


Lemmon 2013; McCormack et al. 2013). These novel
technologies provide promising tools to study the evo-
lution of phenotypic diversity and speciation, particu-
larly within groups that have experienced recent and
rapid diversiÞcation, which typically lack coalescence
and exhibit incomplete lineage sorting (Maddison &
Knowles 2006). Such Ôspecies ßocksÕ present an ongoing
challenge for evolutionary biologists to discriminate
true speciation events from hybrid swarms and ongoing
gene ßow, especially when marked phenotypic varia-
tion is present.

Reduced-representation approaches, such as double-
digest restriction-associated DNA sequencing (ddRAD-
Seq) and genotyping by sequencing (GBS), are
outperforming traditional Sanger-sequencing methods
in their ability to help us understand the evolution of
phenotypic variation in young lineages. Hybridization
and incomplete lineage sorting are often common in



between continents (e.g. Questiau et al. 1998; Drovetski
et al. 2004, 2009).

The paucity of genetic differentiation within the red-
poll complex, despite marked phenotypic variation
across a Holarctic distribution, could be the result of
multiple evolutionary scenarios (Marthinsen et al. 2008):
redpolls may be comprised of (i) a single, undifferenti-
ated gene pool that exhibits phenotypic polymorphism,
in which phenotypic differences reßect locally adapted
demes or neutral phenotypic variation within a single
metapopulation; (ii) multiple gene pools that have
recently diverged, in which incomplete lineage sorting
has hindered the capacity of previous studies to differ-
entiate populations or species; or (iii) multiple divergent
gene pools that are actively exchanging genes through
hybridization and introgression via secondary contact.

In this study, we implement high-throughput
sequencing to evaluate these hypotheses by examining
genome-wide variation in anonymous loci among red-
polls sampled from different regions of the Holarctic.
We also assess variation among transcriptome sequence
data and gene expression in a subset of North Ameri-
can redpolls that span the phenotypic continuum
described above. Finally, we use breeding season occur-
rence records to generate ecological niche models
(ENMs) that characterize differences in suitable abiotic
conditions between North American A. ßammea and
A. hornemanni.

Materials and methods

Sample collections and phenotyping

Molecular analyses were based on 77 individuals,
including representatives of all three redpoll species
currently recognized by most authorities (e.g. Clements
et al. 2014), which were from different regions of their
current distribution (Fig. 1, Table S1, Supporting infor-
mation). Based on recently published phylogenies of the
family Fringillidae (Zuccon et al. 2012), we included
two white-winged crossbill ( Loxia leucoptera) individuals
as an out-group in our analyses. Because the main goal
of this study was to assess genetic differentiation
between redpolls with different plumage and morphol-
ogy characteristics (i.e. putative species), our geographic
sampling was not exhaustive from a phylogeographic
perspective and we did not include representatives
from all currently recognized redpoll subspecies. For
this component of our study, we relied on the classiÞca-
tions of collectors and museum curators to assign indi-
viduals to one of the three currently recognized species.

We collected 10 of the 77 redpolls included in this
study on the same day at the same wintering locality
(Cortland, Cortland County, NY, USA; 42.6 °N, 76.2°W;
nine males and one female). These individuals were col-
lected because they represented the broadest pheno-
typic variation possible within the wintering ßock. The
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ßock remained at this location for over 3 weeks before
collection. Therefore, individuals experienced similar
environmental conditions and foraging opportunities
that approximate a common garden setting. This shared
experience should have reduced environmentally
induced differences in gene expression between ßock
members; however, we cannot completely rule out dif-
ferences in microclimate or diet.

Rather than binning these individuals into putative
species based on plumage characteristics and bill shape,
which are known to vary continuously (Troy 1985), we
measured multiple morphological characters for each
individual (Table S2, Supporting information). We
quantiÞed the amount of streaking on the undertail co-
verts and rump of each individual by taking digital
photographs that were subsequently measured with
IMAGEJ 1.48v (Abr�amoff et al. 2004). We took four mea-
surements of beak shape (width, depth, culmen length,
mandible length) for each individual using digital calli-
pers. Bill and plumage measurements were then incor-
porated into a principal components analysis (PCA) to
obtain multivariate dimensions of phenotypic variation
(see Fig. S1, Supporting information for loadings, and
Fig. S2, Supporting information for PCA scores). PCA
scores were then used to assess statistical associations
between phenotypic variation and multiple indices of
genetic variation.

