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A B S T R A C T

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 (Motacilla) are a genus of birds
with striking plumage pattern variation across the Old World. Up to 13 subspecies are recognized within a single
species, yet previous studies using mitochondrial DNA have supported polyphyletic phylogeographic groups that
are inconsistent with subspecies plumage characteristics. In this study, we investigate the link between phe-
notypes and genotype by taking a phylogenetic approach. We use genome-wide SNPs, nuclear introns, and
mitochondrial DNA to estimate population structure, isolation by distance, and species relationships. Together,
our genetic sampling includes complete species-level sampling and comprehensive coverage of the three most
phenotypically diverse Palearctic species. Our study provides strong evidence for species-level patterns of dif-
ferentiation, however population-level differentiation is less pronounced. SNPs provide a robust estimate of
species-level relationships, which are mostly corroborated by a combined analysis of mtDNA and nuclear introns
(the first time-calibrated species tree for the genus). However, the mtDNA tree is strongly incongruent and is
considered to misrepresent the species phylogeny. The extant wagtail lineages originated during the Pliocene
and the Eurasian lineage underwent rapid diversification during the Pleistocene. Three of four widespread
Eurasian species exhibit an east-west divide that contradicts both subspecies taxonomy and phenotypic varia-
tion. Indeed, SNPs fail to distinguish between phenotypically distinct subspecies within the M. alba and M. flava
complexes, and instead support geographical regions, each of which is home to two or more different looking
subspecies. This is a major step towards our understanding of wagtail phylogeny compared to previous analyses
of fewer species and considerably less sequence data.

1. Introduction

In birds, male plumage differences among closely related taxa are
often believed to be the result of sexual selection, and to play an im-
portant role in reproductive isolation (Price, 2008). Plumage differ-
ences can evolve rapidly (Olsson et al., 2010; Omland and Lanyon,
2000; Milá et al., 2007), and when populations are geographically
structured, may result from spatial variation in selection regimes (Price,
2008). Recent studies have demonstrated that a small number of genes
can cause dramatic plumage differences despite limited genetic differ-
entiation throughout the remainder of the genome (Poelstra et al.,
2015; Toews et al., 2016; Vijay et al., 2016; Mason and Taylor, 2015).

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. In such cases, it is unlikely that
phylogenetic relationships gleaned from few loci accurately reflect true
species trajectories.

Genera that contain widespread species complexes are useful sys-
tems for investigating geographic variation in phenotypes because they
offer comparisons between populations and species at different stages
of the speciation continuum. Species complexes are often characterized
by high frequencies of hybridization and poorly developed isolation
barriers, despite being structured geographically (Price, 2008).
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Traditionally, it was thought that sympatric species would respond si-
milarly to environmental factors influencing divergence, and therefore
the study of sympatric complexes might reveal important biogeographic
barriers. However, a growing body of literature suggests that species
specific differences have a direct effect on demography, and spatially
concordant genetic breaks should not be the expectation (Zamudio
et al., 2016). For example, sexually selected traits, such as plumage, can
directly affect genetic diversity via assortative mating or species re-
cognition (Price, 1998). The complex interactions of gene flow, drift,
and selection play a large role in determining the outcome of speciation
and the rate at which species move along the speciation continuum.
While the placement of recently diverged and introgressed lineages may
be difficult, these can be contrasted with older, reproductively isolated
groups within the same genus.

One bird system that is particularly well suited for such studies is
the passerine genus Motacilla in the family Motacillidae. Motacilla
consists of 12 species distributed throughout the Old World (Alström
and Mild, 2003; del Hoyo et al., 2004) that have earned the common
name wagtails due to their propensity to pump their long tails up and
down. Within wagtails, there are multiple examples of taxa at different
stages in the speciation process: from barely differentiated parapatric
populations, to subspecies/species with distinct plumages that meet in
hybrid zones, to fully reproductively isolated species (Alström and
Mild, 2003). Previous phylogenetic and phylogeographic studies of
Motacilla report mitochondrial relationships incongruent with both
taxonomy (Pavlova et al., 2005; Voelker, 2002; Pavlova et al., 2003; Li
et al., 2016; Alström and Ödeen, 2002; Ödeen and Björklund, 2003;
Ödeen & Alström, 2001) and nuclear relationships (Alström and Ödeen,
2002; Ödeen and Björklund, 2003; Ödeen & Alström, 2001), with
suggestions that mitochondrial DNA (mtDNA) poorly reflects the true
phylogeny (Alström and Mild, 2003; Alström and Ödeen, 2002; Ödeen
and Björklund, 2003; Ödeen & Alström, 2001). Several of these studies
focused on aspects of wagtails’ plumage diversity, some proposing cases
of remarkable parallel plumage evolution (Alström and Mild, 2003;
Alström and Ödeen, 2002; Ödeen & Alström, 2001) and others im-
plicating the role of selection in rapid plumage evolution (Pavlova
et al., 2005).

Of particular interest have been the four sympatric, migratory
wagtail species White Wagtail M. alba, Grey Wagtail M. cinerea, Citrine
Wagtail M. citreola, and Yellow Wagtail M. flava which are widely
distributed across the Palearctic during the breeding season. These
species represent a striking contrast in spatial variation in male
breeding plumage (cf. Fig. 1). Currently, subspecies are defined by
differences in both color and pattern of head plumage in the M. flava
complex (13 subspecies) and by head, back, and wing-covert plumage
in M. alba (9 subspecies) (Alström and Mild, 2003). On the basis of both
genetic and plumage data, many of these subspecies have been treated
as separate species (reviewed in Alström and Mild, 2003). Plumage
differences are thought to have evolved rapidly and in conflict with
phylogeographic structure (Pavlova et al., 2005; Pavlova et al., 2003; Li
et al., 2016; Ödeen and Björklund, 2003; Ödeen & Alström, 2001). In
contrast, the other two Palearctic breeding species, M. cinerea and M.
citreola, lack this extreme plumage variation (3 subtly different and 2
distinct subspecies, respectively (Alström and Mild, 2003).

