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Museum genomics provide insight
into the extinction of a specialist
North American warbler species

Paige A. Byerly**‘, Anna M. Kearns%¢, Andreanna Welch>, Margad-Erdene Ochirbat?,
Peter P. Marra“, Amy Wilson*, Michael G. Campana®? & Robert C. Fleischer®?

Museum genomics provide an opportunity to investigate population demographics of extinct species,
especially valuable when research prior to extinction was minimal. The Bachman'’s warbler (Vermivora
bachmanii) is hypothesized to have gone extinct due to loss of its specialized habitat. However, little
is known about other potential contributing factors such as natural rarity or changes to connectivity
following habitat fragmentation. We examined mitochondrial DNA (mtDNA) and genome-wide SNPs
using specimens collected from breeding and migration sites across the range of the Bachman’s
warbler. We found no signals of strong population structuring across the breeding range of Bachman'’s
warblers in both mtDNA and genome-wide SNPs. Thus, long-term population isolation did not appear
to be a significant contributor to the extinction of the Bachman’s warbler. Instead, our findings
support the theory that Bachman’s warblers underwent a rapid decline likely driven by habitat
destruction, which may have been exacerbated by the natural rarity, habitat specificity and low
genetic diversity of the species.

Nine avian species have gone extinct in North America since the nineteenth century'. While the factors leading to
these extinctions were complex and synergistic, many involved overexploitation and habitat loss!, among the pri-
mary drivers of biodiversity loss today?. Such proximate causes of extinction are well-documented; however, the
specific factors that make some species at higher risk for extinction are still not well understood**. For example,
habitat fragmentation can inhibit dispersal among populations, leading to isolation and, potentially, inbreeding,
loss of adaptive potential, and decrease of long-term population fitness*”’. In the extreme, then, isolation can
contribute to heightened extinction risk, especially in species which may have already experienced declines or
are naturally uncommon’~’. However, many species persist at low densities in patchy and rare habitat'’, and it
is unclear why some disappear while others remain. Investigating demographic histories and parameters such
as range-wide connectivity of extinct species may therefore shed insight on intrinsic factors contributing to a
species’ extinction®. Museum collections provide invaluable opportunities to reconstruct population dynamics
of extinct species. As data collection was minimal for many of these species before their extinction, genomic
analyses of museum or other historical materials often represent the only means of unlocking past dynamics of
extinct species.

Here, we conducted genomic analysis of the extinct Bachman’s warbler (Vermivora bachmanii) to investigate
the hypothesis that long-term population isolation may have contributed to the species’ decline and ultimate
extinction. The Bachman’s warbler was a Neotropical migrant that bred in the southeastern United States and
overwintered in Cuba''""*. The last Bachman’s warbler sighting occurred in 1988'!, and the species was pro-
posed for Endangered Species Act (ESA) delisting in 2021, effectively declaring it extinct'*. Contemporaneous
records of the Bachman’s warbler are sparse, but they were known to occur primarily on ephemeral canebrake
(Arundinaria gigantea) stands in flooded forest on their breeding grounds". The high soil fertility of this habitat
type led to widespread conversion of canebrakes and other flood-plain forest habitat to agricultural land in the
nineteenth and twentieth centuries'>'. During this period, habitat in the Bachman’s warblers’ narrow wintering
range in Cuba was also in serious decline due to hurricanes and extensive agricultural activities'”'®. The wide-
scale destruction of these specialist habitats has led to speculation that habitat loss and fragmentation across
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both the wintering and breeding grounds were the main drivers of the Bachman’s warbler’s extinction''~'*. For
Bachman’s warblers, such a rapid and large-scale habitat loss would have been exacerbated by the fact that cane
species are semelparous, undergoing synchronized die-offs on 20-30 year cycles, that make canebrakes a spatially
and temporally variable habitat'%.

Habitat loss poses the greatest risk for specialist species*?!, particularly when their required habitat is rare and/
or patchily available. However, not all habitat-restricted species respond the same to threatening processes??, and
some are able to persist following large-scale habitat loss. It has also been suggested that human persecution
in the form of overharvest, including by museum institutions, may have contributed to population declines®’,
rendering the Bachman’s warbler even more sensitive to environmental perturbations, but this hypothesis has
not been investigated. Thus, it remains unclear how potential characteristics of Bachman’s warblers such as
restricted dispersal, rarity, or inbreeding may have interacted with habitat fragmentation and other threatening
factors such as overharvest to contribute to their decline.

