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ABSTRACT

Intraspecific genetic diversity across a species’ geographic range is relevant to adaptive potential and long-term population per-
sistence, and identifying genetically distinct groups within species can direct management decisions focused on conserving
species-level genetic diversity. Comparative phylogeography using whole genome techniques allows for investigation of whether
co-distributed species exhibit shared spatial genetic differentiation at fine spatial scales, thereby facilitating a comparative ap-
proach to both landscape and conservation genetics. By sequencing over 900 low-coverage whole genomes, we evaluated the
concordance of genetic structure and diversity from 12 co-occurring species of migratory birds whose breeding ranges span
adjacent North American ecogeographic regions: the vast boreal forest belt and the temperate montane Appalachian forests. We
detected concordant phylogeographic patterns in 11 of 12 species wherein populations from the southern Appalachians were ge-
netically distinct from boreal belt populations. Our results reveal that small populations persisting in the southern Appalachian
Mountains consistently harbor genetic diversity that is subtly distinct from much larger, widespread boreal populations of the
same species. However, in most species, levels of standing genetic diversity were not significantly different between Appalachian
and boreal populations despite the drastic difference in geographic extent of these populations. We found no evidence for shared
signatures of selection across the genome, suggesting that the concordance of spatial genetic structure across species emerges
from species-specific patterns of molecular divergence across the genome rather than parallel patterns of selection. Conservation
of the Appalachian ecosystem would likely support maintenance of distinct genetic diversity in several migratory avian species
with widespread distributions.

1 | Introduction comparative phylogeography wherein researchers can evaluate

spatial genetic differentiation at high resolution among many

As a “place-based” field, comparative phylogeography inves-
tigates the geographic context of genetic variation and pop-
ulation structure in co-occurring species (Avise et al. 1987;
Edwards et al. 2022; Knowles 2009). The development of cost-
effective whole genome techniques has created a new era of

co-distributed species, thereby facilitating landscape and
conservation genetics at a comparative scale (Grueber 2015;
McGaughran et al. 2022; Rissler 2016). Here, we use whole
genome sequencing to investigate the concordance of genetic
structure and diversity patterns in co-occurring migratory
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birds whose breeding ranges span adjacent ecogeographic
regions: the vast boreal forest belt that extends longitudi-
nally across northern North America and a connected nar-
row peninsula of montane habitat that runs south along the
Appalachian Mountains (Figure 1). Specifically, we evaluated
900 genomes from 12 bird species to test whether Appalachian
populations are genetically distinct from the considerably
larger boreal belt populations, whether they have consistent
population differences in genetic diversity, and whether paral-
lel patterns of molecular evolution underlie population differ-
entiation in these co-distributed species.

Many boreal plants and animals have broad ranges that ex-
tend across northern North America, with relict popula-
tions persisting further south in similar habitats provided
by montane temperate forests (Campbell et al. 2021; Wiken
et al. 2011). The southern and central Appalachian Mountains
are at a lower latitude than the boreal forest belt and cover a
much smaller geographic area, but support mixed deciduous-
coniferous montane forest that is suitable for many boreal
forest species of birds (Kimmitt et al. 2024a; Leppold and
Mulvihill 2011; Miller et al. 2024) and other taxa (Campbell
et al. 2021; Mitchell et al. 1997) (Figure 1). Phylogeographic
structure between boreal and Appalachian populations could
be driven by historic refugial species distributions or the
unique ecology that distinguishes the southern and central
Appalachians from the northern boreal forest belt (Omernik
and Griffith 2014), with differences in biogeographic history,
climate, and forest structure (Cogbill and White 1991; Lyman
and Edwards 2022; Wiken et al. 2011). However, species with
high dispersal ability are expected to exhibit low genetic dif-
ferentiation (Claramunt et al. 2012; Medina et al. 2018), such

that we might expect that migratory birds would exhibit pan-
mixia or subtle patterns of isolation by distance, rather than
discrete differentiation between the boreal and Appalachian
ecoregions. A recent population genetic analysis of a migra-
tory boreal avian assemblage of 35 co-distributed species
found that species vary in their spatial population genetic
patterns across the North American boreal forest belt, rang-
ing from panmixia to significant isolation by distance (Pegan
et al. 2025b). However, the degree of genetic divergence be-
tween widespread boreal and geographically restricted
Appalachian populations of migratory birds remains under-
studied at a comparative scale. Here, by incorporating addi-
tional sampling for 12 species from Pegan et al. (2025b) whose
ranges extend south into the Appalachian montane forests, we
evaluate whether Appalachian populations exhibit variable or
shared phylogeographic patterns in relation to the geographi-
cally more expansive boreal forest belt.

