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ABSTRACT
Next-generation sequencing technologies are increasingly being employed to explore patterns of genomic variation in
avian taxa previously characterized using morphology and/or traditional genetic markers. The hybridization dynamics
of the Northern Flicker complex have received considerable attention, primarily due to the conspicuous plumage
differences among these birds and the geographically extensive hybrid zone between the Red-shafted (Colaptes
auratus cafer) and Yellow-shafted (Colaptes auratus auratus) flickers in the Great Plains region of North America.
However, no traditional molecular techniques have been able to differentiate these 2 morphologically well-defined
taxa from one another, or conclusively from the closely related Gilded Flicker (Colaptes chrysoides). Here, we use a nextgeneration sequencing approach to assess the genetic diversity and evolutionary history of these 3 taxa. We confirm
the overall low levels of differentiation found using traditional molecular markers, but are able to distinguish between
the 3 taxa for the first time, using a dataset of thousands of SNP loci distributed across the genome. Through
demographic modeling and phylogenetic reconstructions, we find that Red-shafted and Yellow-shafted flickers are
likely sister taxa, and that their divergence from the Gilded Flicker was comparatively older. The low level of divergence
and lack of fixed differences in our dataset between Red-shafted and Yellow-shafted flickers, in particular, suggests
whole-genome re-sequencing may be necessary to assess the dynamics of their hybridization and identify the genetic
basis of their striking differences in plumage.
Keywords: Colaptes auratus, Colaptes chrysoides, genetic structure, genomics, Gilded Flicker, Northern Flicker
complex, RAD sequencing
Los taxones de Colaptes auratus son diferenciables con datos genómicos pese a sus bajos niveles de
divergencia
RESUMEN
Las tecnologı́as de secuenciación de nueva generación son cada vez más utilizadas para explorar los patrones de
variación genómica en taxones de aves previamente caracterizados usando variación morfológica y/o marcadores
genéticos tradicionales. La dinámica en los patrones de hibridación del complejo de especies de Colaptes auratus ha
recibido una considerable atención. Esto se debe principalmente a las diferencias conspicuas en el plumaje de estas
aves y a la extension geográfica de la zona hı́brida entre Colaptes auratus cafer y Colaptes auratus auratus en la región
de las Grandes Llanuras de América del Norte. Sin embargo, con técnicas moleculares tradiciones no ha sido posible
diferenciar estos dos taxones a pesar de su clara diferenciación morfológica, ni tampoco han sido diferenciables de
modo concluyente de Colaptes chrysoides, una especie cercanamente emparentada. En este trabajo utilizamos
secuenciación de nueva generación para evaluar la diversidad genética y la historia evolutiva de estos tres taxones.
Confirmamos los bajos niveles generales de diferenciación encontrados usando marcadores moleculares tradicionales,
pero por primera vez podemos distinguir los tres taxones utilizando miles de polimorfismos de un sólo nucleótido
distribuidos a lo largo del genoma. Mediante modelado demográfico y reconstrucciones filogenéticas encontramos
que C. a. cafer y C. a. auratus son probablemente taxones hermanos, y que su divergencia de Colaptes chrysoides es
comparativamente más antigua. El bajo nivel de divergencia y la falta de diferencias fijas entre C. a. cafer y C. a. auratus
en nuestros datos genéticos, sugiere que puede ser necesaria la secuenciación completa del genoma para evaluar la
dinámica de hibridación e identificar las bases genéticas de sus notorias diferencias en el plumaje.
Palabras clave: Colaptes auratus, Colaptes chrysoides, complejo Colaptes auratus, estructura genética, genómica,
secuenciación de ADN asociado a sitios de restricción
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INTRODUCTION
Most bird species and subspecies were initially recognized
and described based on similarities or differences in
morphological characters, often those related to plumage.
With the advent of molecular techniques, many of these
taxa have been revisited using genetic markers, and there
have been many situations both in which new cryptic
species have been discovered based on high levels of
genetic differentiation (e.g., Garg et al. 2016, Weir et al.
2016) or in which morphologically distinct taxa show
surprisingly low levels of genetic distinctiveness (e.g.,
Poelstra et al. 2014, Mason and Taylor 2015, Toews et al.
2016a, Campagna et al. 2017). Until fairly recently, these
molecular data have largely been derived from a limited
sample of the genome (i.e. ‘‘traditional’’ molecular markers,
such as mitochondrial genes, a small number of nuclear
genes, or AFLP markers). Next-generation sequencing
technologies provide the opportunity for substantially
increased genomic-scale resolution through greater data
abundance and increased coverage of the genome. It can
therefore be profitable to use these genomic methods to
revisit taxa previously studied with morphology and
traditional molecular markers. In extreme situations where
little genomic divergence exists and traditional molecular
markers were insufficient to distinguish morphologically
diagnosable taxa, whole-genome sequencing may be the
only way to identify the rare differentiated regions of the
genome (e.g., Poelstra et al. 2014, Toews et al. 2016a,
Campagna et al. 2017).
Hybrid zones and contact zones of many taxa (including
birds, mammals, and trees) cluster in the Great Plains of
North America (Rising 1983, Swenson and Howard 2005)
and 5 of the avian hybrid zones have been intensely studied
since the late 1950s (Sibley and Short 1959, 1964; Sibley
and West 1959, Short 1965, Anderson and Daugherty
1974). These 5 hybrid zones are the product of secondary
contact between easterly and westerly distributed taxa, yet
differ in location and geographic extent and include (with
western taxa listed first in each pair): Lazuli (Passerina
amoena) and Indigo (P. cyanea) buntings; Red-shafted
(Colaptes auratus cafer) and Yellow-shafted (C. auratus
auratus) flickers; Black-headed (Pheucticus melanocephalus) and Rose-breasted (P. ludovicianus) grosbeaks; Bullock’s (Icterus bullockii) and Baltimore (I. galbula) orioles;
and Spotted (Pipilo maculatus) and Eastern (P. erythrophthalmus) towhees. Research in these systems has shaped
our general understanding of hybrid zones and the
speciation process (Moore 1977, Moore and Price 1993,
Rising 1996, Mettler and Spellman 2009), as well as criteria
for defining species (Sibley and Short 1959, 1964).
The hybrid zone between the western Red-shafted
Flicker and the eastern Yellow-shafted Flicker has received
considerable attention (e.g., Short 1965, Anderson 1971,

FIGURE 1. Phenotypic variation and geographic distribution of 3
taxa in the Northern Flicker complex: Gilded Flicker (purple),
Red-shafted Flicker (red), and Yellow-shafted Flicker (yellow).
The orange region of the map shows the approximate location
of the hybrid zone between Red-shafted and Yellow-shafted
flickers in the North American Great Plains. Diamonds represent
sampling locations. See Appendix Table 2 for details on
individuals sampled from each location. Distributions were
redrawn from Wiebe and Moore (2017) in ArcGIS (ESRI, Redlands,
California, USA); bird illustrations are used with permission from
del Hoyo et al. (2017).

