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A B S T R A C T

Studies of widely distributed species can inform our understanding of how past demographic events tied to
historic glaciation and ongoing population genetic processes interact to shape contemporaneous patterns of
biodiversity at a continental scale. In this study, we used whole-genome resequencing to investigate the current
population structure and genetic signatures of past demographic events in the widespread migratory American
goldfinch (Spinus tristis). Phylogenetic relationships inferred from whole mitochondrial genomes were poorly
resolved. In contrast, a genome-wide panel of > 4.5 million single nucleotide polymorphisms (SNPs) strongly
supported the existence of eastern and western populations separated by western mountain ranges and additional
population structuring within the western clade. Demographic modeling estimated that the eastern and western
populations diverged approximately one million years ago, and both populations experienced subsequent pop-
ulation bottlenecks during the last glacial period. Species distribution models showed a severe contraction of
suitable habitat for the American goldfinch during this period, with predicted discontinuities that are consistent
with multiple, isolated glacial refugia that coincide with present-day population structure. Low overall genetic
differentiation between the eastern and western populations (FST ~ 0.01) suggests ongoing gene flow accom-
panied divergence, and individuals with admixed genomic signatures were sampled along a potential contact
zone. Nevertheless, outlier SNPs were identified near genes associated with feather color, song, and migratory
behavior and provide strong candidates for further study of the mechanisms underlying reproductive isolation
and speciation in birds.

1. Introduction

Understanding how historic demographic events and contemporary
population genetic processes contribute to shaping current patterns of
biodiversity is receiving renewed focus in view of the threats posed by
anthropogenic climate change and landscape-scale alterations to habitat
(Cristofari et al. 2018, Dierickx et al. 2020, Gagnaire 2020, McCaslin and
Heath 2020). In temperate North America, Quaternary ice ages are
recognized as a major historic influence that shaped current species
distributions and population structure (Hewitt 2000, 2004). Alternating
cycles of glaciation interspersed with periods of interglacial warming
during the Pleistocene profoundly reshaped the available habitat for
many species and caused populations to contract into refugia located at
the southern edges of advancing glaciers before expanding into newly

available habitat upon glacial retreat (Hewitt 2000, 2004; Brunsfeld
et al. 2001). These historic responses to a changing climate in many
cases left tell-tale signatures in the genomes of current species that can
be used to infer past demographic events such as population bottlenecks
associated with refugial contraction or population expansions that fol-
lowed glacial retreat (Milà et al. 2000, Spellman et al. 2007,
Nadachowska-Brzyska et al. 2015).

However, current genetic diversity is not merely a static byproduct of
deep demographic history but is also a dynamic trait that both reflects
and influences ongoing processes of migration, genetic drift, and selec-
tion at the population level (Wolf et al. 2010, Miraldo et al. 2016; Sin
et al. 2021). Studying these processes, at least at the whole-genome
level, has traditionally been the purview of comparative population
genomics, but the value of phylogeographic methods that interpret
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patterns of genetic variation in a geographically explicit manner has
long been recognized (Avise et al. 1987, Avise 2000, Gagnaire 2020,
Edwards et al. 2022). A major focus of comparative phylogeographic
approaches is to identify commonalities in the population structure and
divergence times of co-distributed taxa to understand how landscape
features have shaped current species assemblages (Burbrink et al. 2016,
Edwards et al. 2022, Huynh et al. 2023). Nevertheless, intraspecific
studies, especially of species whose ecology, behavior and life history
are well characterized, can not only generate baseline data necessary for
future comparative studies but can also yield a fine-grained view of the
mechanics of selection underlying processes of local adaptation and
reproductive isolation. Although sometimes overlooked relative to
species of conservation concern, common and widespread species can
offer insight regarding how demographic events have shaped
continental-scale biodiversity. Widespread species additionally often
harbor geographically structured phenotypic or behavioral variation
whose genetic basis can more broadly inform our understanding of
speciation processes.

The American goldfinch (Spinus tristis, order Passeriformes, family
Fringillidae) is a widespread granivorous passerine common to weedy
fields, floodplains, and open woodlands across the entire breadth of
temperate North America (McGraw and Middleton 2020). With an
estimated census size of 44 million breeding individuals (Partners in
Flight, 2020), the American goldfinch is a common species throughout
much of its range and is categorized as of Least Concern according to the
IUCN Red List of Threatened Species (IUCN 2016). American goldfinch
are distributed as far north as central Canada during the breeding sea-
son, and as far south as central Mexico (in the east) and northern Baja
California (in the west) during the winter, with a wide band stretching

across the middle of this distributional range with year-round species
occurrence (McGraw and Middleton 2020, Fig. S1). The American
goldfinch is a partial migrant, where some individuals migrate south-
ward to overwinter whereas others remain in sedentary year-round
resident populations (Prescott and Middleton 1990). Banding data has
shown that even in portions of its range where the American goldfinch
occurs year-round, some local breeding populations migrate south in
winter and are replaced by distinct overwintering populations
(Middleton 1978).

There are four described subspecies of American goldfinch that
occupy partially overlapping distributional ranges and that are distin-
guished by clinal variation in body size and color saturation, in addition
to differences in the extent of white or pale wing and tail markings
(McGraw and Middleton 2020). S. t. tristis (Linnaeus 1758) is the most
common subspecies and is found throughout eastern North America as
far west as Colorado (Fig. 1). S. t. pallidus (Mearns 1890) is distributed
across the Great Plains, Rocky Mountains, and Intermountain West. The
remaining two subspecies occur along the Pacific coast and coastal
mountains. S. t. jewetti (van Rossem 1943) breeds in the Pacific North-
west and overwinters as far south as California. S. t. salicamans (Grinnell
1897) is largely resident along the Pacific coast from southern Oregon
through Southern California, but some individuals overwinter as far
south as northwestern Baja California and as far east as the Mojave and
Colorado Deserts (McGraw and Middleton 2020).

Despite being a common species and the focus of research spanning
topics as varied as cold tolerance (e.g. Cheviron and Swanson 2017),
carotenoid-based pigmentation (e.g. Kelly et al. 2012) and the effects of
herbicide use (Sughrue et al. 2008), there have been no previous efforts
to study the evolutionary history and population differentiation of the

Fig. 1. Subspecies range and sampling map for American goldfinch. Shaded areas indicate distributions of the four described subspecies estimated from occurrence
data obtained from GBIF in conjunction with described terrestrial ecoregions. Darker shaded areas indicate regions of overlap between estimated subspecies dis-
tributions. Filled symbols indicate the sampling locations of individuals used for whole-genome resequencing, with black circles indicating individuals sampled
during the breeding season and gray triangles indicating individuals sampled during the nonbreeding season. Symbols with white centers represent the five in-
dividuals with greatest genome admixture from Fig. 2c (note that two breeding season individuals were sampled from the same location in Oregon).
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American goldfinch with molecular sequence data. In this study, we
generate whole-genome resequencing data for 70 individuals sampled
across the distributional range of American goldfinch to investigate
population structure using complete mitochondrial DNA (mtDNA) ge-
nomes and genome-wide single nucleotide polymorphism (SNP)
markers. Our aims were: 1) to assess the extent to which patterns of
genetic differentiation coincide with described subspecies; 2) to
examine how the demographic history of American goldfinch might
have influenced current genetic variation, to what extent population
differentiation coincides with other co-distributed taxa and what com-
mon biogeographic patterns suggest regarding glacial refugia and post-
glacial expansion dynamics in temperate North America. We hypothe-
sized that major landscape features such as western mountain ranges,
acting in concert with isolated glacial refugia to either side of the
geographic divide, might have produced genetically differentiated
populations despite the current widespread and contiguous distribution
of American goldfinch across temperate North America; 3) to investigate
whether regions of the genome under selection coincide with genes
likely to underlie observed phenotypic or behavioral differences among
populations and what role these traits might play in reinforcing popu-
lation divergence. We hypothesized that divergent selection acting upon
loci involved in feather coloration, migratory behavior, or song might
occur as these traits are associated with sexual selection and reproduc-
tive isolation in other passerines (Bearhop et al. 2005, Tietze 2018).

