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divergent selection; While many conifers produce annually variable seed crops, serotinous spe-
geographic isolation; cies (which hold seeds in cones for multiple years) represent unusually stable
Loxia curvirostra; food resources for seed predators. Such stability is conducive to residency
Loxia pytyopsittacus; and potentially population divergence of consumers as exemplified by the
Pinus halepensis; Cassia crossbill (Loxia sinesciuris) in North America. We used genotyping by
residency; sequencing (GBS) to test whether three Mediterranean subspecies of com-
serotiny. mon crossbills (L. curvirostra) associated with the serotinous Aleppo pine

(Pinus halepensis) were more genetically distinct than European crossbills
associated with nonserotinous conifers. We assembled a Cassia crossbill draft
genome as a reference for mapping GBS reads and as a first step towards a
more contiguous genome assembly. We found clear patterns of genetic
divergence for each of the P. halepensis-associated subspecies. Geographic iso-
lation, as promoted by resource stability and residency, is associated with
genetic divergence of two of these subspecies. However, geographic isolation
cannot account for divergence of L. c. hispana. Instead, resource stability
likely contributed to divergence by reducing dispersal and increasing
resource competition that may limit breeding by immigrants. In contrast, we
found no differentiation among common crossbills associated with less stable
resources, and only slight differentiation between common crossbills and
parrot crossbills (L. pytyopsittacus). The substantial morphological divergence
between common and parrot crossbills has likely originated or been main-
tained by selection despite gene flow generated by spatiotemporal resource
fluctuation. Our results indicate that phenological as well as morphological
characteristics of conifers have influenced crossbill diversification, and sug-
gest a possible link between resource stability and population divergence.

Introduction

Climatic stability over geological time appears to facili-
tate small range size, population divergence and spe-
cialization in biotic interactions (Dynesius & Jansson,
of Nevada, Reno, 1664 N. Virginia St., Reno, NV 89557, USA. 2000; Martin & MCK?Y'. 2004; Dalsgaard et. ?Z" 2011;
Tel.: 1775 784 4484; fax: +775 784 2851; Sandel ef al, 2011). Similarly, resource stability across
e-mail: tparchman@unr.edu seasons and years could be critical to local population
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persistence and specialization (Thompson, 1994). How-
ever, few studies have considered the influence of
resource stability on population divergence. This is sur-
prising, because resource stability could play an espe-
cially important role in ecological speciation, whereby
reproductive isolation is a by-product of divergent natu-
ral selection (Schluter, 2001, 2009; Nosil, 2012). Fluc-
tuations in the availability of resources can influence
the strength and direction of selection (Siepielski &
Benkman, 2007), and the strength and consistency of
reproductive isolation (Grant & Grant, 1996, 2008).
Consequently, resource fluctuations could impede or
even reverse population divergence and ecological spe-
ciation (Grant & Grant, 2008; Price, 2008; Nosil et al.,
2009).

Recent evidence for an effect of resource stability on
population divergence comes from a genome-wide
analysis of nine North American common (red) crossbill
ecotypes (Loxia curvirostra complex; also called vocal
types, because of their characteristic vocalizations;
Groth, 1993), specialized for feeding on cone seed of
different conifer species (Benkman, 1993, 2003).
Although genome-wide divergence was low between
these ecotypes (Fsr = 0.011-0.035), one ecotype was
markedly more divergent at a small subset of loci and
was monophyletic in phylogenetic analyses (Parchman
et al.,, 2016). This latter ecotype, the South Hills crossbill
(now recognized as a distinct species, the Cassia cross-
bill L. sinesciuris; Chesser et al., 2017), commonly expe-
riences sympatry with at least two other ecotypes and
palaeoecological information suggests that it likely
diverged only recently (post-Pleistocene; Parchman
et al.,, 2016). It was hypothesized that strong reproduc-
tive isolation and genetic divergence of the Cassia cross-
bill, despite a large potential for gene flow, are the
result of its reliance on an exceedingly stable food
resource, seeds in the serotinous cones of Rocky Moun-
tain lodgepole pine (Pinus contorta latifolia; Smith &
Benkman, 2007; Parchman et al., 2016).

Serotiny is the long-term (several years to decades)
retention of seeds in firmly closed cones until they are
heated. It has evolved in multiple pines as an adapta-
tion to fire (Lamont et al, 1991; Grotkopp et al., 2004;
He et al, 2012). Unlike most conifers whose annual
seed crops fluctuate by several orders of magnitude
(Hagner, 1965; Newton, 1972; Smith & Balda, 1979;
Summers, 2011), serotinous pines tend to produce
locally stable seed crops every year (Smith, 1970; Smith
& Balda, 1979; Tapias et al, 2004; Benkman et al.,
2012). Moreover, seeds in serotinous cones become
slowly available over time as the resinous bonds
between scales gradually weaken on older cones, which
enables crossbills to feed on seeds from multiple cone
cohorts at a given time (Benkman ef al, 2012). This
dampens seasonal and annual fluctuations in seed
availability and results in an extraordinarily stable
resource for crossbills. For example, in North America

the highest seed kernel intake rates (a direct measure
of seed availability) for crossbills during a year exceed
the lowest intake rates by only 68% when foraging on
the serotinous cones of lodgepole pine (Benkman et al.,
2012), but by 200-500% when foraging on nonseroti-
nous conifers (Benkman, 1987). Importantly, more
stable resources allow crossbills, such as the Cassia
crossbill, to form resident populations and to grow clo-
ser to carrying capacity (Benkman et al., 2010, 2012),
resulting in stronger and more consistent food limita-
tion (Benkman et al, 2012). Furthermore, residency
favours local adaptation in bill traits (Benkman, 2003)
that in combination with strong food limitation pre-
vents nonlocally adapted, immigrant ecotypes from per-
sisting (surviving, reproducing), thereby limiting gene
flow (Smith & Benkman, 2007; Benkman, 2017).

