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Investigating heterogeneity in genomic divergence in species with geographically variable phenotypes 

may reveal the evolutionary processes responsible for speciation. Generally, genotypes and 

phenotypes are expected to be spatially congruent; however, in widespread species complexes with 

few barriers to dispersal, multiple contact zones, and limited reproductive isolation, discordance 

between phenotypes and phylogeographic groups is more probable. Wagtails (Aves: ​Motacilla​) are a 

genus of birds with striking plumage pattern variation across Eurasia. Up to 13 subspecies are 

recognized within a single species, yet previous studies using mitochondrial DNA have supported 

phylogeographic groups that are inconsistent with subspecies plumage characteristics. In Chapter 1, 

we investigate the link between phenotypes and genotype by comparing populations thought to be at 

different stages along the speciation continuum. We take a phylogeographic approach by estimating 

population structure, testing for isolation by distance, conducting demographic modeling, and 

estimating the first time-calibrated species tree for the genus. Chapter 1 provides strong evidence for 
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species-level patterns of differentiation in wagtails, however population-level differentiation is less 

pronounced. We find evidence that three of four widespread Eurasian species exhibit an east-west 

divide that contradicts both subspecies taxonomy and phenotypic variation. Both the geographic 

location of this divide and time estimates from demographic models are overlapping in two sympatric 

species, indicating that coincident Pleistocene events shaped their histories.  

The study of non-model organisms is often hampered by lack of a reference genome. A 

physical linkage map improves overall data quality, decreases the false-positive rate of genome scans, 

and improves the statistical power of methods to detect selection. In Chapter 2, we provide a 1.1 Gb 

reference genome for ​Motacilla flava​ based on the ​de novo​ assembly of whole-genome shotgun and 

long-insert mate-pair libraries. Annotation was conducted using the flycatcher cDNA library. Use of a 

reference genome has markedly improved assembly of wagtail ddRAD sequencing data (Chapter 1) 

and low-coverage whole genome shotgun data (Chapter 3). In Chapter 3, we use whole-genome 

sequencing to confirm the population genetic structure and demographic estimates found in Chapter 1, 

as well as to provide a platform for future studies on selection. 
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Introduction 

 

Species complexes are often characterized by high frequencies of hybridization and poorly 

developed isolation barriers, despite being structured geographically ​[1]​. This can lead to 

incongruence between genotypes and phenotypes ​[2]​. Lack of overall genetic differentiation in taxa 

with distinct phenotypic differences is likely due to either (1) recent divergence, with strong selection 

on phenotype, or (2) large-scale introgression, except on pre-existing adaptive genetic differences. 

Non-adaptive demographic processes will have a universal and random effect on the genome ​[3]​, 

whereas selection may cause differentiation at few adaptive loci ​[4]​. Therefore, early in the speciation 

process, patterns of genetic divergence may be inconsistent with the history of population divergence 

[5]​.  

In birds, plumage differences among closely related species are often believed to be the result 

of sexual selection and to play an important role in reproductive isolation ​[1]​. Plumage differences can 

evolve rapidly ​[6–8]​ and, when populations are geographically structured, may result from spatial 

variation in selection regimes ​[1]​. Recent studies have demonstrated that a small number of genes can 

cause dramatic plumage differences despite limited genetic differentiation throughout the remainder 

of the genome ​[2,9–11]​.  

Widespread species complexes are useful systems for investigating heterogeneity in genomic 

divergence and geographic variation in phenotypes because they offer comparisons between 

populations at different stages of the speciation continuum. Stages in the speciation process, from 

barely differentiated allopatric/parapatric populations, via subspecies/species with distinct plumages 

that meet in variously wide hybrid zones, to fully reproductively isolated species ​[12]​. Moreover, 

plumage differences are thought to have evolved rapidly and in conflict with phylogeographic 

structure ​[13–17]​. 

One bird system that is particularly well suited for such studies is the passerine genus 

Motacilla​. The genus ​Motacilla​ consists of 12 species distributed throughout the Old World ​[12,18] 
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that have earned the common name wagtail due to their propensity to pump their long tails up and 

down. Striking examples of spatial variation in plumage traits are found in the ​M.​ ​alba​ (9 subspecies) 

and ​M. flava​ (13 subspecies) complexes (cf. Fig. 1) and many of these have been treated as separate 

species (reviewed in Alström & Mild 2003). Both species complexes exhibit high levels of geographic 

variation, especially in male breeding plumage; subspecies are defined by head plumage color 

(ranging from white to green and yellow to black) and pattern in the ​M. flava​ complex and by head, 

upper parts, and wing-covert color/pattern in ​M. alba​. In contrast, ​M. cinerea​ (three subtle subspecies, 

two of which are insular) and​ M. citreola​ (two subspecies differing in upper part color) lack this 

extreme plumage variation. These four species are widely distributed and sympatric across the 

Palearctic during the breeding season and are long-distance migrants at least in the northern parts of 

their respective ranges. Three species are monotypic and have rather restricted allopatric distributions 

in the Indian subcontinent (​M. maderaspatensis​), Cambodia (​M. samveasnae​), and Japan (​M. 

grandis​), whereas the three Afrotropical (​M. aguimp​, ​M. capensis​, ​M. clara​) and single Malagasy 

species (​M. flaviventris​) exhibit slight or no geographical plumage variation and are resident ​[12,18]​. 

Previous phylogenetic and phylogeographic studies of ​Motacilla​ report mitochondrial relationships 

incongruent with both taxonomy ​[13,15–17]​ and nuclear relationships ​[14,19,20]​, with suggestions 

that mitochondrial DNA (mtDNA) poorly reflects the true phylogeny ​[12,14,19,20]​. Several of these 

studies focused on aspects of wagtails’ plumage diversity, some proposing cases of remarkable 

parallel plumage evolution ​[12,19,20]​ and others implicating the role of selection in rapid plumage 

evolution ​[13]​. A more recent phylogenetic exploration of the genus found the São Tomé endemic 

Amaurocichla bocagii​ nested within ​Motacilla​, and proposed its inclusion within the genus ​[21]​. 

Much of wagtail divergence is thought to have occurred during the Pleistocene, either through 

dispersal ​[15]​ and/or mediated by climatic events ​[17]​. Climate changes caused by cyclical glaciation 

and aridification during the late Pliocene through the Pleistocene had drastic effects on many modern 

day species distributions ​[22–24]​. The ancestors of modern populations would have had to seek refuge 

in isolated pockets of suitable habitat, potentially resulting in population differentiation due to genetic 
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drift and natural selection in isolation. Three major refugia are thought to have periodically existed in 

the eastern, western, and southern edges of Eurasia since the late Miocene ​[23]​.  

While the extent to which climate oscillations affected distributions is species-specific ​[25]​, 

both ​M. alba​ and ​M. flava​ display geographic variation in plumage types (i.e., subspecies) beyond the 

number of plausible refugia ​[23]​. The “excess” of ​M. alba​ and ​M. flava ​subspecies in relation to 

refugia could be due to waves of isolation corresponding with past climate oscillations, which were 

punctuated by periods of sympatry that reinforced sexual or social character displacement over the 

course of multiple cycles ​[26]​. Individual wagtail species may have responded to these changes 

differently, or may have been impacted by the same events ​[27]​. Alternatively, differentiation could 

have occurred after dispersal out of glacial refugia following the last glacial maximum, and due to 

rapid local adaptation or local sexual selection across the wide distribution of these birds.  

In this study, we utilize genome-wide SNPs, nuclear introns, and mtDNA to analyze 

speciation patterns in ​Motacilla​, with complete species-level sampling and comprehensive coverage 

of the three most diverse Palearctic species. We (1) estimate the first time-calibrated species tree for 

this group; (2) demonstrate conclusively that mtDNA alone is inappropriate for phylogenetic studies 

of ​Motacilla​; (3) investigate the agreement between genotype and phenotype, along with the proposed 

parallel and rapid evolution of plumage in the three most variable wagtail species; and (4) model past 

demographic events to reveal the temporal dynamics of effective population size and investigate how 

past climatic events influenced ​Motacilla​. 

 

Materials and methods 

 

Sanger data 

To resolve species-level relationships within ​Motacilla​, we utilize previously published and 

unpublished sequences from (1) three nuclear introns (​CHD1Z​, ​ODC​, ​Mb​) for 42 individuals across 

all 12 ​Motacilla ​species ​[14,19]​, and (2) two mitochondrial regions (​ND2,​ ​CR​) for 103 individuals 
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across all species, including all subspecies of ​M. alba, M. flava, ​and ​M. citreola​ ​[13–15,17]​. 

Dendroanthus indicus, Anthus pratensis​, and ​Anthus trivialis​ were used as outgroups ​[21]​.  

 

ddRADseq data 

Sampling - ​If wagtail divergence was recent or shaped by rapid ancestral radiations, then the 

timing between divergence events may have been too short for the emergence of phylogenetically 

informative mutations ​[28,29]​, potentially leading to the mito-nuclear discordance shown in previous 

studies. We therefore enhanced our inferential power by collecting thousands of genome-wide SNPs. 

Throughout the manuscript, we follow the taxonomy of Alström and Mild (2003) and Alström 

et al. ​(2015) ​[12,21]​.​ We obtained extensive geographic sampling and near-complete taxonomic 

coverage across Eurasia from samples at the Burke Museum of Natural History and Culture. We 

augmented these specimens with samples from other natural history museums to provide complete 

sampling for the genus. A total of 246 birds were sampled from 11 of the 12 recognized ​Motacilla 

species ​[12,21]​. As the goal of our study is to elucidate processes responsible for population 

divergence, our sampling focused on the widespread migratory, Eurasian wagtail species (​M. alba, M. 

flava, M. citreola, M.cinerea​) with multiple described subspecies. We examined museum skins and 

assigned individuals to subspecies using morphological criteria outlined in Alström and Mild (2003). 

We were unable to include ​M. maderaspatensis​ in our SNP sampling due to a lack of available 

high-quality tissue samples. For rooting phylogenetic trees, we sampled three individuals from the 

monotypic sister genus (​Dendroanthus​) to serve as outgroups. 

Data collection​ - We generated SNPs using the double-digest restriction site-associated DNA 

sequencing (ddRADseq) protocol following methodology described in Peterson ​et al.​ (2012) ​[30]​. A 

total of five lanes were sequenced (single-end reads: four 50 bp and one 100 bp). We then constructed 

a reference genome for a single individual of ​M. alba ​to improve the accuracy of our ddRADseq locus 

assembly (see Chapter 2).  
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Data filtering - ​As missing data can affect downstream PCA results ​[31]​, phylogenetic 

inference ​[32,33]​, and other analyses as well ​[34]​, we further filtered datasets according to different 

levels of missing data (all possible combinations of 25%, 50%, and 75% missing loci and individuals). 

Together with our linkage filtering, we compiled 18 datasets per species group (two linkage 

treatments x three missing loci treatments x three missing individual treatments). We used all 18 

datasets independently when conducting population structure analyses, Mantel tests, and RAxML 

phylogenetic trees. For all other analyses, we used a 50% threshold for both missing loci and 

individuals (see below).  

 

Phylogenetic analyses 

 

Time-calibrated species tree​ ​and gene trees ​- Nuclear DNA and mtDNA can support 

contradicting phylogenetic relationships and methods that ignore incomplete lineage sorting may fail 

to accurately estimate species tree relationships ​[35]​. ​Because ​Motacilla​ lacks a species tree, we 

estimated the first time-calibrated species tree for this group using Sanger data (see above). We 

implemented molecular rate calibration in *BEAST v1.8.4 ​[36,37]​ using a published 

Motacilla-​specific rate of 2.7% for ​ND2​ ​[17]​. Recent simulation studies demonstrate that tree priors 

can have a large impact on divergence time dating when using datasets with mixed intra- and 

interspecies sampling ​[38]​. Therefore, we conducted model selection on converged runs. As mtDNA 

and nuclear DNA may support different topologies for reasons other than incomplete lineage sorting, 

such as introgression and sex-biased dispersal, we conducted analyses on each data type 

independently. Using nuclear introns, we estimated a species tree in *BEAST. We also estimated 

separate nuclear and mtDNA gene trees in BEAST.  

Concatenated SNP tree - ​To place subspecies in a wider phylogenetic context​,​ we conducted 

ML phylogenetic analyses using concatenated ddRAD loci using RAxML v8.2 ​[39]​. Due to their large 

population sizes and assumed recent divergences, wagtails contain a high level of heterozygosity with 
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few fixed SNPs: over 99% of all variable sites contain at least one individual with a heterozygous 

SNP. Most methods count heterozygous sites as missing data and researchers have typically excluded 

these sites. We implemented the method of Lischer ​et al​. (2013) ​[40]​ to generate 500 random 

haplotype samples from sequences with multiple heterozygous sites. We then inferred ML 

phylogenies using RAxML for each of these datasets. To account for potential SNP ascertainment 

bias, we implemented the Felsenstein correction ​[41]​.  

SNP species tree - ​To estimate a species tree, we implemented SNAPP ​[42]​. SNAPP uses 

biallelic loci and requires at least one representative SNP from each species at each locus. Species 

assignments were based on population structure estimates (see below), and individuals with admixture 

were excluded to avoid model violations and branch length underestimation ​[43]​. Because SNAPP is 

computationally intensive, convergence issues prevented us from using our full sampling scheme. We 

therefore ranked individuals by missing data and admixture proportions, and only included the top 

four from each population. All individual assignments were made with >95% posterior probability. 

Mutation rates (u, v) were both fixed at 1 and default parameters were used for the gamma prior 

(alpha 11.75, beta 109.73). Altering parameter values for the prior distributions on population size and 

tree length to better reflect wagtail population history caused convergence failure.  

