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Abstract:

Studying species interactions at hybrid zones allows biologists to 
understand the forces that promote speciation. Hybridization among 
Sphyrapicus nuchalis, S. varius, and S. ruber has long been 
acknowledged, and hybrid zones between S. nuchalis/S. ruber and S. 
varius/S. ruber have been characterized with both genetic and genomic 
data. Using a combination of next-generation Restriction Site-Associated 
DNA sequencing (RAD-Seq) and traditional genetic methods, we 
examined patterns of introgression in the poorly characterized S. 
nuchalis/S. varius contact zone; the two most similar species in the 
complex, though they are not each other’s closest relatives. We found 
high introgression rates, with several early and many advanced 
generation hybrids along a 275 km stretch of Rocky Mountain foothill, 
pointing to a well-established hybrid zone with hybrid individuals 
backcrossing with individuals from the parental species and each other. 
Plumage colouration in the hybrid zone was a relatively poor indicator of 
parental or hybrid status, which could be attributed to the possible 
involvement of few large effect genes. 
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Abstract1

Studying species interactions at hybrid zones allows biologists to understand the forces 2

that promote speciation. Hybridization among Sphyrapicus nuchalis, S. varius, and S. ruber has 3

long been acknowledged, and hybrid zones between S. nuchalis/S. ruber and S. varius/S. ruber4

have been characterized with both genetic and genomic data. Using a combination of next-5

generation Restriction Site-Associated DNA sequencing (RAD-Seq) and traditional genetic 6

methods, we examined patterns of introgression in the poorly characterized S. nuchalis/S. varius7

contact zone; the two most similar 8

closest relatives. We found high introgression rates, with several early and many advanced 9

generation hybrids along a 275 km stretch of Rocky Mountain foothill, pointing to a well-10

established hybrid zone with hybrid individuals backcrossing with individuals from the parental 11

species and each other. Plumage colouration in the hybrid zone was a relatively poor indicator of 12

parental or hybrid status, which could be attributed to the possible involvement of few large 13

effect genes. 14
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Introduction18

Describing the process by which new species arise (speciation) is central to 19

comprehending avian biodiversity, and speciation can be best studied by examining populations 20

at intermediate stages of species divergence (Grant & Grant 1992), where interbreeding 21

(hybridization) between individuals from different populations is still possible. Studying 22

hybridization among such forms often reveals the extent of reproductive isolation between these 23

populations and levels of divergence. Hybridization is richest and most informative in hybrid24

zones where the breeding ranges of two adjacent species overlap (Hewitt 1988, Short 1972), 25

26

combinations of parental alleles, much like biologists might create in a laboratory (Hewitt 1988).27

The populations may collapse into a hybrid swarm, they may remain distinct despite 28

introgression, and they may be ephemeral or stable, recurring or novel, distributed broadly or 29

restricted to a narrow zone (Grant & Grant 1992, Moore 1977, Short 1972). Describing hybrid 30

zone dynamics helps us understand the evolutionary histories of species and the processes 31

(isolating mechanisms) that keep them apart and predict their evolutionary trajectories (Grant & 32

Grant 1992).33

Sphyrapicus varius, S. nuchalis, and S. ruber are three species of North American 34

woodpeckers that hybridize in sympatry. Hybridization within this species complex has long 35

been of interest to biologists, who have studied the forces maintaining several hybrid zones and 36

changes within them (Billerman 2016, Billerman et al. 2016, 2019, Howell 1952, Johnson & 37

Johnson 1985, Natola & Burg 2018, Scott et al. 1976, Seneviratne et al. 2012, 2016, Trombino 38

1998). Sphyrapicus ruber/S. nuchalis and S. ruber/S. varius hybrid zones have been studied both 39

behaviourally and genetically (Billerman et al. 2016, 2019, Cicero & Johnson 1995, Grossen et 40
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al. 2016, Johnson & Johnson 1985, Johnson & Zink 1983, Natola & Burg 2018, Seneviratne et 41

al. 2016, 2012). Though these species hybridize, studies of mate choice in two hybrid zones 42

show the forms mate assortatively, supporting their designations as separate species (Johnson & 43

Johnson 1985, Seneviratne et al. 2012, 2016). Possible putative reproductive barriers between 44

these species include different migratory strategies, breeding phenology, habitat preferences, and 45

assortative mating (Billerman et al. 2016, Johnson & Johnson 1985, Natola & Burg 2018, 46

Trombino 1998). 47

A S. nuchalis/S. varius hybrid zone exists in west-central Alberta, but it has not been well 48

studied using genetic methods. Recent behavioural work (Jocelyn Hudon, unpubl. obs.) and 49

some genetic data (Natola & Burg 2018) document hybridization within this hybrid zone, but we 50

know little about the extent of recent or past hybridization or genetic introgression between the 51

two species. Since the S. varius/S. ruber and S. nuchalis/S. ruber hybrid zones are well 52

characterized, describing the S. varius/S. nuchalis hybrid zone stands to greatly improve our 53

understanding of reproductive interactions among these three species and the isolating barriers 54

that assist their differentiation, notably plumage. S. nuchalis and S. varius are of particular55

interest because, of the three species of sapsuckers noted above, they are the two most alike 56

phenotypically with only slight differences in the amount of red plumage on the nape, throat, and 57

malar, and white patterning on the back. This similarity belies their more distant genetic 58

relationship (S. nuchalis and S. ruber are sister taxa; Johnson and Zink 1983, Cicero and Johnson 59