Here, we test whether the association between seroti-
nous conifers and greater genetic divergence docu-
mented in North American crossbills is also found in
western Palearctic crossbills. The only serotinous conifer
in western Europe regularly fed on by crossbills is
Aleppo pine (P. halepensis), which has a Mediterranean
distribution (Fig. 1). Although we lack data on feeding
intake rates in the western Palearctic, Aleppo pine
holds its seeds in cones for several years and consis-
tently produces seed crops every year (Table 1; Tapias
et al., 2004) like other serotinous species. Three sub-
species of common crossbills are thought to be seden-
tary and associated with P. halepensis in the western
Mediterranean: L. c¢. balearica on the island of Mallorca,
L. ¢. poliogyna in northern Africa and L. c¢. hispana in
south-eastern Spain (Fig. 1). In contrast, the seed crops
of other conifers used by crossbills in Europe are spa-
tiotemporally variable (Table 1). This promotes large
and long-distance irruptive nomadic movements (New-
ton, 2006) and mass reproduction on bumper crops,
both of which can be conducive to gene flow. For
example, Europe’s largest billed crossbill (parrot cross-
bill L. pytyopsittacus; see Fig. 1) breeds sympatrically
with the much smaller billed L. ¢. curvirostra when large
cone crops of Scots pine (P. sylvestris) or Norway spruce
(Picea abies) result in abundant and easily accessible
seeds (Summers et al, 2007; see also Nethersole-
Thompson, 1975). (Hereafter, we refer to common
crossbill subspecies by their subspecific epithet, includ-
ing the widespread continental L. ¢. curvirostra, and use
the common name of L. curvirostra to refer to the spe-
cies as a whole; we refer to parrot crossbills by their
specific epithet, pytyopsittacus.)

Suggestive of a positive effect of resource stability on
genetic divergence, evidence for genetic differentiation
between balearica (a P. halepensis specialist) and curviros-
tra from Europe has been reported (Bjorklund et al,
2013), although little is known about genetic variation
in hispana (Edelaar et al., 2012) or poliogyna. Geographic
isolation alone should lead to genetic differentiation for
balearica and poliogyna (Fig. 1). Balearica is resident on
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Fig. 1 Map showing the geographic
distributions of common crossbills

(L. curvirostra; intermediate grey), parrot
crossbills (L. pytyopsittacus; stippling) and
Pinus halepensis (dark grey around the
Mediterranean), and sampling locations
of crossbills (circles with colour
corresponding to taxon). Also shown
are an illustration of Pinus halepensis
cones (left side), and head profiles of °
representative common crossbills from °
Europe (Loxia c. curvirostra), Mallorca

(L. c. balearica), the Atlas Mountains of
North Africa (L. c. poliogyna) and parrot
crossbill (L. pytyopsittacus). Distribution
maps of crossbills are from the Atlas of
European Breeding Birds (Hagemeijer &
Blair, 1997), and the map for Pinus
halepensis is from EUFORGEN (www.euf
orgen.org).
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Mallorca (Massa, 1987), and dispersal by nomadic curvi-
rostra from the continent to the island is uncommon
(Summers & Jardine, 2005; Bjorklund et al., 2013). Poli-
ogyna is resident in northern Africa (Massa, 1987) and
is even more isolated from European populations of
curvirostra due to expanses of sea and nonsuitable habi-
tat (Griscom, 1937; Cramp & Perrins, 1994). Conse-
quently, balearica and poliogyna do mnot provide
independent tests for the importance of resource stabil-
ity to population divergence. However, resource stabil-
ity has likely played a key role in their ability to form
resident, geographically isolated populations and could
thereby favour population divergence via drift alone.
Hispana, however, is not geographically isolated from
curvirostra because multiple pine species used by noma-
dic curvirostra occur near and within the mainland
range of P. halepensis (Fig. 2). During periodically large
cone crops of these nonserotinous conifers, nomadic
movements of curvirostra likely bring them into regular
contact with kispana. Thus, the relative extent to which
hispana is genetically differentiated provides a test of
the importance of stable seed availability to population
divergence, more comparable to the Cassia crossbill in
North America. Hispana was once described as a

subspecies (Hartert, 1904), but because of morphologi-
cal and geographical similarity with balearica and curvi-
rostra has not been recognized in subsequent taxonomic
treatments (Griscom, 1937; Vaurie, 1956; Cramp & Per-
rins, 1994; Clement et al., 2010). Nevertheless, crossbills
are resident in south-eastern Spain, where P. halepensis
forests having high frequencies of serotiny are exten-
sive (Fig. 2; Hernandez-Serrano et al., 2014) and his-
pana is thought to occur (Cramp & Perrins, 1994). They
also have distinct bill morphologies relative to curviros-
tra from northern Spain associated with other conifers
(Edelaar et al., 2012), suggesting local adaptation.

In contrast to the evidence for genetic divergence of
balearica (Bjorklund et al., 2013), other studies have
reported a lack of discernible genetic differentiation
among most populations of common crossbills in Eur-
ope (Questiau et al., 1999), and a surprising lack of dif-
ferentiation between two morphologically differentiated
species: common crossbills and pytyopsittacus (Piertney
et al.,, 2001; Bjorklund ef al, 2013). As in North Amer-
ica, this pattern is likely influenced by ongoing gene
flow arising from the nomadic movements that most
crossbills exhibit, as well as their recent diversification
(e.g. post-Pleistocene, < 11 000 years BP; Bjorklund
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Table 1 Seed production characteristics of four species of pine (Pinus) and one spruce (Picea) commonly consumed by crossbills in western
Europe and the Mediterranean [from Tapias et al. (2004) for pines; from Young & Young, (1992) for spruce]. Only Pinus halepensis is

serotinous. The crossbill taxa in this study that commonly feed on these conifers, and whether they are nomadic or sedentary are provided

in the fourth column.

Interval between

Cone persistence

large cone crops

Species in canopy (years) (years) Associated crossbills (nomadic/resident)

Pinus halepensis 5-20* 1 L. c. balearica, L. c. hispana, L. c. poliogyna (resident)
Pinus sylvestris 1-3F 2-4 L. c. curvirostra, L. pytyopsittacus (nomadic)

Pinus nigra 1-3f 2-4 L. c. curvirostra (nomadic)

Pinus uncinata 1-3f 34 L. c. curvirostra (resident)

Picea abies 1 3-13 L. c. curvirostra (nomadic)

*Within Spain, ~40-80% of the trees produce serotinous cones that hold seeds for several years or even decades (Tapias et al., 2004).

fNearly, all seeds are shed from cones during the first year (Mezquida et al., 2018; E. T. Mezquida & C. W. Benkman, personal observa-

tions).

et al.,, 2013). However, past studies were based on small
sets of molecular markers, and more comprehensive
genomic sampling should provide additional insight
into patterns of population genetic structure character-
izing crossbills in the western Palearctic.