The effects of habitat loss and climate change on montane
taxa are pressing conservation issues globally (Freeman
et al. 2018, 2021), as well as locally in the Appalachian region
(Lewis et al. 2023; Milanovich et al. 2010; Potter et al. 2010).
Populations of boreal birds in the southern peripheries of their
ranges, including Appalachia, are likely at higher extirpation
risk than boreal belt populations due to the smaller geographic
area paired with acute anthropogenic pressure (Leppold
and Mulvihill 2011; Lituma et al. 2021; Mitchell et al. 1999;
Ralston and DeLuca 2020). A net loss of approximately 2.5 bil-
lion migratory North American birds since 1970 (Rosenberg
et al. 2019), and climate-induced range shifts forcing birds
to higher latitudes (McCaslin and Heath 2020) further high-
light the need to understand genetic diversity in southern
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FIGURE 1 | (A) Map of specimen sampling locations for all 12 species. We sampled an average of 75.6 individuals (range =35-94) per species

across the full Boreal-Appalachian breeding range. Each point represents an individual, but in some cases, multiple individuals were sampled from
the same location, such that points are overlapping. The boreal forest (green) and the Appalachian forests (light blue) were designated following “lev-
el 1” and “level 2” ecoregions, respectively defined by Omernik and Griffith (2014). Samples from the boreal region are shown in purple, with shading
corresponding to longitude. (B) The inset map focuses on the three sampling regions associated with the Appalachian Mountains south of the boreal
forest belt: (1) North-Central Appalachians (teal), (2) Central Appalachians (green), (3) Southern Appalachians (yellow). Elevation is represented in
grayscale, with darker colors showing higher elevation. In both maps, the dotted line demarcates the geographic boundary between “Northern” and
“Southern” populations that exhibited genetic differentiation in 11 of 12 study species (Figure 2).
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Appalachian populations. Knowledge of Appalachian popu-
lations' genetic diversity and connectivity with larger boreal
populations is relevant to their conservation management,
as genetic diversity across a species’ range is critical for long-
term population persistence and adaptive potential (Exposito-
Alonso et al. 2022; Laikre et al. 2020). Therefore, in addition
to testing for genetic structure, we evaluated intraspecific
variation in levels of population genetic diversity in boreal
versus southern Appalachian populations in each of the study
species.

Specifically, we tested whether the geography of genetic di-
versity in each species supports alternative hypotheses that
derive from the effects of historic versus contemporary pro-
cesses on population demographic trajectories. Much of the
contemporary boreal forests was covered by ice during the
Last Glacial Maximum, whereas the southern and central
Appalachians were south of the Laurentide Ice Sheet (Lyman
and Edwards 2022). This pattern has led to the suggestion
that the Appalachian Mountains served as a glacial refugium
from which populations expanded into the boreal forests
after the ice sheet retreated (Lyman and Edwards 2022; Soltis
et al. 2006), a hypothesis that predicts higher levels of genetic
diversity in contemporary southern (Appalachian) populations
than northern (boreal forest) populations (Excoffier 2004;
Hewitt 1999; Provan and Bennett 2008; Ralston et al. 2021).
However, an alternative hypothesis deriving from modern dif-
ferences between ecoregions in geographic range and census
population sizes (Lyman and Edwards 2022; Soltis et al. 2006)
predicts the opposite patterns in genetic diversity, wherein
Appalachian populations may exhibit lower genetic diversity
than the larger boreal population. Assessing relative levels of
genetic diversity in boreal versus Appalachian populations
will elucidate the relevance of population genetics to conser-
vation of Appalachian diversity.

Whole genome phylogeographic sampling creates the oppor-
tunity not only to assess spatial population genetic patterns,
but also to evaluate the genomic context of these patterns. For
example, genomic divergence can reflect effects of few loci
with very strong structure (e.g., Sodeland et al. 2016; Toews
et al. 2016; Harringmeyer and Hoekstra 2022), or the subtle
effects of many loci (e.g., Novembre et al. 2008; Michel et al.
2010; Sendell-Price et al. 2020). Therefore, after determining
patterns of spatial genetic structure in each species, we exam-
ined whether genetic differentiation tended to be diffuse or
localized in the genome. Positive selection in a population, or
local adaptation, is expected to drive large differences in al-
lele frequencies in localized positions on the genome, whereas
neutral evolutionary processes are more likely to result in
differentiation that is more widely distributed throughout the
genome (Lewontin and Krakauer 1973; Hahn 2019). If genetic
structure in species is primarily driven by neutral phylogeo-
graphic processes, we expect that differentiation should be
distributed diffusely across the genome. Alternatively, if local
adaptation to environmental differences between divergent
populations drives genetic structure within species, we expect
more localized peaks of genomic differentiation around loci
responsible for the selected traits. Finally, where we observed
concordant population structure in closely related species, we
tested for parallel patterns of genomic differentiation, that is,

evidence that the same genomic regions drive genetic differen-
tiation across multiple species. Although scans for molecular
parallelism are more typically used to determine the molec-
ular basis of known phenotypic convergence (Manceau et al.
2010; Lee and Coop 2019; Sackton and Clark 2019), we apply
this approach to investigate whether parallel genomic adap-
tation (e.g., shared candidate genes between co-distributed
species) might underlie congruent phylogeographic patterns
of genetic variation.

