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Cryptic genetic diversity and cytonuclear discordance characterize contact among 

Canada Jay (Perisoreus canadensis) morphotypes in western North America 

Abstract 

Three distinct Canada Jay (Perisoreus canadensis) morphotypes with easily recognizable 

plumage traits come into contact in western North America. Recent work demonstrated 

high genetic structure across the species’ range; however, patterns of genetic variation 

in these contact zones remain unknown. We categorized 605 individuals into one of 

three morphotypes (Pacific, Rocky Mountain, and Boreal) based on plumage, and 

genotyped individuals at the mtDNA control region and 12 microsatellite loci to assess 

the extent of hybridization between morphotypes. Our data showed cryptic genetic 

diversity and high cytonuclear discordance among morphotypes within contact zones, 

which is likely the result of recent and historical admixture. The distributions of the 

Boreal and Pacific morphotypes each showed a strong association with a single, distinct 

genetic group, whereas the Rocky Mountain morphotype exhibited higher genetic 

diversity and was associated with multiple genotypes. Our analyses show the 

importance of considering both plumage and genetic traits when examining contact 

zones between closely related taxa. Finally the data presented in this study reaffirm that 

the Pacific morphotype is distinct from the Boreal and Rocky Mountain morphotypes 

based on genetic, phenotypic, and ecological data, indicating that the Pacific 

morphotype should be re-elevated to a full species.   

Keywords: cryptic diversity, cytonuclear discordance, hybridization, morphotype, 

Perisoreus canadensis, secondary contact  



Introduction 

Many morphologically similar species occupy the same geographic area and have similar 

ecological requirements, thereby making it difficult to distinguish one species from 

another (Brown et al., 2007; Elmer et al., 2007). For these reasons biodiversity may be 

cryptic and underestimated. Technological advancements have improved our ability to 

quantify and monitor biodiversity (e.g. DNA barcoding, Hebert et al., 2003), which is 

now thought to be much greater than originally estimated (Mora et al., 2011; Pimm et 

al., 2014). These technological advancements not only improve our ability to study, 

monitor, and quantify biodiversity. 

Although our ability to monitor and quantify biodiversity has improved; 

determining whether two similar taxa qualify as “species” (i.e. are judged to be 

“sufficiently” isolated from each other reproductively) is complicated because many 

taxon pairs are capable, to varying extents, of interbreeding and producing viable 

hybrids when they come into contact in zones of sympatry (Bell, 1996; Bradbury et al., 

2014; Toews et al., 2016). Hybridization is currently viewed as an important component 

in evolution, promoting genetic diversification (Smith et al., 2003; Capblancq et al., 

2015; Kagawa & Takimoto, 2018). Many traits, including behaviour, ecology, life history, 

and morphology influence the potential for hybridization; therefore, examining areas 

where two or more morphologically similar taxa come into contact with each other will 

provide greater insight into factors driving evolution and speciation. 

 Multiple geographic regions exist where large numbers of closely related species 

come into contact (Swenson & Howard, 2005). In North America, many of these contact 



zones are found in the west where several major mountain ranges, habitat breaks, and 

other geographic barriers reduce gene flow (Swenson & Howard, 2005). In addition to 

present-day barriers, many historical events have helped shape biodiversity and 

ecological patterns. In particular, Pleistocene glaciations, with alternating cycles of 

glacial and interglacial periods that began approximately 2.5 million years ago, had a 

profound effect on biodiversity. Isolation during these periods as well as post-glacial 

colonization patterns have shaped many of the observed phylogeographic patterns, and 

these patterns are consistent across taxa (Weir & Schluter, 2004). Thus, many sister 

species exhibit morphological or plumage differences that may be indicative of 

reproductive isolation (Schluter, 2009; Grossen et al., 2016). 

 The Canada Jay (Perisoreus canadensis) is a widely distributed resident corvid 

found in the boreal and subalpine forests of North America (Strickland & Ouellet, 2020). 

In addition to the continent-spanning (Alaska to Newfoundland) Boreal morphotype, 

two other distinct morphotypes occur in the western U.S. and Canada (Box 1, Figure 1). 

The Pacific form occurs from northern California through the Coastal and Cascades 

Ranges of Oregon and Washington to south-central British Columbia. Compared to the 

Boreal form, Pacific birds are pale-breasted, have conspicuous white-shafted feathers in 

their dorsal plumage, and have a more extensive dark crown patch. The Rocky Mountain 

morphotype, while more similar to the Boreal form than to the Pacific morphotype, is 

usually paler and with the dark nuchal patch failing to reach as far forward as the eyes, 

leaving individuals in this form with a notably “white-headed” appearance. Rocky 

Mountain morphotypes range from southeastern and central British Columbia to 



increasingly isolated and high-elevation Rocky Mountain locations as far south as New 

Mexico and Arizona. The three morphotypes show putative evidence of hybridization 

where they meet and sometimes overlap in southern and central British Columbia (i.e. 

birds with diagnostic plumage traits of two or more morphotypes).  