Wagtails can be broadly categorized by breeding distribution (i.e.
Palearctic, Afrotropical). Whereas only some of the Palearctic species
are migratory, all of the Afrotropical species are resident (Alström and
Mild, 2003; del Hoyo et al., 2004). Species with Palearctic breeding
distributions can be further categorized by plumage color (i.e. “black-
and-white” and yellow). Past phylogenetic reconstructions have not
fully supported these groupings. M. cinerea, M. citreola, and the M. flava
complex all have yellow plumage, but the latter two species have re-
peatedly been found to be polyphyletic (Voelker, 2002; Pavlova et al.,
2003; Alström and Ödeen, 2002; Ödeen & Alström, 2001). Genetic data
places the polytypic M. alba within the “black-and-white” plumage
group, along with three monotypic species with rather restricted

allopatric distributions in the Indian subcontinent (White-browed
Wagtail M. maderaspatensis), Cambodia (Mekong Wagtail M. sam-
veasnae), and Japan (Japanese Wagtail M. grandis) (Alström and Mild,
2003; Alström and Ödeen, 2002). The black-and-white Afrotropical
African Pied Wagtail M. aguimp has also been placed within this group
(Alström and Ödeen, 2002; Ödeen & Alström, 2001). The other two
Afrotropical (Cape Wagtail M. capensis and Mountain Wagtail M. clara)
and the Malagasy (Madagascar Wagtail M. flaviventris) species are clo-
sely related (Voelker, 2002; Alström and Ödeen, 2002; Alström et al.,
2015) and have slight or no geographical variation in plumage (del
Hoyo et al., 2004). A recent phylogenetic exploration of the family
found the São Tomé endemic São Tomé Shorttail Amaurocichla bocagii
nested within Motacilla, and proposed its inclusion within this genus
(Alström et al., 2015). Overall, relationships among species are unclear
and are in need of reexamination.

In this study, we utilize genome-wide SNPs, nuclear introns, and
mtDNA to analyze phylogenetic relationships and divergence patterns
in Motacilla, with complete species-level sampling and comprehensive
coverage of the three most diverse Palearctic species. We (1) estimate
the first complete time-calibrated species tree for this group; (2) use
genome-wide SNPs to reconstruct the phylogeny and investigate the
agreement between genotype and phenotype in the three most variable
wagtail species; and (3) demonstrate conclusively that mtDNA alone is
inappropriate for phylogenetic studies of Motacilla.

2. Materials and methods

2.1. Sanger data

Throughout the manuscript, we follow the taxonomy of Alström and
Mild (2003) and Alström et al. (2015).

To resolve species-level relationships and infer divergence times, we
utilize previously published and unpublished sequences from (1) three
nuclear introns (CHD1Z, ODC, Mb) for 42 individuals across all 12
Motacilla species (Alström and Ödeen, 2002; Ödeen and Björklund,
2003), and (2) two mitochondrial regions (ND2, CR) for 103 individuals
across all species, including all subspecies of M. alba, M. flava, and M.
citreola (Table S1) (Pavlova et al., 2005; Voelker, 2002; Li et al., 2016;
Ödeen and Björklund, 2003). Dendronanthus indicus; Anthus pratensis,
and Anthus trivialis were used as outgroups (Alström et al., 2015).

2.2. ddRADseq data

2.2.1. Sampling
If wagtail divergence was recent or shaped by rapid ancestral ra-

diations, then the timing between divergence events may have been too
short for the emergence of phylogenetically informative mutations
(Gohli et al., 2015; Rokas and Carroll, 2006), potentially leading to the
mito-nuclear discordance shown in previous studies. We therefore en-
hanced our inferential power by collecting thousands of genome-wide
SNPs.

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 (Fig. S1, Table S1). A total of 246 birds were
sampled from 11 of the 12 recognized Motacilla species (Alström and
Mild, 2003; Alström et al., 2015) (M. maderaspatensis not included due
to lack of tissue samples). 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 cri-
teria outlined in Alström and Mild (2003). For rooting phylogenetic
trees, we sampled three individuals from the monotypic sister genus
(Dendronanthus Alström et al., 2015).
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2.2.2. Data collection
For detailed information on DNA extraction, library construction,

and sequencing, see Appendix A. We generated SNPs using the double-
digest restriction site-associated DNA sequencing (ddRADseq) protocol
following methodology described in Peterson et al. (2012). 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 male
individual of M. alba to improve the accuracy of our ddRADseq locus
assembly (see Appendix A). We constructed three long-insert libraries
(2 kbp, 4 kbp, and 9 kbp) using the Nextera mate-pair library kit and
one short-insert (350 bp) library using Illumina’s TruSeq kit. These li-
braries were sequenced on two lanes (paired-end reads: 125 bp) of an
Illumina HiSeq 2500.

2.2.3. Data filtering
We used Trimmomatic (Bolger et al., 2014) and NxTrim (O’Connell

et al., 2015) to trim adapter sequences from our short-read and mate-
pair libraries, respectively. Quality was checked with FastQC prior to
alignment to the zebra finch genome in CLCGenomics Workbench v6.
Raw ddRAD Illumina reads were processed into candidate RAD loci
using Stacks v.1.35 (Catchen et al., 2011). Reads were separated by
barcode and index, and low-quality reads were removed. Each in-
dividual was aligned to the M. alba reference genome in bowtie2
(Langmead and Salzberg, 2012). We then used the ref_map.pl pipeline
to generate a catalogue for each species using a conservative estimate of
10% for the upper bound of the error rate (Masretta-Yanes et al., 2014).
We explored a range of mismatch thresholds (2–4) but report only the
results using two allowed mismatches, as higher values did not mark-
edly affect the number of loci obtained or downstream clustering ana-
lyses. Finally, loci were clustered across individuals using a minimum
allele frequency of 0.05. To preclude paralogous sequences, a maximum

observed heterozygosity of 50%. We used custom R scripts to further
filter our data according to linkage and missing data (described below).

