in the hybrid zone. Both selection and introgression across the genome were shaped by genomic structural features and evolutionary history, 
with stronger selection and reduced introgression in regions of low recombination, high subspecies differentiation, positive selection within 
the subspecies, and on macrochromosomes. Cumulatively, these results suggest that linkage among loci interacts with divergent selection 
and past divergent evolution between species to strengthen barriers to gene flow within hybrid zones.
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Introduction
Understanding the genetic basis of speciation, and how indi
vidual loci contribute to or hinder this process, has been a 
long-standing goal in evolutionary biology (Orr et al. 2004; 
Noor and Feder 2006). Hybrid zones, geographic areas where 
species with incomplete reproductive isolation have overlap
ping ranges, create a natural test for potential incompatibil
ities between diverging species by combining loci inherited 
from both species in the same genome. Some loci will intro
gress freely while others will be restricted by selection against 
hybrids and/or in the other species range (Barton and Hewitt 
1989). These natural experiments could be particularly valu
able for identifying loci involved in ecology-based reproduct
ive isolation (Schluter 2009), which is poorly understood 
relative to intrinsic mechanisms of isolation (Schluter and 
Rieseberg 2022; Thompson et al. 2024). Loci that underlie 
ecology-based postzygotic isolation evolve via divergent eco
logical adaptation between incipient species and are subject 
to selection in hybrid zones alongside selection acting on non
ecological incompatibilities (Gavrilets 1997; Barton 2001).

Within hybrid genomes, selected and introgressed loci exhibit 
distinct patterns of variation that are detectable in natural pop
ulations with genome-scale data (Moran et al. 2021). First, loci 

involved in incompatibilities are expected to show steep gen
omic clines, meaning a reduction in heterozygosity and a sharp 
transition from 1 species ancestry to the other relative to 
genome-wide ancestry (Gompert and Buerkle 2011, 2012). 
If a locus is introgressed within the hybrid zone then the gen
omic cline will be asymmetric, with ancestry disproportionate
ly likely to be from 1 species. Second, incompatibilities are 
expected to be concentrated within regions of the genome 
with longer contiguous tracts of ancestry, as the reduction in 
heterozygosity near incompatibilities will lead to fewer oppor
tunities for recombination between different ancestries (Hvala 
et al. 2018). These patterns of selection and introgression are 
expected to interact differently with genomic structure and the 
evolutionary history of genomic regions. For example, fea
tures such as low recombination rates and high gene density 
increase the likelihood that a locus may be genetically linked 
to another that is under selection, potentially leading to stron
ger patterns of selection and reduced introgression in these 
regions (Schumer et al. 2018; Martin et al. 2019). A history 
of positive selection within one of the hybridizing species 
may lead to elevated introgression in those regions if the 
beneficial allele conveys an advantage in the hybrid zone 
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(Nouhaud et al. 2022) or reduced introgression if the selected 
allele contributes to reproductive isolation.

Patterns of selection and introgression can arise due to 
mechanisms that do contribute to the speciation process, in
cluding epistatic incompatibilities, selection against heterozy
gosity, or selection favoring alleles of 1 species that are 
maladaptive in hybrids or the hybrid zone environment. 
However, one challenge in linking loci to reproductive isola
tion is that patterns consistent with selection and introgression 
can emerge due to unrelated processes, such as genetic drift, 
demography, or population structure. Replicate hybrid popu
lations can help overcome this problem, as loci exhibiting par
allel signatures of selection across replicates provide stronger 
evidence that they contribute to speciation (Chaturvedi et al. 
2020; Westram et al. 2021). Some factors affecting the 
strength of selection against alleles involved in incompatibil
ities will likely vary among populations, including the land
scape of ecological selection and the relative contribution of 
each species to hybrid genomes (Bolnick et al. 2018; 
Langdon et al. 2022). Nevertheless, in many cases, if alleles 
of diverging species perform poorly together in a genome, 
this will be the case across the full extent of the hybrid zone.

We tested for repeatability of genomic signatures of selec
tion and introgression in a narrow hybrid zone between 2 sub
species (coastal “Catharus ustulatus ustulatus” and inland 
“C. u. swainsoni”) of Swainson’s thrush in western North 
America (Ruegg 2008; Delmore and Irwin 2014). This hybrid 
zone is centered over the Coast Mountains, with the coastal 
subspecies breeding in temperate rainforest while the inland 
subspecies breeding sites are primarily in boreal forest. 
Comparing the 2 breeding niches, the coastal subspecies niche 
has higher precipitation, lower seasonality in temperature and 
precipitation, and denser vegetation (Ruegg et al. 2006). The 
ecological divergence between these subspecies, which form 
a migratory divide and well-developed genomic resources 
make this hybrid zone ideal for investigating speciation gen
omics in nature. Specifically, these subspecies differ in a series 
of color, morphological, and behavioral traits (Ruegg et al. 
2012; Delmore and Irwin 2014; Delmore et al. 2016). 
Differences in their migratory routes are the most prominent, 
as the coastal subspecies migrates along the Pacific coast to 
Central America while the inland subspecies follows a much 
longer route to Colombia via inland North America (Ruegg 
and Smith 2002). This leads to migratory niche differences be
tween the subspecies, with the coastal niche characterized by 
dense vegetation and environmental wetness while the inland 
route is limited to a restricted temperature range (Justen et al. 
2021). Earlier work showed that hybrids take intermediate 
and ecologically inferior routes, reducing their survival 
(Blain et al. 2024). Genomic loci underlying variation in mi
gratory traits that distinguish coastal and inland thrushes 
have been identified (Delmore et al. 2016; Justen et al. 2024) 
and analyses of gene expression recently uncovered genes ex
hibiting transgressive (misexpressed) patterns in hybrids 
(Louder et al. 2024). Misexpressed genes may affect hybrid fit
ness (Turner et al. 2014; Satokangas et al. 2020). Combined, 
these phenotype-associated loci represent candidate ecological 
incompatibilities in Swainson’s thrushes, but tests for selection 
at these loci have yet to be conducted.

We characterized patterns of selection and introgression 
across 4 hybrid populations that span the length of the hybrid 
zone between Swainson’s thrushes, from Alaska to 
Washington (Fig. 1). We used genomic clines and ancestry 

tracts to identify loci under selection (i.e. those exhibiting 
steep clines and/or located within long ancestry tracts). 
Genomic clines and tests for gene flow between parapatric 
coastal and inland populations were used to identify intro
gressed loci (i.e. those exhibiting asymmetrical cline centers 
and/or excess gene trees grouping parapatric coastal and in
land populations). Once these loci were identified in each 
population, we looked for those exhibiting parallel patterns 
across hybrid populations and tested for enrichment of outlier 
loci previously linked to markers associated with divergent 
phenotypes or misexpressed genes. We then tested for associ
ations between genomic structure and both selection and 
introgression, with the expectation that stronger selection 
and reduced introgression would be observed in regions of 
the genome where linkage to a locus contributing to reproduct
ive isolation is more likely. We also tested for a role of coastal 
and inland evolutionary history in shaping hybrid genomic pat
terns, by evaluating whether regions under positive selection in 
the coastal and inland subspecies or showing high divergence 
between the subspecies were under associated with greater se
lection or changes in introgression. Finally, if traits are under 
similar forms of selection across populations, they might also 
exhibit repeatability in relationships to genome-wide ancestry. 
Therefore, we quantified the strength of relationships between 
ancestry and morphological, behavioral, and color traits across 
populations, then compared repeatability in these relationships 
to repeatability in genomic cline estimates.