 

Population genetic structure 

 

Grouping individuals based on phenotype may be misleading, especially given that current 

wagtail taxonomy does not reflect the mitochondrial or nuclear trees ​[12,20,44]​. Objective, 

genetic-based methods are preferable for inferring the number of genetically distinct populations and 

the assignment of individuals to those populations. As published mtDNA-based studies suggest ​M. 

flava​ and ​M. citreola​ are polyphyletic ​[14,15,19,20,45]​, we initially ran all population structure 

analyses on these two species combined. A similar approach was taken for the “African” clade (​M. 

clara, M. capensis, M. flaviventris, M. bocagii​) and the “black-and-white wagtails” (​M. alba, M. 
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aguimp, M. samveasnae​, and ​M. grandis​). Focal Eurasian wagtail species were further analyzed 

independently. 

To ​de novo ​identify the optimal number of clusters in our data, we implemented two methods: 

the model free discriminant analyses of principal components (DAPC) in adegenet ​[46,47]​ and the 

model-based maximum-likelihood (ML) method, ADMIXTURE v1.3 ​[48]​. One caveat of 

ADMIXTURE is that it assumes discrete ancestral or parental populations. When organisms exhibit 

continuous spatial population structure, recent studies tend to use PCA methods like adegenet ​[49]​. 

However, adegenet has the undesirable behavior of assigning individuals to populations with 

unrealistically high probability. Therefore, to reduce the impact of their respective biases on 

downstream analyses, we employed these methods in concert to estimate ​K​ and individual assignment 

probabilities. 

First, we ran ADMIXTURE with variable numbers of clusters​ K​=1-10. We then plotted 

10-fold cross-validation values terminated with default criteria, to choose the optimum value of ​K​. 

Second, we ran the k-means clustering to assess groups using both AIC and BIC. We implemented 

DAPC to maximize differences between groups while minimizing variation within groups. To assess 

how many PCs to retain, we used cross-validation (​xvalDapc​) with 100 replicates and retained the 

number of PCs with the lowest mean squared error. 

To assess genetic differentiation among phenotypes, we used DAPC to find the largest 

distance between subspecies defined ​a priori​. For each species group, we ensured that a minimum of 

one individual per subspecies per locus was present. On average, this additional filtering step reduced 

our dataset by 40%. To determine the diagnosability of subspecies groups, we then compared our 

DAPC results to analyses with randomized subspecies definitions. Because rare alleles may be 

younger than common alleles, and may track more recent demographic or selective events ​[50]​, we 

explored their effect on population genetic inference by alternatively 1) pruning of all sites with minor 

allele frequency<10% or 2) building a matrix with only low-frequency alleles.  
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Isolation by distance 

 

Populations in close proximity are expected to be more genetically similar than those located 

farther apart ​[51]​. To explore whether our estimates are the result of the clustering of individuals with 

distinct allele frequencies or structure due to separation in space, we conducted Mantel tests on each 

species using the ​mantel.randtest​ function in ade4 ​[52]​ and ran these for 1 million permutations. To 

account for Earth’s curvature, geographic distance was calculated using the Great Circle distance in sp 

[53]​. 

Given that the ability of Mantel tests to detect isolation by distance (IBD) has been a recent 

area of debate ​[54,55]​, we also implemented the Estimated Effective Migration Surfaces (EEMS) 

method ​[56]​ to model the relationship between geography and genetics. EEMS allows visualization of 

variation in effective migration across each species’ breeding distribution and the identification of 

corridors and barriers to gene flow by implementing a stepping-stone model over a dense grid. We 

used species’ breeding ranges ​[57]​ and a dense grid of equally sized demes. To show that our results 

were independent of grid size, we ran each analysis using 250, 500, and 750 demes from three 

independent chains for 20 million MCMC iterations with a 10 million iteration burn-in. We first ran a 

series of short preliminary runs to choose parameter values that gave acceptance ratios between 

20-30%. Graphs were constructed using rEEMSplots ​[56]​. We visualized each run separately and 

checked convergence of MCMC runs (log posterior plots and Gewke diagnostic tests, Heidelberger 

and Welch test in coda ​[58]​) before combining across runs and grid numbers to construct final 

consensus graphs. 

 

Demographic history 

 

To infer demographic history of each focal Eurasian species, we conducted ML parameter 
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estimation in ​dadi​ ​[59]​ using a joint allele frequency spectrum and our population structure estimates. 

To narrow the number of possible two-population (2D) models, we first optimized one-population 

models and compared support for instantaneous versus exponential population size change. 

Instantaneous change was preferred in all populations.  

 We next considered six alternative 2D models which offered simplified but reasonably 

realistic representations of plausible demographic processes. The simplest model is of allopatric 

divergence in which ancestral population (N​a​) splits into two populations (N​1​ and N​2​) that evolve in 

isolation for T​s​ generations. We then considered a scenario of divergence followed by instantaneous 

population change beginning T​g​ generations ago and resulting in populations of size (N​1g​ and N​2g​). 

Finally, we incorporated asymmetric and symmetric gene flow into each of these base models. Since 

cycles of population expansions and contractions have been a common feature of many birds ​[24]​, we 

tried incorporating additional stages of population size change into our models. Unfortunately, we 

were limited by the size of our SNP matrix and we were unable to optimize these increasingly 

complex models. 

All data were polarized using outgroup SNPs and an extra parameter was included in our 2D 

models to account for misidentified SNPs. To ensure missing data was not affecting our results, we 

projected each dataset down to 60%, 70%, and 80% of individuals present at each locus. Each model 

was optimized in at least five independent runs and convergence was assessed by achieving similar 

likelihood scores and parameter estimates. The best diffusion fit was used for comparing models using 

AIC scores to account for variable numbers of parameters estimated in each model. Since the models 

are nested, we conducted an adjusted likelihood-ratio test using the Godambe Information Matrix and 

100 bootstrap replicates to check whether there is support for the model preferred by AIC (complex 

model). To do this, we evaluated the best-fit parameters from the simpler model using the complex 

model. Credible intervals were calculated using the Fisher Information Matrix (​FIM_uncert​). Finally, 

optimized parameters were converted to real time and population size units using a generation time of 

one year. Mutation rates are lineage-specific and scale with divergence time, therefore we conducted 
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conversions using a range of mutation rates: a flycatcher germline specific rate of 2.3 x 10​-9​ m/s/y 

[60]​,  a zebra finch lineage rate of 2.2 x 10​-9​ m/s/y ​[61]​, and the mean galliform mutation rate of 1.35 

x 10​-9​ m/s/ y​[62]​. 

 

Results 

 

We successfully constructed a reference genome for ​M. alba ​which was used to assemble 

ddRADseq loci. A total of 219 million quality filtered reads were aligned with 5x average coverage to 

90% of the zebra finch genome. Reference mapping of 442.5 million ddRADseq reads resulted in 8.2 

x 10​4​ unique loci across 246 individuals with an average coverage of 29.7 (BioProject 

PRJNA356768).  

For each species group, we analyzed 18 different dataset combinations consisting of either 

pseudo-unlinked or unlinked SNPs, and varying levels of missing data at the locus and individual 

level. On average, controlling for linkage reduced each dataset by 70%. This SNP pruning has 

potential to either remove biased SNPs or, if linkage was not a problem, to remove relevant 

information from the analysis. However, linkage did not alter our population structure estimates or 

Mantel tests. Overall, filtering data based on missing data at the individual level had a larger impact 

than filtering data based at the locus level. As individuals with excess missing data were removed, 

population structure estimators were less likely to find a consistent result than when loci were 

removed. We present the majority-rule analyses (50% missing data) and “pseudo-unlinked” SNPs.  

 

Phylogenetic analyses 

   

The ​Motacilla ​relationships inferred in our time-calibrated species tree (Fig. 1c) were 

confirmed by genome-wide SNPs (Fig. 1b). Relationships were, for the most part, consistent with 

current wagtail taxonomy, but incongruent with the mtDNA tree (Fig. 1a). 
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Mitochondrial relationships - ​The mtDNA tree (Fig. 1a) recovered an “African clade” 

consisting of four Afrotropical/Malagasy species and an “Eurasian clade”, which includes the 

Afrotropical ​M. aguimp. ​Consistent with previous mtDNA studies, both ​M. flava​ and ​M. citreola​ are 

polyphyletic within the Eurasian clade. ​M. flava​ is separated into a western clade (Z) and an eastern 

clade, which is further divided into two sub-clades (X, Y). Only clade Y contains a monophyletic 

subspecies grouping of ​M. f. tschutschensis​. Each ​M. flava​ clade has a corresponding ​M. citreola 

clade:​ M. c. citreola​ is split between clades X and Y, and clade Z includes the southern ​M. c. 

calcarata​. There is no structure consistent with subspecies designations in ​M. alba​ or ​M. flava ​clade X 

or Z.  

 

Nuclear relationships –​ Both the RAxML gene tree analysis of the concatenated SNP data 

(Fig. 1b) and the SNAPP species tree analysis (Fig. 1d) support the African and Eurasian clades, with 

the latter divided into two primary clades notable for their plumage coloration: clade A includes only 

“black-and-white” (melanin-based) species, whereas clade B contains only species with green/yellow 

(carotenoid-based) plumages. These nuclear relationships are strikingly incongruent with mtDNA in 

1) placing ​M. aguimp​ within the “black-and-white” clade, 2) supporting the monophyly of both ​M. 

flava ​and ​M. citreola​, and 3) placing ​M. bocagii​ within the African clade​. ​In the SNAPP tree, the 

Afrotropical mainland species (​M. capensis​ and ​M. clara​) form a clade, whereas the insular species 

(​M. flaviventris​ and ​M. bocagii​) form another. RAxML (Fig. 1b) found high support for splits among 

species but no support for within-species relationships. Accordingly, within ​M. alba​, ​M. flava​ and ​M. 

citreola​, no subspecies are monophyletic. 

Time-calibrated species tree - ​The topology of the time-calibrated species tree (Fig. 1c) is 

identical to the SNAPP tree (Fig. 1d); moreover, it includes ​M. maderaspatensis​, for which no SNP 

data are available. The African and Eurasian clades split towards the end of the Pliocene (~3 mya), 

with early and relatively widely spaced divergences from the early Pleistocene in the former clade, 

and an explosive radiation within < 0.5 million years (my) during the late Pleistocene.  
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Population structure 

 

At the species level, ​de novo​ population estimation methods were able to distinguish 

recognized species, except ​M. aguimp​, which was grouped with western ​M. alba​ by both DAPC and 

ADMIXTURE. Narrowing our focus to phenotypically distinct subspecies, the full dataset showed 

genetic structure discordant with phenotype in all species complexes. Instead, eastern and western 

populations (​K​=2) were resolved by both ADMIXTURE and​ de novo​ DAPC in ​M. citreola​ (2 

subspecies, Fig. 2) and ​M. flava ​(13 subspecies, Fig. 3). Depending on which ​M. alba ​(9 subspecies) 

+ M. aguimp ​dataset was analyzed in DAPC, there was support for either ​K=2​ or ​K=3​. 

ADMIXTURE consistently supported ​K=2​ (Fig. 4c). For all three datasets, individual assignments 

were consistent across methods when ​K=2​. Finally, we found no difference in population structure 

when rare variants were either considered separately or ignored. 

Ordination plots from DAPC analyses with subspecies defined ​a priori​ provide additional 

resolution of population structure in ​M. flava ​(Fig. 3b) and ​M. alba​ (Fig. 4b). In both species, the 

x-axis of the ordination plots show a correlation between diagnosability and longitude. In ​M. flava​, all 

subspecies clusters overlap, suggesting genetic distinctiveness is limited. We note our sampling of ​M. 

f. tschutschensis​ included individuals from the easternmost portion of its range. However, ​M. f. 

tschutschensis​ is distributed from Central Eurasia through the Kamchatka Peninsula and into Western 

Alaska with its geographic center close to that of ​M. f. macronyx​ and ​M. f. taivana.​ Therefore, its 

position in the center of the DAPC ordination plot conforms to the idea that this pattern tracks 

longitude, and it is unclear whether these clusters correspond to subspecies distinctions or merely 

IBD.  

The ordination plot generated by assigning ​M. alba ​samples to subspecies is influenced by 

missing data. The less stringent the threshold, the more distinct ​M. a. subpersonata​ becomes. This 

trend is found in both pseudo-unlinked and unlinked datasets, with the unlinked presenting the most 
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extreme cases. However, it is remarkable that in three out of four cases, ​M. a. subpersonata ​is more 

distinct than ​M. aguimp​ and all other ​M. alba ​subspecies (Fig. 4b). As no other subspecies displayed 

this behavior, we removed ​M. a. subpersonata​ and recompiled datasets. This resulted in ​M. aguimp 

samples being tightly clustered and diagnosable in all analyses. The remaining ​M. alba ​subspecies 

clusters are overlapping and do not show clustering consistent with subspecies, but do show clustering 

on either side of the vertical axis that is consistent with our ​de novo​ ​K​=2 clusters. Taken together with 

evidence that Bayesian clustering methods may not work well with small sample sizes ​[63]​, we 

consider both ​K=​2 (without ​M. a. subpersonata​) and ​K=​3 (​M. a subpersonata​ included as own 

population) population histories in the following analyses. 

Population structure in ​M. cinerea​ was not consistent across methods. Whereas 

ADMIXTURE supported a single panmictic population, DAPC supported an east-west split (​K​=2) 

consistent with the other Eurasian wagtails. These contrasting findings may be explained by 

simulation and other empirical studies, which have demonstrated that Bayesian clustering methods 

fail to detect structure when genetic divergence is very low ​[64,65]​. 

 

Isolation by distance  

 

When dealing with genetic data from evenly spaced samples from a spatially structured 

organism, the expected behavior of PCA is to return clusters that are related to the geographic origin 

of each individual sample ​[49]​. However, spatial autocorrelation may bias interpretation of PC 

analyses. While Mantel tests generally support a history of IBD in all species groups (p-value<0.05), 

p-values vary according to missing data.  

