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Background Information 

In this section, we provide an overview of previous work studying the role of divergent sexual 

selection in barn swallows, as well as information on geographic plumage variation, reproductive 

isolation in hybrid zones, and the presence of migratory divides in Eurasia. We also provide a 

detailed explanation of the operational definition of genetic coupling used in this study, in light 

of various uses in speciation literature. 

Evidence for divergent sexual selection in barn swallows. Studies of sexual selection often 

provide indirect information about how this evolutionary mechanism works either through 

proxies of sexual selection (e.g., sexual dimorphism; 101), assumptions about how traits perform 

in the wild based on mate-choice trials in a captive setting (e.g., 102, 103), or by inferring 

behavioral responses to simulated intrusions using playback experiments and decoys (e.g., 104). 

While these approaches can provide promising evidence consistent with the role of sexual 

selection, they are also limited in their ability to distinguish specific processes, outcomes, or 

both. It is rare to have studies which example trait variation in a wild setting and its association 

with reproductive outcomes (including direct measures relevant to fitness like offspring 

production). Here, barn swallows (Hirundo rustica) are an outlier: there have not only been 

within-population studies of sexual selection, but also experimental manipulations to confirm the 

nature of sexual selection in different subspecies. Recent independent meta-analyses have further 

confirmed divergent sexual selection (38, 39). Below, we summarize the extensive work on 

sexual selection in natural barn swallow populations across their immense breeding distribution.  

Barn swallows are one of the most widespread songbirds in the world, with breeding 

distributions that span North America, Eurasia, and the Middle East. Across this broad 

distribution, populations are categorized into six subspecies represented by phenotypic variation 

in two plumage traits: the length of outer tail feathers (i.e., tail streamers) and the extent of 

ventral plumage color (see subspecies phenotype data portrayed in Scordato and Safran, 37). 

These birds are commonly observed by humans, as they construct mud cup nests exclusively on 

human built structures. In large part due to the tractability of barn swallows as a study system, 

there are hundreds of publications related to various aspects of the biology of this species. A 

primary focus among these studies has been the role of sexual selection in shaping variation in 

phenotype within and among subspecies. We have been able to sample from populations of all 

subspecies in the present dataset, but detailed analyses of reproductive behaviors have thus far 

taken place in four of the six subspecies: European rustica, North American erythrogaster, Asian 

gutturalis, and Israeli transitiva. Reproductive behavior is understudied in two subspecies 

residing in Egypt along the Nile River Valley (savignii) and in northeastern Asia, primarily 

Siberia (tytleri).  

As described above and outlined in a recent meta-analysis by Romano et al. (38), several 

plumage traits have been studied in barn swallows including: tail length, tail asymmetry, size of 

white spots on tail, ventral plumage color, throat plumage, color and throat patch size. Of these 

traits, tail length and plumage color have been the most consistently studied among populations 

and subspecies. In the 1980s, Møller pioneered experimental studies paired with observational 

analyses to examine the role of sexual selection on tail streamers in European populations of 

rustica. The experimental manipulation of tail streamers, along with many other studies 



 

 

 

 

conducted in relation to tail streamers and seasonal reproductive performance, established barn 

swallows as a textbook example of sexual selection (30, 105). Additional studies in Europe have 

fortified the result that longer tail streamers are associated with several reproductive benefits 

(31). Observational studies demonstrated that darker plumage color variation, rather than the 

length of tail streamers, was associated with greater seasonal reproductive success in a North 

American population of erythrogaster (106, 107). Experimental manipulations of plumage color 

(32) and both tail streamers and plumage color (35) confirm reproductive benefits associated 

with darker plumage color in males and a lack of evidence for directional selection on streamer 

length. Additional observational and experimental studies in Israeli transitiva provide evidence 

for directional selection on darker plumage color and longer tail streamers (33, 108). Further, 

correlational and experimental studies have taken place in gutturalis populations in China and 

Japan, showing that, while this subspecies is pale in color relative to others, color is quite 

variable and under directional selection (109), whereas tail streamer length is not associated with 

reproductive performance (110). Taken together, the direction and degree of sexual selection is 

associated with the degree to which these two phenotypes differ across subspecies. 

A direct comparison of the same experimental manipulations in Israel (transitiva) and a North 

American population (erythrogaster) revealed divergent sexual selection (35, 39). Further, the 

Romano et al. (38) meta-analysis confirms divergent patterns of sexual selection among various 

aspects of phenotype, with stronger directional sexual selection on males. Several additional 

comparative studies of selection coefficients (36) and correlational analyses between plumage 

color, tail streamer length, and measures of seasonal reproductive success confirm patterns of 

divergent selection, wherein darker plumage color, not tail streamer length is under sexual 

selection in North America, tail streamer length and not plumage color is under sexual selection 

in Europe and a combination of these traits are associated with reproductive success in Israel  

(69). 

Plumage traits and reproductive isolation in hybrid zones. In addition to within-population and 

comparative studies on barn swallow plumage traits, previous investigations of hybrid zone 

transects in Eurasia have illustrated transitions in phenotype and genotype between populations 

of rustica, gutturalis, and tytleri that have experienced secondary contact (42–45). Geographic 

cline analyses showed associations between transitions in genome-wide ancestry and ventral 

plumage color across multiple hybrid zones, suggesting that color may be involved in 

reproductive isolation (43). It was also shown in rustica-tytleri and rustica-gutturalis hybrid 

zones that a proxy for migratory distance (carbon isotopes as a measure of overwintering habitat) 

is associated with genome-wide ancestry. These results dovetail with another previous study of 

populations across the breeding distribution, which demonstrated that wing length (another proxy 

migratory distance) is associated with genome-wide differentiation among populations (68). A 

detailed analysis of the rustica-gutturalis hybrid zone in China further revealed roles of both 

migratory behavior and ventral plumage color as potential barriers to gene flow (44). Additional 

details on migratory behavior and its putative role in reproductive isolation are provided in the 

‘Migratory divides’ section below. 

Plumage traits and ecology. Investigations in avian systems have inferred combined effects of 

both sexual and natural selection on plumage variation (2, 111). Indeed, it is very rare to find a 

trait in nature that is related to mate choice and associated with relevant measures of 



 

 

 

 

reproductive success (and thus under sexual selection) that does not also evolve in response to 

the environment in some way (112). In other words, there are few models or examples which 

demonstrate that a trait is governed purely by sexual selection in the absence of the 

environmental context in which the trait is developed, displayed, or both. Most sexually-selected 

traits will be constrained by natural selection or the ability to survive in a specific environmental 

context (2, 4).  

It is plausible that barn swallow plumage traits evolve in response to ecological selection 

pressures in addition to divergent sexual selection, yet populations are found throughout the 

northern hemisphere and exist in a range of climate conditions including high elevation and low 

elevation deserts (37, 113). Further, a previous analysis found no association between broad 

climatic variation and ventral coloration across populations throughout the breeding range of the 

species (68). During early development, barn swallow plumage color is impacted by additive 

genetic variation (genetic contributions by both parents) and is also sensitive to the natal 

environment (46). A likely variable that is important in sexual selection in this system is 

variation in local parasite pressure. In one analysis, fine-scale plumage trait variation was 

analyzed in association with parasite communities, revealing that divergent male traits respond to 

local parasite pressure in allopatry (69); this provides strong evidence for a role of sexual 

selection on male traits which signal information about parasites. It is unclear whether 

populations in secondary contact zones share overlapping parasite communities.  

A broad observation that would be consistent with a role of natural selection on sexual traits 

would be that melanin-based ventral coloration follows Gloger’s Rule, which predicts that more 

melanistic populations are found at lower latitudes with greater humidity (114). However, 

previous results (42, 68) and our current analyses (Fig. S5) do not support an association 

between ventral color and latitude (or longitude), indicating that geographic variation in plumage 

color defies simple ecological patterns of melanism predicted by Gloger’s Rule. Thus, while it is 

possible that plumage traits also experience ecological selection pressures, previous evidence 

does not suggest that these are strongly divergent among populations and subspecies. 

Song variation. In songbirds, acoustic signals are relevant for mate selection and reproductive 

isolation (115). Barn swallow songs are among the most complex of all songbirds. Wilkins et al. 

(116) studied the function of song variation in a population of North American erythrogaster and 

found that various aspects of this complex vocalization are associated with plumage traits and 

with several measures of reproductive success. Various aspects of song complexity differ among 

barn swallow subspecies (117), but it is unclear as to whether or not these traits play a role in 

reproductive isolation, as these traits did not show patterns of reproductive character 

displacement in the Russian rustica-tytleri hybrid zone. For this reason, we have focused on 

plumage traits in a hybrid zone context in the current study. 

Migratory divides. Several Eurasian barn swallow hybrid zones are situated at migratory divides 

associated with the Tibetan Plateau (43, 44), where parental populations on either side of the 

divide migrate to different overwintering grounds in Africa and southern Asia. To characterize 

migratory divides in barn swallows, Scordato et al. (43) first examined carbon isotopes across 

multiple hybrid zone transects. Swallows molt and new plumage is generated during overwinter 

(118), and mature feathers sampled in the breeding distribution bear isotopic signatures of the 



 

 

 

 

overwintering habitat. Accordingly, carbon isotopes can be used as a proxy for migratory route 

and overwinter habitat, and migratory divides can be inferred when isotope signatures are 

distinct between populations on either side of a putative divide boundary. Based on these 

signatures, Scordato et al. (43) found support for migratory divides between rustica-tytleri in 

Russia and Mongolia and rustica-gutturalis in China, but not between tytleri-gutturalis in eastern 

Siberia, Mongolia, and China. They also found narrower geographic clines of genome-wide 

ancestry across the hybrid zone transects with migratory divides (i.e., rustica-tytleri and rustica-

gutturalis) than those without, with evidence of extensive hybridization between tytleri and 

gutturalis in the absence of apparent migratory divides. They further detected strong 

concordance between the cline for ventral color and clines for ancestry and carbon isotopes in 

rustica-tytleri in Russia, while the ventral color cline for rustica-gutturalis was offset and 

eastward from ancestry and isotope clines in China. In a detailed analysis of the China rustica-

gutturalis hybrid zone, Turbek et al. (44) confirmed evidence of a migratory divide, with 

geolocator tracks demonstrating that individuals on the western side of the divide migrate to 

Africa while individuals on the eastern side migrate to southern India. They found associations 

between genome-wide ancestry and migratory behavior across the hybrid zone, showing that 

individuals with majority rustica versus gutturalis ancestry migrate to distinct overwinter 

habitats along divergent migratory routes. They further showed associated transitions in 

plumage, with longer tail streamers and less saturated ventral coloration in the western extent of 

the hybrid zone dominated by rustica ancestry. 

Together, previous studies support that migratory divides contribute to reproductive isolation in 

Eurasian barn swallow hybrid zones, where divergence in migratory behavior may promote both 

prezygotic isolation through differential timing of arrival to breeding grounds and assortative 

mating and postzygotic isolation through reduced fitness of hybrid offspring with intermediate 

migratory traits (43, 44). These studies further demonstrate associations between plumage traits 

and migratory behaviors, and it is plausible that divergent sexual selection on plumage traits may 

limit the production of hybrids with lower fitness (whether due to reduced survival or 

reproduction) as a form of reinforcement. Butlin and Smadja (24) offer an extended view of 

reinforcement as any case where the presence of one barrier effect promotes the evolution of a 

second barrier effect. This is an intriguing possibility in barn swallows, and aligns with our 

current findings indicating more substantial barriers to gene flow at sexual trait loci in hybrid 

zones with migratory divides (i.e., rustica-tytleri and rustica-gutturalis). Yet, the combined 

impacts of divergent sexual selection and migratory divides on reproductive isolation remain 

tentative for two primary reasons. First, reduced hybrid fitness as a consequence of intermediate 

migratory phenotypes has not been demonstrated, as this would require knowledge of the genetic 

ancestry of individuals that have experienced at least one annual migration and extensive 

tracking of hybrid migration routes. This is confounded by dispersal from the natal environment, 

wherein migrating barn swallows in their first year rarely return to the same breeding location at 

which they were born (113), making it challenging to discern lower survival from dispersal of 

hybrid offspring. Second, the genetic basis of migratory behavior in barn swallows (and indeed 

the degree to which migratory routes have a genetic basis) is unknown and not tractable to 

characterize using existing data for the system. This second limitation presents a key direction 

for future work to characterize the genetic architecture of the timing, direction, and distance of 

seasonal migration in swallows. 