Previous genomic work comparing extant and extinct species, including the Bachman’s warbler, estimated
lower genetic diversity and smaller effective population sizes in extinct species, but found largely similar demo-
graphic histories reflecting population expansions following late Pleistocene climate fluctuations in both groups®.
This same study found no evidence for population structuring within samples of Bachman’s warblers, although
the sample size and sampling breadth was largely confined to one breeding region, and was not adequate to
investigate range-wide population structure®. Another study found higher mean runs of homozygosity (ROH)
in the Bachman’s warbler versus its extant congeners, suggesting increased levels of inbreeding could have con-
tributed to, or been a by-product of, its extinction®*. The narrow habitat specialization of Bachman’s warblers fits
with simulations showing that small populations may be more susceptible to genetic drift and inbreeding if they
are restricted to specialized habitat patches isolated within a large breeding range”?. Critically, we still lack a
strong understanding of the pre-decline population connectivity of Bachman’s warblers, which could shed light
on factors that made them vulnerable to extinction.

The decline of Bachman’s warblers was rapid'% however, it is unclear whether the species was naturally rare
or whether populations fluctuated temporally or spatially’'~'*. Anecdotal accounts of historical abundance in the
breeding range vary from locally common to sporadic'’. The large breeding distribution of Bachman’s warblers
(Fig. 1a) and patchy nature of their canebreak breeding habitat does indicate the potential for lack of connectivity
and differentiation of isolated populations. Notably, however, most extant New World warbler species (Paruli-
dae) show weak population structuring within major geographic regions*>?’. When structuring is seen, it is
hypothesized to be driven by local adaptation® or geographic isolation®. It is unlikely that disjunct Bachman’s
warbler populations developed any local adaptive differentiation based on habitat differences, given that their
specialized breeding habitat was likely consistent across their range®. Thus, if Bachman’s warbler populations
were genetically structured, this likely would result from isolation, perhaps as a consequence of anthropogenic
habitat fragmentation.

Without reliable census data, the only method of assessing historical demography of Bachman’s warbler popu-
lations is through genetic analysis of museum specimens. Here, we use mtDNA and nuclear SNPs to investigate
population connectivity and estimate the effective population size (N.) of Bachman’s warblers using historical
museum specimens collected between 1888 and 1924, a period during which the species became known as one
of the rarest warblers in North America'?.

Results

Mitochondrial DNA

For all analyses, samples were designated as “Eastern” (Atlantic coastal plain), “Western” (interior U.S.; Fig. la),
and “Migratory” (south of breeding range) based on collection location (Table S1). Concatenated alignments
were up to 117 bp for the control region, 100 bp for cytochrome b, and 126 bp for ND2. Out of # =48 individuals,
we recovered five haplotypes (Fig. 1b; Table 1; Table S4). The majority of individuals shared a single common
haplotype, and three out of the four other haplotypes were sampled from individuals in the migratory route
(Fig. 1b). 8 was estimated to be 0.014 with a 95% credible interval of 0.007-0.0261, which corresponds to a N
of approximately 574 (95% CI, 316-1060; Fig. 1c).

Nuclear population structuring
Of the n =46 individuals sequenced, we retained n=32 samples after filtering for missingness in the restricted
dataset (Table 2). From 761,336,806 aligned reads with a 58% alignment rate resulting in 22,853,493 sites, we
retained 6,436 SNPs with a mean missingness of 0.16% and mean depth of 54.4 x for the full dataset (Table S1)
and 12,509 SNPs with a mean missingness of 0.05% and mean depth of 46.9 x for the restricted dataset.

Estimates of genetic diversity were comparable between the Eastern, Migratory, and Western sampling regions
(Table 2). Although differences between regions were minor, genetic diversity estimates were slightly higher for
samples collected on the migratory grounds (Table 2), potentially reflecting either higher genetic diversity or
unknown population structuring in unsampled breeding locations represented by these migrants. We found
greater estimates of Fig for the Western samples (Table 2); however, this may have been an artifact of sampling
error since samples from this region had greater mean frequency of missing data and lower depth (Table S1,
Fig. S2), Fsp was low between all pairs of sampling locations, despite being statistically significant for Eastern-
Western and Migratory-Western pairings (Table S5). However, the test for IBD was significant for both the entire
dataset (r=0.24; p <0.0001) and the dataset of breeding birds only (r=0.26; p=0.002), indicating a correlation
between geographic and genetic distances (Fig. S3a, b).

