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We studied the phylogeography and population history of the white wagtail Motacilla alba, which has a vast breeding
range, covering areas with different Pleistocene climatic histories. The mitochondrial NADH dehydrogenase subunit IT
gene (ND2) and Control Region (CR) were analyzed for 273 individuals from 45 localities. Our data comprised all nine
subspecies of white wagtail. Four primary clades were inferred (M, N, SW and SE), with indications of M. grandis being
nested within M. alba. The oldest split was between two haplotypes from the endemic Moroccan M. a. subpersonara (clade
M) and the others, at 0.63-0.96 Mya; other divergences were at 0.31-0.38 Mya. The entire differentiation falls within the
part of the Pleistocene characterized by Milankovitch cycles of large amplitudes and durations. Clade N was distributed
across the northern Palearctic; clade SW in southwestern Asia plus the British Isles and was predicted by Ecological niche
models (ENMs) to occur also in central and south Europe; and clade SE was distributed in central and east Asia. The
deep divergence within M. a. subpersonata may reflect retention of ancestral haplotypes. Regional differences in historical
climates have had different impacts on different populations: clade N expanded after the last glacial maximum (LGM),
whereas milder Pleistocene climate of east Asia allowed clade SE a longer expansion time (since MIS 5); clade SW expanded
over a similarly long time as clade SE, which is untypical for European species. ENMs supported these conclusions in that
the northern part of the Eurasian continent was unsuitable during the LGM, whereas southern parts remained suitable.
The recent divergences and poor structure in the mitochondrial tree contrasts strongly with the pronounced, well defined
phenotypical differentiation, indicating extremely fast plumage divergence.

The phylogeographic structure of species or groups of closely
related species have often been explained from prominent
climatic oscillations during the Pleistocene, which have had
profound impacts on phylogeographic patterns of contem-
porary species (Hewitt 1996, 2000, 2004, Avise 2009).
Comprehensive phylogeographic studies in Europe have
confirmed how species distributions became fragmented and
restricted to refugial areas during the last glacial maximum
(LGM) (Hewitt 1996, 2000). While northern Europe and
North America were covered by large ice sheets during the
LGM, northern Asia had permafrost but limited amounts
of ice-sheets (Williams et al. 1998). Modelling based on
pollen records by Allen etal. (2010) indicated that the woody
vegetation (trees and shrubs) of northern Asia had shrunk
towards the south during the LGM, although much of
Siberia had a vegetation of mesophilous herbs, often referred

to as the ‘mammoth steppe’. Several studies have shown that
many bird species contain clades with present northern dis-
tributions that went through population growth, and these
clades are often widespread (Pavlova et al. 2006, Zink et al.
2006, 2008, Haring et al. 2007, Saitoh et al. 2010, Zhao
et al. 2012). Meanwhile, east Asia (here referring mainly to
China, the Korean peninsula Japan and Mongolia) was less
affected by glaciation except in the higher mountains (Wil-
liams et al. 1998). During the LGM, temperatures of east
Asia were higher than in Europe and North America at simi-
lar latitudes, and permafrost existed only at high elevations
(Weaver et al. 1998, Williams et al. 1998, Otto-Bliesner
etal. 2006). Reconstructions of the palaco-vegetation of east
Asia have also indicated that a diverse flora existed during the
LGM, especially in the southern part (Harrison et al. 2001).
Analyses of east Asian birds have indicated that most studied
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species in this region possessed a prominent phylogeographic
structure, and that they expanded before the LGM (Li et al.
2009, Song et al. 2009, Huang et al. 2010, Dai et al. 2011,
Qu et al. 2012, Zhao et al. 2012, Dong et al. 2013, Wang
et al. 2013). The Mediterranean Basin was little affected by
glaciation (Weaver et al. 1998, Otto-Bliesner et al. 2006),
and harbored important glacial refugia, and has been identi-
fied as a hot spot in terms of speciation events (Guillaumet
et al. 2006, Garcia et al. 2008, Hourlay et al. 2008, Pons
et al. 2011, Stervander et al. 2015).