 

 

 

 

Despite the inherent challenges to confirming combined impacts of divergent sexual selection 

and migratory divides on reproductive isolation, patterns in the current and previous studies are 

consistent with their individual impacts, and also with barriers to gene flow at sexual trait loci 

being strongest in the presence of migratory divides. Here, extensive hybridization between 

tytleri and gutturalis (no migratory divide present) presents a distinct pattern from rustica-tytleri 

and rustica-gutturalis hybrid zones (migratory divides present), including the observation of 

higher rates of F1 and early generation hybrids between tytleri and gutturalis (42, 43). By 

contrast, few F1 and early generation hybrids have been detected in the rustica-tytleri and 

rustica-gutturalis hybrid zones, with much higher incidence of backcrossing to major parent 

ancestry. Together, these patterns are consistent with the prediction that interactions between 

sexual and natural selection promote stronger reproductive isolation in the presence of migratory 

divides as a consequence of reduced hybrid fitness. 

Definition of genetic coupling of barrier loci. The concept of coupling has been developed to 

describe how individual barriers to gene flow operate together to produce stronger reproductive 

isolation between populations. In principle, coupling can involve any process that leads to the 

coincidence of barrier effects (i.e., barrier traits or loci) and produces a greater overall barrier to 

gene flow (24, 26, 29, 119). A uniting feature of coupling concepts is that coupled barrier effects 

produce stronger reproductive isolation because they experience both direct selection and 

indirect selection through association with other barriers (i.e., the total effect of selection is 

amplified; (26, 27, 66, 120). However, approaches to diagnosing the presence and effects of 

coupled barriers differ, and multiple definitions of coupling have become established in the 

literature. Dopman et al. (119) recently characterized three main uses (or ‘perspectives’) of 

coupling in speciation research, alternatively defined as the build-up of linkage disequilibrium 

among loci underlying barriers to gene flow (Perspective 1; Felsenstein, 25), the build-up of 

genome-wide linkage disequilibrium (Perspective 2; Barton, 26), or the process that drives the 

coincidence of distinct barrier effects (Perspective 3; Butlin and Smadja, 24). The first two 

perspectives explicitly consider forms of ‘genetic coupling’, focusing on genetic associations 

among barrier loci (Perspective 1) or between barrier loci and neutral loci (Perspective 2), 

though it is important to point out that these are not mutually-exclusive processes (i.e., a build-up 

of genome-wide linkage disequilibrium can occur following the initial coupling of specific 

barrier loci; 61, 67). Instead, they differ primarily in their focus on linkage disequilibrium among 

barrier loci or between barrier loci and neutral loci throughout the genome. 

In this study, we use an operational definition of genetic coupling following Perspective 1, 

derived from Felsenstein’s three-locus model (25) and Barton’s (26) later definition: genetic 

coupling is the buildup and maintenance of linkage disequilibrium among barrier loci. This 

perspective provides a useful framework for testing for evidence of coupling when the genetic 

architecture of barrier effects is known, and further provides the means to investigate whether the 

coupling of multiple loci underlying oligogenic or polygenic traits produces stronger 

reproductive isolation. Accordingly, this definition can be meaningfully applied to investigate 

the genetic coupling of multiple barrier loci underlying individual barrier effects (119) (e.g., 

ventral color or tail streamer length, respectively, in this study). We focus on the coupling of 

barrier loci underlying sexual traits in barn swallow hybrid zones, and interpret evidence for 

genetic coupling among barrier loci when they exhibit greater linkage disequilibrium than 

genome-wide loci with matching distributions of allele frequency differences between parental 



 

 

 

 

populations (i.e., to account for linkage disequilibrium generated merely as a consequence of 

admixture; see Main Text and Materials and Methods).  



 

 

 

 

Materials and Methods 

Genome sequencing and variant calling. We analyzed whole genomes of barn swallows 

sampled across the species breeding distribution (n = 336; Fig. 2, Fig. S2) including populations 

of all six subspecies, with a focus on three hybrid zone transects in Eurasia described in (42, 43). 

The hybrid zones occur in Russia between rustica and tytleri, in China between rustica and 

gutturalis, and in Russia and Mongolia between tytleri and gutturalis. Our total sampling 

included representatives of subspecies and hybrid zone, including 31 parental rustica, 21 parental 

tytleri, 39 parental gutturalis, 58 hybrid rustica-tytleri, 74 hybrid rustica-gutturalis, and 29 

hybrid tytleri-gutturalis (Data S1). We sequenced a female wire-tailed swallow (H. smithii) as an 

outgroup. Genomic data for a subset of barn swallows (n = 160) were available from previous 

studies (41, 45) and the remaining samples were newly generated in this study (n = 176). For 

newly sequenced swallows, we sampled blood using medial brachial venipuncture and stored 

each sample in DNA lysis buffer. We then extracted genomic DNA using Qiagen DNeasy kits 

following the manufacturer’s protocol and prepared Illumina Nextera XT sequencing libraries at 

the University of Colorado Boulder BioFrontiers Institute using sample-specific barcodes. We 

sequenced the multiplexed libraries using 150 bp paired-end reads on Illumina NovaSeq 6000 S4 

lanes. Raw sequencing data are available on the NCBI short-read archive (accession 

PRJNA323498). 

We quality trimmed and filtered sequencing reads using Trimmomatic v0.39 (74) with the 

settings LEADING:20 TRAILING:20 MINLEN:32 AVGQUAL:30, then mapped filtered reads 

to the North American barn swallow (Hirundo rustica erythrogaster) reference genome 

assembly bHirRus1 (75) using BWA ‘mem’ v0.7.17 (76) with default settings. Only females 

were mapped to the W chromosome. We sorted outputs and quantified mapping statistics using 

the Samtools v1.10 (78) ‘sort’ and ‘stat’ tools, respectively. We called genomic variants using 

the GATK v4.0.8.1 best-practices workflow (77, 121). We first used HaplotypeCaller to generate 

raw individual variant calls with the ‘--ERC GVCF ’ option to output a genomic VCF per 

sample, then called variant sites across the cohort of samples and generated an ‘all-sites’ VCF 

using GenotypeGVCFs. We otherwise ran GATK HaplotypeCaller and GenotypeGVCFs with 

default settings. 

We filtered raw variant calls using the GATK ‘VariantFiltration’ tool, with the following variant 

filters: variant confidence by depth (QD < 2.0), strand-bias (FS > 60.0), among sample mapping 

quality (MQ < 40.0), mapping quality of heterozygous sites (MQRankSum < -12.5), and distance 

of variant sites from ends of reads (ReadPosRankSum < -8.0). We identified spurious female 

heterozygous sites on the sex chromosomes and conservatively masked these sites in all 

individuals. We further masked genotypes within repetitive regions annotated using 

RepeatMasker (122) then recoded indels and SNPs that did not pass filter settings as missing 

genotypes using BCFtools v1.10.2 (78). We used VCFtools v0.1.17 (79) to process SNPs for 

specific analyses, including removal of singletons (--mac 2), non-biallelic SNPs (--min-alleles 2, 

--max-alleles 2), and SNPs with minor allele frequencies < 0.05 (--maf 0.05) among all samples. 

Singleton and minor allele frequency filters were applied after removing sites genotyped in fewer 

than 80% of individuals (--max-missing 0.2). 



 

 

 

 

We aligned scaffolds from the barn swallow genome to the zebra finch (Taeniopygia guttata) 

reference assembly bTaeGut1.4 (123) using MashMap v2.0 (124, 125) to assign scaffolds to 

chromosomes in the passerine karyotype (Table S13). Part of chromosome 4A in zebra finch is 

sex-linked in barn swallow due to the neo-sex chromosome transition in the ancestor of 

Sylvioidea (126, 127). We removed scaffolds that could not be assigned to chromosomes from 

further analysis. 

Population structure. We estimated genetic structure after filtering to retain SNPs with minor-

allele frequency ≥ 0.1 (837,275 SNPs) using PCA implemented in SNPRelate (80). We used 

ADMIXTURE (81) to estimate individual admixture proportions from one or more genetic 

clusters (K = 1 – 10) after converting SNP data using Plink (128). We evaluated the most likely 

number of genetic clusters as the K model with the lowest cross-validation error (Fig. S4). 

Hybrid index and individual heterozygosity. We characterized the genetic composition of 

admixed populations by estimating individual hybrid index and interspecific heterozygosity at 

ancestry-informative sites using the R package ‘introgress’ (92). We calculated SNP-based Weir 

and Cockerham’s FST (129) between parental populations using VCFtools (79) and SNPs with 

FST ≥ 0.6 were considered ancestry-informative and extracted for analysis of parental and hybrid 

zone populations. Individual hybrid index and heterozygosity estimates were highly concordant 

when estimated from SNPs with higher FST thresholds (i.e., FST ≥ 0.8, 0.9). 

Demographic inference. We performed demographic inference using the diffusion 

approximation framework in ∂a∂i (82) to investigate the history of divergence and gene flow 

between parental populations. We fit seven two-population demographic models to the unfolded 

joint site frequency spectrum (JSFS) between rustica, tytleri, and gutturalis population pairs, 

using modifications to the original ∂a∂i framework implemented in (130, 131). The first four 

models were strict isolation (SI) without gene flow, an isolation-migration (IM) model with 

continuous gene flow during divergence, an ancient migration (AM) model where gene flow 

occurred after divergence then ceased at a second timepoint, and a secondary contact (SC) model 

where populations diverged in isolation for a period of time followed by second timepoint where 

gene flow occurred (Fig. S8). The other models (AM2m, IM2m, and SC2m) were equivalent to 

the AM, IM, and SC models, except that two effective migration rates were inferred to simulate 

scenarios where some regions of the genome are porous to gene flow while others present 

barriers to gene flow (i.e., genomic ‘islands’ models). Greater model support for 2m models over 

1m models supports that barriers to gene flow are concentrated in a subset of loci. 

Preliminary analyses using the whole genome dataset provided strong support for two-population 

models with gene flow over the SI model for each pair of populations. However, support among 

models with gene flow was ambiguous. This was unsurprising given the relatively limited 

sample size of parental populations and previous inference of extremely recent divergence 

between barn swallow subspecies (41). Indeed, a simulation study demonstrated that larger 

sample sizes are required to distinguish support for two-population histories with periods of gene 

flow after recent divergence (132). To address this, we reanalyzed reduced representation 

sequencing (RADseq) data for barn swallows from previous studies (42, 44, 68), including 

higher numbers of individuals from parental localities represented in the whole genome dataset 

(132 rustica, 54 tytleri, and 328 gutturalis; Table S3). We processed the RADseq data as 



 

 

 

 

described in (45), including demultiplexing using the Stacks v2.5 ‘process_radtags’ module 

(133) and read quality trimming using Trimmomatic v0.39 (74). We mapped reads to the H. r. 

erythrogaster reference genome using BWA ‘mem’ v0.7.17 and called SNPs using BCFtools 

v1.10.2 (78), recoding individual calls with < 5 mapped reads as missing genotypes. We merged 

variant calls with the outgroup H. smithii sample, then filtered SNPs with missing genotypes in 

greater than 20% of individuals and retained a single SNP per autosomal RAD locus to prune for 

linkage disequilibrium. Finally, we polarized ancestral versus derived allele states based on 

genotypes in H. smithii using a custom Python script (https://github.com/kullrich/bio-

scripts/blob/master/vcf/polarizeVCFbyOutgroup.py), yielding 15,147 polarized SNPs for 

analysis. 

We used easySFS (https://github.com/isaacovercast/easySFS) to generate the unfolded JSFS for 

each pair of parental populations. To achieve a balance between the number of segregating sites 

and sample size, we projected 96 alleles per population. We then performed analysis using ∂a∂i 

to fit each of the seven models to each JSFS across 20 independent runs per model with random 

starting parameters and grid sizes of 110, 120, and 130. Model fitting included a cold and hot 

annealing procedure prior to a BFGS optimization step, with a maximum of 2,000 rounds of 

optimization. For each model, we retained the run with the lowest log-likelihood and compared 

fit among models using the Akaike Information Criterion (AIC), and converted unscaled 

parameters to biological estimates following (134), assuming a per-generation mutation rate of 

2.3 × 10-9 (87), a generation time of one year (40), and an effective sampled genome length (L) 

of 7,279,472 bp. 