Moore and Buchanan 1985, Moore and Koenig 1986,
Moore and Price 1993, Wiebe 2000, Wiebe and Bortolotti
2002). Red-shafted and Yellow-shafted flickers are common woodpeckers distributed across much of North
America. They have an extensive hybrid zone spanning
northern Texas to southern Alaska, roughly following the
rain shadow of the Rocky Mountains in the western Great
Plains (Figure 1; Wiebe and Moore 2017). Red-shafted and
Yellow-shafted flickers are currently classified as subspecies within the Northern Flicker complex that also
includes the Gilded Flicker (C. chrysoides) species, along
with geographically disjunct Northern Flicker subspecies
from Central America (Guatemalan Flicker; C. a. mexicanoides) and the Caribbean (Cuban Flicker; C. a.
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chrysocaulosus). Gilded Flickers were once also considered
a subspecies of the Northern Flicker (American Ornithologists’ Union 1995); they have been elevated to full species
status because hybridization between regionally sympatric
Red-shafted and Gilded flickers occurs rarely, likely owing
to differences in habitat use (Short 1965, Johnson 1969).
Taxa in this complex vary primarily in 6 distinct plumage
characters—nuchal patch presence, crown color, ear covert
color, throat color, malar stripe color, and ‘‘shaft’’ color (i.e.
wing and tail color)—and hybrids exhibit various combinations of parental traits and traits intermediate to the
parental traits (Figure 1; Wiebe and Moore 2017). This
conspicuous and apparently polygenic phenotypic variation makes the Northern Flicker particularly intriguing
from a genomic perspective because, to date, genetic
markers have not been found that differentiate these taxa
(Grudzien and Moore 1986, Grudzien et al. 1987, Moore et
al. 1991, Fletcher and Moore 1992).
Early investigations using allozymes (Grudzien and
Moore 1986, Grudzien et al. 1987, Fletcher and Moore
1992) and mitochondrial DNA (Moore et al. 1991) found
no diagnostic differentiation between Red-shafted, Yellowshafted, and Gilded flickers. Modest geographic variation
exists in mitochondrial haplotype frequencies across the
continental U.S., but it is not related in any clear way to the
3 named taxa or the hybrid zone between Red-shafted and
Yellow-shafted flickers (Moore et al. 1991). Instead, Moore
et al. (1991) distinguished 2 major haplotype clusters—a
north and east cluster that crosses the hybrid zone and a
southwest cluster—which they suggest could be due to
historical isolation of the southwest populations or their
adaptation to the arid conditions found in deserts of the
U.S. Southwest. Additionally, the mitochondrial haplotypes
of Gilded Flickers were closely related to those found in
Red-shafted Flickers in the southwest clade (Moore et al.
1991). No parallel geographic variation was identified
using nuclear markers (allozymes) in a subsequent study
and no significant divergence of Gilded Flickers from Redshafted and Yellow-shafted flickers was found (Fletcher
and Moore 1992). A recent study has attempted to
differentiate the subgroups within the overall Northern
Flicker complex using a genomic technique, but its power
of inference for the most closely related forms was limited
by the inclusion of only a small number of individuals of
each taxon (Manthey et al. 2017). Manthey et al. (2017)
were able to identify differences in the geographically
isolated Guatemalan and Cuban flickers, but were unable
to unambiguously resolve differences in the remaining 3
taxa.
Here we take a reduced-representation genomic sequencing approach using more extensive sampling of Redshafted, Yellow-shafted, and Gilded flickers across their
range to better characterize genetic differentiation within
the Northern Flicker complex. In this study, we purpose-
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fully sample populations located at a substantial distance
from the Great Plains hybrid zone to define the underlying
genetic diversity and genetic structure among individuals
that are unlikely to have undergone genetic introgression
via recent hybridization. Although we find quite low levels
of overall genomic differentiation, we are able to clearly
and conclusively distinguish the 3 taxa genetically for the
first time. We first describe patterns of genetic structure
and differentiation between the 3 flicker taxa and then
model their demographic and evolutionary histories.
METHODS
Sampling
We obtained tissue samples from 40 Northern Flickers
from 3 of the 5 subgroups: Red-shafted Flickers (n ¼ 14),
Yellow-shafted Flickers (n ¼ 21), and Gilded Flickers (n ¼
5). Due to issues with data quality in downstream analyses,
2 individuals were ultimately removed from the dataset
(one Red-shafted and one Yellow-Shafted flicker), leaving a
total of 38 individuals (details in Appendix Table 2). We
included samples from widely spaced localities within the
geographic range of each taxon to better assess their
general levels of genetic variation (Figure 1). Our intention
was to characterize genetic differentiation between the
taxa independent of current hybridization (as much as is
possible given the substantial extent of hybridization),
hence all Red-shafted and Yellow-shafted flicker samples
were from localities at least 500 km away from the presentday hybrid zone. However, 3 of the Gilded Flicker samples
included in our study (those from Nevada) were from an
area of range overlap with Red-shafted Flickers.
Molecular Laboratory Methods
Genomic DNA was isolated from each sample using
DNEasy tissue extraction kits following the manufacturer’s
protocol (Qiagen, Valencia, California, USA). We used
double-digest restriction site-associated DNA sequencing
(ddRAD) following the protocol of Peterson et al. (2012)
with modifications as described in Thrasher et al. (2018) to
generate genomic data. ddRAD is a technique in which
genomic DNA is digested with 2 restriction enzymes that
cut the DNA into small fragments distributed throughout
the genome. It is a cost-effective method for single
nucleotide polymorphism (SNP) discovery and genotyping
in non-model organisms (Peterson et al. 2012). For each
individual, we used ~500 ng of DNA at a standardized
concentration of 50 ng lL–1. All DNA concentrations were
determined using a Qubit fluorometer (Life Technologies,
Carlsbad, California, USA). DNA was digested with the
restriction enzymes SbfI (8 base pair [bp] recognition site)
and MspI (4 bp recognition site; New England BioLabs,
Ipswich, Massachusetts, USA). The ends of the digested
DNA were ligated to P1 and P2 adaptors using T4 DNA
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Ligase (New England BioLabs). P1 adaptors were ligated to
the 5 0 end of the digested DNA and contained an SbfI
compatible overhang and an inline barcode (between 5 and
7 bp long) to identify individual samples bioinformatically
later in the analysis. P2 adaptors were ligated to the 3 0 end
of the digested DNA and contained an MspI compatible
overhang. Digestion/ligation reactions included 250 times
more P2 than P1 adaptor to reflect the differences in
abundance of SbfI/P1 and MspI/P2 restriction sites in the
genome.
We pooled samples with unique P1 barcodes into 2
different indexing groups after digestion/ligation. The
DNA in each index group was purified with 1.53
Agencourt AMPure XP beads (Beckman Coulter, Pasadena, California, USA) to remove enzymes and small
DNA fragments. We size-selected fragments between 400
and 700 bp using Blue Pippin (Sage Science, Beverly,
Massachusetts, USA). To incorporate the full Illumina
TruSeq primer sequences and unique indexing primers
into each library, we performed low cycle number PCR
with Phusion High-Fidelity DNA Polymerase (New
England BioLabs), with the following thermocycling
profile: 988C for 30 s followed by 11 cycles at 988C for
5 s, 608C for 25 s, and 728C for 10 s with a final extension
at 728C for 5 min. We visualized the product of this
amplification on a 1% agarose gel and performed a final
0.73 AMPure cleanup to eliminate DNA fragments
smaller than 200 bp. Libraries were visualized on a
fragment Bioanalyzer (Agilent Technologies, Santa Clara,
California, USA) to precisely determine fragment size
distribution. The index groups were combined at
equimolar ratios and sequenced on one Illumina HiSeq
2500 lane (single-end, 150 bp) at the Cornell University
Biotechnology Resource Center in conjunction with
samples from another project.
Quality Filtering and SNP Calling
We used the FASTX-Toolkit (http://hannonlab.cshl.edu/
fastx_toolkit/) to perform quality filtering (FASTX Quality
Filter) by removing sequence reads if a single base had a
Phred quality score below 10, and/or if more than 5% of
bases had a Phred quality score below 20. The remaining
reads were demultiplexed using the process_radtags
command in STACKS 1.44 (Catchen et al. 2011). We
applied additional filtering and only retained reads that
met the following conditions: they passed the Illumina
chastity filter, they contained an intact SbfI RAD site, they
contained one of the unique barcodes assigned to each