Here, we use a genotyping-by-sequencing (GBS)
approach (a variant of ddRADseq; Parchman et al.,
2012; Peterson et al, 2012) to quantify patterns of
phylogenetic and population genetic structure among
western Palearctic crossbills. We used Ilumina
sequencing of variable insert size libraries to assemble
a Cassia crossbill draft genome to serve as a reference
onto which we mapped GBS reads. We compare
genetic differentiation of the three P. halepensis-

7

Fig. 2 Natural distributions of four species of pines (Pinus spp.) in
Spain fed on by crossbills. Pinus halepensis is in light grey, P. nigra
in medium grey, P. sylvestris in dark grey and P. uncinata in black.
Map is modified from Edelaar ef al. (2012), which is based on
species maps from the Spanish Forestry Service at http://www.
inia.es/genfored.

associated subspecies to population samples of curviros-
tra from regions with less stable seed resources: Scot-
land where curvirostra feeding on P. sylvestris and
various non-native conifers are nomadic (Marquiss &
Rae, 2002; Summers ef al., 2007) and from the Pyre-
nees in northern Spain where crossbills feed on Pinus
uncinata and P. sylvestris (Senar et al., 1993; Clouet,
2000; Alonso et al., 2016; Fig. 1). Although the annual
seed crops in the Pyrenees are sufficiently stable from
year to year to support crossbills year-round, all cones
open in late winter and spring providing a pulse of
easily accessible seeds. During such pulses, food com-
petition is unlikely to prevent multiple forms of cross-
bills from breeding, unlike when crossbills feed on
serotinous species. Consequently, we expect less
genetic divergence among the Scottish and Pyrenees
populations of curvirostra than for those associated
with P. halepensis. In addition, we ask whether more
extensive genomic sampling detects evidence for
genetic differentiation between curvirostra and pytyopsit-
tacus, as might be expected based on their phenotypic
distinctiveness (Summers ef al., 2002) and strong
assortative mating (Summers et al., 2007). Finally, we
have vocal recordings of many of the curvirostra from
Scotland and the Pyrenees, which allowed us to assign
them to vocal types (Robb, 2000; Summers et al.,
2002) and to test for genetic differentiation among
them. In contrast to North America, evidence of mor-
phological, ecological and evolutionary distinctiveness
of curvirostra vocal types in Europe is more limited
(Robb, 2000; Summers et al, 2002; Edelaar, 2008;
Edelaar et al.,, 2008), and analyses of genetic differenti-
ation have yet to be conducted. Our results, based on
more than 18 000 single nucleotide polymorphisms
(SNPs), provide little to no evidence of genetic diver-
gence among crossbill vocal types, populations and
species associated with highly fluctuating seed
resources. In contrast, the P. halepensis-associated sub-
species were differentiated from one another and all
other crossbills, suggesting that resource stability and
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geographic isolation may interact to influence popula-
tion divergence.

Materials and methods

Reference genome sequencing and assembly

We sequenced and assembled a Cassia crossbill (L. si-
nesciuris) draft genome to provide a reference for align-
ing GBS data, and to provide a resource for future
efforts to produce a more contiguous and complete gen-
ome assembly. Aligning GBS data to reference genomes
can improve analyses by reducing problems associated
with paralogous genomic regions and can provide infor-
mation on the genomic distribution of markers. Genetic
divergence between North American red crossbills and
European common crossbills is low (Questiau et al.,
1999; Parchman ef al., 2007), making this reference
suitable for use in this study. We extracted DNA from a
male Cassia crossbill collected in the South Hills (Saw-
tooth National Forest, Twin Falls County, ID) in
September 2012. We constructed four distinct sequenc-
ing libraries with insert sizes of 500 base pairs (bp), 800
bp, 2 kilobases (kb) and 5 kb and used each to generate
125-bp paired-end reads on an Illumina HiSeq 2000 at
the Beijing Genome Institute (BGI). After quality and
contaminant filtering, we retained 94 gigabases (Gb) of
data (Table S1).

Sequence data were assembled by BGI using an
approach utilized for other recently assembled avian
genomes (Jarvis et al,, 2014; Zhang et al.,, 2014) using
SOAPpeNovOo v2.04 (http://soap.genomics.org.cn). First,
de Bruijn graphs were constructed by splitting cor-
rected-reads with short insert-sizes into kmers before
merging kmers, clipping tips, merging bubbles and
removing low-coverage links. Contigs with unambigu-
ous de Bruijn graph connections were collected using a
kmer length of 23. All usable reads were mapped to

Palearctic crossbill genetic structure 1719

contig sequences using the paired-end information to
construct scaffolds step by step, from small-insert
libraries to large-insert libraries, with at least three read
pairs required to form a connection. Gaps within scaf-
folds were filled by the gapcloser module of SOAPDEN-
ovo. This assembly resulted in 64 453 scatfolds, 2,980 of
which were greater than 2kb in length (Table S2). The
scaffold N50 was 3.1Mb, and the largest scaffold was
12.3Mb long. The total length of the assembly was
1.1Gb, which covered much of the estimated 1.25Gb
genome size (Table S2).

DNA sequencing, assembly and variant calling

We obtained DNA from 114 common crossbills in five
geographic regions, and from six pytyopsittacus in three
regions (Table 2; Fig. 1). We assume that the crossbills
sampled in Morocco represent poliogyna, those from
Mallorca balearica, and those from Malaga in south-
eastern Spain kispana. Additionally, nine of the curviros-
tra sampled from Scotland represented two different
vocal types (vocal types C and E of Robb, 2000; or 1A
and 4E of Summers et al., 2002) recorded at the time of
capture, and 10 of the curvirostra sampled in the Pyre-
nees represented two vocal types. We also sampled
three two-barred crossbills (L. leucoptera) from Europe
(Table 2) for use as an outgroup in phylogenetic analy-
ses. Blood or feathers were taken from live-caught birds
and stored in Queen’s lysis buffer, or on FTA cards.
DNA was extracted using Qiagen DNeasy 96 Blood and
Tissue Kits (Qiagen, Inc., Valencia, CA, USA) and quan-
tified with a QIAxpert microfluidic analyzer (Qiagen,
Inc.).

We constructed reduced-representation libraries using
a GBS method that we have previously used with
crossbills and other taxa (Gompert et al., 2012; Parch-
man et al, 2012). We used two restriction enzymes,
EcoRI and Msel, to digest genomic DNA, before ligating

Table 2 The different samples of crossbills used in this study, including the general location of their collection and their estimated
heterozygosity (not estimated for L. leucoptera because of the small sample size).