As in preliminary analyses, demographic inference strongly supports two-population models 

with gene flow over the SI model for each pair of populations (Figs. S7, S9-S11; Table S4; Data 

S2). SC models have the highest goodness-of-fit among the models with gene flow, supporting 

that parental populations diverged in allopatry for a period of time followed by the formation of 

hybrid zones upon secondary contact. The 1m SC model is the best-fit model for tytleri and 

gutturalis. The best-fitting model for divergence between both rustica and tytleri and rustica and 

gutturalis is the SC2m model, consistent with heterogeneous gene flow across the genome upon 

secondary contact. Scaled parameter estimates from these models allowed us to infer the 

approximate timing of initial divergence and secondary contact, effective migration rates upon 

secondary contact, and effective population sizes. These estimates support that barn swallow 

populations diverged from a common ancestor roughly 9,200 – 12,500 generations ago, with 

population growth following initial divergence (Fig. S7; Table S4). The inferred secondary 

contact times are 2,066 generations ago between rustica and gutturalis, 981 generations ago 

between rustica and tytleri, and 885 generations ago between tytleri and gutturalis, indicating 

younger hybrid zone ages between tytleri and the other subspecies. These results also align with 

previous biogeographic inferences that tytleri recolonized northeast Asia after the common 

ancestor of tytleri and erythrogaster dispersed into North America (135). Finally, estimates from 

the SC2m models indicate that effective migration rates in genomic islands were an order of 

magnitude lower than the rest of the genome between rustica and tytleri and rustica and 

gutturalis, respectively. We caution that these biological estimates are based on multiple 

assumptions and that each of the demographic models tested necessarily simplifies the true 

speciation history. Accordingly, we evaluate these as coarse estimates for comparative purposes, 

though we also note that these estimates align with previous inferences of recent population 



 

 

 

 

growth in most barn swallow populations after divergence from a common ancestor during the 

Holocene (41). 

Measurement of mate choice plumage traits. We examined variation in melanin-based ventral 

plumage coloration and tail streamer lengths, two barn swallow plumage traits shown previously 

to evolve under sexual selection (32, 39, 136, 137), following previous studies (42–44, 68, 106). 

We quantified ventral color by sampling 5-10 feathers from the breast region and storing them in 

envelopes in a dark climate-controlled environment. We analyzed feather samples using an 

Ocean Optics USB4000 spectrometer to measure reflectance relative to an Ocean Optics WS-1 

standard and a dark standard (no light source), and recorded all measures using Spectrasuite 

v2.0.125 (Ocean Optics, Inc.). The plumage color dimensions brightness, hue, and chroma are 

highly correlated across the ventral region in barn swallows (32). Brightness is the most variable, 

however, with lower values measured from birds with more saturated, dark red feathers and 

higher values from birds with bright, pale feathers. Accordingly, we used average breast 

brightness (equivalent to percent reflectance), as a representative ventral color measure in this 

study. We measured left and right tail streamer lengths to the nearest millimeter, taking an 

average of three independent measurements per feather. Only one tail streamer was measured 

from several individuals used in this study. To account for this, we chose one tail streamer at 

random from the remaining individuals for analysis. 

To understand geographic variation in the plumage measures, we tested Spearman’s rank 

correlations between each and latitude and longitude. Ventral color shows no significant 

correlation with either latitude or longitude (Fig. S5; P-values ≥ 0.56). Tail streamer length is 

positively correlated with latitude (Spearman’s ρ = 0.3, P = 2.4 × 10-7) and negatively 

correlated with longitude (Spearman’s ρ = -0.18, P = 0.003). We further tested the relationship 

between the plumage traits. Consistent with geographic variation in sexual preferences for each 

trait (37, 39), we find no significant correlation between ventral color and tail streamer length (P 

= 0.11). 

To further examine phenotypic variation in hybrid zones, we reanalyzed the dataset of 1,288 

swallows from Scordato et al. (43), which includes all samples in the current study that were 

used for genome sequencing and genome-wide association mapping (see below). This dataset 

includes high-resolution sampling of hybrid zone transects and enables more detailed analyses of 

phenotypic differences among parental and hybrid populations than if we were to restrict these to 

only whole genome-sequenced individuals. We compared distributions visually (shown in Fig. 

2C) and performed ANOVA to test whether ventral color and tail streamer length distributions 

differed among populations for each hybrid zone. ANOVA was significant for each hybrid zone 

and trait (Table S2), so we performed Tukey post-hoc tests to test pairwise differences between 

populations while correcting for multiple testing. The results are shown in Table S2. Ventral 

color is significantly different between parental populations of each hybrid zone (P-values < 1 × 

10-4) and both hybrid rustica-tytleri and tytleri-gutturalis fall intermediate between, and differ 

significantly from, respective parental populations (P-values < 1 × 10-6). Hybrid rustica-

gutturalis ventral color is significantly different than parental gutturalis (P-value < 1 × 10-4), but 

not parental rustica (P-value = 0.16). Tail streamer length differs significantly for pairs of 

populations across the rustica-gutturalis and tytleri-gutturalis hybrid zones (P-values < 1 × 10-

3), with hybrids falling intermediate between parental distributions. Tail streamer length differs 



 

 

 

 

significantly only between hybrids and parental rustica across the rustica-tytleri hybrid zone (P-

value = 0.0038). 

Genome-wide association mapping of mate choice traits. We used Genome-wide Efficient 

Mixed Model Association, GEMMA (83), to characterize the genetic architecture of phenotypes 

and identify associations between genome-wide SNPs and ventral color and tail streamer length, 

focusing on our sampling of admixed hybrid individuals. Models in GEMMA do not 

accommodate missing genotypes, so we first imputed missing data using BEAGLE (84) after 

filtering to remove SNPs with greater than 20% missing data among individuals, then converted 

the imputed data using PLINK (128). We first ran Bayesian sparse linear mixed models 

(BSLMM) to broadly summarize the genetic architecture of each trait. These models are capable 

of detecting genetic architectures with varying degrees of complexity, simultaneously modeling 

distributions including few loci of large effect (i.e., single-locus or oligogenic basis) and many 

loci of small effect (polygenic basis). We ran BSLMMs using ten independent chains and 25 

million MCMC steps after a burn-in of 5 million steps, sampling every 1,000 steps. We 

incorporated a relatedness matrix in all analyses to control for population stratification. We then 

combined results across the independent runs and summarized the genetic architecture of each 

trait using posterior distributions of three main hyperparameters: the proportion of phenotypic 

variance explained by all SNP genotypes (PVE), the proportion of PVE explained by SNPs with 

detectable effect sizes or ‘sparse effects’ (PGE), and the number of SNPs required to explain the 

estimated PVE (n SNPs). We further broadly quantified the architecture of each trait by 

calculating the sum of the posterior inclusion probability (PIP) for SNPs with detectable effects 

(PIP ≥ 0.01) per chromosome compared to the chromosome length (Fig. S12). 

In addition to BSLMMs, we ran linear mixed models (LMM) to detect isolated SNP associations 

with each trait. We again focused our primary analyses on hybrids only and ran LMMs under 

additional sampling schemes for comparison. The first alternative sampling scheme included all 

individuals with matched genotypes and phenotypes (i.e., the ‘full’ dataset), including all 

subspecies and hybrid zones. This sampling scheme provides the greatest power to detect SNP 

associations, but is also the most prone to potential biases introduced by population structure. To 

account for such biases, we reanalyzed the full dataset using randomized phenotypes among 

individuals. If SNP associations were driven by underlying genetic structure across genomic 

regions, we would expect to find these even when phenotypes were randomized. In contrast, no 

genomic regions are strongly associated with any trait in randomized phenotype LMMs (Fig. 

S13), indicating that significant associations were generally robust to genetic structure. The 

results from the ‘full’ dataset were also largely congruent with analyses of hybrids. Finally, we 

ran LMMs for ventral color and tail streamer length for males and females to determine if 

separate analyses provided additional signal due to sex differences in these traits (Fig. S13). 

These analyses again yield largely congruent results with the hybrid dataset for ventral 

coloration, however associations with tail streamer length disappear when males and females are 

analyzed separately. We assessed significance of SNP associations using Wald test P-values 

from LMMs and considered SNPs with P < 0.05 after Bonferroni correction to be significant. 

We annotated coding genes containing or within 20 kb of significant GWA SNPs as putative 

candidate loci associated with each trait (Table S7; Data S3). 



 

 

 

 

LMMs revealed multiple significantly associated regions of chromosome 1A and the Z 

chromosome with ventral color, the details of which are as follows. One association on 

chromosome 1A contains KIT ligand (KITLG; Fig. 3E; P = 1.38 × 10-14), which controls 

melanin patterning through KIT receptor tyrosine kinase-expressing melanocyte proliferation, 

migration, and survival (138), and has been implicated in multiple previous studies of vertebrate 

pigment variation (e.g., 47, 48). The other chromosome 1A association houses plexin C1 

(PLXNC1; P = 2.94 × 10-20), a transmembrane semaphorin receptor that regulates melanocyte 

adhesion (139), though this region also contains nearby genes with no known functions in 

melanogenesis (e.g., MRPL42; Fig. S15). 

One association on the Z chromosome includes the region containing two candidate genes 

putatively involved in feathering phenotype, SPEF2 and PRLR (140), nearby solute carrier 

family 45 member 2 (SLC45A2; Fig. 3E; P = 1.45 × 10-13), which encodes a transporter protein 

that supports melanin synthesis in mature melanosomes (49). Coding mutations in SLC45A2 

result in forms of albinism in mice (141), humans (142), and birds (143), and previous studies 

have showed that differential gene expression of SLC45A2 also contributes to pigment variation 

in hybrids (14, 51, 144). Other Z-linked associations contain additional genes with known or 

tentative roles in melanogenesis (Fig. 3C,E). Basonuclin (BNC2; P = 1.92 × 10-13) has been 

linked to pigment pattern and saturation in zebrafish (50), anoles (145), and humans (146). G-

protein subunit alpha Q (GNAQ; P = 4.08 × 10-13), APC regulator of Wnt signaling (APC; Fig. 

S20; P = 8.5 × 10-18), and calcium/calmodulin dependent protein kinase 4 (CAMK4) are also 

differentially expressed in melanocytes of hooded and carrion crows (51). The specific function 

of CAMK4 in melanin production is unclear, however previous evidence indicates that GNAQ 

controls pigmentation in coordination with KIT signaling (147), and APC is an antagonist of the 

Wnt signaling pathway, which regulates the expression of the melanocyte inducing transcription 

factor (MITF) essential to melanin production. Finally, an association on the Z chromosome 

contains receptor tyrosine kinase-like orphan receptor 2 (ROR2; P = 1.12 × 10-13), which may 

also regulate melanin production through interaction with Wnt signaling, specifically during the 

differentiation of melanocyte precursor cells (148). 

Associations with tail streamer length are in two regions on chromosome 2 (Fig. 3F; Figs. S13, 

S21-S22). One is upstream of little elongation complex subunit 1 (ICE1; P = 5.34 × 10-9) and 

downstream of a long noncoding RNA (lncRNA) and the other contains phosphodiesterase 1C 

(PDE1C; P = 2.04 × 10-20).  

Recombination rates. We inferred a barn swallow recombination map using pyrho (85), which 

accounts for nonequilibrium population histories in its estimation of fine-scale recombination 

rate. We focused this analysis on parental rustica from Russia to estimate a representative 

recombination map, as avian genomic recombination landscapes are highly conserved among 

closely-related lineages (149). Pyrho incorporates population demography in recombination rate 

estimation, so we first obtained an estimate of population size history using SMC++ (86), 

choosing diploid genotypes of five individuals at random to be assigned as ‘distinguished’ 

lineages. We fit a model of population history for the last 2 × 105 generations using composite 

likelihood assessed using the expectation-maximization algorithm based on the sum of log-

likelihoods for each distinguished lineage pair and assuming a per-generation mutation rate of 

2.3 × 10-9 (87) and a generation time of one year (40). We then used the pyrho ‘lookup’ function 



 

 

 

 

to generate a likelihood lookup table based on the SMC++ demography and the sample size, and 

ran pyrho ‘optimize’ to infer the recombination map under a block penalty of 25, window size of 

50 kb, and scaled by the mutation rate. We compared recombination rates in trait loci and the 

genome background using Mann-Whitney ∪ tests. 

Population genetic differentiation and diversity statistics. We used pixy v1.2.4 (88) to perform 

genome scans of relative population differentiation, FST, between-population sequence 

divergence, dxy, and within-population nucleotide diversity, π, based on the genotype dataset 

including variant and invariant sites. We performed genome scans in non-overlapping sliding 

windows at several resolutions (1 Mb, 100 kb, and 10 kb) to examine regional variation within 

and among chromosomes. For detailed visualization of specific genomic regions, we also 

performed scans using sliding windows with partial overlap between windows (e.g., 50 kb 

windows with a 5 kb step size). We compared distributions of these statistics using Mann-

Whitney ∪ tests. All statistical comparisons were performed using values calculated from non-

overlapping windows. 

To provide context for interpretations of population genetic differentiation across trait loci, we 

evaluated genome-wide relationships between parameters using Spearman’s correlation 

coefficients. These relationships are consistent with heterogeneous differentiation being driven 

by linked selection across the genome, including negative relationships between FST and 

recombination rate, π, and dxy (Fig. S25; Table S10). We also examined the overlap between 

association mapping peaks and FST between parental populations by sampling mean FST for the 

non-overlapping 10 kb window containing each significant GWA SNP and comparing these to 

all other windows (Table S8). We sampled each window only once in instances where multiple 

significant SNPs were within the same window, and compared distributions using Mann-

Whitney ∪ tests. 