The vast majority of RAD sequencing studies are conducted without
a reference genome and assume that choosing one SNP per locus will
result in an unlinked dataset. However, this may violate the require-
ments of downstream population genetic structure and phylogenetic
analyses. To explore the impact of this assumption, we compiled a
“pseudo-unlinked” and a “truly” unlinked dataset by filtering out all but
one locus within a 100 kb range.

As missing data can affect downstream PCA results (Dray and Josse,
2014), phylogenetic inference (Huang and Knowles, 2014; Wagner
et al., 2013), and other analyses as well (Nakagawa and Freckleton,
2008), 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 (two linkage treatments× three missing loci
treatments× three missing individual treatments). We used all 18 da-
tasets 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.

2.3. Phylogenetic analyses

2.3.1. 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 (Maddison, 1997).
Because Motacilla lacks a species tree, we estimated the first time-ca-
librated species tree for this group using combined mtDNA and nuclear
intron data. We implemented molecular rate calibration in *BEAST
v1.8.4 (Drummond and Rambaut, 2007; Heled and Drummond, 2012)

Fig. 1. Species trees. (a) *BEAST tree inferred from mtDNA and nuclear introns, calibrated using a 2.7% ND2 rate. Node bars indicate the 95% HPD of height (not shown for outgroups).
(b) SNAPP maximum clade credibility species tree (1467 biallelic SNPs with 8.5% missing data) rooted with Dendronanthus (not shown). In both trees, posterior probability is indicated at
the nodes, where a circle denotes PP≥ 0.95. Intron sequences were only generated for one sample of M. flava northeast, therefore it was excluded from the *BEAST analysis. Paintings by
Bill Zetterström (from Alström and Mild, 2003), Ren Hathway (from del Hoyo et al., 2004), and Jon Fjeldså (from Alström et al., 2015).
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using a published Motacilla-specific rate of 2.7% per million years for
ND2 (Li et al., 2016). We also placed a broad prior on the Den-
dronanthus-Motacilla split (Gamma (9;2)) to reflect the oldest reliable
Motacilla fossil (5.5–7mya Jánossy, 1991).

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 (Ritchie et al., 2016). Therefore, we
conducted model selection on converged runs. As mtDNA and nuclear
DNA may support different topologies for reasons other than in-
complete lineage sorting, such as introgression and sex-biased dispersal,
we also conducted analyses on each data type independently. Using
nuclear introns, we estimated a species tree in *BEAST. We also esti-
mated separate nuclear and mtDNA gene trees in BEAST. See Appendix
A for details.

2.3.2. Concatenated SNP tree
To place subspecies in a wider phylogenetic context, we conducted

ML phylogenetic analyses using concatenated ddRAD loci using RAxML
v8.2 (Stamatakis, 2014). Due to their large population sizes and as-
sumed recent divergences, wagtails contain a high level of hetero-
zygosity with 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 ex-
cluded these sites. We implemented the method of Lischer et al. (2014)
to generate 500 random haplotype samples from sequences with mul-
tiple 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 (Leaché et al., 2015).
See Appendix A for details.

2.3.3. SNP species tree
To estimate a species tree, we implemented SNAPP (Bryant et al.,

2012). 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 Section 3.2), and individuals with
admixture were excluded to avoid model violations and branch length
underestimation (Leaché et al., 2013). Because SNAPP is computa-
tionally 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 po-
pulation. 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. For further information on running SNAPP, see
Appendix A.

2.4. Population genetic structure

Grouping individuals based on phenotype may be misleading,
especially given that current wagtail taxonomy does not fully reflect the
mitochondrial or nuclear trees (Alström and Mild, 2003; Voelker, 2002;
Pavlova et al., 2003; Alström and Ödeen, 2002; Ödeen and Björklund,
2003; Ödeen & Alström, 2001). 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
(Voelker, 2002; Pavlova et al., 2003; Alström et al., 2002; Ödeen and
Björklund, 2003; Ödeen & Alström, 2001), we initially ran all popula-
tion structure analyses on these two species combined. A similar ap-
proach was taken for the “African” clade (M. clara, M. capensis, M.
flaviventris, M. bocagii) and the “black-and-white wagtails” (M. alba, M.
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 (Jombart et al., 2010, 2008)
and the model-based maximum-likelihood (ML) method, ADMIXTURE
v1.3 (Alexander et al., 2009). One caveat of ADMIXTURE is that it as-
sumes discrete ancestral or parental populations. When organisms ex-
hibit continuous spatial population structure, recent studies tend to use
PCA methods like adegenet (Royal et al., 2010). 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, we ensured that a minimum of one individual per sub-
species per locus was present. On average, this additional filtering step
reduced our dataset by 40%. To determine the diagnosability of sub-
species, we then compared our DAPC results to analyses with rando-
mized subspecies definitions. Because rare alleles may be younger than
common alleles, and may track more recent demographic or selective
events (Gompert et al., 2014), 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-fre-
quency alleles.

2.5. Isolation by distance

Populations in close proximity are expected to be more genetically
similar than those located farther apart (Wright, 1943). 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 (Dray and Dufour, 2007) and ran these for 1 million
permutations. To account for Earth’s curvature, geographic distance
was calculated using the Great Circle distance in the R package sp
(Bivand et al., 2013).