1995). By comparison, S. ruber contrast sharply with the 60

variegated look of S. nuchalis and S. varius, and might help us tease out the role of phenotypic61

differences in keeping maintaining the species in this complex.62
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Here we characterize genetically an area where the ranges of S. nuchalis and S. varius63

overlap and the two forms hybridize in order to delineate the geographical extent of the hybrid 64

zone, quantify introgression rates and characteristics of the contact zone, and compare early vs 65

late generation hybrids. Using traditional and Restriction Site-Associated DNA sequencing 66

(RAD-Seq) methods allows us to examine introgression patterns both across the genome and 67

across the geographic range, which provides a broader context to investigate patterns of 68

hybridization between S. nuchalis and S. varius.69

70

Methods71

Sample acquisition72

We collected DNA samples from specimens in museum collections and birds caught with 73

mist nets during the breeding season. We collected wild-caught samples from May to July to 74

reduce the number of migrants caught. Birds were called in with playbacks and caught using 75

12 m mist nets. We took a small (<50 µL) sample of blood from the brachial vein, banded the 76

birds, and took morphometric measurements and photographs. All birds were released on site 77

and blood samples were stored in 99% ethanol. Museum specimens were selected from birds 78

collected within the last 20 years during the breeding season to ensure data reflected 79

contemporary patterns, however, we acknowledge this may contain multiple generations80

(Supplemental Material 1). Included in these museum specimens is material collected at the 81

conclusion of a 15-year study of reproductive interactions between S. varius and S. nuchalis82

-83

- . obs.). Overall, the 84
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phenotypic make-up of sapsuckers in the hybrid zone changed little over the 15 years of study of 85

the hybrid zone (but see Geographic, genomic, and genetic patterns of introgression below).86

We examined sapsuckers for the extent of red on the nape, the degree of invasion of the 87

malar stripe and cheek patch by red in males, the amount of red on the throat of females, and the 88

amount and distribution of white markings on the back, visible characteristics that differ 89

noticeably between the two species of sapsuckers and are intermediate in the hybrids. With the 90

sapsuckers from the hybrid zone, we scored the first two characteristics (three between the two91

sexes) on a scale of 0 to 3, in increments of half points, 0 corresponding to the conditions 92

observed on phenotypically pure S. varius, and the third characteristic in the same fashion on a 93

scale of 0 to 2, for a maximum of 8 points for a phenotypically pure S. nuchalis (Supplemental 94

Material 2). We classified individuals with any evidence of intermediate characters as hybrids.95

96

RAD-Seq methods97

RAD-Seq DNA extraction, processing98

We extracted DNA using a standard phenol-chloroform extraction procedure and sent 63 99

samples (34 S. nuchalis, 18 S. varius, and 11 hybrids) to Cornell100

Genomic Diversity (IGD) for Genotyping-by-Sequencing (GBS) following Elshire et al. (2011) 101

with the restriction enzyme PstI. We sent an additional 84 samples (42 S. nuchalis, 23 S. varius,102

and 19 hybrids) to the Genomic Sequencing and Analysis Facility (GSAF) at the University of 103

Texas for double digest RADseq (ddRAD) using the restriction enzyme pair NlaIII and MluCI104

following Peterson et al. (2012). See Supplemental Materials 3 for population locations and 105

sample sizes. Ten individuals were sent to both facilities for a total of 137 unique samples, 57106

collected within AB and 76 from outside AB.107
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108

SNP calling109

Due to the lack of a reference genome for Sphyrapicus, we performed de novo SNP110

calling. For the GBS dataset, we used the GBS UNEAK analysis pipeline version 3.0, which is 111

an extension of the JAVA program TASSEL (Bradbury et al. 2007), to filter reads and call 112

SNPs. Quality filtering removed any reads with incorrect, missing, or multiple restriction cut 113

sites or barcodes. Reads were aligned into identical sequence tags with a threshold of a minimum 114

of 10 reads per tag for inclusion in the SNP calling process, the error tolerance rate set to 0.03,115

and a minimum minor allele frequency (MAF) of 0.05 for pairwise alignment identification of 116

SNPs. We kept a maximum of one SNP per read to minimize linkage disequilibrium in 117

downstream analyses, and only SNPs that were present in more than 40% of individuals were 118

retained. We also filtered out individuals that had fewer than 10 % called genotypes.119