As recent studies demonstrate that sampling design can strongly bias interpretations of Mantel 

tests ​[55]​, we further explored IBD using EEMS, a program that can distinguish whether support for 

IBD is the result of either geographically distant and differentiated populations or a continuous cline 

in genetic differentiation. Strong linear relationships between predicted and observed genetic 
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dissimilarities confirm that the EEMS model fit our data ​[56]​. To assess support for a true barrier, we 

examined plots of dissimilarity between pairs of sampled demes for non-linearity and resulting 

effective migration map for a singular uniform barrier. EEMS strongly supports the existence of a 

barrier between eastern and western ​M. citreola​ (Fig. 2), consistent with the findings of population 

structure estimators.  

In ​M. cinerea​, EEMS finds no support for a barrier, consistent with population structure 

estimates from ADMIXTURE (​K​=1) but not DAPC (​K​=2). We consider ​M. cinerea​ a single 

panmictic population with a strong signal of IBD in downstream analyses. This is consistent with a 

previously described pattern of shallow clinal plumage variation seen across much of Eurasia ​[12]​. 

We were unable to include samples from two of the three subspecies (small populations restricted to 

either the Azores and Madeira Islands) and can only conclude that there is support for a single 

panmictic mainland Eurasian ​M. cinerea​.  

We found conflicting support for IBD in ​M. flava​. Despite a linear trend in predicted and 

observed genetic dissimilarities, supporting IBD, there is also strong support for the existence of two 

discontinuous barriers (Fig. 3c). We interpreted this to mean that while IBD exists across the whole 

M. flava​ range, there are areas where gene flow is not significant. For assignment of subspecies into 

these populations, see Figure 1d and Figure 3. Since these results differ from those of ​de novo 

adegenet and ADMIXTURE, we tested whether DAPC can distinguish between these groups when 

given individual assignments. First, we fixed ​K=3​ and ran ​de novo ​DAPC to see if we could find the 

same populations resolved by EEMS. Second, we defined EEMS populations and ran DAPC. As both 

methods overwhelmingly supported the three populations found by EEMS, we used these definitions 

in all remaining analyses.  

M. alba​ also showed a linear trend and a patchy effective migration map, lending support for 

IBD. However, a closer look at posterior mean of effective migration rates demonstrates that some 

areas have a markedly higher rate of migration than average (Fig. 4c). EEMS largely supports the 

east-west division of ​M. alba​ and the distinctness of ​subpersonata​. However, an inverted Y-shaped 
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migration surface splits eastern ​M. alba​ into northern (congruent with ​M. a. lugens​ and ​M. a. ocularis​) 

and southern (congruent with ​M. a. leucopsis ​and ​M. a. alboides​) populations (Fig. 4c). To explore the 

north-south division further, we implemented DAPC, but it was unable to distinguish between these 

populations. These results may stem from low sample sizes, as EEMS is more robust to biased 

sampling than PCA methods ​[56]​. 

 

Demographic history 

 

To narrow the number of possible 2D models, we first ran 1D models on each population 

separately. ​M. citreola​, ​M. flava​, and ​M. alba​ were all modeled​ ​using 2D models. (We were unable to 

optimize 3D ​dadi ​models due to a sparse site frequency spectrum, and therefore, conducted pairwise 

2D model comparisons for ​M. flava​ [per comm. R. Gutenkunst].) All six models were optimized and 

at least five independent runs converged on similar parameter values. Within species, missing data did 

not affect demographic model selection and produced overlapping 95% credible interval of parameter 

estimates. Therefore, we chose to present the 80% threshold in both paper figures and 2D site 

frequency spectra.  

All species support the ​split + growth + symmetric migration​ model (Fig. 5a), where 

population size increases following divergence. All converted time estimates lie within the 

Pleistocene (0.14-1.8 million years ago; Fig. 5b). Time estimates largely overlap across​ M. flava ​and 

M. citreola​ populations, whereas time estimates for ​M. alba​ are more recent. Real time estimates are 

sensitive to the choice of multipliers, such as generation time and mutation rate. Therefore, we were 

primarily interested in relative population size and relative time estimates. However, all three avian 

mutation rates recover time estimates within the Pleistocene.  

Finally, ​M. cinerea ​consists of a single panmictic population supporting a two-epoch model, 

where at time ​T​ the ancestral population underwent instantaneous population growth. 
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Discussion 

 

Modern phylogeographic studies assume that the population divergence history of widespread 

and variable species can be disentangled with sufficient numbers of variable, neutrally evolving SNPs 

[66,67]​. We collected genome-wide SNPs to compare populations at different stages of the speciation 

continuum. Our data resolved species-level relationships with high support, suggesting that some 

populations are structured along an east-west axis, but failed to distinguish between recently diverged, 

phenotypically distinct taxa that are usually treated as subspecies. Recent differentiation, ongoing 

gene flow, and demographic processes may have obscured patterns of differentiation at neutral loci 

(cf. ​[68,69]​).  

 

Phylogeny  

 

We provide evidence that the currently recognized wagtail species are monophyletic and 

resolve the relationships among them. Within the “African” clade, we find a sister relationship 

between mainland and island species. Within the latter clade, ​M. bocagii​ is endemic to São Tomé, an 

island off the west coast of Africa, while ​M. flaviventris​ is endemic to Madagascar. Originally thought 

to belong to the sylvioid superfamily, ​M. bocagii​ bears little resemblance to other ​Motacilla ​species in 

both plumage, structural morphology, habitat, and behavior ​[21]​. Our SNP data confirms its 

placement within ​Motacilla​.  

Species belonging to the “black-and-white” clade have mostly allopatric distributions, 

together covering nearly all of Europe, Asia, and Africa. While our ​de novo ​population structure 

analyses are unable to differentiate between ​M. aguimp​ and ​M. alba, M. aguimp​ is identifiable using ​a 

priori ​assignment. Moreover, our species tree analyses (Fig. 1d & Fig S#), which account for 

stochastic processes such as incomplete lineage sorting, found ​M. aguimp​ sister to ​M. alba​ with high 
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support, rather than embedded within ​M. alba​. The distinctness of ​M. aguimp​ is further substantiated 

by its multiple differences (size, plumage, song, call) from all subspecies of ​M. alba​ ​[12]​.  

We were unable to confirm the exact placement of species sister to the clade containing ​M. 

alba ​and ​M. aguimp​ due to the lack of ​M. maderaspatensis​, a large-bodied resident of the Indian 

continent, in our SNP dataset​.​ However, we confirmed monophyly of two of its members, ​M. grandis 

and ​M. samveasnae​, which had been insufficiently sampled in previous studies.​ ​Endemic to Japan, ​M. 

grandis​ is a monotypic, short-distance migrant that is easily distinguishable from its partially 

sympatric relative ​M. alba​ by its plumage, larger body size, song and call ​[12]​. Despite overlapping 

distributions and documented hybridization, no prior population genetic analyses of ​M. alba​ have 

included more than a single sample of ​M. grandis​ ​[17,70]​ and many have nested ​M. grandis ​within ​M. 

alba​ ​[12,17]​. Using four newly sampled ​M. grandis​ individuals​, ​our results show that ​M. grandis​ is 

distinct from ​M. alba​. The close relative, ​M. samveasnae​, has a comparatively minute distribution and 

is endemic to the Lower Mekong basin of Cambodia and Laos. In appearance, it closely resembles the 

Afrotropical ​M. aguimp​ but our increased sampling confirms its distinctness.  

Previous mtDNA-based studies on ​M. alba​ delineated three or four populations. The only 

population consistent with our SNP results was the rare Moroccan endemic ​M. a. subpersonata​, which 

was found to be divergent in both studies. Li ​et al​. (2016) included denser sampling of the 

southeastern part of the ​M. alba​ range, but this sampling difference is unlikely to explain the 

incongruent population structure and instead reflects inherent differences between mitochondrial and 

nuclear data, such as mutational rate and inheritance patterns. Intra-specific relationships remain 

unresolved and divergence time estimates support a scenario of recent, rapid radiation. 

Within the yellow plumage clade, this same trend holds true for both ​M. flava​ and ​M. citreola​. 

M. flava​ and ​M. citreola​ are monophyletic and sisters, contrary to mtDNA findings and accordingly 

does not support Pavlova ​et al​.’s proposal to split ​M. citreola ​into two species. 

 

Plumage divergence 
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Discordance between phenotype and genotype, along with our divergence time estimates, 

suggest that wagtail plumage evolution has been very recent and rapid. This is particularly true for the 

Palearctic ​M. flava​ and ​M. alba​ complexes, which display exceptionally high plumage differentiation 

during the second half of the Pleistocene (as also suggested by [17] for ​M. alba​). This has led to some 

remarkable cases of parallel evolution, e.g. in the widely disjunct ​M. aguimp​ vs. ​M. samveasnae​; ​M. f. 

thunbergi​ vs. ​M. f. macronyx​; and ​M. f. flava​ vs. ​M. f. tschutschensis​ (cf. Fig. 1). Moreover, the widely 

allopatric ​M. f. flavissima​, ​M. f. lutea​ and ​M. f. taivana​ differ from the other ​M. flava​ subspecies by 

their bright yellow and green head patterns, and in the ​M. alba​ complex certain head pattern and 

upperpart coloration traits display a mosaic geographical pattern, indicating parallel evolution. 

Most of the plumage similarities and differences among wagtail taxa concern differently 

coloured plumage patches. It seems possible that these can be switched on and off in different 

combinations through a rather simple system. Recent studies have demonstrated that strong selection 

can occur at few genes, and that plumage differences can evolve rapidly without corresponding 

divergence in the rest of the genome​ ​[10,72]​. For example, within a Eurasian crow (​Corvus​) species 

complex, there is evidence of assortative mating based on plumage despite no genetic differentiation 

across most of the genome. Instead, there appears to be simple genetic control of phenotype, but 

divergence is occurring at different genes in different populations, thus implicating a more complex 

multi-genic pathway than previously thought​ ​[11]​. While our SNP data was sampled from across the 

genome, it only represents 0.05% of the entire 1.1 Gb wagtail genome. If few genes are responsible 

for plumage differences and populations experienced recent divergence and selection, then it is not 

surprising that our data fails to find a genetic signal congruent with phenotype. Strong selection on 

plumage loci, mediated through assortative mating and selection against intermediate plumage 

phenotypes (hybrids), might explain how different plumage traits can be maintained in the face of 

gene flow in hybrid zones. Hybridization is prevalent, in variously wide hybrid zones, among 
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parapatrically distributed subspecies of ​M. flava​, ​M. citreola​ and ​M. alba​, and interspecific 

hybridizations, e.g. between ​M. flava​ and ​M. citreola​, are not infrequent (reviewed in [12]). 

Strong integrity of the ​M. f. thunbergi​ phenotype, but large-scale introgression of other loci 

from ​M. f. tschutschensis​ might perhaps explain the confusing pattern in the continuously distributed 

M. f. thunbergi​ (cf. Fig. 3), which displays a particularly strong genotype vs. phenotype discordance. 

Such a pattern has been found in the ​Corvus corone​ complex in western Europe, where adjacent 

populations of the phenotypically different ​C. c. corone​ and ​C. c. cornix​ are genetically more similar 

than some phenotypically similar populations of the former [72]. Alternatively, the ​M. f. thunbergi 

phenotype might have ‘invaded’ the ​M. f. tschutschensis​ genome through a selective sweep. 

Introgression of specific morphological traits have been noted in e.g. ​Heliconius​ butterflies 

(Pardo-Diaz et al. 2012, The ​Heliconius​ Genome Consortium 2012) and domestic chicken (Eriksson 

et al​. 2008). However, neither of these explanations seems fully compatible with the genetic 

differentiation and gene flow restrictions between western and eastern ​M. f. thunbergi​ first detected by 

mtDNA by Pavlova et al. [16] and confirmed by SNP data in the present study. Populations east of c. 

83–85°E are often recognized as ​M. f. plexa​ (e.g. [Red’kin & Babenko 1999]). 

In general, ​Motacilla​ species vary considerably more in plumage traits closely linked to 

signalling functions than to ecological (e.g. beak, tarsus, or wing length) traits (cf.​ ​[74]​), indicating 

that sexual selection might have played an important role in phenotypic divergence. Furthermore, the 

Eurasian clade displays variation in sexual dimorphism, size, seasonal plumage variation, and 

age-related differences, whereas the African clade does not​ ​[12,18]​, indicating greater potential for 

sexual selection in the former group. However, field experiments are necessary to confirm the role of 

plumage in mate preference. Sexually selected plumage traits have potential to diverge rapidly among 

allopatric, ecologically equivalent populations​ ​[1,73]​, and have been identified as the dominant 

signals mediating mate-choice and intrasexual aggression in some birds​ ​[74]​. In contrast, the aberrant 

structure and plumage of ​M. bocagii​ (cf. Fig. 1) has been suggested to be the result of natural 

selection following colonization of a novel habitat [21]. 
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The African clade is more than twice as old as the Eurasian clade, but contains only c. ¼ of 

the number of taxa (Gill & Donsker 2017), and much less plumage variation [12,18]. However, it 

includes both species with entirely melanin-based (black, brown) plumage and species with 

carotenoid-based (yellow, green) plumage patterns. In contrast, within the Eurasian clade, subclade A 

contains only species with ‘black-and-white’ (melanin-based) plumage, whereas the species in 

subclade B have strong carotenoid-based plumage patterns. Based on the distribution of yellow 

plumage in the different species (clade B, ​M. flaviventris​, and to a lesser extent ​M. capensis​), we 

hypothesize that ​Motacilla​’s common ancestor had the ability to produce carotenoid-based colour 

patterns, whereas this pathway has been suppressed in clade A and the two other species in the 

African clade. 