2. Materials and methods

2.1. Whole-genome resequencing

Genomic DNA was isolated from blood or tissue samples from 70
American goldfinch individuals obtained from museum collections or
additional field sampling dating between 1983 and 2017 (Fig. 1, Suppl.
Data 1). Samples were chosen to represent the distributional range of
described subspecies as well as to cover both the breeding and
nonbreeding periods. DNA was extracted using the E.Z.N.A. Tissue DNA
Kit (Omega Bio-tek Inc., Norcross, Georgia USA) following the manu-
facturer’s protocol and DNA concentration was measured with the Qubit
DNA Assay Kit (Thermo Fisher Scientific, Waltham, Massachusetts USA).
Libraries of 350 bp insert size were prepared and whole-genome rese-
quencing was conducted by Novogene (Hong Kong). Libraries were
sequenced in paired-end mode (2 x 150 bp reads) on an Illumina
NovaSeq platform to yield approximately 20 Gb of data per sample. Raw
sequencing quality was assessed with FastQC v. 0.11.8 (Andrews 2010).

2.2. Data analysis

2.2.1. Subspecies range mapping
Occurrence data for each of the four described subspecies of Amer-

ican goldfinch were downloaded from the Global Biodiversity Infor-
mation Facility (GBIF 2024a-d). Distributional range polygons for each
subspecies were generated using default parameters of the R package
gbif.range (Chauvier et al. 2022) to combine decimal latitude and
longitude coordinates from occurrence data with available shapefiles
describing terrestrial ecoregions (Olson et al. 2001, The Nature
Conservancy 2009).

2.2.2. Read mapping and variant calling
Fastp v. 0.23.2 (Chen et al. 2018) was used to trim adapter sequences

and to merge overlapping read pairs. Processed reads were mapped to an
existing American goldfinch reference genome assembly (S. Y. W. Sin,
manuscript in prep.) with BWA-MEM v. 0.7.17 (Li and Durbin 2009).
SAMtools v. 1.14 (Li et al. 2009, Danecek et al. 2021) was used to merge
and sort mapped reads prior to marking and removing duplicates with
Picard v. 2.26.6 (https://broadinstitute.github.io/picard). Mosdepth v.
0.3.4 (Pedersen & Quinlan 2018) was used to calculate mapping depth
of coverage (DoC).

Variants were called using Genome Analysis Toolkit (GATK) Hap-
lotypeCaller v. 4.2.4.0 (Van der Auwera and O’Connor, 2020) followed
by GATK GenomicsDBImport and GenotypeGVCFs modules to output
variant call format (VCF) files for individual scaffolds. BCFtools v. 1.14
(Danecek et al. 2021) was used to concatenate output into a single VCF
and to filter data to retain SNP variants only and to exclude scaffolds that
aligned to sex chromosomes of the zebra finch with SatsumaSynteny (see
below). VCFTools v. 0.1.17 (Danecek et al. 2011) was used to filter
goldfinch scaffolds below 1 Mb in length and to retain biallelic SNPs
only. BCFtools and GATK’s VariantFiltration module were then used to
implement the Genome Analysis Toolkit best practices pipeline for
variant calling (Van der Auwera et al. 2013, Van der Auwera and
O’Connor, 2020) to filter SNPs with: QualByDepth (QD) < 2.0, Fish-
erStrand (FS) > 60.0, StrandOddsRatio (SOR) > 3.0, RMS Mapping
Quality (MQ)< 40.0, Mapping Quality Rank Sum Test (MQRankSum) <
-12.5, and ReadPosRankSum< -8.0 or> 8.0. VCFTools was used to filter
SNPs at a minor allele frequency (MAF) threshold of 0.05, maximum
missing threshold of 0.95 (i.e. allowing up to 5 % missing genotypes per
SNP), minDP 3, min-meanDP 3, maxDP 22 and max-meanDP 22 (with
the maximum values set at 1.5X the average SNP depth of coverage
[DoC] across individuals). PLINK v. 1.90b6.24 (Chang et al. 2015) was
used to prune filtered SNPs by linkage disequilibrium with the settings
− -indep-pairwise 50 10 0.5 (50 Kb window size, 10 bp step size, and r2

threshold 0.5). VCFTools was used to output summary metrics for data
set quality assessment, including measures of heterozygosity, missing-
ness, and depth of coverage. NGSrelate v. 2 (Hanghøj et al. 2019) was
used to calculate pairwise coefficients of relatedness between
individuals.

SatsumaSynteny v. 3.0 (Grabherr et al. 2010) was used to align
scaffolds of the reference American goldfinch genome assembly to the
representative RefSeq genome for the zebra finch (Taeniopygia guttata
assembly bTaeGut1.4pri, GenBank accession GCF_003957565.2).
Goldfinch scaffolds aligning to zebra finch sex chromosomes were
excluded from further analyses. Remaining goldfinch scaffolds greater
than 1 Mb in length were ordered and oriented into autosomal pseu-
dochromosomes according to their alignment with zebra finch chro-
mosome assemblies and zebra finch coordinates were lifted over to the
goldfinch for positions that had unique reciprocal alignments between
the two genomes.

2.2.3. Population structure and genetic diversity
Principal components analysis (PCA) of the filtered SNP data set was

conducted with PLINK and the results were visualized using the ggplot2
package in R v. 4.1.2 (Wickham 2016, R Core Team 2021). ADMIXTURE
v. 1.3.0 (Alexander et al. 2009) was used to infer population structure by
assigning individuals to a pre-defined number of genetic clusters (K).
Ten replicates were run for each of K = 1 through K = 6, with five-fold
cross-validation and 200 bootstrap replicates. The optimal cluster value
was determined based on the lowest cross-validation error as well as
using the Best K method of Evanno et al. (2005) implemented in
CLUMPAK v. 1.1 (Kopelman et al. 2015). ADMIXTURE clustering results
were summarized with CLUMPAK and visualized with the R package
pophelper (Francis 2017). VCFTools was used to calculate genome-wide
estimates of Tajima’s D in 20 Kb windows and nucleotide diversity (π) in
20 Kb sliding windows with a 10 Kb step size.

2.2.4. Mitochondrial DNA (mtDNA) assembly and phylogeny
Trimmomatic v. 0.39 (Bolger et al. 2014) was used for adapter

removal and read trimming with options ILLUMINACLIP:TruSeq3-PE-2.
fa:2:30:10:1:true. 30 million read pairs per individual were subsampled
with BBmap v. 39.01 (Bushnell 2014) and were iteratively mapped to
the complete mitochondrial genome of the lesser goldfinch (Spinus
psaltria, GenBank accession NC_025627) with MITObim v. 1.9.1 (Hahn
et al. 2013). A consensus American goldfinch mtDNA genome was
computed in Geneious Prime v. 2023 (https://www.geneious.com) from
the MITObim assemblies for all individuals and the full set of trimmed
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reads for each individual was then mapped against this American
goldfinch consensus reference with BWA-MEM. Mapped reads were
processed with SAMtools to retain reads with minimum mapping and
base qualities of 30 and duplicates were marked and removed with
Picard. A final consensus mtDNA genome was then output for each in-
dividual in Geneious, and MAFFT v. 7.520 (Katoh and Standley 2013)
was used to align the American goldfinch mtDNA sequences along with
the lesser goldfinch outgroup.

