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1 | INTRODUCTION

Abstract

The influence of genetic drift on population dynamics during Pleistocene glacial cycles
is well understood, but the role of selection in shaping patterns of genomic variation
during these events is less explored. We resequenced whole genomes to investigate
how demography and natural selection interact to generate the genomic landscapes
of Downy and Hairy Woodpecker, species codistributed in previously glaciated North
America. First, we explored the spatial and temporal patterns of genomic diversity
produced by neutral evolution. Next, we tested (i) whether levels of nucleotide di-
versity along the genome are correlated with intrinsic genomic properties, such as
recombination rate and gene density, and (ii) whether different demographic trajecto-
ries impacted the efficacy of selection. Our results revealed cycles of bottleneck and
expansion, and genetic structure associated with glacial refugia. Nucleotide diversity
varied widely along the genome, but this variation was highly correlated between
the species, suggesting the presence of conserved genomic features. In both taxa,
nucleotide diversity was positively correlated with recombination rate and negatively
correlated with gene density, suggesting that linked selection played a role in reducing
diversity. Despite strong fluctuations in effective population size, the maintenance of
relatively large populations during glaciations may have facilitated selection. Under
these conditions, we found evidence that the individual demographic trajectory of
populations modulated linked selection, with purifying selection being more efficient
in removing deleterious alleles in large populations. These results highlight that while
genome-wide variation reflects the expected signature of demographic change during
climatic perturbations, the interaction of multiple processes produces a predictable

and highly heterogeneous genomic landscape.

KEYWORDS
bird, genetic diversity, genetic load, phylogeography, recombination, whole-genome
resequencing

majority of research on the topic has focused on how demographic

dynamics have shaped neutral genetic variation (Hewitt, 2004;

Pleistocene glacial cycles altered the distribution and evolution of Nadachowska-Brzyska et al., 2015). Population expansion (Burbrink

entire communities (Hewitt, 2000, 2004). Despite the profound im- et al,, 2016; Lessa et al., 2003), genetic structuring in refugia

pact glaciations had on the evolutionary trajectory of species, the (Anderson et al., 2006; Knowles, 2001; Shafer et al., 2010; Waltari
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et al., 2007; Zink et al., 2004), and decreased diversity in expanding
populations (Campbell-Staton et al., 2012; Pulgarin-R & Burg, 2012;
Reid et al., 2018) are among the most common patterns recovered.
However, as species rapidly expanded and colonized areas pre-
viously glaciated they would have been subject to selective pres-
sures, such as directional (e.g., in favor of beneficial mutations) and
purifying (against deleterious mutations; Davis, 2001; Gossmann
et al., 2019). Understanding how natural selection, along with ge-
netic drift, interact with features of the genome to shape the ge-
nomic landscape of diversity and differentiation will elucidate the
impact of demographic changes during the Ice Age on the efficacy
of natural selection.

Mutation, demography and selection play a central role shaping
levels of genetic diversity, but their effects are intertwined (Jensen
etal, 2019; Kern & Hahn, 2018; Li et al., 2012). Neutral genetic diver-
sity (0) is the product of the rate at which new alleles are generated
(i.e., mutation rate u) by the effective population size (N,), so that di-
versity levels are predicted to increase as a function of the size of pop-
ulations (In diploids, 8 = 4N u; Kimura & Crow, 1964; Kimura, 1983).
On the other hand, fixation of beneficial alleles (selective sweep;
Maynard & Haigh, 2007; Cutter & Choi, 2010) or removal of del-
eterious mutations (purifying selection; Charlesworth et al., 1993;
Cutter & Choi, 2010; Cutter & Payseur, 2013; Comeron, 2014) can
cause genetic diversity to decrease across the genome through the
effect of linked selection (Cutter & Payseur, 2013). Demographic
perturbations that cause N, to fluctuate over time and space (e.g.,
glacial bottlenecks) are expected to result in a larger accumulation of
mildly deleterious alleles when compared to large populations with
constant N, because of the reduced efficacy of purifying selection
when genetic drift is strong (de Pedro et al., 2021; Henn et al., 2016;
Rougemont et al., 2020; Wang et al., 2018; Willi et al., 2018). Hence,
populations resulting from founder events, such as at the leading
edge of a postglacial expansion, often show elevated genetic load
(de Pedro et al., 2021; Mattila et al., 2019; Willi et al., 2018).

Levels of diversity and differentiation along the genome also
vary due to the differing effects of intrinsic genomic properties
(Begun & Aquadro, 1992; Dutoit, Vijay, et al., 2017; Gossmann
et al., 2011; Stankowski et al., 2019; Wang et al., 2020). Genome
features such as variation in mutation rate, recombination rate, dis-
tribution of functional elements, and nucleotide composition impact
the rates at which genetic variants are produced, maintained, and
lost (Talla et al., 2019). Regions enriched for functional elements
(e.g., coding sequences), for instance, tend to exhibit significantly
lower levels of genetic diversity due to the recurrent effect of nat-
ural selection (Andolfatto, 2007; Beissinger et al., 2016; Branca
et al., 2011; Gossmann et al., 2011). The loss of variation is further
amplified by linkage, which reduces diversity at neutrally-evolving
sites in close proximity to the targets of directional or purifying se-
lection (background selection; Charlesworth et al., 1993; Cutter &
Choi, 2010; Cutter & Payseur, 2013; Comeron, 2014). The extent to
which linked selection affects neighbouring sites depends on the re-
combination rate, which shows considerable genome-wide variation
(Jensen-Seaman, 2004; Kawakami et al., 2014; Schield et al., 2020;

Smukowski & Noor, 2011). Larger reductions in nucleotide diversity
are expected to occur in genomic regions enriched for functional el-
ements and with lower recombination rates. A correlation between
nucleotide diversity, gene density, and recombination rate is there-
fore indicative that linked selection (either through background or
hitchhiking selection) is at play (Talla et al., 2019). Quantifying cova-
riance between evolutionarily independent species can help under-
stand the interplay between these various conserved features of the
genome and their impact on patterns of diversity and differentiation
along the genome (Talla et al., 2019).

We aim to understand drift-selection dynamics during the
Pleistocene climatic cycles by estimating the impact of demography
and linked selection on the genome of Downy (Dryobates pubes-
cens) and Hairy (D. villosus) Woodpeckers, two codistributed species
that share similar ecologies and evolutionary histories. Downy and
Hairy Woodpecker are year-round residents of a variety of habitats
in North America, occurring in sympatry across an exceptionally
broad geographic area from Alaska to Florida, although the range of
the Hairy Woodpecker extends further south, reaching portions of
Central America and the Bahamas (Ouellet, 1977). Despite looking
very similar, the two species are not sisters and share a common an-
cestor more than eight million years ago, with no evidence of recent
hybridization (Weibel & Moore, 2005; Dufort, 2016; Appendix S1;
Figure S1). During the glacial cycles of the Pleistocene, especially
when the polarice sheets reached their maximum extent (Last Glacial
Maximum; 21 kya), a large portion of the present-day distribution
of Downy and Hairy Woodpeckers was covered in ice, and popula-
tions of both species were restricted to southern refugia (Graham
& Burg, 2012; Klicka et al., 2011; Pulgarin-R & Burg, 2012). After
the retreat of Pleistocene glaciers, Downy and Hairy Woodpeckers
extended their distributions north, recolonizing higher latitudes.
Phylogeographical studies in Downy and Hairy Woodpecker re-
vealed that populations currently inhabiting previously glaciated
areas show strong signatures of population expansion and popula-
tion structuring consistent with multiple glacial refugia (Avise, 1992;
Graham & Burg, 2012; Klicka et al., 2011; Pulgarin-R & Burg, 2012;
Smith et al., 2021). This shared demographic history provides an op-
portunity to investigate multiple genomic factors (e.g., genetic diver-
sity, recombination rate, and gene density) that might have impacted
the distribution of diversity across populations and within the ge-
nomes of these two natural evolutionary replicates.

