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Chromosomal patterns of diversity and differentiation in
creepers: a next-gen phylogeographic investigation of Certhia
americana
JD Manthey1, J Klicka2,3 and GM Spellman4

With methods for sequencing thousands of loci for many individuals, phylogeographic studies have increased inferential power
and the potential for applications to new questions. In songbirds, strong patterns of inter-chromosomal synteny, the published
genome of a songbird and the ability to obtain thousands of genetic loci for many individuals permit the investigation of
differentiation between and diversity within lineages across chromosomes. Here, we investigate patterns of differentiation and
diversity in Certhia americana, a widespread North American songbird, using next-generation sequencing. Additionally, we
reassess previous phylogeographic studies within the group. Based on ~30 million sequencing reads and more than 16 000
single-nucleotide polymorphisms in 41 individuals, we identified a strong positive relationship between genetic differentiation
and chromosome size, with a negative relationship between genetic diversity and chromosome size. A combination of selection
and drift may explain these patterns, although we found no evidence for selection. Because the observed genomic patterns are
very similar between widespread, allopatric clades, it is unlikely that selective pressures would be so similar across such
different ecological conditions. Alternatively, the accumulation of fixed differences between lineages and loss of genetic variation
within lineages due to genetic drift alone may explain the observed patterns. Due to relatively higher recombination rates on
smaller chromosomes, larger chromosomes would, on average, accumulate fixed differences between lineages and lose genetic
variation within lineages faster, leading to the patterns observed here in C. americana.
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INTRODUCTION

Multilocus investigations of genetic structure have recently become
commonplace in phylogeographic studies. With new methods for
obtaining reduced-representation libraries of the genome (for example,
restriction digest-based methods, Miller et al., 2007 and ultraconserved
elements, Faircloth et al., 2012) for many individuals, phylogeographic
studies may contain thousands of loci with dozens of individuals
sampled. In songbirds, strong patterns of interchromosomal synteny
(Kawakami et al., 2014), the published genome of the Zebra Finch
(Taeniopygia guttata; Warren et al., 2010) and thousands of genetic
markers across the genome allow the opportunity to investigate not
only phylogeographic structure in a clade well known for its high levels
of geographic differentiation (Manthey et al., 2011a), but also diversity
and differentiation across chromosomes (Manthey and Spellman,
2014).
Studies of the Chicken (Gallus gallus) and Zebra Finch genomes

have identified biased recombination toward the telomeres of chro-
mosomes (ICGSC, 2004; Backström et al., 2010); because bird
chromosomes vary greatly in size (from kilobases to hundreds of
megabases), higher than expected recombination near the telomeres
causes smaller chromosomes to have a higher mean recombination
rate than larger chromosomes. Additionally, recombination rates will

generally scale negatively with chromosome length due to meiotic
crossover requirements (Lynch, 2007). A recent study of the Chicken
genome by Mugal and Nabholz (2013) identified a positive relationship
between local recombination rate and genetic diversity, and
a negative relationship between lineage divergence and recombination
rate, similar to patterns found in humans (Keinan and Reich, 2010).
Also, studies have identified patterns of diversity and divergence linked
with the interactions of recombination rates and either directional
selection (for example, Begun and Aquadro, 1992, Aguadé and
Langley, 1994) or background selection (Nachman, 2001), illuminat-
ing a link between recombination rates and diversity and divergence.
These findings suggest that, in general, larger chromosomes will tend
to exhibit lower genetic diversity within and higher genetic divergence
between lineages compared with smaller chromosomes. In White-
throated Sparrows (Zonotrichia albicollis), a large multilocus study
(~37 markers) supported this idea, with larger chromosomes exhibiting
reduced genetic diversity (Huynh et al., 2010). In contrast, genomic
studies of two Ficedula species identified no clear patterns of
differentiation or diversity between chromosomes of different sizes
(Ellegren et al., 2012). Rather, they identified genomic islands of
divergence, in which small regions of each chromosome showed large
spikes in FST between lineages and decreased diversity within lineages,
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presumably because of selection against introgression between species
at these loci.
More broadly, birds tend to exhibit increased differentiation and