ModelFinder (Kalyaanamoorthy et al. 2017) was used to determine
the best-fitting substitution model and partitioning scheme for phylo-
genetic inference (determined as: partition1 containing the control re-
gion [CR], tRNAs, rRNAs, and 1st codon positions of protein-coding
genes with a TIM2+ F+ I substitution model; partition2 with 2nd codon
positions and TN+ F+ I model; partition3 with 3rd codon positions and
TPM3 + F + G4 substitution model). The maximum-likelihood tree was
inferred with IQ-TREE v. 2.1.3 (Minh et al. 2020) from 100 searches
beginning with random starting trees, and confidence estimates were
obtained from 500 nonparametric bootstrap replicates. Bootstrap values
were drawn on the maximum-likelihood tree with RAxML v. 8.2.11
(Stamatakis 2014) and the topology was outgroup rooted with lesser
goldfinch using ETE3 (Huerta-Cepas et al. 2016).

2.2.5. Nuclear DNA phylogeny
BCFtools was used to output individual SNP genotypes from the final

filtered VCF and heterozygous sites within an individual were replaced
with their IUPAC code. Sequence for the outgroup zebra finch was
compiled using coordinates lifted over from the SatsumaSynteny whole-
genome alignment detailed above.

The maximum-likelihood topology was inferred in IQ-TREE from a
starting set of 100 trees and a general time reversible (GTR) substitution
model. Confidence was assessed with 100 nonparametric bootstrap
replicates. Bootstrap replicates were plotted on the maximum-likelihood
tree with RAxML and the topology was outgroup rooted with the zebra
finch using ETE3.

In addition to the ‘base’ data alignment matrix detailed above, we
also tested the effect of replacing IUPAC codes with ‘called’ bases for
sites where the most frequent allele within an individual occurred at >
2X that of the less common allele, as well as using trimAl v. 1.2rev59
(Capella-Gutiérrez et al. 2009) to trim alignment columns that consisted
of > 10 %, >20 %, or > 30 % missing data.

2.2.6. Demographic history
The pairwise sequential Markovian coalescent (PSMC) was used to

reconstruct the demographic histories of the eastern and western gold-
finch populations. Sequencing reads from the individual used for the
reference de novo whole-genome assembly (S. t. tristis, S. Y. W. Sin,
manuscript in prep.), with an average 48X genomic depth of coverage,
served as the representative of the eastern population. GOFI_59, which
was sampled from Washington state (Suppl. Data 1), was used as the
western population representative. A second 350 bp insert sequencing
library (138,048,084 read pairs, GenBank accession SRR27604542) was
constructed and sequenced in paired-end mode in a partial Illumina
NovaSeq lane to increase genome average depth of coverage for this
sample to 35X.

Sequencing reads were pre-processed with fastp and mapped to the
reference American goldfinch assembly with BWA-MEM as described
above. SAMtools was used to filter reads with mapping quality < 30 and
Picard was used tomark and remove duplicates. SAMtools was then used
to randomly subsample mapped reads for the eastern individual to
reduce average DoC to 35X to match that of the western individual, and
to retain only autosomal scaffolds greater than 1 Mb in length for both
individuals. Consensus calling was done with BCFtools mpileup with
minimum base and mapping qualities of 30, followed by BCFtools
consensus calling (‘call − c’ option), and the vcf2fq utility with minimum
base quality 30 and sequencing depth thresholds set according to the
PSMC developer’s recommendations (https://github.com/lh3/psmc,

minimum depth of 1/3 the average [option − d 11] and maximum depth
2X the average [option − D 70]).

PSMC v. 2016.1.21 (Li and Durbin 2011) analyses were run with an
atomic time interval parameter found to be appropriate for a wide range
of avian species (Nadachowska-Brzyska et. al 2015, parameter − p 4 +

30*2 + 4 + 6 + 10) and confidence was assessed with 100 bootstrap
replicates.

EasySFS (https://github.com/isaacovercast/easySFS, Gutenkunst
et al. 2009) was used to compute the folded site frequency spectrum
(SFS) for use in two additional methods of demographic inference,
Stairway Plot 2 and fastsimcoal2. Site frequency spectra were generated
from SNP data with no minor allele frequency (MAF) filtering applied
and values were projected down to 86 haplotypes (of 96 total) for the
eastern population and 34 haplotypes (of 38 total) for the western
population to maximize the total number of segregating sites while
retaining a sufficiently large sample size for analysis (Gutenkunst et al.
2009).

Stairway Plot 2 v. 2.1.1 (Liu and Fu 2015, 2020) was run separately
for the eastern and western American goldfinch populations using the
two-epoch model with the default 67 % of sites used for training, 200
input files created for estimation of pseudo-CIs, and the default four
values for the number of random break points for each trial as specified
by the authors.

A second SFS-based method, the fast sequential Markov coalescent
(fastsimcoal2 v. 2702, Excoffier et al. 2013, 2021) was used to estimate
demographic parameters under eight simulated models: 1) no migration
between eastern and western goldfinch populations, 2) migration in two
different time periods, 3) early migration, 4) ongoing migration, 5)
recent migration, 6) early migration followed by independent bottleneck
events in each population, 7) independent bottlenecks in each popula-
tion with no migration, 8) independent bottlenecks in each population
followed by migration between populations. Control files specifying
fastsimcoal2 models and parameter search ranges are provided in Sup-
plementary File 2. Each model was run 50 times with 500,000 coales-
cent simulations, the default Brent tolerance level of 0.01, a maximum of
100 ECM optimization cycles, and SFS entries with fewer than 10 SNPs
were pooled. The run with the highest estimated likelihood was chosen
for each candidate model, and candidate models were compared ac-
cording to the Akaike information criterion (AIC). Confidence intervals
for estimated parameters in the best candidate model were obtained
from 10 parametric bootstrap resamplings of the input SFS data.

Results of all demographic analyses were scaled with the estimated
mutation rate for the medium ground finch (Geospiza fortis, 3.4412 x 10-
9, Nadachowska-Brzyska et al. 2015) since no estimates are available for
the American goldfinch. A generation time equal to twice the average
age of sexual maturity of the American goldfinch according to the Ani-
mal Ageing and Longevity Database was used (Tacutu et al. 2018,
generation time = 2 years).

2.2.7. Species distribution modeling
Species distribution models (SDMs) were generated using MaxENT

v.3.4.4 (Phillips et al. 2017) to investigate the potential effect of pale-
oclimate on the distribution of American goldfinch. Occurrence data for
American goldfinch were downloaded from eBird (eBird 2021). Only
data from 1979 to 2013 were retained to match available climate data
from PaleoClim (Brown et al. 2018), and occurrence data for
nonbreeding (January to February) and breeding (July to August) pe-
riods were analyzed separately. Occurrence data were further filtered to
retain observations from the middle of each breeding and nonbreeding
season to account for individual variation in migration time and to
ensure individuals were correctly assigned to their breeding or
nonbreeding grounds. Data lacking GPS coordinates were removed and
filtered data were rarefied to avoid overfitting through removal of
samples located within 40 km of each other with SDMtoolbox (Brown
et al. 2017). A total of 26,409 points for breeding season and 22,564
points for nonbreeding season were retained.
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Nineteen terrestrial bioclimatic variables were obtained from the
PaleoClim database (Brown et al. 2018) for the present time period
(1979–2013), Meghalayan (4.2–0.3 thousand years before present,
Kbp), Northgrippian (8.326–4.2 Kbp), Greenlandian (11.7–8.326 Kbp),
Younger Dryas Stadial (12.9–11.7 Kbp), Bølling-Allerød (14.7–12.9
Kbp), Heinrich Stadial 1 (17.0–14.7 Kbp), Last Glacial Maximum (c. 21
Kbp), Last Interglacial (c. 130 Kbp), and Marine isotope stage (MIS) 19
(c. 787 Kbp). Bioclimatic data were separated into breeding and
nonbreeding season based on their description, including climate data of
wettest, driest, warmest, and coldest months or quarters since there are
no paleoclimatic data per month available from PaleoClim. Global
climate data were cropped to the North American continent
(15◦03′33.6″N to 71◦21′55.9″N and 53◦59′18.2″W to 164◦51′26.3″W).
Bioclimatic parameters with a correlation coefficient larger than 0.8
were removed before inferring SDMs for all environmental factors for
nonbreeding and breeding seasons, and factors were removed based on
jackknife, factor ROC curve, and model AUC. Predictors Bio 1, Bio 8, Bio
12, and Bio 15 were retained for the breeding season, and Bio 1, Bio 8,
Bio 15, and Bio 19 were retained for the nonbreeding season. The final
SDMs were generated using MaxENT with 50 replicates for each model.
Model output and spatial environmental data were visualized in QGIS
(QGIS Development Team 2021).