In this study, we generated whole-genome resequencing data
for Downy and Hairy Woodpeckers to (i) investigate their popula-
tion structure and demographic history; (ii) test whether the het-
erogeneous genomic landscape of diversity and differentiation in
both taxa is correlated with intrinsic features of the genome, such
as recombination rate and gene density; and (iii) test whether differ-
ences in demographic history among species and populations had
an impact on the efficacy of selection. We expect that if linked se-
lection reduces diversity at linked neutral sites along the genome,
local levels of nucleotide diversity should be correlated with the rate
of recombination and the density of targets of selection. In addi-
tion, we predict that if the efficiency of selection is a function of the
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demographic trajectory of populations during the Ice Age, large and
more stable populations (i.e., larger long-term N,) will exhibit lower
genetic load and a stronger correlation between nucleotide diversity
and intrinsic genomic properties, such as recombination rate and
gene density. These results have implications for our understanding
of the relative importance of neutral and selective processes on the
evolution of the genomic landscape of species heavily impacted by

dramatic environmental fluctuations.

2 | MATERIALS AND METHODS

2.1 | Sample collection and whole genome
sequencing

We collected 70 samples for both the Downy Woodpecker (D.
pubescens) and Hairy Woodpecker (D. villosus) in each of seven
geographically-clustered sampling locations (hereafter referred to as
“sampling regions”; n = 10 per sampling region) across their temperate
North American ranges (Figure 1): New York (Northeast), Louisiana
(Southeast), Minnesota (Midwest), New Mexico and Colorado
(Southern Rockies), Wyoming (Northern Rockies), Washington
(Pacific Northwest), and Alaska. The samples were obtained through
museum loans of vouchered specimens and augmented by field col-
lections in Wyoming, Louisiana, and Alaska (Table S1). We extracted
genomic DNA from tissue samples using the MagAttract High mo-
lecular weight DNA kit from Qiagen following the manufacturer's
instructions (Qiagen). These samples were then submitted for whole
genome resequencing on a paired-end lllumina HiSeq X Ten machine
at RAPiD Genomics.

2.2 | Read alignment, variant calling and filtering

Raw reads were trimmed for lllumina adapters using Trimmomatic
version 0.36 (Bolger et al.,, 2014) with the following parameters:
“ILLUMINACLIP:TruSeq3-PE-2.fa:2:30:10:8:true”, resulting in an av-
erage of 35,689,979 paired reads per sample (average depth = 5.1x
in Downy and 4.5x in Hairy Woodpecker). Read quality was as-
sessed with FastQC version 0.11.4. (Andrews, 2010). Given the
high synteny and evolutionary stasis of bird chromosomes (Damas
etal.,, 2018; O'Connor et al., 2019; Singhal et al., 2015), we produced
a chromosome-length reference genome for Downy Woodpecker
by ordering and orienting the scaffolds and contigs of the Downy
Woodpecker genome assembly (Jarvis et al., 2014) along the 35
chromosomes of the Zebra Finch (Taeniopygia guttata; version tae-
Gut3.2.4) using Chromosemble from the Satsuma package (Grabherr
et al., 2010). We verified the completeness of this new reference by
searching for a set of single-copy avian orthologues using bench-
marking universal single-copy orthologues (BUSCO version 2.0.1:
Waterhouse et al.,, 2018). We finally transferred the prediction-
based genome annotation of the Downy Woodpecker (Jarvis
et al., 2014) by mapping the genomic coordinates of each annotated

feature against the pseudochromosome reference using gmap (Wu
& Watanabe, 2005).

Trimmed reads for both Downy and Hairy Woodpecker were
aligned against the pseudochromosome reference genome of the
Downy Woodpecker using BWA version 0.7.15 mem algorithm
(Li & Durbin, 2009). On average, 97.27% of reads from Downy
Woodpecker and 96.38% of reads from Hairy Woodpecker
were successfully mapped, demonstrating that despite the large
evolutionary distance between these two species (Dufort, 2016),
sequence conservation allows efficient mapping. Resulting se-
quence alignment/map (SAM) files were converted to their binary
format (BAM) and sequence group information was added. Next,
reads were sorted, marked for duplicates, and indexed using Picard
(http://www.broadinstitute.github.io/picard/). The Genome Analysis
Toolkit (GATK version 3.6; DePristo et al., 2011) was then used to
perform local realignment of reads near insertion and deletion (in-
dels) polymorphisms. We first used the RealignerTargetCreator tool
to identify regions where realignment was needed, then produced
a new set of realigned binary sequence alignment/map (BAM) files
using IndelRealigner. The final quality of mapping was assessed using
QualiMap version 2.2.1 (Okonechnikov et al., 2016).

We implemented two complementary approaches for the down-
stream analysis of genetic polymorphism. First, we used ANGSD
version 0.917 (Korneliussen et al., 2014), a method that accounts
for the genotype uncertainty inherent to low depth sequencing
data by inferring genotype likelihoods instead of relying on gen-
otype calls. We estimated genotype likelihoods from BAM files
using the GATK model (-GL 2; DePristo et al., 2011), retaining only
sites present in at least 70% of sampled individuals (-minind 50)
and with the following filters: a minimum mapping quality of 30
(-minMapQ 30), a minimum quality score of 20 (-minQ 20), a mini-
mum frequency of the minor allele of 5% (-minMaf 0.05), and a p-
value threshold for the allele-frequency likelihood ratio test statistic
of 0.01 (-SNP_pval 0.01). Allele frequencies were estimated directly
from genotype likelihoods assuming known major and minor alleles
(-doMajorMinor 1 -doMaf 1). A total of 16,736,465 and 15,463,356
SNPs were identified for Downy and Hairy Woodpecker, respec-
tively. Because several downstream analyses lack support for geno-
type likelihoods, we also called genotypes using GATK version 3.8.0
(McKenna et al., 2010). First, we run HaplotypeCaller separately for
each sample using the --emitRefConfidence GVCF -minPruning 1
-minDanglingBranchLength 1 options to create one gVCF per indi-
vidual, then we ran GenotypeGVCFs with default settings across all
samples to jointly call genotypes. In the absence of a training SNP
panel for our non-model species, we applied hard filtering recommen-
dations from the Broad Institute's Best Practices (https://www.gatk.
broadinstitute.org/). We filtered SNPs with quality by depth below 2
(QD <2.0), SNPs where reads with the alternative allele were shorter
than those with the reference allele (ReadPosRankSum < -8), SNPs
with evidence of strand bias (FS>60.0 and SOR >3.0), SNPs with
root mean square of the mapping quality below 40 (MQ<40.0), and
SNPs in reads where the alternative allele had a lower mapping qual-
ity than the reference allele (MQRankSumTest < -12.5). In addition,
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FIGURE 1 Geographic distribution of genetic variation and demographic history of the Downy (D. pubescens; top) and Hairy
Woodpecker (D. villosus; bottom). (a, b) Admixture proportions from NGSadmix for K = 2-4. Each bar indicates an individual's estimated
ancestry proportion for each genetic cluster, represented by different colours. (c, d) Map indicating the current range of Downy and Hairy
Woodpecker (green shade), the locality of the samples, and their respective admixture proportions from NGSadmix (pie charts). (e, f) The
best-fit demographic models from fastsimcoal2. The width of the rectangles and arrows are scaled relative to the estimated effective
population sizes in haploid individuals (N,) and the migration rate (m) in fraction of haploid individuals from donor population per generation,
respectively. Only the values of migration rate> 1077 x N, migrants per generation are shown. Note that Downy Woodpecker (D. pubescens)
is about two-thirds of the size of Hairy Woodpecker (D. villosus) and its bill is around one-third of the length of its head. In contrast, the bill
of Hairy Woodpecker is almost as long as its head. Populations: AK, Alaska; E, East; NW, Pacific Northwest; R, Rockies; Sampling regions:
AK, Alaska; MW, Midwest; NE, Northeast; NR, Northern Rockies; NW, Pacific Northwest; SE, Southeast; SR, Southern Rockies. lllustrations
reproduced with permission from Lynx Edicions. [Colour figure can be viewed at wileyonlinelibrary.com]
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we used VCFtools version 0.1.17 (Danecek et al., 2011) to retain only
biallelic SNPs occurring in at least 75% of samples, with a minimal
mean coverage of 2x, a maximum mean coverage of 100x, and a p-
value above .01 for the exact test for Hardy-Weinberg equilibrium.
We applied three different minor allele frequency (maf) thresholds
- no threshold (for demographic analyses), 0.02 (for the estimation of
recombination rates), and 0.05 (for all remaining analyses). After QC,
we ended up with a total of 7,009,778 SNPs in Downy Woodpecker
and 4,579,046 SNPs in Hairy Woodpecker.