reduced genetic diversity on the Z chromosome relative to autosomes
(Carling and Brumfield, 2008; Balakrishnan and Edwards, 2009;
Ellegren et al., 2012; Rheindt et al., 2013). This may be expected
if there are genetic regions under selection on the Z chromosome
(for example, to reduce expression of recessive alleles in hemizygous
individuals); however, if lineages are diverging largely by genetic drift,
the Z chromosome may simply act like a macrochromosome (albeit
with a smaller effective population size). In this situation, we might
expect the Z chromosome to show reduced diversity and increased
differentiation between lineages relative to all autosomes pooled, but
not other macrochromosomes in general (after correcting for NE).
The Brown Creeper (Certhia americana) is a widespread songbird of

North America and represents a good study system to investigate
chromosomal patterns of differentiation. Because it is a songbird,
sequence data may be BLASTed to the Zebra Finch genome to identify
upon which chromosome loci are found. There are two major
lineages, split at 32°N latitude, within C. americana identified with
both mitochondrial (mtDNA; Manthey et al., 2011a) and nuclear
DNA (nDNA; Manthey et al., 2011b). Between the major lineages,
there is also apparent quicker differentiation and reduced gene flow on
the Z chromosome relative to autosomal loci (Manthey and Spellman,
2014). Finally, there is discordance between mtDNA and nDNA
relationships between clades in the northern lineage (Manthey et al.,
2011a, b); with thousands of loci across the genome, this discordance
may be disentangled.
Here, using large panels of single-nucleotide polymorphisms (SNPs)

across the genome, we investigate chromosomal patterns of divergence
between and diversity within major lineages of C. americana, as well as
reassess phylogeographic patterns across all major clades of the species.
Using these data, we examine the following questions: (1) Is
chromosomal genetic differentiation between lineages related to
chromosome size? (2) Is chromosomal genetic diversity within
lineages related to chromosome size? (3) Does the Z chromosome
exhibit higher differentiation between lineages than would be expected
based on chromosome size? (4) What are the phylogeographic
relationships between populations based on thousands of loci?
(5) Can accounting for genomic patterns in a phylogeographic context
help inform population genomic processes?

MATERIALS AND METHODS

Sampling, laboratory procedures and SNP data set creation
Tissue samples of 41 C. americana individuals were obtained from eight
localities (Figure 1, Table 1, Supplementary Table 1), representing the
structured clades recovered in previous mtDNA analyses (Manthey et al.,
2011a). Total genomic DNA was extracted from tissue samples using a
QIAGEN (Hilden, Germany) DNeasy tissue extraction kit following the
manufacturer protocols. DNA quality and quantity was determined using
agarose gel electrophoresis and a NanoDrop Spectrophotometer (ND-1000,
Thermo Fisher, Inc., Lenexa, KS, USA). Restriction-site associated DNA
sequencing of the samples followed the protocols described by Parchman
et al. (2012), with a detailed protocol available from Dryad-10.5061/dryad.
m2271pf1. Because the protocol is described in detail in Parchman et al., we
provide only the major steps involved in the protocol.
Samples were first subjected to restriction digestion, using the restriction

enzymes EcoRI and MseI, followed by adaptor ligation. Adaptor sequences
included the Illumina sequencing adaptor, an 8- to 10-bp individual bar code
on the EcoRI side of the fragment, followed by additional bases that match the
restriction cut site sequence. Individual bar code sequences used for this study
differed by at least four base pairs and can be found in Supplementary Table S1.