We filtered, demultiplexed, and cleaned the ddRAD data using the STACKS v 2.5120

process_radtags pipeline (J. Catchen et al., 2013; J. M. Catchen et al., 2011). We used the 121

denovo_map STACKS pipeline to identify SNPs de novo with the number of reads required to 122

create a stack set to 10. We used similar filtering parameters to the GBS dataset in STACKS by123

filtering for a MAF of 0.05 and only keeping SNPs present in 40 % of individuals. We then used124

PLINK v 1.07 (Purcell et al. 2007) to filter the ddRAD samples for individuals with no less than 125

10% called genotypes.126

127

Genomic analyses of hybrid zone individuals128

Pairwise FST was calculated using the software ARLEQUIN v 3.5.2.2 (Excoffier & 129

Lischer 2010) for both the GBS and ddRAD datasets. We calculated two sets of pairwise FST130
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values for the two different datasets, one using only those individuals from allopatric populations 131

and one for only phenotypically pure species within the hybrid zone. PCAs were made for both 132

datasets in R v 4.0.3 (R Development Core Team 2020) in accordance with scripts from Irwin et 133

al. (2016).134

To determine the proportion of ancestry from each species in individuals from the hybrid 135

zone, we used the program ADMIXTURE v 1.2.3 (Alexander et al., 2009). As a result, we ran 136

each ADMIXTURE analysis for K = 1-5, using a quasi-Newton algorithm for accelerated 137

convergence (Zhou et al., 2011) and a 5-fold cross-validation. We used the default block 138

relaxation algorithm to perform point estimation stopping the analyses when the change in the 139

log-likelihood of point estimations between iterations increased by <0.0001. We determined the 140

number of clusters that best fit the data by the K value with the lowest cross-validation error. We141

ran ADMIXTURE on the two datasets separately as they both contain different loci and different 142

individuals. After the analyses, we compared the results using t-tests of each species 143

classification group and paired t-tests on samples sequenced using both RAD-Seq methods and 144

found they were not significantly different (S. nuchalis, p = 0.37; S. varius, p = 0.74; hybrid, p = 145

0.07; samples sequenced with both technologies, p = 0.94). We therefore combined the results to 146

view the complete dataset together. We used the resulting ancestry coefficient values to define 147

individuals as either S. nuchalis S. varius (Q 0.9), or admixed (0.1 < Q < 0.9) in 148

accordance with Billerman et al. (2019). For ADMIXTURE plots, we removed five samples 149

lacking geographic data and plotted all AB individuals in ascending latitudinal order.150

151

Genomic structure of the hybrid zone152
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To determine the proportion of F1 and advanced generation hybrids within AB, we 153

compared the hybrid index (HINDEX) score (the allele frequencies of the individual compared154

to the allele frequencies of a priori defined parental populations) to the interspecific 155

heterozygosity score (mean number of loci that are heterozygous for parental alleles) for each 156

individual within AB using the R package INTROGRESS v 1.22 (Gompert & Buerkle, 2010; 157

Gompert & Buerkle, 2009; R Development Core Team, 2013) for both GBS and ddRAD datasets 158

individually. We compared the HINDEX results using t-tests as in ADMIXTURE analyses and 159

found they were not significantly different (HINDEX: S. nuchalis, p = 0.13; S. varius, p = 0.16; 160

hybrid, p = 0.08; samples sequenced with both technologies, p = 0.95; interspecific 161

heterozygosity: S. nuchalis, p = 0.06; S. varius, p = 0.11; hybrid, p = 0.15; samples sequenced 162

with both technologies, p = 0.56) and combined the two datasets for further analysis. We defined 163

parental individuals within AB as those with a hybrid index of S. nuchalis164

(S. varius).165

We plotted the interspecific heterozygosity against the hybrid index for each individual to 166

distinguish pure individuals from F1 hybrids or advanced generation backcrosses. We used S.167

varius and S. nuchalis individuals from allopatric populations with high assignment of ancestry 168

to their respective species in ADMIXTURE as a priori parental populations in the 169

INTROGRESS analysis. To determine the genetic composition of individuals within the hybrid 170

zone, we analyzed all individuals located within AB regardless of their phenotypic identification. 171

172

Traditional genetic marker methods173

DNA extraction, amplification, and sequencing174
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We selected a total of 206 samples from populations outside and within Alberta from 175

each species and 45 individuals designated as phenotypic hybrids (Supplemental Materials 4).176

We extracted total genomic DNA from blood samples using a modified Chelex extraction 177

(Walsh et al., 1991, Burg and Croxall 2001). Following extraction, we stored all samples at -178

We Sanger sequenced an array of genetic loci looking to find SNPs or indels that 179

differentiated between species and found none that were diagnostic. Three, -enolase,180

glyceraldehyde, and an anonymous nuclear marker, showed strong species-specific structure. We 181

screened for polymorphi182

We amplified a 370 bp segment of the -enolase (Enol) nuclear gene in 17 individuals 183

total from S. nuchalis and S. varius using the Enol8L731 and Enol9H912 primers (Supplemental 184

Material 5). The thermal cycling profile was one cycle of 120 s at 94 s at 54 s at 185