2.2.8. FST outlier analysis
We compared per-site FST values between the eastern and western

American goldfinch populations and between the two subclades we
identified within the western population (see Fig. 3). OutFLANK v. 0.2
(https://github.com/whitlock/OutFLANK) was used to calculate per-
site FST and to identify statistical outliers by fitting a Chi-square distri-
bution to the data and applying a multiple test correction at a q-value
threshold of 0.05. BEDTools v. 2.31.0 (Quinlan and Hall 2010) was used
to identify annotated genes lying within 1 Kb of outlier SNPs. Statistical
overrepresentation of Gene Ontology (GO) terms for biological process,
molecular function, and cellular component among outlier SNPs was
assessed with the PANTHER classification system v. 18.0 (Mi et al. 2019,
Thomas et al. 2022) employing Fisher’s exact tests and false discovery
rate (FDR) correction.

3. Results

3.1. Whole-genome resequencing and variant calling

Approximately 70million read pairs were obtained for each of the 70
whole-genome resequencing libraries (Suppl. Data 2, mean = 71.3,
range = 63.9–77.3 million read pairs per library), representing on
average 11.8X genomic depth of coverage (DoC) when mapped to the
reference American goldfinch genome assembly (Suppl. Data 2, range =
8.7–14.0X DoC excluding omitted samples, see below).

No close relatives were identified among sequenced individuals (all
pairwise relatedness values< 0.035). However, an initial run-through of
the variant calling pipeline and principal components analysis (PCA)
identified three outlier individuals: GOFI_07, GOFI_23, and GOFI_57.
These samples had the highest proportion of missing SNPs (>25 % of
sites) and the lowest average SNP depth of coverage (<5.5X DoC) and
were therefore excluded from the data set before re-running the final
variant calling pipeline and performing all downstream analyses.

The final SNP dataset comprised 4,783,622 biallelic SNPs with an
average 96 % of SNPs called per individual (range = 78.8–98.7 %) and
average SNP depth of coverage within an individual of 11.2X (range =

5.4–14.4X, Suppl. Data 2).

3.2. Population structure

Principal components analysis (PCA) did not cluster samples ac-
cording to sampling season or described subspecies, but instead clearly
divided individuals into an eastern group that contained all individuals

sampled throughout the S. t. tristis and S. t. pallidus distributional ranges
and a western group that encompassed all individuals from the S. t.
jewetti and S. t. salicamans ranges (Fig. 2a,b). The second principal
component axis (PC2) further subdivided the western group into two
clusters that coincided with the described western subspecies when only
breeding season individuals were considered (Fig. 2a), but not when
samples collected during the nonbreeding season were also included
(Fig. 2b). The eastern group lacked a well-defined second cluster in PC2
space and instead separated out two (breeding season only, Fig. 2a) or
five individuals (all specimens, Fig. 2b) from the remaining eastern
samples (comprising individuals GOFI_36 and 37 in Fig. 2a, and
GOFI_36, 37, 49, 61, and 62 in Fig. 2b).

The bestK method of Evanno et al. (2005) supported K = 2 as the
optimal cluster value for ADMIXTURE analyses (Fig. 2c), although cross-
validation errors and examination of raw likelihood scores would
instead indicate that a single population (K = 1) provided the best fit to
the data. The K= 2 cluster divided individuals into the same eastern and
western groups as were observed from PCA axis PC1. Higher values of K
failed to distinguish additional groupings identified from principal
component PC2, and replicates with K = 4 clusters and above failed to
converge upon a single cluster assignment (Fig. S2). The five individuals
listed above that formed a ‘diffuse’ second PCA group for the eastern
samples were clearly assigned to the eastern ADMIXTURE cluster at K =

2; however, these samples displayed the greatest signatures of genomic
admixture.

There were eight individuals with no available subspecies metadata
and where assignment to a subspecies range was uncertain due to their
presence within or very near to a region of predicted distributional
overlap between subspecies (specimens designated ‘undetermined’ in
Fig. 2a,b and not assigned to subspecies in Fig. 2c x-axis labels). Of these,
GOFI_48, which was sampled from a region of S. t. tristis/S. t. pallidus
overlap, and GOFI_26, 27, and 28, which were all sampled near the S. t.
jewetti/S. t. salicamans boundary, can only be classified to the level of
eastern and western populations, respectively. GOFI_19 and GOFI_20,
sampled during the nonbreeding period from an area of S. t. salicamans/
S. t. pallidus overlap, clearly fall within the western group that includes
S. t. salicamans. GOFI_61 and GOFI_62, both sampled during the
nonbreeding period from an area of S. t. jewetti/S. t. pallidus overlap are
assigned to the eastern population that includes S. t. pallidus although, as
mentioned above, the cluster assignment proportions for these in-
dividuals are the lowest observed.

3.3. Mitochondrial genome assembly and phylogeny

Complete mitochondrial (mtDNA) genomes of 16,814–16,817 bp in
length were assembled for all individuals, with all tissue-derived DNA
libraries having average depth of coverage > 500X and DNA libraries
prepared from blood with DoC > 16X (Suppl. Data 2). There were 315
variable sites in 16,818 bp of aligned sequence for the ingroup American
goldfinch specimens (1.9 % of total), with only 0.8 % of sites being
parsimony informative (134 of 16,818 alignment columns).

There was a weak trend for western samples to cluster, with 11 of the
19 individuals from the western group identified from PCA and
ADMIXTURE forming a clade with 92 % bootstrap support (Fig. 3b).
However, the mtDNA phylogeny is overall very poorly resolved and is
characterized by low bootstrap support across most of the deeper in-
ternal branches. Correspondingly, there is no robust support from
mtDNA for individuals clustering according to sampling season,
described subspecies, or the eastern and western populations identified
from PCA and ADMIXTURE analyses.

3.4. Nuclear SNP phylogeny

In contrast to the mtDNA phylogeny, phylogenetic inference using
nuclear SNP data recovered a western clade with 100 % bootstrap
support that was identical to the western population from PCA and
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ADMIXTURE analyses (Fig. 3a). This western group was further divided
into two subclades, each with 100 % support, that were identical to the
two western clusters delineated by PCA axis PC2 (Fig. 3a). Additional
data sets that assessed the effect of alignment filtering or thresholds for
adopting IUPAC degenerate codes produced topologies that were iden-
tical in recovering this western clade and two subclades with maximum
bootstrap support (results not shown).