Restriction reactions were accomplished in 9 μl reactions and incubated at 37 °C
for 8 h. Ligation reactions were performed in 11 μl reactions, incubated at 16 °C
for 6 h and quenched with 189 μl of 0.1×TE buffer. Each sample was then PCR
amplified using the Illumina PCR primers (5′-AATGATACGGCGACCACCG
AGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-3′ and 5′-CAA
GCAGAAGACGGCATACGAGCTCTTCCGATCT-3′) that were complemen-
tary to the ligated adaptor sequences. Two 20 μl reactions were set up for each
sample. The PCR master mix for each reaction contained the following: 9.6 μl
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Figure 1 Sampling map (a) and phylogeographic relationships (b) inferred
from the SNP data set inclusive of a minimum of 30% of individuals for
each locus (i.e., 30% coverage data matrix). Sampling letters match
descriptions in Table 1. All asterisks at nodes in (b) indicate support 40.95
in SNAPP phylogenetic analyses for all SNP data sets. The asterisk with an
arrow indicates a node supported strongly only by the 30% SNP data set
(other data sets posterior probability=0.85). All STRUCTURE results
identified hierarchical genetic structure for each data set, separating
northern and southern populations with 100% assignment to either cluster.
Secondary-level STRUCTURE results are shown below phylogeny (north
k=2, south k=2 or 3), with each bar representing an individual.

Table 1 List of sampling localities and genetic affinities from

previous mitochondrial (mtDNA) and nuclear (nuDNA) genetic

investigations

State Country mtDNA clade nuDNA clade Map ID # Inds

Arizona USA Rocky Mountain Western USA B 3

California USA Pacific Western USA D 8

Chiapas MEX Central American Central American H 7

Colorado USA Rocky Mountain Western USA C 3

Jalisco MEX Central Mexico Central Mexico E 3

Morelos MEX Central Mexico Central Mexico F 4

New Mexico USA Rocky Mountain Western USA B 1

North Carolina USA Eastern USA Eastern USA* A 2

Nuevo Leon MEX Nuevo Leon (nested) Nuevo Leon G 8

West Virginia USA Eastern USA Eastern USA* A 2

Clades with asterisks (*) were not sampled in the nuDNA study, but in geographic proximity with
sampled populations with the indicated clade. The Nuevo Leon mtDNA clade is nested within
the Central Mexico clade. Voucher data for all individuals located in Supplementary Table 1.
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UltraPure water, 4 μl 5 × Iproof Buffer, 0.4 μl 10mM dNTPs, 0.4 μl 50mM

MgCl2, 1.33 μl 5 μM Illumina Primers, 0.2 μl DMSO, 0.15 μl Iproof
(Bio-Rad, Inc., Hercules, CA, USA) TAQ polymerase. Amplification conditions
consisted of the following: 98 °C for 30 s; 30 cycles of: 98 °C for 20 s, 60 °C for
30 s, 72 °C for 40 s, and final extension at 72 °C for 10min. PCR products from
all samples were pooled into a single sample. Before agarose gel electrophoresis
was performed pooled PCR product was concentrated using vacuum centrifu-
gation (200 μl pooled PCR product was transferred to each of 5 microcentrifuge
tubes, placed into the Eppendorf Vacufuge and spun until only 100 μl of
product remained, ~ 40min). A volume of 50 μl of the pooled and concentrated
PCR product was placed into each of 12 lanes of a 2% agarose gel and subjected
to electrophoresis at 70 V for 1.5 h. The 300- to 400-bp region of the gel was
excised and purified using a QIAquick gel purification kit (QIAGEN Inc.).
Quality and quantity of the DNA fragment library was estimated using a
NanoDrop Spectrophotometer (Thermo Fisher, Inc.) and a Bioanalyzer
(Agilent, Inc., Santa Clara, CA, USA). DNA was sequenced on an Illumina
(San Diego, CA, USA) HiSeqTM2000 using a single end 1×100 module at the
University of Wisconsin Biotechnology Center DNA Sequencing Facility.
The STACKS (Catchen et al., 2013) pipeline was used to assemble loci de

novo from the data obtained from the Illumina sequencing run. The included
process_RADtags python script was used for quality control and assignment of
sequencing reads to individuals. We set the quality threshold (for sequences to
be included downstream) as greater than an average phred score of 10 in sliding
windows of 15 base pairs and removed sequences with possible adapter
contamination, while allowing for barcode rescue. Within STACKS, the ustacks,
cstacks and sstacks commands were used to create libraries of loci: one for each
individual and one for all loci shared among individuals. We used ustacks and
sstacks with the default settings, while modifying the allowed number of
mismatches (five) between samples because of possible deep divergence in some
loci between C. americana individuals from different lineages.
Also within STACKS, the populations module was used to create three data