2 | Methods
2.1 | Study System and Sampling

We examined population structure in 12 co-distributed bird
species for which comprehensive tissue sampling was available
across the breeding range, spanning the boreal forest belt and
the Appalachian Mountains (Table S1). Our study system in-
cludes one woodpecker species (Piciformes), while the remain-
ing species are from seven families of songbirds (Passeriformes)
(Table 1). Species differ in migratory distance, but otherwise
have similar life histories (e.g., mating system, age to first breed-
ing season) and general habitat associations (mixed coniferous-
deciduous forest) (Winger and Pegan 2021). Sampling across the
boreal forest belt extended from Alberta through the western
Great Lakes and northeastern highlands of the United States to
the Maritime provinces (Figure 1, Figure S1). In the northeast,
our boreal belt sampling region includes parts of the northern
Appalachian Mountains as geologically defined (e.g., Green
Mountains of Vermont), but our reference to Appalachian sam-
pling refers specifically to the peninsula of montane temperate
forests extending south of the boreal belt (Figure 1). We refer
to these Appalachian sampling regions as the north-central
Appalachians (Pennsylvania and Ohio; teal triangles, Figure 1),
the central Appalachians (West Virginia, Maryland, and north-
ern Virginia; green triangles, Figure 1), and the southern
Appalachians (North Carolina and southern Virginia; yellow
triangles, Figure 1).

We included in our study 656 previously sequenced low-
coverage genomes from across the boreal belt from a study fo-
cused on genetic structure within the boreal belt region (Pegan
et al. 2025b) and 47 samples from the Appalachian range of
one species, Catharus fuscescens, from a range-wide phylogeo-
graphic study (Kimmitt et al. 2024a). Following an identical
protocol as these studies, we sequenced an additional 216 sam-
ples from the three Appalachian sampling regions of the re-
maining 11 species to achieve sampling in both the boreal and
Appalachian ranges of these species. All DNA sequenced for
this manuscript was extracted using DNeasy Blood and Tissue
Kits (Qiagen Sciences, Germantown, MD, USA) from frozen
or ethanol-preserved tissue samples from existing natural his-
tory collections or blood samples that were collected during
the breeding season (Table S1, see Acknowledgments). We
prepared libraries for low-coverage sequencing using a mod-
ified Illumina Nextera protocol (Schweizer and DeSaix 2023;
Therkildsen and Palumbi 2017) and then sequenced using
paired-end sequencing of 150bp reads. Libraries were se-
quenced on an Illumina HiSeq, NovaSeq 6000, or NovaSeq X
platform.
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FIGURE 2
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FIGURE2 | Principal Component Analysis (PCA) (top) and admixture plots (K=2) (bottom) for each species. Scientific name is at the top of each
panel. Colors represent sampling location across the Boreal-Appalachian range. We denote Appalachian sampling regions as triangles, and boreal

belt sampling regions as circles with purple shading corresponding to longitude in Figure 1. All species exhibit spatial patterns of genetic differenti-

ation associated with a phylogeographic break in the central or southern Appalachians, except for Sphyrapicus varius (panel A).

2.2 | Data Processing

Following the methods used by Pegan et al. (2025b) and Kimmitt
et al. (2024a), we trimmed adapters and low-quality bases from
demultiplexed data using the -trimns and -trimqualities options
in AdapterRemoval v2.3.1 (Schubert et al. 2016). To reduce po-
tential sequencing batch effects, we removed low-quality read
ends using fastp v0.23.2 (Chen et al. 2018) with the --cut_right
option (Lou and Therkildsen 2022).

We assembled mitochondrial genomes for each sample using
NOVOplasty (v. 4.3.1) (Dierckxsens et al. 2017). Using at least
one mitochondrial gene from each sample, we used BLAST
in Geneious (v. 2021.2.2) to confirm species identity of each
sample and check for evidence of cross-contamination and
hybridization during extractions and/or library prepara-
tion (as described in Kimmitt et al. 2023, 2024a). We re-
moved 12 samples that failed to sequence, showed evidence
of cross-contamination, or showed evidence of species
misidentification.

We aligned samples from each species in our dataset to a closely
related species with an available chromosome-level reference
genome (Table S2; Toews et al. 2016; Manthey et al. 2021; Friis
et al. 2022) using bwa mem (Li and Durbin 2010) and Samtools
(Li et al. 2009). We removed overlapping reads using clipOver-
lap in bamUtil (Jun et al. 2015), marked duplicate reads with
MarkDuplicates, and assigned all reads to a new read group
with AddOrReplaceReadGroups using picard (http://broadinsti
tute.github.io/picard/). We then indexed all bam files using
Samtools (Li et al. 2009). We discarded one sample (Troglodytes
hiemalis) given low mapping quality (< 50%). We aligned sam-
ples around indels using GATK (v. 3.7) (Van der Auwera et al.
2013) by applying RealignerTargetCreator to the entire dataset
and using IndelRealigner for each sample.