Western subclade 1 (Fig. 3c) contains individuals sampled during
both the breeding and nonbreeding seasons along the mid-California
Pacific coast (with 6 of these 8 individuals identified as S. t. salicamans
in museum accession metadata), as well as three individuals sampled
during the breeding season near a region of predicted S. t. salicamans/S.
t. jewetti overlap lying to the northeast (none of these samples was
identified to subspecies level). Western subclade 2 (Fig. 3c) contains
both breeding and nonbreeding season samples from Washington state
(none was identified to subspecies level), as well as two individuals
sampled from roughly the same mid-California coastal locality as sub-
clade 1 in the nonbreeding season (and recorded as S. t. salicamans in
accession metadata) and two individuals sampled from a predicted re-
gion of S. t. salicamans/S. t. pallidus overlap in Southern California
during the nonbreeding season (neither was identified to subspecies
level).

Unlike the strongly differentiated western specimens, individuals
belonging to the eastern population defined by PCA and ADMIXTURE
failed to form a well-supported monophyletic clade in the SNP phylog-
eny. There was also little evidence for lower-level phylogenetic re-
lationships within this larger eastern sample, with almost all internal
branches receiving below 50 % bootstrap support (Fig. 3a).

3.5. Demographic analyses

PSMC analysis of single eastern and western representative genomes
and Stairway Plot 2 analysis of site frequency spectra (SFS) derived from

all sampled individuals yielded similar overall shapes in the estimated
demographic histories of each population through time (Fig. 4a,b). 95 %
confidence intervals surrounding estimates of effective population size
(Ne) also largely overlap between the two methodologies. PSMC, which
is better at inferring more ancient demographic processes (Li and Durbin
2011, Beichman et al. 2018), indicates that the eastern and western
populations shared a similar demographic history prior to 1 million
years before present (Ybp, Fig. 4a). After this point, the trajectories of
the two populations diverge, with the eastern population increasing
more sharply and exhibiting a dip in Ne at the beginning of the last
glacial period (LGP) before rebounding to an even higher effective
population size of c. 4 million that holds steady throughout the
remainder of the LGP. The western population exhibits a slower rise in
effective population size, peaking at a lower maximum estimate and
beginning to decline again prior to the onset of the LGP.

Stairway Plot 2, which is better able to reconstruct more recent
population size changes (Liu and Fu 2015, 2020; Beichman et al. 2018),
is relatively consistent with PSMC throughout except that both eastern
and western populations show a pronounced dip in Ne that coincides
with the last glacial maximum (LGM) at 20,000–26,000 Ybp rather than
declining at the start of the last glacial period (Fig. 4b). Effective sizes of
both populations rebound shortly after the LGM, although predicted Ne
of the western population remains belowwhat was predicted prior to the
LGM, and estimated sizes of both populations remain stable throughout
the remaining time interval to the present (Fig. 4b).

In contrast to these results, fastsimcoal2 identified ongoing migra-
tion following population divergence as the best candidate model in
preference to models incorporating bottleneck episodes (Table S1,
Fig. 5a). Despite this difference, the best fastsimcoal2 model estimated
current diploid effective population sizes of c. 6.86 million and 0.94
million for the eastern and western populations, respectively, and a time
to population divergence of c. 1 million Ybp that coincided with the
results of PSMC and Stairway Plot 2. Although the best candidate model

Fig. 2. Principal components analysis (PCA) and ADMIXTURE analysis of population structure in the American goldfinch. a) PCA of individuals sampled during the
breeding season. b) PCA of all individuals. Specimens that were identified to subspecies level in museum accession metadata or that fall clearly within a subspecies
distributional range are colored whereas specimens not identified to subspecies level and sampled within or immediately adjacent to areas of subspecies distribu-
tional overlap are recorded as ‘undetermined’ and colored in gray. Outlined symbols indicate the five individuals with greatest genomic admixture from part c. c)
ADMIXTURE results for cluster size K = 2. The numerical portion of sample IDs are shown along the X-axis. Subspecies designations are shown beneath the x-axis for
individuals that were identified to subspecies level or that clearly fell within a predicted subspecies range (corresponding to assignments shown in parts a and b).
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Fig. 3. Phylogenetic relationships among American goldfinch specimens. a) Maximum likelihood phylogeny of American goldfinch and Taeniopygia guttata (zebra
finch) outgroup inferred from nuclear SNP data with IQ-TREE, with support from 100 bootstrap replicates indicated for relationships with bs > 50 %. Scale bar gives
branch length in units of substitutions per site. b) Maximum-likelihood phylogeny of American goldfinch and Spinus psaltria (lesser goldfinch) outgroup inferred from
complete mtDNA genomes with IQ-TREE. Support from 500 bootstrap replicates is indicated for relationships receiving > 50 % support. Scale bar gives branch length
in units of substitutions per site. For parts a and b, the numerical portion of sample IDs from Suppl. Data 1 are indicated for each specimen. Individuals belonging to
the western population from PCA and ADMIXTURE analyses (Fig. 2) are indicated with a star symbol, and the two western subclades found at 100 % bootstrap
support are labeled and shaded. The five individuals with greatest genomic admixture from Fig. 2c are indicated with outlined symbols. Branches leading to outgroup
taxa have been shortened to fit on the page, as denoted by double hash symbols. c) Sampling locations for individuals belonging to the two identified western
subclades in part a.
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provides a reasonably good fit overall (Fig. 5b,c), there are some notable
areas of divergence between the observed and expected SFS (Fig. 5d),
and 95 % confidence intervals for both estimated migration rates
encompass zero (Fig. 5a). We attempted to model scenarios that would
more closely match the results of PSMC and Stairway Plot 2 to determine
if they would provide an improved fit to the observed SFS (for example,
modeling independent population expansions after divergence followed
by independent bottlenecks and/or population declines). However, most
replicates failed to reach convergence for these more parameter-rich
models, with parameter estimates failing to stabilize after 100 ECM
optimization cycles (results not shown).

3.6. Species distribution modeling

Current habitat suitability predicted from species distribution
modeling largely coincides with the described present range of the
American goldfinch, except for a more northerly breeding distribution
predicted to extend up the Pacific coast and into Alaska and a more
southerly breeding range extending into Mexico, albeit both are asso-
ciated with low probabilities of occurrence (Fig. 6a). Hindcasts of his-
torical habitat suitability predict contractions to breeding and
overwintering distributions during cold glacial periods (e.g. Fig. 6b,c)
and expansions during warmer interglacial periods (e.g. Fig. 6d,e). The
last glacial maximum (LGM, Fig. 6c) is associated with the most severe
constriction to predicted habitat suitability, with suitable breeding and
overwintering ranges largely restricted to the Pacific coast and extreme
southern United States into Mexico. There is a predicted discontinuity in

suitable breeding habitat for American goldfinch between the eastern
and western portions of its range during the LGM, as well as a discon-
tinuity between more northern and southern portions of the breeding
range along the Pacific coast (Fig. 6c).

3.7. Genomic variation and FST outlier analysis

Mean genome-wide estimates of nucleotide diversity (π) were iden-
tical for the eastern and western populations (0.0011± 0.0008 standard
deviation (SD) for both, Fig. S3a). Mean estimates of Tajima’s D were
0.9254 ± 0.4563 SD for the eastern population and 0.4196 ± 0.4114 SD
for the western population (Fig. S3b).