Further studies using transcriptomics...will hopefully shed light on the complex plumage 

evolution in wagtails 

 

Demographic history 

 

Many bird species have experienced range shifts in the Palearctic since the late Miocene 

[23,74,75]​. However, evidence of avian divergence during the Pleistocene varies ​[24,76,77]​. Here, we 

explicitly modelled patterns of population divergence, population size changes over time, and patterns 

of gene flow, placing Eurasian wagtail diversification occurring during the Pleistocene​.​ Previous 

divergence estimates, based solely on mtDNA gene tree calibration, are much earlier ​[15,21]​, but are 

likely biased by multiple missing taxa.  

If the pattern of intraspecific divergence in the ​M. alba​ and ​M. flava ​species complexes was 

caused by fragmentation of breeding ranges and prolonged periods of divergence in isolation, then we 

would expect to see corresponding genetic differentiation among subspecies and demographic models 

supporting deeper divergence times. However, if multiple interglacials allowed populations to 

repeatedly meet and mix, differentiation evolved in isolation could have eroded. Under this scenario, 
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it also possible that differential selection on plumage controlled by few genes could lead to the 

plumage diversity we see today. Alternatively, if subspecies are the result of recent and rapid selection 

following the end of the last glacial maxima, we would expect to see population structure incongruent 

with phenotype and a recent history of population expansion in demographic models.  

While neither scenario is consistent with our ​M. flava ​or ​M. citreola ​results, we do find 

support for the latter in ​M. alba​ which bears the mark of the most recent climatic events. In ​M. alba​, 

the 95% credible interval of population division (Fig. 5b) coincides with the start of a cooling period 

(~75,000 ybp; ​[78]​, which lasted until the last glacial maximum (LGM: ~22,000 ybp; ​[79]​. Following 

the LGM, ice sheets receded and our estimates find a corresponding population increase during that 

time. These findings are consistent with past work on the ​M. alba​ species complex which also found 

evidence for Pleistocene population expansion and relatively recent introgression at the edge of their 

range ​[17,70]​. Furthermore, the upper 95% credible interval divergence time estimates (Fig. 1c) 

predate those of our population divergence time estimates (Fig. 5b) and are therefore consistent.  

Coincident patterns of barriers to gene flow in ​M. flava​ and ​M. citreola​ suggest that major 

eastern and western refugia existed. The western barrier coincides with a vast area of lowland (Turgai 

depression) that periodically became a huge body of water, potentially acting as a west-east barrier 

during interglacial periods ​[80]​. Therefore, western and eastern populations may have been separated 

during both glacial and interglacial periods. Shorter periods of separation in minor refugia may have 

then led to plumage differentiation under strong sexual selection, but without more large-scale genetic 

divergence. Further separation of ​M. flava​ into northern and southern populations in the east is likely a 

result of East Asia being much less affected by glaciation. Indeed, other birds show similar divergence 

patterns as wagtails ​[6,81,82]​, indicating a common cause. For a more detailed reconstruction of 

complex demographic events, increased genomic sampling is needed ​[83]​.  

While still supporting a history of Pleistocene diversification, both ​M. citreola​ and ​M. flava 

divergence time estimates (Fig. 1c) postdate those of demographic models. This inconsistency could 

be due to two factors. First, the ​M. alba​ specific mtDNA rate used to calibrate our species tree was 

27 

https://paperpile.com/c/qUEEkv/5wY2M
https://paperpile.com/c/qUEEkv/j31sg+YI6JZ
https://paperpile.com/c/qUEEkv/55aKg
https://paperpile.com/c/qUEEkv/2IrfM
https://paperpile.com/c/qUEEkv/JgfTE+lUlQo+s1NSP
https://paperpile.com/c/qUEEkv/WlF5h


derived from the generic avian ​cyt-b​ rate. It is well established that molecular rates vary across 

lineages and this rate may be inaccurate. Second, gene flow leads to underestimation of divergence 

times in time-calibrated phylogenies ​[43]​. Hybridization between ​flava ​and ​citreola ​has been 

documented numerous times (reviewed in ​[12]​), predominantly on the expanding western edge of the 

citreola ​range, and may explain why divergence dates are more recent than our estimates population 

split time.  

Once thought to be a panacea for resolving relationships between rapidly evolving lineages, 

genome-wide SNPs were unable to distinguish between phenotypically-distinct wagtail populations. It 

is clear that subspecies should not be treated as evolutionary units. Future studies should harness the 

power of whole-genome re-sequencing and gene expression studies, as changes in gene expression 

often underlie changes in phenotypic differentiation ​[84]​.  

 

Data Accessibility 

 

- Raw, demultiplexed ddRAD reads: NBCI SRA under PRJNA356768 

- SNP datasets and input files for analyses: Dryad repository doi:10.5061/dryad.008bq 
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Figure 1. (a) BEAST mitochondrial gene tree and (b) RAxML consensus tree of 500 random 

haplotype datasets; in both, nodes of monophyletic, single-species clades are collapsed for ease of 

viewing. Numbers in parentheses indicate sample size. (c) *BEAST tree inferred from mtDNA and 

nuclear introns, calibrated using a 2.7% ​ND2​ rate. Node bars indicate the 95% HPD of height. (d) 

SNAPP maximum clade credibility species tree (1467 biallelic SNPs with 8.5% missing data) rooted 

with ​Dendronanthus​ (not shown). In all trees, posterior probability is indicated at the nodes, where a 

circle denotes PP≥0.95. In all figures, paintings by Bill Zetterström and Ren Hathway. 
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Figure 2. Posterior probabilities of effective migration rates of ​M. citreola​ estimated by EEMS. Birds 

sampled in India belong to ​M. c. calcarata​, all others to ​M. c. citreola​. In all figures, pie charts are 

located at sampling sites and denote the posterior probability of ADMIXTURE assignments (here, 

K​=2). 
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Figure 3. (a) ​M. flava ​breeding distribution and sampling localities. (b) DAPC plot of genetic 

clustering by subspecies (c) Posterior probability of effective migration rates estimated by EEMS 

show two barriers and ​K​=3. 
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Figure 4. (a) ​M. alba ​distribution and sampling localities. (b) DAPC plot of genetic clustering by 

subspecies. (c) Posterior probabilities of estimated effective migration rates show 2-3 barriers and 

K​=2. 
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Figure 5. (a) Schematic representation of the best-fit demographic model, ​split + growth + symmetric 

migration​. (b) Comparison of 2D ​dadi​ time estimates. 
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Introduction 

 

Reference genomes are needed to understand the broad-scale processes and patterns important 

to genome evolution. In contrast to genetic sequences from individual loci, a genome reveals how 

genetic material is organized and provides a more complete picture of sequence evolution. Data on 

base composition, abundance of genes, or recombination landscapes helps researchers understand the 

biology of a given genome and infer factors that are likely to have played a role in its evolution ​[1]​. 

For example, recombination directly affects selection when selection at linked sites interferes with 

selection at a focal site. Understanding how these two mechanisms interact necessitates the study of 

the genome as a whole.  

Recent genome sequencing of nonmodel organisms has led to the identification of 

lineage-specific genes likely underlying phenotypic evolutionary novelty ​[2,3]​. At the population 

level, whole-genomes provide a platform for analyses of genome wide polymorphism data and the 

study of genomic landscape and variance of allelic diversity within and between populations ​[4]​. 

Genome scans for regions of high divergence between populations implicate reduced introgression 

and the role of diversifying selection. Because these studies rely on the visualization of peaks of 

divergence (frequently measured with Fst) along chromosomes -- and often use sliding windows to 

aggregate information from surrounding loci -- they require the information about genome order and 

composition provided by a reference genome ​[5]​.  

The development of reduced-representation library methods, like ddRAD (Chapter 1), has 

been praised as an efficient method for sampling genome-wide SNPs for phylogenetic studies ​[6]​ and 

constructing linkage maps ​[7]​ of non-model organisms with no prior genomic information. However, 

systematic genotyping errors may lead to spurious linkages and incorrect ordering ​[8]​. Furthermore, 

the clustering of ddRAD reads into loci can be adversely affected when a genome is highly 

heterozygous or repetitive. ​De novo​ clustering methods employ a variety of user-input thresholds to 

determine how loci are clustered, but researchers often lack the knowledge to make informed 
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parameter choices, despite the potential for biased values to have downstream effects that impact 

biological interpretation. Similarly, the widespread assumption in population genetic analyses that loci 

are unlinked is rarely tested. Finally, RAD sequencing provides only a sparse sampling of loci from 

across the genome. Reference genomes can alleviate these problems by providing information on 

composition of loci, their chromosomal location, and linkage patterns. 

Compared to other vertebrates, birds have a relatively constrained genome size, stable 

chromosomal structure, and conserved gene order ​[9,10]​. However, neutral and adaptive evolutionary 

processes have shaped avian genomes through lineage-specific substitution rates, with Passeriformes 

exhibiting the highest evolutionary rate ​[9]​. Alignment of short (< 50 bp) single-end reads to distant 

relatives may be difficult with elevated rates. Though other passerine genomes have been sequenced, 

we were unable to align most wagtail ddRAD reads (Chapter 1) to available species. To resolve issues 

surrounding ddRAD read clustering (Chapter 1) and facilitate exploration of the evolution of 

phenotypic traits (Chapter 3), we assembled and annotated a reference genome for ​M. flava 

tschutschensis​. Our choice was guided by a previous study suggesting postglacial founder events and 

population bottlenecks driving phenotypic differentiation in the northern ​M. flava​ populations ​[12] 

 

Methods 

 

Sequencing 

 

Heterozygous sites may have an adverse effect on genome assembly ​[11]​. Ideally, a reference 

genome should be created from an inbred line. However, we were limited to samples of wild birds 

accessioned in museum collections. Liver tissue from a single ​M. flava tschutschensis ​was sent to the 

Swedish National Genome Infrastructure for library preparation and sequencing. A short-insert library 

(180 bp) and two long-insert libraries (3 kbp and 6 kbp) were prepared using a Nextera-Mate Pair Kit 
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and sequenced in Rapid High Output mode on two lanes of Illumina HiSeq 2500 with paired-end 

125bp reads.  

 

De novo assembly 

 

Currently, there is no optimal ​de novo​ assembler and performance can vary markedly when 

using same assembler method on slightly different data sets ​[11]​. For these reasons, we did not limit 

our ​de novo​ analysis to a single tool, instead we employed three of the most commonly used 

assemblers: abyss ​[13]​, ALLPATHS-LG ​[14]​, and SOAPdenovo2 ​[15]​. The ALLPATHS-LG method 

performs trimming and error checking from within the pipeline and requires raw reads as input. For 

the other two methods, we input quality filtered reads. Reads were trimmed of Illumina adapter 

sequences using Trimmomatic ​[16]​ and quality was checked using FastQC. To assess the complexity 

of our library in absence of a reference sequence, we then examined the kmer profile of the reads.  

To determine the best assembler for our dataset, we conducted post-assembly evaluation 

using standard assembly statistics, coverage plots, and the feature-response curve (FRCurve). To 

avoid problems with outlier points and circumvent inherent differences in how assembler methods 

trim short contigs, we only used contigs longer than 1000bp during validation. All summary statistics 

were computed on the expected genome length in order to normalise the numbers for comparison 

among methods. Coverage information and FRCurve features were obtained by aligning the same 

reads used in the assembling phase against the assembled sequences using BWA-MEM algorithm 

[17]​. 

Finally, we used BUSCO ​[18]​ to evaluate the completeness of each assembly in terms of gene 

content. We used the eukaryotic specific dataset of single-copy orthologous genes to query each 

assembly. Genes that were recovered from the assembly were classified as either: 1) complete = falls 

within two standard deviations of the expected gene length, 2) fragmented = if it does not fall within 

two standard deviations, or 3) duplicated = if two complete copies of a gene are recovered.  
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Assembly validation and improvement 

 

Checking mate-pair insert size - ​Genome assembly methods assume sequencing reads are of 

known orientation and insert size, however poor library preparation can lead to mate-pair libraries 

contaminated with reads of unexpected orientation or insert size, thus introducing errors into genome 

assembly ​[19]​. To confirm that mate-pair insert sizes were as expected, we mapped quality filtered 

mate-pair library reads back to our allpaths ​de novo​ assembly using Bowtie2 ​[20]​. We set a wide 

range +/- 2 kbp. Using picard tools, we sorted the alignment by coordinate (​SortSam​) and then 

collected insert size metrics (​CollectInsertSizeMetrics​). We then checked the normality of the 

distribution of MP + PE fragment sizes using the CollectInsertSizeMetrics tool and determined 

whether their distributions were separated by visualizing histograms.  

Contamination-  ​We did not expect any contamination from outside sources. To confirm this, 

we searched for matching hits to our scaffolds using the BLAST nucleotide (nt) database and returned 

the five highest high-segment probability pairs with percent identity > 90% for each scaffold. If 

contamination were present, we would expect the whole genome of the contaminant to be present and 

not just short fragments. Therefore, short matches (< 5000 bp) were discarded. We then searched for 

the identity of these 5+ kbp matches using the NCBI GI number.  

Re-scaffolding - ​Following the initial contig and scaffolding building step, we conducted a 

second scaffolding step to ensure proper genome order and orientation. Scaffolding utilizes the 

information from long-read libraries to join together contigs. One issue inherent to the scaffolding 

process is contamination of mate-pair libraries with paired-end reads. Paired-end contamination is a 

direct result of library preparation and can have adverse downstream effects because they are oriented 

differently and have shorter insert sizes the rest of the mate-pair library, leading to an increased 

number of misassemblies and inflated assembly sizes. Therefore, we implemented the stand-alone 

application BESST ​[21]​, a program that specifically models paired-end contamination. BESST 
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requires raw reads sorted according to orientation, trimmed of adaptors, and aligned to scaffolds. We 

implemented the mate-pair quality filtering with NxTrim ​[22]​. Interlaced fastq data were then split 

into their respective files using bbmap and quality was checked in FastQC. Mate-pair were then 

aligned to scaffolds file using Bowtie2.  