Results
Ancestry Informative Markers
Using a reference panel of allopatric inland and coastal 
Swainson’s thrushes, we identified a set of loci that were fixed 
or nearly fixed for alternate alleles in coastal and inland 
thrushes (ancestry informative markers, AIMs). We then called 
ancestry at these AIMs in 299 hybrids from 4 populations 
that span the hybrid zone between Swainson’s thrushes: Alaska 
(n = 29), Pemberton (n = 122), Hope (n = 106), and Washington 
(n = 42) (Fig. 1; supplementary table S1, Supplementary 
Material online). Following linkage pruning, we retained a set 
of 1,488 autosomal and 699 Z chromosome AIMs. Each of 
the 4 populations contained a mix of early and late generation 
hybrids, indicated by a mix of individuals with long tracts of 
heterozygous ancestry and individuals with frequent transitions 
between ancestry states (Fig. 1). This pattern is consistent with 
ongoing hybridization that did not start recently.

Steep Genomic Clines on Chromosomes 1 and 5
We fitted genomic clines, which model relationships between 
genome-wide ancestry and ancestry at a specific locus, to 
AIMs separately in each hybrid population. We were inter
ested in loci with (i) cline gradients that were high relative to 
1 (the expected slope relative to the admixture gradient), 
which indicate a fast transition from 1 subspecies ancestry to 
the other, and therefore selection against heterozygotes, and 
(ii) asymmetric cline centers, which indicate introgression 
from 1 subspecies. On average, cline gradients were higher 
than the null expectation of 1 (mean = 1.22, 95% CI = [1.13, 
1.30]) and were shifted slightly toward inland ancestry 
(0.502 [0.500, 0.504]). Within each population, variability 
in cline gradients estimated as the standard deviation (σv), 
was low in all populations (Alaska: 0.17, Pemberton: 0.18, 
Hope: 0.10, and Washington: 0.13), possibly reflecting coup
ling among genomic clines (Firneno et al. 2023), as was 
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variability of cline centers within populations (σw; Alaska: 
0.03, Pemberton: 0.12, Hope: 0.15, and Washington: 0.09). 
At first glance, 2 large regions of the genome showed repeat
able and distinct clinal patterns. Specifically, 2 contiguous 
sets of AIMs—one on chromosome 1 and the other on 
chromosome 5—showed elevated cline gradients across all 4 
populations (Fig. 2). Similar consistency was documented 
for cline centers along the contiguous sets of AIMs; on aver
age, the chromosome 1 clines were shifted toward inland an
cestry while the chromosome 5 clines were shifted toward 
coastal ancestry (Fig. 2). There were 283 genes within the 
LD blocks around AIMs that were cline gradient outliers in 
2 or more populations. A gene ontology (GO) analysis of these 
genes showed enrichment for involvement in xenobiotic meta
bolic process, with 3 genes associated with this ontology 
(AHR, LOC116996430, LOC116996432).

Few Ancestry Transitions in Regions on 
Chromosomes 1 and 5
Ancestry tracts, or contiguous regions with the same ancestry 
state, can be indicative of selection within hybrid populations. 
Incompatible loci are expected to occur in long ancestry tracts, 

near relatively few ancestry transitions. As in genomic cline ana
lyses, 2 regions of the genome—one on chromosome 1 and one 
on chromosome 5—showed qualitatively distinctive patterns, 
with very few ancestry transitions in all populations (Fig. 3a). 
This was reflected in estimates of mean ancestry and heterozy
gosity of AIMs on macrochromosomes, as chromosomes 1 and 
5 showed a deficit of individuals with intermediate ancestry and 
heterozygosity relative to other chromosomes (Fig. 3c).

To quantify the expected number of transitions within 
100 kb windows, we fit asymptotic models to estimate the re
lationship between the number of AIMs and number of tran
sitions within windows in each population. We identified 
outliers as windows with fewer transitions than the lower 
bound of simulated 95% confidence intervals. 2,000 out of 
4,118 windows included in the analysis were identified as out
liers in one or more populations, with most located on chromo
somes 1, 2, and 5. 2,820 genes fell within windows that 
were identified as outliers in 2 or more populations. A GO ana
lysis showed enrichment for UDP-glycosyltransferase activity 
(22 genes), the nucleosome (43 genes), protein heterodimeriza
tion activity (37 genes), sensory perception of taste (12 genes), 
extracellular space (28 genes), regulation of cytokine produc
tion (6 genes), and chemokine receptor activity (9 genes).

Fig. 1. Genomic variation across sampling sites. a) Map showing sampling locations of 4 hybrid populations, 2 coastal populations, and 2 inland 
populations. From north to south, the 4 populations are from southeastern Alaska; Pemberton, BC; Hope, BC; and northwestern Washington. Color 
indicates mean genome-wide ancestry in each population. Gray shading on the map indicates elevation. b) Distributions of genome-wide ancestry across 
inland, coastal, and hybrid populations. Both inland populations and both coastal populations were pooled. c) Ancestry along a set of 2,187 AIMs in random 
individuals from inland, coastal, and hybrid populations. Color indicates ancestry: inland homozygotes are yellow, heterozygotes are green, and coastal 
homozygotes are blue. Each bar represents 1 individual. Alternating shades of gray along the x axis indicate the chromosome on which AIMs are located.
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Loci involved in speciation might have evolved through di
vergent evolution as part of the speciation process, or they may 
be a result of variation that was segregating prior to species di
vergence. We identified regions with very few ancestry transi
tions in the reference panel on chromosome 1 (46 to 59.5 Mb) 
and chromosome 5 (21 to 39 Mb). To determine when the 
coastal and inland haplotypes in these regions evolved, we 
built maximum likelihood phylogenies for each of the 2 re
gions using sequences from both subspecies as well as a set 
of other species in the Catharus genus. The coastal and inland 
subspecies were sister groups in both phylogenies, indicating 
that the 2 haplotypes evolved relatively recently (Fig. 3b).

Introgression From Coastal to Inland Subspecies 
Near the Hybrid Zone
We looked for introgression between parapatric coastal and 
inland populations using D-statistics, which compare the 
number of gene trees that group sympatric populations of 2 
species to gene trees that group the sympatric population of 
1 species with an allopatric population of the second species. 
An excess number of gene trees grouping the sympatric popu
lations indicate that hybridization occurred (Fig. 4). Looking 
for introgression between coastal populations and parapatric 
inland populations, we found evidence for substantial intro
gression (D = 0.022, Z = 11.1, P < 0.001). We only looked at 
introgression using an allopatric inland population for com
parison because the coastal breeding range is quite narrow 

and entirely adjacent to the hybrid zone, so there is no allopat
ric population available to anchor the analysis. We then eval
uated patterns of introgression in sliding windows across the 
genome with fd statistics, finding several regions of the genome 
with fd values well above zero, indicating widespread intro
gression (Fig. 4). Some regions, including on chromosomes 
1, 3, and 5, tended to show reduced introgression with fd val
ues consistently closer to zero.

Signatures of Selection Repeated Across 
Populations
We tested for repeatability across populations for outliers iden
tified in analyses of cline gradients, cline centers, and ancestry 
transitions. We compared the observed number of outlier loci 
overlapping between populations to the number expected by 
chance, which we estimated as: # population 1 outliers × # 
population 2 outliers / # AIMs. The number of overlapping 
loci among trios was estimated as: expected pairwise overlap × 
# population 3 outliers / # AIMs, while the number of overlap
ping outliers among all 4 populations was estimated as: expected 
trio overlap × # population 4 outliers / # AIMs.