2.3 | Population structure

We investigated how genetic diversity is distributed across popula-
tions of Downy and Hairy Woodpecker by first performing a principal
components analysis (PCA) using the R package SNPRelate version
3.3 (Zheng et al., 2012). We first applied the function snpgdsLD-
pruning to select a subset of unlinked SNPs (LD r? threshold = 0.2),
with <25% missing data and a maf>0.05, which resulted in a total
of 71,228 SNPs for Downy Woodpecker and 71,763 SNPs for Hairy
Woodpecker. We then used the function snpgdsPCA to calculate the
eigenvectors and eigenvalues for the principal component analysis.
We investigated population structure by looking at the first three
principal components (PC1-PC3). In addition, we used NGSadmix
(Skotte et al., 2013), implemented in ANGSD (Korneliussen
et al., 2014), to investigate the number of genetic clusters, and as-
sociated admixture proportions for each individual. NGSadmix is a
maximum likelihood approach analogous to STRUCTURE (Pritchard
etal., 2000), but bases its inferences on genotype likelihoods instead
of SNP calls, therefore accounting for the uncertainty of genotypes.
We ran NGSadmix for K = 2-7 (Figure S2), but only results for 2-4
revealed interpretable population structure.

We also described the relationships among sampling regions by
building a maximum likelihood tree based on the polymorphism-
aware phylogenetic model (PoMo; Schrempf et al., 2016) imple-
mented in 1Q-Tree 2 (Minh et al., 2020). PoMo is a phylogenetic
method that accounts for incomplete lineage sorting inherent to
population-level data by incorporating polymorphic states into DNA
substitution models. We used a python script (https://www.github.
com/pomo-dev/cflib) to convert our vcf files containing only inter-
genic SNPs into the input format of PoMo (counts file). IQ-Tree was
run using the HKY+P model of sequence evolution with 100 non-
parametric bootstraps to assess support. We used three samples
from Hairy Woodpecker as an outgroup to root the tree for Downy
Woodpecker, and vice versa.

We estimated pairwise genetic differentiation (F¢; values)
among sampling regions in each species using ANGSD version 0.917
(Korneliussen et al., 2014). We first produced site-allele-frequency
likelihoods using the command -doSaf with no site filters, followed
by the realSFS -fold 1 command to generate a folded site frequency
spectrum (SFS). We then estimated weighted F¢; values using the
realSFS F¢; command both globally and across nonoverlapping
100kb windows.

We investigated patterns of gene flow across the landscape
using the estimated effective migration surface (EEMS; Petkova
et al., 2016), which is a method to visualize variation in patterns of
gene flow across a habitat. EEMS compares pairwise genetic dis-
similarity among localities to identify geographic areas that deviate
from the null expectation of isolation by distance (IBD). Low values
of relative effective migration rate (m) indicate a rapid decay in ge-
netic similarity in relation to geographic distances, which suggests
the presence of barriers to gene flow. In contrast, high values of m
indicate larger genetic similarity than expected given the geographic
distance, suggesting genetic connectivity. We generated pairwise
identity-by-state (IBS) matrices using the -dolBS function in ANGSD
(Korneliussen et al., 2014) and used these matrices to represent dis-
similarity between individuals. We ran EEMS using 200 demes and
performed five MCMC chain runs with 1 x 107 iterations following
a burnin of 5 x10°, and a thinning of 9999, checking the posterior
probabilities to ensure convergence.

2.4 | Demographicinference

We inferred past changes in effective population size (N,) using
stairway plot 2 (Liu & Fu, 2020), a method that leverages informa-
tion contained in the site frequency spectrum (SFS) to estimate re-
cent population history. Unlike methods based on the sequentially
Markov coalescent (e.g., PSMC, SMC++), stairway plot 2 is both ap-
plicable to a large sample of unphased whole genome sequences and
insensitive to read depth limitations. We estimated the folded site
frequency spectrum for each population (i.e., genetic cluster) using
the realSFS function in ANGSD (Korneliussen et al., 2014). For each
population, we used the default 67% sites for training, and calcu-
lated median estimates and 95% pseudo-Cl based on 200 replicates.
We assumed a mutation rate of 4.007 x 10™° mutations per site per
generation, as estimated from synonymous sites of the Northern
Flicker's genome (Hruska & Manthey, 2021) and a generation time
of 1 year for both species. We then utilized the estimates of N, from
stairway plot 2 across the past 500 kya to calculate the harmonic
mean on linear-stepped time points, representing each population's
long-term N

We further investigated the demographic history of the two
species using fastsimcoal2 version 2.6.0.3, a composite likeli-
hood method that uses the joint site frequency spectrum (jSFS)
to perform model selection and estimate demographic parame-
ters (Excoffier & Foll, 2011). We tested the support for two com-
peting demographic models: (i) a model where all populations
diverge synchronously from a single large refugium and expand
independently with asymmetric gene flow, and (ii) a bifurcating
model where populations diverge at different times from multi-
ple refugia and expand independently with asymmetric gene flow.
Since we only need a reasonably large subset of the genome to get
an accurate estimate of the site frequency spectrum (Beichman
et al.,, 2018), we generated the four-population folded jSFS
from a set of high quality SNPs with no maf filtering present in
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chromosome 1 (total number of sites in chr. 1 = 107,800,922; num-
ber of variable sites = Downy: 6,030,759; Hairy: 7,967,215) using
easySFS.py (https://www.github.com/isaacovercast/easySFS).
We projected the jSFS down to 20 chromosomes (i.e., 10 diploid
samples) per population to avoid issues associated with differ-
ences in sample size and missing data. To minimize the impact of
selection, we only included sites in noncoding regions of the ge-
nome. All models followed the topology of the population tree ob-
tained from 1Q-Tree 2 and assumed a mutation rate of 4.007 x 1077
mutations per site per generation. For each model, we conducted
75 iterations of the optimization procedure, each with 40 expec-
tation conditional maximization cycles and 100,000 genealogical
simulations per cycle. We performed model selection using the
run with the highest likelihood for each model. For each species,
we chose the model with the largest relative Akaike information
criterion (AIC,) as the best-fit model. We obtained 95% pseudo-Cl
for parameter estimates by performing 100 parametric bootstrap
estimates simulating jSFSs under the best model and re-estimating

parameters using these simulated datasets.