After filtering, we included a total of 906 samples in the final
analyses. Genotype likelihoods from low-coverage sequencing
data were calculated using the GATK model in ANGSD v0.9.40
(Korneliussen et al. 2014). We analyzed results using a genotype
likelihood framework given the genotype uncertainty associ-
ated with low-coverage sequencing (Korneliussen et al. 2014;
Lou et al. 2021). The options used for ANGSD analyses are de-
tailed in Table S3.

2.3 | Population Structure

We used ANGSD to calculate genotype likelihoods for all sites
across the genome that were determined to be polymorphic
(i.e., SNPs) at an alpha level of 0.05 (Korneliussen et al. 2014).
We filtered paralogous or mis-mapped SNPs out of the dataset
using ngsParalog v1.3.2 (https://github.com/tplinderoth/ngsPa
ralog; Linderoth 2018), a program that implements a likelihood

method to detect mapping problems specifically in low-
coverage sequencing data. To visually assess the spatial popu-
lation genetic structure of each species, we conducted Principal
Component Analyses (PCA) with PCAngsd v1.10 (Meisner and
Albrechtsen 2018). Because genomic inversions can obscure
geographic structure in PCAs (Novembre et al. 2008; Tian et al.
2008; Novembre and Peter 2016), we used visualizations from
single-chromosome PCAs and lostruct (Li and Ralph 2019) to
detect putative inversions across all chromosomes and all 12
species as implemented in PCAngsd (https://github.com/alxsi
mon/local_pcangsd). We removed blocks of macrochromo-
somes and full microchromosomes with evidence of inversions
from the dataset (Table S4). All sex chromosomes were also
removed from the dataset because the quality and the sex of
the reference genomes varied, which could introduce bias into
our analyses. After filtering out all inversions, we produced
genome-wide PCAs and admixture plots using the --admix op-
tion in PCAngsd to both determine the best fit for the number
of ancestry populations (i.e., K) as well as to estimate admix-
ture proportions for that K using a non-negative matrix factor-
ization algorithm. Differentiation on PC2 in Junco hyemalis in
the genome-wide PCA was associated with sex. Since we could
not account for the cause of this pattern, we removed 19 fe-
males from the final PCA as well as all other whole genome
analyses. In some species, PCA revealed outliers along the non-
geographic PC axis (PC 2), for which the source of variation is
unknown. Removal of these outliers produced subsequent out-
liers without changing the nature of the genetic structure asso-
ciated with geography. Therefore, we have retained all points
in the PCA figures that had not been removed for previously
described reasons (Figure 2).

We calculated genome-wide pairwise Fg. between two distinct
genetic populations that emerged from the admixture analy-
ses and visually in our PCAs in most species (see Section 3 and
Figures 1 and 2): (1) a “Northern” population that included the bo-
real belt and the north-central Appalachians and (2) a “Southern”
population that included the southern and central Appalachians
(Figure 1). Generation of site frequency spectra with genotype
likelihood data is computationally intensive, so we created a
subset of loci for each reference genome, including both variant
and invariant sites, by randomly subsampling stretches of 2kb
loci at least 10kb apart (yielding about 10% of the whole genome),
using scripts modified from https://github.com/markravinet/ge-
nome_sampler. We removed all sites flagged by ngsParalog from
the subsampled dataset and stored the loci in a BED file. Using
the -doSaf command and the -sites filter with our BED file, we
generated a site allele frequency (SAF) file in ANGSD for these
subsampled loci. We used winsfs (Rasmussen et al. 2022) to cre-
ate folded two-dimensional (2D) site frequency spectra (SFS) be-
tween each population pair. We then used the F; index and stats
function with the option -whichFst 1 (the Bhatia estimator, which
is recommended for uneven sample sizes; Bhatia et al. 2013) in
ANGSD to calculate global pairwise Fg,.
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2.4 | Genetic Diversity

For population-level genetic diversity measures (pairwise ©_),
we used the same genetic populations (Northern and Southern)
described above and calculated genetic diversity measures using
site allele frequencies and site frequency spectra. We used the
same subsampled and filtered set of loci including invariant
sites, as previously described. For all 12 species, the sample size
across the Northern population was much larger than the sam-
ple size for the Southern population, reflecting the differences
in geographic size of the landscape covered by each population.
Therefore, for each species, we created five randomly subsam-
pled groups of individuals from the Northern population, each
matching the sample size of that species’ Southern population.
For each species, we then generated population-level site allele
frequency (SAF) files in ANGSD with the -doSaf parameter and
excluded sites flagged by ngsParalog and putative inversions. We
generated population-level 1-dimensional (1D) site frequency
spectra (SFS) using winsfs (Rasmussen et al. 2022). We calcu-
lated pairwise 6 for each chromosome using the saf2theta and
thetaStat functions in ANGSD. For the Northern populations,
we repeated these analyses individually on the five random
subgroups for each species and then averaged per-chromosome
0, among these subgroups. We compared each species’ average
Northern population pairwise 0 to the Southern population’s
pairwise 6_ using a nonparametric Wilcoxon rank-sum test.
We excluded Sphyrapicus varius and Catharus guttatus from
pairwise 0 analyses given the very small sampling size of the
Southern population (n <5 individuals).