The white wagtail Motacilla alba has a vast breeding
range, covering the northwesternmost corner of Africa
(Morocco), all of Europe and the temperate parts of Asia
to western Alaska (Alstrom et al. 2003, del Hoyo et al.
2004). Northern populations are long distance migrants,
whereas southern populations are short distance migrants
or resident (Alstrom et al. 2003, del Hoyo et al. 2004).
The white wagtail is a very adaptable species, occurring
in a variety of open habitats from sea level to high eleva-
tions (up to ~ 5000 m), usually near water bodies, and
often close to or within human habitation (Alstrém et al.
2003, del Hoyo et al. 2004). There is pronounced plum-
age variation within the white wagtail, and Alstrém et al.
(2003) recognized nine distinct subspecies. Although
the white wagtail is usually treated as a polytypic species
(Alstrom et al. 2003, del Hoyo et al. 2004, Dickinson and
Christidis 2014, Gill and Donsker 2015), especially the
taxa personata and lugens (Stepanyan 1990), and sometimes
all nine morphologically distinct taxa (Avibase 2015), have
been treated as specifically distinct.

Pavlova et al. (2005) analyzed mitochondrial DNA
and plumage from seven of the nine subspecies (alba,
baicalensis, ocularis, lugens, personata, leucopsis and alboides,
the last one only mentioned briefly in “Note in proof’),
mainly from Russia, and found three main clades: 1) a
widespread clade containing representatives from six of
the studied subspecies (excluding alboides); 2) a clade with
samples from Almaty in Kazakhstan (M. a. personata),
Vietnam (M. a. alboides) and southeast Russia (Primor’e;
subspecies leucopsis, one sample of M. a. lugens); and 3) a
clade from Krasnodar in the Caucasus region (M. a. alba).
There was no phylogeographic structure within any of
these clades, except for separation between Almaty
and Primor’e samples in the second clade, and none of
the subspecies was inferred to be reciprocally monophyl-
etic. Pavlova et al. (2005) suggested that these three clades
had survived glacial times in the Far East, the Caspian-
Caucasus area and lower latitude Asian regions, respectively,
and recently come into contact at Primor’e and Krasnodar.
Especially the widespread northern clade was estimated to
have gone through a recent population expansion (Pavlova
et al. 2005).

The sampling of Pavlova et al. (2005) was focused
on northern populations, whereas the southern part of
the breeding range of the white wagtail, which had milder
Pleistocene climates, may have had different population
histories. The aim of this paper is to increase the sampling
effort of Pavlova et al. (2005) to include southern areas and
all nine subspecies, which would help to better understand
the phylogeographic structure and population history of the
white wagtail.
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Material and methods
Sampling

We focused on sampling from the southern part of the range
of the white wagtail, and a total of 50 individuals from 16
localities were collected. Tissue samples were stored in pure
alcohol at —80°C. Sequences were also obtained from a few
toepad samples form museum specimens. We also down-
loaded mitochondrial sequences of 223 individuals from
GenBank. The sample localities are shown in Fig. 1, and
details (museum/collection number, taxon, type of tissue,
etc.) of all samples are included in Supplementary material
Appendix 1.

Most of the individuals we sampled were considered
to be on their breeding grounds, sampled during June to
early August, or from locally breeding subspecies. Ten
individuals from Zunyi (Guizhou Province, China), two
individuals from Nuristan Province (Afghanistan) and one
individual from Fujian Province (China) were sampled ahead
of this period (in May), knowing that white wagtails start to
breed early in those parts (Peng et al. 1987, Zhao 2001).
Moreover, four individuals from Nei Mongol Autonomous
Region (China) sampled on 6 September, two individuals
from the Kuriles sampled in April and one individual from
Jutland (Denmark) sampled in late August were included.
The sequences downloaded from GenBank, from Pavlova
et al. (2005), were from individuals collected on the breed-
ing grounds, as stated in that paper.