The two western morphotypes were initially described as “varieties” of the 

Canada Jay (Ridgeway, 1873), but the Pacific morphotype was later proposed as a full 

species (Sharpe, 1877) and this was accepted by Ridgway (Ridgway, 1880) as P. 

obscurus, the “Oregon Jay” (Strickland, 2017; Strickland & Ouellet, 2020). This status 

was retained until 1944, when the putatively separate species was lumped back into P. 

canadensis (American Ornithologist Union, 1944). Two recent studies (van Els et al., 

2012; Dohms et al., 2017) using analyses of mtDNA and microsatellite genetic variation, 

demonstrated population genetic structure with high diversity, four monophyletic 

groups based on mtDNA, and multiple contact zones. Because sampling within the 

contact zones was limited, questions remain about the genetic patterns within these 

areas.  

We used genotypic and phenotypic data in conjunction with spatial distribution 

models to provide a comparative framework for examining morphotype variation within 

putative contact zones of Canada Jays. Specifically, we sought to examine the extent of 

admixture among morphotypes, whether morphotypes produce hybrids, and the 

geographic distribution of introgression. Given that little is known about the relationship 

between genetic and phenotypic patterns within this species, we also explored this 

question in greater detail. 



Methods 

Sampling 

 We collected blood, feather, and tissues samples from 605 individuals (Table S1) 

between 1990 and 2018 at 35 sampling sites (hereafter referred to as populations; 

Figure 1), including 334 samples used in prior studies (224 samples from Dohms et al., 

2017; 110 samples from van Els et al., 2012). The remaining 271 samples were collected 

between 2012 and 2018 to increase the number of samples from western North 

America, focusing on areas near or within the putative contact zones. Of the 605 

samples, 300 were collected from live birds and 305 from tissues vouchered by museum 

specimens (Table S1). A small blood sample (~50 µL) or tail feather was collected from 

live birds, and birds were banded with a unique aluminum numbered band to avoid re-

sampling. We extracted DNA from all blood, feather, and tissue samples using a 

modified chelex reaction (Walsh et al., 1991) as outlined by (Burg & Croxall, 2001). 

 

Phenotype assignment 

 Analysis of plumage data for 199 museum skins confirmed that the three 

morphotypes are distinct from each other, and that several key plumage traits can be 

used to categorize individuals accurately (see supplemental methods); 93.4% of 

individuals were identified to the morphotype designated by the observers using 

discriminant function analysis following a cross-validated approach (see supplemental 

results). We then examined the phenotype for each of the 605 individuals and assigned 

them to one of the three morphotypes: Boreal, Pacific, or Rocky Mountain (details in 



Box 1). In a small number of cases (n=15), we could not assign individuals to a specific 

morphotype because they possessed diagnostic plumage traits from at least two 

morphotypes; these birds were categorized as intergrades (examples of putative 

intergrades are shown in Figure S1). For live birds, we made notes on the appearance in 

the field and took photos of the crown, dorsal, and ventral colouration.  

 

Spatial Distribution Modeling  

 Using photographs available from citizen science data platforms (eBird; 

www.ebird.org), we delineated the distribution of the three morphotypes in western 

North America to identify putative contact zones. We constructed separate spatial 

distribution models for each morphotype using georeferenced photos from eBird to 

estimate areas of suitable habitat. We reviewed over 7,000 photos taken in western 

North America that were available on October 28th 2019, and assigned birds to one of 

the three morphotypes; in many cases, multiple photos were available from the same 

area, and we reviewed all of these photos to ensure that multiple morphotypes were 

not present. Our final dataset contained 1,234 georeferenced points from eBird and 605 

georeferenced points from our samples (Figure 1). Apparent intergrades (n=59) were 

identified and excluded from the ecological niche models (ENM) due to their 

intermediate morphology. Prior to modeling, we removed all duplicates and outliers for 

each morphotype dataset. We used the thinning function with a distance of 5 km in the 

R package Wallace (version 1.06; Kass et al., 2018) to reduce any sampling bias. Our final 



dataset included 156, 152, and 193 georeferenced points for the Boreal, Pacific, and 

Rocky Mountain morphotypes, respectively. 