2.5 | Genetic diversity, recombination rates, and
linkage disequilibrium

We compared genetic diversity among populations of the two spe-
cies by estimating the genome-wide pairwise nucleotide diversity
0_ using ANGSD (Korneliussen et al., 2014). We first ran the com-
mand -doSaf 1 -minMapQ 30 -minQ 20 in ANGSD to generate site-
allele-frequency likelihoods based on the GATK model (McKenna
etal.,, 2010), then we used realSFS with the option -fold 1 to estimate
the folded SFS. ANGSD was also used to estimate genome-wide
Tajima's D. We estimated recombination rates (r =recombination
rate per base pair [bp] per generation) along the genome of the
two species using ReLERNN, a deep learning algorithm (Adrion
et al., 2020). ReLERNN takes as input a vcf file and simulates train-
ing, validation, and test datasets matching the empirical distribution
of 6,,. ReLERNN then uses the raw genotype matrix and a vector of
genomic coordinates to train a model that directly predicts per-base
recombination rates (as opposed to a population-scaled recombi-
nation rate) across sliding windows (Adrion et al., 2020). For each
population, we used the SNP data set with maf>0.02 and ran the
analysis with default settings. Because ReLERNN is robust to demo-
graphic model misspecification (Adrion et al., 2020), we simulated
an equilibrium model considering a mutation rate of 4.007 x10~°
mutations per generation (Hruska & Manthey, 2021) and assuming
a generation time of 1 year. Finally, we explored the recombination
history of the individuals in each sampling region by analysing their
patterns of linkage disequilibrium (LD) decay using PopLDdecay
(Zhang et al., 2018). We calculated pairwise linkage (measured by
D'/r?) using the default maximum distance between SNPs of 300kb

and plotted it as a function of genomic distance (in kb).

2.6 | Genomic predictors of regional variation in
nucleotide diversity

To investigate the factors shaping the genomic landscape of diver-
sity in the two woodpecker species, we tested the effect of (i) re-
combination rate, (ii) gene density, and (iii) GC content on regional
patterns of nucleotide diversity. For each population, we com-
puted pairwise nucleotide diversity (6 ) across 100kb nonoverlap-
ping windows using ANGSD (Korneliussen et al., 2014). We first
used the -doThetas function to estimate the site-specific nucleo-
tide diversity from the posterior probability of allele frequency
(SAF) using the estimated site frequency spectrum (SFS) as a prior.
Then, we ran the thetaStat do_stat command to perform the slid-
ing windows analysis. To quantify variation in recombination rates,
we calculated weighted averages of recombination rates estimated
in ReLERNN across 100 kb nonoverlapping windows (weighted by
window length contribution). To test the effect of window size on
downstream correlational analyses, we also estimated nucleotide
diversity and recombination rates over a larger (1 Mb) window. We
assessed gene density (i.e., density of targets of selection) as the
proportion of coding sequence (in number of base pairs) for any
given 100kb nonoverlapping window and estimated GC content
in each 100kb nonoverlapping window using the function GC of
the R package seqinr version 3.6-1 (Charif & Lobry, 2007). We fit
a general linear regression in R to assess the relationship between
nucleotide diversity (¢,) and the three predictor variables - recom-
bination rate, gene density, and base composition. We also fit a
LOESS model to account for the potential nonlinearity of these
relationships using the R package caret (Kuhn, 2008). Models
were trained using cross-validation of 80% of the total data. To
control for the collinearity among these variables, we also ran a
principal component regression (PCR). PCR is a technique that
summarizes the predictor variables into orthogonal components
(PCs) before performing regression, therefore removing the cor-
relation among variables. PCR was conducted using the R package
pls (Wehrens & Mevik, 2007). All variables were Z-transformed
before these analyses.

We also explored the association between patterns of intra-
specific population differentiation (Fs;) and intrinsic properties of
the genome (i.e., nucleotide diversity and recombination rates). To
summarize the genomic landscape of differentiation into a single
response variable, we employed two approaches: for each 100kb
window, we (i) calculated the average Fq; across all pairwise sam-
pling region comparisons; (ii) we performed a principal component
analysis and extracted that first principal component (PC1) that
explained the greatest covariance among all pairwise sampling re-
gion comparisons (Downy: variance explained = 37.51%; Hairy:
variance explained = 47.5%). Summaries of Fo; produced by these
two approaches were highly correlated (Downy: Pearson's r = 0.97;
p<.001; Hairy: Pearson's r = 0.98; p<.001), so we only considered

the average F¢; for simplicity.
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2.7 | Natural selection and genetic load

To understand the impact of natural selection across populations of
Downy and Hairy Woodpecker, we first estimated the deleterious
load of each species and populations. We used the software snpEff
version 4.1 (Cingolani et al., 2012) to classify SNPs into one of four
categories of functional impact, according to the predicted effect
of the gene annotation - (i) modifiers: variants in noncoding regions
of the genome (e.g., introns, intergenic) whose effects are hard to
predict; (ii) low: variants in coding sequences that cause no change
in amino acid (i.e., synonymous); (iii) moderate: variants in coding se-
quences that cause a change in amino acid (i.e., nonsynonymous);
and (iv) high: variants in coding sequences that cause gain or loss of
start and stop codon. We then selected a subset of 12 individuals
with the lowest percentage of missing data (therefore, maximizing
the total number of sites) in each species to polarize our SNPs. To
do so, we looked for biallelic SNPs in Downy Woodpecker for which
one of the alleles were fixed in Hairy Woodpecker and vice versa.
The allele fixed in the outgroup was assumed to be the ancestral
state. This is a sensitive step in the estimation of genetic load, so we
only kept SNPs for which the ancestral state could be determined
unambiguously (Simons & Sella, 2016). We ended up with a total set
of 363,903 polarized SNPs across the genome.

We then characterized the site-frequency spectrum (SFS) for
each type of variant (according to the impact inferred from snpEff)
by estimating the total frequency of each derived allele and calcu-
lating the proportion of each allele-frequency bin. As a proxy for ge-
netic load for each individual we estimated the ratio of the number
of homozygous derived alleles of high impact (i.e., loss of function)
over the number of homozygous derived alleles of low impact (i.e.,
synonymous). This metric is a proxy for the genetic load under a re-
cessive model while controlling for the underlying population differ-
ences in the neutral SFS (Simons et al., 2014; Simons & Sella, 2016).
It assumes that derived alleles are only deleterious when in a homo-
zygous state. We therefore also considered an additive model (i.e.,
semi-dominant) that assumes that derived alleles have deleterious
effects in both homozygosity and heterozygosity. For this metric, we
counted the total number of derived alleles, instead of only the ones
in homozygosity (Simons & Sella, 2016).

The effect of linked selection is expected to be weaker in popu-
lations that underwent more severe bottlenecks due to their smaller
long-term N, when compared to populations that maintained large N,
(Charlesworth & Willis, 2009; Kirkpatrick & Jarne, 2000). We tested
this prediction by quantifying the strength of correlation between
nucleotide diversity (6 ), recombination rate, and gene density in all
four populations of Downy and Hairy Woodpecker, which showed
varied demographic responses to the Pleistocene glaciations. For
each population, we estimated 95% CI for Pearson's correlation co-
efficient using the R package metan (Olivoto & Ltcio, 2020).