sets that consisted of 30, 40 and 50% locus× individual matrices from the
northern and southern lineages (that is, 30, 40 or 50% coverage data set;
Figure 1). Although estimated absolute values of population genetic parameters
may not be accurate due to incomplete matrices, the strong correlation between
true and estimated values in simulations (Arnold et al., 2013) suggests we will
be able to obtain general trends even from a 30% coverage matrix (r~0.8 in
simulations). To preclude use of potentially paralogous loci, those with greater
than 10 SNPs or with observed heterozygosity greater than 50% were removed
from each data set using custom R (R Development Core Team, 2012) scripts.
Following removal of loci, the populations module of STACKS was rerun to
estimate pairwise FST values and within population nucleotide diversity (π) for
each data set (see Catchen et al., 2013 for population genetic statistics
formulae).
To investigate whether selection might be acting on particular genetic loci,

we conducted an outlier analysis in BayeScan (Foll and Gaggiotti, 2008).
BayeScan compares the posterior probabilities of two models, one using
a neutral model with a population-level FST shared across all loci and another
that incorporates locus-specific FST estimates (the selection component) to
explain observed differences in allele frequencies. If the model invoking
selection is necessary to describe variation in allele frequencies, then that locus
is assumed to depart from neutrality. Following 20 pilot runs, BayeScan was
run for a burn-in period of 50 000 iterations, followed by an additional 50 000
iterations sampled every 10; the FIS distribution and prior odds for the neutral
model were used with default settings. BayeScan was performed on the data set
with all individuals, as well as data sets containing only individuals in the
northern or southern lineages.

Investigation of phylogeographic structure
We used the program STRUCTURE (Pritchard et al., 2000) to investigate levels
of population structure without a priori input using the three SNP data sets.
For each data set, we inferred lambda by estimating the likelihood of one
population (k= 1) and allowing lambda to converge. Subsequent runs of
STRUCTURE used a fixed lambda inferred from the initial run and the
admixture model. We ran five replicates of STRUCTURE for values of k= 1–8,
using a burn-in period of 50 000 steps followed by 150 000 MCMC iterations.

We used the ΔK method of Evanno et al. (2005) to estimate the true number of
populations from STRUCTURE output. While the method of Evanno et al.
(2005) cannot be calculated at k= 1, the likelihood of the data at k= 1 excluded
it as a possibility (Supplementary Information 1). For all data sets, the
STRUCTURE analysis found k= 2 (splitting all northern from southern
populations with 100% assignment; see also Results); we therefore split the
data sets into two parts and repeated the same steps as above for the separate
data sets with values of k= 1–5. This was done to infer whether there was
weaker, more fine-scale genetic structure within each of the data sets.
We estimated a species tree using the likelihood method of Bryant et al.

(2012) implemented in SNAPP, an add-on to BEAST v.2 (Bouckaert et al.,
2014). Because this method requires unlinked SNPs, we pruned our data sets to
include only the first SNP of each locus. For all data sets, we used default priors
for theta as implemented in SNAPP, while inputting empirical estimates of
mutation rates identified from major and minor allele base frequencies in the
data set. Two independent SNAPP runs were performed for each data set.
Stationarity of each SNAPP analysis was evaluated using two approaches
(Supplementary Information 2): (1) we used TRACER (Rambaut and
Drummond, 2007) to identify plateauing of posterior and likelihood estimates;
and (2) we examined the cumulative posterior probabilities of tree bipartitions
using the ‘cumulative’ utility implemented in AWTY (Nylander et al., 2008).
The burn-in was defined as 200 000 MCMC generations, as determined by
stationarity of all data sets before that point. Following burn-ins, each
independent run was continued for an MCMC chain length of 1.4 million
generations, with parameters and trees sampled every 1000. We assessed
convergence of independent runs for each data set by comparing bipartition
posterior probabilities between independent analyses (Supplementary
Information 2). Replicate tree files for each data set were combined,
summarized and visualized using Logcombiner v1.7.5, Tree Annotator v1.7.5
and FigTree v1.4, respectively, all of which are included in the BEAST v.2
(Bouckaert et al., 2014) package. Finally, we used custom R (R Development
Core Team, 2012) scripts to identify fixed differences between the north and
south lineages.