72 s at 94 s at 54 s at 72 s at 72186

20 s at 4 µL PCR reaction contained 5x Green GoTaq® Flexi buffer (Promega), 187

0.2 mM dNTP, 1 mM MgCl2, 0.4 µM primers Enol8L731 and Enol9H912, 0.5 U GoTaq® Flexi 188

polymerase, and genomic DNA.189

We amplified and sequenced a 450 bp region of the glyceraldehyde gene (GAPD) in a 190

total of 11 individuals of both species using primers GAPD11L890 and GAPD12H950 191

(Supplemental Material 5). The thermal cycling profile was similar to that used to amplify Enol, 192

2.193

We sequenced 760 bp of an anonymous region (ANM) in 21 individuals from both 194

species using primers TP1F4 and TP1R5 (Supplemental Material 5). The thermal cycling profile 195

05 s extension 196

time, 0.8 mM dNTP, and 2.5 mM MgCl2.197
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We sent successfully amplified samples to NanuQ sequencing service at McGill 198

University, Montreal, Quebec for sequencing. We aligned sequences using MEGA v. 6 (Tamura 199

et al. 2011).200

201

SNP screening202

We used the aligned Enol, GAPD, and anonymous nuclear marker sequences to identify 203

204

sequences contained a 4 bp insertion/deletion that was associated with a CTC/ATG multiple 205

nucleotide polymorphism (hereafter referred to as a SNP for simplicity)206

of the GAPD11L890 primer. Sequences from the anonymous nuclear marker revealed a C/T 207

We designed new primers for Enol and the 208

anonymous nuclear marker to anneal near the SNP to introduce a restriction enzyme cut sites 209

associated with the SNPs to allow screening with restriction enzymes. The Enol SapLM13210

primer changed the original GTGG sequence to GCGG to cut with NlaIII. The new ANM primer 211

(TP1 SapRM13) changed the original CCGTTAA sequence to CCGGTAA to cut with MspI. We 212

213

size differences of digested products on an agarose gel (GAPD, anonymous nuclear marker). 214

We used a standard PCR protocol with a 10 µL reaction containing 0.1 mM dNTP, 215

0.4 µM primers, 0.25 U GoTaq® Flexi polymerase, genomic DNA, and varying amounts of 216

MgCl2, 5x GoTaq® Flexi buffer (Promega), and the addition or omission of 0.04 µM fluorescent 217

M13 tag (Supplemental Material 6). Thermal cycling protocols were the same as GAPD, with 218

different annealing temperatures (Supplemental Material 6). We digested PCR products with 219
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restriction enzymes (Supplemental Material 6) and a 1x buffer for a minimum of 3 hours at220

37221

We ran digested Enol products on a 6% acrylamide gel on the LI-COR 4300 DNA 222

Analyzer and scored individuals as homozygous for T (187 bp) or C (41 bp and 146 bp), or 223

heterozygous (41 bp, 146 bp, and 187 bp) for 187 individuals. We ran the GAPD and the 224

anonymous nuclear marker restriction digests on a 3% agarose gel. We scored 174 individuals 225

for the GAPD locus as CTC/deletion (469 bp), ATG/insertion (149 bp and 320 bp), or 226

heterozygous (149 bp, 320 bp, and 469 bp). We scored the products at the anonymous nuclear 227

marker as homozygous C (41 bp and 103 bp) or T (144 bp), or heterozygous (41 bp, 103 bp, and 228

144 bp) for 206 individuals. 229

To determine statistical significance of SNP variation between S. nuchalis and S. varius,230

between each species and hybrids, and between zones of allopatry and sympatry within each 231

232

We ran genotype data at all three loci through STRUCTURE v. 2.3.4 (Pritchard et al. 233

2000) for ancestry assignment. We used a burn in of 10,000, MCMC length of 150,000, the loc 234

priors setting and ran ten iterations for each K = 2-4. We used the lowest log-likelihood values to 235

select optimal K for the data, and averaged Q values. We used the resulting ancestry coefficient 236

values to define individuals as either S. nuchalis S. varius ixed (0.1 < 237

Q < 0.9) in accordance with Billerman et al. (2019).238

239

Results240

RAD-Seq 241
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After filtering, the GBS dataset contained 133,191,542 good barcoded reads which made 242

up 119,371 reciprocal tag pairs and resulted in a total of 3,860 SNPs shared between S. varius243

and S. nuchalis while the ddRAD dataset contained 316,037,253 good barcoded reads which 244

made up 80,819 stacks and resulted in a total of 205 such SNPs. Thirteen samples were removed 245

from the ddRAD dataset due to missing data resulting in 71 samples (18 S. varius, 35 S.246

nuchalis, and 18 hybrids, see Supplemental Material 3). The pairwise FST for the GBS dataset 247

was 0.26 (p < 0.05) using only allopatric individuals and 0.16 (p < 0.05) using only 248

phenotypically pure individuals from within AB. The pairwise FST for the ddRAD dataset was 249