Given that the ability of Mantel tests to detect isolation by distance
(IBD) has been a recent area of debate (Legendre et al., 2015; Guillot
and Rousset, 2013), we also implemented the Estimated Effective Mi-
gration Surfaces (EEMS) method (Petkova et al., 2016) to model the
relationship between geography and genetics. EEMS allows visualiza-
tion 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 (BirdLife International and NatureServe, 2015)
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 pre-
liminary runs to choose parameter values that gave acceptance ratios
between 20% and 30%. Graphs were constructed using rEEMSplots
(Petkova et al., 2016). We visualized each run separately and checked
convergence of MCMC runs (log posterior plots and Gewke diagnostic
tests, Heidelberger and Welch test in coda (Plummer et al., 2006) before
combining across runs and grid numbers to construct final consensus
graphs.
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3. Results

We successfully constructed a 956 Mbp 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 73% of
the zebra finch genome. Reflecting this low coverage, the N50 of the
alignment was only ∼3 kbp. Reference mapping of 442.5 million
ddRADseq reads resulted in 8.2× 104 unique loci across 246 in-
dividuals with an average coverage of 29.7 (BioProject PRJNA356768).
See Table S1 for individual-level details.

For each species group, we analyzed 18 different dataset combina-
tions 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 had 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
(Table S2) or Mantel tests (Table S3). A common rule-of-thumb is to
consider a 1Mbp window, however, a window of this size drastically
reduced our dataset. Therefore, we used a window of 100 kbp. While
our study suggests that the use of “pseudo-unlinked” loci may not be an
issue for estimation of population genetic structure, a rigorous in-
vestigation of this question is needed.

Overall, filtering data based on missing data at the individual level
had a larger impact than filtering data based at the locus level (Table
S2). 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.

3.1. Phylogenetic analyses

The Motacilla relationships inferred in our time-calibrated species
tree Fig. 1a were confirmed by genome-wide SNPs Figs. 1b and 2b.
Relationships were, for the most part, consistent with current wagtail

taxonomy, but incongruent with the mtDNA Fig. 2a and nuclear (Fig.
S2) gene trees.

3.1.1. Mitochondrial relationships
The mtDNA tree Fig. 2a did not recover monophyletic clades con-

sistent with geographic distribution. Instead, mtDNA recovered an
“African clade” consisting of four out of the five Afrotropical/Malagasy
species and an “Eurasian clade”, which includes the Afrotropical M.
aguimp. Consistent with previous mtDNA studies, both M. flava and M.
citreola were polyphyletic within the Eurasian clade. M. flava was se-
parated into a western clade (Z) and an eastern clade, which was fur-
ther divided into two sub-clades (X, southeast; Y, northeast). Each M.
flava clade was sister to a corresponding M. citreola clade, which was
not geographically consistent: M. c. citreola was split between clades X
(western citreola samples) and Y (eastern citreola samples), and clade Z
included the southern M. c. calcarata. There was no structure consistent
with subspecies designations in M. alba, M. citreola, or M. flava. Similar
to previous mtDNA trees, we found no support for a monophyletic
“yellow” plumage clade. However, the black-and-white Palearctic spe-
cies did form a monophyletic group, although this clade excludes the
Afrotropical M. aguimp.

3.1.2. Nuclear relationships
Both the SNAPP species tree analysis Fig. 1b and the RAxML ana-

lysis of the concatenated SNP data Fig. 2b supported African and Eur-
asian clades, with the former 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 andM. citreola, and (3) placing M. bocagii within the African clade.
In the SNAPP tree, the Afrotropical mainland species (M. capensis and
M. clara) formed a clade and the insular species (M. flaviventris and M.
bocagii) formed another Fig. 1b. RAxML found high support for splits
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Fig. 2. Gene trees. (a) BEAST mitochondrial gene tree, with bars indicating polyphyletic groupings of M. flava and M. citreola (X, Y, Z). (b) RAxML consensus tree of 500 random
haplotype datasets (Lischer et al. (2014) method) estimated from genome-wide SNPs. In both trees, nodes of monophyletic, single-species clades are collapsed for ease of viewing. All
collapsed nodes have bootstrap values > 95%. Numbers in parentheses indicate sample size (a and b). Bars indicate the two Eurasian-breeding clades: A= “black-and-white” plumage
and B= “yellow” plumage clade. In both trees, posterior probability indicated at nodes, where a circle denotes PP≥ 0.95.

R.B. Harris et al. 0ROHFXODU�3K\ORJHQHWLFV�DQG�(YROXWLRQ���������������²���

���



among species but no support for within-species relationships (see
Dryad). Accordingly, within M. alba, M. flava, and M. citreola, no sub-
species were monophyletic.

3.1.3. Species tree relationships
The topology of the time-calibrated species tree Fig. 1a was similar,

but not identical, to the SNAPP tree Fig. 1b. First, it included M. ma-
deraspatensis, for which no SNP data were available, and therefore
found different relationships within the “black-and-white” plumage
clade. Second, in both trees there was strong support for a clade com-
prising M. citreola and M. flava, however these trees differed in whether
they supported a monophyletic M. flava (SNAPP) or not (*BEAST).
Overall, the major splits were consistent across species trees. The
African and Eurasian clades split towards the end of the Pliocene
(∼3.25mya; 2.55–3.97 95% HPD), with early and relatively widely
spaced divergences from the early Pleistocene in the former clade, and
an explosive radiation within< 0.88million years (my) during the mid-
to late Pleistocene.