Taxon Sample location Number of individuals Source* Expected heterozygosity
Common crossbill
L. c. balearica Mallorca, Spain 19 DA 0.217
L. c. poliogyna Atlas Mountains, Morocco 23 CWB, ETM 0.214
L. c. hispana Mélaga, Spain 27 DA 0.235
L. c. curvirostra Pyrenees, Spain 26 PE 0.234
L. c. curvirostra Scotland 19 RS 0.232
Parrot crossbill 0.220
Loxia pytyopsittacus Sweden 2 NHMD
Norway 2 NHMO
Russia 2 NI
Two-barred crossbill
Loxia leucoptera Denmark 3 NHMD

*CWB, Craig W. Benkman; DA, Daniel Alonso; ETM, Eduardo T. Mezquida; NHMD, Natural History Museum of Denmark; NHMO, Natural
History Museum of Oslo; NI, Natalia Iovchenko and Ladoga Ornithological Station (Leningrad); PE, Pim Edelaar; RS, Ron Summers.
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customized adaptors to the digested fragments. We
ligated unique adaptors that contained eight- to 10-bp
DNA barcode sequences to the EcoRI ends of fragments
from each individual, and ligated standard Ilumina
adaptors to the Msel ends. Barcoded, restriction—ligation
products from all individuals were PCR amplified using
INlumina-based PCR primers and a high-fidelity proof-
reading polymerase (iProof, Bio-Rad, Inc., Hercules,
CA, USA) and were pooled. We ran libraries on a 2%
agarose gel and excised fragments between 350 and
450 bp in length, which we purified using Qiaquick Gel
Extraction Kits (Qiagen, Inc.). This step was used to
reduce the portion of the genome targeted for sequenc-
ing in order to increase sequencing coverage depth. For
quality control, the fragment size distribution was
quantified with a BioAnalyzer (Agilent, Inc., Santa
Clara, CA, USA), and sequencability was verified with
gqPCR. We sequenced libraries at the National Center
for Genome Research (Santa Fe, NM, USA) using one
lane of single-end 100-base sequencing on an Illumina
HiSeq 2500.

We removed reads potentially representing contami-
nant DNA (PhiX, E. coli) or portions of Illumina oligos
using Bowtie 2_pB (Langmead & Salzberg, 2012) and a
series of scripts specifically designed for this purpose
(https://github.com/ncgr/tapioca). We trimmed bar-
codes and restriction cut-site associated bases from
sequences, and matched barcodes from each read to the
correct individual using a Perl script that allows for cor-
rection of sequencing errors in the barcode sequences.
We executed reference-based assemblies to align all
reads from each individual to the Cassia crossbill refer-
ence genome using the aix and samse algorithms in Bwa
0.7.8 (Burrows-Wheeler Aligner; Li & Durbin, 2009).
We used samroors 0.1.19 (Li et al., 2009) to create mul-
tiple alignment pileup files based on the alignment files
of all individuals and then used Bcrroors 0.1.19 (Li
et al.,, 2009) to identify bi-allelic single nucleotide poly-
morphisms (SNPs) and to estimate genotype likeli-
hoods. We disregarded insertions and deletions, and
only called variants when 85% of the individuals had
at least one read covering that locus. Genotype likeli-
hoods were calculated with Bcrroors, stored in variant
call format and converted to a composite genotype for-
mat for subsequent analyses. We excluded variants for
which more than one alternate allele was observed and
randomly selected a single SNP per 2,000 bases in the
reference genome in order to minimize the effects of
linkage disequilibrium in the final data set. We
excluded low-frequency variants with minor allele fre-
quencies < 0.03. We generated this set of genotypes
based on multiple alignments of common crossbills and
pytyopsittacus for population genetic analyses.

We also used a de novo assembly approach in order to
compare the number and characteristics of retained
SNPs and resulting population genetic analyses with
results from reference genome-based alignment. We

generated a reference of GBS-sequenced regions using
a de novo assembly of 40 million randomly selected
reads using seQMaN NGEN 3.0.4 (DNASTAR). Using the
same parameters and filtering thresholds as above for
the reference genome alignment approach, we aligned
reads to the de novo GBS reference with swa and used
samtooLs and Bcrroors to identify bi-allelic SNPs and to
estimate genotype likelihoods (see Supporting Informa-
tion for more detail).

Phylogenetic analyses

We used phylogenetic analyses to assess the extent to
which the P. halepensis-associated common crossbill sub-
species form reciprocally monophyletic groups, and to
ask whether they represent more recently derived lin-
eages, as might be predicted based on the recent expan-
sion of P. halepensis into the western Mediterranean
(Grivet et al., 2009). For these analyses, we used the
entire set of samples above, as well as three L. leucoptera
as an outgroup. We aligned reads to the reference gen-
ome, created multiple alignments and identified poly-
morphisms using iryRAD 0.7.8 (Eaton, 2014) due to its
use of a global alignment clustering algorithm and
allowance of indel variation. Parameter values were set
to default unless indicated herein. Reads with more
than seven low-quality bases were discarded, and
remaining reads were clustered with an 88% similarity
threshold and mapped to the reference genome with
BwA. The resulting alignments were merged with MuscLe
(Edgar, 2004). To compensate for low sequencing
depth, we allowed majority rule consensus base calls to
be made for sites with coverage depths from three to
five. Consensus sequences with more than 10 undeter-
mined or 10 heterozygous sites were discarded, and
remaining consensus sequences were clustered with
88% similarity and mapped to the reference genome.
After discarding loci with more than 20 SNPs or 10
indels, our final data set included 203 963 SNPs that
were represented in more than 80 samples. Alternative
data sets with variable numbers of samples per locus
and resulting SNPs were also used for phylogenetic
inference and produced highly comparable topologies
and support.

The nexus file exported by ryYRAD was used as input
for SVDquartets (Chifman & Kubatko, 2014) as imple-
mented in paur* 4.0a (Swofford, 2002). SVDQUARTETS is
a method of phylogenetic estimation under the coales-
cent model that uses all or a subset of induced quartets
to infer phylogenies; it is well-suited to unlinked SNP
data and computationally efficient with large data sets
(Chifman & Kubatko, 2015). We randomly sampled
11% of the distinct quartets for the 123 samples and
used the QFM algorithm (Reaz et al., 2014) for quartet
amalgamation. We quantified support using 1000 non-
parametric bootstrap replicates, and added quartets
until bootstrap support values stabilized. The final tree
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was manually rooted with L. leucoptera in FIGTREe 1.4.3
(http://tree.bio.ed.ac.uk/software/figtree/) based on past
studies of mtDNA sequence variation (Questiau et al.,
1999; Parchman et al., 2007).

Population genetic analyses

We tested for population genetic structure within and
among populations, species and vocal types using
model-free analyses (principal components analysis,
PCA) as well as a hierarchical Bayesian clustering
method (eEntropy, Gompert et al., 2014) that infers the
number of ancestral populations and estimates individ-
ual ancestry proportions. We estimated genotype proba-
bilities and ancestry coefficients starting with the
genotype likelihoods generated above using EnTROPY,
which uses a model similar to the correlated allele fre-
quency model of structure (Pritchard et al., 2000;
Falush et al., 2003). Entropy simultaneously estimates
genotype probabilities and ancestry parameters while
incorporating uncertainty due to variation in coverage
depth across individuals and loci and sequencing error.
ENTROPY does not use a priori information about the sam-
pled populations of individuals and assumes that indi-
viduals consist of loci with ancestry from one of k
genetic clusters. The model estimates ancestry propor-
tions for each individual based on a specified value of k
and calculates deviance information criterion (DIC) as a
metric for model comparison. We used entropy to char-
acterize population structure across all individuals, and
to simultaneously estimate genotype probabilities for
each locus in each individual.