Taxonomy follows Alstrom et al. (2003).

Laboratory procedure

The lab work was done in three different labs, the Kunming
Inst. of Zoology, China, the Swedish Museum of Natural
History, Stockholm, Sweden, and Uppsala Univ., Uppsala,
Sweden, here refered to as procedure 1, 2 and 3, respectively.
Polymerase chain reaction (PCR) was used to amplify partial
or comeplete NADH dehydrogenase subunit II gene (ND2)
and partial or comeplete Control Region (CR) sequence of
mitochondrial DNA. Sequences of all the primers are given
in Supplementary material Appendix 2.

Procedure 1: the tissues were treated with SDS Lysis
Buffer, Potassium Acetate and then isopropanol to precipi-
tate gross DNA. Partial ND2 was amplified using two pairs
of primers: L5219 (Sorenson et al. 1999) and H5880 (Dong
et al. 2010); L5809 (Cicero and Johnson 2001, modified)
and H6312 (Cicero and Johnson 2001, modified). PCR
amplification was carried out in a total volume of 20 ul, with
an initial denaturation at 94°C for 5 min, then 40 cycles of
94°C for 30 s, 50°C for 40 s and 72°C for 60 s, a final exten-
sion at 72°C for 7 min completed the reaction. The primers
LCR4 (Tarr 1995) and LCON2 (Zink and Blackwell 1998)
were used to amplify CR sequence with the same total vol-
ume. PCR conditions of CR were similar to those described
by Pavlova et al. (2005). PCR products were sequenced with
the same primers used for amplification. The PCR products
were purified using a SanPrep Column DNA Gel Extrac-
tion Kit (Sangon Biotech) and sequenced with the BigDye
Terminator sequencing Cycle Sequencing Kits on an ABI

3730x] Analyzer.
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Figure 1. Phylogeographic structure and mismatch distribution of the white wagtail. Grey area indicates breeding range (from Alstrdm et al.
2003). Our sample localities are represented by solid circles and previous sample localities by dashed circles. Blue, red, yellow and brown
circles indicate clade N, SE, SW and M in Fig. 2, respectively. Mismatch distributions of three clades are shown: solid line represents
observed value, dashed line indicates model distribution, and vertical line indicates mean number of differences. Numbers 1-9 indicate
subspecies separated by dashed lines based on Alstrém et al. (2003): 1, M. a. subpersonata; 2, M. a. yarrellii; 3, M. a. alba; 4, M. a. personata;
5, M. a. alboides; 6, M. a. leucopsis; 7, M. a. baicalensis; 8, M. a. ocularis; 9, M. a. lugens.

Procedure 2: toepads were softened in double distilled
water, and then the gross DNA was extracted using the
DNeasy Tissue kit (Qiagen, Hilden, Germany). Partial
ND2 and CR ware both amplified with multiple pairs of
primers designed for this study. ND2: MAL_ND2_F1 and
MAL_ND2_R1, MAL ND2_F2 and MAL_ND2_ R2N,
MAL_ND2_F3 and MAL_ND2_R3, MAL_ND2_F4 and
MAL_ND2_R4, MAL_ND2 F5 and MAL_ND2_RS5.
CR: MAL_CR_F1 and MAL_CR_R1, MAL_CR_F2 and
MAL_CR_R2, MAL_CR_F3 and MAL_CR_R3. PCR
amplification of ND2 was carried out in a total volume
of 25 ul with an initial denaturation at 94°C for 5 min,
followed by 2 cycles of 30 s at 94°C, 30 s at 56°C and 30 s at
72°C, and then the annealing temperature was decreased to
54°C and 52°C in the next two cycles, the finally 34 cycles
were performed with an annealing temperature of 50°C; the
final extension lasted for 7 min at 72°C. The PCR amplifica-
tion of CR was carried out in a same total volume, and the
amplification protocol was similar to that of ND2, only the
annealing temperature in each steps were decreased by 2°C.
PCR products were sequenced with the same primers used
for amplification. The PCR products were purified using a
QIAquick PCR purification kit (Qiagen) and the sequenc-
ing using the BigDye Terminator method on an ABI 3730xl
Analyzer.