Chromosomal levels of variation
The BLAST+ utility (Camacho et al., 2009) was used to match loci in our study
with chromosomal locations in the Zebra Finch (Taeniopygia guttata) genome,
which is possible because of strong patterns of synteny in birds (Kawakami
et al., 2014). Although we are able to match loci to chromosomes, there have
been many intrachromosomal recombination events (for example, inversions;
Kawakami et al. 2014) precluding locating the position of a locus on
a chromosome. Although this is true, we mapped all loci and fixed differences
to Zebra Finch chromosomal location to explore potential clustering of genetic
variation (Supplementary Information 4). Loci were considered a match to the
Zebra Finch genome if they had 70% sequence identity, and a maximum e-
value of 0.01. To test robustness of this e-value, we BLASTed samples with
maximum e-values of 0.001 and 0.0001. The number of loci matching each
chromosome was strongly related between data sets (R240.999), so we
proceeded with the e-valueo0.01 results. For each chromosome (30% coverage
data set), all matched loci were rerun in STACKS to obtain FST estimates
between and nucleotide diversity estimates within the northern and southern
C. americana lineages. To examine relationships between chromosome size and
population genetic estimates (FST and π), we performed linear regression
using R.

RESULTS

Properties of sequence data and SNP data sets
From 41 individuals on a partial Illumina HiSeq2000 lane, we
obtained 30 766 853 sequence reads. The number of reads per
individual was highly variable, ranging from 188 613 to 1 115 491
(mean= 750 411; median= 765 466; standard deviation= 225 772).
Following trimming of individual barcodes and the restriction site,
sequencing resulted in a total of ~ 2.6 billion base pairs. There were
16 044 SNPs in our 30% coverage data set, with a mean of ~ 1.2 SNPs
per locus (Table 2; Supplementary Table 2). The majority of SNPs in
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all coverage data sets were variable only within one of the two main
lineages (Figure 2). Coverage was consistent across chromosomes
(Figure 3a, Supplementary Table 3), with the Z-chromosome under-
represented. This underrepresentation was not likely due to poly-
morphism between lineages in the restriction sites; when the
populations module of STACKS was rerun for each lineage separately,
the Z-chromosome was still underrepresented in both lineages
(Supplementary Table 4).
To determine significance of selection tests performed in BayeScan,

we interpreted the LPOR (log posterior odds ratio) using Jeffreys’ scale
of evidence (Jeffreys, 1961), with a value of one as strong evidence of
selection. The maximum observed value among loci was − 0.362,
which was not close to significant for any loci. This pattern was also
observed in data sets limited to the northern (max LPOR=− 0.107) or
southern lineage (max LPOR= 0.441). A possible explanation for lack
of evidence for selection may be due to the high background FST level,
as the authors of BayeScan (Foll and Gaggiotti, 2008) suggest that high
average genetic differentiation lessens the power of BayeScan to detect
outlier loci.

Phylogeographic structure
All population pairwise FST values are presented in Supplementary
Table 5 and summarized in Figure 4 as pairwise comparison means
within a lineage or between lineages. All FST pairwise comparisons
between lineages identified high levels of differentiation between
northern and southern populations (Figure 4; Supplementary Table
5). Within lineages, FST pairwise comparisons were generally higher in
the southern lineage (Figure 4; Supplementary Table 5), while the
eastern population had the highest pairwise FST comparisons within
the northern lineage. In the 30% coverage data set, ~ 10% of SNPs
were fixed between lineages, though the proportion lessened with
more comprehensive SNP coverage (Figure 2; Supplementary Table
6). Based on BLAST+ results, fixed differences were spread evenly
across the genome (Figure 3b; Supplementary Table 3).
For each of the SNP coverage data sets, we recovered hierarchical

genetic structure from STRUCTURE analyses (Figure 1b;
Supplementary Information 1), with strong support for 100% assign-
ment to the northern or southern lineage (that is, K= 2). Within the
southern lineage, STRUCTURE analyses identified either two or three
population groups (Figure 1b; Supplementary Information 1); these
results support strong structuring of the Chiapas and Nuevo Leon
populations, with the Morelos and Jalisco populations either being
intermediate between the two (at k= 2) or with strong support as an
independent population unit (at k= 3). Within the northern lineage,
we recovered two populations, with strong support for an east-west
split (Figure 1b; Supplementary Information 1).
Independent SNAPP analyses for all variable-coverage SNP data sets

recovered the same topology, with only minor differences in support
values (Figure 1b). The basal split supports the previously identified
north-south separation. Within the northern lineage, the eastern
localities are separated from western localities, with no support for
relationships between western localities. In the southern lineage,