To speed up the convergence and stabilization of
MCMC chains, we initialized individual ancestry esti-
mates using cluster membership probabilities generated
from a k-means clustering analysis (kmeans package in
R) on principal components estimated from the geno-
type covariance matrix in a linear discriminant analysis
(mass package in R; Jombart ef al.,, 2010). We used this
approach to generate starting values of g (admixture
coefficients) to initialize MCMC in order to facilitate
mixing and convergence. This approach did not con-
strain posterior sampling and was run with no refer-
ence to sample identity. We executed four independent
MCMC chains for predefined values of k = 2-9; 9 corre-
sponded to the number of potential taxa based on the
species, subspecies and vocal types represented in our
sampling. We ran each chain for 80 000 steps, follow-
ing 60 000 burn-in steps and thinned by saving every
tenth step. We set the remaining eEntrROPY parameters to
their default values. We checked for mixing and con-
vergence by plotting MCMC steps and inspected mixing
during the burn-in period. Parameter estimates and
DIC values were highly similar for independent chains.

To further characterize patterns of genotypic varia-
tion across individuals, populations and species, we
executed PCA on genotype covariance matrices using
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prcomP in R (R Core Team, 2013). We first conducted a
PCA on all crossbills except the L. leucoptera used as an
outgroup above. We used permutational multivariate
analysis of variance (pErmanova; Anderson, 2001) imple-
mented in the vecan package (Oksanen ef al, 2013) of
R to test for significant differentiation among popula-
tions based on Euclidian distances of the principal com-
ponents (PCs). As variation in this PCA was dominated
by the crossbills associated with P. halepensis and poten-
tially obscured additional differentiation between other
groups, we executed two additional PCAs. To test for
genetic differentiation between curvirostra and pytyopsit-
tacus, we executed an additional PCA on a subset of
samples including pytyopsittacus as well as curvirostra
sampled from Scotland and the Pyrenees. Finally, to
examine whether curvirostra vocal types were geneti-
cally differentiated, we executed a PCA on the subset of
curvirostra sampled in Scotland and the Pyrenees for
which we had vocal type information. For these addi-
tional PCAs, we again used pErmanova to test for differ-
entiation between groups.

To further quantify relative levels of divergence
among population samples, we used population allele
frequencies to calculate Nei’s genetic distance (Nei's D;
Nei, 1972) among all populations and species. Addition-
ally, we calculated genome-wide and locus-specific (for
each of the 18 047 loci) pairwise Hudson’s Fsr (Hudson
et al., 1992) based on allele frequencies at all loci for
each population. The relationship between geographic
and genetic distance for all populations (including pyty-
opsittacus and all L. curvirostra subspecies) was evaluated
with a multiple regression on distance matrices (MRM;
Lichstein, 2007) as implemented in the ecopist package
(Goslee & Urban, 2007) in R. Haversine distance was
used as the metric of geographic distance between sam-
pling locales, as calculated from the latitude and longi-
tude of sampling locations using the rossi. package
(Vavrek, 2011) in R, and Nei’s D was used as a metric
of genetic distance. As a metric of genetic diversity for
each population sample, we calculated expected
heterozygosity (Hg) from population allele frequencies
based on the expectation from Hardy—Weinberg
equilibrium.

Results

After quality filtering the raw data, parsing barcodes
and discarding individuals with read counts below the
0.25 quantile of the read count distribution for all indi-
viduals, we retained ~87 million reads across the 114
common crossbills and six pytyopsittacus. Reference-
based assemblies executed with Bwa aligned 73 million
reads (84% of the total reads) onto the Cassia crossbill
reference genome. We identified 63 658 SNPs where
85% of individuals had at least a single read in the final
assemblies. After discarding SNPs with minor allele fre-
quencies < 0.03 and sampling a single SNP per 2,000
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bases in the reference genome, we retained a final set
of 18 047 SNPs for population genetic analyses. This set
of genotypes represented ~9.3 million DNA sequences
with a mean coverage per individual per locus of 4.9x.

We also evaluated a de novo approach, by assembling
a subset of the raw reads into a GBS reference onto
which we aligned all reads using swa. Using alignment,
variant calling and filtering steps identical to those used
for the reference genome approach above, we identified
a very similar number of variants (17 711) with similar
average coverage depth (4.7x) (Supporting Informa-
tion). Population genetic analyses conducted with this
alternative set of genotypes were qualitatively indistin-
guishable to those presented below (Figs S2 and S3).
Hence, here we present analyses for variants that were
called by aligning reads to the Cassia crossbill draft refer-
ence genome.

For phylogenetic analyses, we used rYRAD to sepa-
rately genotype 203 963 SNPs across 29 094 contigs in
the aligned data representing common crossbills, pytyop-
sittacus, and L. leucoptera (included as an outgroup). As
expected, L. leucoptera formed a strongly supported
monophyletic outgroup in the SVDquarteTs phylogeny.
In addition, balearica and poliogyna each formed strongly
supported monophyletic groups (Fig. 3). Hispana indi-
viduals largely clustered together in the tree (with a
few exceptions), but bootstrap support was weak.
Nonetheless, patterns in the phylogeny are consistent
with the resident P. halepensis-associated curvirostra sub-
species representing more recently derived and inde-
pendently evolving groups. The six pytyopsittacus were
not monophyletically clustered, but instead were scat-
tered within curvirostra from the Pyrenees and Scotland
(Fig. 3). Similarly, curvirostra (sampled in the Pyrenees
and Scotland) and the different vocal types from these
populations were scattered throughout the tree (Fig. 3),
with no tendency to cluster monophyletically.

Estimates of genetic differentiation based on popula-
tion allele frequencies revealed low-to-moderate levels
of genetic differentiation among populations (Table 3;
mean Fgsr = 0.055, range 0.017 — 0.101; mean Nei’s
D = 0.018, range 0.004 — 0.037). Nonetheless, popula-
tion genetic analyses using PCA of genotype covariance
matrices and the Bayesian ancestry-based clustering
analysis (EnTrROPY) revealed clear patterns of genetic
structure for the three subspecies associated with
P. halepensis, consistent with phylogenetic analyses. The
first two principal components from the PCA of the
genotypic covariance matrix explained 36.0% and
16.5% of the total variation, respectively, and separated
balearica and poliogyna into distinct clusters (Fig. 4a).
PC3 and PC4 explained smaller proportions of variance,
but clearly differentiated hispana from curvirostra and
pytyopsittacus (Fig. 4b).