Procedure 3: two mtDNA fragments were sequenced:
the complete ND2, and a segment comprising the com-
plete or partial CR with or without partial tRNA-Pro, the
NADH dehydrogenase subunit VI gene (ND6) and tRNA-
Glu flanking the 5" end of CR, plus the complete tRNA-
Phe and part of the 128 ribosomal RNA gene. DNA was
extracted from blood, muscle tissue and feathers using the
DNeasy Tissue Kit (Qiagen). PCR primer pair for ND2 was
L5215 (Hackett 1996) and H6313 (Johnson and Sorenson
1998). Three pairs were used for the CR: FCRI5” (Boag in

Baker and Marshall 1997) and F389 (Baker and Marshall
1997) or L16150 (Saetre et al. 2001) and F389, and F304
(Baker and Marshall 1997) and H1343 (Berg et al. 1995).
PCR amplifications were carried out in 25-pl volumes. The
PCR cycle for ND2 involved an initial 3 min denaturation
at 94°C, followed by 38 cycles of 15 s denaturation at 94°C,
15 s annealing at 51°C and 45 s extension at 72°C and end-
ing with a 2 min extension step at 72°C. The PCR cycle
for CR was 3 min at 94°C, 35 cycles of 15 s at 94°C, 30
s at 63°C and 1 min at 72°C, plus a final 10 min at 72°C.
Gel electrophoresis in 2% agarose was performed on 5 pl
of each PCR product to aflirm length and specificity of the
amplifications and the remaining 20 pl was typically purified
with Microcon PCR and YM-100 Centrifugal Filter Devices
(Millipore). The purified products were cycle sequenced with
the primers 15215, L5758M (Odeen and Bjorklund 2003),
H5776 (Klicka et al. 2000), H5950 (Odeen and Bjsrklund
2003), H6313 (ND2), APC1 (Odeen and Bjorklund 2003),
F304, F389, FCRI5’, L16576, L16749 and MCRI2 (Odeen
and Bjorklund 2003) (CR), usually with the BigDye Termi-
nator Ready Reaction kit (Applied Biosystems) and run on
ABl-prism 310 and 377 automated sequencers. Some PCR
product was purified with ExoSAP-IT (Affymetrix USB) and
sequenced externally by Macrogen (South Korea).

Population structure analyses

Sequencing results were visualized and assembled in SeqMan
(DNASTAR). Sequence alignment was done in Clustal X
(Thompson et al. 1997). All sequences were modified to the
same length and ambiguous sites were completely deleted
from the alignment. The final length of partial ND2 and
CR were 917 bp and 360 bp respectively. All sequences have
been deposited in GenBank (accession numbers KT031286—
KT031385, Supplementary material Appendix 1). Because
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mitochondrial genes belong to the same linkage group, the
two markers were combined in all analyses.

We built haplotype maximum likelihood (ML) and
Bayesian inference (BI) trees to infer the population structure
of the white wagtail. Three close relatives of the white wag-
tail (Odeen and Alstrém 2001, Alstrém and Odeen 2002)
were selected as outgroups: Japanese wagtail M. grandis,
white-browed wagtail M. maderaspatensis and African pied
wagtail M. aguimp (Supplementary material Appendix 1).
The optimal substitution model for the concatenated data-
set was GTR+ G, which was selected in jModeltest 0.1.1
(Guindon and Gascuel 2003, Posada 2008) by the Akaike
information criterion (AIC) (Posada and Buckley 2004).
Rate variation across sites was accounted for using a discrete
gamma distribution. ML analyses were carried out using
PhyML 3.0 (Guindon and Gascuel 2003). Search strat-
egy was set as best of NNI and SPR, and reliability of each
node was estimated through non-parametric bootstrapping
(100 replicates). BI analyses were carried out using MrBayes
3.1.2 (Ronquist and Huelsenbeck 2003). As per default,
three hot and one cold chains were used. MCMCs was set
to eight million generations and sampled every 1000 gen-
erations. Two parallel runs were performed and convergence
was checked in Tracer ver. 1.4.1 (Rambaut and Drummond
2007). Default priors were used. The first 25% samples were
discarded as ‘burn-in’. Support values were represented by
posterior probabilities (PP).