Whereas the goal of assembly and rescaffolding is to enhance contiguity, other methods use 

information from remapped reads to split scaffolds based on coverage and sequence composition. 

Regions with low coverage or mis-orientation of read pairs suggest poor assembly, whereas high 

sequence coverage may indicate the presence of collapsed, near identical repeats. We identified 

regions deviating from smooth, non-uniform coverage using ​R​ecognition in ​E​rrors using ​A​ligned 

P​aired ​R​eads ​[23]​. REAPR requires quality filtered, short-insert reads mapped back to the BESST 

scaffolds. Short-insert reads were quality filtered using Trimmomatic and mapped back to the BESST 

scaffolds using the -x option in smalt, as recommended in the REAPR documentation. REAPR then 

broke up misassembled scaffolds. 

Masking - ​Repetitive regions can cause issues for genome alignment. To prevent against 

erroneous alignment in downstream analyses, we masked repetitive elements using RepeatMasker 

version open-4.0.6 ​[24]​ with the setting -species = “aves”.  

Validation - ​To validate our ​de novo ​assembly, we aligned our masked ​de novo​ ​M. flava 

genome to the zebra finch genome. The zebra finch genome is the closest relative to ​M. flava​ that has 

a well-curated and anchored genome.The chromosomal arrangement of bird genomes are relatively 

conserved ​[10]​, making the percentage of scaffolds mapping to a well-curated bird genome a good 

metric for the completeness of our ​de novo ​genome. We used the fast alignment tool NUCmer ​[25]​ to 

find 500 bp or longer regions of exact match. NUCmer then extends its search algorithm outwards 

from the exact match to align genomes. These alignments were used to generate hypotheses about the 

arrangement, order, and anchoring of scaffolds to chromosomes. 

 

Genome Annotation 
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We conducted ​ab initio​ genome annotation of the yellow wagtail genome using the gene 

prediction pipeline, MAKER ​[26]​. For ​ab initio​ gene prediction, we utilized gene evidence from the 

Ficedula​ flycatcher. Specifically, we downloaded both the cDNA and protein databases from Ensembl 

and used these as evidence to predict genes in an iterative manner. In the first run, MAKER was run 

using gene evidence. Then, we trained the ​ab initio​ gene predictor SNAP using fathom and forge, and 

split annotations into four categories (unique genes, warnings, alternative spliced genes, and 

overlapping genes). These were exported and used to generate a HMM which was used in the second 

MAKER run.  

To obtain biologically relevant protein descriptions, we first searched against the RefSeq 

database for the NCBI accession identifiers of high identity matches using ​blastp​. These were then 

converted to relevant descriptions using the biomaRt package ​[27]​.  

 

Results 

 

Raw reads 

 

Sequencing of ​M. f. tschutschensis​ resulted in 265.1 million read pairs with a PhiX error rate 

0.505% and an average quality score of 34.63 (91.02% bases >= Q30). The kmer profile shows two 

peaks, indicating that the ​M. f. tschutschensis​ genome is highly heterozygous (Fig. 1). The second 

peak (centered at 57 bp) indicates the appropriate choice of kmer size in downstream analyses. 

 

De novo assembly 

 

De novo ​assembly can be assessed based on a number of factors: the length for which contigs 

of that length or longer contain at least 50% of the total of the lengths of all contigs (N50), total 
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genome size, coverage, level of contamination, biases in scaffold length, and the number of features. 

The average size of the passerine genome is 1.4 gb ​[28]​. Evidence from karyotyping studies suggests 

that ​M. flava​ should be consistent with the average. Both ALLPATHS-LG and abyss produce 

assemblies within reason, whereas SOAPdenovo produced a very large and unlikely assembly (Table 

1). ALLPATHS-LG had the longest N50.  

The contig coverage distribution is expected to resemble as Gaussian distribution with the 

maximum around the expected coverage. Both ALLPATHS-LG and abyss display Gaussian-like 

distributions with peaks close to 80x coverage (Fig. 2-3), whereas SOAPdenovo does not (Fig. 4). 

Across all methods, there was no evidence of contamination - depicted by a random spread of GC 

content versus coverage points (Fig. 2-4). Both the GC content versus contig length, and the median 

coverage versus contig length graphs can reveal any biases in scaffold length. SOAPdenovo showed 

an increasing linear trend for median coverage versus contig length (Fig. 4), a trend not seen in abyss 

or ALLPATHS-LG. ALLPATHS-LG reconstructed a higher proportion of the genome with fewer 

features and higher coverage (Fig. 5).  

ALLPATHS-LG assembly found 277 out of 429 complete eukaryotic genes, markedly more 

than the other two assemblers (Table 2). As a proxy for completeness, we compared this to the 

well-curated flycatcher genome and found 244 complete genes.  

All evidence suggests that ALLPATHS-LG produced the best ​de novo ​assembly. A summary 

of the ALLPATHS-LG assembly can be found in Table 3. For the remainder of the manuscript, we 

refer to this assembly as our reference genome. All assembly validation and improvement was done 

using the ALLPATHS-LG assembly. 

 

Assembly validation and improvement 

 

Paired-end contamination can cause unexpected mate-pair insert sizes. Our mate-pair libraries 

insert sizes were no greater than 15% deviant from the expected insert size (Table 4), suggesting that 
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assembly was not adversely impacted by paired-end contamination. Nor was it impacted by 

contamination from outside sources. Our BLAST search found no repeat non-avian hits. 

Rescaffolding with BESST increased the N50 of our assembly and decreased the total number 

of scaffolds (Table 1). This reduction was mostly due to long spanning reads joining two scaffolds 

and filling in the unsequenced regions with N’s. However, this type of information is unnecessary for 

downstream analyses and REAPR broke these low coverage spans, increasing the number of scaffolds 

(Table 1). 

A total of 3.63% of the ​M. flava ​genome was masked. Most of the identified repeat regions in 

M. flava ​were retro-elements which made up 3.34% of the assembly (Table 5). Repeat masking 

converted a total of 23 scaffolds into a string of N’s and these were deleted from the working ​M. flava 

genome. The final ​M. flava​ consists of 18,512 scaffolds with 42.5% GC-content and an average depth 

of 67x. 

 

Genome completeness 

 

The final ​M. f. tschutschensis​ assembly covers nearly all (>90%) of the zebra finch genome 

(Fig. 6). We did not expect to find reads mapping to linkage group 2 or 5 as these are likely exclusive 

to the zebra finch and are absent from most other passerine genomes. 

 

Ab initio gene predictions 

 

Two rounds of ​ab initio ​gene prediction resulted in 9,463 genes with an average length of 

20,753 bp and covering 18.7% of the ​de novo ​assembly (Table 6). The final gene models contain hits 

to 10,637 out of the 12,615 possible ​Ficedula ​proteins available on the UniProt database. The majority 

of proteins found in ​M. flava​ are either domain or transmembrane (Fig. 7). 
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Discussion 

 

We present a first-pass reference genome of ​M. flava​ which will provide a stepping stone for 

a wide range of studies focused on the genus ​Motacilla​. There is ample room for improvement of the 

reference including merging scaffolds and filling gaps and low coverage regions. A recent study 

consistently found ~15,000-16,000 genes across 48 bird species representing all extant clades ​[9]​, 

which suggests that the ​M. flava ​genome presented here is missing approximately 35% of the 

expected catalogue of avian genes. This is likely due to protein coding regions with low coverage or 

quality being broken up during the REAPR step of assembly validation.  

The present genome will be vastly improved by the inclusion of additional mate-pair libraries 

with longer insert size or long read sequences (such as those from 10x, PacBio, or Hi-C). Such 

information will provide useful information on gene synteny. While birds are thought to have 

comparatively conserved genome arrangements, karyotype studies demonstrate that within ​Motacilla 

there have been a number of small rearrangements ​[29]​. Furthermore, the proportion of repetitive 

elements (3.63%) is slightly less than that observed across birds (4-10%) ​[9]​. This suggests that 

repetitive regions may have been collapsed, leading to the underestimation of repeat regions. 

However, many research questions do not necessitate a complete reference genome (i.e. 

near-complete DNA sequence for each chromosome). 

The choice of ​M. flava tschutshcensis ​for genome sequencing was guided by the hypothesis 

that founder events and population bottlenecks led to reduced heterozygosity in ​M. flava 

tschutshcensis​ relative to other ​M. flava ​subspecies. However, we found no evidence for this 

demographic history (Chapter 1). Instead, ​M. flava tschutshcensis ​belongs to a northwestern 

subspecies group, along with ​M. f. thunbergi​. Therefore, the heterogeneity observed in the kmer 

profile (Fig. 1) is an expected and unavoidable result, likely characteristic of all ​M. flava ​populations. 

Recent advancements in single-molecule sequencing methods will soon allow for phased genome 
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sequence reads ​[30]​, which will solve many of the issues surrounding the assembly of highly 

heterozygous genomes. 
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Table 1. Standard summary statistics of the ​M. flava ​genome. 
 

Assembler # Scfs # Scfs > 
1000 NG50* Max scf 

 length 
Total assembly 

length 
abyss 3611549 83004 270278 3602955 1565495165 

ALLPATHS-LG 9349 8778 5252889 20294336 1053394660 
SOAPdenovo 6389428 61403 21972 3531297 2225962440 

Rescaffolder     
BESST 6636 - 5483466 - 1047904772 
REAPR 18512 - 225080 1461397 1050885999 

* NG50 = length of the longest scaffold such that the sum of all the scaffolds longer than it is at least 50% of the 

estimated genome length. 
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Table 2. BUSCO searched for 429 conserved eukaryotic genes in each assembly. 
 

Assembler Complete Duplicates Fragmented Missing 

abyss 206 8 59 164 

ALLPATHS-LG 277 5 26 126 

soapdenovo 40 1 45 344 
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Table 3. ALLPATHS-LG library coverage report 
 

Insert size # reads % used Sequence coverage* Physical coverage** 
180 747,806,858 87.5 80.5 59.1 

3000 25,533,486 55.1 1.5 20.7 
6000 97,119,618 65.1 5.8 184.9 

* Average number of times a base is read 
** Average number of times a base is read or spanned by a mate-pair library 
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Table 4. Mate-pair library summary. Raw read count, expected versus true insert sizes, quality 

filtering results, and the percentage of reads mapped to the ​M. flava tschutschensis​ reference genome.  

 
Exp. insert 

size (bp) 
Mean 
(stdev) 

# raw 
reads 

% reads 
MP + 

quality 
filtered 

% reads 
unknown + 

quality 
filtered 

% raw 
reads 

mapped 

3000 3101 
(370) 18883982 40.2% 25.8% 92.5% 

6000a 6813 
(574) 45800932 44.3% 16.7% 91.0% 

6000b 6507 
(552) 31426451 43.9% 18.5% 92.5% 
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Table 5. ​M. flava ​repeat content listed by repeat type as identified by RepeatMasker. 
 

Repeat Type # elements Length (bp) % of sequence 

Retroelements 111730 35120047 3.34 

 SINEs 4202 500869 0.05 

 Penelope 77 14465 0.00 

 LINEs: 80383 23417344 2.23 

  CRE/SLACS 0 0 0.00 
  L2/CR1/Rex 80230 23381975 3.42 
  R1/LOA/Jockey 0 0 0.00 
  R2/R4/NeSL 24 12243 0.00 
  RTE/Bov-B 18 1086 0.00 
  L1/CIN4 34 7575 0.00 

 LTR elements: 27145 11201834 1.07 

  BEL/Pao 0 0 0.00 
  Ty1/Copia 0 0 0.00 
  Gypsy/DIRS1 0 0 0.00 
  Retroviral 27052 11185613 1.06 

DNA transposons 8438 1288732 0.12 

 hobo-Activator 1301 217888 0.02 

 Tc1-IS630-Pogo 286 50208 0.00 

 En-Spm 0 0 0.00 

 MuDR-IS905 0 0 0.00 

 PiggyBac 0 0 0.00 

 Tourist/Harbinger 2144 199585 0.02 

 Other 0 0 0.00 

Rolling-circles 0 0 0.00 

Unclassified 1440 254400 0.02 

Total interspersed repeats - 36663179 3.49 

Small RNA 946 122700 0.01 

Satellites 1298 189361 0.02 

Simple repeats 9596 1186099 0.11 

Low complexity 303 64370 0.01 
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Table 6. Summary of ​M. flava ​annotation. 
 

Number of genes/mRNA  9463 
 # exons 75256 
 # introns 65793 
 # CDS 9463 

Overlapping genes 879 
Total gene/mRNA length 196388885 

Total exon length 12823340 
Total intron length 183697131 
Total CDS length 12787233 

Mean gene/mRNA length 20753 
Mean exon length 170 

Mean intron length 2792 
Mean CDS length 1351 

% of genome covered by genes 18.7 
Mean exons per mRNA 8 

Mean introns per mRNA 7 
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Figure 1. Kmer profile of ​M. flava tschutschensis ​raw reads. Ideally, this plot should be a gaussian 

distribution. However, it is normal to see a peak for x = 1 (errors) and a second peak close to the 

expected coverage. If a genome is highly heterozygous, a third peak will be seen at half the expected 

coverage.  
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Figure 2. Quality control plots for the genome assembled by abyss. 
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Figure 3. Quality control plots for the genome assembled by ALLPATHS-LG. 
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Figure 4. Quality control plots for the genome assembled by soapdenovo2. 
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Figure 5. Feature-response curve characterizing the sensitivity (coverage) of the sequence assembler 

output (contigs) as a function of its discrimination threshold (number of features). An assembler that 

reconstructs a higher portion of the genome with fewer features is desirable and this translates to a 

sharper FRCurve. 
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Figure 6. Depiction of ​M. flava ​scaffolds mapping to zebra finch chromosomes. Colors indicate 

mapping of forward (black) vs. reverse (red) scaffolds. No coverage is shown as gaps in color (white). 