Although the entrory model with k = 3 had the low-
est DIC estimate across all five replicate iterations
(Fig. S1), models with ancestry proportions of k=2

and 4 also produced patterns of clustering reflecting
genetic differentiation of the P. halepensis-associated
subspecies. The k =2 model assigned all poliogyna to
one cluster, and all other individuals to another
(Fig. 5a). The k = 3 model assigned all poliogyna to one
cluster, all balearica to a second cluster and all other
individuals to a third (Fig. 5b). The k = 4 model further
distinguished the ancestry proportions of hispana from
other continental European crossbills (Fig. 5c). As
might be expected given residency, geographic isola-
tion, and presumably smaller population sizes, expected
heterozygosity estimates were lower for poliogyna and
balearica than for nomadic curvirostra (Table 2). Hispana
had heterozygosity estimates similar to those of noma-
dic curvirostra, which could be due to a variety of fac-
tors, including gene flow from nomadic forms, recent
colonization or larger population sizes.

EntrOPY analyses and the full PCA including all indi-
viduals indicated no evidence of genetic differentiation
between curvirostra and pytyopsittacus, among curvirostra
from Scotland and the Pyrenees, or among vocal types
of curvirostra (Figs 4a and b, 5). However, the PCA
restricted to curvirostra and pytyopsittacus revealed statis-
tically significant (PERmaNOvVA: Fj 49 = 1.19, P = 0.046;
Fig. 4c) albeit very minor genetic differentiation
between these recognized species (Table 3: average
genome-wide Fsr = 0.034) that was not evident in
other analyses. In addition, the distribution of locus-
specific Fsr estimates revealed few loci with exceptional
differentiation. Ninety-four per cent of the locus-speci-
fic Fgr estimates were less than 0.1, the maximum was
only 0.39, and only 152 loci had Fsy greater than 0.2.
Plots of Fsr estimates by their positions in scaffolds of
the genome assembly reveal that the weakly differenti-
ated loci (those with Fsr > 0.2) were evenly distributed
across scaffolds rather than being colocalized.

The PCA restricted to nomadic curvirostra from Scot-
land and the Pyrenees revealed no evidence for genetic
differentiation among them (pERMANOVA, F; 43 = 0.95,
P = 0.51; Fig. 4d). In addition, there was no evidence
of differentiation among the two vocal types in Scot-
land (pErRMANOVA, F; g = 0.98, P = 0.58) or between the
two vocal types from the Pyrenees (pErmANOVA, F
o =0.84, P =0.82) (Fig. 4d). Across all population sam-
ples, there was no relationship between geographic and
genetic distances (Fig. 6). This result is consistent with
the nomadic movements of most crossbills and a lack of
genetic differentiation among nomadic curvirostra and
pytyopsittacus despite large distances between sampling
locations.

Discussion

Our results support the hypothesis that variation in
resource stability has, to varying degrees, influenced
patterns of population divergence in western Palearctic
crossbills. The three subspecies of common crossbills
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associated with P. halepensis, a serotinous conifer and
stable food resource, are the most genetically distinct, a
result also found for the Cassia crossbill in North Amer-
ica (Parchman ef al, 2016). In contrast, population
samples of other common crossbills and of pytyopsittacus,
as well as the curvirostra vocal types, exhibit little to no
evidence of genetic differentiation from one another.
All of these crossbills occur in regions with less stable
food resources, and most of them are nomadic. The
absence of a relationship between geographic and
genetic distance among population samples (Fig. 6) is
presumably the result of a lack of genetic differentiation
among geographically distant samples of nomadic curvi-
rostra and pytyopsittacus as well as elevated divergence of
the geographically proximate P. halepensis-associated
and resident subspecies. Below, we consider how varia-
tion in resource stability could have contributed to
these contrasting patterns of genetic divergence.

Multiple consequences of resource stability for
reductions in gene flow

Several factors related to seed crop stability have likely
influenced genetic divergence of P. halepensis-associated
crossbills. First, temporally stable food resources allow
residency and population persistence, thereby

increasing the opportunity for geographically isolated
populations to establish themselves and become locally
adapted. Geographically isolated, resident crossbill pop-
ulations utilizing conifers with strong temporal fluctua-
tion in seed production do not exist, presumably
because such populations would rapidly go extinct dur-
ing years with little or no seed production. Such a pat-
tern also appears evident for hummingbirds where
smaller ranges are correlated with increasing climatic
stability, which may reflect more stable food resources
(Sonne et al., 2016; see also Sandel et al, 2011). Geo-
graphic isolation, which is typically critical for genetic
divergence in birds (Price, 2008) and other organisms
(Coyne & Orr, 2004), has undoubtedly contributed to
genetic divergence for balearica on Mallorca and poliog-
yna in northern Africa. In both regions, P. halepensis is
the only conifer commonly used by crossbills (see
Critchfield & Little, 1966), and immigration of nomadic
curvirostra to these regions is uncommon or unlikely
(Cramp & Perrins, 1994; Thévenot ef al., 2003; Sum-
mers & Jardine, 2005). However, the opportunity for
immigration by nomadic curvirostra into the range of
hispana is substantial given the widespread occurrence
of common crossbills in eastern Spain (Borras & Senar,
2003) and the nearby occurrence of alternative nonser-
otinous conifers (Fig. 2; Edelaar ef al.,, 2012) commonly
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Table 3 Pairwise estimates of genetic differentiation (Fsr; Hudson et al., 1992) and distance (Nei’s D; Nei, 1972) between three subspecies
of common crossbill (balearica, poliogyna and hispana) associated with Pinus halepensis, nominate curvirostra from two different geographic
areas and L. pytyopsittacus. Estimates of Fsr are given on the upper diagonal and pairwise estimates of Nei’s D on the bottom diagonal.

balearica poliogyna hispana curvirostra (Pyrenees) curvirostra (Scotland) pytyopsittacus
balearica - 0.101 0.068 0.062 0.064 0.076
poliogyna 0.037 - 0.072 0.068 0.070 0.080
hispana 0.022 0.023 - 0.020 0.022 0.040
curvirostra (Pyrenees) 0.020 0.022 0.006 - 0.017 0.034
curvirostra (Scotland) 0.020 0.023 0.006 0.004 - 0.034
pytyopsittacus 0.025 0.027 0.012 0.010 0.010 -

utilized by nomadic curvirostra (Castro et al., 1999; Sum-
mers et al., 2007; Benkman & Parchman, 2009, 2013).
This could explain the lower levels of genetic diver-
gence of hispana compared to balearica and poliogyna
(Figs 3, 4, 5). However, like the sedentary North Amer-
ican Cassia crossbill that is specialized on a serotinous
pine and genetically distinct in spite of regular move-
ments into its range by two other ecotypes (Smith &
Benkman, 2007; Benkman, 2017), the genetic differen-
tiation of hispana (Fig. 4b) suggests that factors other
than geographic isolation, such as those discussed
below, can contribute to population divergence in
crossbills.