We tested for repeatability in genomic clines across hybrid 
populations, starting by looking at cline gradients. Of 2,187 
AIMs, we found 504 that were outliers with elevated cline gra
dients in 2 or more populations. Starting with pairs of popula
tions, we compared observed overlap in outlier loci to the 
number expected by chance and found greater overlap in 

Fig. 2. Genomic cline gradients and centers. a) Mean cline parameters estimated for AIMs along the genome. Each point represents the mean parameter 
value for an AIM across 4 hybrid populations. Shading indicates the number of populations in which a particular AIM was an outlier as a fast cline gradient 
(pink), inland-shifted center (yellow), or coastal-shifted center (blue), with darker shading indicating than an AIM was an outlier in more populations. 
Alternating shades of gray along the x axis indicate the chromosome on which AIMs are located. b) Genomic cline shapes across populations. Each line 
represents the cline for 1 AIM, with color indicating outliers with elevated cline gradients (pink). The x axis represents genome-wide ancestry while the y axis 
represents the probability that a locus has a coastal genotype. Estimates of mean cline gradient were: 1.31 (Alaska), 1.24 (Pemberton), 1.12 (Hope), and 1.19 
(Washington), while estimates of gradient variability (σv) were: 0.17 (Alaska), 0.18 (Pemberton), 0.10 (Hope), 0.13 (Washington). Estimates of mean cline 
center were 0.50 in all populations, while estimates of cline center variability (σc) were 0.03 (Alaska), 0.12 (Pemberton), 0.15 (Hope), and 0.09 (Washington).
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outlier loci than expected by chance by 2.2- to 3.0-fold in all 
population pairs except Alaska and Hope, which had fewer 
overlapping outliers than expected (Table 1). Results for over
lap among trios of populations were similar, with overlap 
among trios that did not include both Alaska and Hope 
8-fold higher than expected by chance, while overlap among 
trios that did include both Alaska and Hope was similar to 
random expectations (Table 1). Of the 66 AIMs that were 
shared outliers among 3 or more populations, 29 were located 
on chromosome 1, 36 were located on chromosome 5, and 1 
was located on chromosome 2 (Fig. 2). One AIM, located on 
chromosome 5, was an outlier in all 4 populations. Outliers 
in cline centers were only observed in 2 populations— 
Pemberton and Hope. Of the cline center outliers, 61 over
lapped between the 2 populations, compared to 21.8 expected 
by chance (P < 0.001). These were primarily clustered on 
chromosome 1, with other repeated cline center outliers on 
chromosomes 2, 3, and 5 (Fig. 2).

We additionally tested for repeatability across populations 
in windows identified as having few ancestry transitions. 
Pairwise overlap was between 2.1- and 2.6-fold higher than 
expected in all comparisons, with between 988 and 1,090 out
liers overlapping between pairs (Table 2). Among trios of pop
ulations, between 856 and 932 outliers were shared between 
populations, between 5.5- and 6.8-fold the number expected 
by chance. 808 windows were outliers in all 4 populations, 
relative to 48 expected by chance. Most of these were located 
on chromosomes 1, 2, and 5, but repeated outliers were ob
served across all 7 macrochromosomes (Fig. 3).

Phenotype-associated Loci Show Patterns of 
Selection
Recent admixture mapping in the Swainson’s thrush identified 
loci connected to variation in their migratory behavior and 
morphology (Justen et al. 2024). Twenty-nine of these loci 
fell within linkage blocks around our AIMs. Of these, 7 loci 
were cline gradient outliers in 2 or more populations; this is 
not more than we would expect by chance (29 AIMs associ
ated with phenotypes × 504 outlier AIMs/2187 AIMs = 6.7 
loci; P = 0.20) but the loci themselves may still be of interest. 
Two of these loci (located on chromosomes 1 and 3), were as
sociated with the longitude of birds” nonbreeding sites, 3 (lo
cated on chromosome 1) were associated with wing 
pointedness, and 2 (located on chromosome 5) was associated 
with orientation on fall migration (supplementary fig. S2, 
Supplementary Material online). A transcriptomic analysis 
in the Swainson’s thrush also identified genes misexpressed 
in hybrids (Louder et al. 2024). AIMs from the present study 
occurred within 61 of these genes and 10 were cline gradient 
outliers in 2 or more populations, which is 1.6-fold higher 
than we would expect by chance (27 AIMs linked to misex
pressed genes × 504 outlier AIMs/2187 AIMs = 6.2 loci, 
P < 0.001). One was located on each of chromosomes 1 and 
3, and 8 on chromosome 5 in genes LOC116996633, 
LOC116996682, KLHL2, SH3RF1, SH3RF1, GPM6A, 
CASP3, CLOCK, USP46, UBE2E1, and CCNC 
(supplementary fig. S2, Supplementary Material online).

For ancestry transitions, phenotype-associated SNPs fell 
within 35 outlier windows shared across all 4 populations, 

Fig. 3. Ancestry transitions across autosomal macrochromosomes. a) Histograms show the counts of ancestry tract start sites in 1 Mb bins across the 7 
largest autosomes, with color indicating population. b) Phylogenies were constructed with sequences from regions with few ancestry start sites on 
chromosome 1 (left) and chromosome 5 (right). c) Mean ancestry and heterozygosity, measured as the proportion of heterozygous loci, of AIMs within 
macrochromosomes.
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which is not more than expected by chance (244 windows 
with phenotype-associated SNPs × 808 outliers/4118 win
dows = 48; P = 0.98). These windows included SNPs on chro
mosomes 1, 2, and 3 that were identified in a multitrait GWAS 
as well as SNPs associated with orientation midway through 
migration (located on chromosome 1 and 5), orientation at 
the start of migration (located on chromosome 5), fall migra
tion departure date (located on chromosome 3), fall migration 
distance (located on chromosomes 2, 3, and 5), wing pointed
ness (located on chromosome 1), longitude midway through 

spring migration (located on chromosomes 2, 3, and 7), spring 
migration distance (located on chromosomes 3, 4, and 6), 
wing length (located on chromosome 1), and nonbreeding site 
longitude (located on chromosomes 1, 2, 3, and 4; 
supplementary fig. S3, Supplementary Material online). 118 
genes found to be misexpressed in hybrids, relative to parental 
subspecies, were located within 108 outlier windows shared 
across all 4 populations, 1.2-fold the number expected by chance 
(458 windows with misexpressed genes × 808 outliers/4118 win
dows = 90 windows; P < 0.001). These outlier windows were 

Fig. 4. Coastal to inland introgression and genomic features. a) Distribution of fd statistics in 100 SNP windows across the genome. Each point represents 
1 window, with color indicating chromosome. b) Cladogram of potential gene trees among populations included in the analyses. Windows with elevated fd 

contain a greater proportion of gene trees with the “hybridization” topology relative to the “discordance” topology.