sample (employing the rescue barcodes option, allowing
one mismatch), and they did not contain Illumina indexing
adaptors (reads with one mismatch with the adaptor
sequence were also discarded). This resulted in 38.5
million sequence reads retained after filtering. To accommodate differences in the length of inline barcodes, all
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sequence reads were trimmed at their 3 0 end to 140 bp
(FASTX Trimmer).
Sequences were assembled de novo into a catalog using
the ustacks/cstacks/sstacks pipeline controlled by the
denovo_map program in STACKS. Sequence reads from
the same individual were aligned to each other and
considered a locus (‘‘stack’’) based on a minimum depth of
coverage of at least 10 reads (m). We allowed 5 mismatches
between aligned reads within individuals (M) and 5
mismatches between aligned loci from different individuals
(n), resulting in a catalog of 63,259 unique loci. Average
read depth across loci and individuals in the catalog was
44.93 (see Appendix Table 3 for details on individual
coverage and missing data). We used the populations
program within STACKS to export SNP data for
downstream analyses. We required that a SNP be present
in a minimum of 80% of all individuals with a minimum
stack depth of 20 to be retained. We exported all SNPs
from each RAD locus (16,670 SNPs) and additionally
retained a subset of SNPs that included the first SNP per
locus and a minor allele frequency (MAF) threshold of 10%
(1,911 SNPs) for analyses that require unlinked data (e.g.,
STRUCTURE).
We compared our de novo assembly to a referencebased assembly using the pstacks/cstacks/sstacks pipeline
controlled by the ref_map program in STACKS. Sequence
reads were aligned to the Downy Woodpecker (Picoides
pubescens) genome assembly (Gilbert et al. 2014, Zhang et
al. 2014) with BOWTIE2 2.3.0 (Langmead et al. 2009). The
average overall alignment across individuals was 65.8%
(range: 53.9–69.6%; Gilded: 67.7% [65.9–69.0%], Redshafted: 64.6% [53.9–69.6%], Yellow-shafted: 66.2% [55.7–
69.1%]). The reference-based catalog assembly is able to
accommodate indels and does not require alignment of
reads within individuals (M). We allowed 5 mismatches
between aligned loci from different individuals (n). The
reference-based assembly resulted in a catalog of 27,108
loci. Average read depth across loci and individuals in the
catalog was 46.63 (see Appendix Table 3 for details on
individual coverage and missing data). We used the
populations program within STACKS to export SNP data
using the same requirements as for the de novo assembly.
We exported all SNPs from each RAD locus (8,943 SNPs)
and additionally created a subset of SNPs that included
only the first SNP per locus (1,584 SNPs) for analyses that
require unlinked data (e.g., SNAPP).
We checked the consistency between the de novo and
reference-based assemblies and found high concordance.
Overall, 97.2% of the loci from the reference-based catalog
aligned to loci in the de novo catalog and 62.7% in the
reciprocal alignment using a custom Perl script with
BLASTN 2.3.0 and an Expect (E) value of ,1.031010
(Altschul et al. 1990). Because we obtained similar results
in the downstream analyses using SNPs from the de novo
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and reference-based assemblies (see Results), we primarily
present results from the de novo marker set here.
However, some of the analyses required the use of the
reference-based assembly and we indicate this where
relevant.
Genetic Differentiation and Spatial Population
Genetic Structure
We calculated a measure of population differentiation with
overall (genome-wide) pairwise estimates of FST and per
SNP FST between the 3 Northern Flicker taxa and between
the populations within each taxon using the basic.stats
function in the hierfstat package (Goudet 2005) in R 3.4.0
(R Core Team 2017). We report Nei’s FST (Nei 1987) to
correct for sampling differences between the taxa, but
values were comparable with other FST estimates (see
Results). We used the summary function in the adegenet
package (Jombart 2008) in R to generate observed and
expected heterozygosity estimates for each taxon. Observed heterozygosity can be used as a proxy for levels of
inbreeding in a population with lower values suggesting
more inbreeding or small population sizes. To visualize
genetic clustering in the data, we performed a principal
component analysis (PCA) using the snpgdsPCA function
in the SNPRelate package (Zheng et al. 2012) in R. PCA
can be used to transform large datasets of correlated
variables into uncorrelated principle components. As
PCAs do not handle missing data well, we have removed
3 individuals from the PCA with large amounts of missing
data (but have retained them elsewhere in the study; see
Appendix Table 3). We also analyzed hierarchical genetic
structure using an analysis of molecular variance (AMOVA) with the function poppr.amova in the poppr package
(Kamvar et al. 2014) in R. Significance was determined
using 999 permutations. Comparing the 3 variance
components in an AMOVA (FIT, FIS, FST) can provide
further evidence for the presence of population structure.
To identify genetic structure within the Northern Flicker
complex, we assigned individuals to genetic clusters using
STRUCTURE 2.3.4 (Pritchard et al. 2000) using the de
novo dataset with the first SNP per stack and a 10% minor
allele frequency threshold. We implemented the admixture
ancestry model with correlated allele frequencies, but did
not use the default allele frequency prior, instead setting it
to the one estimated from the data (k ¼ 1.47). We
conducted 10 runs for each value of K ¼ 1–5; each run
consisted of 300,000 generations following a burn-in of
200,000. The most likely value of K was determined
following the DK method described by Evanno et al. (2005)
and implemented in STRUCTURE HARVESTER 0.6.94
(Earl and vonHoldt 2011). We averaged results across the
10 runs using the greedy algorithm in the program
CLUMPP 1.1.2 (Jakobsson and Rosenberg 2007) and
visualized results using DISTRUCT 1.1 (Rosenberg 2003).
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Outlier Analysis
We used BayeScan 2.1 (Foll and Gaggiotti 2008) to identify
outlier SNPs putatively under selection. BayeScan uses a
combination of FST and allele frequency differences to
determine if a locus is under natural selection. It does this
by assessing if alpha (the locus-specific component of FST)
is necessary to explain the observed pattern of diversity in
a given locus using reversible-jump MCMC. In locus
models that include alpha, positive values suggest diversifying selection, while negative values suggest purifying or
balancing selection. We scanned all SNPs across the 3
Northern Flicker taxa and allowed for a false discovery rate
of 1%. Additionally, we evaluated all SNPs within the top
0.1% of the FST distribution (FST  0.8198). For all outlier
SNPs identified using both methods, we assessed homology to the Zebra Finch (Taeniopygia guttata) genome
using BLASTN (Altschul et al. 1990). We required an E
value of ,1.03105, .70% identity score, and .50% query
coverage to assign a match.
Tree Building
To infer a species tree we used SNAPP 1.3.0 (Bryant et al.
2012) implemented in BEAST 2.4.5 (Bouckaert et al. 2014).
In order to root the tree with sequences from the Downy
Woodpecker, we used the 1,584 SNPs from the referencebased assembly (which included one SNP per locus and
were not filtered by minor allele frequency). Because
SNAPP is computationally intensive, we selected 5
individuals from each taxon (with little missing data) to
build the tree (see Appendix Table 3 for samples chosen).
We ran SNAPP for 1.5 million generations (with the first
10% set as burn-in) using default priors and saving the
output every 1,000 generations. The monophyly of the 3
flickers was enforced following Shakya et al. (2017). We
designated an initial tree with the Downy Woodpecker as
an outgroup and the 3 flickers as a polytomy for the
ingroup. We visually assessed convergence using Tracer
1.6.0 (Rambaut et al. 2014), and determined estimated
sample sizes (ESS) were sufficiently large when they
reached .200 for estimated parameters. We visualized
the full set of resulting species trees using DensiTree 2.2.6
(Bouckaert 2010, Bouckaert and Heled 2014), which shows
fuzziness in parts of the tree that have higher uncertainty.
Modeling of Demographic History
To estimate demographic history, including divergence
times, effective population sizes, and gene flow, we used
the Generalized Phylogenetic Coalescent Sampler (GPhoCS) program 1.2.3 (Gronau et al. 2011). G-PhoCS is
based on a full coalescent isolation-with-migration model
and allows asymmetric gene flow between taxa. G-PhoCS
uses haplotype data with no filtering for minor allele
frequency to model demography. Thus, we obtained
sequence data from the reference-based STACKS assembly
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TABLE 1. Pairwise FST estimates for 16,670 SNPs with mean FST
shown below the diagonal, and median and range (in brackets)
shown above.