3.2. 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 (Table S2) and
ADMIXTURE. Narrowing our focus to phenotypically distinct sub-
species, the full dataset showed genetic structure discordant with
phenotype in all analyzed species. Instead, eastern and western popu-
lations (K=2) were resolved by both ADMIXTURE and de novo DAPC
in M. citreola (2 subspecies, Fig. 3) and M. flava (13 subspecies, Fig. 4,
Table S2). Depending on which M. alba (9 subspecies)+M. aguimp
dataset was analyzed in DAPC, there was support for either K=2 or
K=3 (Table S2).

ADMIXTURE consistently supported K=2 Fig. 5c). 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. 4b and M. alba Fig. 5b. In both species, the x-axis of the ordination
plots showed a correlation between diagnosability and longitude. In M.
flava, all subspecies clusters overlapped, suggesting genetic distinc-
tiveness is limited (Fig. S3), especially since the DAPC method acts to
maximize whatever differences are present. We note our sampling ofM.

f. tschutschensis only 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
(Alström and Mild, 2003). 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 sub-
species distinctions or merely IBD.

The ordination plot generated by assigning M. alba samples to
subspecies was influenced by missing data. The less stringent the
threshold, the more distinct M. a. subpersonata became. This trend was
found in both pseudo-unlinked and unlinked datasets, with the un-
linked presenting the most extreme cases (Fig. S4). However, it is re-
markable that in three out of four cases, M. a. subpersonata was more
distinct than M. aguimp (Fig. S4) and all other M. alba subspecies
Fig. 5b. 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 (Fig.
S5). The remaining M. alba subspecies clusters were overlapping and
did not show clustering consistent with subspecies, but did show clus-
tering on either side of the vertical axis that was consistent with our de
novo K=2 clusters. Taken together with evidence that clustering
methods may not work well with small sample sizes (Fogelqvist et al.,
2010), we considered both K=2 (without M. a. subpersonata) and
K=3 (M. a subpersonata included as own population) population his-
tories in the following analyses.

Population structure in M. cinerea was not consistent across
methods. Whereas ADMIXTURE supported a single panmictic popula-
tion, 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 (Waples and Gaggiotti, 2006; Benestan et al.,
2015).

3.3. 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 (Leaché et al., 2013). However, spatial autocorrelation may bias
interpretation of PC analyses. While Mantel tests generally support a
history of IBD in all species groups (p-value < .05), p-values vary

Fig. 3. Posterior probabilities of effective migra-
tion rates of M. citreola estimated by EEMS. Birds
from India belong to M. c. calcarata, all others to
M. c. citreola. Pie charts are located at sampling
sites and denote the posterior probability of
ADMIXTURE assignments (here, K= 2).
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according to missing data (Table S3).
As recent studies demonstrate that sampling design can strongly

bias interpretations of Mantel tests (Guillot and Rousset, 2013), 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 differ-
entiation. Strong linear relationships between predicted and observed
genetic dissimilarities confirm that the EEMS model fit our data
(Petkova et al., 2016). To assess support for true barriers, 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 supported the existence of a barrier between eastern and
western/southern M. citreola Fig. 3, consistent with the findings of
population structure estimators.

In M. cinerea, EEMS found no support for a barrier, consistent with
population structure estimates from ADMIXTURE (K=1) but not DAPC
(K=2). 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 was also strong support for the existence of two discontinuous
barriers Fig. 4c. We interpreted this to mean that while IBD exists across
the whole M. flava range, there are areas where gene flow is not sig-
nificant. For assignment of subspecies into these populations, see
Figs. 1b and 4. Since these results differ from those of de novo DAPC 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 species tree analysis (see Section
2.3).

M. alba also showed a linear trend and a patchy effective migration
map, lending support for IBD. However, a closer look at posterior mean
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Fig. 4. (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. Pie charts are located at sampling sites and denote the posterior probability of ADMIXTURE assignments (here, K= 3). M. f. thunbergi is the only subspecies
split between two populations.
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of effective migration rates demonstrated that some areas have a
markedly lower rate of migration than average Fig. 5c. EEMS largely
supported the east-west division of M. alba and the distinctness of M. a.
subpersonata. However, an inverted Y-shaped migration surface split
eastern M. alba into northern (congruent with M. a. lugens and M. a.
ocularis) and southern (congruent with M. a. leucopsis and M. a. al-
boides) populations Fig. 5c. 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 (Petkova et al.,
2016).

4. Discussion

Modern phylogeographic studies hope that the population diver-
gence history of widespread and variable species can be disentangled
with sufficient numbers of variable, neutrally evolving SNPs (Brumfield
et al., 2003; McCormack et al., 2013). In the present study, genome-
wide SNPs provide a robust estimate of species-level relationships, most
of which are corroborated by the combined analysis of mtDNA and
nuclear introns, but disagree stronger with the mtDNA gene tree. This is
a major step towards our understanding of wagtail phylogeny compared
to previous analyses of fewer species and considerably less sequence
data (Pavlova et al., 2005; Voelker, 2002; Pavlova et al., 2003; Li et al.,
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M. alba alboides (n = 6)

M. alba subpersonata (n = 2)

M. alba ocularis (n = 8)

M. alba baicalensis (n = 13)

M. alba yarrellii (n = 1)

AD
M

IX
TU

R
E 

as
si

gn
m

en
ts

a)

b)

c)

0-5-10

-10

-5

5

5

Fig. 5. (a) M. alba distribution and sampling localities. (b) DAPC plot of genetic clustering by subspecies. Colored bar denotes ADMIXTURE assignments, where the dotted yellow bar
indicates conflicting evidence for either including M. a. subpersonata in the eastern M. alba population or delimiting a third monotypic population. (c) Posterior probabilities of estimated
effective migration rates show 2–4 barriers and K=2. Pie charts are located at sampling sites and denote the posterior probability of ADMIXTURE assignments (here, K=2). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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2016; Alström and Ödeen, 2002; Ödeen and Björklund, 2003; Ödeen &
Alström, 2001; Alström et al., 2015). In contrast, SNPs fail to distin-
guish between recently diverged, phenotypically distinct taxa that are
usually treated as subspecies. Instead, three of the most widespread
Eurasian wagtails are structured along an east-west axis. Recent di-
vergence, ongoing or past gene flow, and demographic processes may
have obscured patterns of differentiation at neutral loci (cf. Campagna
et al., 2011; André et al., 2010).