STRUCTURE identified K =1 as the likeliest number of clusters (Fig. 2a), with STRUCTURE plots showing
partitions evenly split between samples for all iterations of K (Fig. 2). Results were identical for the subsampling
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Figure 1. (a) Hypothesized breeding (blue) and wintering (orange) range of the Bachman’s warbler (Vermivora
bachmanii) prior to extinction. Circles show collection localities of specimens examined in this study with
color corresponding to the three mainland sampling regions—Eastern (1 =10; light green), Migratory (n=17;
brown), and Western (n=19; dark green). Specimens in the Eastern and Western regions collected outside of
the hypothesized breeding range (blue) likely represent an expansion of the known breeding range. Bachman’s
warbler image by Louis Agassiz Fuertes, 1907, Warblers of North America, New York, Appleton. (b) Unrooted
network of five unique mitochondrial DNA (mtDNA) haplotypes derived from a concatenated alignment of
domain I of the control region, NADH dehydrogenase subunit 2, and cytochrome b observed in individuals
sampled from the migratory route (FL and LA) and breeding ranges (all other states). See Table 1 for key to state
abbreviations. (c) Bayesian skyline estimates of historical population size (N,) based on mtDNA (dark middle
line represents the median estimate of N, while the gray outer lines represent the upper and lower 95% HPD
confidence intervals).

Location Region I |II IO | IV \%
Alabama (AL) Western 4 |- |- - -
Arkansas (AR) Western 2 |- |- - -
Florida (FL) Migratory |8 |4 |- 1 1
Kentucky (KY) Western 2 |- |- - -
Louisiana (LA) Migratory |6 |1 |- - -
Missouri (MO) Western 5 |- |- - -
North Carolina (NC) Eastern 2 |- |- - -
South Carolina (SC) Eastern 7 |- |- - -
Virginia (VA) Eastern 1 (- |- -
Georgia (GA) Eastern - |- |1 - -

Table 1. Distribution of mitochondrial DNA haplotypes for n =48 historical museum specimens collected
across the breeding range of the Bachman warbler prior to extinction.

test (Fig. S4). Geographic regions were largely overlapping in PCA, with the likeliest number of clusters as K=1
(Fig. 2b). However, while PCA showed overlap between the Eastern and Migratory regions, there was some
differentiation of the Western region, with some samples from Kentucky spreading away from the Eastern and
other Western samples on PC1 (Fig. S5).
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Eastern

Sampling region n Fig Ag H, H,

Eastern 8 0.04+0.005 1.32£0.007 0.09+0.002 0.10+0.003
Migratory 17 0.05+0.004 1.34£0.005 0.12+0.002 0.13+0.002
Western 7 0.18+0.007 1.33+£0.007 0.09+0.002 0.11+0.003

Table 2. Comparison of summary genetic diversity statistics and +95% confidence intervals for Bachman
warblers from the Eastern, Western, and Migratory regions based on analysis of single-nucleotide
polymorphic (SNP) markers. nsample size, Ay rarefied allelic richness, H, observed heterozygosity, H, expected
heterozygosity.
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Figure 2. Estimates of genetic clustering among the Eastern, Western and Migratory regions based on the full
SNP set. (a) Bayesian analysis of population structure and admixture estimated in STRUCTURE, with bars
along the x-axis representing individuals within each region and the y-axis representing their proportion of
group membership under models estimated for 2, 3, and 4 populations (K). (b) Principal components analysis
(PCA) plotted on the first two PCs, with points representing individual samples, colors representing sampling
region, and ellipses representing clustering of each region.

Plumage genes

We observed a total of 1769 candidate SNPs [of which 716 with a minor allele count (MAC) >2] within 1 kb of the
baited plumage genes. 199 of these candidate SNPs (93 MAC > 2) overlapped the baited plumage gene exons. Fur-
ther functional analyses are required to elucidate the possible roles these variants may play in warbler plumage.