Gilded Flickers
Red-shafted
Flickers
Yellow-shafted
Flickers

Gilded
Flickers

Red-shafted
Flickers

Yellow-shafted
Flickers

–
0.1160

0.0745 [0–1.0]
–

0.0843 [0–1.0]
0.0200 [0–0.8912]

0.1386

0.0181

–

from all 38 individuals for this analysis, including 140 bp
haplotypes from 1,671 RAD loci (8,943 SNPs) using both
variable and invariant haplotypes. The G-PhoCS model
had 13 free parameters: 6 migration rates, 3 current and 2
ancestral effective population sizes, and 2 divergence
times.
We ran G-PhoCS using the standard MCMC settings
described in Gronau et al. (2011) and Freedman et al.
(2014) and default parameters with 50,000 burn-in
generations and 500,000 additional sampling generations.
We visually assessed all runs using Tracer 1.6.0 (Rambaut
et al. 2014) to ensure they showed adequate mixing and
convergence. We converted the resulting mutation-scaled
parameter estimates from the posterior distributions to
generations and individuals by assuming an average
mutation rate of 109 mutations per bp per generation
(Kumar and Subramanian 2002). As this mutation rate is
an approximation, we focus the interpretation and
discussion of results on relative comparisons between
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different parameter estimates, rather than their absolute
values. We measured gene flow as the number of migrants
per generation. The models implemented in G-PhoCS are
conditioned upon a given phylogenetic topology. Thus, we
ran G-PhoCS with each of the 3 possible starting 3-taxon
trees.
RESULTS
Genetic Variation in the Northern Flicker Complex
PCA revealed clear genetic differentiation among Redshafted, Yellow-shafted, and Gilded flickers (Figure 2A),
with PC1 and PC2 explaining 5.62% and 3.57% of the
variation, respectively. Subsequent PC axes explained little
additional variation and did not further distinguish these a
priori groups (Appendix Figure 6). PC1 clearly split Gilded
Flickers from both Red-shafted and Yellow-shafted flickers
and also provided a slight split between most Red-shafted
and Yellow-shafted individuals, while PC2 further separated Red-shafted Flickers from Yellow-shafted Flickers. PCA
results were similar from the de novo (Figure 2A) and
reference-based SNP datasets (Appendix Figure 7A).
Using the DK method, STRUCTURE assigned individuals to 2 genetic clusters, corresponding to the split
between Gilded Flickers and all Red-shafted and Yellowshafted individuals (Figure 2B). Although K ¼ 2 had the
highest DK value, K ¼ 3 had a slightly higher mean log
likelihood (Appendix Figure 8) and further differentiates
Red-shafted Flickers from Yellow-shafted Flickers (Figure
2B). The same results were obtained using the reference-

FIGURE 2. Evidence for genetic structure within the Northern Flicker complex from multiple analytical methods. (A) Principal
component analysis based on 16,670 SNPs with Gilded Flickers shown in purple, Red-shafted Flickers in red, and Yellow-shafted
Flickers in yellow. (B) STRUCTURE plots for K ¼ 2 and K ¼ 3 based on 1,911 SNPs (one per locus with 10% MAF filtering). The DK
method selected K ¼ 2, but K ¼ 3 had the highest log likelihood (see Appendix Figure 8) and distinguishes Red-shafted and Yellowshafted flickers.
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FIGURE 3. Estimates of (A) observed heterozygosity and (B) pairwise FST within the Northern Flicker complex for 16,670 SNPs.
Estimates of heterozygosity are shown as boxplots with the range between the first and third quartile indicated with color and a
thick black line for the median. FST values are shown for each SNP and the overall mean values are noted by the lines across each bar
(with the value written above). Observed heterozygosity is higher in Red-shafted and Yellow-shafted flickers than in Gilded Flickers
and estimates of pairwise FST are substantially lower in comparisons between Red-shafted and Yellow-shafted flickers than in either
comparison with Gilded Flickers. (C) Results from an analysis of molecular variance (AMOVA) showing that most of the molecular
variance is found within individuals (FST: among groups, FIS: among individuals within groups, FIT: within individuals). Taxa
abbreviations: GIFL ¼ Gilded Flicker, RSFL ¼ Red-shafted Flicker, YSFL ¼ Yellow-shafted Flicker.