0.26 (p < 0.05). After filtering too few pure S. varius from within the hybrid zone remained in 250

the ddRAD dataset to calculate a pairwise FST251

within AB. The PCA differentiated S. varius and S. nuchalis along PC1 with two mostly separate 252

clusters and hybrid individuals positioned between them along the first principal component 253

(Figure 1). However, some AB samples classified as S. nuchalis or S. varius grouped with a 254

mostly hybrid cluster along the centre of PC1 in the GBS dataset and many phenotypically 255

hybrid samples were clustered with the genotypically parental groups on either end of PC1 using 256

both RAD-Seq datasets. ADMIXTURE identified K = 2 as having the lowest cross-validation 257

error, and therefore the optimal number of clusters for both the ddRAD and GBS datasets. 258

The ADMIXTURE plot differentiated individuals outside of AB into two distinct clusters 259

one for S. varius and one for S. nuchalis (Figure 2a). Individuals identified phenotypically as S.260

nuchalis within AB were more admixed than both S. nuchalis individuals outside the zone and S.261

varius within AB. Sphyrapicus varius within AB showed little or no admixture, with the 262

exception of one individual with 37% S. nuchalis ancestry (Figure 2a).263
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The hybrid individuals within AB had a mix of ancestry from both species. The 264

phenotypic hybrid score of birds in the hybrid zone correlated loosely with their ancestry 265

coefficient (Q values) for both RAD-Seq (r = 0.78) and traditional genetic marker data (r = 0.60;266

Figure 3). However, as in the PCAs, many birds that were phenotypically classed as hybrids 267

showed genotypic scores typical of parental birds. The amount of admixture varied throughout 268

AB, with individuals located further north having a higher proportion of S. varius ancestry and 269

those to the south, a greater proportion of S. nuchalis ancestry (Figure 2a). Individuals with 270

271

272

hybrid zone approximately 275 km long (Figure 4). Within AB, 26% of birds were classified as 273

genomic S. nuchalis 22% as genomic S. varius 52% as genomic 274

admixed (0.1 < Q < 0.9). Females were not underrepresented in the hybrid zone as compared to 275

the allopatric zone. 276

Individuals within AB exhibited low overall interspecific heterozygosity (0.11 0.41;277

Figure 5). None of the samples in AB had an interspecific heterozygosity of zero, indicating all 278

AB samples have heterozygous loci from both species (Figure 5). The maximum hybrid index 279

value observed in the hybrid zone was > 0.999 (a hybrid), and the minimum hybrid index value 280

was < 0.001 (a S. nuchalis). Eleven of the 21 individuals phenotypically identified as S. nuchalis281

in AB were identified as genotypic hybrids (HINDEX 0.1- 0.9), three of the 29 phenotypic 282

hybrids were genotypic S nuchalis (H 0.1) and two were genotypic S. varius (HINDEX 283

0.9), and eight phenotypic S. varius within AB were genotypic hybrids (HINDEX 0.1-0.9). The 284

ancestry of hybrids within AB was not skewed towards one species or the other, but instead 285

varied across the hybrid index between the two species, similar to the results with ADMIXTURE 286
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(Figures 1, 2 and 5). We found no F1 generation hybrids (HINDEX = 0.5, interspecific 287

heterozygosity = 1.0; Figure 5), but this may be because shared variation between the species 288

prevents early generation birds from having an interspecific heterozygosity equal to 1. The 289

higher than expected interspecific heterozygosity for pure individuals within the hybrid zone and 290

the prevalence of samples with low interspecific heterozygosity is indicative of widespread allele 291

sharing and advanced generation hybrids.292

293

Traditional genetic markers294

Enol showed nearly diagnostic SNPs, with a T allele being characteristic of S. nuchalis295

(107 of 126 alleles) and a C allele being more common in S. varius (121 of 162 alleles; p < 296

0.0001; Table 1, Figure 6). Sphyrapicus nuchalis had a significantly higher proportion of GAPD 297

insertions (106 of 118 alleles) than S. varius (86 of 138 alleles; p < 0.0001; Table 1a,b), and S.298

nuchalis tended to have proportionally fewer T alleles (85 of 128) at the anonymous nuclear 299

marker than S. varius (169 of 194 alleles; p < 0.0001) (Table 1a,b). The two species showed 300

significant differences at all three loci when considering only parental populations outside central 301

Alberta (Enol, GAPD, anonymous nuclear marker, p < 0.0001; Table 1b).302

Birds identified as S. nuchalis within AB had significantly different allele frequencies 303

from both S. varius in 02) (Table 1b).304

However, S. varius had no loci with allele frequencies that differed significantly from hybrids 305

(p 3307).306

Log likelihood values identified K = 2 as optimal for STRUCTURE. The clusters 307

generally described the two species well, with most individuals in central AB expressing shared 308

ancestry (Figure 2b). In AB, the STRUCTURE plot shows admixture extending through the 309
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northern extent of our transect, revealing more extensive introgression in phenotypically S.310

varius individuals than in phenotypically S. nuchalis individuals. Individuals with ancestry 311