The absence of linkage groups 2 and 5 (LG2, LG5) is expected, as they are zebra finch specific. 

 

 

  

69 



Figure 7. Characterization of proteins by Uniprot classifications. ‘Other’ category consists of all 

classifications comprising < 1% of the genome (calcium binding, cross-link, DNA binding, initiator 

methionine, intramembrane, lipidation, nucleotide binding, motif, topological domain, zinc finger, 

glycosylation, and modified residue). 
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Chapter 3: ​Quantifying phenotypic and genotypic diversity in the white and yellow wagtail species 

complexes (Aves: ​Motacilla​) using whole-genome resequencing 

 

Rebecca B. Harris 
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Introduction 

 

Population divergence is often started with a period of geographic isolation during which 

there is limited gene flow between populations and the potential for divergent selection. Traditionally, 

it was expected that populations under divergent selection would experience and fix a different series 

of mutations at genes responsible for trait differences. If selection occurs on traits important in 

reproductive isolation, then these populations are more likely to develop reproductive barriers ​[1]​. 

Many studies have focused on a set of candidate genes thought to have a functional role in diverging 

traits. However, this candidate gene approach may be ineffective for studying complex traits which 

involve multiple genes mediated by their interaction with environmental factors. Furthermore, the 

underlying genetic control of many traits is still unknown. Studies focusing on a specific subset of 

genes may fail to elucidate differences important in population differentiation. With the advancement 

of sequencing technologies, studies utilizing genome-wide scans have identified previously 

unrecognized candidate genes for adaptation and trait differences ​[2]​. Such studies have also provided 

evidence that the signal of differentiation across the genome is widespread and heterogeneous ​[3]​.  

Early in the speciation process, patterns of divergence may lack consistent signal, due to the 

complex interactions of drift, selection, recombination, mutation, introgression, and incomplete 

lineage sorting. Genome scans provide a high-resolution picture of genome-wide divergence and are 

not biased towards functional regions. Regions of high genomic differentiation can arise by means 

unrelated to reproductive isolation or speciation ​[4]​. To understand whether a trait is under selection, 

one must first understand the evolutionary processes shaping the genome. For example, demographic 

history can produce patterns similar to that of selection and can lead to erroneous conclusions about 

the process of evolution ​[5]​. In addition, genomic architecture may complicate the detection of genes 

underlying population differentiation ​[6]​. Recent studies have begun to parse population specific 

divergence from shared evolutionary history by sampling several populations at various stages of 
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population divergence and combining analyses of loci under divergent selection with genome-wide 

scans and robust estimates of demographic history.  

By coupling candidate gene approaches with characterization of patterns of genetic variation 

across the genome, there is far greater power to reveal evolutionary processes driving the non-random 

accumulation of genetic differences between diverging populations ​[7]​. Genome scans allow us to 

detect previously unknown genomic regions that associate with traits of interest.  

 

Genes of interest 

 

In songbirds, if selection occurs on traits important in reproduction, such as plumage, song, or 

habitat choice, these populations are more likely to develop reproductive isolation ​[8]​. There are many 

examples of natural and sexual selection driving geographic variation in plumage. Sexually selected 

plumage traits are important for species recognition and have the potential to rapidly diverge between 

allopatric, ecologically equivalent populations ​[9]​. Because mate preferences in birds are often learned 

through imprinting on parental phenotypes, barriers to gene flow can arise without genetic coupling 

between mating trait and preference ​[10]​. The lack of genetic structure concordant with phenotype 

suggests that this may be the case in the white (​M. alba​) and yellow (​M. flava​) wagtail species 

complexes.  

To elucidate the genetic basis of plumage in wagtails, we targeted genes known to contribute 

in some way to pigmentation pathways. The underlying genetic variants associated with pigmentation 

phenotypes are relatively well characterized. Melanin-based coloration has repeatedly been shown to 

be heritable and associated with few mutations in melanogenic genes ​[11–13]​. Knowledge about the 

molecular basis of carotenoids deposition is still limited, although carotenoid-based pigments tend to 

be more phenotypically plastic and can be environmentally dependent ​[14]​. 
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Another trait that may be important in wagtail evolution is migration. Migration is a labile 

trait ​[15]​ and the evolution of new migratory behaviors has the potential to facilitate ecological, 

morphological, physiological and life-history evolution ​[16]​. In particular, migratory direction and the 

timing of return to the breeding ground may have large fitness consequences. Arrival date and a 

number of other migratory behaviors are associated with genetic differentiation ​[17,18]​. A few studies 

have demonstrated a link between sexually selected traits and migratory behavior ​[19,20]​. Both the 

white and yellow wagtail species complexes are highly migratory and distributed across a large 

south-north expanse during the breeding season. If migration is playing an role in population 

differentiation, then it may be revealed by searching for fixed differences in known migration genes. 

Circadian rhythms help birds anticipate upcoming changes in environmental conditions ​[21]​ and act 

as timekeepers for avian migration. The molecular basis for circadian rhythms is highly conserved 

[22]​. We target genes that may be involved in the presumed migration differences within the wagtail 

species complexes.  

 

Demographic history 

 

Characterizing genomic differentiation requires an understanding of demographic history. 

Non-adaptive demographic processes will have a universal and random effect on the genome ​[23]​, 

resulting in genetic structure and differentiation unrelated to phenotypic divergence. Isolation 

followed by founder events and population expansion can leave distinct signatures on the genome 

that, unaccounted for, may resemble divergent selection ​[24]​. Given dynamic climatic change during 

the Pleistocene, it is necessary to account for demographic history to understand population 

divergence in wagtails. The Quaternary (2.4 mya to present) has been characterized by large climatic 

oscillations with warm interglacials and cold glacial periods ​[25]​. This climatic cycling is thought to 

have caused repeated population expansions and contractions.  
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Due to missing data and a sparse data matrix, we were unable to optimize demographic 

models reflecting the population fluctuations characteristic of many species impacted by the 

Pleistocene (Chapter 1). Here, we take advantage of the whole-genome resequencing data generated 

for outlier detection and apply it to the relatively new ​P​airwise ​S​equentially ​M​arkovian ​C​oalescent 

(PSMC) model ​[26]​. PSMC has been successfully used to show population fluctuations in a number 

of studies ​[27,28]​ and therefore should provide a clearer picture of past demographic events affecting 

the white and yellow wagtail species complexes. PSMC assumes that changes in the TMRCA is due 

to recombination, where the probability of recombination is dependent on the mutation rate, 

recombination rate, and the relative effective population time at a given interval. From this 

information, PSMC estimates effective population size (​N​e​) across all past coalescent intervals. An 

advantage of the PSMC model is that it uses one genome from a single individual to make inferences. 

Comparing population trajectories among individuals of the same and different subspecies can reveal 

something about population history. For examples, if trajectories of individuals from the same 

subspecies are congruent, but different across subspecies, then it suggests that subspecies designations 

reflect biologically meaningful lineages ​[27,29]​.  

By sequencing multiple genomes from across the white and yellow wagtail species 

complexes, we have the opportunity to characterize genomic differentiation, identify important 

genomic regions that may be contributing to population differentiation, and get a more robust estimate 

of their demographic history. The goal of this study is to provide a platform for future genomic studies 

seeking to understand how demographic processes and selection have shaped phenotypic diversity in 

wagtails. 

 

Methods 

 

Sampling and sequencing 
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We chose five subspecies from each species complex (Table 1), including representatives 

from the subspecies groups (hereafter referred to as populations) estimated in Chapter 1. (Note: we 

found three yellow wagtail populations (west, northeast, southeast) in Chapter 1. Due to sampling 

restrictions, we were only able to include one subspecies representative from the northeastern and 

southeastern populations. Therefore, in the remainder of the manuscript, we collectively refer to these 

as the “eastern” population.) 

To guide our choice in sample selection, we characterized plumage diversity within the two 

species complexes. We used a data matrix of 30 discrete plumage characteristics generated by 

Alström ​et al. ​(2002) to calculate a distance matrix using the R package claddis ​[30]​]. Prior to 

principal component analysis (PCA), we rescaled raw distances against the maximum possible 

observable distance, as described in Lloyd ​et al​. (2016). We attempted to include representatives from 

subspecies with a) similar plumage but disjunct distributions, or b) different combinations of discrete 

plumage characteristics that would allow exploration of genome-wide associations. However, we 

were limited by the availability of high quality tissue samples with associated specimen skins. From 

each subspecies, we selected 1-3 individuals per subspecies from the Burke Museum collections. 

Individuals were assigned to subspecies according to the criteria outlined in Alström ​et al.​ ​[31]​. For 

plumage analysis and to ensure equal coverage of both autosomes and sex chromosomes, only males 

were used.  

DNA was extracted from tissue using standard phenol-chloroform extractions, quantified with 

the broad-range Qubit fluorometer (Life Technologies) protocol, and quality checked for length and 

fragmentation with a TapeStation (Agilent). DNA library construction and sequencing was completed 

into two separate batches by the Brigham Young University Sequencing Center and UC Berkeley’s 

QB3. All individuals were prepared with Illumina’s TruSeq kit with short-insert (350 bp) libraries. 

Three lanes of sequencing was performed using 125 bp paired-end reads on the Illumina HiSeq2500 

platform.  
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Alignment and filtering 

 

We filtered raw reads using a combination of CutAdapt ​[32]​, Trimmomatic ​[33]​, and a 

custom C script (T. Flouri). The quality of reads was assessed in FastQC. Quality filtered reads were 

aligned to the ​M. flava tschutschensis ​reference genome (see Chapter 2) with bowtie2 ​[34]​, specifying 

insert sizes between 200 and 500 (using ​-I ​and ​-X​, respectively). After converting to sorted BAM 

format for efficient storage and assigning read group names, duplicates were marked with picard 

tools. To improve variant calls, we merged BAM files from the same species before conducting indel 

realignment with GATK ​[35]​. Variant calling was performed with samtools mpileup ​[36]​ and 

bcftools. In both vcf and fastq files, only sites with quality greater than 20 (​-Q​) were used. Further 

quality filtering was conducting using a combination of vcftools ​[37]​ and SnpSift ​[38]​. Depending on 

the analyses, the depth of coverage and missing data threshold varied.  

Low coverage regions risk being called homozygous because the other allele may not have 

been sequenced by chance. High coverage sites are potentially the result of collapsed regions in the 

assembly. Therefore, we filtered out sites with less than 5x coverage or more than 100x coverage 

when constructing consensus fastq/fasta files with the samtools vcfutils function. 

 

Population structure 

 

To explore population differentiation, we used a complete data matrix (0% missing data) with 

a minimum 10x depth of coverage and excluded SNPs within 3 bp of indel regions. We calculated 

hierarchical genome-wide Fst using ANGSD ​[39]​. Fst was calculated separately for each locus and 

weighted pairwise Fst was calculated between subspecies. 

 

To explore whether denser genome-wide sampling provides additional information that alters 

estimates of population structure or relationships, we repeated some of the analyses conducted in 
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Chapter 1 with our resequencing data. Population structure was estimated with DAPC in adegenet 

[40]​. Subspecies relationships were estimated from a concatenated gene tree in RAxML using the 

Lewis correction with a HKY85 model and 1000 bootstrap iterations ​[41]​. So as not to violate the 

assumption of unlinked sites in both analyses, we excluded SNPs within 10 kbp of each other. To 

account for the potential variance in subsetting the full data matrix, we conducted both analyses with 

five independent draws of SNPs separated by 10 kbp. 

 

Demographic inference with PSMC 

 

Estimates of effective population size are highly sensitive to the type of genomic data used 

and the depth of genomic coverage. Since the effective population size of the Z chromosome is only 

¾ of that of autosomes, Z linked genes will display reduced effective population. Therefore, we 

removed all Z linked scaffolds from the PSMC analysis. These were identified using the NUCMER 

alignment of scaffolds to the zebra finch genome (Chapter 2). A recent empirical study on flycatchers 

found that below 10x coverage PSMC failed to reconstruct the demographic history found at higher 

coverage ​[29]​. Others studies have suggested a threshold as low as 5x ​[27]​. To determine the 

threshold in the present study, we conducted PSMC using a 5x, 10x, and 20x threshold for ​M. alba 

lugens​ (alb57). If demographic analyses was sensitive to coverage, then we expected a change in the 

shape or position of the PSMC curve. However, we did not see a biologically meaningful change in 

our PSMC results and therefore use a 5x threshold for all other analyses. The ​M. f.​ ​lutea​ individual 

was excluded as genome coverage was too low for reliable PSMC analysis.  

The first step of the PSMC analysis (fq2psmcfa) is to split the sequence into 100 bp bins, 

where a bin is considered heterozygous if > 10 bp were called and at least one base is heterozygous. 

We then used this new file to infer demographic history using 30 iterations (​-N​). ​N​e​ was inferred 

across 34 free atomic time intervals (4+30*2+4+6+10), meaning the first population size-parameter 

spans the first four atomic intervals, each of the next 30 parameters spans two intervals, while the last 
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three parameters spans four size and ten intervals (​-p​). These settings have been used to analyze other 

passerine species with similar divergence histories ​[29,42]​.  

To explore how parameter choice influenced demographic estimates, we chose a range of 

values for the upper limit of the TMRCA (​-t​ = 5, 15) and the mutation/recombination ratio (​-r ​= 1, 3, 

5). Our results were not sensitive to these parameter choices, so our final analyses were conducted 

using a TMRCA of 5 and a ratio of 3. To estimate variance in Ne, we performed 100 bootstrap 

replicates by randomly sampling with replacement 5 Mb sequence segments. A generation time of 1 

year and a mutation rate of 2.3x10^-9 ​[43]​ was used to convert PSMC results into real-time units. 