4.1. Phylogeny

The topologies estimated from the analyses of SNP data and com-
bined mtDNA and nuclear intron data are largely congruent and, for
reasons discussed below, provide a better estimate of the phylogeny
than that given by mtDNA alone. The SNP-based species tree (SNAPP)
differs from the concatenated SNP tree (RAxML) regarding the positions
of M. aguimp and M. flaviventris. Simulations have shown that con-
catenation can be statistically inconsistent and may favour the wrong
tree (e.g. Degnan and Rosenberg, 2006; Edwards et al., 2007; Kubatko
and Degnan, 2007). Both SNAPP and *BEAST are based upon the multi-
species coalescent and, using different data, are topologically identical
with respect to M. aguimp and M. flaviventris. Because no SNP data was
available for M. maderaspatensis, the topological incongruence between
the two species trees with respect to the “black-and-white” clade (A)
cannot be evaluated.

Consistent with previous studies, we find strong support for an in-
itial split into an “African” and a “Eurasian” clade (Voelker, 2002;
Alström and Ödeen, 2002). Within the African clade, we recover a sister
relationship between the two widely sympatric mainland species, M.
capensis and M. clara. The other two “African” species are insular: M.
bocagii is endemic to São Tomé 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 (Alström et al., 2015) (cf. Fig. 1). Using previously unsampled
individuals of M. bocagii, we confirm its placement within Motacilla,
and the species trees suggest that it is sister to the widely disjunct M.
flaviventris.

The “Eurasian” clade is subdivided into monophyletic “black-and-
white” (A) and “yellow” (B) plumage clades. The latter comprises of M.
cinerea, M. flava, and M. citreola, which are broadly sympatric across
large parts of the Palearctic (Alström and Mild, 2003). Contrary to the
mtDNA tree, we find strong support for monophyletic M. flava and M.
citreola in our SNAPP tree. In contrast, the *BEAST species tree recovers
a monophyletic M. citreola but a paraphyletic M. flava, but with weaker
support. Taken together, the short branch lengths and conflicting re-
sults suggest that these species underwent a rapid, complex divergence
process. However, past introgression may have been an integral part of
this process and may have affected branch lengths (Leaché et al., 2013).
Indeed, M. flava and M. citreola hybridize occasionally, predominantly
on the expanding western edge of the latter’s range (reviewed in
Alström and Mild, 2003). Future studies would benefit from more ex-
plicit tests of introgression.

Species belonging to the “black-and-white” clade (A) 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 identifi-
able using a priori assignment. This is because our SNAPP analyses were
conducted using three M. alba tips (defined by population structure
estimates) and one M. aguimp tip. By accounting for the stochastic
nature of lineage sorting, we are able to show that M. alba is indeed a
monophyletic species and is sister to M. aguimp. The distinctness of M.
aguimp is further substantiated by its multiple differences (size, plu-
mage, song, call) from all subspecies of M. alba (Alström and Mild,
2003).

The remaining relationships among the species within clade A are

not fully resolved, partly because of the lack of the Indian endemic M.
maderaspatensis in the SNP dataset. However, we confirm monophyly of
two of its members, M. grandis and M. samveasnae, which had been
poorly sampled in previous studies. Endemic to Japan, the monotypic
M. grandis is easily distinguishable from its partially sympatric relative
M. alba by its plumage, larger body size, song, call, and habitat pre-
ference (Alström and Mild, 2003). The only previous analyses including
M. grandis were inconclusive with respect to the position of M. grandis
relative to M. alba (Li et al., 2016; Alström and Ödeen, 2002; Ödeen &
Alström, 2001), and indicated possible incomplete lineage sorting or
introgression. Using four newly sampled M. grandis individuals, our
results confirm the genetic distinctness of this species, and find no
evidence of introgression despite documented cases of hybridization
(Alström and Mild, 2003).

Within M. alba, we only find evidence for 2–4 genetically distinct
populations. Previous mtDNA-based studies on M. alba delineated three
(Pavlova et al., 2005) or four (Li et al., 2016) populations. The only
population fully consistent with our SNP results was the rare Moroccan
endemic M. a. subpersonata. Li et al. (2016) included denser sampling of
the southeastern part of the M. alba range (M. a. leucopsis; M. a. al-
boides), but this sampling difference is unlikely to explain the incon-
gruent population structure and instead likely reflects differences in-
herent to mitochondrial and nuclear data, such as mutational rate and
inheritance patterns.

4.2. Mito-nuclear discordance

Mito-nuclear discordance is prevalent in many animal systems
(Toews and Brelsford, 2012) and leads to conflicting biogeographic
patterns inferred from these two marker systems (reviews in Toews and
Brelsford, 2012; Funk and Omland, 2003; McKay and Zink, 2010).
There are relatively few documented cases where mitochondrial and
nuclear trees infer strongly supported, yet conflicting relationships
among avian species (Dong et al., 2014; Kearns et al., 2014; Lavretsky
et al., 2014; Shipham et al., 2016), although this has been shown in
several other animal groups (e.g. Bryson et al., 2010; Hailer et al., 2012;
Tang et al., 2012).