Overharvest by museum collections

We determined that 332 specimens of Bachman’s warblers were collected in the eighteenth and nineteenth cen-
turies, with over 200 of these being collected in a 5-year period (1888-1893, Ornis Data Portal). When compared
to the six other extant warbler species with similar distributions, this number was found to be on the lower end
of the number of specimens collected between 1820 and 1940, suggesting Bachman’s warbler was likely not
impacted by overharvesting by museum collections more than other contemporaneous species. Relative propor-
tions of historical collection totals were roughly correlated to modern population sizes for extant species (Fig. 3).

Discussion

Genomics is increasingly being used to help guide the conservation management of threatened species®'. Museum
genomic approaches offer a unique avenue for enhancing genomics-guided conservation perspectives—e.g., via
exploring temporal changes in genetic diversity*#*>%, testing species boundaries between extinct and extant
species®?****, and exploring historical demographic changes®. Here, we investigated the historical population
structuring of the Bachman’s warbler, a narrow habitat specialist that went extinct in the Anthropocene. As
in situ data are sparse for most species that went extinct prior to the twenty-first century, our study showcases
how invaluable museum collections are as a repository of species’ responses to past threatening processes, often
representing the only means of unlocking the historical demographics of extinct species.

We found no signals of strong population structuring across the breeding range of Bachman’s warblers in both
mtDNA and genome-wide SNPs. Nuclear SNPs showed little differentiation, however, significant isolation-by-
distance was detected, indicating minor geographic variation between populations. We also found some subtle
east-west partitioning, with some samples from Kentucky as differentiated from the rest of the region, although
it is not clear why these specific samples exhibited more variation. MtDNA haplotypes were not geographically
structured, and all but one sampling site shared a common haplotype. This suggests either ongoing connectivity
between populations or recent common ancestry following late Pleistocene population expansions. Signals from
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Figure 3. Comparison of modern population size (as reported by BirdLife International, http://datazone.birdl
ife.org/species/) and number of specimens collected between the years 1820-1940. Collections numbers were
obtained by searching for the species name using the advanced search option on the VertNet online database
(http://portal.vertnet.org/search) with Basis of Record noted as Preserved Specimen and with all entries
corresponding to nest and eggs and without a recorded collection year removed.

the nuclear and mtDNA genomes suggest that Bachman’s warblers did not experience long periods of isolation
within fragmented habitat patches prior to their extinction, which is consistent with anecdotal reports of rapid
population declines beginning in the 1920s'%. Estimates of genetic diversity were equivalent between breeding
populations, indicating similar demographic trajectories between sites across the Bachman’s warbler’s breeding
range. These results provide the first evidence of range-wide population connectivity for this extinct Parulid
species, and are consistent with the weak population structuring typically found in other, extant New World
warbler species®®?’.

Our sequence data lends further support to the hypothesis that Bachman’s warblers were not a common
species, which may have contributed to their decline. Our mtDNA findings of low N, are consistent with results
from prior findings of low heterozygosity in Bachman’s warblers?*, and may most accurately reflect the state of
the Bachman’s warblers’ population demographics at the time of its extinction. Results from the Bayesian sky-
line estimates indicate a relatively stable long-term N, which supports the theory that Bachman’s warbler was a
naturally rare species, likely due to the ephemeral nature of their primary breeding habitat. This rarity, combined
with ecological traits, may have made the Bachman’s warbler more vulnerable to ecological disturbances. Swain-
son’s warblers (Limnothlypis swainsonii) are habitat specialists with a similar breeding distribution to Bachman’s
warblers, and have also been found to have a low population-level N, with an estimated N, of <200 individuals
per breeding population®’. Swainson’s warblers are also considered an uncommon species; however, although
they experienced the same loss of flooded forest habitat as the Bachman’s warbler, the species persisted and is
currently not a species of conservation concern. Although similar ecologically, Swainson’s warblers have a broader
overwintering range than Bachman’s warblers, which may have contributed to greater population stability in the
face of breeding habitat loss®*. This example highlights the complex nature of the various intrinsic and extrinsic
traits that work together to contribute to heightened extinction risk.