Mean per-site FST was weak to moderate between the eastern and
western populations (0.0132 ± 0.0440 SD, Fig. S4) and very low be-
tween the two western subpopulations (0.0026 ± 0.0783 SD, not
shown). There were no perfectly segregating SNPs for either the east/
west or western subclades comparisons, and there were also no outlier
SNPs identified between the western subclades. However, OutFLANK
analysis identified 631 outlier SNPs between the eastern and western
populations, with 383 of the 631 identified outliers lying within 1 Kb of
an annotated gene (291 genes total; some genes contain multiple outlier
SNPs, Suppl. Data 3). Statistical overrepresentation tests in PantherDB
found no overrepresented Gene Ontology (GO) categories for biological
process, molecular function, or cellular component. Closer examination
of outlier SNPs falling within annotated genes found that only four SNPs
fell within coding regions (one each in DSCAM, FAM199X, HKDC1, and
AHSG) whereas the remaining outliers localized to intronic or UTR

Fig. 4. Inference of the demographic history of American goldfinch. a) PSMC analysis of the genome from a representative individual from the eastern and western
populations. b) Stairway Plot 2 analysis of site frequency spectra (SFSs) constructed from individuals used for whole-genome resequencing. Plotted values (light and
dark blue lines) show estimated changes in effective population size (Ne) through time, with lighter lines (a) or shaded areas (b) indicating the 95% confidence
interval of Ne estimates. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Parameters of the best-fitting model estimated with fastsimcoal2, involving ongoing migration following divergence of the eastern and western populations of
American goldfinch. a) Estimated parameters of the best-fitting candidate model, with 95 % confidence intervals shown in brackets beneath each estimate. Migration
events are indicated with blue arrows and represent ongoing events following population divergence. NEAST/NWEST = current effective population sizes of the eastern
and western populations, MIGEAST-WEST/MIGWEST-EAST = migration rate from the eastern to western, or western to eastern population, respectively, TDIV = time of
ancestral population division into the eastern and western populations. Effective population sizes are given in haploid numbers, and the divergence time is shown as
years before present (Ybp). Migration rates are expressed as the probability for any lineage in deme x to move to deme y (i.e. MIGEAST-WEST gives the probability for
any lineage in the eastern population to move to the western population, looking backward in time). Panels b-d) Assessment of model fit for the best candidate model
shown in part a), showing matrix representations of the observed 2D site frequency spectrum (SFS, b), the 2D SFS expected if the candidate model provided a perfect
fit to the data (c), and the relative difference between observed and expected SFS matrices (d). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 6. Species distribution models inferred with MaxENT, showing predicted habitat suitability for the American goldfinch during the present time (a) and historical
time periods (b-e). Darker colors indicate higher probabilities of species occurrence for a given geographic area.
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sequence. Of the four coding SNPs, only one (in AHSG) produced a
nonsynonymous substitution, resulting in a semi-conservative replace-
ment of serine by proline.

Among the American goldfinch genes near outlier SNPs, we identi-
fied 11 with roles in melanogenesis: ADCYAP1R1, BMPR1A, BMPR1B,
JMJD6, MBP, MYO7A, NAV2, PLCB1, PLCB4, PLCG2, and PRKG1 (Suppl.
Data 3, Poelstra et al. 2015, Aguillon et al. 2021). An additional seven
genes with outlier SNPs have proposed roles in migratory behavior:
DLG2, MBP, NPAS2, PLCB4, PTN, RNF146, ZNF516 (Delmore, 2015;
Louder, 2024; Ruegg, 2014; note that myelin basic protein MBP and
phospholipase C beta 4 PLCB4 appear as both melanin and migration
candidates). Lastly, we identified five outlier genes with proposed roles
in vocal learning (CDH8, FOXP2, KLHL29, SYT1, TENM2; Enard et al.
2002, Vargha-Khadem et al. 2005, Cahill et al. 2021), as well as ESR1
(estrogen receptor 1), which is associated with aggression and territorial
singing behavior (Maney et al. 2020).

4. Discussion

4.1. Genome-wide nuclear SNPs, but not mtDNA, delineate eastern and
western populations of American goldfinch

Although several previous studies used mitochondrial DNA (mtDNA)
to investigate phylogenetic relationships and speciation dynamics
among goldfinches and siskins (e.g. Arnaiz-Villena et al. 2009, Arnaiz-
Villena et al., 2012; Beckman and Witt 2015), to the best of our
knowledge this study represents the first use of molecular sequencing
data to infer the genetic structure and demographic history within the
American goldfinch. In addition to a large panel of more than 4.5 million
nuclear SNPs, our whole-genome resequencing approach produced a
complete mtDNA genome for each sampled individual. We found low
intraspecific sequence variation of mtDNA (only 1.9 % of sites were
variable across the entire genome and only 0.8 % were parsimony
informative) that provided little support for phylogenetic relationships
within American goldfinch. mtDNA was often the marker of choice in
past avian phylogeographic studies and provided resolution of popula-
tion structure at broad geographic scales (reviewed in Avise and Walker
1998). However, it is suggested that mtDNA variation is likely insuffi-
cient to resolve relationships at a finer geographic scale for migratory
passerines (Lovette et al. 2004), an assessment that would seem to apply
here.

In contrast, we find robust support for some intraspecific relation-
ships from nuclear sequence data. Our analysis of genome-wide SNP
data does not fully support the division of American goldfinch into its
four previously delineated subspecies. Instead, we find evidence for an
eastern population that encompasses all individuals sampled from the
S. t. tristis and S. t. pallidus distributional ranges and a western popula-
tion that includes all individuals sampled from the S. t. jewetti and S. t.
salicamans ranges. The western population extends from central Wash-
ington state, Oregon, and east/central California to the Pacific coast,
whereas the eastern population covers the entire continental region east
of this divide. This pattern strongly suggests that the Cascade and Sierra
Nevada Mountain ranges, which extend in a north–south orientation
through central Washington and Oregon and east/central California,
respectively, represent a geographic barrier between the observed
populations. Similar east/west patterns of population differentiation are
described for many widespread avian species in temperate North
America, with distinct populations often separated by western mountain
ranges and/or the Great Plains (e.g. Milot et al. 2000, Kimura et al. 2002,
Ruegg and Smith, 2002, Klicka et al. 2011, Lovette et al. 2004, Aguillon
et al. 2018, Cicero et al. 2022, DeRaad et al. 2022). East/west discon-
tinuities are also evident in many mammalian species and temperate
forest trees (Jaramillo-Correa et al. 2009, Escalante et al. 2010, Holt
et al. 2013), indicating that this common phylogeographic break rep-
resents a predominant feature of the temperate North American biota
across several higher order lineages. In trees, the common east/west

genetic discontinuities coincide with inferred glacial refugia (Jaramillo-
Correa et al. 2009), while historic reductions to effective population size
in birds that coincide with the onset of the last glacial period
(Nadachowska-Brzyska et al. 2015) are also consistent with contraction
into isolated refugia. Identifying shared phylogeographic discontinuities
across taxa can therefore inform inference of refugial areas and post-
glaciation recolonization routes (Avise and Walker 1998, Hewitt 2000,
Lovette 2005, Jaramillo-Correa et al. 2009).

Demographic and species distribution modeling for the American
goldfinch support the hypothesis that observed east/west genetic dif-
ferentiation stems from contraction of these populations into isolated
refugia to either side of a geographic divide during periods of glacial
advance, although the timing of inferred events varies somewhat among
methods. All three methods of demographic inference date population
divergence to the mid-Pleistocene (c. 1 million Ybp), following which
PSMC analyses infer reductions to effective population size through the
start of the last glacial period and Stairway Plot 2 analyses infer popu-
lation bottlenecks in both the eastern and western populations concur-
rent with the last glacial maximum (LGM). Species distribution models
predict a contraction in suitable American goldfinch breeding habitat
with an east/west discontinuity compatible with isolated glacial refugia
during this period, lending further support that historic climate likely
contributed to shaping current population structure. The moderate
nucleotide diversity observed for both the eastern and western pop-
ulations (π = 0.0011) despite large long-term effective population sizes
might in part reflect these historic bottlenecks, although similar esti-
mates of nucleotide diversity are reported for other widespread avian
species with large census sizes (e.g. hooded crow, Corvus (corone) cornix,
π = 0.0011, Dutoit et al. 2017; turkey vulture, Cathartes aura, π =

0.0012, Li et al. 2014, Robinson et al. 2016; great black cormorant,
Phalacrocorax carbo, π = 0.0014, Li et al. 2014, Robinson et al. 2016).
The relatively low FST (~ 0.01) and absence of mtDNA haplotype sorting
between eastern and western populations of American goldfinch also
contrast with a more pronounced divergence reported for some avian
taxa across the same Pacific coastal versus interior divide (e.g. Wood-
house’s scrub-jay Aphelocoma woodhouseii [east] and California scrub-
jay Aphelocoma californica [west] with pairwise FST ~ 0.17, DeRaad
et al. 2022). This difference could imply a much more recent divergence
in American goldfinch than is estimated by our demographic models,
but could also reflect the much earlier estimated divergence time in
scrub-jays (c. 2 million Ybp, DeRaad et al. 2022) as well as differences in
species ecology or life history influencing the extent of gene flow across
repeated paleoclimatic cycles (e.g. both California and Woodhouse’s
scrub-jays form resident populations).