Table 1 Observed relative to expected overlap between pairs of hybrid populations in loci that are cline gradient outliers

Populations Observed Expected Ratio P-value

Alaska × Hope 29 58.42 0.5 1
Alaska × Pemberton 245 109.42 2.24 <0.001
Alaska × Washington 22 7.26 3.03 <0.001
Hope × Pemberton 281 122.37 2.3 <0.001
Hope × Washington 22 8.12 2.71 <0.001
Pemberton × Washington 40 15.22 2.63 <0.001
Alaska × Hope × Pemberton 27 18.91 1.43 <0.001
Alaska × Hope × Washington 1 1.26 0.8 0.5062
Alaska × Pemberton × Washington 19 2.35 8.08 <0.001
Hope × Pemberton × Washington 22 2.63 8.37 <0.001
Alaska × Pemberton × Hope × Washington 1 0.41 2.46 <0.001

Table 2 Observed relative to expected overlap between pairs of hybrid populations in 1 Mb windows that are ancestry transition outliers

Populations Observed Expected Ratio P-value

Alaska × Hope 1,011 474.25 2.13 <0.001
Alaska × Pemberton 988 428.22 2.31 <0.001
Alaska × Washington 1,004 485.06 2.07 <0.001
Hope × Pemberton 1,054 405.56 2.60 <0.001
Hope × Washington 1,090 459.39 2.37 <0.001
Pemberton × Washington 1,015 414.80 2.45 <0.001
Alaska × Hope × Pemberton 883 141.42 6.24 <0.001
Alaska × Hope × Washington 884 160.19 5.52 <0.001
Alaska × Pemberton × Washington 856 144.65 5.92 <0.001
Hope × Pemberton × Washington 932 136.99 6.80 <0.001
Alaska × Pemberton × Hope × Washington 808 47.77 16.91 <0.001

6                                                                                                                                         Blain et al. · https://doi.org/10.1093/molbev/msaf044

http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf044#supplementary-data


distributed across all 7 macrochromosomes, with most lo
cated on chromosomes 1, 2, 3, and 5 (supplementary fig. S3, 
Supplementary Material online).

Patterns of Selection and Introgression are Driven by 
Genome Structure
Structural genomic features that increase the likelihood of 
linkage to loci under selection should lead to stronger patterns 
of selection. Therefore, we expected to observe higher cline 
gradients and fewer ancestry transitions in regions with low 
recombination and high gene density. Avian genomes are pri
marily comprised of a few macrochromosomes, defined as 
those above 40 Mb in length, several microchromosomes, 
which are below 20 Mb in length, and Z/W sex chromosomes 
(Ellegren 2013), so we also tested if selection and introgression 
varied among chromosome types. Cline gradients declined 
with recombination rate (slope = −0.012, 95% CI = [−0.014, 
−0.009]; Fig. 5), as expected, but also declined with gene 

density (−0.015 [−0.018, −0.011]; supplementary fig. S4, 
Supplementary Material online), contrary to expectations. 
Cline gradients were higher on macrochromosomes (mean = 
1.27, 95% CI = [1.19, 1.35]) and on the Z chromosome (1.16 
[1.07, 1.24]) than on microchromosomes (0.98 [0.90, 1.07]; 
supplementary fig. S4, Supplementary Material online) and 
showed a positive relationship to chromosome length (0.0015 
[0.001, 0.002]).

In line with our expectations, we found that the number of 
ancestry transitions in 100 kb windows increased with recom
bination rate (0.092 [0.090, 0.094]; Fig. 5), and declined with 
gene density (−0.010 [−0.012, −0.007; supplementary fig. S5, 
Supplementary Material online). A higher density of AIMs in
creases the frequency of ancestry transitions (supplementary 
fig. S1, Supplementary Material online), which could provide 
an alternate interpretation for this pattern. However, win
dows with high recombination rates tended to contain fewer 
AIMs (−37.2 [−37.9, −36.5]), indicating that the relationship 
between recombination rate and the number of ancestry 

Fig. 5. Genome structural features, selection, and introgression. a) Chromosomal variation in median recombination and gene density. Bars represent the 
median value of gene density and recombination rate in 100 kb windows on each chromosome longer than 10 Mb. b) Relationship between 
recombination rate and cline gradients (top left), ancestry transitions, estimated as transitions per individual per 100 kb window (top right), cline 
asymmetry, estimated as the absolute value of the difference between 0.5 and the cline center (bottom left), and coastal to inland introgression, 
estimated as fd in 100 SNP windows (bottom right).
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transitions were not due to a higher frequency of AIMs. 
Because windows with higher gene densities contained fewer 
AIMs (−0.76 [−1.8, 0.35]), it is possible that the negative re
lationship between ancestry transitions and gene density is 
driven to some extent by the density of AIMs.

If introgression is generally under purifying selection, there 
should be reduced introgression in regions of the genome 
where loci are more likely to be in linkage with alleles under 
selection. Therefore, we expected both introgression within 
the hybrid zone, indicated by asymmetrical cline centers, 
and introgression between parapatric subspecies popula
tions, indicated by elevated fd, to exhibit a positive relation
ship to recombination rate and a negative relationship to 
gene density. As predicted, asymmetry in cline centers (abso
lute value of difference between observed cline center and 
null cline center) increased with recombination rate (6.1 × 
10−4 [4.8 × 10−4, 7.5 × 10−4]; Fig. 5). Cline center asymmetry 
was not related to gene density (6.6 × 10−5 [−1.1 × 10−4, 
2.4 × 10−4]; supplementary fig. S6, Supplementary Material
online) and was similar among macrochromosomes (0.016 
[0.0045, 0.028]), microchromosomes (0.015 [0.0037, 
0.027]), and the Z chromosome (0.0049 [−0.0068, 0.017]; 
supplementary fig. S6, Supplementary Material online). 
However, cline asymmetry did increase with chromosome 
length (1.1 × 10−4 [1.1 × 10−4, 1.2 × 10−4]).

Looking at patterns in fd, we found some support for our 
predictions, as rates of coastal to inland introgression in
creased with recombination rate (0.024 [0.023, 0.024]; 
Fig. 5), but increased with gene density (slope = 0.0037 
[0.0033, 0.0041]; supplementary fig. S7, Supplementary 
Material online). Coastal to inland introgression was highest 
on microchromosomes (0.23 [0.22, 0.23]), lowest on the Z 
chromosome (0.17 [0.16, 0.17]), comparatively intermediate 
on macrochromosomes (0.19 [0.18, 0.19]; supplementary 
fig. S7, Supplementary Material online), and showed a nega
tive relationship to scaffold length (−3.3 × 10−4 [−3.5 × 
10−4, −3.1 × 10−4]).

Coastal and Inland Evolutionary History Determines 
Hybrid Genomic Patterns
If alleles under positive selection in the coastal or inland 
subspecies also convey an advantage within the hybrid zone, 
we would expect linked regions to show elevated signatures 
of selection and introgression. Alternatively, there might be 

positive selection for alleles that reinforce species boundaries, 
which should lead to elevated selection and reduced introgres
sion within the hybrid zone. Both metrics of selection (cline 
gradients and ancestry transitions) and 1 measure of introgres
sion (fd) do not have a direction associated with coastal versus 
inland differences, so for these variables we estimated positive 
selection as |log μinland/μcoastal|, with μ representing estimates 
of positive selection in each subspecies (Alachiotis and 
Pavlidis 2018). In contrast, higher cline centers indicate 
more inland introgression while lower cline centers indicate 
more coastal introgression, so we used log μinland/μcoastal as 
the positive selection metric for cline centers.

Windows with positive selection in the coastal or inland 
subspecies had higher cline gradients (0.025 [0.019, 0.031]; 
Fig. 6; supplementary fig. S8, Supplementary Material online) 
and fewer ancestry transitions (−0.090 [−0.096, −0.083]; 
supplementary fig. S9, Supplementary Material online). Cline 
center estimates decreased with log μinland/μcoastal, indicating 
reduced inland introgression in windows with positive selec
tion in the inland subspecies and reduced coastal introgression 
in windows with positive selection in the coastal subspecies 
(−0.0018 [−0.0021, −0.0014]; Fig. 6; supplementary fig. 
S10, Supplementary Material online). Additionally, fd de
creased with positive selection in the coastal or inland subspe
cies (−0.047 [−0.049, −0.044]; supplementary fig. S11, 
Supplementary Material online).