In addition to collecting genomic DNA from these 10
individuals, we also preserved separate samples of
whole brain, liver and muscle in RNAlater within
25 min post-mortem for RNA-Seq data generation and
gene expression analyses. Specimens were processed in
the order in which they were caught, meaning that
some individuals were held captive longer than others
before collecting tissues. Genomic DNA and RNA sam-
ples were subsequently stored at � 80 °C until library
preparation.

ddRAD-Seq library preparation and sequencing

We extracted genomic DNA from each sample using
Qiagen� DNeasy kits (tissue protocol; Qiagen, Valencia,
CA, USA), eluted the DNA in water, concentrated each
sample using a vacuum centrifuge and determined the
Þnal concentration of each extraction using Qubit Fluo-
rometric Calibration (QFC; Invitrogen, Carlsbad, CA,
USA). DNA extractions are archived at the Cornell Lab
of Ornithology (Ithaca, NY, USA).

We prepared ddRAD-Seq libraries using a modiÞed
version of the protocol outlined in Peterson et al. (2012).
Following a standardizing dilution (all genomic DNA
~30 ng/ l L), we plated the samples and digested each
with the restriction enzymes SbfI and MspI while ligat-
ing P1 (barcode) and P2 adaptor primers using 19

unique barcodes for each of four subsequent index
groups (a total of 76 unique identiÞers —the DNA from
one sample was excluded due to low quality). Each
digestion reaction contained 300 ng genomic DNA,
3 l L 109
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Phred score of 10. We also trimmed out any reads for
which � 5% of bases had a Phred score below 20.
We then separated multiplexed libraries using the
process_radtags function from the STACKS pipeline
(Catchen et al. 2013). The Þnal Þltered, trimmed and
demultiplexed data set contained 365 000 000 reads.

We pooled reads from all redpolls to perform de
novo locus assembly for redpolls only using the
denovo_map.pl script, which executes ustacks, cstacks
and sstacks in succession and comes bundled with
STACKS (Catchen et al. 2013). In brief, STACKS groups iden-
tical reads based on sequence similarity to form ÔstacksÕ,
which can then be combined to form putative loci. We
required a minimum of Þve reads for stack depth (-m),
allowed Þve SNPs between any two stacks at a locus
(-M) and Þve SNPs between any two loci when build-
ing catalogues (-n). These parameter settings performed
well in a comparison of library assembly pipelines
(Mastretta-Yanes et al. 2015). We allowed 20% missing
data for each locus and extracted one locus per SNP
using the –write_single_snp ßag when running the
populations program within STACKS. One individual had
to be dropped from the ddRAD-Seq assembly pipeline
due to poor coverage; therefore, the Þnalized ddRAD
set included 76 individuals, including 9 of 10 individu-
als that comprise the RNA-Seq portion of this study.

Crossbill raw sequencing reads were processed in the
same manner as redpolls. The Þnal Þltered, trimmed
and demultiplexed crossbill data set contained 151 511
reads. We pooled all reads from both crossbills and red-
polls to perform de novo crossbill and redpoll locus
assembly using the denovo_map.pl script and used the
same STACKS settings detailed above.

We also identiÞed a separate panel of SNPs from the
de novo transcriptome and 10 individual RNA-Seq
libraries. We generated an index from our transcriptom-
e and aligned each individual library to the reference
using BWA under default settings (Li & Durbin 2009).
We called SNPs from indexed alignments using the
UniÞedGenotyper tool within Genome Analysis Toolkit
under default settings ( GATK ; DePristo et al. 2011). As
part of the SNP calling process, we Þltered out sites
with Phred quality scores <30 and Þltered by mean
depth, allele frequency and call rate and applied the
BadCigarFilter using VCFTOOLS (version 3.0; Danecek
et al. 2011), which removes malformed reads that start
with spurious deletions. We retained a total of 215 825
out of 784 141 possible SNPs after Þltering.