Table 2 Characteristics of the three SNP data sets used in analyses

# Loci # Invariant # SNPs SNPs per locus

Mean Median s.d.

30% Coverage 13421 5003 16044 1.195 1 1.360

40% Coverage 3264 1144 4361 1.336 1 1.539

50% Coverage 650 195 1070 1.646 1 1.846

Abbreviation: SNP, single-nucleotide polymorphism.
Further breakdown of number of SNPs per locus, and number of loci excluded due to excessive
polymorphisms and heterozygosity are located in Supplementary Table 2.
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individuals from Chiapas are split from all other Mexican birds.
Consistent, but weaker, support is identified for the split between the
Nuevo Leon population from the Morelos and Jalisco birds.

Chromosomal patterns
We identified a strong relationship of chromosome size (log-trans-
formed) and between-lineage FST (that is, north-south FST; Figure 5a;
R2= 0.84, Po0.001). Within both lineages, there was a negative
relationship between nucleotide diversity and chromosome size
(Figure 5b; North R2= 0.48, South R2= 0.41, both Po0.001).
Similarly, between-lineage FST showed a strong negative relationship
with nucleotide diversity for both lineages (Figure 5c; North R2= 0.47,
South R2= 0.38, both Po0.001). For all comparisons including
nucleotide diversity, the Z-chromosome (denoted as an arrow in
Figure 5) appears as an outlier based on a Cook’s distance threshold of
4/(N− k− 1), where N is the number of observations and k is the
number of explanatory variables (Supplementary Information 3).
Because the northern and southern lineage have genetic substructure
within them, the above regressions were all additionally performed
only including central populations in the south (E and F in Figure 1a)
and western populations in the north (B, C and D in Figure 1a), which
are relatively genetically unstructured based on STRUCTURE results
(Figure 1b). All regressions with the reduced data sets showed similar,
statistically significant results to those of the full data set (results not
shown). Due to the observed relationships, we also investigated the
relationship between chromosomal average recombination rates (data
from Ficedula; Kawakami et al., 2014) and genetic differentiation and
diversity. Here, we observed a negative relationship between recombi-
nation rates and genetic differentiation (R2= 0.514, Po0.001;
Figure 6) and a positive relationship between recombination rates
and genetic diversity in both the northern (R2= 0.507, Po0.001) and
southern (R2= 0.387, Po0.001) lineages.

DISCUSSION

Phylogeographic patterns
Next-generation sequencing has been successful in identifying fine-
scale phylogeographic structure among populations in a variety of
organisms, including Sarracenia pitcher plants (Zellmer et al., 2012),
Ambystoma salamanders (O’Neill et al., 2012), Lycaeides butterflies
(Gompert et al., 2010) and multiple species of birds (McCormack et al.,
2012). These studies were generally employed when organelle DNA
alone was unable to identify hypothesized phylogeographic structure.
Here, we attempted to resolve discrepancies between previously-
published mtDNA and nDNA phylogeographic patterns in C. amer-
icana (Manthey et al., 2011a, b). mtDNA identified three clades within
the northern lineage (east, Rocky Mountains and Pacific mountain
ranges), while 20 nuclear loci identified only two clades (west and east).
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Here, based on thousands of loci, we again recover only two genetic
clusters within the northern lineage. Based on these findings, it is likely
that there are large amounts of gene flow between western populations
of C. americana, precluding nDNA differentiation and exhibiting
patterns of mtDNA introgression that formed during periods of
allopatry and subsequent contact between mtDNA lineages. In the
southern lineage, we identified the same genetic clusters as the
previous nDNA study (Manthey et al., 2011b), but were able to
obtain strong support for lineage splitting in species tree analyses,
where with only 20 loci we were unable to get strong support for
relationships between all identified clades.
Within the northern and southern lineages there were differences in