 The settings in our model followed those outlined by Dohms et al. (2017). All 

three models were constructed with 10 BIOCLIM variables (annual mean temperature, 

mean diurnal range, isothermality, temperature seasonality, mean temperature of 

wettest quarter, annual precipitation, precipitation of driest month, precipitation 

seasonality, precipitation of warmest quarter, precipitation of coldest quarter), and 25% 

of our points were used to train the models while the remaining points were used to 

test the model. 

 

Microsatellite and mtDNA genotyping 

 We genotyped individuals at 12 microsatellite loci developed for other avian 

species. Seven of the 12 primer sets (ApCo 30, ApCo37, ApCo 40, ApCo 41, ApCo 91, 

(Stenzler & Fitzpatrick, 2002); Ck.2 A5 A, (Tarr & Fleischer, 1998); MJG1, (Li et al., 1997)) 

were used in a previous study of Canada Jays (Dohms et al., 2017), while five additional 

primer sets (AIAAAAG13, (Delaney & Wayne, 2005); LTML8, (McDonald & Potts, 1994); 

Pdo5, (Otter et al., 1998); PJGATA2, (Busch et al., 2009); Lox 1, (Bensch et al., 1997)) 

were added for this study. PCR techniques and thermocycler conditions followed those 

outlined in Dohms et al. (2017); for the five new primer sets, TA1 of 50°C and TA2 of 52°C 

for the two-step annealing process. 

 

MtDNA 



 We genotyped the mtDNA control region for all 605 individuals. For the purpose 

of this study, we were interested in which individuals were assigned to one of the four-

mtDNA clades (Pacific, Intermountain West, Boreal, and southwest Rockies) identified 

by van Els et al. (2012) and Dohms et al. (2017). Using the sequences from Dohms et al. 

(2017), we identified diagnostic SNPs and designed separate primers for each clade 

(Table S2) to amplify individuals based on the diagnostic sites. PCRs were conducted in 

10 μL reactions with 5× GoTaq Goflexi Buffer, 2 mM MgCl2, 0.2 μM dNTP, 1 μM of each 

forward and reverse primer, and 0.5 U of taq. Thermocycler conditions were the same 

as Dohms et al. (2017), with the exception of a 60°C annealing temperature. We ran PCR 

products on a 0.8% agarose gel to confirm amplification. To confirm that the newly 

designed primer sets identified the correct mtDNA lineage, we sequenced a subset of 

individuals in addition to screening previously sequenced samples from Dohms et al. 

(2017). Sequencing was completed at NanuQ (Genome Quebec). 

 

Population structure analyses 

 We tested the 12 microsatellite loci for deviations from Hardy-Weinberg 

equilibrium and linkage disequilibrium using GENEPOP 4.7 (Raymond & Rousset, 1995). 

We corrected for multiple tests using the sequential Bonferroni method (Rice, 1989). To 

quantify and compare genetic diversity among populations, we calculated allelic 

richness using the heirfstat package in R, and both observed and unbiased expected 

heterozygosity in GenAlEx 6.5 (Peakall & Smouse, 2012). We compared the three 



genetic diversity measurements among populations using a Kruskal-Wallis test in Past 

3.0 (Hammer et al., 2001).  

We used STRUCTURE v2.3.4 (Pritchard et al., 2000) to determine the number of 

clusters (K) across western North America based on the microsatellite data. We ran 10 

iterations for each K (K = 1-6) with a burn-in of 25,000 chains, followed by 50,000 

replicates, and did not include loc priors. To determine how many genetic clusters were 

present across our study area, we estimated K by calculating ΔK (Evanno et al., 2005) 

and examining posterior probabilities as recommended by Pritchard et al. (2000). 

Following our initial analyses, we examined hierarchical genetic structure within genetic 

clusters using the same settings for K = 1 to 5.  

 We combined the mtDNA and microsatellite genotyping data to examine 

admixture between morphotypes. We considered an individual to be admixed if there 

was a mismatch between its mtDNA and nuclear genotype (e.g. an individual assigned to 

the ‘Boreal’ mtDNA lineage, but clustered with the ‘Pacific’ microsatellite group). Lastly, 

we combined both genetic datasets with the plumage classification data to examine 

patterns of cytonuclear discordance within and among morphotypes (examples shown 

in Figure S2).  

 To examine the geographic distribution of plumage and genetic variation across 

western North America, we created a phenoscape using plumage data and three 

genoscapes (mtDNA, microsatellite, and mtDNA and microsatellite combined data). 