based SNP dataset (Appendix Figure 7B). To further
explore the distinction between K ¼ 2 and K ¼ 3, we
subsequently ran STRUCTURE only on Red-shafted and
Yellow-shafted individuals using a subset of 1,737 SNPs
found only in those 2 groups (i.e. we used STACKS to
output a new set of SNPs while excluding Gilded Flickers).
We conducted 10 runs for each value of K ¼ 1–5 following
the same protocol as described in the Methods section. We
found K ¼ 2 was strongly preferred in this STRUCTURE
analysis with both the highest DK value and the highest
mean log likelihood (Appendix Figure 9). Although
individual assignments to genetic clusters matching a
priori groups were high in the original STRUCTURE run,
there were also some signatures indicating possible
admixture or incomplete lineage sorting. In particular,
the 3 Gilded Flickers from Nevada (where their range
overlaps with Red-shafted Flickers; first 3 bars in Figure
2B, K ¼ 3) had partial assignment to the Red-shafted
cluster, while the 2 Gilded Flickers from Sinaloa, Mexico,
did not (last 2 bars in Figure 2B, K ¼ 3). Additionally, Redshafted and Yellow-shafted flickers also had some partial
assignments to the alternative cluster, though this was
more apparent in Red-shafted Flickers.
We assessed patterns of per-SNP observed heterozygosity and pairwise FST, as well as patterns of hierarchical
structure using AMOVA (Figure 3). Mean observed
heterozygosity was lower in Gilded Flickers (0.0941) than
in Red-shafted (0.1213) or Yellow-shafted (0.1165) flickers

(Figure 3A). Average pairwise FST between the 3 groups
reflects the differences observed in the PC and STRUCTURE analyses (Figure 3B, Table 1), with low overall mean
FST between Red-shafted and Yellow-shafted flickers
(0.0181) and substantially higher mean FST between Redshafted and Gilded flickers (0.1160) and Yellow-shafted
and Gilded flickers (0.1386). Although we present here FST
estimates using a correction for differing sample sizes, FST
estimates that do not include this correction showed
qualitatively similar patterns (Appendix Table 4). Average
pairwise FST values between populations within the 3 taxa
were low overall, with the highest mean FST between the
Nevada and Sinaloa populations in the Gilded Flicker
(0.0547; Appendix Table 5). However, our sample sizes
may be too small to reliably estimate FST between
populations within the 3 taxa. Results from an AMOVA
(Figure 3C) indicated that 6.4% of the molecular variance
explained differences among groups (FST; P , 0.001), 6.3%
explained differences among individuals within groups
(FIS; P , 0.001), and 87.3% explained differences within
individuals (FIT; P , 0.001).
Signatures of Selection through Outlier Detection
We identified 46 outlier SNPs (0.28% of all SNPs) using
BayeScan across all 3 flicker taxa (Appendix Figure 10). All
outlier SNPs were determined to be under directional
selection (i.e. had a positive alpha value). Half of the
identified SNPs had an FST greater than 0.90 between
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strongly differed from models with Gilded Flickers as the
outgroup (Appendix Figure 11). Because of the strong
support in the SNAPP analysis for the tree topology with
Gilded Flicker as the outgroup, we present results for this
model (Figure 5). We found evidence for a split between
Red-shafted and Yellow-shafted flickers that was approximately 16 times more recent than their common
ancestor’s split with Gilded Flickers. The current effective
population sizes were comparable between Red-shafted
and Yellow-shafted flickers, with Yellow-shafted Flickers
having a slightly larger population size. However, their
effective population sizes were approximately 40–50 times
larger than the Gilded Flicker’s current effective population
size. We estimated gene flow between the 3 taxa in all
possible directions and in most cases our estimates could
not be distinguished from zero. The only exception was
evidence for gene flow from Red-shafted Flickers into
Gilded Flickers.
DISCUSSION
FIGURE 4. Species tree for the 3 focal taxa of the Northern
Flicker complex inferred from 1,584 SNPs from the referencebased assembly using SNAPP. The consensus tree (thick line) is
shown on top of a cloudogram of post–burn-in trees, each
depicted with a thin gray line. The darker shades of gray in the
cloudogram imply greater degree of overlap between individual
trees. Posterior probabilities equal 1 for all nodes.

Yellow-shafted and Gilded flickers with an FST less than
0.50 between Red-shafted and Gilded flickers, suggesting
fixed or nearly fixed differences with Gilded Flickers were
driving many of the SNPs identified using BayeScan.
Repeating the BayeScan analysis after excluding Gilded
Flickers resulted in no outlier SNPs being identified. We
identified an additional 8 SNPs within the top 0.1% of the
FST distribution that were not originally identified using
BayeScan. A number of the outliers we identified in both
methods aligned to homologous genes in the Zebra Finch
using our stringent matching criteria (Appendix Table 6).
Evolutionary Relationships and Demographic History
in the Northern Flicker Complex
The SNAPP species tree grouped Red-shafted and Yellowshafted flickers as sister taxa connected by relatively short
branch lengths (Figure 4). The cloudogram revealed higher
levels of uncertainty in the branch length separating
Gilded Flickers from the clade of Red-shafted and Yellowshafted flickers. Despite this uncertainty, SNAPP consistently identified this tree topology with a posterior
probability of 1 for all nodes.
We used G-PhoCS to estimate demographic parameters
under each of the 3 possible 3-taxon starting trees. Models
with Yellow-shafted or Red-shafted flickers as the outgroup
produced similar parameter estimates to each other, but

Next-generation sequencing technologies are playing an
increasingly large part in ornithology (reviewed in Toews et
al. 2016c) and can be used to revisit previously studied
systems with increased power and resolution, often
providing new insights into the evolution or other aspects
of such systems. In this study we revisited 3 of the 5 taxa in
the well-studied Northern Flicker complex using ddRAD
sequencing: Red-shafted, Yellow-shafted, and Gilded flickers. Previous studies using traditional molecular markers
were unable to identify genetic differences separating these
morphologically distinct taxa (Grudzien and Moore 1986,
Grudzien et al. 1987, Moore et al. 1991, Fletcher and
Moore 1992) and even several hundred SNPs with a small
panel of individuals did not provide much increased
resolution (Manthey et al. 2017). Here, the combination of
increased sampling and a different genomic sequencing
method has allowed us to clearly differentiate Red-shafted,
Yellow-shafted, and Gilded flickers genetically for the first
time (Figure 2). Nevertheless, we find levels of differentiation to be low overall, consistent with previous studies
using both traditional molecular markers (Grudzien and
Moore 1986, Grudzien et al. 1987, Moore et al. 1991,
Fletcher and Moore 1992) and genomic sequencing
(Manthey et al. 2017). Moreover, our estimates of FST are
similar to those in Manthey et al. (2017), despite the
differences in molecular methods and sampling. Differentiation between Red-shafted and Yellow-shafted flickers is
particularly low (Table 1, Figure 3B,C): mean FST between
them was only 0.0181 and we found no fixed SNPs. This
level of differentiation is in the low range of comparable
estimates from other recent radiations and hybridizing
avian taxa (Poelstra et al. 2014, Burri et al. 2015, Delmore
et al. 2015, Toews et al. 2016b, Walsh et al. 2017), though
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FIGURE 5. The phylogeny of the 3 Northern Flicker taxa drawn to scale to represent estimates of effective population sizes (Ne, in
millions of individuals) and divergence times (dotted lines; T, in 10,000 generations) from G-PhoCS. Gene flow is shown as arrows
between lineages (in migrants per generation). All parameter estimates are expressed as medians with the 95% Bayesian CI in
brackets. Interpretation should be focused on relative comparisons between parameter estimates, rather than the actual value of the
estimates, as we based calculations on an approximate mutation rate (109 mutations per bp per generation). See Appendix Figure
11 for parameter estimates from all G-PhoCS models.