We compared FST values for sexual trait loci to those from putative centromere regions to test if 

population differentiation is elevated in trait loci beyond levels in genomic regions where the 

effects of recurrent background selection are expected to be strong due to low recombination 

rates, such as centromeres. We identified putative centromere regions for the six longest 

chromosome scaffolds in the barn swallow genome assembly (chromosomes 1, 1A, 2, 3, 4, and 

Z) based on combined signatures of high repeat content, measured as the proportion of annotated 

repeat element bases, and low recombination rate in 1 Mb sliding windows with a 100 kb step 

size (Fig. S26A). We restricted these analyses to these six chromosomes because attempts to 

identify putative centromeres on shorter scaffolds did not provide clear evidence of a distinct 

centromeric region per chromosome, however the focal set includes chromosomes with major 

candidate sexual trait loci (i.e., chromosomes 1A, 2, and Z). We compared mean FST values in 

non-overlapping 10 kb windows within putative centromeres to those within trait loci using 

Mann-Whitney ∪ tests. These tests indicate higher FST values in trait loci than centromere 

regions between each pair of parental populations, with more pronounced differences in median 

FST in trait loci versus centromeres in rustica-tytleri and rustica-gutturalis than tytleri-gutturalis 

(Fig. S26B; P-values < 2.2 × 10-16). 

Selection statistics. We calculated additional statistics to detect signatures consistent with 

positive selection in genomic regions associated with mate choice traits. We calculated allelic 



 

 

 

 

differentiation specific to each of the parental populations that form hybrid zones (rustica, tytleri, 

and gutturalis) using the population branch statistic (PBS). PBS can detect genomic regions with 

long population-specific branches in the unrooted three-population tree, allowing us to 

disentangle which populations may have experienced positive selection in differentiation peaks 

across the genome. We calculated PBS using windowed pairwise FST estimates among the three 

parental populations as PBS = 
𝑇1,2+ 𝑇1,3− 𝑇2,3

2
, following (89). Here, T = - log (1 − 𝐹ST) between 

each pair of populations. For example, PBSrustica  = 
𝑇𝑅,𝑇+ 𝑇𝑅,𝐺− 𝑇𝑇,𝐺

2
. We calculated Tajima’s D 

(150) to summarize the allele frequency spectrum using VCF-kit (90), and summarized PBS and 

Tajima’s D statistics in the same sliding window resolutions used for genetic differentiation and 

diversity statistics. We used the R package ‘rehh’ (91) to calculate statistics based on extended 

haplotype homozygosity (EHH; 151), including the integrated haplotype score within 

populations (iHS; 152) and cross-population extended haplotype homozygosity (xp-EHH; 153). 

These analyses also yield a per-SNP P-value for iHS and xp-EHH based on genome-wide 

ranking of scores. We phased haplotypes within the parental populations using SHAPEIT2 (154) 

after identifying phase-informative reads mapped to the reference genome with the ‘extractPIRs’ 

tool. We then performed haplotype-based tests in rehh, specifying a minor allele frequency 

cutoff ≥ 0.05 and ‘polarized = false’. We used Mann-Whitney ∪ tests to detect differences in 

PBS, π, Tajima’s D, and |iHS| and Komogorov-Smirnov tests to detect differences in xp-EHH 

between trait loci and the genome background.  

Geographic and genomic clines. We used sigmoid geographic clines across hybrid zone 

transects to test for signal of barriers to gene flow in trait loci relative to the genomic 

background. These analyses required sampling of linear geographic transects, so we subsampled 

localities to maximize linearity and converted geographic coordinates to distance in kilometers 

(km) from the westernmost location of each transect. We used introgress (92) to estimate 

individual locus-specific hybrid index, h, from SNP allele frequencies in each trait locus after 

filtering to retain SNPs with minor allele frequency ≥ 0.1. To compare locus-specific clines to 

genome-wide patterns, we sampled at random 1,000 windows of 100 SNPs with minor allele 

frequency ≥ 0.1 from each set of parental and hybrid populations. The physical distance of the 

background 100 SNP windows was 18,494 ± 15,419 bp. We fit six geographic cline models to 

ancestry estimates for candidate and background loci using the R package ‘HZAR’ (93) and 

performed model selection between these models and the null model. Each model estimated the 

cline center, c, as the distance in km from the westernmost transect location, cline width, w, as 1 

∕ the maximum slope of the cline, and the mean ancestry values in the tails of the cline (pmin and 

pmax). The six cline models differed in whether pmin and pmax were ‘fixed’ or ‘free’ parameters 

and how the tails of the cline were fitted (i.e., ‘none’, ‘both’, ‘right’, ‘left’, and ‘mirrored’). The 

model specifications were: model I (fixed, none), model II (free, none), model III (free, both), 

model IV (free, right), model V (free, left), and model VI (free, mirrored). We performed cline 

fitting using the default MCMC chain length of 100,000 steps with 10,000 burn-in steps and 

compared support for the null and six cline models using AIC, selecting the best model for each 

locus using a Δ AIC ≥ 2 threshold. In cases where there was similar support for two models, 

clines for both models are compared in Fig. S36. We compared cline parameters from the best-

fitting models for trait loci to background loci using Mann-Whitney ∪ tests. 



 

 

 

 

Our sampling of the genome background was not restricted to neutral loci (i.e., we did not filter 

background loci based on allele frequency differences between populations). Nonetheless, to 

more explicitly compare geographic cline patterns for sexual trait loci to other loci plausibly 

under selection (e.g., divergent ecological selection), we extracted cline parameters from 

background loci with allele frequency differences between parental populations that matched 

those in sexual trait loci for each hybrid zone transect. Specifically, we sampled loci with 

maximum and mean allele frequency differences within one standard deviation of the mean 

among sexual trait loci. For example, matched background loci in the rustica-tytleri hybrid zone 

had maximum and mean parental allele frequency differences equal to 0.81 ± 0.16 and 0.24 ± 

0.12, respectively. These are relatively high allele frequency differences in barn swallows, such 

that sampling matched background loci in this way should enrich for loci putatively under 

selection (even if this approach is agnostic to the source of selection). We compared cline width 

(w) estimates for trait loci and matched background loci using Mann-Whitney ∪ tests. These 

comparisons indicate significantly narrower clines for sexual trait loci than matched background 

loci in the rustica-tytleri and rustica-gutturalis hybrid zones, regardless of whether we compared 

based on maximum or mean allele frequency differences between parental populations (P-values 

< 0.001; Fig. S37). While these results suggest stronger barriers to gene flow at sexual trait loci 

in these two hybrid zones, we exercise caution in not ruling out that traits under divergent 

ecological selection may also contribute to reproductive isolation. 

We further dissected clinal patterns between sexual trait loci and background loci plausibly 

under divergent selection by comparing w estimates in matching intervals of increasing allele 

frequency differences. These analyses necessarily focused on individual SNPs, rather than loci, 

as there was an insufficient number of trait and background loci in matching intervals to allow 

for comparison at this finer scale. Here, we sampled 50 SNPs at random from trait loci and the 

genome background with allele frequency differences between parental populations in intervals 

of 0.05 between 0.2 and 0.5 and fit sigmoid geographic cline models in HZAR to SNP genotype 

frequencies, as describe for hybrid indexes above. The results of these analyses are generally 

consistent with locus-based inferences for rustica-tytleri, but are rather equivocal for rustica-

gutturalis and tytleri-gutturalis (Fig. S38A-C), likely driven by two main factors. First, 

individual SNPs may provide limited ancestry information across the hybrid zone. Indeed, even 

with increasing allele frequency differences between populations, genotype frequencies 

estimated from a single SNP provide a coarse approximation of hybrid index, thus cline models 

fit to SNP-based inferences may introduce more substantial noise. Second, differentiating cline 

parameters for matched trait and background SNPs is difficult due to the limited availability of 

genome-wide background SNPs in higher allele frequency difference intervals. Rather, 

background SNPs tend to be clustered in close linkage with the trait loci due to the concentration 

of genetic differentiation in these regions, and not elsewhere in the genome (Fig. S38D-E). This 

issue intensifies at even higher allele frequency difference intervals (i.e., 0.55 – 1.0), where it is  

impossible to draw a sufficient random sample of background SNPs that are not tightly 

physically linked to trait loci (i.e., trait locus and background SNPs are not independent due to 

linkage). Because of these limitations, the locus-based inferences above likely provide a more 

robust overall assessment of patterns at trait loci and other loci putatively under selection. 

Further, the difficulty in disentangling clinal patterns between trait and background SNPs with 

high allele frequency differences generally highlights the distinct patterns in sexual trait loci. 



 

 

 

 

As a comparison to the geographically-explicit analyses above, we performed hierarchical 

Bayesian analysis of genomic clines (94, 95) to characterize locus-specific introgression relative 

to a genome-wide gradient of admixture using the logit-logistic cline function from (96) 

describing the probability that an allele at locus i in individual j was inherited from population 1 

as ϕ𝑖𝑗 = (ℎ𝑗
𝑣𝑖)/(ℎ𝑗

𝑣𝑖 + (1 −  ℎ𝑗
𝑣𝑖) ∗  𝑒𝑢𝑖), where h is the proportion of the genome inherited from 

population 2 (i.e., hybrid index), v is the cline slope relative to the genome average (v = 1), and u 

is related to the cline center. Following (97), we used the conversion logit(c) = u/v to define the 

cline center parameter, c, which specifies the value of h at which ϕ = 0.5. We measured variance 

in clines as the variance in log(v) and logit(c), which each have an expected mean of 0. 

We fit genomic clines to trait and background loci using the same inputs as in geographic cline 

fitting, using a modification of the Bayesian genomic clines model implemented in bgc (94). 

Specifically, we equated the hybrid index, h, for each window as an estimate of the local 

ancestry, z, for that window in the relevant hybrid individual. As an example, h = 0.3 would 

indicate a 30% chance of inheriting the window segment from one of the two parental 

populations (and thus 70% chance of ancestry from the other population). We thus computed the 

log-likelihood function for the Bayesian model as ∑𝑖 ∑𝑗 log(ϕ𝑖𝑗𝑧𝑖𝑗 + (1 − ϕ𝑖𝑗) ∗ (1 − 𝑧𝑖𝑗)) ∗

𝑔𝑖𝑗, where gij is the ploidy (1 or 2) for individual i at locus j (this allows for hemizygous loci on 

the Z chromosome in females). We placed normal priors on the cline parameters (log(v) and 

logit(c), as noted above) with means of 0 (soft centering) and standard deviations, σv and σc, 

which were estimated from the data. Importantly, these parameters describe the variability in 

patterns of introgression across the genome and thus the degree to which selection acts more 

independently on individual genetic loci versus against hybrid genomes as a whole due to 

linkage disequilibrium and coupling among barrier loci. We placed moderately constraining 

priors on these parameters, both normal with a mean of 0 and standard deviation of 0.08. The 

model was then fit using Hamiltonian Monte Carlo (HMC) using rstan v2.21.7, an R (here 

v4.1.2) interface with Stan. This was done using the No-U-Turn Sampler (NUTS) with 8 chains, 

each comprising 3,000 HMC iterations and a 1,500 iteration warmup. Effective sample sizes and 

the Gelman-Rubin potential scale reduction factor were evaluated to ensure adequate HMC 

mixing and likely convergence to the posterior distribution. 

Analysis of linkage disequilibrium. We measured inter-chromosomal linkage disequilibrium 

(LD) between SNPs in trait loci with allele frequency differences between parental populations 

ranging from 0.2 – 0.6 in intervals of 0.05. To test whether LD between trait loci was 

outstanding compared to background levels of admixture LD in hybrids, we also measured inter-

chromosomal LD between SNPs in the genome background (i.e., outside of trait loci) in matched 

allele frequency difference intervals. We used VCFtools to summarize allele frequencies at 

biallelic SNPs in parental populations, then calculated allele frequency differences as the 

absolute value of the difference in reference allele frequency between each pair of populations. 

We then extracted SNPs in allele frequency difference intervals from trait loci and the genome 

background and calculated inter-chromosomal haplotype r2 using VCFtools in each hybrid zone 

and parental population. Because measures of LD are sensitive to sample size, we sampled 20 

individuals at random for all analyses to enable comparisons between populations. We also 

sampled a random number of background SNPs equal to the number of SNPs in trait loci in each 

interval. For additional comparison to LD patterns in genomic regions where we would expect 

hybridization to generate especially pronounced admixture LD, we repeated these analyses but 



 

 

 

 

restricted our sampling of matched background SNPs to putative centromere regions where 

recombination rate is extremely low. To further investigate levels of LD between specific pairs 

of trait loci, we calculated both intra- and inter-chromosomal haplotype r2 between all pairwise 

comparisons at SNPs with allele frequency differences between 0.3 and 0.6 in each hybrid zone. 