genetic diversity and differentiation. The southern lineage tended to
have higher genetic diversity (Figure 5b) and higher average pairwise
FST values (Figure 4) than the northern lineage. These differences were
likely due to different patterns of within-lineage differentiation among
populations, as more populations in the southern lineage are on
independent evolutionary trajectories than in the northern lineage
(Figure 1b).

Chromosomal diversity and differentiation
Across all well-sampled chromosomes (Z20 SNPs per chromosome),
we found a strong relationship between differentiation and chromo-
some size (Figure 5a), assuming strong inter-chromosomal synteny in
songbirds, as has been shown between songbirds with published
genomes (Kawakami et al., 2014). This pattern contrasts with genomic
differentiation observed between Ficedula species, which exhibit
relatively stable background differentiation among chromosomes with
heightened islands of differentiation on each chromosome (Ellegren
et al., 2012). Although we cannot completely dismiss the possibility of
genomic islands of differentiation in C. americana, if the pattern was
the same as in Ficedula with one to three islands per chromosome and
relatively low background divergence (Ellegren et al., 2012), we would
likely expect no relationship of differentiation or diversity with
chromosome size in contrast to our results in C. americana. In
another species, Zonotrichia albicollis (Huynh et al., 2010), a study of
many loci across chromosomes found no clear trend of differentiation
between macro- and microchromosomes; this pattern may be
influenced by strong selection for a chromosomal inversion mutation
that is strongly linked to differential mating patterns between
populations of Zonotrichia albicollis (Huynh et al., 2010). Interestingly,
although there is a clear relationship between chromosome size and

differentiation, this relationship is based on the log of chromosome
size. When FST is plotted against raw chromosome size, the relationship
is linear from 0 to 50Mb, and plateaus in the macrochromosomes
above 50Mb. However, this relationship appears to simply be
a function of fixed differences on each chromosome, as the proportion
of loci with fixed differences per chromosome is strongly related with
FST for each chromosome (R2= 0.949, Po0.001). Alternatively, this
could be explained by recombination rates, which shows a negative
relationship with genetic differentiation without any transformation of
the data (Figure 6).
Similar to genetic differentiation, we identified a clear relationship

between genetic diversity and chromosome size in both lineages of
C. americana (Figure 5b). Additionally, as would be expected due to
FST being intrinsically related to within-population diversity, the
relationship between genetic diversity and genetic differentiation was
significant (Figure 5c); larger chromosomes showed decreased within-
lineage diversity and increased between-lineage diversity (due to larger
numbers of fixed differences), leading to the observed relationships of
FST and chromosome size. While the Ficedula genome showed no clear
pattern of diversity and chromosome length, Ellegren et al. (2012)
identified reduced nucleotide diversity in almost all regions of elevated
divergence.
Directional or negative selection would remove standing variation

more often in larger chromosomes because the effects of selection on
linked neutral polymorphisms extend further in regions of lower
recombination rate (that is, smaller chromosome-wide recombination
rate; Keinan and Reich, 2010); this would lead to the observed patterns
in our data (Figure 5b), although our data preclude us from directly
testing this relationship. Additionally, the tests for selection in
BayeScan identified no outlier loci potentially under selection. Because
we identified very similar genomic patterns in both lineages (that is,
differentiation between and diversity within; Figure 5)—which are
allopatric and geographically widespread—we find it unlikely that
selective pressures would influence each lineage so similarly across
such ecologically disparate regions. Here, the geographic context of
genomic patterns may indicate that selection is not the dominant
population genomic process influencing evolution in these lineages.
While we identified no evidence of selection, genetic drift alone may