Toassess theimpact of selection overadeeperevolutionary scale,
we estimated dN/dS, the ratio of nonsynonymous over synonymous
substitution, using a set of 397 genes that were orthologous across
Downy Woodpecker, Hairy Woodpecker and two avian outgroups

- Chicken (Gallus gallus) and Zebra Finch (Taeniopygia guttata). We
identified orthologous genes across all four species using the soft-
ware JustOrthlogs (Miller et al., 2019) and only kept well-aligned
loci. We first downloaded Ensembl genome assemblies and gene
annotations for version GRCgéa and bTaeGutl_v1.p of the Chicken
and Zebra Finch genome, respectively (Ensembl version 103). We
then extracted coding sequences (CDS) for all identified orthologues
from their respective reference genomes using a GFF3 parser in-
cluded in JustOrthologs and aligned them with the frameshift-aware
MACSE software (Ranwez et al., 2011). We used the parameter
setting --min_percent_NT_at_ends 0.3 and -codonForinternalStop
NNN for aligning and exporting sequences. The resulting amino-acid
alignments were inspected with HMMcleaner to mask sites that
were likely misaligned. We finally used codeml to estimate the over-
all dN/dS ratio along each branch of the tree assuming a one-ratio
branch model in PAML (Yang, 2007).

3 | RESULTS

3.1 | Congruent population structure and genetic
diversity

Whole genome resequencing yielded an average sequencing depth
of 5.1x (1.4-12.5x) for Downy Woodpecker and 4.5x (1.1-11.7x)
for Hairy Woodpecker. A total of 91.1% of BUSCO genes were pre-
sent and complete in our pseudochromosome reference, indicating
sufficient completeness. In addition, 99.98% of all the 14,443 an-
notated genes in Downy Woodpecker were successfully mapped
to the pseudochromosome reference. A total of 16,736,465 and
15,463,356 single nucleotide polymorphisms (SNPs; n = 70 samples
per species) were identified in the Downy and Hairy Woodpecker
genomes, respectively, using the genotype likelihood approach im-
plemented in ANGSD (Korneliussen et al., 2014).

Our principal component analysis (PCA) recovered congru-
ent genetic structure across both species' ranges (Figure 2ac;
Figures S3-S5). The three first principal components (PCs) explained
together 7.5% (Downy) and 8.3% (Hairy) of the total genetic variance.
Geographic structure was generally characterized by a genetic dis-
tinction between boreal-eastern and western sampling regions. In
Downy Woodpecker, however, the Pacific Northwest sampling re-
gion fell more closely related to the Eastern group than the Western
group (Figure 2a). Consistent with these findings, NGSadmix (Skotte
et al., 2013) supported four geographically congruent genetic clusters
(hereafter referred to as “populations”; K = 4) in the Downy and Hairy
Woodpecker: East (NE, SE, and MW), Pacific Northwest (NW), Rocky
Mountains (SR and NR), and Alaska (AK; Figure 1c,d). The average
genome-wide estimate of F¢ was slightly larger in Hairy Woodpecker
(average F¢; = 0.1; 0.03-0.19) than Downy Woodpecker (average
Fs = 0.08; 0.03-0.16), indicating larger (but overlapping) levels of
population differentiation (Table S2). In both species, the largest val-
ues of F¢; involved comparisons between Alaska and other sampling
regions (Downy: Fo; [AK vs. NR] = 0.16; Hairy: Fo; [AK vs. SR] = 0.19),
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Northern Rockies; NW, Pacific Northwest; SE, Southeast; SR, Southern Rockies. Illustrations reproduced with permission from Lynx Edicions.

[Colour figure can be viewed at wileyonlinelibrary.com]

and the lowest were within the East and the Rocky Mountains clus-
ters (Downy: Fo; = 0.03-0.06; Hairy: Fo; = 0.03-0.04).

In both species, the EEMS analysis detected a pronounced re-
duction in effective migration near the Great Plains and along the
Rocky Mountains, especially in its Northern portion. In contrast,
eastern North America showed a higher degree of connectivity
when compared to the west (Figure 3). This finding indicates that
major topographic features and variation in habitat availability might
have contributed to the maintenance of population differentiation,
despite the presence of gene flow. These spatial discontinuities
might also reflect the recent contact of populations expanding out

of glacial refugia.

3.2 | Demographic history

Temporal variation in effective population size was generally con-
sistent between species, being characterized by recurrent epi-
sodes of bottleneck followed by population expansion (Figure 4a,b;
Appendix S1). We found that within each population, nucleotide

diversity was highly correlated with the harmonic mean of the N,
estimated from stairway plot 2 over the past 500 kya (long-term N;
linear regression: t = 4.876; R? = 0.76; p <.002; Figure S6), indicating
these independent analyses were consistent.

The maximum likelihood tree from genome-wide intergenic
SNPs for Hairy Woodpecker showed two distinct clades - an East
+ Alaska and a West clade (Figure 2b,d). The topology for Downy
Woodpecker, however, revealed different relationships. First, the
Pacific Northwest sampling region (NW) was more closely related
to the eastern clade than to the western clade, supporting our PCA
analysis. In addition, the Alaska (AK) sampling region was sister to all
other sampling regions. We tested whether (i) all four populations di-
verged synchronously from a single ancestral refugium, or whether
(ii) populations diverged at different times from multiple ancestral
refugia. Our fastsimcoal2 results show differing support for these
alternative demographic hypotheses among the two focal species.
The best-supported model for Hairy Woodpecker was model ii
(Table S3; Figure 1f; Figure S7), in which two ancestral populations
(representing a split between eastern and western North America)
diverged from each other around 529 kya (95% ClI = 513-561 kya;
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Table S4) and gave rise to the four populations, which in turn un-
derwent strong bottlenecks. A final explosive expansion then
occurred between 193-212 kya when populations grew up to 12-
fold. In contrast, Downy Woodpecker showed support for model
i, in which all populations diverge from a single major refugium
(Table S3; Figure 1e; Figure S7). This divergence occurred around
312 kya (95% Cl = 146-551 kya; Table S4) and was accompanied
by a large bottleneck, reducing N, to less than 10% of its original
size in most populations. A final population expansion then occurred
at the end of the Mid-Pleistocene (152-232 kya). Overall, estimates
of N, from fastsimcoal2 confirmed the trends observed in stairway

plot 2, albeit with less resolution. We found large and variable lev-
els of post-expansion gene flow across populations in both species
(Downy: 0-4.8 migrants per generation; Hairy: 0-6.66 migrants per
generation) that confirmed our EEMS migration surfaces.

3.3 | Genomic correlates of nucleotide
diversity and differentiation

We found that nucleotide diversity varied widely along the genome
® =6x107%-1.84 x10% 9 =4 x107%-1.94 x 1072, but

© Downy = Hairy
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this variation was highly correlated between Downy and Hairy
Woodpecker (Pearson's r = 0.9; p<.001; Appendix S1; Figure S8).
We found recombination rates to be highly correlated between
the two species as well (Pearson's r = 0.66; p<.001; Figure S8).
Across the genome, we estimated a mean per-base recombina-
tion rate (r) = 2.64 x10™7 c¢/bp (4.2 x1072-3.97 x10™%) in Downy
Woodpecker and r = 2.62 x10™ ¢/bp (3.51 x1071°-4.03 x107%) in
Hairy Woodpecker. Considering the average long-term N, of Downy
and Hairy Woodpecker as approximately 1 x 10° in the East popula-
tion, these recombination rates correspond to a population-scaled
rate p = 4N, r = 0.01. Mean recombination rates were 2-3-fold
higher in autosomal chromosomes compared to the sex-linked Z
chromosome (Figures S9, S10), consistent with differences in N, be-
tween sex chromosomes (Sundstrom et al., 2004; Xu et al., 2019;
Zhou et al., 2014). As a result of both high recombination rates
and large N,, we also observed that linkage disequilibrium (LD) in
Downy and Hairy Woodpecker decays very rapidly. LD drops to
half of its initial levels in less than 100 bp (Figure 4c,d). Consistently,
the average LD was greater for sampling regions with smaller N,

or populations that have likely experienced a more recent founder
event, such as Alaska and the Southern Rockies (Figure 4c,d). We
found a significant positive association between nucleotide diversity
(6,) and recombination rates in all populations of both species with a
100kb window size (Figure 5a,b; linear regression for East - Downy:
t = 66.09, R? = 0.27, p<.001; Hairy: t = 101.7, R? = 0.47, p<.001;
LOESS regression for East - Downy: R? = 0.31; Hairy: R? = 0.47),
and an even stronger relationship with the 1 Mb windows (Downy:
R? = 0.34; Hairy: R? = 0.6; Figure S11). This association, however,
was expected (to a certain extent) even if diversity was not corre-
lated with recombination rates because recombination rates were
estimated directly from 6,,.