Unlike pairs of nomadic ecotypes, dispersal between
nomadic and resident crossbills is asymmetric with
nomadic crossbills dispersing into the habitat of resident
crossbills but not vice versa. This reduction in dispersal
should increase geographic isolation and act to reduce
gene flow (Balkau & Feldman, 1973; Price, 2008;
Eroukhmanoff et a/., 2011). In addition, serotinous con-
ifers cannot escape predispersal seed predators in space
and time, and often have evolved elevated physical
defences (see Janzen, 1971; Hulme & Benkman, 2002),
which can enhance divergent selection between cross-
bill ecotypes exploiting alternative conifers (e.g. Benk-
man, 2003; Benkman ef al, 2003, 2010). In several
cases, including the Cassia crossbill in North America,
divergent selection has been enhanced by coevolution-
ary arms races between resident crossbills and their
local conifer (Benkman et al.,, 2001, 2003, 2010; Parch-
man & Benkman, 2002; Mezquida & Benkman, 2005).
Balearica, poliogyna and hispana all differ in bill structure
from curvirostra occurring farther north (Fig. 1; Gris-
com, 1937, Massa, 1987; Edelaar et al., 2012; C. W.
Benkman, P. Edelaar, & E. T. Mezquida, unpubl. data),
potentially consistent with local adaptation and with
each of these populations experiencing divergent selec-
tion from nominate curvirostra (see Benkman, 2003).
Such divergent selection should further reduce gene
flow (Nosil, 2012; Shafer & Wolf, 2013). Finally, the
consistent availability of seed resources associated with
cone serotiny allows crossbills to more regularly deplete
a greater proportion of the available seeds (i.e. to be in
equilibrium with the resource; Benkman ef al.,, 2010,
2012). This prevents immigrant and less-adapted

crossbills from coexisting on the same conifers because
of greater exploitative competition (Benkman, 2017),
which could further reduce gene flow (Smith & Benk-
man, 2007; Benkman, 2017). In contrast, cones of the
nonserotinous pines generally open and begin shedding
seeds in winter or spring resulting in a large pulse of
accessible seeds and allowing a wide range of crossbill
phenotypes to breed sympatrically. This annual pulse of
increased seed availability could account for the
absence of genetic differentiation of resident crossbills
in the Pyrenees, while the high frequency of serotiny
in southern Spain (Hernandez-Serrano et al., 2014) has
likely influenced population genetic divergence of his-
pana.

In sum, through its potential effects on residency,
population persistence, and geographic isolation, as well
as enhanced divergent selection, local adaptation, and
greater exploitative competition, resource stability likely
contributed to population genetic divergence of
P. halepensis-associated crossbills. Phylogenetic analyses
also indicate that balearica and poliogyna are more
recently diverged and independently evolving mono-
phyletic lineages (Fig. 3), consistent with reduced
genetic diversity observed in these subspecies (Table 2).
As genetic and palaeoecological studies suggest that
P. halepensis expanded into the western Mediterranean
only 10-14 kya (Pons, 1992; Gémez et al., 2005; Grivet
et al., 2009), divergence of these resident populations
likely occurred quite recently. Our results along with
those for the Cassia crossbill (Parchman et al., 2016),
also resident and adapted to a serotinous pine, suggest
that the stable resources produced by serotinous coni-
fers may be conducive to population divergence. Such
a relationship between resource stability and population
divergence is likely to exist for other taxa experiencing
resource-based divergent selection as well.

Phenotypic divergence without genome-wide
divergence in the absence of stable resources

As expected in view of their morphological differentia-
tion and status as distinct species, by employing far
more comprehensive genomic sampling than past stud-
ies (Piertney et al, 2001; Bjorklund et al, 2013), we
managed to detect some evidence of genetic

© 2018 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY. J. EVOL. BIOL. 31 (2018) 17156-1731
JOURNAL OF EVOLUTIONARY BIOLOGY © 2018 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



(a) o e poliogyna
. ® balearica
« 4 e hispana
°© e curvirostra (Pyrenees)
e curvirostra (Scotland)
59_ 4 ° e pytyopsittacus
o
. ©
X 5]
0 [
© ."
~ 8 L)
g ° o*®
8
s | °
[S)
n
o
=
[
o
S °
! T T T T T T
-0.2 -0.1 0.0 0.1 0.2 0.3
PC 1 (36.0%)
() 24 ,
o | e curvirostra °
e pytyopsittacus
o
<)
[T
O_ -
<> O
) o o
@
o ° L]
[\ L4 °
g §_ «°° ?o
@

%00
® o

n

o

S

I

e

3 °

T T T T
-0.15 -0.10 -0.05 0.00

PC 1 (5.8%)

Palearctic crossbill genetic structure 1725
(b) 2 e hispana
© | e curvirostra (Pyrenees) e
e curvirostra (Scotland) )
e pytyopsittacus
0 ]
o
o
:.. ]
&.e
. 3
= © 3OS
o
Z o4
= ° &
&) ()
] TS
® “
0 )
= e°
T o e ©
®e
(]
o
S
! T T T T T T T T
-0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03
PC 3 (1.9%)
(d) curvirostra (Pyrenees)
e vocal type 1
< | ® vocal type 2 °
S 4
S unknown type
curvirostra (Scotland)
m vocal type 1A
8] vocal type 4E
o ® unknown type
(o]
[
9 o e [} ] ?O
o S e ° oo
e ° e W0
8 5o
a 8 " 00‘
2 A
T
< °
o
2 A
T
©
=
2 A
! °
T T T T
-0.15 -0.10 -0.05 0.00

PC 1 (6.6%)

Fig. 4 Genotypic variation (based on 18 047 SNPs) among individuals summarized by principal components from PCAs on genotype
covariance matrices. Panel a includes the three subspecies of common crossbills (L. curvirostra) associated with P. halepensis, the two

geographic samples of nominate curvirostra and parrot crossbills (L. pytyopsittacus). Panel b is based on the same PCA as in panel a, but
shows PC3-PC4 instead of PC1-PC2, and excludes balearica and poliogyna because they are so distinct from the other individuals in PC1-
PC2. Panel c displays PC1-PC2 for a PCA conducted on nominate curvirostra and L. pytyopsittacus. Panel d displays PC1-PC2 for a PCA
conducted on only the nominate curvirostra, with different vocal types identified by different colours and symbols. Panel ¢ does not
distinguish different vocal types because of their lack of differentiation in panel d.