312

313

were classified as genetic S. nuchalis S. varius314

genetically admixed (0.1 < Q < 0.9).315

Of 44 individuals examined using both RAD-Seq and traditional methods, Q values 316

assigned clusters similarly in 27 samples and differently in 17 (Supplemental Material 7). Of the 317

17, ten had Q values of >0.8 to the same cluster.318

319

Discussion320

Traditional markers vs RAD-Seq321

We provide the results for traditional genetic markers for a methodological comparison 322

with RAD-Seq because it is generally financially and practically more accessible to researchers. 323

The traditional genetic data differentiated admixed and non-admixed populations (Figure 2b),324

and corroborated the RAD-Seq findings of strong admixture between the two species along a 325

north-south gradient of western AB. However, RAD-Seq data documented less admixture of 326

northern S. varius compared to the traditional methods. The discrepancy between the two 327

methods is likely due to the lower resolution inherent in using three loci compared to thousands 328

of loci with RAD-Seq. Because of this general limitation of the traditional loci approach, we 329

refer primarily to the RAD-Seq results throughout the discussion.330

331

Rates of hybridization and introgression332
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Our data record high levels of introgression and a continuum from early to advanced 333

generation hybrids. Most individuals within west-central AB were genetically admixed (52%334

RAD-Seq, 89% traditional loci) with intermediate Q scores, compared to 44-70% individuals in 335

a S. ruber/S. nuchalis hybrid zone in northern California and Oregon (Billerman et al. 2019),336

15% in the S. ruber/S. nuchalis hybrid zone in central British Columbia (Seneviratne et al. 2016)337

and 3% in the S. ruber/S. varius hybrid zone in British Columbia (Seneviratne et al. 2016). The 338

majority of admixed individuals appear to be advanced generation hybrids (intermediate 339

HINDEX scores, low interspecific heterozygosity). The presence of many advanced generation 340

hybrids with low interspecific heterozygosity and a range of HINDEX scores indicates a well-341

established hybrid zone with many hybrid individuals backcrossing with individuals from the 342

parental species and each other. Unlike northern California and Oregon, in west-central Alberta 343

many of these individuals had mixed phenotypic characteristics (i.e. hybrids; Figure 3).344

345

Geographic, genomic, and genetic patterns of introgression346

Our data document genetic differentiation among allopatric populations of S. nuchalis347

and S. varius that largely disappears within the hybrid zone. This is supported by the strong 348

genetic differentiation of populations outside AB from individuals within AB (Figure 2), and the 349

low differentiation between individuals phenotypically resembling the parent species in AB and 350

hybrids (Figure 5). Admixture of individuals within and near the hybrid zone occurs largely 351

along a north-south gradient, in part due to limited suitable habitat west and east of the area of 352

contact. Sphyrapicus nuchalis largely occurs in the south through low elevation passes across the 353

Rockies, whereas S. varius reaches the contact zone through a narrow strip of forest between the 354

Rocky Mountains and the Canadian prairies that is connected to the boreal forest to the north. 355
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Our sampling throughout approximately 1200 km of AB shows genomically admixed individuals 356

present over approximately 275 km along the foothills east of the Rocky Mountains (Figure 4).357

Sphyrapicus nuchalis and S. varius have more similar habitat preferences than either 358

species does to S. ruber. Both favor secondary growth deciduous and mixed forests and359

specialize on similar plant species including aspen (Populus spp.) and birch (Betula spp.) trees 360

(Walters et al., 2002a, 2002b). However, S. nuchalis generally breeds in higher elevation areas 361

and S. varius is more tightly linked to riparian and early succession habitats (Walters et al., 362

2002a, 2002b). In our study area (hybrid zone) both forms breed primarily along east-west 363

riparian corridors populated by large aspens. Similar habitat preferences increase the likelihood 364

for the parental species to occupy the same area, and sympatry of the forms will increase the 365

likelihood of admixture. Furthermore, the hybrid zone is also located along a transitional 366

environment between montane habitat to the south and the boreal forest to the north, where the367

habitats preferred by the two species blend (Downing and Pettapiece 2006). It is possible that in368

this blended environment intermediate phenotypes could be at an advantage over the parental 369

phenotypes (the bounded hybrid superiority hypothesis of Moore (1977)). Additionally, hybrid 370

zones made up of mostly late generation hybrids could permit selection to create novel allelic 371

combinations adapted to the intermediate environment (Hamilton & Aitken, 2013; Milne & 372

Abbott, 2008; Pinheiro et al., 2016). However, in the absence of data on hybrid fitness and 373

relative abundance, we are unable to directly address this hypothesis. We note that the hybrid 374

zone appears to be moving, S. varius and its characteristics, shifting south slightly over the 15 375

years of study of reproductive interactions between the two forms in western Alberta (Jocelyn 376