A maximum parsimony network was constructed in TCS
ver. 1.12 (Clement et al. 2000) to better visualize the genetic
structure of the white wagtail. Connection limit was set to
95% as default. The output was edited in yED Graph Editor
3.9 (yWorks 2012) to generate the final graph. Genetic dis-
tances between populations were calculated in MEGA 5.05
(Tamura et al. 2011) using the Kimura 2-Parameter (K2P)
model (Kimura 1980). The K2P model was selected because
it is an often used model in population genetics studies,
despite that it was not the best-fit model for the dataset, but
genetic distances were also calculated under the JC69 and
HKY models as well as uncorrected distances (not shown),
and the differences between these were extremely slight. In
other respects, the recommendations by Fregin et al. (2012)
for calculating genetic distances were followed, i.e. using
perfectly homologous sequences (same length, same part of
locus) and completely delete uncertain nucleotides.

Molecular clock calibration

Most calibrations of the avian mitochondrial molecular clock
have been done for the cytochrome b gene (cyt-b) (Lovette
2004, Weir and Schluter 2008). The cyt-b clock has been
estimated to have an average rate of 2.1% (% 0.1%, 95%
CI) divergence/million years (Weir and Schluter 2008). The
molecular clock of ND2 has been found to vary among taxa
(Lerner etal. 2011, Manthey et al. 2011), and CR sequences
have an even greater rate of variation (Zink and Blackwell
1998, Ruokonen and Kvist 2002, Drovetski 2003, Zink
and Weckstein 2003). For these reasons, a calibration was
deemed necessary for the molecular clock rate of combined
ND?2 and CR sequences of the white wagtail.

First, we calibrated the partial ND2 clock rate of the
genus Motacilla. The full cyt-b and ND2 sequences of 29
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individuals from 9 species of Motacilla were downloaded
from GenBank (Supplementary material Appendix 1). The
ND2 sequences from GenBank were trimmed to the same
length and section as our ND2 sequences. The ratio between
average within-genus distance of cyt-b and ND2 was calcu-
lated, then multiplied by the cyt-b clock rate 2.1% to get
the partial ND2 rate of Motacilla, i.e. 3.02%/million years.
Second, we assumed that the partial ND2 clock rate of white
wagtail was the same as that rate of Mozacilla (3.02%/million
years). Then we calculated the intraspecies average distances
of the white wagtail using concatenated sequences and par-
tial ND2 sequences separately (all sequences of the white
wagtail were involved). The ratio of these two distances was
multiplied by the partial ND2 clock rate (3.02%) to get the
clock rate of the concatenated sequences. The resulting rate
was 2.7% (0.0135 substitutions/site/million years).

Diversification time estimate

Diversification time was estimated in BEAST ver. 1.8.0
(Drummond et al. 2012). Groups were defined based on
the results from population structure analyses in order
to estimate the time to the most recent common ancestor
(TMRCA). The optimal substitution model was selected by
jModeltest (GTR+ G). Lognormal relaxed clock (uncorre-
lated) was used in order to consider rate variation among
clades. The molecular clock rate was fixed to 0.0135 sub-
stitutions/site/ ineage/million years, as calculated. Different
analyses were run using different tree priors: Coalescent —
Expansion Growth; Speciation — Birth-Death Process; and
Speciation — Yule Process. In the prior panel, the initial value
and mean value of alpha was set to 0.128 as estimated by
jModeltest. The MCMC chain was run for 100 million gen-
erations and sampled every 2000 generations. The resulting
log file was analyzed in Tracer ver. 1.4.1 to ascertain that the
analysis had converged (when ESS>200 and the trace of
parameters had stabilized).