not as low as that found in some systems (Darwin’s
Finches: Lamichhaney et al. 2015, Chaves et al. 2016;
Golden-winged and Blue-winged warblers: Toews et al.
2016a; Capuchino seedeaters: Campagna et al. 2017).
Estimates of observed heterozygosity and FST in the Gilded
Flicker are suggestive of small population sizes within its
limited geographic range: Gilded Flickers have the lowest
observed heterozygosity (Figure 3A) and elevated genetic
differentiation from both Red-shafted (0.1160) and Yellowshafted (0.1386; Figure 3B) flickers.
We identified only a small number of SNPs that
exhibited elevated levels of divergence between the 3
flicker taxa (Appendix Table 6). In total, 17 SNPs were in
the top 0.1% of the FST distribution (FST  0.8198) and we
identified 42 SNPs under directional selection through
BayeScan (9 of which were in the top 0.1% of the
distribution). Estimates of FST between the different taxa

in these outlier SNPs suggest that fixed or nearly fixed
differences with Gilded Flickers are driving the results
from BayeScan. Moreover, excluding Gilded Flickers from
the BayeScan analysis resulted in the absence of outlier
SNPs between Red-shafted and Yellow-shafted flickers.
The low number of SNPs under directional selection in the
Gilded Flicker could be the consequence of their small
effective population size leading to a predominant effect of
genetic drift.
We were able to annotate only 14% of the outlier SNPs.
Of these few candidate genes, we did not find any that
were clearly related to the phenotypic differentiation in the
3 flicker taxa. Regions under selection in the flickers
deserve further attention, but it is likely that a wholegenome sequencing approach will be necessary to identify
the genetic differences responsible for generating their
distinct plumage phenotypes. This is particularly true for
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comparisons between Red-shafted and Yellow-shafted
flickers, as we did not identify fixed SNPs between these
2 taxa and found only 7 SNPs that exceeded an FST of 0.75.
Despite the low overall levels of differentiation, we were
able to describe some aspects of the evolutionary history in
this species complex for the first time. We found high
support for Red-shafted and Yellow-shafted flickers being
each other’s closest relatives (Figure 4), which contrasts
with the uncertain and differing tree topologies found in
previous studies (Dufort 2015, Manthey et al. 2017). In
fact, to our knowledge, this is the first highly supported
phylogeny for these 3 taxa. Given the high degree of
genetic similarity between these 3 flickers, it is unsurprising that previous studies using a few nuclear or
mitochondrial genes were unable to discern their evolutionary relationships. The evolutionary history of this
group has long been a mystery, particularly as Gilded
Flickers resemble Red-shafted Flickers in most plumage
characters (but with a more rusty-colored crown and
yellow wing and tail feathers).
In this study, we additionally provide improved insights
into the demographic history of the Northern Flicker
complex over evolutionary time (Figure 5). We find
evidence for a split between Red-shafted and Yellowshafted flickers that is ~163 more recent than their
ancestor’s split with Gilded Flickers, suggesting the low
differentiation between Red-shafted and Yellow-shafted
flickers is largely due to their recent common ancestry. As
we found in other analyses, we again see evidence for a
small effective population size in Gilded Flickers (~40–50
times smaller than in Red-shafted or Yellow-shafted
flickers). However, we cannot assess if the Gilded Flicker
experienced any bottlenecks since its split from its
common ancestor with Red-shafted and Yellow-shafted
flickers, as the demographic modeling approach is
restricted to one shared ancestral and one contemporary
effective population size estimate per taxon.
Our estimates of gene flow between taxa were largely
indistinguishable from zero—gene flow from Red-shafted
Flickers into Gilded Flickers is the only exception (CI ¼
0.32–1.29 migrants per generation). This finding seems
counterintuitive given the large amount of known
hybridization that currently occurs between Red-shafted
and Yellow-shafted flickers in the Great Plains (Moore and
Buchanan 1985, Moore 1987, Wiebe 2000, Wiebe and
Moore 2017). However, we note that our estimates of gene
flow reflect our choice of sampling locations: we specifically used samples away from the hybrid zone. Moreover,
the estimate of gene flow between Red-shafted and Gilded
flickers may be overestimated relative to other comparisons because we included 3 (of 5) Gilded Flicker samples
from the area of overlap between the 2 taxa in Nevada
(Figure 1). These 3 individuals additionally showed
signatures consistent with admixture with Red-shafted
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Flickers in the STRUCTURE analyses (first 3 bars in Figure
2B, K ¼ 3). It is likely that repeating the analysis with
samples closer to the hybrid zone between Red-shafted
and Yellow-shafted flickers would result in higher estimates of gene flow between them. However, the results
from this study suggest that the effects of gene flow
between Red-shafted and Yellow-shafted flickers may be
geographically limited since strong signatures of gene flow
do not seem to extend throughout the entire geographic
range despite frequent hybridization that has been ongoing
for many generations. This is consistent with the
geographically limited area where phenotypically hybrid
individuals are found. Additionally, it is also possible that
the majority of the genome has been homogenized
between Red-shafted and Yellow-shafted flickers with only
small regions that remain differentiated (likely related to
differences in plumage). Although the majority of the
genome may have introgressed across the hybrid zone, it is
possible that these small regions experience strong
selection against introgression. We are currently further
exploring this possibility using whole-genome sequencing.
In this study, we present an updated view of the
evolutionary history of the Northern Flicker complex.
Although we are able to differentiate Red-shafted, Yellowshafted, and Gilded flickers for the first time using genetic
markers, we also confirm the overall very low levels of
divergence found in previous studies using traditional
molecular markers (Grudzien and Moore 1986, Grudzien
et al. 1987, Moore et al. 1991, Fletcher and Moore 1992).
The low level of overall genomic differentiation that we
find presents a promising opportunity for future studies to
use whole-genome sequencing to identify highly differentiated regions of the genome and distinguish them from
background levels of differentiation. Employing these
techniques in the hybrid zone between Red-shafted and
Yellow-shafted flickers would additionally provide a more
thorough understanding of hybridization than has previously been possible in this system, allowing us to pair
studies of both phenotypes and genotypes. Moreover, the
distinct phenotypic differences and frequent hybridization
presents a clear opportunity to associate differentiated
genomic regions with observed phenotypes. The recent
divergence and distinct phenotypic differences suggests a
few genes of large effect may be responsible for the
morphological differentiation.
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APPENDIX

APPENDIX FIGURE 6. (A) Additional axes of the principal component analysis (PCA) and (B) percent of variation explained by each
eigenvector for the PCA demonstrating that eigenvectors beyond PC2 do not provide additional useful information on clustering.