2.5 | Mitochondrial Analyses

To put our whole genome results in the context of a long his-
tory of previous avian comparative phylogeographic analyses
from other regions that relied on mitochondrial genes (e.g.,
Zink 1996; Klicka and Zink 1997; Smith et al. 2014; Winger
and Bates 2015), we also measured key population statistics
using the mitochondrial gene ND2 across all 12 species, which
was a byproduct of the whole genome sequencing (described
above). We calculated the average pairwise fixation index as
well as Nei's distance between the Southern and Northern
populations using R packages adegenet v 2.1.5 (Jombart 2008)
and hierfstat v 0.5-10 (Goudet 2005). For population compar-
isons in our mitochondrial analyses (Fq; and Nei's D), we ex-
cluded C. guttatus, S. varius, and T. hiemalis due to low sample
sizes or mitochondrial genomes failing to assemble from the
Southern population (which yielded n<5 individuals). We
tested for signatures of population expansion in each species
by calculating Tajima's D (Tajima 1989) and we and calculated
nucleotide diversity for both populations using the R package
pegas v 1.1 (Paradis 2010). We also created haplotype net-
works for ND2 using pegas.

2.6 | Evaluating the Genomic Extent
of Differentiation and Shared Patterns of Divergence

For each species, we calculated genome-wide pairwise Fy; and
created Manhattan plots to evaluate patterns of differentiation
across the genome between assigned Northern and Southern

populations. We generated population-level SAF files in ANGSD
using the variant sites file generated for population genetics
methods. Using winsfs, we then generated a folded 2D SFS for
each species. We estimated pairwise Fq; across 50kb sliding
windows with a window step of 10kb using the stats2 function
in ANGSD. We used a conservative approach commonly used
to identify Fg; window outliers that were 5 standard deviations
above the global F; mean (e.g., Walsh et al. 2019; Moreira and
Smith 2023). We then visualized genome-wide patterns of di-
vergence by creating Manhattan plots for each species using
the function “manhattan” in the R package qqman v.0.1.9
(Turner 2018).

We also tested for shared signatures of elevated genetic dif-
ferentiation associated with population differences in allele
frequencies by identifying shared F; outlier windows. Owing
to the need to use the same reference genome for this analysis
(Fraser and Whiting 2020), we restricted this test of molec-
ular parallelism to groups of species that are all mapped to
the same reference genome (i.e., four warbler species mapped
to the Setophaga coronata reference genome (Toews et al.
2016), two thrush species mapped to the Catharus ustula-
tus reference genome (Louder et al. 2024), and three species
from unique families but all mapped to the Certhia ameri-
cana reference genome (Manthey et al. 2021); see Table S2).
We estimated pairwise Fg; across 10kb non-overlapping win-
dows using the stats2 function in ANGSD and then identified
outliers that were 5 standard deviations above the global Fg;
mean. We identified the positions of overlapping outlier win-
dows between any two species that were mapped to the same
reference genome. For species mapped to the S. coronata and
C. americana reference genomes (Baiz et al. 2021; Manthey
et al. 2021), annotations were constructed using MAKER
(Cantarel et al. 2008); we therefore obtained the NCBI ID as-
sociated with the proteins with the highest confidence in each
annotation. We then used the NCBI ID to identify the gene or
protein name, description, and function using the NCBI data-
base (https://www.ncbi.nlm.nih.gov/). For species mapped to
the C. ustulatus reference genome (Louder et al. 2024), the an-
notation was constructed using the NCBI Eukaryotic Genome
Annotation Pipeline, such that the annotation had gene ID in-
formation provided. We used the NCBI database to collect any
additional information about gene function.

3 | Results
3.1 | Genome Sequencing

Following filtering, samples across all 12 species had a mean
of 5.0x coverage across the genome (range =approximately
0.91X to 23.5X coverage). The mean mapping rate across all
samples used in analyses was 89.3% (range =53.0%-98.4%)
(Table S1).

3.2 | Population Genetics
We observed concordant patterns of spatial genetic differ-

entiation between the boreal (“Northern”) and Appalachian
(“Southern”) populations on genome-wide PCA plots in 11 out

Evolutionary Applications, 2025

7 of 14

850807 SUOWIWOD A0 3|dedldde aus Aq peusenob are saolie YO ‘8SN JO SaINJ Joj Ak 8UlUO AB|IAA UO (SUOIPUOD-PUB-SWBI W00 A8 | 1M ARIq | BuUO//:SANY) SUOIPUOD pue swie | 81 88S *[6Z0Z/0T/9T] Lo ARiqiTauliuo A8|IM ‘AisieAlun a1es opeiojoD Aq 910/ BAS/TTTT OT/I0pAU0D A8 im AreIq iUl |Uo//SANY WOl pepeojumod ‘0T ‘G202 ‘T.SK2SLT