Despite the clear division into eastern and western populations from
PCA, ADMIXTURE, and nuclear phylogenetic analyses, five individuals
assigned to the eastern population showed greater admixture pro-
portions than the remaining eastern specimens. These individuals with
more admixed genomic signatures were sampled from locales within, or
immediately adjacent to, regions of predicted overlap between eastern
and western subspecies (between S. t. pallidus and S. t. jewetti in the north
and S. t. pallidus and S. t. salicamans in the south). Contact zones between
the Rocky and Sierra Nevada/Cascade mountains are described for
eastern and western populations of several avian taxa (e.g. Barrow-
clough et al. 2004, Spellman et al. 2007, Manthey et al. 2011, Cicero
et al. 2022, DeRaad et al. 2022). This region is also described as a ‘hot
spot’ of hybrid or suture zones and phylogeographic breaks across
mammals, birds, and trees (Swenson and Howard 2005). Our results
suggest that introgression could occur along at least some portion of this
east/west population divide in the American goldfinch, and this intro-
gression and/or migration across subspecies contact zones could explain
why fastsimcoal2 identified ongoing migration as the best candidate
demographic model in preference to models that incorporated bottle-
neck events. Both PSMC and Stairway Plot 2 inferred bottlenecks of
relatively small amplitude and short duration, and mean genome-wide
estimates of Tajima’s D were only weakly positive, indicating that
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more recent migration events might be dominating the genomic signal
modeled by fastsimcoal2 coalescent simulations (Yang 2014, Burbrink
et al. 2016).

4.2. Finer-scaled structuring was not identified within the eastern
population of American goldfinch

Analysis of genome-wide SNPs identified no finer-scaled structuring
within the eastern population of American goldfinches, and we cannot
distinguish between the two eastern subspecies, S. t. tristis and S. t.
pallidus, although we note there was relatively sparse sampling across
the S. t. pallidus range. Earlier studies of widespread North American
passerines employing mtDNA markers similarly found low overall ge-
netic diversity and an absence of genetic structuring among sampling
sites in eastern continental North America (Kimura et al. 2002, Ruegg
and Smith, 2002, Lovette et al., 2004, Klicka et al. 2011). This absence of
genetic differentiation across a broad geographic region could be
explained by the loss of variation during bottleneck episodes when
populations contract into glacial refugia followed by rapid postglacial
expansion (Zink 1996, Hewitt 2000). Weak population structuring, ‘star-
shaped’ mtDNA haplotype networks, and latitudinal gradients in intra-
specific genetic variation consistent with post-glacial leading-edge
expansion all support a role for historic demographic processes linked to
climatic cycles in shaping the current patterns of genetic diversity
observed for avian taxa across eastern North America (Zink 1996,
Hewitt 2000, Lovette et al. 2004, Klicka et al. 2011, Smith et al. 2017).
Gene flow between eastern populations might also be acting to limit
genetic differentiation across the east. Biogeographic studies of ungla-
ciated eastern North America identified eight phylogeographic discon-
tinuities that could pose a barrier to gene flow. However, common
discontinuities were rarely identified for birds or mammals, suggesting
that gene flow across these barriers could be sufficient to prevent genetic
structuring in highly vagile species such as migratory birds (Soltis et al.
2006, Lyman and Edwards 2022).

Despite this reported absence of genetic structuring in eastern North
American migratory passerines, recent investigations incorporating
large numbers of nuclear loci are providing a more nuanced view of
breeding population structure in some cases. For instance, Colbeck et al.
(2008) distinguished an Atlantic breeding population of the American
redstart (Setophaga ruticilla) that differed from the remaining mainland
continental samples, but neither mtDNA nor amplified fragment length
polymorphism (AFLP) markers provided robust support for additional
structuring within the mainland. More recently, DeSaix et al. (2023)
identified five distinct but weakly differentiated clusters across the
American redstart breeding range (including the previously described
Atlantic/mainland split) by combining dense population sampling with
low-coverage whole-genome sequencing. Our whole-genome rese-
quencing approach yielded ample data in terms of the number of SNP
markers generated. However, it is likely that additional sampling within
the eastern continental region, particularly throughout the Great Plains
and American West, is required to definitively assess whether finer-scale
structuring exists within the eastern population of American goldfinch
and, if so, to what extent it coincides with the described eastern
subspecies.

4.3. The western population of American goldfinch comprises two
reciprocally monophyletic subclades

In contrast to the lack of genetic differentiation in the eastern pop-
ulation, principal components analysis and the nuclear SNP phylogeny,
but not ADMIXTURE analysis, clearly discriminate between two western
subclades of American goldfinch. These groupings might correspond to
the described western subspecies, as western subclade 2 includes in-
dividuals sampled from the S. t. jewetti range in Washington state during
the breeding period and subclade 1 contains both breeding and
nonbreeding season individuals sampled from California, where S. t.

salicamans typically occurs as a year-round resident. Additional sam-
pling across the western distribution of American goldfinch is needed to
investigate the full extent of spatial structuring across this region, and to
determine if genetic differentiation coincides with the distributional
range or morphological and plumage variation of described subspecies.

Greater spatial structuring and/or higher genetic diversity of western
populations is noted from mtDNA studies of several North American
birds that show east/west population differentiation (e.g. Kimura et al.
2002, Lovette et al. 2004, Klicka et al. 2011). This structure is most
apparent for sedentary species or permanent resident populations of
migratory species (e.g. Barrowclough et al. 2004, Spellman et al. 2007,
Klicka et al. 2011, Manthey et al. 2011), but has also been described for
migratory passerines (e.g. Kimura et al. 2002, Ruegg and Smith, 2002,
Lovette et al. 2004), leading some authors to suggest that western
populations might have undergone less severe reductions in effective
population size during Pleistocene glaciation or might have occupied
multiple, disjunct glacial refugia (Lovette et al. 2004, Klicka et al. 2011).
Species distribution models for the American goldfinch identify a break
in suitable breeding habitat during the LGM between northern and
southern regions of the Pacific coast, indicating that genetic differenti-
ation between western populations might stem from their occupation of
isolated refugia during past glacial cycles. North/south genetic differ-
entiation along the Pacific coast and contact zone ‘hot spots’ were pre-
viously identified from bird, mammal, and tree species distributed west
of the Cascade Mountain range, and it is proposed that secondary con-
tact between populations or species expanding from isolated northern
and southern glacial refugia is a characteristic biogeographic pattern of
western North America (Swenson and Howard 2005). We did not
identify admixed individuals or a potential contact zone within the
western population of American goldfinch; however, the reciprocally
monophyletic western subclades that coincide with a north/south
discontinuity when only breeding season individuals are considered
echoes the broad phylogeographic trend observed in other taxa.