As a last way to examine the relationship between genomic 
patterns and the evolutionary history of Swainson’s thrush hy
brids, we looked for relationships of FST to selection and intro
gression. FST is a measure of genomic divergence and regions 
with high FST are expected to show patterns of elevated selec
tion and reduced introgression. The relationship between cline 
gradients and FST was nonsignificant but in the predicted dir
ection (0.019 [−0.003, 0.042]; Fig. 6; supplementary fig. S8, 
Supplementary Material online) while the number of ancestry 
transitions declined with FST (−0.73 [−0.75, −0.70]; 
supplementary fig. S9, Supplementary Material online). 
Windows with high FST tended to contain more AIMs 
(484.5 [478.6, 490.4]), indicating that the negative relation
ship to FST was not due to the number of AIMs. Cline asym
metry decreased with FST (−0.014 [−0.015, −0.013]; Fig. 6; 
supplementary fig. S10, Supplementary Material online), as 
did fd (−0.37 [−0.38, −0.36]; supplementary fig. S11, 
Supplementary Material online).

Fig. 6. Genomic clines and their relationships to coastal and inland evolutionary history. Each line represents the cline for 1 AIM, fit using the mean center 
and gradient parameters across the 4 populations. Color indicates estimates for the 100 kb windows containing that AIM for a) positive selection, 
estimated as log μinland/μcoastal, and b) genetic divergence, estimated as FST.
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High Variability in Migratory Behaviors
So far, we have tested for repeatability at the genomic level; in 
this last analysis, we extend our test to the phenotypic level. 
Traits under consistent selection across populations, if con
trolled by many loci of small effect, might be expected to 
show relationships to genome-wide ancestry and high repeat
ability in those relationships across populations. Therefore, if 
phenotypic divergence between the coastal and inland subspe
cies contributes to speciation between them, we might expect 
to see repeatable relationships of genome-wide ancestry to the 
phenotypes that distinguish the coastal and inland subspecies. 
First, we estimated relationships between genome-wide ances
try and normalized values from a set of traits in 3 categories: 
migratory, morphology, and color. Migratory traits, such as 
the distance of fall migration and wintering site longitude, 
were estimated using archival tracking tags attached to mi
grating adult birds (Justen et al. 2024). Morphological traits, 
such as wing measurements and tarsus length, were measured 
when birds were first tagged. Color traits were estimated 
from back feathers using spectrophotometry. Absolute values 
of trait by ancestry slopes varied among trait categories 
(χ2

2 = 8.9, P = 0.01), with migratory traits showing stronger rela
tionships to ancestry than morphological or color traits (Fig. 7).

We then estimated phenotypic repeatability among popu
lations by calculating the correlation between pairs of 
populations in ancestry by trait relationships for migratory, 
morphology, and color traits, and for genomic cline gradients. 

Repeatability varied among trait categories (χ2
3 = 49.1, P < 

0.001; Fig. 7). We observed generally high correlations for color 
traits, with values ranging from 0.85 to 0.99. Correlations for 
morphological and behavioral traits were more variable, ran
ging from −0.06 to 0.74 for behavior and −0.60 to 0.51 for 
morphology. To compare phenotypic and genomic repeatabil
ity across populations, we estimated correlations for genomic 
cline gradients, which represent slopes of the relationships be
tween locus-specific and genome-wide ancestry. Correlations 
for genomic cline gradients were moderate in comparison to 
the trait estimates, ranging from 0.13 to 0.49.

Discussion
We tested for 2 genomic patterns consistent with selection on 
incompatibilities—elevated cline gradients and a reduction in 
ancestry transitions—across a set of 4 hybrid Swainson’s 
thrush populations ranging from Alaska to Washington. We 
found 2 contiguous blocks of AIMs that exhibited distinctive, 
repeatable patterns consistent with selection on hybrids—one 
on chromosome 1 and the other on chromosome 5. These 
blocks represent candidate genomic regions important for spe
ciation in the Swainson’s thrush. Cline centers in these blocks 
were shifted in opposite directions, with the block on chromo
some 1 indicating inland introgression and the block on 
chromosome 5 indicating coastal introgression. Phylogenetic 
relationships in these regions indicated that these blocks 

Fig. 7. Phenotypic repeatability across populations. a) Absolute values of slopes estimated between genome-wide ancestry and normalized trait values. 
Each point represents the slope for 1 trait, with color indicating population. Traits were divided into 3 categories: color (UV, long, medium, and short 
wavelengths), morphology (Kipp’s distance, tail length, wing chord, tarsus length, and distal wing length), and migratory behaviors (fall longitude at 30°N, 
spring longitude at 30°N, overwintering site latitude and longitude, fall and spring migration distances, and timing). b) Relationships between 
genome-wide ancestry and phenotypes. Each point represents 1 individual while lines indicate linear slopes for each population. These slopes are 
examples of the values included in (a). The left panel shows a color trait (spectrophotometry at short wavelengths), the middle panel shows a migratory 
trait (spring longitude at 30°N), and the right panel shows a morphological trait (wing chord). c) Correlations between populations in relationships between 
trait values and genome-wide ancestry. Each point represents the correlation coefficient for a pair of populations between slopes relating phenotypes to 
genome-wide ancestry or genomic cline gradients.
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evolved relatively recently, after the Swainson’s thrush di
verged from the rest of Catharus. Therefore, it is possible 
that these regions diverged as the subspecies were adapting 
to their distinct environments and migration strategies, which 
aligns with models for the evolution of ecological incompati
bilities (Thompson et al. 2024). Incompatibilities can evolve 
via divergent selection acting on large genomic blocks formed 
by selection on multiple loci with high genetic linkage 
(Todesco et al. 2020).

Genomic structural features and subspecies evolutionary 
history contributed to the repeatable patterns across hybrid 
populations, as regions with low recombination rates and 
high interspecific divergence had the strongest signatures of se
lection and were least permissible to introgression. These rela
tionships suggest that admixed genomic regions may be under 
widespread purifying selection, as introgressed variants 
tended to occur in regions of the genome where they are less 
likely to be linked to an incompatibility (Martin et al. 2019). 
This relationship to recombination rates has been observed 
in several hybrid populations, including in Heliconius butter
flies (Martin et al. 2019), Xiphophorus fish (Langdon et al. 
2022), and Formica ants (Nouhaud et al. 2022). Gene density 
did not emerge as a particularly important predictor of either 
selection or introgression, while FST did, suggesting that the 
presence of genes in a region may matter less than their iden
tity. Karyotypes shape genomic structural features in avian ge
nomes, as microchromosomes feature higher average 
recombination rates and gene densities than macrochromo
somes (Ellegren 2013; Zhang et al. 2014). In the Swainson’s 
thrush, microchromosomes were under relaxed selection and 
more permissible to introgression relative to macrochromo
somes and the Z chromosome. The difference between the Z 
chromosome and microchromosomes is consistent with the
ory predicting reduced gene flow between diverging popula
tions on sex chromosomes (Muirhead and Presgraves 2016; 
Lasne et al. 2017), while the difference between macrochro
mosomes and microchromosomes may be expected due to 
their differences in recombination rates (Butlin 2005; Tigano 
et al. 2022). Our results differ somewhat with a pattern of fast
er divergent evolution on microchromosomes than macro
chromosomes in hummingbird species pairs (Henderson and 
Brelsford 2020), but align with higher introgression found 
on smaller chromosomes in an Amazonian antbird (Musher 
et al. 2024). In the Swainson’s thrush, this could be driven 
in part by the concentration of loci under strong selection on 
a few macrochromosomes. While this could have been driven 
by structural genomic features, such as recombination, it is 
also possible that strong selection on a smaller number of 
loci on chromosomes 1 and 5 has led to indirect selection, 
and therefore coupling, in these regions (Barton 1983).