APPENDIX FIGURE 7. (A) PCA and (B) STRUCTURE results from the reference-based assembly demonstrating the similarity between
those obtained in the de novo (Figure 2) and the reference-based SNP datasets.
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APPENDIX FIGURE 8. (A) Log likelihood and (B) DK plots from the STRUCTURE analysis showing K ¼ 2 was selected using the DK
method, but K ¼ 3 has the highest log likelihood value.

APPENDIX FIGURE 9. (A) STRUCTURE plot for the analysis in Red-shafted and Yellow-shafted flickers (i.e. excluding Gilded Flickers)
based on 1,737 SNPs. K ¼ 2 is preferred with both the highest (B) log likelihood and (C) DK value.
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APPENDIX FIGURE 10. Results from the BayeScan analysis
showing the estimated FST and the corresponding q value for
each SNP. The red vertical line shows the false discovery rate of
0.01 used in the analysis. SNPs to the right of the line were
identified as outlier SNPs under directional selection.

APPENDIX FIGURE 11. G-PhoCS estimates for (A) effective population sizes (Ne), (B) divergence times (T), and (C) gene flow (m) from
the 3 models shown as medians with 95% Bayesian CI. Values are colored based on the model’s outgroup: Gilded Flicker (purple),
Red-shafted Flicker (red), and Yellow-shafted Flicker (yellow). ANC and ROOT indicate the divergence between the model’s 2 sister
taxa and their outgroup, respectively. Actual values of parameter estimates should be interpreted with caution as they are based on
an approximate mutation rate (109 mutations per bp per generation). Taxa abbreviations: GIFL ¼ Gilded Flicker, RSFL ¼ Red-shafted
Flicker, YSFL ¼ Yellow-shafted Flicker.
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APPENDIX TABLE 2. Details on samples included in this study, including the museum voucher number, year collected, phenotypic
group (GIFL ¼ Gilded Flicker, RSFL ¼ Red-shafted Flicker, YSFL ¼ Yellow-shafted Flicker), and locality information. Estimated latitude/
longitude are indicated with asterisks.
Voucher No.

Year

Taxa

State, country

County

Latitude

Longitude

UWBM 84071
UWBM 90812
UWBM 108767
UWBM 109555
UWBM 115674
AMNH 14039
AMNH 14040
AMNH 14041
AMNH 14042
AMNH 15767
LSUMZ B-22912
LSUMZ B-24450
MVZ 181836
MVZ 182088
MVZ 182198
MVZ 182962
MVZ 184137
MVZ 184140
CUMV 50481
CUMV 51231
CUMV 51593
CUMV 52028
CUMV 52454
CUMV 52455
CUMV 52670
CUMV 52999
CUMV 54489
CUMV 54562
CUMV 54913
CUMV 55005
CUMV 55258
LSUMZ B-48981
LSUMZ B-50722
LSUMZ B-58995
LSUMZ B-59061
LSUMZ B-83282
FMNH 465427
FMNH 481942

2007
2011
2006
2001
2006
2005
2002
1999
2005
2006
1993
2000
2002
2006
2006
2007
2004
2004
2003
2004
2005
2006
2006
2006
2008
2009
2010
2011
2012
2012
2013
2002
2003
2004
2004
2009
2009
2012

GIFL
GIFL
GIFL
GIFL
GIFL
RSFL
RSFL
RSFL
RSFL
RSFL
RSFL
RSFL
RSFL
RSFL
RSFL
RSFL
RSFL
RSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL

Sinaloa, MX
Sinaloa, MX
Nevada, USA
Nevada, USA
Nevada, USA
Washington, USA
Washington, USA
Washington, USA
Washington, USA
Oregon, USA
California, USA
California, USA
California, USA
California, USA
California, USA
California, USA
California, USA
California, USA
New York, USA
New York, USA
New York, USA
New York, USA
New York, USA
New York, USA
New York, USA
New York, USA
New York, USA
New York, USA
New York, USA
New York, USA
New York, USA
Florida, USA
Florida, USA
Florida, USA
Florida, USA
Florida, USA
Illinois, USA
Illinois, USA

Municipio El Fuerte
Municipio El Fuerte
Clark
Clark
Clark
Whatcom
Whatcom
Whatcom
Whatcom
Wallowa
San Bernardino
Riverside
Contra Costa
Marin
Lassen
Contra Costa
Contra Costa
Contra Costa
Onondaga
Tompkins
Tompkins
Oneida
Tompkins
Tompkins
Tompkins
Tompkins
Tompkins
Tompkins
Seneca
Tompkins
Tompkins
Brevard
Escambia
Escambia
Escambia
Escambia
Cook
Cook

26.3100
26.4214*
35.5167
35.3300
34.4500
48.7503*
48.7503*
48.7503*
48.7503*
45.2200
34.1258*
33.8950*
37.8636
37.9618
40.6636
37.9596
37.9839
37.8553
42.9467*
42.4708*
42.3950*
43.3345
42.4433*
42.4092*
42.4408
42.4421
42.4408
42.4799
42.8264*
42.4381
42.4799
28.3192*
30.4333*
30.4333*
30.4333*
30.4333*
41.8861*
42.0583*

108.8100
108.6200*
115.0500
115.5000
115.2000
122.4750*
122.4750*
122.4750*
122.4750*
117.0567
117.6192*
117.0553*
122.0183
122.6011
120.7951
122.0939
122.0467
122.0467
76.4283*
76.4617*
76.3672*
75.7480
76.5000*
76.3742*
76.4967
76.4490
76.4967
76.4510
76.7375*
76.5095
76.4510
80.6658*
87.2000*
87.2000*
87.2000*
87.2000*
87.6264*
87.6736*
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APPENDIX TABLE 3. Details on average coverage and missing data from the de novo and reference-based assemblies for samples
included in this study. Samples removed from the PC analysis are indicated with one asterisk (3 total) and samples used to infer a
species tree in SNAPP are indicated with two asterisks (15 total).
STACKS de novo assembly

STACKS reference-based assembly

Voucher No.