The topographical complexity of the western mountain ranges and
intervening xeric landscapes could also contribute to the current struc-
turing observed among some western populations by limiting post-
glaciation gene flow, although it remains unclear to what extent these
features might influence differentiation in more vagile species (Calsbeek
et al. 2003) and factors such as natal philopatry might play an equally
important role (Manthey et al. 2011). We found that all breeding season
individuals in western subclade 1 were sampled from California,
whereas breeding season individuals in subclade 2 were all sampled
from Washington state. However, in the nonbreeding season, some
subclade 2 individuals were sampled from the same general region as
subclade 1 (and both were recorded as S. t. salicamans in museum
metadata), or from Southern California, which lies outside the currently
described overwintering range for S. t. jewetti. It therefore remains un-
clear if the two subclades we identify here truly correspond to the
described western subspecies, although it is possible that some S. t.
jewetti individuals migrate further south than is currently believed. It
should also be noted that subspecies identification for the American
goldfinch is sometimes based on geographic location alone since some
phenotypic differences are clinal in nature and/or involve more subtle
variation in feather color saturation rather than discrete characters such
as feather patch coloration. These observations highlight the potential
complexity of defining annual cycle connectivity in partially migratory
species where populations, or even subspecies, might overlap in distri-
butional range throughout portions of their annual cycle and further
work is needed to assign individuals sampled during the nonbreeding
period to their source breeding population. With sufficiently dense
sampling, population assignment methods can successfully assign in-
dividuals to their breeding population even in cases with weak genetic
differentiation among reference breeding populations and even when
low-coverage whole-genome sequencing data is used (DeSaix et al.
2023, DeSaix et al., 2024). Studying partially migratory species such as
the American goldfinch, which has already demonstrated recent shifts in
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breeding distributional range (McCaslin and Heath 2020), could prove
especially fruitful in understanding the evolutionary cost/benefit
tradeoffs in migratory behavior associated with anthropogenic climate
change and landscape-scale alterations to habitat.

4.4. FST outliers identify candidate genes for feather coloration,
migration, and vocal learning

In addition to historical demographic events and current gene flow,
selection can contribute to current patterns of genetic differentiation by
promoting local adaptation or assortative mating. Given the observed
population structure in American goldfinch, we hypothesized that
divergent selection acting upon loci that are subject to assortative
mating or sexual selection in other passerines (Bearhop et al. 2005,
Tietze 2018) might underlie some of the described variation in plumage
coloration or migratory behavior between American goldfinch subspe-
cies. We found only moderate per-site average FST in pairwise compar-
ison of the eastern and western populations (FST = 0.0132) and very
weak differentiation between the two western subclades (mean pairwise
FST = 0.0026), with no fixed SNP differences between populations in
either comparison. There were also no FST outlier SNPs when comparing
the two western subclades. Outliers were identified between the eastern
and western populations, but we found no enrichment for Gene
Ontology terms and outlier SNPs almost exclusively fell outside of
coding regions or caused only synonymous amino acid replacements.

High-throughput sequencing has been instrumental in identifying
genes underpinning migratory behavior and plumage patch coloration
in several recent studies (Delmore et al. 2015, Mason and Taylor 2015,
Toews et al. 2016, Aguillon et al. 2021, Louder et al. 2014). FST outliers
from comparison of the eastern and western populations of American
goldfinch did not coincide with candidate migration genes identified
from genomic selection scans (Delmore et al. 2015) or differential gene
expression across five brain regions of the Swainson’s thrush (Catharus
ustulatus, Louder et al. 2024), including candidates with known associ-
ations to circadian clock regulation in birds. However, seven outlier
goldfinch genes did overlap with candidate migration genes identified
from meta-analysis of whole-transcriptome studies in birds (presented as
Supplementary Data 3 in Louder et al. 2024). Eleven American goldfinch
genes with east/west FST outliers also overlapped with genes involved in
melanogenesis (Poelstra et al. 2015), including two (PLCB1 and PLCB4)
that were significantly associated with plumage patch color differences
of Northern flickers (Colaptes auratus, Aguillon et al. 2021). In addition
to these candidate color and migration genes, we also found six outlier
genes with potential roles in vocal learning and song behavior. The
transcription factor FOXP2 (forkhead box P2) is perhaps best known for
its involvement in human spoken language but has also shown strong
associations with vocal learning in birds (Enard et al. 2002, Vargha-
Khadem et al. 2005, Cahill et al. 2021). It, along with four additional
outlier genes in the American goldfinch (CDH8, KLHL29, SYT1, and
TENM2) occur near hotspots for accelerated genomic regions (ARs) in
vocal learning birds and are proposed as strong candidate genes for
vocal-learning related selection (Cahill et al. 2021). The sixth American
goldfinch outlier, ESR1, which encodes an estrogen receptor, was pre-
viously localized to a supergene complex in the white-throated sparrow
(Zonotrichia albicollis) where differences in gene expression predicted
territorial aggression and singing (Maney et al. 2020).

Feather coloration, song, and migratory behavior are each recog-
nized as traits that can promote speciation via reproductive isolation
arising through sexual selection and assortative mating (Bearhop, 2005;
Louder, 2024; Ruegg, 2014; Tietze, 2018). Finding multiple genes with
outlier SNPs for each of these traits in the American goldfinch suggests
their possible relevance to the observed morphological and behavioral
differences between eastern and western populations despite the low
overall genomic divergence between these populations. However, the
underlying basis of traits exhibiting quantitative variation, as is more
likely the case for clinal variation in body size and plumage tone or

saturation in the American goldfinch, might be less easily determined
(Harrison et al. 2012) and might also be attributable to environmental or
dietary factors rather than to individual genetic variation alone. None of
the outlier SNPs associated with candidate genes for color, song, or
migration fully segregated according to the eastern versus western
population of American goldfinch; however, we might not necessarily
expect perfect segregation for clinally varying traits. Additionally, none
of the outlier SNPs caused nonsynonymous substitutions to protein-
coding sequence, indicating that differences might instead arise
through noncoding regulatory changes to gene expression. Recent
studies have highlighted this potential importance of regulatory
sequence difference to each of these traits (e.g. plumage coloration Funk
and Taylor 2019, Sin et al. 2024; song Cahill et al. 2021; migration
Louder et al. 2024), with Louder et al. (2024) proposing that rapid se-
lection of more labile traits that rely on external cues, such as migration,
could stem from trans-acting changes to master regulators that coordi-
nate the expression of correlated target genes. Incorporating gene
expression data (e.g. Ricchetti et al. 2024) to investigate contrasts in
plumage or behavioral traits therefore presents a promising future
avenue for research in the American goldfinch.

4.5. Conclusions

We find clear evidence for population structuring in the American
goldfinch despite relatively weak differentiation between populations
and the potential confounding signatures of introgression or migration.
Genome-wide analyses also indicate that past demographic events tied
to historic climate cycles likely contributed to shaping current genetic
diversity of this species even when accompanied by high long-term
effective population size. East versus west divergence in populations
of the American goldfinch echoes patterns found in many other
temperate North American taxa and bolsters the view that the complex
topography of the Pacific West, acting in concert with historic glacial
refugia, has heavily influenced the present-day biodiversity of western
North America. However, unlike many other east/west pairs of avian
taxa that exhibit much greater genetic divergence and are often recog-
nized as ‘good species’, shallow divergence and a lack of mtDNA lineage
sorting in the American goldfinch suggest substantial ongoing migration
accompanied population divergence and continues in the form of
admixed individuals along a possible east/west contact zone. Notwith-
standing this weak genetic differentiation, regions of the genome under
divergent selection between the eastern and western populations were
located near multiple genes implicated in feather color, song, and
migratory behavior in other passerine birds. Further work incorporating
gene expression data will help clarify whether these traits serve to
reinforce population divergence in the American goldfinch and could
contribute more broadly to our understanding of speciation processes in
birds.
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