https://www.ncbi.nlm.nih.gov/)/

of 12 of the species (all species except the woodpecker, S. varius,
which did not exhibit genetic differentiation between boreal and
Appalachian populations; Figure 2). Our dataset, however, con-
tained very few southern Appalachian samples (n=3) and no
central Appalachian samples from S. varius, due to the paucity of
available genetic samples, which could explain the lack of spatial
genetic pattern detected. Admixture analyses further supported
K =2 as the best fit for the number of ancestry groups and indi-
cated distinct differences between the Southern and Northern
populations. The geographic break between these Southern
and Northern clusters was most typically observed between the
northern Appalachian sampling region (Pennsylvania/Ohio)
and the central Appalachian sampling region (West Virginia/
northern Virginia; Figures 1 and 2). We note, however, that nu-
clear genetic differentiation between Southern and Northern
populations is very low across all species (Fg, <0.01; Table 1),
indicating shallow divergence.

3.3 | Genetic Diversity

Pairwise 6 did not significantly differ between Northern and
Southern populations in 6 out of 10 species included in the
analyses (Table 1). In three species (Setophaga fusca, Regulus
satrapa, and Vireo solitarius), the Southern population exhib-
ited significantly higher genetic diversity (pairwise 6 ) than the
Northern population, whereas in one species (Setophaga virens),

A Sphyrapicus varius B
0.30
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0.20
0.15
0.10
0.05
0.00

0.30
0.25
0.20
0.15
0.10
0.05
0.00

Vireo solitarius c

the Northern population exhibited significantly higher genetic
diversity than the Southern population.

3.4 | Mitochondrial Analyses

In the mitochondrial gene (ND2), we detected little to no
population differentiation (Fg. <0.09), and low levels of
Nei's genetic distance (Nei's D <0.017) between Southern and
Northern populations. There was no observable population
clustering in the haplotype networks (Figure S2). We found
little nucleotide diversity across species (7 <0.005, except for
T. hiemalis), and differences in diversity between populations
were not detected in mitochondrial analyses. We also observed
negative Tajima's D for all 12 species, which is consistent with
the expectations for populations with recent demographic ex-
pansion (Table 1).

3.5 | The Genomic Extent of Differentiation
and Shared Molecular Patterns of Divergence

By characterizing regions of elevated differentiation across
the genome, we detected outlier windows ranging from 203
windows in S. varius to 519 in Setophaga magnolia. Outlier
windows accounted for an average of 0.4% of the sampled
windows of each species (Figure 3). Outlier windows also

Regulus satrapa
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FIGURE3 | Manbhattan plots of pairwise Fg; between the Southern and Northern population across 50kb sliding windows with a window step of

10kb calculated in ANGSD. Alternating navy and gold colors differentiate chromosomes. The orange line demarcates the global mean F,

blue line demarcates five standard deviations above the global mean.
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exhibited low levels of differentiation (Fg, average=0.04;
range =0.01-0.25) and were not concentrated in any specific
genomic regions.

We did not identify any shared windows of elevated differences
across all species in either set that included greater than 2 species
(i.e., four parulid species, and three species mapped to C. amer-
icana). Considering only shared outlier windows containing
annotated proteins, we identified a total of 20 candidate genes
for selection between the Southern and Northern populations
shared by two or three parulid species. Only one candidate gene
was shared by three species (S. fusca, S. magnolia, and S. virens),
ATP6VOB (ATPase H+ transporting VO subunit b), which is a
gene involved in proton transmembrane transport (Table S5).
The candidate genes shared between two species are also pri-
marily involved in cellular functioning, including development,
maintenance, and inflammatory response (Table S5). We iden-
tified one candidate gene between Southern and Northern pop-
ulations in the R. satrapa and T. hiemalis that plays a role in cell
adhesion and migration (the ITGB2 gene, or integrin subunit
beta 2). In the pair of Catharus species, we also identified only
one candidate gene shared by both species, IGFBP7 (insulin like
growth factor binding protein 7), which plays a role in regulat-
ing cell growth.

4 | Discussion

We detected spatially concordant genetic divergence between
the Southern (Appalachian) and Northern (boreal) populations
of 11 out of the 12 sympatrically breeding birds we analyzed
(Figure 2). Identification of genetically distinct populations
using whole genome sequencing can be used to assign intraspe-
cific conservation units, or designated groups used to inform
management decisions to conserve species-level genetic diver-
sity (DeSaix et al. 2023; Paetkau 1999). By considering shared
patterns of genetic population differentiation across several spe-
cies, conservation efforts can prevent genetic diversity loss while
taking a more inclusive community rather than species-level ap-
proach. In our study of a co-distributed species assemblage, our
results consistently point to small populations persisting in the
southern Appalachian Mountains as harboring genetic diversity
that is distinct from much larger, widespread boreal populations
of the same species. The degree of genetic structure, however,
was subtle, as genetic differentiation between the boreal and
Appalachian populations was low across all species at the level
of the nuclear genome (Fg <0.01) and a mitochondrial gene,
ND2 (F; <0.09).