Additional factors could have been responsible for the Bachman’s warblers’ decline. It has been suggested
that human persecution in the form of overharvest by museum institutions may have contributed to population
declines'. At the lower range of our population estimates, specimen collection could have represented additive
mortality that may have contributed to population instability**. However, we found the rate of Bachman’s warbler
collecting to be comparable to or lower than that of other extant warbler species with similar restricted ranges
and population sizes (Fig. 3). Based on these findings it is possible that collection did not significantly impact
the Bachman’s warbler populations; however, without contemporaneous population estimates or other forms
of data, it is difficult to speculate on how such external factors such as harvest, disease, or parasitism may have
contributed to population declines in the species.

Our analyses provide further evidence that the Bachman’s warblers’ story is a cautionary tale of extinction
resulting from habitat destruction. The Bachman’s warblers” breeding grounds historically hosted 56% of bottom-
land forest in the United States, a habitat type that currently occupies less than 2% of its former range®. Although
rates of loss have slowed in modern times, wetland destruction continues in the southeastern United States, and
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wetlands-dependent taxa continue to accordingly decline®®’. The same habitat destruction that devastated the
Bachman’s warbler also led to the extinction of the Carolina parakeet and the likely extinction of the ivory-billed
woodpecker, two species which also relied on the same flood-plain forests®. Although remnants of that habitat
type persisted and remain today, it was not enough to support viable populations of these habitat specialists. The
rapid decline and extinction of these species serve as an example of the importance of habitat conservation and
a reminder that wildlife extinctions will continue as habitat destruction persists.

Methods
We sampled toe pad tissue samples from 7 =55 museum specimens from 7 institutions (Table S1) from across the
known Bachman’s warbler range (Fig. 1a). Total genomic DNA was extracted from tissue samples at a special-
ized facility using an organic DNA extraction method®. From the 55 specimens, we performed mitochondrial
PCR and sequence analysis on n =48 specimens and obtained genome-wide SNPs via sequence capture on n=46
individuals.

Mitochondrial DNA

Based on sequence we obtained from the Bachman’s warbler’s closest relatives, blue-winged (Vermivora cyanop-
tera) and golden-winged (V. chrysoptera) warblers®’, we designed amplification and sequencing primers target-
ing ~ 100 bp fragments of the mitochondrial genome in domain I of the control region, NADH dehydrogenase
subunit 2 (ND2) and cytochrome b. We then performed amplifications using these primers in n=48 samples
(Eastern: n=11; Migratory, n=17; Western, n=13). To minimize contamination risk, all PCRs were prepared
in the ancient DNA facility at the Smithsonian’s Center for Conservation Genomics (CCG) before transfer to
PCR thermocyclers in the general genetics lab for amplification under the conditions reported in*. Raw mtDNA
sequence data was aligned using GENEIOUS PRO 5.1.7*, and converted to analysis formats using FABOX
1.35%2, We combined all sequences and used LAMARC 2.0 to estimate Bayesian skyline estimates of historical
population size (N,) using a mutation rate of 2% per million years, based on the average reported for Passerines*.
Generation time was defined as 1.8 years based on the estimated generation time for the Yellow-Rumped War-
bler (Dendroica coronata)**. We defined 8 as 6 = 2N_q1, where N,; equals the effective female population size
and p equals the mutation rate per sequence, per generation. We then quantified 6 with the Bayesian module in
LAMARC 2.0%, using ten initial chains with a sampling interval of 100 steps and with 50,000 trees sampled with a
burn-in of 10,000 and with two replicates per run for two runs. We used TRACER v 1.5* to determine run length.

Bait design and genome capture methods

We designed a custom myBaits (Arbor Biosciences, Ann Arbor, MI) in-solution capture baits set from three
primary sources of genetic variation—shotgun genomes of Bachman’s warblers and their two congeners, Ultra-
conserved Element (UCE) raw reads from Bachman’s warblers?, and candidate plumage genes known from
other warblers®6->0, We selected the chromosome-level genome assembly of a close relative, the myrtle warbler
(Setophaga coronata coronata) (Assembly mywa_2.1; GenBank Accession GCA_001746935.2)%, as the reference
genome for this study. To prepare the reference genome, we used RepeatMasker 4.0.9>! (using RMBlast 2.9.0+)
to annotate repeats using the Aves repeat database (options: --gccalc --nolow -species Aves). Next, we used
RepeatModeler 2.0.1°? on the initial repeat-masked genome to build a custom myrtle warbler repeat database.
We produced a final repeat-masked genome by rerunning RepeatMasker on the myrtle warbler assembly using
the custom myrtle warbler repeat database.