Genetic diversity and historical demography

Nucleotide diversity (m), haplotype diversity (h) and
number of polymorphic sites (S) were calculated in DnaSP
ver. 5 (Librado and Rozas 2009). Tajima D test (Tajima
1989) and Fu’s Fs test (Fu 1997) were performed in Arle-
quin 3.5 (Excoffier and Lischer 2010) to examine whether
a population departed from a mutation-drift equilibrium,
significance judged by 25 000 simulated samples. A signifi-
cantly negative value is often taken as an indicator of popula-
tion expansion.

We implemented Bayesian Skyline Plot (BSP) in BEAST
ver. 1.8.0 (Drummond et al. 2012) to estimate changes
in effective population size since TMRCA. The substitu-
tion model was selected by jModeltest 0.1.1 (Guindon and
Gascuel 2003, Posada 2008). A lognormal relaxed uncor-
related clock was set with the same clock rate as above, and
with Coalescent: Bayesian Skyline selected. The beginning
and mean values of parameter alpha were also set as esti-
mated by jModeltest 0.1.1. A MCMC chain was run for 100
million generations and sampled every 2000 generations.
Convergence was checked in Tracer ver. 1.4.1 (Rambaut
and Drummond 2007). After convergence was confirmed,



a graph of BSP was generated in Tracer with the first 20%
samples discarded as ‘burn-in’.

In addition to BSP, mismatch distribution was calculated
in Arlequin 3.5 (Excoflier and Lischer 2010). A Mismatch
distribution calculates the distribution of pairwise differ-
ences. Unimodal distribution often indicates recent popula-
tion expansion and the closer the peak to the y axis, the more
recently the expansion has happened (Rogers and Harpend-
ing 1992). The sum of square deviations (SSD) between the
observed and the expected mismatch was calculated, and a
significant SSD value means the observed value does not fit
sudden expansion model. Performance of expansion param-
eters was tested with 10 000 bootstrap replicates, and genetic
distance was set to pairwise difference. Time of expansion (t)
could be drawn from the parameter T and equation T = 2k,
where k is the number of nucleotides and W is the mutation
rate of combined sequence (1.35%/lineage/million years).

Ecological niche models (ENMs)

The ENMs aim to find associations between the known
occurrence of a species and environmental variables, and
then apply the association to forecast distribution of this
species under different climatic conditions (Martinez-Meyer
and Peterson 2006). This method is controversial because
it relies on the assumption that ecological niche evolution
is conservative (Guisan and Thuiller 2005). Some existing
studies have proved the conservativeness of ecological niches
(Peterson et al. 1999, Martinez-Meyer and Peterson 2006),
and this method has been widely used in avian phylogeo-
graphic studies to verify the impact of Pleistocene ice ages
(Walstrom et al. 2012, Wang et al. 2013, Qu et al. 2014).
We used ENMs to compare the simulated present and LGM
distribution of the white wagtail, which would help under-
standing the impact of the Pleistocene ice ages.

Occurrence data was obtained from the publicly avail-
able database Global Biodiversity Information Facil-
ity (GBIE < http://data.gbif.org>), which includes a
number of museum specimen databases (e.g. ORNIS,
< www.ornisnet.org >). Specimen records were used prefer-
entially when performing ENMs. All repeated or closely clus-
tered records (< 3.5 km) and non-breeding period records
were eliminated. Occurrence data with ‘has Geospatial Issues
were also excluded. The occurrence data were heavily biased,
as more than 90% of the records were from Europe. Two
procedures were taken to handle this bias: first, we calculated
the density of records in areas with lictle data, and then we
randomly sampled records at over-sampled areas to balance
the overall density of records. The imbalanced distribution
of occurrence data might represent the actual distribution of
the white wagtail to some degree, but this information was
decreased after the procedures above. However, as the white
wagtail is a highly adaptable species (Alstrom et al. 2003, del
Hoyo et al. 2004), the uneven observation effort rather than
natural population density is most likely the cause of the
paucity of records in the eastern part of the range. Second,
we created a bias file to handle the deficiency of occurrence
data in especially central and east Russia. The areas without
records were weighted by 0, other areas by 1.