Both the phenoscape and genoscapes were created in R (version 3.6.3) using the 

packages and scripts outlined by Eric Anderson and the Bird Genoscape Project 



(https://eriqande.github.io/make-a-BGP-map/Make-a-BGP-map-Notebook.nb.html). For 

the range map included in these analyses, we used the Canada Jay range map in -

Strickland & Ouellet (2020), for which digital maps are provided by Birds of the World 

(2016). We used the kriging method to interpolate Q-values generated from our 

STRUCTURE analyses for both plumage and genetics. This analysis overlays group 

membership onto the distribution map with each colour representing one of the 

identified plumage or genetic clusters (Ruegg et al., 2014). For our analyses of plumage, 

mtDNA, and microsatellites combined, we included hybrids as a separate cluster to 

identify the extent of putative contact zones.  

 

Results 

Phenotypic patterns 

 Of the 605 birds examined, 231 were Pacific morphotypes, 272 were Rocky 

Mountain morphotypes, and 87 were Boreal morphotypes (Table 1). In addition we 

identified 15 putative hybrids, all located within contact zones west of the Rockies and 

east of the Cascades (Figure 2). 

 

Spatial distribution modeling 

 The mean AUC was high (≥0.89) for each of our three spatial distribution models 

(Figure S2). Combined, the models predicted suitable habitat for all three morphotypes 

throughout the study area, with extensive overlaps in the Pacific Northwest, southern 

British Columbia, and northern Washington. All three morphotypes had a high 



probability (>0.54) of occurring within the areas of overlap, although Pacific 

morphotypes had the highest probability (0.77). Overall, the models predicted greater 

overlap of suitable habitat between Boreal and Rocky Mountain morphotypes, 

especially in interior British Columbia and throughout the Rocky Mountains in southern 

Alberta and Montana. 

 

Genetic analyses 

The twelve microsatellite loci used in this study were all polymorphic, with 

several loci exhibiting high levels of polymorphism (mean: 16.58 ± 4.08 alleles; range: 5-

52 alleles; Table S3). Overall, 22 of 420 (5%) loci × population comparisons exhibited 

departures from Hardy-Weinberg equilibrium (p<0.003) following corrections for 

multiple tests. Five of the twenty-two (23%) loci × population comparisons involved the 

Wyoming population; however, we left this population in our analyses because the high 

frequency of departures from Hardy-Weinberg equilibrium is consistent with patterns 

expected by the Wahlund effect due to the presence of multiple mtDNA lineages and 

microsatellite genetic clusters within this population. Only three of 2,310 (<1%) loci × 

population combinations showed evidence of departures from linkage disequilibrium 

(p<0.0005).  

 Genetic diversity measures (allelic richness, observed heterozygosity, and 

unbiased expected heterozygosity; χ2=15.89-16.41, p>0.99) were comparable across all 

35 populations. Genetic diversity was lowest on Vancouver Island and in several of the 

southeast Rocky Mountain populations. 



 Of the 605 individuals genotyped for the mtDNA CR, 66.3% had Intermountain 

West or Pacific haplotypes, 22.5% had Boreal haplotypes, and 11.2% had southeast 

Rockies haplotypes. The geographic distribution of CR haplotypes matched those 

reported by Dohms et al. (2017), although we observed higher rates of mtDNA 

introgression (Figure 2) than previously reported by both van Els et al. (2012) and 

Dohms et al. (2017). At the population level, 11 of the 35 populations were composed of 

individuals from two different mtDNA lineages, while two populations (Joffre Lakes 

British Columbia, and Okanogan County Washington) were composed of individuals 

from three mtDNA lineages (Figure 2). 

 Microsatellite genetic patterns exhibited a similar geographic distribution to 

mtDNA patterns, although we observed some differences (Figure 2). The Evanno 

method revealed K=2 (ΔK=173.37; not shown) and K=3 (ΔK=87.91; Figure 2A) as the top 

models. At K=2, individuals from west of the Cascades and Vancouver Island formed one 

genetic cluster, while the remaining individuals formed the second genetic cluster. At 

K=3, these same western individuals again formed one genetic cluster, while individuals 

in the southeast Rockies (southwest Montana, Colorado, Utah, New Mexico and parts of 

Wyoming) separated from all other individuals in Alberta, British Columbia, Idaho, 

Washington, and Oregon. Given that this third genetic cluster encompassed such a 

broad geographic area and was composed of birds with both Boreal and Rocky 

Mountain phenotypes, we examined hierarchical structure within this group. 

STRUCTURE recognized two distinct clusters (ΔK=97.56; Figure 2B) in this second 

analysis; individuals from interior British Columbia and the northern Canadian Rocky 



Mountains clustered together, while individuals located in southern British Columbia 

and the northwestern United States formed the second genetic cluster, although some 

populations had individuals assigned to the other genetic cluster. Across both 

STRUCTURE analyses, a portion of individuals (26 of 605; 4.3%) exhibited similar Q-

values for two or more clusters and therefore could not be assigned to a single genetic 

cluster; we considered these birds as admixed if the assignment to the highest group 

was <50%. 