Genome-wide baits

We shotgun sequenced two Bachman’s warblers (AMNH 380148 and CAS 53742) on a test MiSeq and then a
full a HiSeq lane, obtaining a total of 308,014,040 and 365,719,262 reads, respectively. We also downloaded raw
genome resequencing reads for the golden-winged warbler (Vermivora chrysoptera; SRR4017514) and blue-
winged warbler (Vermivora cyanoptera; SRR4017516) from NCBI SRAY. AdapterRemoval 2.3.1% was used to
remove adapter sequences, trim Ns and low quality reads, discard reads shorter than 25 bp, and merge paired
end reads. BWA 0.7.17°* was used to align reads to the repeat-masked myrtle warbler reference genome using
the backtrack algorithm and a minimum quality score of 15. Within PALEOMIX, we also used mapDamage
2.2.1% to rescale quality scores of the two Bachman’s warbler shotgun genomes derived from historical museum
specimens. SNPs were called on each alignment using GATK 4.1.3.0 HaplotypeCaller®® with default settings,
followed by combineGVCF and GenotypeGVCFs to perform joint genotyping across all four genomes and
between just the two Bachman’s warbler genomes, and VariantFiltration to perform initial hard filtering based
on the following settings—QD < 2.0, FS >40.0, MQ < 30.0, MQRankSum < —12.5, ReadPosRankSum < - 8.0).
We then used VCFtools 0.1.16” and BCFtools 1.7.2% to filter SNPs based on minimum quality <30, depth<5
and>20, N_ALT =1, removing invariants and restricting SNPs to those mapped to chromosomes.

A total of 30,486 SNPs were called across a dataset containing only Bachman’s warblers and 8089 SNPs for the
dataset containing all three warbler species. We retained SNPs localized on chromosomes using VCFtools. We
generated 120 bp (option -L120) candidate baits using BaitsTools 1.7.2 vcf2baits®. Each SNP was covered by one
candidate bait with the SNP placed at the 61st base of the bait (options -b60 -k1). We requested up to 1500 sites
that segregated between Bachman’s warblers and the other warbler species and 13,500 sites that were variable
within Bachman’s warblers (options --taxacount 0,1500,13500 --popcategories 13500,0). We required SNP sites
to be a minimum 10,000 bp apart (option -d10000) and scaled the number of selected SNPs per chromosome by
the chromosome lengths (option -j). We excluded candidate baits that included gaps, Ns or were less than 120 bp
long (options -c -N -G exclude). We required baits to have GC contents between 30 and 50% (options -n30.0
-x50.0) and have a linguistic complexity at least 0.9 (option -y0.9). We removed baits that had homopolymer
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runs longer than 4 bp (option -J4) or overlapped repeat-masked regions by more than 25% (option -K25). After
filtration, we retained 4340 candidate baits (representing 4340 SNPs at 1x coverage).

Ultra-conserved element baits

We obtained NCBI SRA raw sequence reads for ten Bachman’s warblers previously generated using sequence
capture of UCE baits from Tilston Smith et al.* (Table S2). These were aligned to the myrtle warbler genome
using a custom pipeline (derived from®) incorporating Trim Galore! 0.6.4°' (using Cutadapt 2.4°* and FastQC
0.11.8%) for read trimming and adapter removal, BWA-MEM 0.7.17% for read mapping, Picard Tools 2.20.6 for
marking PCR duplicates® and GATK 3.8.1.0 for read re-alignment®. SNPs were called using GATK 4.1.3.0 and
filtered as per the shotgun genomes above. Using BaitsTools 1.7.2 vcf2baits™, we then generated complementary
UCE SNP baits to the genome-wide SNP baits (option --previousbaits). We requested baits to cover up to 30,000
SNPs. Otherwise, we generated baits under the same parameters as the genome-wide SNP baits. After filtration,
we retained 7814 candidate baits (representing 7814 SNPs at 1x coverage).