To investigate the impact of linked selection on the genomic
landscape of diversity, we also tested the prediction that regions of
the genome with a higher density of targets of selection (i.e., coding
sequence) exhibit lower nucleotide diversity. Our results revealed
a weak but significant negative association between nucleotide di-
versity (9,) and gene density in all populations (Figure 5c,d; linear
regression for East - Downy: t = -11.67, R? = 0.011, p<.001; Hairy:
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FIGURE 5 Genomic predictors of nucleotide diversity in Downy (D. pubescens; left) and Hairy (D. villosus; right) Woodpecker. Association
between nucleotide diversity (¢ ) and three features of the genome: (a, b) recombination rates (Downy: t = 66.09, p<.001; Hairy: t = 101.7,
p<.001), (c, d) gene density (Downy: t = -11.67, p<.001; Hairy: t = -13.08, p<.001), and (e, f) GC content (Downy: t = 26.47, p <.001; Hairy:
t = 38.89, p<.001). Each point in the scatter plot represents a 100 kb window of the genome. Colours indicate the density of points. [Colour
figure can be viewed at wileyonlinelibrary.com]

ASUAOIT SuoWWoy) 2Anear) d[qeardde oy Aq PauIaA0S aIe s3[ONIE Y $asN JO SI[NI 10§ KIeIqIT AUI[UQ) AJ[IAL UO (SUOHIPUOI-PUB-SULIA) WO KI[1M’ATRIqI[uI[U0//:sdNY) SUONIPUO)) PUE SULIAL, Y 23S *[£70T/80/ST] U0 Areiqi auruQ AS[Ip 1SaL, Aq [$891 9w/ [ | [ [ [/10p/wiod Ka[im’Areiqrourfuoy/:sdny woiy papeoumo( ‘L ‘€707 ‘Xr67S9E 1



MOREIRA ET AL.

1750
—I—WI |l A& MOLECULAR ECOLOGY

t=-13.08, R%Z= 0.014, p<.001; LOESS regression for East - Downy:
R? = 0.012; Hairy: R? = 0.016). This association was not driven by

the collinearity between gene density and recombination, which was

positive and negligible (Downy: Pearson's r = 0.034, p <.001; Hairy:
Pearson's r = 0.058, p< .001). We also found that regions with high
GC content tended to show higher nucleotide diversity (Figure 5e,f;
linear regression for East - Downy: t = 26.47, R? = 0.057, p<.001;
Hairy: t = 38.89, R? = 0.116, p<.001; Appendix S1). GC content,
however, was positively correlated with gene density in both spe-
cies (Downy: Pearson's r = 0.25; p<.001; Hairy: Pearson's r = 0.25;
p<.001; Appendix S1; Figures S12, S13) and correlated with recom-
bination rates only in Hairy Woodpecker (Pearson'sr=0.35; p<.001;
Appendix S1; Figures S11, S12). We then performed a principal com-
ponent regression (PCR) to separate the effect of individual explan-
atory variables (recombination rate, GC content, and gene density)
and control for the multicollinearity among predictor variables.
Principal component regression summarizes variables into orthogo-
nal components (PCs) and uses these components as predictors in a
linear regression. PC2, which represented almost exclusively recom-
bination rate in Downy Woodpecker and both recombination rate
and gene density in Hairy Woodpecker (Table 1), uniquely explained
24% and 27.8% of variation in nucleotide diversity in Downy and
Hairy Woodpecker, respectively (PC2 linear regression - Downy:
t=60.11, R? = 0.24, p <.001; Hairy: t = 66.45, R = 0.27, p<.001). In
Downy Woodpecker, both PC1 and PC3 represented the correlation
between gene density and GC content, but PC3 had a much stronger
effect (Table 1), accounting for 11.61% of the variation in nucleotide
diversity. In Hairy Woodpecker, on the other hand, PC1 (represented
mostly by GC content and recombination rate) explained more varia-
tion in nucleotide diversity than PC3 (Table 1). Our analyses confirm
the central role that these genomic properties played in shaping pat-
terns of nucleotide diversity along the genome.

We found that the coefficient of correlation between genetic
diversity and the density of targets of selection varied across pop-
ulations, albeit only slightly (Figure 6; Table S5). Alaska showed the
weakest correlation (Downy: Pearson's r = -0.1, t = -10.8, p<.001;
Hairy: Pearson's r = -0.1, t = -11.6, p<.001), whereas Rocky
Mountains showed the strongest (Downy: Pearson's r = -0.11,
t = -11.9, p<.001; Hairy: Pearson's r = -0.13, t = -14.5, p<.001).
We found a stronger correlation between genetic diversity and re-
combination rate for populations with a large N, (e.g., Rockies and

% of variance explained (R?)

East) as opposed to smaller populations (e.g., Alaska and Northwest;
Figure 6). The exception was the East population in Downy
Woodpecker, which despite its large N, had the lowest correlation
coefficient (Figure 6; Table S5).

There was considerable variation in average intraspecific pop-
ulation differentiation (F¢;) along the genome (Downy: F¢; = 0.01-
0.25; Hairy: F; = 0.01-0.32), indicating high variability in patterns of
population differentiation. As expected, we recovered a significant
negative association between average F.; and nucleotide diversity,
suggesting that areas of genome that show elevated differentiation
tend to be characterized by reduced diversity (linear regression -
Downy: t = -19.12, R? = 0.03; p <.001; Hairy: t = -53.49, R? = 0.2;
p <.001; Figure 7). Finally, we found a negative association between
average F¢; and recombination rates, indicating higher differenti-
ation in regions of low recombination (linear regression - Downy:
t=-32.18,R?=0.08; p <.001; Hairy: t = -41.55, R* = 0.13; p <.001).

3.4 | Geneticload and the efficacy of selection

To further explore the magnitude of linked selection in the genomes
of Downy and Hairy Woodpecker, we classified each variant accord-
ing to their functional impact as predicted by the gene annotation.
We found that the majority of identified SNPs in Downy and Hairy
Woodpecker were classified as modifiers (Downy: 99.35%; Hairy:
99.13%), which are variants in intergenic or intronic regions whose
impacts are hard to determine but tend to be neutral to nearly neu-
tral. Low impact variants (i.e., synonymous mutations) characterized
0.46% and 0.64% of SNPs in Downy and Hairy Woodpecker, respec-
tively. Moderate impact variants, mutations that cause a change in
amino acid sequence (i.e., nonsynonymous mutations) represented
0.17% and 0.22% of the SNPs in Downy and Hairy Woodpecker,
respectively. Finally, only 0.006% (Downy) and 0.007% (Hairy) of
the SNPs were classified as high impact. These variants correspond
to mutations that cause loss of function, such as loss or gain of a
start or stop codon and are therefore expected to occur at very low
frequencies.