Our results cumulatively suggest that linkage among loci 
under selection has shaped landscapes of divergence and 
gene flow in the Swainson’s thrush subspecies. The primary 
ecological difference between the subspecies—seasonal migra
tion—is a syndrome, comprised of several interconnected be
havioral, morphological, and physiological traits (Alerstam 
et al. 2003; Dingle 2006). Divergent evolution across this suite 
of traits likely involved selection acting on multiple targets 
with varying effect sizes, if the complex nature of seasonal mi
gration meant that multiple genetic pathways could lead to mi
gratory differences (Liedvogel et al. 2011; Justen and Delmore 
2022). However, the easiest path to divergent evolution in re
sponse to selection may have been through blocks of loci in 

genetic linkage with each other. Supergenes, which are formed 
when sets of genes become genetically linked and experience 
selection as a single genomic block, can maintain adaptive di
vergence in the presence of gene flow (Twyford and Friedman 
2015; Hager et al. 2022). The linkage is commonly maintained 
by structural variation, such as a large inversion or sets of 
smaller adjacent structural variants (Thompson and Jiggins 
2014), which can lead to stronger selection within hybrid 
zones on structural variants (Zhang et al. 2023). A linked 
set of small inversions has been identified on chromosome 1 
in Swainson’s thrushes (Justen et al. 2024), and the block of 
loci under selection on chromosome 5, along with smaller 
sets of loci on chromosomes 2 and 3, are suggestive that 
some combination of structural variation and linked selection 
may be shaping species barriers.

On average, cline centers were shifted toward the inland sub
species, suggesting greater inland introgression. This pattern 
could have a demographic explanation, as the effective popula
tion size of the coastal species is much smaller than that of the 
inland species (Bay and Ruegg 2017). Because of this, the coast
al subspecies could be harboring more weakly deleterious 
alleles. This pattern of a bias toward the more populous paren
tal species has been observed in hybrid populations from several 
taxa (Moran et al. 2021). Alternatively, inland alleles could be 
favored by ecological selection in the hybrid zone, allowing 
them to introgress more easily. Consistent with this possibility, 
juvenile inland backcrosses survive migration at higher rates 
than coastal backcrosses (Blain et al. 2024).

Contrary to expectations, we did not find overrepresenta
tion of misexpressed genes and phenotype-associated SNPs 
in regions with high cline gradients or reduced ancestry tran
sitions. Transregulatory mechanisms, where gene expression 
depends on regulatory regions that are not physically near 
the focal gene (Hill et al. 2021), are important in producing 
patterns of misexpression in the Swainson’s thrush (Louder 
et al. 2024). Therefore, if regulatory regions for misexpressed 
genes are under selection, they may not be captured by an ana
lysis looking for linkage to the genes themselves (Albert et al. 
2018). Alternatively, regulatory differences between the sub
species may instead be epigenetic, and therefore not show 
sequence-based signatures of selection (Boman et al. 2024). 
For both misexpressed genes and phenotype-associated 
SNPs, it is possible that most of these regions are under 
weak or no selection. To show clear patterns associated with 
selection, individual AIMs may need to be linked to alleles 
that are either under strong selection or associated with mul
tiple selected alleles. Alternatively, the same alleles might be 
favored in hybrids of all backgrounds even if they are diver
gent between the subspecies. For example, the earlier migra
tion timing associated with the inland subspecies or shorter 
routes associated with the coastal subspecies could be benefi
cial for all birds migrating from within the hybrid zone.

Repeatability of relationships between traits and genome- 
wide ancestry depended on the type of trait, with high repeat
ability in color, low repeatability in migratory behaviors, and 
intermediate repeatability in morphology and genomic cline 
gradients. This variation among trait categories could be due 
to differences in heritability. Migratory behaviors vary in their 
heritability estimates, with migratory orientation showing 
high heritability relative to migratory timing (Justen et al. 
2024). Past estimates from Swainson’s thrushes suggest that 
olive versus russet coloration does not have a strongly additive 
genetic basis (Delmore et al. 2016), although this contrasts 
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with the large effect color genes found in other vertebrates 
(Hoekstra 2006; Hubbard et al. 2010). Alternatively, the dif
ferent patterns could arise from differences among popula
tions in selective environments, or ancestry-dependent 
phenotypic plasticity, given that Swainson’s thrushes in 
Alaska breed in a harsher climate and migrate much farther 
than those in Washington. For migratory traits, in particular, 
there were strong relationships between trait values and ances
try in some populations. This could reflect variation in select
ive environments, if fitness differences associated with 
intermediate versus parental migratory trait values are greater 
in some populations than others. If capacity for phenotypic 
plasticity has diverged between the coastal and inland subspe
cies, then variation in ancestry by trait relationships could also 
reflect different behavioral responses of the subspecies to these 
environments (Chevin and Lande 2011). Selection within hy
brid zones is often structured by environmental gradients 
(Garroway et al. 2010; Taylor et al. 2014; Ryan et al. 
2017), and this may be true of selection on some but not all 
traits that differentiate coastal and inland Swainson’s 
thrushes. Color may be under similar selection across all hy
brid populations, especially if it is important for mate selec
tion, while selection on migratory traits might be 
environmentally dependent. Although the coastal and inland 
Swainson’s thrushes readily hybridize, they differ in songs as 
well as their response to interspecific song playbacks (Ruegg 
et al. 2006; Ruegg 2008), suggesting that they may mate assor
tatively to some extent. Color is commonly used by birds to 
identify conspecifics and could be used alongside song for as
sortative mating if it is present (Roulin 2004). Traits involved 
in assortative mating can easily evolve linkage with other dif
ferentiating loci (Servedio et al. 2011), perhaps explaining the 
high repeatability of this trait with genomic ancestry.

Overall, patterns of selection on hybrid genomes were 
generally repeatable across 4 populations spanning the 
Swainson’s thrush hybrid zone. This repeatability was most 
striking in large genomic blocks on chromosomes 1 and 5 
that showed introgression in opposing directions and con
tained regions that have been previously linked to migratory 
traits. Repeated patterns were likely shaped by links among 
genome structural features, the evolutionary history of the 
subspecies, and selection and introgression in hybrids, with re
gions featuring low recombination and high subspecies differ
entiation tending to have stronger patterns of selection and 
reduced introgression. Open questions remain regarding the 
contribution of interactions among loci within and among se
lected regions as well as the relative importance of intrinsic 
and ecological selection. Nonetheless, locus-specific patterns 
across Swainson’s thrush hybrid genomes are repeatably 
shaped by selection in the wild.

Methods
Sample Collection and Sequencing
Tissue samples were collected from adult birds from 4 popula
tions within the hybrid zone spanning from southeastern 
Alaska to northern Washington during the breeding 
seasons between 2012 and 2023 (supplementary table S1, 
Supplementary Material online). Sampling was conducted us
ing protocols approved by the Institutional Animal Care and 
Use Committee at Texas A&M 444 (IACUC 2019-0066) 
and permits obtained from Environment and Climate 
Change Canada 445 (SC-BC-2020-0016). A set of 5 inland 

subspecies individuals were sampled from an allopatric 
inland population in Quebec (supplementary table S1, 
Supplementary Material online). Additional tissue samples 
from the hybrid population in northern Washington were 
provided by the Burke Museum (supplementary table S1, 
Supplementary Material online). We obtained a final sample 
size of 299 hybrids, with 29 from Alaska, 122 from 
Pemberton, 106 from Hope, and 42 from Washington. DNA 
was extracted from blood using a standard phenol–chloroform 
protocol and libraries prepared for sequencing following meth
ods described in Justen et al. (2024). Briefly, the protocol for li
brary preparation was modified from Picelli et al. (2014) and 
Schumer et al. (2018), and uses Tn5 transposase enzyme to 
cut DNA, attaches identifying i7 and i5 indices to each frag
ment, and amplifies sequences with PCR. Genomes were se
quenced to low coverage on the Illumina NovaSeq 6,000 
(read depth range 1-13×; average 3.8×). We used a reference 
panel of 14 birds from each subspecies that were previously se
quenced to high coverage (Louder et al. 2024). DNA for these 
birds was extracted using a standard phenol–chloroform proto
col and libraries were prepared with DNA Flex Library Prep 
kits by Texas A&M’s Institute for Genomic Sciences. 
Sequencing was performed on a NovaSeq 6000, with an aver
age read depth of 18 × and a range of 14 to 39×.