Plumage gene baits

We performed a literature search for plumage pigmentation genes involved in carotenoid and melatonin produc-
tion, and this list was narrowed down to seven candidate genes discovered between golden-winged and blue-
winged warblers and other warblers?®#5->° (Table S2). We then used Ensembl version 102 (accessed November
2020) to extract sequences for each gene using the zebra finch genome (Taeniopygia guttata; bTaeGutl_v1°°).
These sequences were then aligned to our repeat-masked myrtle warbler genome and we extracted their loca-
tions in BED format. We used BaitsTools 1.6.8 bed2baits to generate 120 bp baits (option -L120), padding
60 bp upstream and downstream of the gene coordinates (option -P60), and tiling every 15 bp (option -O15).
We retained baits with gaps (option -G include). We excluded candidate baits less than 120 bp (option -c) and
unresolved bases (Ns, option -N). We required candidate baits to have GC contents between 30 and 60% (options
-n30.0 -x60.0). We removed baits that had homopolymer runs longer than 4 bp (option -J4) or overlapped
repeat-masked regions by more than 25% (option -K25). After filtration, we generated 175 baits, covering the
target sequences at a mean depth of 2.0x.

Final bait set

The three candidate bait sets were submitted to Daicel Arbor Biosciences for BLAST (Basic Local Alignment
Search Tool®’) analysis for building a myBaits in-solution capture assay. 283 bait candidates (5 plumage baits, 56
genome baits, and 222 UCE baits) were removed for having more than one BLAST hit. To improve the likelihood
of capturing damaged DNA molecules, each of the surviving 120 bp candidate bait sequences was converted
into two tiled 80 bp baits (overlapping by 40 bp), generating a total of 24,092 candidate baits (340 plumage gene
baits, 8,568 genome SNP baits, and 15,184 UCE baits). We refiltered the 80 bp bait sequences using BaitsTools
1.7.4 checkbaits using the appropriate filtration parameters noted above. After final filtration, we retained 21,581
candidate baits (317 plumage gene baits, 7637 genome SNP baits, and 13,627 UCE baits). Using a custom script
(random_downsample.rb), we then randomly removed 1581 UCE baits (leaving 12,046 UCE baits) to fit into
a 20,000-bait myBaits kit (Fig. S1). The final bait set and custom scripts are available in the bait-development
repository (https://github.com/campanam/bait-development/tree/main/BAWA).

Genomic library construction and capture

We prepared genomic libraries using SRSLY PicoPlus Uracil +kits (Claret Bioscience, Santa Cruz, CA, USA). We
prepared and double-indexed libraries with unique P5 and P7 barcodes in a PCR-free ancient laboratory before
transferring them to a separate laboratory facility for PCR. We quantified PCR product concentration using a
Qubit Fluorometer 3.0 (Invitrogen, Carlsbad, CA, USA) and visualized mean library insert sizes with an Agi-
lent 2200 TapeStation (Agilent Technologies, Santa Clara, CA, USA). We performed capture by first combining
libraries into equimolar pools of three samples per pool with a targeted amount of ~ 300 ng DNA per pool. We
then followed the MyBaits v5.0 protocol (Arbor Biosciences, Ann Arbor, MI, USA) for capture, with a modified
65 °C hybridization temperature, a 48-h hybridization time, and a 16 cycle post-capture PCR. Enriched pools
were combined at equimolar ratios. We sequenced captures as paired-end 150 bp reads on a single lane of an
Mlumina HiSeq X by Admera Health (South Plainfield, NJ, USA).