Taxa

Coverage

% missing data

Coverage

% missing data

UWBM 84071**
UWBM 90812**
UWBM 108767**
UWBM 109555**
UWBM 115674**
AMNH 14039
AMNH 14040**
AMNH 14041*
AMNH 14042
AMNH 15767
LSUMZ B-22912**
LSUMZ B-24450**
MVZ 181836
MVZ 182088
MVZ 182198**
MVZ 182962
MVZ 184137
MVZ 184140**
CUMV 50481
CUMV 51231
CUMV 51593**
CUMV 52028
CUMV 52454
CUMV 52455*
CUMV 52670*
CUMV 52999
CUMV 54489
CUMV 54562**
CUMV 54913
CUMV 55005**
CUMV 55258
LSUMZ B-48981
LSUMZ B-50722
LSUMZ B-58995
LSUMZ B-59061
LSUMZ B-83282
FMNH 465427**
FMNH 481942**

GIFL
GIFL
GIFL
GIFL
GIFL
RSFL
RSFL
RSFL
RSFL
RSFL
RSFL
RSFL
RSFL
RSFL
RSFL
RSFL
RSFL
RSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL
YSFL

48.73
46.42
88.87
49.65
51.22
46.29
33.94
23.22
29.65
25.71
72.74
59.39
26.58
44.75
68.42
29.08
44.58
58.54
57.13
27.78
38.30
43.76
28.96
21.59
22.84
33.29
37.26
59.91
36.25
64.67
40.98
52.90
60.09
44.09
41.70
34.88
61.64
47.97

5.02
5.07
5.43
4.09
3.97
2.56
4.31
82.62
11.41
38.38
7.13
4.93
35.07
3.19
6.74
18.61
4.26
6.93
2.12
11.36
2.76
3.50
8.36
83.66
86.59
7.88
2.83
3.23
4.79
4.18
3.35
2.30
4.00
4.81
3.12
5.31
2.54
3.01

51.41
49.42
89.50
52.64
53.60
48.49
35.28
20.48
30.18
24.86
78.81
62.71
26.07
46.85
74.93
29.57
47.34
63.01
57.95
29.05
39.49
46.50
29.95
18.68
18.75
34.29
38.57
64.58
36.61
67.89
42.97
54.83
63.58
46.23
42.36
35.89
64.57
50.95

2.91
1.77
2.23
2.18
1.85
1.08
3.77
83.17
9.50
33.65
1.54
1.21
40.43
1.91
1.27
20.33
2.25
1.79
2.09
10.13
2.04
1.58
7.72
80.21
84.75
7.95
2.66
1.08
4.11
1.85
3.42
1.90
1.93
2.76
1.80
3.87
1.31
2.11
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APPENDIX TABLE 4. Pairwise FST estimates (uncorrected for
sample sizes) for 16,670 SNPs with mean FST shown below the
diagonal and range shown above.

Gilded Flickers
Red-shafted
Flickers
Yellow-shafted
Flickers

Gilded Flickers

Red-shafted
Flickers

Yellow-shafted
Flickers

—
0.0616

[0–1.0]
—

[0–1.0]
[0–0.8037]

0.0744

0.0092

—
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APPENDIX TABLE 5. Pairwise mean FST estimates between
populations within the 3 taxa for 16,670 SNPs. Range of per SNP
FST is shown in brackets.
Population comparison
Gilded Flickers
Nevada (N ¼ 3) vs. Sinaloa, Mexico
(N ¼ 2)
Red-shafted Flickers
Washington/Oregon (N ¼ 5) vs. Northern
California (N ¼ 6)
Washington/Oregon (N ¼ 5) vs. Southern
California (N ¼ 2)
Northern California (N ¼ 6) vs. Southern
California (N ¼ 2)
Yellow-shafted Flickers
New York (N ¼ 13) vs. Illinois (N ¼ 2)
New York (N ¼ 13) vs. Florida (N ¼ 5)
Illinois (N ¼ 2) vs. Florida (N ¼ 5)

FST estimate
0.0547 [0–1.0]
0.0034 [0–1.0]
0.0173 [0–1.0]
0.0094 [0–1.0]
0.0039 [0–1.0]
0.0060 [0–0.6512]
0.0108 [0–1.0]
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APPENDIX TABLE 6. Details on BLAST hits for all outlier SNPs, including locus name, outlier identification method, locus FST,
annotation of the region in the Zebra Finch genome, percent query coverage, percent match, and the associated E value.
Locus ID

Outlier method

FST

BLAST results

590_21
996_76
1072_49
1361_103
2207_89

BayeScan
BayeScan
Elevated FST
BayeScan
Both

0.736
0.4636
0.9713
0.8185
0.8221

3542_73
4042_20
4044_127
4213_118
4213_131
4426_22
4583_103
4597_128
4757_60
4934_8

BayeScan
Elevated FST
BayeScan
Both
Both
Both
BayeScan
Elevated FST
Elevated FST
BayeScan

0.6986
0.8941
0.6942
0.8976
0.8976
0.8541
0.7209
0.8299
0.9151
0.6088

4934_60

Both

0.9494

5078_51
5078_57
5078_138
5332_23
5732_26
6521_123

BayeScan
BayeScan
BayeScan
Elevated FST
Elevated FST
BayeScan

0.8042
0.8042
0.8042
0.8328
0.8648
0.7264

7982_98
7982_133
8325_87
8516_15
8612_89
9134_52
9832_20
9832_48
9832_56
11150_30
11250_48

BayeScan
BayeScan
Both
Elevated FST
BayeScan
BayeScan
BayeScan
BayeScan
BayeScan
BayeScan
Elevated FST

0.7974
0.7974
0.8528
0.8544
0.4594
0.6609
0.7463
0.7125
0.7805
0.532
0.8817

11958_28
12946_41
12946_77
12946_115
13181_108
13298_92
13409_128
13768_88
14120_85
14120_109
14142_14
14306_65
14306_85
14306_96
14306_132
15393_126

BayeScan
BayeScan
Both
BayeScan
BayeScan
BayeScan
BayeScan
BayeScan
BayeScan
BayeScan
Both
BayeScan
BayeScan
BayeScan
BayeScan
BayeScan

0.6831
0.75
0.8584
0.6359
0.7817
0.7406
0.7266
0.6182
0.58
0.7255
0.8433
0.676
0.6694
0.6694
0.6694
0.5759

15393_130

Both

0.9441

No confident match
No confident match
No confident match
No confident match
PREDICTED: Taeniopygia guttata l(3)mbt-like 2
(Drosophila) (L3MBTL2), mRNA
No confident match
No confident match
No confident match
No confident match
No confident match
No confident match
No confident match
No confident match
No confident match
PREDICTED: Taeniopygia guttata G patch domain
containing 11 (GPATCH11), transcript variant
X2, mRNA
PREDICTED: Taeniopygia guttata G patch domain
containing 11 (GPATCH11), transcript variant
X2, mRNA
No confident match
No confident match
No confident match
No confident match
No confident match
PREDICTED: Taeniopygia guttata glucosidase,
beta (bile acid) 2 (GBA2), mRNA
No confident match
No confident match
No confident match
No confident match
No confident match
No confident match
No confident match
No confident match
No confident match
No confident match
PREDICTED: Taeniopygia guttata RING finger
protein 151-like (LOC100224067), mRNA
No confident match
No confident match
No confident match
No confident match
No confident match
No confident match
No confident match
No confident match
No confident match
No confident match
No confident match
No confident match
No confident match
No confident match
No confident match
PREDICTED: Taeniopygia guttata coxsackie virus
and adenovirus receptor (CXADR), mRNA
PREDICTED: Taeniopygia guttata coxsackie virus
and adenovirus receptor (CXADR), mRNA
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Query
%

Match %

E value

94%

73%

4.00E14

65%

77%

6.00E12

65%

77%

6.00E12

98%

85%

1.00E37

80%

75%

1.00E13

65%

84%

2.00E19

65%

84%

2.00E19