The genus Motacilla represents a compelling avian example of mito-
nuclear discordance. Here, we show that nuclear data better reflect true
species relationships. Non-genetic data lend support to our findings. For
example, the two subspecies of M. citreola are nearly identical in all
plumages except male dorsal breeding plumage color, but differ
markedly from all M. flava subspecies by multiple plumage characters
(Alström and Mild, 2003). Likewise, M. aguimp resembles the other
black-and-white species much more than any other species in multiple
plumage traits and vocalizations (Alström and Mild, 2003). Parallel
evolution in unrelated lineages is highly unlikely to produce such si-
milarity in multiple, independent traits. However, this pattern could be
the result of lineage sorting of genetic polymorphisms retained across
successive nodes in the tree (Avise and Robinson, 2008), introgression
and successive fixation of foreign mtDNA (Rheindt and Edwards, 2011),
or other processes.

Several, non-exclusive, explanations for mito-nuclear discord have
been proposed, e.g. adaptive introgression of mtDNA, lineage sorting
effects, demographic disparities, asymmetric mate choice, and sex-
biased asymmetries in dispersal and/or hybrid fitness (Toews and
Brelsford, 2012; Funk and Omland, 2003; McKay and Zink, 2010;
Rheindt and Edwards, 2011). For example, Pons et al. (2014) invoked
drift in small populations and asymmetric mate choice in a colonization
context as the most likely explanation for mitochondrial paraphyly in
two North American gull species, while noting that selection could not
be ruled out. Wang et al. (2014) suggested that historical introgression
and selective sweep and/or genetic drift might be the main causes of
unexpectedly low mtDNA differentiation between two long-tailed tit
species. In contrast, McKay and Zink (2010) concluded based on a
survey of the literature that the most common cause of gene tree
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paraphyly was due to “imperfect taxonomy”.
We have not tried to distinguish between the alternative hypotheses

for mito-nuclear discordance in wagtails, but we suggest that ancient
introgression and subsequent fixation of foreign mtDNA is the most
likely explanation for discordance at the species-level. It has often been
suggested that because females are the heterogametic sex in birds (ZW),
introgression of mtDNA should be less likely than introgression of au-
tosomal loci in accordance with “Haldane’s rule” (Funk and Omland,
2003; McKay and Zink, 2010; Moore, 1995; Carling and Brumfield,
2008). However, there was limited support for this prediction in a re-
cent review (Toews and Brelsford, 2012).

In general, hybridization is more prevalent during the early stages
of the speciation process, whereas hybrid infertility and/or inviability
are more likely to evolve later. (e.g., Price and Bouvier (2002) con-
cluded in a review of postzygotic incompatibilities in birds that com-
plete loss of F1 hybrid fertility usually takes millions of years). Ac-
cordingly, we suggest that mtDNA introgression was equally probable
as nuclear introgression at the early phases of wagtail speciation. In-
trogressed mtDNA is more likely to reach fixation than introgressed
nuclear DNA because, among other things, it is non-recombining and
has a smaller effective population size (Moore, 1995). Because of the
latter, mtDNA is more likely than autosomal DNA to accurately re-
present the species phylogeny under a lineage sorting scenario. How-
ever, when times between successive splitting events are short, sto-
chastic lineage sorting may become a problem for mtDNA (Moore,
1995).

We also see mito-nuclear discordance at the population level, with
mtDNA producing paraphyletic clades of M. flava, M. citreola, and M.
alba. If populations were isolated during the Pleistocene with foreign,
introgressed mtDNA segregating in the population, then reduced po-
pulation sizes would have increased the likelihood of these foreign
mtDNA haplotypes being fixed in the population. However, selection
may favor different mtDNA haplotypes in different environments
(Toews and Brelsford, 2012) and it is unclear from this study alone
whether this may be playing a role in wagtail mito-nuclear discordance.

4.3. Divergence times

The time-calibrated species tree finds support for wagtail diversifi-
cation beginning in the Pliocene (∼3.25mya). This is in conflict with
previous studies which found an older split between clades (4.5–5mya
Voelker, 2002; Alström et al., 2015). While there is variation across
studies in topology, all have resolved more recent divergence times for
the Eurasian clade compared to the African clade. However, the di-
vergence times recovered in this study are nearly half those previously
estimated. This inconsistency is likely due to different sampling
schemes. Whereas Voelker (2002) used only mtDNA to construct a time-
calibrated gene tree, Alström et al. (2015) used both mtDNA and nu-
clear introns but fixed the topology and did not include comprehensive
sampling of the genus. Instead, the latter study prioritized sampling of
the entire Motacillidae family. We also note that the M. alba specific
mtDNA rate used to calibrate our species tree was derived from the
generic avian cyt-b rate, the same rate used in previous studies. It is
well established that molecular rates vary across lineages (Britten,
1986) and this rate may be inaccurate. Furthermore, gene flow leads to
underestimation of divergence times (Leaché et al., 2013). While in-
frequent hybrids between parapatric Eurasian species pairs have been
documented (reviewed in Alström and Mild, 2003), ancient hy-
bridization may also impact divergence time estimates. Future studies
should conduct a comprehensive exploration of introgression between
wagtail species.

4.4. Discordance between phenotype and genotype

Discordance between populations identified by genetic markers and
plumage phenotypes have been noted in several young radiations

(Olsson et al., 2010; Milá et al., 2007; Mason and Taylor, 2015; Poelstra
et al., 2014; Lamichhaney et al., 2015). Wagtails provide a striking
example of complex plumage evolution, which has apparently taken
place very rapidly and recently in some lineages, and with multiple
examples of discordance between genetic population structure and
phenotype. The most dramatic, rapid and recent divergences are found
in the M. alba and M. flava complexes, where the pronounced plumage
differences among the many subspecies are not at all reflected in any of
our genetic datasets. Instead, the only indications of genetic divergence
are between broad geographical regions, each of which is home to two
or more different-looking subspecies.