Population genetic analyses

We used the Bayesian clustering program STRUCTURE v
2.3.4 (Pritchard et al. 2000) to evaluate genetic differenti-
ation among redpolls. We analysed two sets of ddRAD-

Seq SNPs using the same analytical pipeline: (i) loci
assembled from only redpoll data and (ii) loci
assembled with data from redpolls and the crossbill
out-group. For the redpoll data set, we ran three repli-
cate analyses for 10 000 generations following 10 000
generations of burn-in, using the ÔadmixtureÕ model
across a range ofK values from 1 to 5 (three replicates
each), which were then averaged for population assign-
ment scores. Because there were three putative species
in this analysis, we paid speciÞc attention to results
from runs where the a priori constraint on the number
of population clusters was K = 3 (redpolls only). Results
from STRUCTURE were analysed using the Evanno et al.
(2005) method in STRUCTURE HARVESTER (Earl & vonHoldt
2011). For the redpoll + crossbill data set, we ran STRUC-

TURE as above with an a priori constraint on the number
of population clusters K = 4 (redpolls + crossbills). We
did this to ensure that our SNP data could differentiate
redpolls from the out-group taxon.

To corroborate our Bayesian clustering analyses, we
performed principal component analyses (PCA) on the
same two sets of loci using ADEGENET v1.4 (Jombart 2008;
Jombart & Ahmed 2011) and performed an analysis of
molecular variance (AMOVA; ExcofÞer
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differentiation among currently recognized species or
geographically isolated populations (Fig. S5A, Support-
ing information); the genetic PCA (Fig. S5B, Supporting
information) also separated the out-group from redpolls
but did not appreciably separate currently recognized
redpoll species. Similarly, a PCA of the 215 825 locus
data set generated from our RNA-Seq experiment (10
individuals that spanned the phenotypic continuum —



Supporting information). Yet, our background similarity
test indicated that the abiotic conditions that character-
ize the distribution of A. hornemanniare more similar to
those of A. ßammeathan would be expected based on
the availability of habitat in North America ( D = 0.579,
95% CI = 0.371–0.402; I = 0.824, 95% CI= 0.661–0.690;
Fig. S10, Supporting information). Similarly, the
observed similarity indices were higher than the conÞ-
dence interval of the null distribution constructed using
actual A. ßammeaoccurrence data and randomly gener-
ated A. hornemanni data (D = 0.579, 95% CI= 0.502–
0.558;I = 0.824, 95% CI= 0.773–0.813; Fig. S10, Support-
ing information). Thus, while the abiotic niches of
A. ßammeaand A. hornemanniare not completely identi-
cal, they are more similar than comparisons of either
speciesÕ ENMs with null models generated from ran-
dom background points throughout North America.

Discussion



are more similar than expected based on available con-
ditions in North America. This pattern may be present
due to the dichotomous nature of the current species
classiÞcation scheme, which does not account for the
continuous nature of phenotypic diversity in redpolls
and could underemphasize perceived differences in abi-
otic conditions between taxa. Individuals with interme-
diate plumage are placed into one of the two species



metapopulations exist within the genus Acanthis. We
also demonstrate that individual redpolls classiÞed as
different species span a phenotypic continuum, rather
than discrete classes, which has been shown by previ-
ous studies (Troy 1985). Certain authorities, such as
BirdLife International, already treat redpolls as a single
species, and previous studies have arrived at similar
conclusions (Troy 1985).



strongly associated with phenotypic variation included
multiple genes involved in the Wnt signalling pathway
(e.g. tsukushinand frizzled-3; Table S5, Supporting infor-
mation). Expression levels of multiple genes involved in
Wnt signalling appear to play a role in developing dif-
ferent bill morphologies among birds (Brugmann et al.
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