Ancestry Informative Markers
We called genotypes at AIMs from low coverage whole ge
nomes of hybrids using AncestryHMM, a hidden Markov 
model (HMM) based program that infers ancestry from read 
counts given subspecies allele frequencies and genetic distan
ces between AIMs (Corbett-Detig and Nielsen 2017). Before 
running AncestryHMM, we (i) identified a set of AIMs, (ii) ob
tained inland and coastal reference panel allele frequencies, 
(iii) estimated genetic distances between AIMs, and (iv) esti
mated read counts at AIMs for low coverage whole genome se
quences from hybrid populations.

We determined a set of AIMs using reference genomes from 
each subspecies and a reference panel of 14 coastal and 14 in
land birds (Vertebrate Genomes Project 2021; Louder et al. 
2024). We first obtained an initial list of putative AIMs by 
identifying fixed differences between the coastal and inland 
reference genomes. To generate a coastal pseudoreference gen
ome that was collinear to the inland reference genome, we first 
simulated fastq files from the coastal reference genome fasta 
file using wgsim (parameters: -e 0 -N 113163516 -r 0 -R 1 
−1 150 −2 150). We then aligned the simulated coastal fastq’s 
to the inland reference genome with bwa and called variants 
using bcftools. We used bcftools to filter out indels, select 
homozygous sites only, apply quality filtering (-e QUAL < 30 
|| DP < 7 || DP > 60 || MQ < 40), and obtain a consensus se
quence in fasta format that could be used as a coastal pseudor
eference. We identified all sites that differed between the 
inland reference and coastal pseudoreference as an initial 
AIMs set of 10,280,598 loci.

To determine a final AIMs set, we identified loci from the 
initial AIMs set with an allele frequency difference of >0.5 be
tween the coastal and inland reference panels. We aligned the 
reference panel sequences to both the coastal and inland ge
nomes, retaining reads that mapped to both references. 
Using bcftools, we then called variants in the reference panel, 
extracted the loci in the initial AIMs set, and extracted allele 
frequencies for each coastal and inland birds. We then identified 
a final set of 930,466 AIMs by retaining loci on scaffolds 
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assigned to chromosomes where the reference allele frequency 
was higher in the inland than coastal reference samples by 
>0.5. This allele frequency cutoff was chosen to retain alleles 
that were substantially differentiated between the subspecies, 
while maintaining representation of regions distributed through
out the Swainson’s thrush genome. Inland and coastal reference 
allele counts at these AIMs were extracted with bcftools.

Next, we estimated the genetic distance between AIMs us
ing a recombination map estimated with LDhat (Auton and 
McVean 2007; https://github.com/auton1/LDhat) and the 
physical distances between sites. We converted values of rho 
to cM using an Ne for the inland subspecies of 570,338 (Bay 
and Ruegg 2017).

We estimated read counts from low coverage whole genome 
sequences using a pipeline modified from ancestryinfer 
(Schumer et al. 2020). First, sequences were aligned to both 
the coastal and inland reference genomes, with markers align
ing to both genomes retained. We then called variants for each 
individual using bcftools and extracted read counts from the 
resulting vcf file. Read counts were combined with a reference 
panel allele frequencies and genetic distances to produce the 
input for AncestryHMM. We estimated ancestry at each 
marker with AncestryHMM with the following parameters: 
“-a 2 0.633 0.367 -p 0 −1000000 0.633 -p 1 −3000 0.367” 
(Corbett-Detig and Nielsen 2017). We ran AncestryHMM 
separately on 2 datasets, to allow for ploidy differences on 
sex chromosomes: (i) autosomes, including both sexes and 
(ii) Z chromosome, males only. We retained ancestry state 
calls with a posterior probability above 0.9. We then con
verted the ancestry states to a plink format file (ped). Using 
plink, we filtered out sites with a minor allele frequency 
<5%, missing data >25%, and applied linkage pruning (200 
20 0.2) to obtain a set of 1488 AIMs.

Genomic Clines
Genomic cline estimation was performed separately for each 
population (Alaska, Pemberton, Hope, Washington) in R, using 
bgc-hm (Gompert et al. 2024). This program applies a 
logit-logistic model that estimates the probability that a particu
lar variant was inherited from one, relative to the other, source 
species (Fitzpatrick 2013). Using the glik model, we estimated 
genomic clines based on the posterior probabilities of ancestry 
states at each AIM in the LD-pruned dataset along with refer
ence allele counts and hybrid index. We estimated allele counts 
as the sum of inland alleles in the coastal and inland reference 
panel, based on ancestry state calls. To obtain a hybrid index, 
we calculated the mean of an individual’s ancestry states in 
the LD-pruned autosomal dataset. Cline gradient estimates 
were considered outliers if their lower 90% confidence limits 
fell above 1. A cline gradient of 1 represents a slope for a particu
lar locus that matches the genome-wide average, while a sleeper 
slope indicates a sharper than expected transition from 1 species 
ancestry to the other relative to genome-wide ancestry. Cline 
center estimates were considered introgression outliers if their 
90% confidence limits were entirely above 0.5 (inland) or be
low 0.5 (coastal). Cline center estimates reflect the value of the 
hybrid index where the locus has an equal probability of inher
itance from either the coastal or inland subspecies. Median es
timates from HMM’s were used as the point estimates for each 
population. We estimated cline asymmetry as |centre − 0.5|. 
Estimates of variability in cline gradients (σv) and cline centers 
(σc) were drawn from all loci and calculated by bgc-hm as the 
standard deviation in these parameters.

Ancestry Tracts
We identified ancestry tracts by determining continuous 
stretches of the same ancestry state within a chromosome for 
each individual. We retained ancestry tracts with a length 
>10 kb, then estimated the length and start position of each 
tract. Ancestry transitions were defined as the start sites of an
cestry tracts. We estimated the number of transitions per indi
vidual for each population within 1 Mb windows. The 
number of ancestry transitions in a window varies nonlinearly 
with the number of AIMs in that window (supplementary fig. 
S1, Supplementary Material online). We fit an asymptotic 
model using SSasympOrig from the R package nls. We then si
mulated 95% confidence intervals with predictNLS from the 
R package propogate for each window and identified outliers 
as windows with ancestry transitions below the lower bound 
of the confidence interval. We then estimated the expected 
and observed overlap in outliers among populations across 
windows with at least 1 ancestry transition in all populations 
(see Repeatability of outliers).