 

Plumage & migration 

 

We used two methods to explore the presence of fixed differences in genome sequene. First, 

we explored the prevalence and pattern of SNPs within genes of interest. Second, we conducted a 

sliding window analysis of fixed differences and Fst. 

Candidate genes - ​Using the Gene Ontological database, we generated a list of 84 genes 

(Table 2) implicated in migration (circadian rhythm) ​[44]​ and the plumage pigment (melanin and 

carotenoid) pathways ​[12,14]​. Each gene name was searched against the reference genome 

annotations (Chapter 2). Only 49 matches were found. Missing genes were likely due to a fragmented 

and incomplete reference genome (discussed in Chapter 2). This was substantiated by our inability to 

align more than ~50% of our WGS data to the reference (Table 1). For each match, we extracted 

positional information which we then used to subset consensus fastq files. Because individual-specific 

indels are carried over to fastq alignments, we checked and refined the alignment of single genes 

visually in JalView ​[45]​. For genes exhibiting a large number of SNPs, we calculated the probability 

of seeing a cluster of SNPs by calculating the average interval between SNPs across all scaffolds. 

Then we conducted a t-test to determine whether the interval seen on gene of interest was significantly 

different than average.  
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When looking for candidate genes, it is important to include enough samples from each group 

to ensure that what appears to be a fixed difference is not actually an intra-group polymorphism. The 

minimum number of samples needed to confidently call a fixed difference depends on the degree of 

intra-group diversity. Normally this is encapsulated in estimates of theta, but our current sampling was 

too small to reliably estimate theta for subspecies. Therefore, we calculated the percent genome-wide 

heterozygosity. To do this, we implemented the heterozygosity estimator in ANGSD ​[39]​ with a 20x 

depth of coverage threshold (20x) so as to minimize the effects of sequencing error and ensure 

sampling of both alleles.  

Sliding window - ​Outlier tests are a common way to detect regions of the genome that have a 

higher Fst than expected under genetic drift alone. Such tests have the potential to identify regions 

under divergent selection (high Fst) or balancing selection (low Fst). However, non selective forces, 

such as dispersal, population structure, or demographic history, can impact genome-wide Fst values 

[24]​.  

A recent simulation study demonstrated that a large number of SNP markers (100-1000) can 

compensate for small sample (individuals) sizes (n = 2-6) ​[46]​. However, this study used a simple 

model of population history and may not reflect the complexity of real demographic scenarios. 

Assuming an avian mutation rate of 2.3 x 10^-9 ​[43]​ and our estimated population divergence for the 

split between the “eastern” and western yellow wagtail populations, we calculated the size of a sliding 

window that would on-average provide enough SNPs. Using a divergence time of 150 kya (Chapter 1 

& results), we show that a 300 kbp sliding window is needed to expect an average of 103.5 SNPs per 

window. That the N50 of our reference genome is smaller than the required sliding window (225 kbp; 

Chapter 2) and the resequencing data only covered about 50% of the reference genome makes it 

unlikely that Fst sliding windows between subspecies or white wagtail populations (with more recent 

divergence times, see Chapter 1) would be reliable. Therefore, we limit the Fst sliding window 

analysis to just between the “eastern” and western ​M. flava ​populations.  
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Instead, we performed a sliding window analysis of fixed differences between subspecies 

using custom R scripts. We used the coordinates provided by the NUCMER reference genome 

alignment to the zebra finch genome (Chapter 2) and the frequency of fixed SNPs calculated across 

each 10 kbp interval. We did not collapse data from scaffolds > 10 kbp. We conducted all pairwise 

comparisons between subspecies and populations. For each comparison, sites with missing data were 

removed. 

 

Results 

 

Summary statistics 

 

As expected, the raw number of sequencing reads varied across individuals and sequencing 

lanes (Table 1). Across individuals and species, the indel rate was 0.001-0.002, the mean mismatch 

rate was 0.022, and only half of our reads were mapped to the reference genome. Compared to similar 

studies, this mapping rate is low (per. comm. Alexander Suh) and likely indicative of issues with the 

reference genome, such as a high degree of repetitive sequence.  

 

Population differentiation 

 

Taken together, these analyses suggest that the genome-wide signal of population structure is 

more pronounced in the yellow wagtail species complex. Genome-wide Fst values are higher between 

M. flava​ subspecies than between ​M. alba​ subspecies (Table 3).  

M. flava - ​Across all five datasets, both DAPC and RAxML converged on the same results. 

Our PCA results mirror the east-west divide in ​M. flava​ recovered in Chapter 1 (Fig. 2). The same 

pattern was observed for ​de novo​ population structure estimation. The PCA did not support a further 

splitting of the “eastern” population into northern and southern groups, likely due to our limited 
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sampling. RAxML corroborates these findings. RAxML found high support for the monophyly of 

taivana​ and ​tschutschensis​ and their sister relationship (Fig. 3). The western subspecies are 

monophyletic (​flava, feldegg, lutea​)​, ​nor were any of the subspecies within it. The lack of monophyly 

of the western group is solely due to the placement of ​M. f. lutea. ​However, this sample had the lowest 

coverage of any (Table 1) and missing alleles may be impacting the analysis.  

M. alba - ​Neither DAPC nor RAxML recovers the same east-west ​M. alba ​split seen in 

Chapter 1. Of the sampled subspecies, only ​M. a. lugens ​was found to be monophyletic.  

 

Demographic analysis 

 

We were able to reconstruct effective population size spanning nearly all of the Pleistocene 

period (10 kya - 2 mya) (Fig. 4-6). We depict bootstrapped PMSC results according to subspecies 

(Fig. 4 & 5) to demonstrate whether there was a subspecies-specific population trajectory. To compare 

across species complexes, we depict only one individual (highest coverage) per subspecies with 

bootstrap intervals in Figure 6.  

M. alba​ - PSMC found largely concordant demographic estimates within subspecies (Fig. 5). 

Across subspecies, population trajectories are very similar. Around 200 kya, all ​M. alba​ subspecies 

underwent population expansion. Populations continued to increase through the start of the last ice 

age (110 kya) and reached their maximum at 60 kya and 85 kya in the western and eastern 

populations, respectively. The eastern population reached a ​N​e​ peak of approximately 2 million, 

whereas the western population peaked at approximately 3 million breeding individuals. Population 

size decreased until the most recent estimate 10 kya in all but ​M. alba. 

M. flava ​- In contrast to the uniformity of the ​M. alba​ subspecies, the ​M. flava​ subspecies 

show trajectories that are consistent within but distinct subspecies. Across all subspecies, population 

growth begins around 1 mya but reaches its peak at variable times. First, we discuss demographic 

trends in the northeastern and southeastern subspecies, ​tschutschensis ​and ​taivana​, respectively. 
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Between 15-100 kya there is some uncertainty in ​taivana​ ​N​e​ - in general, ​N​e​ appears to steadily 

increase to ~2-2.5 million, followed by an abrupt 100 fold decrease in Ne. In contrast, ​tschutschensis 

N​e​ peaks (~2.5 million) at 125 kya and then steadily declines, reaching a quarter of its size by 16 kya.  

The western subspecies (​beema​, ​flava​, and ​feldegg​) show striking differences in population 

trajectory. The classification of ​beema ​as a subspecies separate from ​flava​ has been questioned ​[31]​. 

In Figure 4, we show the ​beema ​separate from ​flava​, as the PSMC analysis infers such different 

demographic histories. Notably, ​flava​ appears to have increased in ​N​e​ until recent times, whereas 

beema​ reached a peak ~110 kya, experienced a slight decline, followed by suddenly doubling ​N​e​ ~32 

kya and then a 6-fold decrease ~20 kya. The two ​feldegg​ individuals show a similar population curve 

with an steady increase to an ​N​e​ maximum, followed by a bottleneck and then recovery. However, the 

time estimates for ​feldegg​ do not align - likely due to low coverage in one of the samples.  

Overall PSMC estimates population sizes in ​M. alba​ are much smaller than those of ​M. flava. 

Across all subspecies ​M. alba​ had half the rate of heterozygosity of ​M. flava ​(Table 1). This is in 

accordance with the neutral theory, which states that population with larger ​N​e​ should have increased 

heterozygosity ​[47]​. The heterozygosity rates found in wagtails is of the same order of magnitude as 

other bird species ​[48]​. 

 

Genomic differentiation 

 

The percentage of genome-wide fixed differences in subspecies varies (Table 4). As a point of 

reference, humans and chimps diverged from their common ancestors 5-7 million years ago and their 

genome consists of ~1% fixed differences ​[49]​. The genome wide pattern of fixed SNPs also suggests 

a higher degree of divergence in ​M. flava​ compared to ​M. alba​. 

 

Genes of interest 
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M. flava - ​Few genes stand out as highly differentiated. Of those, ​TYR​ differentiates ​taivana ​+ 

tschutschensis ​from the other yellow wagtails.The ​TYR​ transcript (intron + exon) contains 121 fixed 

SNPs (mean interval = 121 bp) holding this pattern. The probability of finding a cluster of SNPs 

distinguishing ​taivana + tschutscensis​ from the other wagtail populations is extremely low (p-value 

2.2 x 10​-16​). 18 of these fixed SNPs occur in the coding region of ​TYR​, making up 10 changes in 

amino acid residues.  

Another gene, one involved in migration, that finds the same pattern at a highly unlikely 

cluster is ​Nfil3​. This gene has 54 fixed SNPS within its transcript, seven of which are within the 

coding region. 

M. alba - ​We found no such high density clusters of SNPs in ​M. alba​ in neither the pigment 

or migration related genes. We find no shared SNPs in any of the ​M. alba ​migration genes. We find 

one fixed SNP in ​TYR ​and ​MC4R​ distinguishing ​personata​ + ​alba​ and ​alba​, respectively.  

 

Sliding window analysis 

 

M. alba​ - The lack of differentiation between the eastern and western ​M. alba​ populations is 

striking (Fig. 7). The pairwise subspecies analyses showed a greater number of divergent regions. 

Even so, the maximum value number of fixed differences in any 10 kbp window was 12. There is no 

apparent outlier in the pairwise analyses of eastern vs. western subspecies. Some chromosomes 

showed a higher degree of differentiation (notably, chromosomes 1, 1A, 2, 5, Z) but between these 

there was no clear outlier chromosome. 

M. flava ​- The ​M. flava​ sliding window analyses revealed high differentiation on the avian sex 

chromosome (Z) compared to the autosomal chromosomes (Fig. 8) for both “eastern” vs. western and 

the northeastern vs. southeastern comparison. This pattern is absent from the pairwise comparisons 

between western subspecies. 
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We found heterogeneity in Fst across the “eastern” and western ​M. flava ​populations (Fig. 9). 

The pattern of differentiation reveals a similar pattern to the analysis of SNPs (Fig. 8). However, the 

Fst analysis found differentiation peaks on chromosome 10 and 18 undetected by the SNPs sliding 

window. This could be to a number of differences between the analyses: window size (300 kbp vs. 10 

kbp), filtering method, and tolerance for missing data.  

 

Discussion 

 

We documented substantial genomic heterogeneity in sequence divergence in the yellow 

wagtail species complex, with fixed SNPs located throughout the genome and some occurring in large 

clusters. In contrast, we found low levels of divergence in the white wagtail species complex with no 

clusters of fixed differences. This agrees with the timing of divergence between the species; we find a 

strong signal for “eastern” and western populations. We also find some evidence for subspecies 

specific trajectories in our demographic analyses. The same cannot be said for the white wagtails. We 

do not recover strong evidence for population structure consistent with the findings of Chapter 1 and 

there is no genomic pattern consistent with subspecies specific trajectories.  

 

Demographic history 

 

Overall, we confirm that PSMC is a useful tool at pinpointing the time of lineage splitting at 

the population level. Convergent PSMC curves of all five ​M. flava ​subspecies up until ~100 kya can 

be interpreted as shared ancestry and demographic history. After this time, differing population 

trajectories demonstrate that the five ​M. flava ​subspecies were experience distinct population 

trajectories. That populations split around 150 kya is consistent with our time-calibrated species tree 

and ​dadi​ estimates in Chapter 1. In contrast, the PSMC results of ​M. alba ​are more subtle and distinct 

population trajectories are not immediately apparent. In combination with our Chapter 1 population 
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structure results, we can deduce that the eastern and western populations experienced different 

trajectories. This is apparent from a slight shift in timing of ​N​e​ peak and a smaller ​N​e​ in the eastern 

subspecies. The shared trajectory until approximately 100 kya suggests ​M. alba​ lineage splitting at 

this time.  

The timing of the last glacial maxima (LGM; ~20 kya ​[50]​) coincides with the dramatic ​N​e 

decline in both ​M. f. beema​ and ​M. f. taivana​, and the ​N​e​ low point seen across all ​M. alba ​subspecies 

and ​M. f. tschutschensis​. During the last glacial period (110-40 kya) leading up to the LGM, all ​M. 

alba ​experienced a population decline likely due to loss of suitable habitat. However, the three 

western ​M. flava​ subspecies increased during this time suggesting that they were unaffected by habitat 

loss. One region of the current ​M. f. flava​ range known to be covered in an ice sheet from 90 kya to 

the LGM was Scandinavia ​[51]​. The final increase in ​N​e​ starting at this point may indicate population 

expansion and colonization of this area. Future studies should prioritize the inclusion of the most 

southern subspecies from the ​M. alba​ species complex.  

Combined with ​dadi​ analyses (Chapter 1), we appear to have compelling evidence that the 

Eurasian ​Motacilla​ were not affected by cyclical climate change. Other studies have used PSMC to 

document fluctuations in population size concordant with historic climate oscillations ​[27]​. However, 

both of these methods may fail to accurately portray historical population fluctuations if there was a 

severe population bottleneck and a drastic reduction in genetic diversity. Both methods rely on 

retention of some genetic variability, but if the bottleneck was severe and  nearly all variability was 

lost, then we might expect only one episode of population expansion and contraction. Future studies 

on wagtails should utilize simulations to demonstrate how severe such a bottleneck would need to be 

and whether there has been sufficient time to allow the recovery we see today.  