explain the pattern of the increased proportion of fixed differences and
decreased genetic variability on larger chromosomes. Small C. americana
effective population size would result in a tendency toward fixing
genetic variation, leading to higher FST between isolated populations
(in this case the northern and southern lineages) and loss of diversity
within lineages. With higher relative recombination rates in smaller
chromosomes, genetic diversity would be maintained relatively higher
with less propensity for fixed differences, as was shown here in
C. americana (Figures 3 and 5). This idea is supported by the
relationships between chromosomal average recombination rates and
genetic differentiation (Figure 6) and diversity.
In addition to broad chromosomal patterns, we also found that the

level of differentiation between C. americana lineages on the
Z chromosome was not an outlier when considered based on
chromosome size (Figure 5a). This is in contrast to previous work
in this species (Manthey and Spellman, 2014), as well as in contrast to
other species (Carling and Brumfield, 2008, Ellegren et al., 2012),
which generally show elevated differentiation in sex chromosomes
compared with autosomes. Specifically, this was in stark contrast with
up to 50-fold differences in levels of differentiation between the
Z chromosome and autosomal background divergence levels between
Ficedula species (Ellegren et al., 2012). Our previous work in
C. americana (Manthey and Spellman, 2014) may have been biased
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Figure 6 Relationship between chromosomal average recombination rate (of
Ficedula flycatchers) and genetic differentiation between Certhia americana
lineages. Only chromosomes with ⩾20 SNPs were included.
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in that we only used introns, compared with random coverage across
the Z chromosome in this study. Alternatively, fewer autosomal fixed
differences in the much smaller data set (Manthey and Spellman,
2014) may have been responsible for Z-linked markers appearing
relatively more differentiated than autosomal markers. With many
more loci, a more accurate picture of genomic differentiation
eliminates the significance of Z-linked differentiation. In birds, most
studies of differentiation between autosomes and sex chromosomes
have been in closely-related hybridizing species (for example, Passerina
buntings or Ficedula flycatchers; Carling and Brumfield, 2008, Ellegren
et al., 2012). Perhaps a larger variety of patterns between autosomes
and sex chromosomes will emerge when a more varied selection of
taxonomic depths are investigated.
On Z chromosomes we also identified increased diversity, relative to

chromosome size, than autosomes (Figure 5b). While lower diversity
has been reported in birds’ sex chromosomes relative to autosomes, it
is not a rule across species (Leffler et al., 2012). This pattern suggests
background selection (that is, negative selection), and not directional
selection, is acting on C. americana; as the Z chromosome is more
efficient at removing deleterious mutations, deleterious alleles are
maintained at relatively low frequencies with fewer neutral mutations
linked to them (Begun and Whitley, 2000). This relationship should
cause background selection to leave the Z chromosome more
polymorphic, relative to autosomes, at neutral sites because fewer
sites will be linked with a deleterious allele on sex chromosomes
relative to autosomes. If directional selection was acting across
C. americana, then the Z chromosome would be expected to have
decreased diversity relative to autosomes (Begun and Whitley, 2000)
because of lower effective population size and hemizygous expression
in the heterogametic sex.

CONCLUSIONS

We sequenced thousands of SNPs, in 41 individuals of C. americana,
to investigate chromosomal patterns of diversity and differentiation as
well as reassess previous phyloeographic studies. Species tree analyses
identified strong support for two main lineages splitting northern
(United States and Canada) and southern (Mexico and Central
America) populations as well as strong support for two clades within
the northern lineage and three clades in the southern lineage. We
identified a strong positive relationship between among-lineage genetic
differentiation and chromosome size, a negative relationship between
within-lineage genetic diversity and chromosome size, and a negative
relationship between genetic differentiation and genetic diversity at the
chromosomal level. While a combination of natural selection and
genetic drift could explain these patterns, we identified no evidence of
selection in the data set. Additionally, because the two geographically-
broad and allopatric clades exhibited very similar genomic patterns, we
find it unlikely that selective pressures for each clade would result in
such similar patterns across ecologically disparate conditions. Alter-
natively, drift alone, leading to fixed differences between and loss of
genetic variation within lineages, may explain the observed patterns.
Because of relatively higher recombination rates on smaller chromo-
somes, larger chromosome size would, on average, lead to faster
accumulation of fixed differences between (and higher FST) and loss of
genetic variation within lineages, as was identified here in
C. americana.
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