ML Phylogenies
To determine when the coastal and inland haploblocks on 
chromosomes 1 and 5 diverged, we built maximum likelihood 
phylogenies. First, we defined the haploblocks as the continu
ous regions with 2 or fewer ancestry tract start sites in the ref
erence panel (46 to 59.5 Mb on chromosome 1 and 21 to 
39 Mb on chromosome 5). We used a vcf file with high cover
age whole genome sequences from 2 inland Swainson’s 
thrushes, 2 coastal Swainson’s thrushes, and 1 individual 
from each of Catharus fuscescens, Catharus minimus, 
Catharus bicknelli, Catharus dryas, Catharus fuscater, 
Catharus mexicanus, Catharus aurantiirostris, Catharus 
frantzii, Catharus occidentalis, Catharus guttatus (western), 
Catharus guttatus (eastern), and Catharus gracilirostris. 
Sequencing, alignment, and SNP calling methods can be found 
in Delmore et al. (2025). We extracted the haploblocks from the 
vcf file with bcftools, then filtered to retain only biallelic SNPs. 
We converted the haploblock vcf files to phylip format, retain
ing sites with SNPs for at least 8 individuals. We used IQ-Tree 
to first select a model of sequence evolution based on BIC 
(Kalyaanamoorthy et al. 2017), and then fit maximum likeli
hood phylogenies with 10,000 bootstrap replicates (Hoang 
et al. 2017; Minh et al. 2020).

Repeatability of Outliers
We evaluated the expected overlap across pairs, trios, and all 4 
populations for loci or regions identified as cline gradient, 
cline asymmetry, or ancestry transition outliers. We estimated 
the expected pairwise population overlap in outliers as the 
proportion of loci (out of 2,187 AIMs or 4118 100 kb win
dows) in 1 population that were outliers multiplied by the 
number of outliers (the number of possible “draws”) in the se
cond population. To estimate expected overlap among trios of 
populations, we multiplied the proportion of loci expected to 
be overlapping outliers between 2 of the populations by the 
number of outliers in the third population. Expected overlap 
among all 4 populations was estimated as the proportion of 
loci expected to overlap among a trio of populations multi
plied by the number of outliers in the fourth population. 
To statistically evaluate whether overlap in outlier loci be
tween 2 or more populations was greater than expected by 
chance, we applied a permutation test that compares the χ2 
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statistic of the observed data to a null distribution of simulated 
χ2 statistics, following Yeaman et al. (2018).

D-statistics
We used D-statistics to estimate the extent of introgression 
from the coastal to inland subspecies in parapatric popula
tions in British Columbia. To do this, we used the coastal 
and inland reference panel birds as well as a set of 5 inland 
birds sampled from Quebec (see above) as the allopatric inland 
population and a Hermit thrush sampled from Alaska as the 
outgroup. The Hermit thrush was sequenced to high coverage 
(23.5×). We first called variants using bcftools, and then fil
tered variant sites to retain only biallelic SNPs with a missing 
allele frequency <25% and a minor allele frequency >5%. We 
estimated Patterson’s D-statistic genome-wide using the 
Dtrios function from Dsuite (Malinsky et al. 2021). We then 
estimated fd and fdM in nonoverlapping 100 SNP windows us
ing the Dinvestigate function. For downstream analyses of fd, 
we filtered out windows with a negative value for fdM.

Relationships to Genome Structure
We obtained estimates of recombination rate and gene density 
as genome structure features. We used estimates of rho to ob
tain recombination rates in 100 kb windows (see Ancestry 
informative markers). We estimated gene density as the num
ber of genes per 100 kb window, based on the inland genome 
annotation (Vertebrate Genomes Project 2021). We defined 
chromosomes <20 Mb in length as microchromosomes and 
above 40 Mb as macrochromosomes (Ellegren 2013).

We used cline gradients and ancestry transitions per individ
ual within 100 kb windows as estimates of selection. For ances
try transitions, we excluded windows with fewer than 50 AIMs. 
We used cline asymmetry and fd as measures of introgression. 
We then fit a series of linear models to evaluate whether meas
ures of selection and introgression depend on recombination 
rate (cM/Mb—log-transformed), gene density (genes/100 kb), 
chromosome type (macrochromosome, microchromosome, or 
sex chromosome), or chromosome length (Mb). Before doing 
so, we removed 5 windows that were outliers for predictor var
iables (recombination rate > 3 cM/Mb, > 40 genes/100 kb). 
For models of cline gradients, ancestry transitions, and cline 
asymmetry, we included population as a random effect.

Relationships to Positive Selection and Subspecies 
Divergence
We estimated positive selection separately in coastal and in
land individuals from the reference panel with RAiSD, using 
default parameters (Alachiotis and Pavlidis 2018). RAiSD es
timates μ, a statistic that combines patterns of polymorphism, 
the site frequency spectrum, and linkage disequilibrium to 
evaluate evidence for positive selection in sliding SNP win
dows. We calculated the median μ for each subspecies in 
100 kb windows, and then calculated log μinland/μcoastal to pro
duce a variable that ranged from positive selection in the coast
al subspecies to positive selection in the inland subspecies. 
We then removed outlier windows that were ≥ 2 standard 
deviations from the mean. To estimate divergence between 
the subspecies, we used vcftools to calculate weighted 
Weir–Cockerham FST in 100 kb windows (Danecek et al. 
2011), with the coastal and inland reference panel.

To estimate relationships of selection and introgression to 
positive selection, we fit a linear model with log μinland/μcoastal 
as the predictor and cline centers as the response variable 

and linear models with the absolute value of that ratio 
(|log μinland/μcoastal|) as the predictor and each cline gradients, 
ancestry transitions, and fd as response variables. We used 
linear models to evaluate whether FST predicted measures 
of selection (cline gradients and ancestry transitions) and 
introgression (cline asymmetry and fd). Population was in
cluded as a random effect for models of cline metrics and an
cestry transitions.

Phenotypes
We divided traits into 3 categories: (i) color (UV, long 
wavelengths, medium wavelengths, and short wavelengths), 
(ii) morphology (Kipp’s distance, tail length, wing chord, tarsus 
length, and distal wing length), and (3) migratory behaviors 
(fall longitude at 30°N, spring longitude at 30°N, overwinter
ing site latitude, overwintering site longitude, and fall migra
tion distance and timing, spring migration distance and 
timing). For each trait, data were available for only a subset 
of the birds included in the study, depending on field data col
lection, with sample sizes per population ranging from 8 to 96 
(supplementary table S2, Supplementary Material online). We 
measured color traits from back feathers spectrophotometric
ally by quantifying the relative stimulation of each of the 4 
cones in the avian visual system. We used a Maya2000-pro 
spectrometer (Ocean Optics, Inc.) and a DH2000-DUV light 
source (output 190 to 250 0 nm; Ocean Optics, Inc). 
Morphological traits were measured in the field with digital 
calipers. To measure behavioral traits, birds were tagged 
with archival tags (light-level geolocators or GPS tags) during 
the breeding season then recaptured the following year (see de
tails in Delmore and Irwin 2014; Justen et al. 2024).

To evaluate whether trait by ancestry relationships varied 
among trait categories, we first normalized each trait so that 
values fell between 0 and 1. Where yi is the original trait esti
mate for each trait value i, the normalized trait value was esti
mated as: yi−min(y)

max (y)−min(y). We then fit linear models for each trait 
and population with genome-wide ancestry as the predictor 
and normalized trait value as the response. We extracted slope 
estimates from those models, then used a linear mixed-effects 
model to test whether those slopes varied among trait categor
ies, with trait and population included as random effects.

We then evaluated repeatability across populations in rela
tionships between traits and genome-wide ancestry. To do 
this, for each trait category, we estimated correlations between 
pairs of populations in their trait by ancestry slopes estimated. 
We additionally estimated correlations between each popula
tion pair in cline gradient estimates. We used a linear mixed ef
fects model to test whether correlations between populations 
depended on trait category, with the pair of populations in
cluded as a random effect.

Supplementary Material
Supplementary material is available at Molecular Biology and 
Evolution online.
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