Hudon, unpubl. obs.). Because a bounded hybrid superiority model depends on hybrids being 377

more fit in a particular intermediate habitat, our moving hybrid zone may be inconsistent with 378
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this model unless the intermediate habitat is shifting south as well. A southward shift in the379

location of the hybrid zone could help explain why the allele frequencies of traditional marker 380

loci did not differ between AB S. varius (as opposed to allopatric S. varius) and the hybrids. The381

end S. nuchalis traditional marker genotypes found in AB S. varius may reflect a 382

RAD-Seq383

data.384

In this part of Alberta where S. varius and S. nuchalis meet, the mixed forests that both385

species require are largely restricted to riparian corridors in low-lying areas separated by an 386

extensive coniferous cover on the adjacent hills and in one spot the drier Bow River valley,387

resulting in an important drop in density of sapsuckers compared to that in more distant areas 388

where suitable habitat is more readily available. Such density troughs create conditions that can 389

slow the movement of, or even trap, hybrid zones (Barton & Hewitt 1985, Hewitt 1988). 390

Immigration from larger populations to the north and/or to the south may contribute individuals 391

with many 392

hybrids may further promote hybridization (Hewitt 1988, McCracken et al. 2013). 393

This part of Alberta is the meeting place of other species or strongly differentiated 394

subspecies of birds that also hybridize there, including the Yellow-shafted and Red-shafted395

Northern Flicker (Colaptes auratus auratus and C. a. cafer, Wiebe 2000), the Oregon and Slate-396

coloured Dark-eyed Junco (Junco hiemalis oreganus and J. h. hiemalis, Friis et al. 2016), and the 397

forms of the Yellow-rumped Warbler (Dendroica coronata auduboni and 398

D. c. coronata, Brelsford and Irwin 2008), although none have been genetically characterized in399

this area. Additional avian taxon pairs hybridize farther north in the Peace River region east of 400

the Rocky Mountains, Oporornis tolmiei and 401
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O. philadelphia, Irwin et al. 2009) and Winter and Pacific Wrens (Troglodytes hiemalis and T. 402

pacificus, Toews and Irwin 2008). Toews and Irwin (2008) have also noted low wren densities in 403

that contact zone. This broader context highlights the influence regional geographical features 404

and/or habitat have on the location and outcomes of these species contact. It would be 405

interesting to know if any of the other species pairs have experienced recent 406

coincident southern shifts.407

408

Plumage insights409

All pre-genomic species classifications in this study were made based on plumage. 410

Sphyrapicus nuchalis and S. varius are the more difficult sapsuckers to differentiate by plumage, 411

but these classifications were carefully made using an eight-point system developed by J. Hudon 412

(Supplemental Materials 2). Despite meticulous classification, our phenotypic and genotypic 413

classifications were not always concordant. Nineteen AB sapsuckers had genotypic (Q values) 414

and phenotypic classifications that did not accord, with eight phenotypic hybrids classified as 415

genotypic parental types, and 11 phenotypic parental birds were genetically admixed (Figures 2a, 416

3a). Similar patterns were seen in other analyses (Figures 1, 5). This contrasts with the finding 417

that plumage is generally a reliable predictor of ancestry in S. nuchalis and S. ruber (Billerman et 418

al. 2019). This could be due to the plumage differences between S. nuchalis and S. varius being 419

controlled by a few genes of large effect. Judging from the largely independent segregation of 420

the three characteristics that we scored in the hybrids, at least three genomic regions must be 421

involved. Howell (1952) noted the different sapsucker species differ primarily in the presence or 422

absence of red colouration at the tip of black and white feathers on the head, neck, and upper 423

breast. There are other examples where colour differences between closely related species are 424
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explained by few genes or small genomic regions (e.g., Toews et al. 2016, Wang et al. 2020, 425

Aguillon et al. 2021). This means that species designations based on plumage should be taken 426

with care, and analyses should be based upon genetic classifications and additional data 427

wherever possible.428

Plumage is often identified as a potentially important isolating barrier preventing the 429

production of a hybrid swarm and genetic homogenization in sapsuckers (Billerman et al. 2019, 430

Johnson & Zink 1983, Seneviratne et al. 2016). Though assortative mating has been observed or 431

inferred in both S. nuchalis/S. ruber (Billerman et al. 2019, Johnson & Johnson 1985) and S.432

varius/S. ruber (Seneviratne et al. 2012, 2016) hybrid zones, no data has yet been published on433

whether S. nuchalis and S. varius mate assortatively based on plumage phenotypes. In434

Kananaskis Country, about halfway down the hybrid zone, the distribution of phenotypic hybrid 435

scores in 2000 did not differ significantly from a unimodal normal distribution, and pairings at436

36 nests were no different from what would be expected from random pairings amongst available 437

phenotypes (Jocelyn Hudon, unpubl. obs.), suggesting little assortative mating. We note that they 438