Overall STRUCTURE (K=3) showed high accuracy and power with respect to 

assigning birds to the correct genetic cluster. In areas of allopatry, where only one 

morphotype is found, STRUCTURE accurately assigned individuals to the correct genetic 

cluster; only 22 individuals (4.8%) were assigned to the incorrect genetic cluster (Figure 

S3). In areas of sympatry, where two or morphotypes are present, assignments with 

STRUCTURE were less accurate as 39 individuals (27%) were assigned to the incorrect 

cluster. 

 

Phenotypic and genetic patterns 

Both Boreal and Pacific morphotypes were strongly associated with the Boreal 

and Pacific mtDNA and microsatellite genetic clusters, respectively (Figure 3). The Rocky 

Mountain morphotype was associated with three mtDNA clades (Intermountain West, 

Boreal, and southeast Rocky Mountain) and two microsatellite genetic clusters 

(Intermountain West and southeast Rocky Mountain); overall there was strong 

geographic structuring of mtDNA and microsatellite patterns within the Rocky Mountain 



morphotype (Figure 3). Among the 15 individuals identified as putative hybrids, the 

majority (87%) of birds had Intermountain West mtDNA haplotypes, yet clustered with 

the Boreal (40%) or Pacific (47%) genetic clusters based on microsatellites. Individuals 

with either Pacific or Boreal morphotypes exhibiting mismatches between phenotype 

and genotype were located within contact zones. Among the Rocky Mountain 

morphotype, 39% of individuals had Intermountain West mtDNA haplotypes and 

clustered with the Intermountain West microsatellite group, 24% had southeast Rocky 

Mountain mtDNA haplotypes and clustered with the southeast Rocky Mountain 

microsatellite group, while 36% exhibited cytonuclear discordance (Figures 2 and 4). 

Finally, all 15 individuals with hybrid or intergrade morphotypes exhibited cytonuclear 

discordance.  

Plumage, mtDNA, and microsatellite data all showed similar patterns across 

geographic space (Figure 4), although there were some differences. Intergrade or hybrid 

morphotypes were identified in southern British Columbia and northern Washington 

(examples shown in Figure S4). Genetic contact zones for both mtDNA and 

microsatellite markers were broader, and we identified several areas in addition to 

southern British Columbia and northern Washington where genetic groups combine; 

these include northeastern Oregon, southern Alberta and northern Montana, as well as 

Wyoming. When we combined both mtDNA and microsatellite markers, we identified 

three areas where cytonuclear discordance is more prominent: southern British 

Columbia and northern Washington, Wyoming, and Utah. Overall, 222 individuals 



showed mismatches between microsatellite and mtDNA patterns demonstrating that 

cytonuclear discordance is prominent in this species. 

 

Discussion  

The overall genetic diversity and variation matches the general patterns 

reported by van Els et al. (2012) and Dohms et al. (2017); the current study, however, 

reveals high instances of cytonuclear discordance in putative contact zones due to the 

more intensive sampling undertaken in this study. The geographic distribution of 

morphotypes, genetic lineages, and cytonuclear discordance highlights the cryptic 

genetic diversity present within this species, especially in the genetically diverse Rocky 

Mountain morphotype. Further, genetic patterns for Canada Jays are indicative of long-

term isolation, followed by secondary contact, and subsequent hybridization among the 

three morphotypes. Given the observed genetic patterns, it appears that range 

extensions following Pleistocene glaciation facilitated interbreeding and hybridization 

among morphotypes, as has been observed for other species (Chenuil et al., 2019).  

The three morphotypes come into contact across a broad geographic area in 

southern British Columbia and northern Washington. This area of overlap is narrower 

than the area of overlap predicted by spatial distribution modeling. The observed 

introgression and size of this contact zone matches patterns found in other plant and 

animal species (Toews & Irwin, 2008; Gugger et al., 2010; Chavez et al., 2011; Natola & 

Burg, 2018). Within the Pacific genetic lineage and morphotype, we observed extremely 

low levels of cytonuclear discordance west of the Cascades (3.5%) compared to birds 



north and east of the Cascades (36%). Cytonuclear discordance was most prominent in 

previously glaciated areas suggesting secondary contact and subsequent hybridization 

was facilitated by post-glacial expansion, a pattern that has been shown for other 

species (Chavez et al., 2011; Hinojosa et al., 2019). 