Genotyping

We demultiplexed sequenced genomic reads with Bcl2fastq 1.8.4 (Illumina, Inc., San Diego, CA, USA). Follow-
ing demultiplexing, we cleaned raw sequence files by trimming adaptors and removing low-quality bases with
Trimmomatic 0.39% within the illumiprocessor 2.10 wrapper®. We then aligned reads from individual samples
to our myrtle warbler reference genome using BWA-MEM 0.7.17%. Damage to museum DNA can lead to false
identification of SNPs, and we therefore rescaled quality scores for each sample using mapDamage 2.0%°. Fol-
lowing rescaling, we removed duplicates with Picard 2.20.6% and called SNPs for individual sample GVCF files
using default settings in the program HaplotypeCaller in GATK 4.1.3.0. We then combined individual GVCF
files into a single file using the GATK command CombineGVCFs, indexed the merged GCVF file, and genotyped
all samples in the combined file with GenotypeGVCFs, resulting in our final file of raw SNPs. We filtered SNPs
in the final VCF file within VCFtools 0.1.16°” by removing indels and all loci below a Phred-scaled minimum
genotype quality of 30. We then filtered samples to a minimum per sample site depth of 5%, total maximum site
depth of 100x, and minor allele frequency of 0.01. For the first set, hereby referred to as the “full” set, we removed
SNPs with >20% missing data across all samples. For the second set, hereby referred to as the “restricted” set,
we removed SNPs with >10% missing data across all samples and individual samples with >60% missing data.
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Most of the specimens removed due to low quality had a small initial library fragment size (<170 bp) before
capture, which may have resulted from degradation of either the skin or the DNA sample during storage or
handling. Finally, for both sets, we thinned SNPs within 1000 bp of each other to remove loci potentially in
linkage disequilibrium.

Data analysis

Spatial analyses of genetic structure were conducted using the three a priori regional groups. High rates of missing
data in individual samples can bias inferences of population genomic parameters such as genetic diversity’®, and
population genetic parameters were therefore estimated using the restricted SNP set. We quantified population
genetic parameters and pairwise Fgp using the basic.stats function in the R v4.2.27! program hierfstat v.0.5-1172,
We estimated pairwise Fgp between populations with the genet.dist function in hierfstat and calculated 95%
confidence intervals for both F statistics with 10* permutations. We tested for isolation-by-distance (IBD) using
the full SNP set for all birds and breeding birds only by constructing an identity-by-state (IBS) distance matrix
(1 - pairwise proportion of shared alleles) in SNPRelate 1.14.07%. We converted Euclidean geographical distance
between sample sites to geodesic distance (in kilometers) using the R package ‘geodist’ (Padgham 2021), and
used this geographic metric and the IBS distance metric to conduct a Mantel test with 10* permutations in
ADE4 1.7.117%,

We investigated the likeliest number of genetic clusters using STRUCTURE 2.3.47°. Because of potential
for sampling bias given the large difference in number of samples between regions in the full set’®, we also ran
STRUCTURE with samples from the breeding grounds only, subsampling Western birds to approximate the
Eastern sample size by removing Western samples based on missingness. We ran STRUCTURE simulations for
1-5 possible clusters (K) for 10 iterations each with 10* MCMC repetitions after a burn-in of 10* generations
using the no admixture model with correlated allele frequencies and with location information included as a
prior. We determined the likeliest number of genetic clusters via the mean log likelihood from each iteration of
K [LnP(K)]. We then aligned clusters, merged STRUCTURE runs by K value, and visualized output using the
R v4.2.2 package Pophelper 2.3.07.

We also explored sampling clustering using Principal Components Analysis (PCA) in the R package ‘ade-
genet””®. In addition to using PCA to visualize data clustering a priori, we used the K-means clustering via the
find.clusters function to identify the most likely number of genetic clusters in our dataset without prior population
information, retaining all PCs and selecting the number of clusters based on the lowest Bayesian Information
Criterion (BIC) value.

Museum specimen analysis

We used the Ornis Data Portal and the VertNet online database (http://portal.vertnet.org/search) to search for
all recorded Bachman’s warbler specimens collected in the eighteenth and nineteenth centuries and compiled
records by year and sampling location. To compare between species, we used the same portals to search for
records of seven warbler species (Fig. 3) using the advanced search function and with Basis of Record noted as
“Preserved Specimen.” For all species, we restricted years of collection to between 1820 and 1940 (corresponding
to the earliest and latest recorded Bachman’s warbler specimens), and removed all entries that corresponded to
nests and eggs or lacked a collection year. We then obtained modern population sizes for all extant species using
data compiled by BirdLife International, http://datazone.birdlife.org/species/).

Data availability

Genomic data from this project are available on Genbank under project number PRJNA994867. Bait set and
custom bait design scripts are available at https://github.com/campanam/bait-development/tree/main/BAWA.
Data analysis scripts and SNP VCE files are available at https://github.com/pabyerly/BAWA.
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