439

(Johnson and Zink 1983, Cicero and Johnson 1995). Indeed, hybridization between the two 440

species does not appear to be prevented by their strong genetic differentiation FST between S.441

nuchalis and S. varius (0.26 this study, 0.23 Grossen et al. 2016) is large compared to either 442

species and S. ruber (0.18 ruber/varius, 0.06 ruber/nuchalis, Grossen et al. 2016). This raises an 443

intriguing question: how can assortative mating limit introgression if mate choice is based on a 444

trait that is not closely associated with ancestry, a phenomenon recently described by Semenov et 445

al. (2017) in white wagtails (Motacilla alba). If genotype and phenotype are not highly 446

correlated, assortative mating based on plumage may not necessarily lead to assortative mating at 447



21

most loci, and what would appear to be an isolating barrier may actually permit widespread 448

introgression. 449

450

S. nuchalis/S. varius in the sapsucker hybridization complex451

We have shown that hybridization between S. nuchalis/S. varius occurs in a somewhat452

stable hybrid zone 275 km in length in western Alberta, thus relatively wide compared to the 65 453

km for a S. ruber/S. nuchalis hybrid zone in southern British Columbia and 84 km for S. ruber/S. 454

varius hybrid zone in northern British Columbia (775 and 400 km transects surveyed 455

respectively; Seneviratne et al. 2016). Hybridization rates were quite high, and a variety of 456

hybrid classes existed suggesting backcrossing occurs frequently. These are somewhat surprising 457

results given the strong differentiation between S. nuchalis and S. varius. It could be that the 458

greater phenotypic similarities in S. nuchalis/S. varius facilitate more introgression than would 459

be expected from their high genomic differentiation and more distant evolutionary history.460

Plumage does not appear to be a reliable indicator of genotype among S. nuchalis and S.461

varius individuals, despite high plumage/genotype correlations in another sapsucker pair 462

(Billerman et al. 2019). The contrasts amongst this and other well documented sapsucker hybrid 463

zones are intriguing for such closely related species and may offer a unique opportunity to try to 464

decouple isolating barriers and hybridization rates in a future study integrating all three hybrid 465

zone combinations. 466
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Figures.629

630
631

Figure 1. Principal Component Analysis (PCA) of GBS dataset (a) and ddRAD dataset (b). PC1 632
distinguishes S. nuchalis from S. varius samples, hybrids are intermediate. 633

634
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635
636

Figure 2. ADMIXTURE plot of the sapsuckers using RAD-Seq data (a) and STRUCTURE plot 637
using traditional genetic markers (b) showing S. nuchalis ancestry (black) and S. varius ancestry 638
(white). PID columns show phenotypic species identification for each individual in the 639
STRUCTURE and ADMIXTURE plots, with black representing S. nuchalis, white for S. varius,640
and grey for hybrids. Red lines separate AB birds from birds sampled outside AB. The 641
individuals within AB are organized south to north based on latitude. Violet separates birds 642
trapped within the 275 km hybrid zone identified using RAD-Seq Q values. See Figure 4 and 643
Supplemental Materials 3 and 4 for additional details on locations.644

645
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646
Figure 3. Relationship between the phenotypic hybrid scores of sapsuckers in the hybrid zone in 647
west- RAD-Seq (a) or648
traditional genetic markers (b) data. Black triangles represent S. nuchalis, white circles represent 649
S. varius, and grey diamonds are hybrids.650
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651

652
653

Figure 4. Sampling locations of individuals phenotypically identified as S. nuchalis (black 654
triangles), S. varius (white circles), and hybrids (grey diamonds). Violet indicates location of 655
hybrid zone identified using RAD-Seq loci. 656
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657
Figure 5. Interspecific heterozygosity and hybrid index (HINDEX) scores of each individual in 658
AB for both GBS and ddRAD datasets combined. Symbols identify the forms sampled based on 659
phenotype of the birds: pure S. nuchalis (black triangle), pure S. varius (white circles), and 660
hybrids (grey diamonds). Individuals located on the solid line are back-crossed individuals. The 661
dotted line indicates the expected distribution for individuals if mating was random throughout 662
the zone.663



35

664
665

Figure 6. SNP assignments for Enol, GAPD, and anonymous nuclear marker for each population 666
sampled. Sample sizes in Table 1.667
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Figure 2. ADMIXTURE plot of the sapsuckers using RAD-Seq data (a) and STRUCTURE plot using traditional 
genetic markers (b) showing S. nuchalis ancestry (black) and S. varius ancestry (white). PID columns show 

phenotypic species identification for each individual in the STRUCTURE and ADMIXTURE plots, with black 
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Figure 3. Relationship between the phenotypic hybrid scores of sapsuckers in the hybrid zone in west-central 
Alberta and the birds’ ancestry coefficient (Q) as determined using RAD-Seq (a) or traditional genetic 

markers (b) data. Black triangles represent S. nuchalis, white circles represent S. varius, and grey diamonds 
are hybrids. 



Figure 4. Sampling locations of individuals phenotypically identified as S. nuchalis (black triangles), S. varius 
(white circles), and hybrids (grey diamonds). Violet indicates location of hybrid zone identified using RAD-

Seq loci. 
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Figure 6. SNP assignments for Enol, GAPD, and anonymous nuclear marker for each population sampled. 
Sample sizes in Table 1. 