In addition, we detected secondary contact and hybridization in the Rocky 

Mountains where genetic patterns are characteristic of both recent and historical 

hybridization between Boreal and Rocky Mountain morphotypes. Spatial distribution 

modeling predicted extensive habitat overlap between Boreal and Rocky Mountain 

morphotypes in Alberta and Montana, an area of ongoing hybridization for several other 

species (Shafer et al., 2011; Natola & Burg, 2018). Genetic diversity is known to be 

underestimated in the Rocky Mountains (Milá et al., 2011), and this is also the case for 

Canada Jays despite the clear transition between Boreal and Rocky Mountain 

morphotypes (Strickland & Ouellet, 2020). Although Canada Jays from southeastern 

British Columbia south to New Mexico and Arizona are exclusively Rocky Mountain 

morphotypes, three of the four mtDNA lineages and two microsatellite groups are 

present in this area. Birds to the north and south of the Wyoming Basin are quite 

distinct from each other. Birds south of the Wyoming Basin form a divergent lineage 

consistent with phylogeographic breaks for other species in the area (Galbreath et al., 

2010; Graham & Burg, 2012), whereas birds north of the Wyoming Basin have either 

Boreal or Intermountain West haplotypes. The presence and frequency of Boreal 

haplotypes this far south, as well as the presence of a population of the Boreal 

morphotype in a disjunct area of white spruce in South Dakota (van Els et al., 2012), 



suggests that the ranges of white spruce and the associated boreal morphotype of the 

Canada Jay formerly extended much farther south than at present. The high frequency 

of cytonuclear discordance in this area appear to have been shaped by historical 

hybridization and subsequent isolation of genetic groups, given the frequency and 

geographic distribution of genotypes in this area (e.g. individuals with southeast Rocky 

Mountain microsatellite genotypes and Boreal mtDNA haplotypes). The genetic patterns 

are further complicated by what appears to be secondary contact with birds that have 

Intermountain West genotypes, given that we observed admixture between 

Intermountain West genotypes and those found both north and south of the Wyoming 

Basin.  

All three morphotypes are associated with coniferous forests, particularly of 

spruce (Picea spp.). The Boreal morphotype is not found apparently outside the ranges 

of black spruce (P. mariana) or white spruce (P. glauca), and the Rocky Mountain 

morphotype is similarly restricted to the range of Engelmann spruce (P. engelmannii). 

The Pacific morphotype, however, shows no consistent relationship with any single 

conifer. It is closely associated with shoreline Sitka spruce (P. sitchensis) in California, for 

example, but absent from similar stands in British Columbia and Alaska. It is common in 

mainland areas of subalpine habitat where Engelmann spruce is often also present, but 

it is equally common in subalpine areas on Vancouver Island where spruce is absent and 

forests are dominated by mountain hemlock (Tsuga mertensia), amabilis fir (Abies 

amabilis), and yellow cedar (Callitropsis nootkensis; Strickland & Ouellet, 2020). Patterns 

of secondary contact and hybridization among Canada Jay morphotypes and genetic 



lineages appear to be most prevalent in previously glaciated areas characterized by 

transitional forest habitat. Pacific morphotypes come into contact and hybridize with 

the other two morphotypes in the northern Cascades where coastal and interior forests 

meet. This pattern also is seen in two parapatric species of tree squirrel (Tamiasciurus 

hudsonicus and T. douglasii) that hybridize in the same region (Arboghast et al., 2001). 

Similarly, patterns of secondary contact and hybridization between Boreal and Rocky 

Mountain morphotypes are congruent with patterns of secondary contact and 

hybridization between Engelmann spruce and white spruce; these species hybridize 

throughout Montana, southwest Alberta, and interior British Columbia (Daubenmire, 

1974). The close association between habitat and hybridization likely reflects prolonged 

isolation of Canada jays in multiple glacial refugia (van Els et al., 2012; Dohms et al., 

2017), and post-glacial expansion following the recolonization by obligate forest species 

(Williams, 2003).   

Incomplete lineage sorting is often used to explain patterns of cytonuclear 

discordance (Toews & Brelsford, 2012).  Given the strong geographic population 

structure among Canada Jays based on microsatellite markers, it seems unlikely that the 

discordance between nuclear and mtDNA genetic patterns is due to incomplete lineage 

sorting. We sought to determine whether the three morphotypes are associated with 

particular genotypes. As has been found in other studies, the relationship between 

plumage and genetic variation is often complex. Plumage patterns are often 

independent of mtDNA or microsatellite genetic patterns (Ribot et al., 2009; Lehtonen 

et al., 2009) because plumage appears to be linked with a relatively small number of 



nuclear genes (Toews et al., 2016; Uy et al., 2016; Funk & Taylor, 2019). Although 

microsatellite and mtDNA markers may be poor predictors of avian plumage variation, 

both Boreal and Pacific morphotypes were strongly associated with Boreal and Pacific 

mtDNA haplotypes and microsatellite genetic clusters, respectively. These patterns 

likely stem from prolonged historical isolation and subsequent genetic differentiation. 