As a comparison to observed LD in hybrid populations, we approximated potential starting levels 

of admixture LD between trait loci in hybrid zones by simulating F1 hybrids using a random 

sample of 10 individuals per parental population, and then calculated inter-chromosomal LD as a 

function of increasing allele frequency differences as described above. We used Mann-Whitney 

∪ tests to test for significant differences between distributions of inter-chromosomal r2. 

To compare inter-chromosomal LD to LD in linked regions, we examined the decay of LD as a 

function of distance between physically-linked SNPs in parental and hybrid populations. We 

performed separate analyses for autosomes and the Z chromosome. Autosomal analyses were 

based on a sample of 100 random 100 kb windows. We filtered to retain biallelic SNPs with 

minor allele frequency ≥ 0.05 in each population, then calculated haplotype r2 between all SNPs 

within 25 kb of each other using VCFtools, and summarized LD decay by calculating mean r2 in 

100 bp distance intervals between SNPs. 

Statistical Analysis. We performed all statistical analyses in R (98) v4.1.2, unless otherwise 

specified. We performed all plotting using base R graphics and ggplot2 (99). 

 

  



 

 

 

 

 
 

Figure S1. Study design and major research questions. Overview of our approach to testing 

the hypothesis that genetic coupling of mate choice traits promotes reproductive isolation (RI), 

including our primary research questions. We first use genome-wide association mapping to 

determine the genetic architecture of ventral color and tail streamer lengths, two traits previously 

shown to evolve under divergent sexual selection. We then test for population genetic evidence 

of divergent selection on trait-associated regions of the genome and test whether these are also 

barriers to gene flow in hybrid zones that have formed in secondary contact. Gene trees 

illustrating expected patterns for background loci and trait loci under alternative models of 

selection were redrawn from (55, 155). Finally, we test core predictions of genetic coupling 

theory – that selection has maintained or enhanced linkage disequilibrium (LD) between trait loci 

in hybrid zones beyond that of background admixture LD – and that the amount of RI affected 

by trait loci scales with the degree of coupling across distinct hybrid zones. 

 

  



 

 

 

 

 
Figure S2. Geographic sampling of barn swallows in this study and phenotypic variation. 

(A) Sampling localities are shown with circles, with colors indicating the geographic zones of 

subspecies and hybrid zones. Black circles depict sampling localities where no breeding birds 

were found. The box surrounds the region shown in panel (B). (B) Inset showing hybrid zone 

regions in greater detail. Mountain icons indicate migratory divides at the rustica-tytleri and 

rustica-gutturalis hybrid zones. (C) Variation in ventral plumage color (measured as breast 

feather average brightness; % reflectance) among subspecies and hybrid zones. (D) Variation in 

tail streamer lengths in millimeters. 

 

  



 

 

 

 

 
Figure S3. Summary of population genetic structure using principal components analysis. 

Genetic structure is summarized based on principal components one (PC1) and two (PC2). Points 

represent individual barn swallows. 

 

  



 

 

 

 

 
 

Figure S4. Cross-validation (CV) error and admixture proportions estimated from model-

based ancestry inference in ADMIXTURE. A The y-axis shows the CV error associated with 

each of K genetic cluster models 1-10. The K = 3 model had the lowest CV error (0.548). B 

Admixture proportions under K = 2, K = 3, and K = 4 models. 

 

  



 

 

 

 

 
Figure S5. Geographic variation in barn swallow mate choice traits. Spearman’s rank order 

correlations between latitude and longitude and ventral color and tail streamer length. 

  



 

 

 

 

 

 
Figure S6. Genetic composition of hybrid zones. Comparisons of individual hybrid index (h, 

ranging from 0 – 1 between parental ancestries; x-axis) and interspecific heterozygosity (y-axis) 

in the (A) rustica-tytleri hybrid zone, (B) rustica-gutturalis hybrid zone, and (C) tytleri-

gutturalis hybrid zone. 

  



 

 

 

 

 

 
Figure S7. Two-population demographic histories estimated from the unfolded joint site 

frequency spectrum. Best-fitting models for (A) rustica and tytleri, (B) rustica and gutturalis, 

and (C) tytleri and gutturalis, supporting allopatric divergence followed by secondary contact 

with gene flow (SC = secondary contact, SC2m = secondary contact with heterogeneous gene 

flow). Abbreviations: N = effective population size, m = effective migration rate, me = effective 

migration rate in genomic islands, ts = timing of initial divergence, tSC = timing of secondary 

contact. Time parameters are scaled to numbers of generations (1 year generation time). Greater 

model support for 2m models over 1m models supports that barriers to gene flow are 

concentrated in a subset of the genome. 

  



 

 

 

 

 
Figure S8. Two-population divergence models used in demographic inference. The models 

fit to the observed unfolded joint site-frequency spectra (JSFS) between parental populations 

were strict isolation (SI), ancient migration (AM), isolation-migration (IM), secondary contact 

(SC), ancient migration with heterogeneous gene flow across the genome (AM2m), isolation-

migration with heterogeneous gene flow (IM2m), and secondary contact with heterogeneous 

gene flow (SC2m). Model parameter estimates included effective population size (N), effective 

migration rate (m; estimated in 1m and 2m models), effective migration rate in genomic islands 

(me; only estimated in 2m models), time since divergence (tS), duration of ancient migration 

(tAM), and timing of secondary contact (tSC). 

  



 

 

 

 

 
Figure S9. Comparisons of the observed unfolded joint site-frequency spectrum (JSFS) 

between parental rustica and tytleri and the JSFS simulated under demographic models. 

The JSFS from the best-fitting run for each model is shown in the left column. Residuals 

between the observed JSFS and the model are shown in the center column and the histogram 

with residual frequencies is shown in the right column. The best-fitting model is shown in the top 

row, with other models in descending order by -Δ AIC (see Data S2). 



 

 

 

 

 
Figure S10. Comparisons of the observed unfolded joint site-frequency spectrum (JSFS) 

between parental rustica and gutturalis and the JSFS simulated under demographic 

models. The JSFS from the best-fitting run for each model is shown in the left column. Residuals 

between the observed JSFS and the model are shown in the center column and the histogram 

with residual frequencies is shown in the right column. The best-fitting model is shown in the top 

row, with other models in descending order by -Δ AIC (see Data S2). 



 

 

 

 

 
Figure S11. Comparisons of the observed unfolded joint site-frequency spectrum (JSFS) 

between parental tytleri and gutturalis and the JSFS simulated under demographic models. 

The JSFS from the best-fitting run for each model is shown in the left column. Residuals 

between the observed JSFS and the model are shown in the center column and the histogram 

with residual frequencies is shown in the right column. The best-fitting model is shown in the top 

row, with other models in descending order by -Δ AIC (see Data S2). 



 

 

 

 

 
Figure S12. Concentration of mate choice trait genetic architectures on specific 

chromosomes. Comparison of chromosome length in megabases (Mb) and the sum of posterior 

inclusion probabilities (PIP) ≥ 0.01 per chromosome for (A) ventral color and (B) tail streamer 

length. Dashed lines represent the correlation between chromosome length and sum PIP among 

chromosomes. Points for chromosome 1A and the Z chromosome are shaded in dark red in (A) 

and the point for chromosome 2 is shaded in dark blue in (B). 

  



 

 

 

 

 
Figure S13. Genome-wide association scans with mate choice plumage traits. Association 

strength of SNPs from linear mixed models (LMMs) with (A) ventral plumage color (breast 

average brightness) and (B) tail streamer length. Results from analyses of different individuals 

are shown in descending panels for each trait; from top to bottom: hybrids, full (i.e., all 

individuals with matched genome and phenotype sampling), males, females, and the full dataset 

with randomized individual phenotypes. Dashed horizontal lines show the Bonferroni-corrected 

−log10(P-value) significance threshold in each analysis. 

  



 

 

 

 

 
Figure S14. Detail of genome-wide associations with ventral color and genetic 

differentiation in the KITLG region of chromosome 1A. Individual SNP associations with the 

trait -log10(P) (points; left y-axis) and genetic differentiation (FST) between parental populations 

(lines; right y-axis). Significant associations after Bonferroni-correction are shaded in dark red 

and SNPs with PIP ≥ 0.01 are shown with blue diamonds. Genes are labeled, with locations and 

orientations shown as arrows with exon coordinates shown as vertical lines.  

  



 

 

 

 

 
Figure S15. Detail of genome-wide associations with ventral color and genetic 

differentiation in the PLXNC1 region of chromosome 1A. Individual SNP associations with 

the trait -log10(P) (points; left y-axis) and genetic differentiation (FST) between parental 

populations (lines; right y-axis). Significant associations after Bonferroni-correction are shaded 

in dark red and SNPs with PIP ≥ 0.01 are shown with blue diamonds. Genes are labeled, with 

locations and orientations shown as arrows with exon coordinates shown as vertical lines.  

  



 

 

 

 

 
Figure S16. Detail of genome-wide associations with ventral color and genetic 

differentiation in the region of the Z chromosome containing SPEF2, PRLR, and SLC45A2. 
Individual SNP associations with the trait -log10(P) (points; left y-axis) and genetic 

differentiation (FST) between parental populations (lines; right y-axis). Significant associations 

after Bonferroni-correction are shaded in dark red and SNPs with PIP ≥ 0.01 are shown with 

blue diamonds. Genes are labeled, with locations and orientations shown as arrows with exon 

coordinates shown as vertical lines.  

  



 

 

 

 

 
Figure S17. Detail of genome-wide associations with ventral color and genetic 

differentiation in the BNC2 region of the Z chromosome. Individual SNP associations with 

the trait -log10(P) (points; left y-axis) and genetic differentiation (FST) between parental 

populations (lines; right y-axis). Significant associations after Bonferroni-correction are shaded 

in dark red and SNPs with PIP ≥ 0.01 are shown with blue diamonds. Genes are labeled, with 

locations and orientations shown as arrows with exon coordinates shown as vertical lines.  

  



 

 

 

 

 
Figure S18. Detail of genome-wide associations with ventral color and genetic 

differentiation in the GNAQ region of the Z chromosome. Individual SNP associations with 

the trait -log10(P) (points; left y-axis) and genetic differentiation (FST) between parental 

populations (lines; right y-axis). Significant associations after Bonferroni-correction are shaded 

in dark red and SNPs with PIP ≥ 0.01 are shown with blue diamonds. Genes are labeled, with 

locations and orientations shown as arrows with exon coordinates shown as vertical lines.  

  



 

 

 

 

 
Figure S19. Detail of genome-wide associations with ventral color and genetic 

differentiation in the ROR2 region of the Z chromosome. Individual SNP associations with 

the trait -log10(P) (points; left y-axis) and genetic differentiation (FST) between parental 

populations (lines; right y-axis). Significant associations after Bonferroni-correction are shaded 

in dark red and SNPs with PIP ≥ 0.01 are shown with blue diamonds. Genes are labeled, with 

locations and orientations shown as arrows with exon coordinates shown as vertical lines.  

  



 

 

 

 

 
Figure S20. Detail of genome-wide associations with ventral color and genetic 

differentiation in the region of the Z chromosome containing APC and CAMK4. Individual 

SNP associations with the trait -log10(P) (points; left y-axis) and genetic differentiation (FST) 

between parental populations (lines; right y-axis). Significant associations after Bonferroni-

correction are shaded in dark red and SNPs with PIP ≥ 0.01 are shown with blue diamonds. 

Genes are labeled, with locations and orientations shown as arrows with exon coordinates shown 

as vertical lines.  

  



 

 

 

 

 
Figure S21. Detail of genome-wide associations with tail streamer length and genetic 

differentiation in the ICE1-lncRNA region of chromosome 2. Individual SNP associations 

with the trait -log10(P) (points; left y-axis) and genetic differentiation (FST) between parental 

populations (lines; right y-axis). Significant associations after Bonferroni-correction are shaded 

in dark blue and SNPs with PIP ≥ 0.01 are shown with blue diamonds. Genes are labeled, with 

locations and orientations shown as arrows with exon coordinates shown as vertical lines.  

  



 

 

 

 

 
Figure S22. Detail of genome-wide associations with tail streamer length and genetic 

differentiation in the PDE1C region of chromosome 2. Individual SNP associations with the 

trait -log10(P) (points; left y-axis) and genetic differentiation (FST) between parental populations 

(lines; right y-axis). Significant associations after Bonferroni-correction are shaded in dark blue 

and SNPs with PIP ≥ 0.01 are shown with blue diamonds. Genes are labeled, with locations and 

orientations shown as arrows with exon coordinates shown as vertical lines.  

  



 

 

 

 

 
Figure S23. Genome-wide variation in population genetic divergence and diversity. Genome 

scans in 1 Mb (lines) and 100 kb (points) sliding windows of (A) FST and (B) dxy between, and 

(C) π within, parental populations across autosomes (left panels) and the Z chromosome (right 

panels). 