We investigated differences in the burden of deleterious alleles
carried by populations of Downy and Hairy Woodpecker that could
reflect differences in the efficacy of purifying selection. Our results
revealed that the frequency distribution of mutations with moderate

TABLE 1 Principal component

Species Explanatory variables PC1

Downy Woodpecker Recombination rate 0.01
Gene density 0.78
GC content 0.77
Total 1.58

Hairy Woodpecker Recombination rate 7.52
Gene density 4.52
GC content 10.59
Total 22.65

regression

PC2 PC3
23.61 0.09

0.00 5.80

0.41 5.70
24.03 11.61

9.36 0.59
18.45 0.24

0.00 0.95
27.88 1.80
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and high impact shifted downwards compared to the mutations with
low impact (Figure 8a,b). This indicates that purifying selection was
successful in purging mutations that were highly deleterious. Hairy
Woodpecker, however, showed a larger excess of low-frequency
mutations of high impact when compared to Downy Woodpecker
(Figure 7a,b), suggesting that purifying selection might have been
more efficient in Hairy Woodpecker. In addition, we found that the
recessive deleterious load was overall larger in Downy than Hairy
Woodpecker, but this difference was not statistically significant
(Kruskal-Wallis ;(2 =1.33,df = 1, p = .24; Figure 8c,d; Table Sé). The
recessive deleterious load was much larger in the Rocky Mountains
when compared to other populations. Alaska also showed elevated
recessive deleterious load in both species, generally larger than the
East and Pacific Northwest (Figure 8c,d; Table Sé).

Lastly, we investigated the overall impact of natural selection on
protein-coding sequences of Downy and Hairy Woodpecker. dN/
dS ratio was higher in Downy Woodpecker (dN/dS = 0.065) than in
Hairy Woodpecker (dN/dS = 0.053), suggesting that purifying se-
lection might have been weaker in the Downy Woodpecker lineage
over deeper evolutionary times (i.e., >4 N, generations ago; Elyashiv
et al., 2010; Figuet et al., 2016; Herrera-Alvarez et al., 2020).

4 | DISCUSSION

Our genomic analyses reveal that both Ice Age demographic fluctua-
tions and linked selection played a significant role shaping patterns
of diversity and differentiation across populations and along the

genomes of Downy and Hairy Woodpecker. We found that genome-
wide nucleotide diversity, as well as the landscape of recombination,
are highly correlated between these two species, which diverged
more than 8 Ma. This degree of coupling in genome evolution sug-
gests that intrinsic properties of the genome, such as recombina-
tion rate, might be conserved across deep evolutionary time. We
posit that linked selection might underlie the genomic heterogene-
ity observed, as demonstrated by a significant association between
nucleotide diversity, recombination rate, and gene density. Despite
strong fluctuations in N, over the Pleistocene, Downy and Hairy
Woodpecker maintained large population sizes, which might have
facilitated the action of natural selection. Nevertheless, given the
large differences in long-term N, observed among populations, our

results indicate variation in the efficacy of selection.

4.1 | Conserved properties of the genome
underlie the correlated genomic landscape of
Hairy and Downy Woodpecker

We recovered large heterogeneity in patterns of nucleotide di-
versity (0)) and Fg; along the genomes of Downy and Hairy
Woodpecker. Despite this variation, our results revealed a highly
correlated genomic landscape between the two species. Such co-
variation in levels of genome-wide measures of diversity and dif-
ferentiation across distantly related species is common (Burri
et al., 2015; Delmore et al., 2018; Dutoit, Vijay, et al., 2017; Renaut

et al., 2013; Stankowski et al., 2019; Van Doren et al., 2017) and
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suggests that properties of the genome, such as mutation rate,
recombination rate, and density of targets of selection are con-
served across deep evolutionary time (Dutoit, Burri, et al., 2017;
Dutoit, Vijay, et al., 2017). For example, bird genomes are known
to show large karyotypic stability, with very few chromosomal
rearrangements and high synteny across highly divergent species
(Damas et al., 2018; Ellegren, 2010, 2013; O'Connor et al., 2019;
Singhal et al., 2015). Features of the genome, such as recombina-
tion rates and GC content, might also be conserved across species.

We found that estimates of recombination rate are highly corre-
lated between Downy and Hairy Woodpecker, although slightly
higher in the latter. Linkage disequilibrium (LD), which is a function
of both recombination rate and N, was extremely short in Downy
and Hairy Woodpecker. Whereas linkage disequilibrium extends for
over thousands of base pairs in humans (Ardlie et al., 2002; Reich
et al., 2001), for instance, it breaks after only 100 bp in Downy and
Hairy Woodpecker. Such properties have been observed in other
bird species with very large N, (Balakrishnan & Edwards, 2009;
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Kardos et al., 2016). We also found large variation in recombination
rates both within and among chromosomes, with the Z chromosome
showing the lowest rates. Considering the lack of recombination
across much of the Z chromosome in female birds (heterogametic
sex; ZW), at the population level, crossing-over occurs at a much
lower rate in sex chromosomes than in their autosome counter-
parts (Irwin, 2018; Sundstrém et al., 2004; Wilson Sayres, 2018).
Similar to Downy and Hairy Woodpecker, recombination in the
chicken (Gallus gallus) was approximately 2.5 times lower in the
Z chromosome than in the autosomes (Levin et al., 1993; Schmid
et al., 2000). As a consequence, many bird species show reduced
diversity and faster divergence in the Z chromosome (Balakrishnan
& Edwards, 2009; Borge et al., 2005; Mank et al., 2007; Sundstrém
etal.,, 2004).

4.2 | Theinterplay between natural
selection and recombination produces a
heterogeneous genomic landscape

One of the main mechanisms proposed to explain the substan-
tial heterogeneity in levels of polymorphism along the genome is
the effect of linked selection (Charlesworth et al., 1993; Cutter &
Payseur, 2013; Maynard & Haigh, 2007). Both directional selec-
tion (i.e., in favour of a beneficial allele) and purifying selection
(i.e., against a deleterious allele) are expected to reduce diversity
around functional elements (Charlesworth et al., 1993; Maynard
& Haigh, 2007). Such a reduction is extended to all neighbour-
ing sites that happen to be linked to the target of selection (back-
ground selection; Charlesworth et al., 1993; Comeron, 2014).
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The extent to which adjacent sites are affected by linked selec-
tion is dependent on the recombination landscape, such that
regions where recombination rate is lower tend to show lower
genetic diversity and vice versa (Begun & Aquadro, 1992; Mugal
et al., 2013; Wang et al., 2016). Similarly, the higher the density
of functional elements (i.e., targets of selection), the more severe
is the reduction in genetic diversity due to the effect of recur-
rent selection (Andolfatto, 2007; Beissinger et al., 2016; Branca
et al., 2011; Gossmann et al., 2011). A correlation between nu-
cleotide diversity and recombination may arise in the absence of
linked selection. For example, biases in population-based recom-
bination estimators, mutagenic effects of recombination itself, or
the nonindependence of recombination with mutation rate and
GC content could produce spurious associations. However, we
do not expect these biases to impact the correlations with gene
density. The lower diversity in functional regions are therefore in-
terpreted as evidence of the effect of selection on linked neutral
sites and can be used to assess the magnitude of linked selection
(Corbett-Detig et al., 2015; Cutter & Payseur, 2013). In light of
these results, we identified strong evidence that linked selection
has contributed to patterns of genetic diversity along the genomes
of Downy and Hairy Woodpecker. First, nucleotide diversity (¢,)
was positively associated with recombination rates in both spe-
cies. Second, there was a weak but highly significant negative
association between nucleotide diversity (6,) and gene density.
Third, as predicted by theory, the strength of association between
nucleotide diversity (9 ), recombination rate, and gene density var-
ied across populations of Downy and Hairy Woodpecker. Overall,
more pronounced correlations were observed in populations with
larger long-term N, supporting the impact of demographic history
on linked selection.