By comparison, Rocky Mountain morphotypes were associated with several genotypes, 

probably reflecting a complex history of hybridization and isolation. Our analysis of 

photos from eBird and the identification of several individuals with hybrid plumage 

suggests that further analysis is warranted. In particular, analysis with next generation 

sequencing techniques may help to uncover the genes associated with plumage 

variation in Canada Jays (Funk & Taylor, 2019). 

Our study emphasizes the complex phylogeographic history of Canada Jays in 

western North America (van Els et al., 2012; Dohms et al., 2017). By sampling contact 

zones more intensively and analyzing phenotypic and genetic data together, we were 

better able to delineate the extent of hybridization among morphotypes and gain 

further insight into the dynamics of these contact zones. Our work provides a 

foundation for future work on the basis of morphotype variation and the genes that are 

associated with plumage variation within this species.  The observed gene flow and 

hybridization among morphotypes in areas of contact is comparable to the patterns 

observed in other species complexes (Bell, 1996; Smith et al., 2003; Grossen et al., 2016; 

Chavez et al., 2011; Toews & Irwin, 2008). Further, the use of multiple approaches to 



examine Canada Jay contact zones incorporates the criteria outlined in Sites & Marshall 

(2004).  

Moving forward we suggest a review of the Pacific morphotype’s taxonomic 

status is warranted. A growing body of research on the genetics, morphology, and 

behavioural ecology of Canada Jay morphotypes (van Els et al., 2012, Dohms et al., 

2017, Strickland & Ouellet, 2020, Strickland & Doucet, in press) suggests that re-

elevation of the Pacific morphotype to full species status may be justified.  
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Location Location 
ID 

allopatric/ 
sympatric 

n Pacific  Rocky 
Mountain 

Boreal Hybrid 

Pacific Coast        
1) Vancouver Island, BC VI-BC allopatric 18 18 - - - 
2) Olympic Peninsula, WA OP-WA allopatric 24 24 - - - 
3) coastal Oregon CoOR allopatric 8 8 - - - 
4) southern Oregon SOR allopatric 19 19 - - - 
Cascade Mountains  allopatric      
5) northwest Cascade Mountains, 
WA 

NWC-WA allopatric 19 19 - - - 

6) eastern Cascade Mountains, WA EC-WA allopatric 14 14 - - - 
7) Mt. Rainier, WA MtR-WA allopatric 36 36 - - - 
8) eastern Cascade Mountains, OR EC-OR allopatric 15 15 - - - 
9) southeast Cascade Mountains, 
OR 

SEC-OR allopatric 18 18 - - - 

west of Rocky Mountains BC  allopatric      
10) Joffre Lakes, BC JL-BC sympatric 16 16 - - - 
11) Princeton, BC P-BC sympatric 13 1 - 2 10 
12) Nickel Plate Provincial Park, BC NPBC sympatric 7 - 4 - 3 
13) Manning Park, BC MP-BC sympatric 11 10 - - 1 
west of Rocky Mountains WA        
14) northeast Cascades, WA NE-Casc sympatric 13 13 - - - 
west slope of Rocky Mountains        
15) Okanogan County, WA OK-WA sympatric 29 20 1 7 1 
16) east of Okanagan Valley, BC EOK-BC sympatric 12 - 12 - - 
17) east of Okanogan, WA EOK-WA sympatric 19 - 19 - - 
18) Pend Oreille, WA PO-WA sympatric 4 - 4 - - 
19) Wallowa, OR Wa-OR allopatric 13 - 13 - - 
20) Umatilla National Forest, OR UNF-OR allopatric 10 - 10 - - 
21) Ochoco National Forest, OR ONF-OR allopatric 10 - 10 - - 
22) northern Idaho NID allopatric 15 - 15 - - 
23) central Idaho CID allopatric 25 - 25 - - 
north and interior BC        
24) northwestern British Columbia NWBC allopatric 25 - - 25 - 
25) central British Columbia CBC allopatric 13 - - 13 - 
26) Clinton, BC CL-BC  sympatric 12 - - 12 - 
Alberta and Montana        
27) central Alberta CAB allopatric 28 - - 28 - 
28) southern Alberta SAB sympatric 13 - 13 - - 
29) northwestern Montana NWMT allopatric 12 - 12 - - 
30) southwestern Montana SWMT allopatric 7 - 7 - - 
southeast Rocky Mountains        
31) Wyoming WY allopatric 34 - 34 - - 
32) Colorado CO allopatric 44 - 44 - - 



33) southeast Colorado SWCO allopatric 12 - 12 - - 
34) Utah UT allopatric 24 - 24 - - 
35) New Mexico NM  allopatric 13 - 13 - - 

 
 

 

Table 1: Location and location codes (for data presented in Figure 2) of the 35 

populations examined in this study; also included is the total sample size from each 

population (n) and the number of individuals assigned to each of the three morphotypes 

(Pacific, Rocky Mountain, Boreal) or identified as putative hybrids. Numbers for each 

population correspond to the sample sites shown in Figure S2. 