 

 

 

 

 
Figure S24. Recombination rate variation across the barn swallow genome. (A) 

Recombination rate was measured in 1 Mb sliding windows with a 100 kb step size across 

chromosomes. (B) Recombination rates on the Z chromosome (note the difference in y-axis 

scale). 

  



 

 

 

 

 
Figure S25. The genomic landscape of population differentiation and signatures of linked 

selection. (A) Variation in FST, dxy, π, and recombination rate across chromosome 1A as an 

example of the heterogenous landscape of differentiation between parental barn swallow 

populations. (B) Genome-wide correlations between recombination rate and FST, dxy, π, and 

between FST and π. Relationships between parameters were broadly consistent across populations 

(Table S10). 

  



 

 

 

 

 
Figure S26. Putative centromere regions and comparison of population differentiation in 

centromeres and sexual trait loci. (A) Scans of repeat content, measured as the proportion of 

bases in sliding windows annotated as repeat elements (top panels), and recombination rate 

(bottoms panels) in 1 Mb sliding windows with a 100 kb step size. Putative centromere regions 

are shaded in grey. (B) Distributions of FST between parental populations in putative centromeres 

(grey) and sexual trait loci (colors) measured from non-overlapping 10 kb windows; asterisks 

summarize statistical comparisons between distributions (***P < 2.2 × 10-16). 

 



 

 

 

 

 
Figure S27. Detail of statistics used to detect divergent selection in the KITLG region of 

chromosome 1A. Scans of population branch statistics (PBS), π, Tajima’s D, and cross-

population effective haplotype homozygosity (xp-EHH). The locations of KITLG and other 

genes are shown, and the region associated with ventral color is shaded in grey. Scans in rustica, 

tytleri, and gutturalis are shown as red, yellow, and blue lines, respectively. Dashed horizontal 

lines in the Tajima’s D panel are population means for the chromosome. In xp-EHH panels, 

colored points indicate SNPs that exceeded the genome-wide 99th quantile.  



 

 

 

 

 
Figure S28. Detail of statistics used to detect divergent selection in the PLXNC1 region of 

chromosome 1A. Scans of population branch statistics (PBS), π, Tajima’s D, and cross-

population effective haplotype homozygosity (xp-EHH). The locations of PLXNC1 and other 

genes are shown, and the region associated with ventral color is shaded in grey. Scans in rustica, 

tytleri, and gutturalis are shown as red, yellow, and blue lines, respectively. Dashed horizontal 

lines in the Tajima’s D panel are population means for the chromosome. In xp-EHH panels, 

colored points indicate SNPs that exceeded the genome-wide 99th quantile.  



 

 

 

 

 
Figure S29. Detail of statistics used to detect divergent selection in the SPEF2, PRLR, and 

SLC45A2 region of the Z chromosome. Scans of population branch statistics (PBS), π, 

Tajima’s D, and cross-population effective haplotype homozygosity (xp-EHH). The locations of 

SPEF2, PRLR, SLC45A2 and other genes are shown, and the region associated with ventral color 

is shaded in grey. Scans in rustica, tytleri, and gutturalis are shown as red, yellow, and blue 

lines, respectively. Dashed horizontal lines in the Tajima’s D panel are population means for the 

chromosome. In xp-EHH panels, colored points indicate SNPs that exceeded the genome-wide 

99th quantile.  



 

 

 

 

 
Figure S30. Detail of statistics used to detect divergent selection in the BNC2 region of the 

Z chromosome. Scans of population branch statistics (PBS), π, Tajima’s D, and cross-

population effective haplotype homozygosity (xp-EHH). The locations of BNC2 and other genes 

are shown, and the region associated with ventral color is shaded in grey. Scans in rustica, 

tytleri, and gutturalis are shown as red, yellow, and blue lines, respectively. Dashed horizontal 

lines in the Tajima’s D panel are population means for the chromosome. In xp-EHH panels, 

colored points indicate SNPs that exceeded the genome-wide 99th quantile.  



 

 

 

 

 
Figure S31. Detail of statistics used to detect divergent selection in the GNAQ region of the 

Z chromosome. Scans of population branch statistics (PBS), π, Tajima’s D, and cross-

population effective haplotype homozygosity (xp-EHH). The locations of GNAQ and other genes 

are shown, and the region associated with ventral color is shaded in grey. Scans in rustica, 

tytleri, and gutturalis are shown as red, yellow, and blue lines, respectively. Dashed horizontal 

lines in the Tajima’s D panel are population means for the chromosome. In xp-EHH panels, 

colored points indicate SNPs that exceeded the genome-wide 99th quantile.  



 

 

 

 

 
Figure S32. Detail of statistics used to detect divergent selection in the ROR2 region of the 

Z chromosome. Scans of population branch statistics (PBS), π, Tajima’s D, and cross-

population effective haplotype homozygosity (xp-EHH). The locations of ROR2 and other genes 

are shown, and the region associated with ventral color is shaded in grey. Scans in rustica, 

tytleri, and gutturalis are shown as red, yellow, and blue lines, respectively. Dashed horizontal 

lines in the Tajima’s D panel are population means for the chromosome. In xp-EHH panels, 

colored points indicate SNPs that exceeded the genome-wide 99th quantile.  



 

 

 

 

 
Figure S33. Detail of statistics used to detect divergent selection in the APC and CAMK4 

region of the Z chromosome. Scans of population branch statistics (PBS), π, Tajima’s D, and 

cross-population effective haplotype homozygosity (xp-EHH). The locations of APC, CAMK4, 

and other genes are shown, and the region associated with ventral color is shaded in grey. Scans 

in rustica, tytleri, and gutturalis are shown as red, yellow, and blue lines, respectively. Dashed 

horizontal lines in the Tajima’s D panel are population means for the chromosome. In xp-EHH 

panels, colored points indicate SNPs that exceeded the genome-wide 99th quantile.  



 

 

 

 

 
Figure S34. Detail of statistics used to detect divergent selection in the ICE1-lncRNA region 

of chromosome 2. Scans of population branch statistics (PBS), π, Tajima’s D, and cross-

population effective haplotype homozygosity (xp-EHH). The locations of ICE1, the lncRNA, 

and other genes are shown, and the region associated with tail streamer length is shaded in grey. 

Scans in rustica, tytleri, and gutturalis are shown as red, yellow, and blue lines, respectively. 

Dashed horizontal lines in the Tajima’s D panel are population means for the chromosome. In 

xp-EHH panels, colored points indicate SNPs that exceeded the genome-wide 99th quantile.  



 

 

 

 

 
Figure S35. Detail of statistics used to detect divergent selection in the PDE1C region of 

chromosome 2. Scans of population branch statistics (PBS), π, Tajima’s D, and cross-population 

effective haplotype homozygosity (xp-EHH). The locations of PDE1C and other genes are 

shown, and the region associated with tail streamer length is shaded in grey. Scans in rustica, 

tytleri, and gutturalis are shown as red, yellow, and blue lines, respectively. Dashed horizontal 

lines in the Tajima’s D panel are population means for the chromosome. In xp-EHH panels, 

colored points indicate SNPs that exceeded the genome-wide 99th quantile.  



 

 

 

 

 
Figure S36. Geographic clines for loci with similar support for two models in the rustica-

tytleri and rustica-gutturalis hybrid zones. Clines of hybrid index (h) with similar AIC support 

(∆AIC ≤ 2) for models I and II, used to assess visual fit to the data. * Denotes the model with 

lower AIC in each panel. Cline fits under models I and II are shown as grey dashed lines and 

black lines, respectively. Black cross marks represent locality mean h values in each transect. 

 

  



 

 

 

 

 
Figure S37. Comparison of geographic cline widths for trait loci and background loci with 

similar levels of differentiation between parental populations. Distributions of cline width 

(w) in kilometers for trait loci (colors) and background loci (grey) with matching allele frequency 

differences (AFD) between parental populations (i.e., within one standard deviation of mean 

AFD for trait loci; see text under population labels for details on AFD distributions). Results are 

shown for each hybrid zone based on the maximum AFD per locus (A-C) and the mean AFD per 

locus (D-F). 



 

 

 

 

 
Figure S38. Comparison of geographic cline widths for SNPs with similar levels of 

differentiation in trait loci versus the genome background. Distributions of cline width (w) in 

kilometers for SNPs in trait loci (colors) and the genome background (grey) in bins of increasing 

matched allele frequency differences (0.2 < AFD ≤ 0.5) between parental populations for the 

(A) rustica-tytleri, (B) rustica-gutturalis, and (C) tytleri-gutturalis hybrid zone transects. 

Genomic positions of trait (colors) and background SNPs (grey) are shown for (D) chromosome 

1A and (E) the Z chromosome. Note that these results differ from those shown in Fig. S37; here 

geographic clines were inferred from individual SNPs to enable comparisons in bins of 

increasing matched AFD, rather than from entire loci (as in Fig. S37). 



 

 

 

 

 
Figure S39. Inter-chromosomal linkage disequilibrium between trait loci and centromeres 

in hybrid zones. Inter-chromosomal linkage disequilibrium (LD; r2) measured between SNPs in 

trait loci (colors) and putative centromeres (grey) with increasing allele frequency differences 

between parental populations (x-axis) for the (A) rustica-tytleri, (B) rustica-gutturalis, and (C) 

tytleri-gutturalis hybrid zones. 

  



 

 

 

 

 
Figure S40. Decay of linkage disequilibrium with physical distance. Mean linkage 

disequilibrium (LD; r2) with increasing physical distance between SNPs (x-axis) in parental (top) 

and hybrid zone (bottom) populations. Solid lines show LD decay on autosomes and dashed lines 

show decay on the Z chromosome. 

  



 

 

 

 

 
Figure S41. Pairwise linkage disequilibrium between trait loci at ancestry-informative 

SNPs. Intra- and inter-chromosomal linkage disequilibrium (LD; r2) measured between SNPs in 

pairs of trait loci. All SNPs used in pairwise analyses had allele frequency differences ranging 

between 0.3 – 0.6 between parental populations. The color scales range from relatively high (red) 

to low (white) LD, and mean LD is labeled for each pair of loci. 



 

 

 

 

 
Figure S42. Inter-chromosomal linkage disequilibrium between trait loci in simulated F1s 

and real hybrids. Inter-chromosomal linkage disequilibrium (LD; r2) measured between SNPs 

in trait loci in sampled hybrids (colors) and F1s simulated from parental haplotypes (grey) for the 

(A) rustica-tytleri, (B) rustica-gutturalis, and (C) tytleri-gutturalis hybrid zones. Inter-

chromosomal LD is shown in intervals of increasing allele frequency differences between 

parental populations (x-axis). 

  



 

 

 

 

 
Figure S43. Comparison between degree of genetic coupling maintained among trait loci 

and proxies for reproductive isolation. (A) The x-axis shows the coupling effect size, 

measured as the magnitude of differences in inter-chromosomal LD among trait loci and 

background SNPs with matched allele frequency differences between parental populations for 

each hybrid zone. The y-axis shows genome-wide FST between parental populations as a proxy 

for reproductive isolation. (B) The y-axis is the same as in (A); The y-axis shows 1 - the genomic 

cline slope SD parameter as a proxy for reproductive isolation. Points show the pairwise 

intersection of mean values and lines show variance as either SD (coupling effect size and FST) 

or credible interval (cline slope) for the three hybrid zones.   