 

Genes of interest 
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We identified two genes that may be playing a role in driving population differentiation in the 

yellow wagtail species complex. While we can conclude that divergence at these loci occurred before 

the completion of speciation, it is unknown whether these genes are contributing to the evolution of 

reproductive isolation or their effect size - therefore, their role as speciation genes still needs to be 

established ​[52]​. 

Nfil3​ plays a role in the regulation of circadian rhythm gene expression ​[53]​ and contains a 

high density of SNPs distinguishing the eastern and western ​M. flava​ populations. With such a vast 

range, it is possible that ​M. flava​ has a migratory divide - with eastern and western populations 

differing in either the timing or direction of migration. Migratory divides have been demonstrated in a 

number of other species ​[54–57]​. To further explore whether there is a role for migration in driving 

population differentiation, cage orientation, gene association experiments, and studies of birds on the 

wintering ground should be done ​[17]​.  

The ​TYR​ gene belongs to the tyrosinase-related protein gene family along with ​TYRP1 ​and 

TYRP2​. They have known involvement in pigmentation, specifically the regulation and control of 

melanin synthesis, and share the same signalling sequence, including two binding sites responsible for 

their catalytic activities ​[58]​. These genes have the potential for functional polymorphisms and could 

explain natural variation in pigmentation phenotypes ​[59]​ The expression level of these genes has also 

been shown to play a major role in determining plumage color in other birds ​[60]​.  

White wagtails show differentiation in color pattern, not color itself, and this may be due to 

local differentiation in gene expression rather than amino acid changes ​[61]​. For example, differences 

in expression distinguish crows with grey vs. black backs ​[62]​. Hormone levels can also play a role in 

the intensity of pigmentation and pattern ​[63]​. However, single gene mutations of large effect have 

been shown to cause plumage differences ​[11]​ and we were unable to retrieve all the genes important 

in the melanogenesis pathway (most importantly, ​Agouti ​[64]​). Yellow wagtails display color pattern 

patches (darker yellow, black, and white) that are likely a result of melanin deposition as well.  
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While wagtails may benefit from a more complete candidate gene panel, it is also likely that 

this group would also benefit from future transcriptomics work. With such a small sample size, we 

cannot reliably interpret our results to conclude that these genes are under selection, as they may 

instead reflect demographic processes or population structure. Increased sampling at the individual 

level will allow for calculation of Fst (a more appropriate way of accounting for differentiation than 

number of fixed SNPs), tests of neutrality, recombination, and linkage disequilibrium. Negative 

values of Tajima’s D or Fu’s Fs may help elucidate whether the patterns seen are due to demographic 

processes rather than selection.  

 

Sliding windows 

 

Our sliding window analysis reveals high differentiation on the avian sex chromosome (Z) in 

M. flava​ but not ​M. alba​. Until recently, it was thought that mutations on the sex chromosome were 

more likely to be fixed because of sexually antagonistic fitness effects and more exposure to selection. 

Both theory and empirical studies have shown that genes on the sex chromosomes play an important 

role in reproductive isolation. If the Z chromosome harbors genes involved in female preference and 

flashy male traits, then this should promote the rapid evolution of sexually selected traits ​[65]​. 

However, the Z chromosome has a lower effective population size compared to autosomes and this 

can lead to an increased rate of functional change due to a reduced efficacy of purify selection ​[66]​. 

Because of this, genetic drift would then have a greater potential to fix mildly deleterious alleles. New 

evidence suggests that drift is primarily responsible for the higher rates of evolution on the Z 

chromosome of Galloanserae, a group of birds that are separated by nearly 90 million years ​[67]​. 

Given that ​M. alba​ divergence is very recent, we would not expect to see divergence on the Z 

chromosome even if selection or drift was ongoing. 

Increased sampling will much improve our ability to conduct Fst outlier scans. Not only will 

this allow us to use more sophisticated methods which incorporate demographic models into their 
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estimation, but it will allow us to decrease the size of our sliding window which far exceeded the 

effects of linkage.  

 

Conclusion 

Despite their plumage differences known to be involved in sexual selection, both wagtail 

species complexes are differentiated in very small portions of their genome. These regions are 

distributed throughout the genome, but do not include candidate genes involved in the pigmentation or 

migration pathways. Our study provides a platform for future studies seeking to identify the genetic 

basis of phenotypic differences in wagtails. The genotype-phenotype discord observed in wagtails has 

also been observed in other systems and has been attributed to recent divergence ​[64,68]​ and ongoing 

gene flow ​[69]​. Wagtail research will benefit greatly from a greater understanding of their natural 

history and plumage diversity. Association studies will require a more robust understanding of 

plumage variation both within and across subspecies - future research should prioritize quantification 

of plumage pattern.   
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Table 1. Sequencing and alignment summary statistics. 
 

Species ID 
Total reads 

(P1+P2) 

% reads 
aligned to 
reference 

Mean (sd) 
depth 
Q>20 

% 
chimeras 

% breadth 
cov. (DP>0) 

% breath 
cov. 

(DP>5) 

% 
hetero- 
zygosity  

M. a. alba alb045 94915300 51.7 9.9 (30.1) 2.7 55 50.7 0.47 

M. a. alba* alb031 56234580 52.0 5.7 (19.4) 1.5 54.1 35.5 0.45 

M. a. baicalensis alb074 94163802 51.1 9.6 (32.3) 2.7 55 50.4 0.47 

M. a. baicalensis alb030 105148514 51.9 10.7 (33.8) 2.8 55.1 51.5 0.49 

M. a. lugens alb041 117417412 51.1 11.6 (37.4) 2.8 55.2 52.3 0.46 

M. a. lugens* alb057 183433508 52.1 46.7 (70.4) 1.8 55.6 54.9 0.41 

M. a. ocularis alb010 96304060 51.7 9.8 (32.3) 2.7 55 50.7 0.47 

M. a. ocularis alb039 87166124 51.5 8.9 (28.6) 2.6 54.9 49.4 0.47 

M. a. personata alb027 106647088 51.6 11.2 (27.3) 2.1 55.1 51.8 0.47 

M. a. personata* alb008 52519228 51.8 5.3 (23.2) 1.9 53.9 32.1 0.45 

M. f. feldegg fl046 103658294 51.1 10.3 (22.9) 2.2 55.2 51.5 0.95 

M. f. feldegg* fl004 52689618 51.7 5.2 (26.4) 2.3 54.2 31.5 0.91 

M. f. flava fl076 109692042 51.0 10.7 (39.4) 3.0 55.2 51.8 0.97 

M. f. flava / beema fl021 109960090 51.6 10.7 (43.8) 3.2 55.2 51.7 0.93 

M. f. flava* fl068 105420824 50.1 9.7 (21.5) 1.7 55.2 49.9 0.97 

M. f. lutea fl060 34497972 51.5 3.6 (18.1) 2.8 51.4 18.7 0.84 

M. f. taivana fl035 127173220 51.0 12.1 (44.1) 3.1 55.4 52.9 0.86 

M. f. taivana* fl074 35374233 51.6 7.2 (27.6) 2.0 50 40 0.81 

M. f. tschutschensis fl010 113519472 50.6 10.9 (34.6) 2.5 55.3 52.1 0.9 

M. f. tschutschensis fl029 137937380 51.3 13.0 (47.3) 3.1 55.4 53.2 0.91 

 
* denotes individuals sequenced at Brigham Young University, all others sequenced at UC Berkeley. 
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Table 2. Genes of interest involved in plumage pigment (left) and circadian rhythm (right) pathways. 
 

Plumage Migration 
Gene Description Gene Description 

ANKRD2
7 

Uncharacterized protein AANAT aralkylamine N-acetyltransferase 

ANXA6 Annexin A6 ADCYAP1 adenylate cyclase activating polypeptide 1 

AP1G1 Uncharacterized protein ARNTL 
aryl hydrocarbon receptor nuclear 

translocator like 

AP1M1 Uncharacterized protein ARNTL2 
aryl hydrocarbon receptor nuclear 

translocator like 2 
ATP6V0

A1 
V-type proton ATPase 116 kDa 

subunit a isoform 1 
CIPC CLOCK interacting pacemaker 

BCO1 
Beta,beta-carotene 
15,15'-dioxygenase 

CLOCK clock circadian regulator 

BLOC1S6 
Biogenesis of lysosome-related 
organelles complex 1 subunit 6 

HSPA5 
heat shock 70kDa protein 5 

(glucose-regulated protein, 78kDa) 
BSG Basigin HSPA8  heat shock 70kDa protein 8 

CITED2 
Cited2/melanocyte specific 
gene-related gene 1 MRG1 

NEK2 NIMA-related kinase 2 

DDT D-dopachrome decarboxylase NFIL3 nuclear factor, interleukin 3 regulated 
EDNRB Uncharacterized protein NPAS2 neuronal PAS domain protein 2 
GPR143 Uncharacterized protein PER2 period circadian clock 2 

HPS1 Uncharacterized protein PER3 period circadian clock 3 

HPS4 Uncharacterized protein SLC1A3 
solute carrier family 1 (glial high affinity 

glutamate transporter), member 3 

HPS6 Uncharacterized protein SLC2A1 
solute carrier family 2 (facilitated glucose 

transporter), member 1 
HSP90A

A1 
Heat shock protein HSP 90-alpha SLC2A10 

solute carrier family 2 (facilitated glucose 
transporter), member 10 

HSP90AB
1 

Heat shock cognate protein HSP 
90-beta 

SLC2A12 solute carrier family 2 member 12  

HTR7 
5-hydroxytryptamine receptor 7 

transcript variant 1 
  

ITGB1 Integrin beta-1   

MC1R 
Melanocyte-stimulating hormone 

receptor 
  

MC4R Uncharacterized protein   
METTL4 Uncharacterized protein   

MITF Uncharacterized protein   
PPIB Peptidyl-prolyl cis-trans isomerase B   

RAB17 Uncharacterized protein   
RAB38 Uncharacterized protein   

SLC24A5 Uncharacterized protein   
TFRC Transferrin receptor protein 1   

TMEM33 Uncharacterized protein   
TYR Tyrosinase   

WNT5A Protein Wnt   
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Table 3. Pairwise weighted Weir & Cockerham’s Fst. 
 

 alba baicalensis lugens ocularis 
baicalensis 0.1842    
lugens 0.2298 0.1975   
ocularis 0.2034 0.1741 0.1843  
personata 0.1963 0.1789 0.2223 0.1963 

 feldegg flava lutea taivana 
flava 0.1399    
lutea 0.3224 0.2398   
taivana 0.3443 0.2984 0.4549  

tschutschensis 0.3176 0.2746 0.4189 0.2344 
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Table 4. Percentage of fixed SNPs, full dataset (Q > 20, depth > 5x, 0% missing across species).  
 

 alba baicalensis lugens ocularis 
baicalensis 0.009%    
lugens 0.019% 0.015%   
ocularis 0.011% 0.008% 0.011%  
personata 0.01% 0.001% 0.019% 0.011% 

 feldegg flava lutea taivana 
flava 0.012%    
lutea 0.064% 0.063%   
taivana 0.142% 0.142% 0.215%  

tschutschensis 0.135% 0.135% 0.197% 0.034% 
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Figure 1. PCA of discrete plumage characteristics. Top: ​M. alba​, Bottom: ​M. flava​. Subspecies not 

included in the study are in black. 

 

 

 

 

  

102 



Figure 1. Sampling localities and PCA using ~37K SNPs, 0% missing data.  
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Figure 3. RAxML tree using ~10K concatenated SNPs. Bootstrap supported indicated at nodes, circles 

represent bootstrap > 95%. Tips in black are ​M. flava ​subspecies, whereas tips in blue are ​M. alba 

subspecies.  
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Figure 4. Demographic history of ​M. flava​ subspecies using generation time (g) = 1, and mutation rate 

(u) = 2.3 x 10^-9. Dark lines show results of all data analysis, thin lines show results of bootstrap 

replicates. According to Chapter 1, ​tschutschensis ​and ​taivana ​make up the eastern population, while 

beema, flava, ​and ​feldegg​ make up the western population. 
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Figure 5. Demographic history of ​M. alba​ subspecies using generation time (g) = 1, and mutation rate 

(u) = 2.3 x 10^-9. Dark lines show results of all data analysis, thin lines show results of bootstrap 

replicates. According to the results of Chapter 1, the top row (​ocularis ​and ​lugens​) below to the 

eastern population, whereas the bottom two rows (​baicalensis​, ​personata​, and ​alba​) belong to the 

western population. 
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Figure 6. Demographic history of ​M. alba ​and ​M. flava.​ One representative of each subspecies is 

shown. 
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Figure 7. Sliding window (10 kbp) analysis of fixed SNPs in the ​M. alba ​species complex: top) 

eastern (​ocularis, lugens​) vs. western (​alba, baicalensis, personata​), middle) intra-eastern, bottom) 

intra-western. Chromosomal position reflects mapping of scaffolds to zebra finch genome. 
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Figure 8. Sliding window (10 kbp) analysis of fixed SNPs in the ​M. flava ​species complex: top) 
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eastern (​beema, lutea, flava, feldegg​) vs. western (​tschutschensis, taivana​), middle) intra-eastern 

(​tschutschensis​ (NE) vs. ​taivana​ (SE)), bottom) intra-western (​flava, feldegg​). Chromosomal position 

reflects mapping of scaffolds to zebra finch genome. 
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Figure 9. Fst sliding window (300 kbp window, 30 kbp step) analysis of ​M. flava ​“eastern” and 

western populations. Horizontal red line represents the genome-wide Fst value (0.165).  
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