 
 

  



 

Box 1:  Plumage features that separate Canada Jays (Perisoreus canadensis) into three 

morphotypes: Pacific (a+d), Rocky Mountain (b+e), and Boreal (c+f). The Pacific 

morphotype (a+d) is characterized by a much more extensive dark area on the head 

extending to, and sometimes past, the eye, a correspondingly reduced white forehead, 

white feather shaft streaking on the back, a pale breast and belly with little to no 

contrast with the pale throat and neck collar, and limited (if any) white edging on the 

tips of the secondaries and rectrices. The defining characteristic of the Rocky Mountain 

morphotype (b+e) is a much reduced nuchal patch that does not reach as far forward as 

the eye thereby contributing to a “white-headed” appearance. Otherwise, it shares the 

following characteristics with the Boreal morphotype: a gray, unstreaked back, a 

variably gray breast and belly contrasting with the white throat and neck collar, and 

white tips (not mere edgings) on the secondaries and rectrices. The Boreal morphotype 

(c+f) is similar to the Rocky Mountain form, but has a dark nuchal patch that always 

reaches to the eye. Photographs in a) and c) provided by Dan Strickland, b) was provided 

by ebird. Drawings of morphotypes by Howard Coneybeare. 

 
Figure 1: a) Georeferenced points of 1,839 ebird photos showing locations of Pacific 

(green triangles), Boreal (red circles), and Rocky Mountain (yellow squares) 

morphotypes, along with hybrids or intergrades (purple diamonds). A subset of these 

points (n=501) were used to conduct species distribution models in Figure S2. Dark 

shading represents forest habitat, while white shading represents non-forest habitat. b) 



Map showing the sample sites examined in this study. Numbers correspond with those 

listed in Table 1. 

 Figure 2: Histogram showing the phenotypic, mtDNA, and microsatellite genetic cluster 

assignments. A: Morphotype assignment (top row) to Pacific (dark green), Boreal (red), 

Rocky Mountain (yellow), or intergrade morphotypes (purple). Four mtDNA clades 

(middle row) were present: Pacific (green), Intermountain West (blue), Boreal (red), and 

southeast Rocky Mountain (light blue). Microsatellite genetic cluster assignments 

(bottom row) show assignment probabilities at K=3 as determined using STRUCTURE: 

Pacific (green), southeast Rocky Mountain (light blue), and Boreal/Intermountain West 

(pink). B) Microsatellite assignment probabilities at K=2 in our hierarchical genetic 

structure analysis of the Boreal/Intermountain West cluster: Intermountain West (blue) 

and Boreal (red). Geographic regions are listed along the top and population codes 

(Table 1) are listed on the bottom.  

 

Figure 3: Distribution of mtDNA, microsatellite genetic cluster, and combined mtDNA 

and microsatellite genotypes among the three morphotypes and intergrade 

morphotypes. For the combined dataset, the first four categories (Pacific, Intermountain 

West-IMW, Boreal, and Southeast) represent individuals that showed congruent 

patterns between mtDNA and microsatellites. The fifth category (Cyto-ND) represents 

individuals that exhibited cyto-nuclear discordance between mtDNA and microsatellite 

markers. Percent is listed on the y-axis and genotype is listed along the x-axis. For each 

of the main morphotypes, the expected genetic group is marked with an asterisk. 



 
 
Figure 4: Geographic distribution of plumage (a) and genetic (b-d) variation for Canada 

Jays (Perisoreus canadensis) in western North America. 4a shows the distribution of the 

three morphotypes: Pacific (green), Boreal (red), and Rocky Mountain (yellow); inset in 

4a shows the distribution of hybrids / intergrades (purple) sampled in this study. Colours 

for each group are consistent between figures 4-d: Pacific (green), Boreal (red), 

Intermountain West (blue), and southeast - Rocky Mountains (light blue) genotypes. In 

d) putative hybrids represent individuals that showed cytonuclear discordance between 

mtDNA and microsatellite patterns (orange). 

 