  



 

 

 

 

Table S1. Mate choice trait variation among barn swallows. Variation in melanin-based 

ventral color, measured as breast average brightness (% reflectance), and tail streamer lengths in 

millimeters (mm) among barn swallow subspecies and hybrid zones (mean ± standard 

deviation). 
Subspecies/zone Ventral color (% reflectance) Tail streamer length (mm) 

erythrogaster 26.1 ± 4.7 86.9 ± 11.4 

gutturalis 43.5 ± 10.9 89.4 ± 10.25 

rustica 52.9 ± 9.3 103.2 ± 13 

savignii 14.8 ± 3.7 92.5 ± 11 

transitiva 25.4 ± 7.2 100.3 ± 15.2 

tytleri 20.6 ± 6.3 100.9 ± 13.5 

rustica-gutturalis 55.1 ± 8.5 97.3 ± 10.9 

rustica-tytleri 30.6 ± 16.7 98.7 ± 11.9 

tytleri-gutturalis 28.4 ± 10.7 94.5 ± 11.5 

 

  



 

 

 

 

Table S2. Statistical tests of phenotype variation among hybrid zones. One-way ANOVA 

and Tukey post-hoc test results comparing ventral color (mean brightness; % reflectance) and tail 

streamer length (mm) for parental and hybrid populations for each hybrid zone. 
  ANOVA  Tukey post-hoc 

Trait Hybrid zone F P-value 
 Populations T P-value 

Ventral Color rustica-tytleri 222.9 < 2.2 × 10-16  rustica vs tytleri -17.3 < 1 × 10-7 

     hybrid vs rustica -16.6 < 1 × 10-7 

     hybrid vs tytleri -5.1 9.9 × 10-7 

 rustica-gutturalis 97.23 < 2.2 × 10-16  rustica vs gutturalis 10.99 < 1 × 10-4 

     hybrid vs rustica  1.8 0.16 

     hybrid vs gutturalis  10.94 < 1 × 10-4 

 tytleri-gutturalis 246.4 < 2.2 × 10-16  tytleri vs gutturalis -15.1 < 1 × 10-7 

     hybrid vs tytleri 4.9 2.14 × 10-6 

     hybrid vs gutturalis -18.9 < 1 × 10-7 

Tail streamer length rustica-tytleri 5.22 0.0058  rustica vs tytleri -1.19 0.45 

     hybrid vs rustica -3.22 0.0038 

     hybrid vs tytleri 1.07 0.53 

 rustica-gutturalis 115.9 < 2.2 × 10-16  rustica vs gutturalis 14.8 < 1 × 10-5 

     hybrid vs rustica  6.88 1.3 × 10-5 

     hybrid vs gutturalis  -4.57 < 1 × 10-5 

 tytleri-gutturalis 38.7 < 2.2 × 10-16  tytleri vs gutturalis 7.36 < 0.001 

     hybrid vs tytleri -3.95 < 0.001 

     hybrid vs gutturalis 6.14 < 0.001 

  



 

 

 

 

Table S3. Geographic sampling of parental populations included in the reduced 

representation genome sequencing (RADseq) dataset used for demographic inference. 

Samples were sampled from localities also represented in the whole genome sequencing dataset. 
Population Country Location Latitude Longitude n 

rustica Russia Karasuk 53.689814 77.655419 27 

  Krasnoyarsk 56.357935 92.867796 22 

  Moscow 56.809699 37.825493 31 

  Novosibirsk 55.031644 82.936521 2 

  Yekaterinburg 57.558842 62.662777 50 

tytleri Russia Malamolevo 53.39529 102.857567 6 

  Kytyleek 53.389091 102.871307 9 

  Umigan 54.67273 100.094238 9 

  Zakaltoose 52.021259 106.590942 30 

gutturalis China Boatu 40.552814 109.99833 26 

  Beijing 39.820223 116.332369 12 

  Changchun 43.906216 125.314668 31 

  Changsha 28.400245 112.805998 18 

  Harbin 45.761237 126.609063 43 

  Nanning 22.791937 108.330895 17 

  Qinhuangdao 39.92558 119.594752 28 

  Qiqihar 47.339176 123.978505 26 

  Shenyang 41.808232 123.525653 14 

  Shuang 46.59295 131.248593 33 

  Xian 34.345908 108.806799 22 

  Yinchuan 38.461518 106.286518 30 

  Zhengzhou 34.780976 113.65069 28 

 

  



 

 

 

 

Table S4. Biological parameter estimates from two-population demographic models. 

Results of the best-fitting model to the unfolded joint site-frequency spectrum (JSFS) between 

each pair of parental populations. Details on the best-fit runs for all models are in Data S2. 

Parameters were scaled to biological estimates assuming a per-generation mutation rate of 2.3 × 

10-9, a generation time of one year, and a sampled effective genome length of 7,279,472 bp. 
Populations Model  Na N1 N2 m12 m21 me12 me21 tS tSC 

rustica & tytleri SC2m 441.36 13,169 48,025 26,101 16.93 22.1 3.96 7.75 9,567.82 981.21 

rustica & gutturalis SC2m 620.69 18,536 79,413 25,213 17.37 13.49 3.34 5.14 12,556.58 2,066.42 

tytleri & gutturalis SC 491.98 14,692 50,400 17,093 12.29 12.72 – – 9,179.25 884.91 

 = Optimal scaling factor between the model and the empirical JSFS; Na, N1, N2 = effective population size of the ancestral population, population 1, and 

population 2, respectively, scaled by 2Nref units; m12 = effective number of migrants per generation from population 2 into population 1; m21 = effective 

number of migrants from population 1 into population 2; me12 and me21 = reduced effective migration rate in genomic islands between populations 1 and 2; 

tS = number of generations since divergence, prior to the onset of gene flow in secondary contact; tSC = number of generations since entering secondary 

contact.  



 

 

 

 

Table S5. Results of genome-wide association mapping using Bayesian sparse linear mixed 

models (BSLMM) on hybrids to characterized the genetic architecture of mate choice 

plumage traits. Posterior hyperparameter estimates (median ± standard deviation) of the 

proportion of phenotypic variance explained by all SNPs (PVE), proportion of variance 

explained by SNPs with measurable effects (PGE), and the number of SNPs in the models. 

Trait PVE PGE n SNPs 

Ventral color 0.97 ± 0.065 0.79 ± 0.132 12 ± 14.72 

Tail streamer length 0.95 ± 0.09 0.49 ± 0.12 2 ± 2.77 

   



 

 

 

 

Table S6. Results of genome-wide association mapping using linear mixed models. Numbers 

of SNPs with significant associations with ventral plumage color and tail steamer length across 

analyses of the hybrid dataset, full dataset, the full dataset with randomized phenotypes, and 

males versus females. Sample sizes (n) vary due to missing trait data for some individuals. 

Significant SNPs exceeded a Bonferroni-corrected -log10(P-value < 0.05) threshold. 

Trait Analysis n Total SNPs Significant SNPs 
Genes containing 

significant SNP(s) 

Genes within 50 kb 

of significant SNP(s) 

Ventral color Hybrid 159 9,033,285 1,051 72 149 

Full 305 9,311,628 773 63 119 

Full (randomized) 305 9,311,628 0 0 0 

Male 157 8,851,265 148 21 52 

Female 148 8,757,718 248 24 36 

Tail streamer length Hybrid 151 8,870,504 62 4 14 

Full 300 9,246,603 136 5 20 

Full (randomized) 300 9,246,603 0 0 0 

Male 151 8,743,581 0 0 0 

Female 149 8,773,176 0 0 0 

 

  



 

 

 

 

Table S7. Details of candidate genes identified in genome-wide linear mixed model 

association tests for ventral plumage color and tail streamer length. The position and Wald 

test P-value are reported for the most significant SNP within 50 kb of the gene (P-values 

reported in the main text for associations containing candidate genes correspond to the most 

significant association for the broader region). 
Trait Chr. Scaffold SNP P-value Annotation Gene Start End Strand 

Ventral color 1A NC_053453.1 44,285,485 8.95E-10 intergenic KITLG 44,194,614 44,248,428 - 

1A NC_053453.1 46,520,417 2.03E-10 intergenic PLXNC1 46,488,629 46,558,914 + 

Z NC_053488.1 18,954,203 1.29E-10 intergenic SPEF2 18,835,478 18,913,404 - 

Z NC_053488.1 19,018,140 1.45E-13 intron PRLR 18,913,803 19,065,706 + 

Z NC_053488.1 19,332,900 5.46E-13 intergenic SLC45A2 19,350,426 19,365,366 + 

Z NC_053488.1 33,380,365 8.98E-12 intron BNC2 33,250,305 33,382,837 - 

Z NC_053488.1 35,903,569 4.08E-13 intergenic GNAQ 35,948,755 36,067,437 - 

Z NC_053488.1 44,206,228 1.12E-13 intergenic ROR2 44,106,369 44,157,176 - 

Z NC_053488.1 46,065,026 4.53E-14 intron APC 45,988,157 46,109,313 - 

Z NC_053488.1 46,901,341 1.41E-14 intron CAMK4 46,706,857 46,915,499 - 

Tail streamer 2 NC_053450.1 98,076,904 5.34E-09 intergenic ICE1 98,082,401 98,124,818 + 

2 NC_053450.1 98,076,904 5.34E-09 intergenic lncRNA 98,092,866 98,132,143 - 

2 NC_053450.1 100,834,905 6.55E-19 intron PDE1C 100,718,916 101,015,210 - 

   



 

 

 

 

Table S8. Relative differentiation in genomic regions associated with mate choice traits. 

Distributions of FST (mean ± standard deviation) in genomic regions containing significant 

GWA SNPs (i.e., -log10(P) ≥ Bonferroni-correction) and results of Mann-Whitney ∪ tests 

comparing distributions to those for non-significant SNPs. Due to the presence of association 

peaks with ventral color on the Z chromosome, results for autosomes and the Z chromosome are 

also shown separately. FST values are means from the 10 kb window containing each SNP and 

were sampled once in cases where multiple significant SNPs were in the same window. 
Trait Populations All sig. All non. Autosome sig. Autosome non. Z chr. sig. Z chr. Non. 

Ventral color rustica vs tytleri 0.39 ± 0.2** 0.02 ± 0.06 0.15 ± 0.14** 0.01 ± 0.02 0.43 ± 0.19** 0.13 ± 0.17 

 rustica vs gutturalis 0.38 ± 0.25** 0.04 ± 0.07 0.11 ± 0.1** 0.03 ± 0.03 0.43 ± 0.24** 0.16 ± 0.18 

 tytleri vs gutturalis 0.23 ± 0.23** 0.03 ± 0.05 0.09 ± 0.08** 0.02 ± 0.02 0.26 ± 0.23** 0.09 ± 0.13 

Tail streamer rustica vs tytleri 0.01 ± 0.04* 0.02 ± 0.06 – – – – 

 rustica vs gutturalis 0.03 ± 0.04 0.04 ± 0.07 – – – – 

 tytleri vs gutturalis 0.02 ± 0.02 0.02 ± 0.05 – – – – 

Abbreviations: sig. = significant SNPs; non. = non-significant SNPs; Z chr. = Z chromosome. *P < 0.05; **P < 0.0001. 

 

  



 

 

 

 

Table S9. Genome-wide population genetic summary statistics within and between parental 

rustica, tytleri, and gutturalis populations. Mean ± standard deviation between-population 

differentiation (FST), between-population nucleotide differences (dxy), and within-population 

nucleotide diversity (π) across the whole genome, and on autosomes, the Z chromosome, and the 

W chromosome, specifically. All statistics were calculated in non-overlapping 100 kb windows. 
Statistic Populations Genome-wide Autosome Z chromosome W chromosome 

FST rustica vs tytleri 0.038 ± 0.133 0.011 ± 0.018 0.134 ± 0.169 0.679 ± 0.355 

 rustica vs gutturalis 0.058 ± 0.139 0.029 ± 0.028 0.167 ± 0.181 0.713 ± 0.355 

 tytleri vs gutturalis 0.037 ± 0.106 0.02 ± 0.018 0.088 ± 0.131 0.536 ± 0.368 

dxy rustica vs tytleri 0.0049 ± 0.0021 0.0053 ± 0.0018 0.0023 ± 0.001 0.00025 ± 0.00032 

 rustica vs gutturalis 0.005 ± 0.0021 0.0053 ± 0.0018 0.0024 ± 0.001 0.00023 ± 0.00028 

 tytleri vs gutturalis 0.0049 ± 0.0021 0.0053 ± 0.0018 0.0021 ± 0.001 0.00015 ± 0.00026 

π rustica 0.0049 ± 0.0021 0.0053 ± 0.0018 0.0021 ± 0.0011 0.00004 ± 0.00016 

 tytleri 0.0048 ± 0.0021 0.0052 ± 0.0018 0.002 ± 0.0011 0.00006 ± 0.00024 

 gutturalis 0.0047 ± 0.002 0.0051 ± 0.0017 0.002 ± 0.001 0.00004 ± 0.00018 

 

  



 

 

 

 

Table S10. Genome-wide relationships between relative population differentiation (FST) 

and other population genetic parameters. Spearman’s correlation coefficients (ρ) and P-values 

are reported to summarize relationships within and among pairs of parental populations. All 

correlations were calculated using parameter estimates in non-overlapping 100 kb windows. 
Parameters Populations ρ P 

FST, recombination rate rustica vs tytleri -0.52 < 2.2 × 10-16 

 rustica vs gutturalis -0.57 < 2.2 × 10-16 

 tytleri vs gutturalis -0.44 < 2.2 × 10-16 

FST, π rustica vs tytleri, rustica -0.46 < 2.2 × 10-16 

 rustica vs tytleri, tytleri -0.47 < 2.2 × 10-16 

 rustica vs gutturalis, rustica -0.53 < 2.2 × 10-16 

 rustica vs gutturalis, gutturalis -0.55 < 2.2 × 10-16 

 tytleri vs gutturalis, tytleri -0.41 < 2.2 × 10-16 

 tytleri vs gutturalis, gutturalis -0.42 < 2.2 × 10-16 

FST, dxy rustica vs tytleri -0.46 < 2.2 × 10-16 

 rustica vs gutturalis -0.52 < 2.2 × 10-16 

 tytleri vs gutturalis -0.40 < 2.2 × 10-16 

FST, FST rustica vs tytleri, rustica vs gutturalis 0.52 < 2.2 × 10-16 

 rustica vs tytleri, tytleri vs gutturalis 0.45 < 2.2 × 10-16 

 rustica vs gutturalis, tytleri vs gutturalis 0.66 < 2.2 × 10-16 

  