differentiation between curvirostra and pytyopsittacus
(Fig. 4c). However, the divergence we detected was
very slight, as indicated by a genome-wide Fsr of only
0.034 (Table 3) and a lack of distinctiveness in PCA
and Bayesian ancestry-based analyses (Figs 4 and 5).
Adaptive differences in morphology between curvirostra

(specialized on Norway spruce, Picea abies) and pytyopsit-
tacus (specialized on Scots pine) are nevertheless clear
(Fig. 1; Lack, 1944; Newton, 1972; Nethersole-Thomp-
son, 1975; Summers et al.,, 2010). Indeed, the bill of py-
tyopsittacus averages 2.6 mm (about 25%) deeper than
that of curvirostra (Summers et al., 2002), which is an
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Fig. 5 Ancestry proportion estimates (g) from the hierarchical Bayesian model implemented in extropy. Each vertical bar represents an
individual, and colours correspond to the admixture proportions for each of k clusters. Results with k equal to 2, 3 and 4 are shown (those
with the best fit to the data, see Fig. S1). Vertical black bars indicate boundaries between subspecies of common crossbills (L. curvirostra)
associated with P. halepensis, geographic samples from nominate curvirostra and parrot crossbills (L. pytyopsittacus).

order of magnitude greater than the 0.2-0.3 mm differ-
ence between some ecologically and genetically differ-
entiated North American ecotypes (Groth, 1993;
Benkman et al, 2009; Irwin, 2010; Parchman et al.,
2016). Thus, the very limited genetic differentiation
between these two morphologically and vocally diver-
gent species (Summers et al., 2002) remains surprising.
Our results suggest that ongoing gene flow has limited
overall genome-wide divergence, while substantial phe-
notypic divergence between curvirostra and pytyopsittacus
likely originated and is maintained by divergent selec-
tion due to specialization on different conifer species.
The limited genetic differentiation between these for-
mally recognized crossbill species is similar to a growing
number of examples where even genome-level data
reveal that phenotypically differentiated bird populations
or even species can sometimes exhibit little genome-wide
differentiation (Ellegren et al., 2012; Farrington et al.,
2014; Poelstra et al., 2014; Lamichhaney et al., 2015).

The distribution of locus-specific Fgr estimates suggests
that our data detect few if any genomic regions with ele-
vated differentiation between these two species. Such
highly differentiated regions likely exist given substantial
bill and body size divergence between curvirostra and py-
tyopsittacus, but are difficult to detect with the relatively
low marker density of our data (one SNP per 72 kb).

We found no evidence of genetic ditferentiation
between vocal types within curvirostra (Figs 3 and 4d).
This apparent lack of genetic divergence outside of the
P. halepensis-associated common crossbills contrasts with
recent results for some of the sympatric vocal types
(ecotypes) in North America (Parchman er al., 2016).
Why genetic differentiation should be more limited in
Europe than in North America is unclear. Without
studies to distinguish whether vocal variation corre-
sponds to morphological variation (e.g. Groth, 1993)
and to specialization on alternative conifers (e.g. Benk-
man, 1993, 2003), we cannot rule out the possibility
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Fig. 6 Genetic distances were unrelated to geographic distances
between geographically separate sampling locations. Black points
indicate pairwise distances between resident population samples,
grey indicates pairwise distances between resident and nomadic
population samples, and open symbols represent pairwise distances
between nomadic population samples.

that some vocal types represent nonadaptive vocal vari-
ants that evolved by mechanisms such as cultural drift
during past geographic/demographic isolation (Galis &
van Alphen, 2000). Differences in the extent of genetic
divergence within European and North American cross-
bills are unlikely to be the result of differences in when
suitable resources for ecological specialization became
historically available. Divergence in North America
appears to have occurred mostly in the Holocene (Parch-
man et al., 2016), consistent with estimates of crossbill
divergence in Europe (Bjorklund et al., 2013). Moreover,
P. halepensis appears to be a recent colonist to the western
Mediterranean (post-last glacial maximum; Gomez et al.,
2005; Grivet et al., 2009) where the three genetically dis-
tinct P. halepensis-associated crossbills reside (Fig. 1), sug-
gesting that population genetic divergence in crossbills
can occur rapidly given the right conditions.

Conclusions

Our results illustrate clear patterns of genetic structure
characterizing the P. halepensis-associated crossbill sub-
species and suggest that divergence may have been
mediated, to varying degrees, by resource stability and
geographic isolation. Geographic isolation can account
for the genetic distinctiveness of two of these subspecies
(balearica and poliogyna), although the seasonal and
annual stability of serotinous seed crops is surely critical
for their persistence as isolated populations. The genetic
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distinctiveness of hispana in Spain, however, cannot be
accounted for by geographic isolation alone. Instead, a
stable food resource has potentially contributed to its
divergence by reducing dispersal and because resource
competition could limit sympatric breeding, as found in
the Cassia crossbill (Smith & Benkman, 2007; Benkman,
2017). Although this requires direct study, along with
more thorough sampling of crossbills in Spain to reveal
the distribution and phenotypic characteristics of hispana
compared to other common crossbills. In contrast to the
P. halepensis-associated curvirostra subspecies, genetic dif-
ferentiation is very slight for a morphologically divergent
and formally recognized species (L. pytyopsittacus), and
differentiation among different vocal types and popula-
tions of curvirostra sampled from geographically distant
regions appears absent. All of these groups are associated
with nonserotinous conifers that generally fluctuate
greatly in seed availability to crossbills within and usually
across years (Table 1; Hagner, 1965). This limited genetic
differentiation indicates that divergent selection alone is
insufficient to cause population genetic divergence, and
is consistent with previous studies indicating that
resource fluctuations could impede or even reverse pop-
ulation divergence and ecological speciation (Grant &
Grant, 2008; Price, 2008; Nosil et al., 2009). Further stud-
ies of the possible connections between resource stability
and divergence are warranted, as resource stability can
contribute to residency, population persistence, local
adaptation, competitive exclusion, range size and geo-
graphic isolation, all of which can affect population
divergence and speciation.
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Table S1 Summary characteristics of Illumina sequenc-
ing data used for the Loxia sinesciuris draft genome
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Table S2 Summary statistics for Loxia sinesciuris draft
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Figure S2 Genotypic variation (based on 17 711 SNPs)
among individuals summarized by principal compo-
nents from PCAs on genotype covariance matrices for
genotype probabilities generated by aligning reads to
the de novo assembly of GBS reads (rather than align-
ment to the L. sinesciuris reference genome).

Figure S3 Admixture proportion estimates (¢) from the
hierarchical Bayesian model implemented in extrROPY
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based on genotype likelihoods generated by aligning
reads to the de novo assembly of GBS reads (rather than
alignment to the L. sinesciuris reference genome).
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