Our results detecting genetic structure between northern and
southern populations are similar to those in previous studies of
boreal-Appalachian migratory bird species, including Cardellina
canadensis (Miller et al. 2024) and C. fuscescens (Kimmitt et al.
2024a; a species also included in our current study). By contrast,
a previous study of another warbler species, Setophaga caerules-
cens, indicated low genetic differentiation between boreal and
Appalachian populations based on microsatellite and mitochon-
drial DNA (Davis et al. 2006). Mitochondrial DNA in our study
was likewise unable to recover genetic divergence across this re-
gion, showing low divergence and no population-level structure
in the haplotype networks in all 12 species. Therefore, the subtle

spatial structure we observe between boreal and Appalachian
populations may require whole genome data to detect.

The concordant phylogeographic breaks we detected are unlikely
explained by a specific geographic barrier. Although the popu-
lation abundance of our study species may be lower in the high
elevation habitat of southern Pennsylvania's Valley and Ridge
geologic province (Fink et al. 2024), near where the phylogeo-
graphic break occurs in most species, these species are neverthe-
less continuously distributed throughout the Appalachians. And
yet, concordant patterns of discrete structure between southern
and central Appalachian populations suggest restricted gene
flow between these regions. We argue that this reduced gene
flow may be driven by philopatry and breeding site fidelity,
whereby migratory birds, despite flying long distances to their
nonbreeding locations, tend to return to the same geographic
region and habitat type as where they were fledged or bred in a
previous year (Conklin et al. 2024; Pegan et al. 2025b; Winger
et al. 2019). That is, despite their mobility, migratory species
may have lower than expected dispersal between these ecogeo-
graphic regions, leading to genetically distinct populations in
the Appalachians, a region of great conservation concern.

We also tested whether genetic diversity patterns reflected ei-
ther (1) historic range expansions out of southern refugia that
resulted in higher diversity in southern populations or (2) con-
temporary differences in geographic area and census population
size that resulted in lower diversity in southern populations. We
did not detect consistent population differences in genetic di-
versity across the species, as 6 out of 10 species tested did not
differ in genetic diversity measures between the Southern and
Northern populations. In three species (S. fusca, R. satrapa, and
V. solitarius), genetic diversity in the Southern population was
higher than diversity in the Northern population, suggesting that
southern Appalachian populations could have acted as source
populations for postglacial northern expansion in these species.
By contrast, in one species (S. virens), the Northern population
exhibited higher genetic diversity than the Southern population,
which is more consistent with the prediction that populations
isolated in small geographic regions should have lower genetic
diversity (Berthier et al. 2002). However, the fact that these op-
posing patterns of genetic diversity were not broadly observed
across our study species casts doubt on their explanatory power.

Our comparative system using whole genome techniques also
provided an opportunity to evaluate the genomic context of dif-
ferentiation underlying spatial structure. For all species, peaks of
differentiation across the genome were relatively low (Fg; <0.25)
with outlier windows spread across the genome, suggesting that
concordant patterns of spatial structure emerge from species-
specific processes that likely reflect neutral genetic differenti-
ation (Hahn 2019; Lewontin and Krakauer 1973). If selection
via local adaptation is driving differentiation patterns in similar
ways among co-distributed species, then concordant phylogeo-
graphic breaks may be associated with shared patterns of mo-
lecular evolution, including the genes underlying differentiation
between populations (McGaughran et al. 2022). However, we
found no shared windows of elevated differentiation across the
four Setophaga species and only detected a total of 20 candidate
genes between species pairs and triplets (Table S4). Similarly,
we only identified one unique potential candidate gene shared
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between the two Catharus species, as well as one unique poten-
tial candidate gene in only two out of the three species mapped
to the C. americana reference genome (Table S4).

The lack of evidence for shared patterns of genetic differentiation
in our study, along with the results of several recent comparative
studies, suggests that molecular parallelism can be difficult to
detect or often does not explain concordant phylogeographic
patterns of population differentiation. A previous study of
shared genomic differentiation in parulid warblers in the west-
ern portions of their ranges in the Canadian Rocky Mountains
(which included two of our species, S. virens and S. coronata)
also did not find shared F, peaks between pairs of hybridizing
subspecies or species (Irwin et al. 2018). The authors concluded
that the pairs were experiencing differing selective forces or dif-
fering genomic responses to selection. Additionally, two recent
comparative studies on passerines did not find strong support
for molecular parallelism, as no candidate genes were shared be-
tween all four focal species in each study, and only 2-33 candi-
date genes were shared between two or three species (Recuerda
et al. 2024; Walsh et al. 2019). By contrast, two woodpecker spe-
cies, Dryobates pubescens and Dryobates villosus, which exhibit
convergent geographic patterns of plumage coloration, shared
about 12% of the outlier windows corresponding to 139 shared
candidate genes for selection (Moreira and Smith 2023), provid-
ing stronger evidence for molecular parallelism compared to our
study and the other studies in passerines.