 

 

 

 

Table S11. Model estimates from geographic cline analyses of the genome background and 

trait-associated candidate loci. Background estimates are from 1,000 randomly sampled 100 

SNP windows with minor allele frequency ≥ 0.1. Background cline parameters are summarized 

using mean estimates ± standard deviation. 
Hybrid zone Chromosome Locus Model Center (c) Width (w) pMin pMax 

rustica-tytleri – Background – 1442.16 ± 85.34 977 ± 483.67 0.1 ± 0.07 0.94 ± 0.07 

 1A KITLG I 1372.37 122.49 0.00 0.92 

 1A PLXNC1 I 1363.44 94.09 0.03 0.90 

 Z SPEF2-PRLR II* 1384.03 165.42 0.04 0.89 

 Z SLC45A2 II* 1372.39 185.30 0.01 0.85 

 Z BNC2 I 1380.61 365.21 0.00 1.00 

 Z GNAQ I 1368.55 139.15 0.00 0.95 

 Z ROR2 II* 1385.40 222.80 0.00 0.87 

 Z APC-CAMK4 II* 1375.50 150.53 0.01 0.87 

 2 ICE1-lncRNA I 1336.49 120.71 0.20 0.77 

 2 PDE1C II* 1337.63 171.11 0.17 0.81 

rustica-gutturalis – Background – 1961 ± 58.01 1901.02 ± 220.07 0.07 ± 0.06 0.77 ± 0.09 

 1A KITLG I 2473.15 367.13 0.00 0.85 

 1A PLXNC1 I 2526.81 1259.48 0.02 1.00 

 Z SPEF2-PRLR I 2438.50 994.72 0.00 1.00 

 Z SLC45A2 II† 2430.98 591.68 0.01 0.87 

 Z BNC2 I 2531.59 470.71 0.01 0.89 

 Z GNAQ I 2537.02 591.45 0.00 0.98 

 Z ROR2 I 2476.39 411.95 0.00 1.00 

 Z APC-CAMK4 I 2490.69 386.96 0.00 1.00 

 2 ICE1-lncRNA II† 2495.28 934.76 0.13 0.84 

 2 PDE1C I 2709.07 470.07 0.23 0.84 

tytleri-gutturalis – Background – 1042.4 ± 219.5 1693 ± 508.26 0.03 ± 0.05 0.96 ± 0.09 

 1A KITLG I 1408.30 2212.62 0.00 0.64 

 1A PLXNC1 I 1419.75 2213.71 0.00 0.93 

 Z SPEF2-PRLR I 1020.98 1495.81 0.00 0.56 

 Z SLC45A2 I 1219.67 1573.82 0.11 0.94 

 Z BNC2 I 1312.11 1511.43 0.00 1.00 

 Z GNAQ I 1274.07 2212.02 0.00 1.00 

 Z ROR2 I 1095.78 1275.43 0.00 1.00 

 Z APC-CAMK4 I 851.81 907.42 0.00 1.00 

 2 ICE1-lncRNA I 1228.71 2213.95 0.00 0.81 

 2 PDE1C I 1414.51 2214.04 0.20 1.00 

* Model I had similar support in the rustica-tytleri zone (∆AIC SPEF2-PRLR = 0.08, SLC45A2 = 1.6, ROR2 = 0.67, APC-CAMK4 = 1.3, PDE1C = 0.45), 

but was a poor visual fit to the data (see Fig. S36). 
 

† Model I had similar support in the rustica-gutturalis zone (∆AIC SLC45A2 = 1.1, ICE1-lncRNA = 1.3). 

  



 

 

 

 

Table S12. Genome-wide genomic cline parameter estimates. Cline slope and center 

parameter standard deviation (σ; this is the actual model parameter from the hierarchical model) 

and related empirical standard deviations (SD; these are computed from the cline parameter 

estimates and are thus derived parameters and not part of the formal model) from genomic cline 

analyses across the three hybrid zones.  
Parameter rustica-tytleri rustica-gutturalis tytleri-gutturalis 

σv 0.283 0.191 0.358 

σv lower CI 0.266 0.179 0.336 

σv upper CI 0.301 0.203 0.380 

SDv 0.273 0.187 0.329 

SDv lower CI 0.260 0.178 0.314 

SDv upper CI  0.286 0.196 0.345 

σc 0.459 0.486 0.467 

σc upper CI 0.431 0.460 0.439 

σc lower CI 0.489 0.513 0.499 

SDc 0.466 0.494 0.473 

SDc lower CI 0.444 0.476 0.450 

SDc upper CI  0.488 0.512 0.497 

σv = cline slope standard deviation parameter; σc = cline center standard deviation parameter; SDv,c = empirical standard deviation of cline slope and 

center parameters; CI = 95% credible interval.  



 

 

 

 

Table S13. Assignment of barn swallow genome scaffolds to chromosomes. Sequence 

homology-based conversion of original barn swallow scaffold chromosome assignments to 

karyotypic chromosomes in the zebra finch (Taeniopygia guttata) genome assembly. 
Scaffold Original assignment Zebra finch scaffold Final assignment Scaffold length (bp) 

NC_053451.1 chromosome 2 NC_044998.1 Chromosome 1 119023421 

NW_024403813.1 chromosome 2, unlocalized NC_044998.1 Chromosome 1, unlocalized 43722 

NC_053453.1 chromosome 4 NC_044999.1 Chromosome 1A 76187387 

NW_024403819.1 chromosome 4, unlocalized NC_044999.1 Chromosome 1A, unlocalized 89507 

NC_053450.1 chromosome 1 NC_045000.1 Chromosome 2 156035725 

NW_024403809.1 chromosome 1, unlocalized NC_045000.1 Chromosome 2, unlocalized 353740 

NW_024403810.1 chromosome 1, unlocalized NC_045000.1 Chromosome 2, unlocalized 281945 

NW_024403811.1 chromosome 1, unlocalized NC_045000.1 Chromosome 2, unlocalized 109630 

NW_024403812.1 chromosome 1, unlocalized NC_045000.1 Chromosome 2, unlocalized 69765 

NC_053452.1 chromosome 3 NC_045001.1 Chromosome 3 116801625 

NW_024403814.1 chromosome 3, unlocalized NC_045001.1 Chromosome 3, unlocalized 111011 

NW_024403815.1 chromosome 3, unlocalized NC_045001.1 Chromosome 3, unlocalized 92199 

NW_024403816.1 chromosome 3, unlocalized NC_045001.1 Chromosome 3, unlocalized 17442 

NW_024403817.1 chromosome 3, unlocalized NC_045001.1 Chromosome 3, unlocalized 32528 

NW_024403818.1 chromosome 3, unlocalized NC_045001.1 Chromosome 3, unlocalized 29558 

NC_053454.1 chromosome 5 NC_045002.1 Chromosome 4 73257097 

NW_024403820.1 chromosome 5, unlocalized NC_045002.1 Chromosome 4, unlocalized 216157 

NW_024403821.1 chromosome 5, unlocalized NC_045002.1 Chromosome 4, unlocalized 116708 

NW_024403822.1 chromosome 5, unlocalized NC_045002.1 Chromosome 4, unlocalized 116594 

NW_024403823.1 chromosome 5, unlocalized NC_045002.1 Chromosome 4, unlocalized 41746 

NC_053470.1 chromosome 21 NC_045003.1 Chromosome 4A 9617204 

NW_024403828.1 chromosome 21, unlocalized NC_045003.1 Chromosome 4A, unlocalized 35023 

NC_053455.1 chromosome 6 NC_045004.1 Chromosome 5 63258489 

NW_024403824.1 chromosome 6, unlocalized NC_045004.1 Chromosome 5, unlocalized 17742 

NC_053457.1 chromosome 8 NC_045005.1 Chromosome 6 36085389 

NC_053456.1 chromosome 7 NC_045006.1 Chromosome 7 38459648 

NC_053458.1 chromosome 9 NC_045007.1 Chromosome 8 31262510 

NC_053459.1 chromosome 10 NC_045008.1 Chromosome 9 25880253 

NC_053462.1 chromosome 13 NC_045009.1 Chromosome 10 20272128 

NW_024403826.1 chromosome 13, unlocalized NC_045009.1 Chromosome 10, unlocalized 72671 

NC_053460.1 chromosome 11 NC_045010.1 Chromosome 11 21491857 

NW_024403825.1 chromosome 11, unlocalized NC_045010.1 Chromosome 11, unlocalized 36741 

NC_053461.1 chromosome 12 NC_045011.1 Chromosome 12 20890524 

NC_053463.1 chromosome 14 NC_045012.1 Chromosome 13 18810845 

NC_053464.1 chromosome 15 NC_045013.1 Chromosome 14 16541138 

NW_024403827.1 chromosome 15, unlocalized NC_045013.1 Chromosome 14, unlocalized 34847 

NC_053466.1 chromosome 17 NC_045014.1 Chromosome 15 13985943 

NC_053469.1 chromosome 20 NC_045015.1 Chromosome 17 11194341 

NC_053467.1 chromosome 18 NC_045016.1 Chromosome 18 12073725 

NC_053468.1 chromosome 19 NC_045017.1 Chromosome 19 11382101 

NC_053465.1 chromosome 16 NC_045018.1 Chromosome 20 15277844 

NC_053471.1 chromosome 22 NC_045019.1 Chromosome 21 7507825 

NW_024403829.1 chromosome 22, unlocalized NC_045019.1 Chromosome 21, unlocalized 95381 

NC_053477.1 chromosome 28 NC_045020.1 Chromosome 22 5297670 

NC_053474.1 chromosome 25 NC_045021.1 Chromosome 23 6778862 

NC_053472.1 chromosome 23 NC_045022.1 Chromosome 24 7098401 

NC_053478.1 chromosome 29 NC_045023.1 Chromosome 25 2102120 

NW_024403832.1 chromosome 29, unlocalized NC_045023.1 Chromosome 25, unlocalized 67659 

NW_024403833.1 chromosome 29, unlocalized NC_045023.1 Chromosome 25, unlocalized 135211 



 

 

 

 

NC_053473.1 chromosome 24 NC_045024.1 Chromosome 26 6843954 

NC_053476.1 chromosome 27 NC_045025.1 Chromosome 27 5236451 

NW_024403830.1 chromosome 27, unlocalized NC_045025.1 Chromosome 27, unlocalized 65965 

NW_024403831.1 chromosome 27, unlocalized NC_045025.1 Chromosome 27, unlocalized 24934 

NC_053475.1 chromosome 26 NC_045026.1 Chromosome 28 5553549 

NC_053479.1 chromosome 30 NC_045955.1 Chromosome 29 1648998 

NW_024403834.1 chromosome 30, unlocalized NC_045955.1 Chromosome 29, unlocalized 27319 

NC_053480.1 chromosome 31 – chromosome 31 1590086 

NC_053481.1 chromosome 32 – chromosome 32 784579 

NC_053482.1 chromosome 33 – chromosome 33 437724 

NW_024403835.1 chromosome 33, unlocalized – chromosome 33, unlocalized 276281 

NC_053483.1 chromosome 34 – chromosome 34 606149 

NC_053484.1 chromosome 35 – chromosome 35 523230 

NC_053485.1 chromosome 36 – chromosome 36 338027 

NC_053486.1 chromosome 37 – chromosome 37 276370 

NC_053488.1 chromosome Z NC_045027.1 Chromosome Z 90132487 

NW_024403838.1 chromosome Z, unlocalized NC_045027.1 Chromosome Z, unlocalized 25280 

NC_053487.1 chromosome W NC_045028.1 Chromosome W 31704074 

NW_024403836.1 chromosome W, unlocalized NC_045028.1 Chromosome W, unlocalized 626370 

NW_024403837.1 chromosome W, unlocalized NC_045028.1 Chromosome W, unlocalized 49179 

 

  



Data S1. (separate file) 

List of samples used in the study, with locality, sex, plumage trait, and genome sequencing 

details. 

Data S2. (separate file) 

Two-population demographic models fit to the observed unfolded joint site-frequency spectra 

between parental populations. Results of the best-fit run per model are shown. Model fits are 

ranked by -Δ AIC. 

Data S3. (separate file) 

Details of SNPs with significant associations with ventral color and tail streamer length in linear 

mixed model analyses of genome-wide associations in hybrids. 
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