Natural selection is also expected to impact levels of genetic
differentiation along the genome (Cruickshank & Hahn, 2014;
Matthey-Doret & Whitlock, 2019; Stankowski et al., 2019). We
estimated a weak but significant negative association between
nucleotide diversity (¢,) and the average pairwise Fg;, indicating
that regions of the genome that are highly differentiated between
populations tend to show reduced diversity. These correlations
are consistent with the effect of linked selection continuously
eroding diversity near targets of selection (especially in regions of
low recombination), which leads to the inflation of local levels of
population differentiation (Cruickshank & Hahn, 2014). Whether
the correlation between F¢;, nucleotide diversity, and recombina-
tion rate are due to recurrent divergent selection (e.g., local adap-
tation) or purifying selection (e.g., against deleterious mutations)
would require the comparison between the landscape of F¢; and
dxy (Matthey-Doret & Whitlock, 2019; Vijay et al., 2017) and rig-
orous model-based analyses. Regardless, this and other compara-
tive studies across both distantly and closely related bird species
demonstrate that linked selection can reduce genetic diversity
prior to population splits and consequently produce parallel pat-

terns of genetic differentiation in regions of low recombination

(Burri et al., 2015; Delmore et al., 2018; Irwin et al., 2016; Vijay
et al., 2017).

4.3 | Dynamic population demography
characterizes the evolution of Hairy and Downy
Woodpecker in the Pleistocene

We found that population structure was spatially congruent between
Downy and Hairy Woodpecker, but that their demographic histories
and extent of genetic structuring varied. Both species were charac-
terized by phylogeographic clusters that are consistent with previ-
ous studies (Graham & Burg, 2012; Klicka et al., 2011; Pulgarin-R
& Burg, 2012) and were concordant with structuring in glacial refu-
gia, albeit forming during different time scales (Appendix S1). The
observation of common geographic patterns formed across differ-
ent time periods highlights the predictability of the interaction of
the physical landscape, drift, and gene flow on genetic diversity.
Further evidence of the dramatic effects of Pleistocene climatic
fluctuations on genetic diversity were the repeated cycles of pop-
ulation contraction and expansion. Yet, despite strong variation in
N, over the past 500 ky, our data indicate that Downy and Hairy
Woodpecker have been resilient enough to maintain relatively large
populations, which favoured the maintenance of very high genetic
diversity, even in the face of repeated bottlenecks. Our estimates
of current effective population size were comparable to estimates
of census population size in the United States and Canada, which is
approximately 13 million individuals of Downy Woodpecker and 8.5
million individuals of Hairy Woodpecker (North American Breeding
Bird Survey; Sauer et al., 2017), although our estimates for Hairy
Woodpecker are much larger (Table S4). While nonequilibrium popu-
lation dynamics are a hallmark of species that occur in previously
glaciated areas (Hewitt, 2004), the relationship between the mag-
nitude of Pleistocene population size reductions and the efficacy of
directional and purifying selection under these conditions remains a
missing cornerstone for understanding how species respond to ex-
treme climatic changes.

Consistent with theoretical predictions, nucleotide diversity
within populations was strongly correlated with the long-term N..
Alaska showed the lowest genome-wide genetic diversity, proba-
bly as a consequence of being one of the latest areas to be deglaci-
ated and most recently founded (Figure 3e). On the other hand, the
Northern Rockies sampling region exhibited the largest nucleotide
diversity in both focal species (Figure 3e). Although such large es-
timates of genetic diversity could arise due to unaccounted popula-
tion structure, data from multiple sources support the existence of
a temporally fluctuating ice-free corridor along the Canadian Rocky
Mountains that might have functioned as a glacial refugium (Jackson
Jr, 1979; Pedersen et al., 2016; Rutter, 1984; Shafer et al., 2010).
Thus, it is possible that suitable habitat might have allowed rapid
growth and persistence of large populations in the Northern Rockies

during the glacial periods of the Pleistocene.
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4.4 | The efficacy of linked selection was affected
by different evolutionary trajectories of Downy and
Hairy Woodpecker

We investigated whether differences in the demographic trajecto-
ries of populations of Downy and Hairy Woodpecker in response to
the Pleistocene glaciation had an impact on the efficacy of natural
selection across the genome. Given that purifying selection is more
efficient in larger populations (Ohta, 1973), we predicted that popu-
lations that underwent a stronger bottleneck or maintained lower
levels of N, were more likely to have accumulated highly deleterious
mutations (i.e., genetic load; Henn et al., 2016; Wang et al., 2018;
Willi et al., 2018; Rougemont et al., 2020; de Pedro et al., 2021).
We failed to find support for this prediction. In contrast to our ex-
pectations, we found that the Rocky Mountains, the genetic cluster
with the largest long-term N, exhibited the largest genetic load in
both species. One possible explanation for this finding is that highly
deleterious alleles might have been more efficiently purged from
populations that experienced more severe population changes
(Kirkpatrick & Jarne, 2000). For example, species whose popula-
tions underwent extreme bottlenecks show fewer mutations of
high impact because extensive inbreeding makes highly delete-
rious alleles more likely to be exposed in homozygosity (Grossen
et al., 2020; Robinson et al., 2018; Xue et al., 2015). This is not the
case for Downy and Hairy Woodpecker, which, despite repeated
episodes of bottleneck, still managed to maintain considerably large
population sizes, making inbreeding very unlikely to have occurred.
Besides, we found that Alaska, the population with the lowest long-
term N,, does not carry the fewest highly deleterious alleles, as
predicted by the “purging under inbreeding” scenario. Instead, it
carries a larger load than the East and the Pacific Northwest, which
are populations with a higher long-term N,. Both of these popula-
tions, however, were characterized by rapid changes in population
size (Figures 1 and 4), which might explain their large load. It is pos-
sible that the large deleterious load in Alaska is due to substantial
range shifts occurring during the glaciations, which lead to surf-
ing of deleterious alleles when Alaska was recurrently recolonized
(Hallatschek & Nelson, 2008).

At the species level, however, we found that genetic load was
generally larger in Downy Woodpecker than Hairy Woodpecker,
which is consistent with more efficient purifying selection in Hairy
Woodpecker. This finding makes sense considering that Hairy
Woodpecker exhibits slightly larger N, than Downy Woodpecker.
Supporting this observation, we also found a larger excess of highly
deleterious mutations at low frequencies in Hairy Woodpecker, in-
dicating that deleterious alleles were less likely to rise to high fre-
quencies in Hairy Woodpecker than Downy Woodpecker likely due
to more efficient selection. Lastly, we observed that the genome-
wide ratio of nonsynonymous over synonymous substitutions (dN/
dS) was higher in Downy Woodpecker than Hairy Woodpecker.
Elevated genome-wide, as opposed to gene-specific, dN/dS ratio
is suggestive of a reduction in the efficacy of purifying selection
(Elyashiv et al., 2010; Figuet et al., 2016). This result indicates that a

smaller N, in the lineage leading to Downy Woodpecker might have
allowed more fixation of slightly deleterious alleles.

In conclusion, we investigated the impact of demography and
natural selection on the genomic landscape of two codistributed
woodpecker species whose population histories have been pro-
foundly impacted by the Ice Age. We found that despite a dynamic
demographic history, Downy and Hairy Woodpecker were able to
maintain very large N, even during glacial periods, which might have
facilitated the action of natural selection. Supporting this conclu-
sion, our results reveal a correlation between nucleotide diversity,
recombination rate, and gene density, which suggests the effect
of linked selection shaping the genomic landscape. In addition, we
found that the magnitude of linked selection was associated with
population-specific N, trajectories, indicating that demography and
natural selection operated in concert to shape patterns of polymor-
phism along the genome. This study adds to the growing body of
literature supporting the role of natural selection in driving patterns
of genome-wide variation but highlights the difficulty of interpreting
the outcome of the interplay between genetic drift and natural se-
lection in organisms with nonequilibrium demographic dynamics and

large effective population sizes.
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