For example, the M. alba complex consists of nine subspecies with
markedly different plumages. However, we only find evidence for 2–4
genetically distinct populations in broad agreement with previous
mtDNA-based studies (Pavlova et al., 2005; Li et al., 2016). Only the
rare endemic Moroccan M. a. subpersonata stands out as distinct in both
plumage, mtDNA, and SNPs. Similarly, none of the phenotypically
distinct M. flava or M. citreola subspecies align with the population
structure boundaries. The “thunbergi phenotype” (thunbergi, macronyx)
is found in all three M. flava populations, while the “flava” phenotype is
found in both the western and northeastern populations. Furthermore,
taxa with bright yellow supercilium are found in two of these clades, as
well as in widely disjunct geographical areas within the western clade.

Lack of strong genetic differentiation is characteristic of the other
Eurasian species. The citreola phenotype is split across both M. citreola
populations, while M. cinerea has no population structure. We consider
the Eurasian M. cinerea a single panmictic population with a strong
signal of IBD. This is consistent with a previously described pattern of
shallow clinal plumage variation across much of Eurasia (Alström and
Mild, 2003).

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, which might explain the many cases of seemingly
divergent and parallel plumage evolution in wagtails. 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 (Toews et al., 2016; Mason and
Taylor, 2015; Poelstra et al., 2014). 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 pheno-
type, but multiple loci are leading to the same phenotype in different
populations, thus implicating a more complex multi-genic pathway
than previously thought (Vijay et al., 2016; Poelstra et al., 2014).

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. It is also clear that
hybridization is prevalent among parapatrically distributed subspecies
of M. flava, M. citreola, and M. alba. 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
(Poelstra et al., 2014). Lineages showing discordance between pheno-
types and genotypes should gradually evolve more concordance be-
tween these traits, provided that they remain separated by geographical
or reproductive isolating barriers.

Sexually selected plumage traits have potential to diverge rapidly
among allopatric, ecologically equivalent populations (Price, 1998),
and have been identified as the dominant signals mediating mate-
choice and intrasexual aggression in some birds (Seddon et al., 2013).
In general, Motacilla subspecies vary considerably more in plumage
traits closely linked to signalling functions than to ecological (e.g. beak,
tarsus, or wing length) traits (Alström and Mild, 2003; del Hoyo et al.,
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2004), indicating that sexual selection might have played an important
role in phenotypic divergence. Furthermore, the Eurasian clade displays
variation in sexual plumage dimorphism, size, seasonal plumage var-
iation, and age-related differences, whereas the African clade does not
(del Hoyo et al., 2004; Alström et al., 2015), indicating greater poten-
tial for sexual selection in the former group. Indeed, recent work on a
hybrid zone between two M. alba subspecies provides support for as-
sortative mating based on head plumage maintaining phenotypic
boundaries (Semenov et al., 2017).

4.5. Taxonomic implications

Wagtail taxonomy has been much debated over the years, especially
the status of the different taxa in the M. alba and M. flava complexes
(reviewed in Alström and Mild, 2003). With the exception of M. flava
andM. citreola, our data support the recent origin and lack of significant
differentiation found in previous studies (Pavlova et al., 2005; Voelker,
2002; Pavlova et al., 2003; Li et al., 2016; Ödeen and Björklund, 2003).
On account of this, our data does not support treatment as multiple
species, except under a “phylogenetic species concept” that uses diag-
nosability as species criterion.

The non-monophyly of M. flava and M. citreola in the mtDNA tree
has been suggested to be sufficient evidence for splitting the former into
three and the latter into two species (Pavlova et al., 2003). Indeed,
several authors have recently divided M. flava into two species, M. flava
sensu stricto and M. tschutschensis, although with different circumscrip-
tions (del Hoyo and Collar, 2016; Banks et al., 2004; Dickinson and
Christidis, 2014). Under the same rationale our mtDNA tree would
suggest splitting M. citreola into three species, however both nuclear
introns and SNP data strongly support the monophyly ofM. citreola, and
therefore invalidate proposals to split this taxon (Pavlova et al., 2003;
McKay and Zink, 2010). In contrast, we find inconsistent support for the
monophyly of M. flava. Our SNP data support a monophyletic M. flava
complex consisting of three clades with barriers to gene flow, whereas
combined analysis of nuclear introns and mtDNA recover M. flava as
paraphyletic. While it is likely that our SNP data reflects the true spe-
cies relationships, it is clear that these two species have shared a
complex and recent history. However, taxonomic treatment requires
more rigorous exploration of demographic histories.

We highlight a few intra-species lineages that our study finds dis-
tinct and thus deserve further investigation. In their taxonomic review,
Alström and Mild (2003) treated all M. flava from northern Scandinavia
east to the Kolyma River as thunbergi. However, our population genetic
structure estimates place all “thunbergi” from the Yamal Peninsula
eastward in the northeastern clade. This grouping is further supported
by mtDNA (Pavlova et al., 2003), analyses of call notes (Bot et al.,
2014) and morphology (Red’kin, 2001). Eastern “thunbergi” populations
have been referred to as plexa (Red’kin, 2001) and our results support
this distinction. Similarly, the Moroccan endemic M. a. subpersonata is
distinct amongst M. alba and warrants further study. In addition, our
SNP data confirm that M. bocagii is nested within Motacilla, and
therefore invalidates recognition of the monotypic genus Amaurocichla
recognized in the recently published Birdlife Checklist (del Hoyo and
Collar, 2016).

5. Data accessibility

- Raw, demultiplexed ddRAD reads: NBCI SRA under PRJNA356768.
- SNP datasets, input files for analyses, and tree files: Dryad repository
doi:https://doi.org//10.5061/dryad.008bq.
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