The comparative nature of our study suggests caution when in-
terpreting outlier loci as candidates for selection, given the ab-
sence of molecular parallelism detected in closely related species
with similar environmental pressures. Many single-species em-
pirical studies report a high prevalence of outliers and conclude
evidence for candidate genes under selection that might explain
population differentiation (Ahrens et al. 2018; McGaughran
et al. 2022). However, outlier detection methods are known to be
prone to false positives (Ahrens et al. 2018), and heterogeneity in
relative divergence metrics like Fy; across the genome can also
be generated by intrinsic genomic architecture (Cruickshank
and Hahn 2014; Thom et al. 2024). Our findings further empha-
size the complexity of the mechanistic underpinnings of spatial
population structure by suggesting that idiosyncratic molecular
pathways among species can still produce concordant patterns
of spatial population differentiation.

Collectively, our results reveal strong concordance of subtle
but distinct genetic structure between the boreal and southern
Appalachian populations across most of the co-distributed mi-
gratory songbirds tested. The presence of genetically distinct
populations across several species associated with adjacent but
unique ecoregions can inform conservation and management
efforts. The field of conservation has long debated whether con-
servation policy should prioritize preserving ecosystem, species,
or genetic diversity (Bowen 1999). With the advances and acces-
sibility of genomic sequencing and resources, a recent emphasis
has been placed on preserving genetic diversity, as it is critical
for the adaptive potential of the species (Kahilainen et al. 2014)
and plays a role in community and ecosystem resilience (Stange
et al. 2021). In addition to conservation genetic approaches fo-
cusing on vulnerable species for species-level conservation (e.g.,
Dufresnes et al. 2023; Miller et al. 2024; Senior et al. 2022),

some work has also focused on community genetics among in-
teracting species (Schweitzer et al. 2008; Stange et al. 2021) or
keystone species (Chacén-Vargas et al. 2020; de Goes Maciel
et al. 2024; Thompson et al. 2019) to evaluate impact on ecosys-
tem resilience. Our study highlights how comparative phyloge-
ography, a classic discipline for studying the geographic context
of genetic variation (Edwards et al. 2022), could be used as a
broader link between preserving genetic diversity and ecosys-
tem management, by using evidence of concordant patterns of
intraspecific conservation units among co-occurring species to
inform habitat conservation policy.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Table S2: Reference genomes used to
align samples from each species, as well as the number of SNPs ana-
lyzed in PCA, and the length of random genome subset used to estimate
pairwise 6 . Table S3: Parameters used in ANGSD to estimate metrics.
Parameter definitions were summarized from the ANGSD website.
Table S4:. A list of chromosomes regions filtered out of the dataset due
to evidence of putative inversion polymorphisms. Microchromosomes
(indicated by region type) were entirely discarded, such that it is unnec-
essary to specify filtering range. Table S5: Summary of candidate genes
identified by outlier windows (50kb sliding windows with a window
step of 10kb) from genome-wide pairwise F analysis shared between
two or three species. Outlier windows were identified as 5 standard de-
viations above the global F; mean. Using the Setophaga coronata anno-
tation, we identified protein matches found within candidate windows.
‘We then identified gene name, description, and function using the NCBI
IDs on the NCBI database (https://www.ncbi.nlm.nih.gov/). Figure
S1: (A) Map of specimen sampling locations for each species. Scientific
name is at the top of each panel. Each point represents an individual,
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but in some cases, multiple individuals were sampled from the same
location, such that points are overlapping. The species' range (orange)
show the mean abundance of the species during the breeding season
in 2023 from the eBird Status and Trends (Fink et al. 2024). Samples
from the boreal region are displayed by purple circles, with shading
corresponding to longitude. Triangles show one of three potential sam-
pling regions associated with the Appalachian Mountains south of the
boreal forest belt, which include: (1) North-Central Appalachians (teal),
(2) Central Appalachians (green), (2) Southern Appalachians (yellow).
Samples from each species do not always include every sampling region
from the dataset. Figure S2: Haplotype networks using the ND2 gene
generated using the R package pegas. The Southern population is in
red, and the Northern population is in turquoise. Table S1: Summary
table of samples used in analyses, which includes institution, species,
catalogue number, sex, collection date, locality, and latitude/longitude
data for each sample. Genomic coverage (total number of bases) and the
percent of filtered reads mapped are also included for every individual.
Coverage is equivalent to the total bases/1e9 based on the assumption
that avian genomes are approximately 1 GB. Acronyms for institution
names are as follows: AMNH =American Museum of Natural History;
BURG =blood samples collected by Theresa Burg; CMNH = Cleveland
Museum of Natural History; CUMV = Cornell University Museum of
Vertebrates; MMNH = Bell Museum of Natural History; MVZ = Museum
of Vertebrate Zoology, UC Berkeley; KETT =blood samples collected by
Ellen Ketterson; NCSM = North Carolina State Museum; NYSM = New
York State Museum; RAM =Royal Alberta Museum; UAM = University
of Alaska Museum; UMMZ=University of Michigan Museum of
Zoology; USNM =National Museum of Natural History, Smithsonian
Institution; UWBM = University of Washington Burke Museum.
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