Nineteen environmental layers (biol-biol9) of cur-
rent and LGM at 2.5 arc-minutes resolution were down-

loaded from WorldClim website (< www.worldclim.org>)
(Hijmans et al. 2005). Climate layers of LGM were gener-
ated from Community Climate System Model 4 (CCSM
4). We used ENMTools (Warren et al. 2010) to calculate
the Pearson’s correlation coefficient between environmental
variables. Highly correlated variables were removed until no
pairwise correlation coefficient was greater than 0.8. Final
modeling included 8 variables (bio 2, bio 5-8, bio 12, bio
14 and bio 15).

ENMs were performed in MaxEnt ver. 3.3.3 (Phillips
and Dudik 2008) because MaxEnt has been shown to yield
robust results even for sparsely sampled data (Pearson et al.
2007). Random seed and subsample were selected to enable
a random test. Twenty percent occurrence data was used to
test model performance. The model was run for 15 times with
maximum iterations set to 2000, allowing the model to have
adequate time to converge. A bias file described above was
imported to minimize sampling bias. The resulting ASCII file
was converted to raster and reclassified in ArcGIS 9.3 (ESRI)
for applying the 10 percentile training presence logistic thresh-
old to define minimum probability of suitable habitats.

Results

Phylogeographic structure

The ML and BI trees based on concatenated sequences
showed similar topologies (Fig. 2). Both trees inferred the
white wagtail to be paraphyletic since M. grandis was sister
to all white wagtail subspecies except two M. a. subpersonata
(clade M), although the lack of support (node B) rendered
the tree effectively trichotomous in this respect. The parsi-
mony haplotype networks showed that M. grandis and clade
M were separated from the others by a minimum of 29 and
26 steps, respectively, while the smallest distances among the
others were five steps between clades N and SW, six steps
between clades N and SE and 11 steps between clades SW
and SE (Fig. 3). Both the gene trees and haplotype networks
indicated that the remaining white wagtails formed three
primary clades (Fig. 2, Fig. 3): north (N), representing M.
a. alba, M. a. baicalensis, M. a. ocularis, M. a. lugens and
M. a. personata, as well as a minor part of the samples of M.
a. yarrellii, M. a. leucopsis and a single M. a. subpersonata;
southeast (SE) representing M. a. personata, M. a. alboides
and M. a. leucopsis and a minor part of the samples of M.
a. lugens; and southwest (SW), representing M. a. alba and
three of the five samples of M. a. yarrellii. The two aber-
rant M. a. subpersonata haplotypes from Morocco in clade
M (node A) were 2.3% divergent from the other white wag-
tails, whereas the genetic divergences among clades N, SE
and SW were 0.4%. The SE and N clades were identified as
sisters, although this was unsupported (PP 0.76; bootstrap
26%, node D). The oldest split, betwen clade M and the
other white wagtails (node A), was estimated at 0.63-0.96
million yr ago (Mya), i.e. around the junction of middle and
early Pleistocene. The divergence of clades SE, N and SW
(node C) at 0.37-0.39 Mya and the separation of clades
SE and N at 0.31-0.33 Mya (node D) were within the
middle Pleistocene (Table 1). As the phylogenetic relation-
ships between clades N, SE and SW did not get high nodal
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Figure 2. Tree based on concatenated ND2 and CR, inferred by Bayesian inference. Posterior probabilities are shown above the branches and
maximum likelihood bootstrap values below the branches. Northern clade (N), south-eastern clade (SE), south-western clade (SW) and Moroc-
can clade (M) were represented by blue, red, yellow and brown respectively. Main nodes are indicated with capital letters A, B, C and D.

support (node D), the corresponding splitting times should
be considered as tentative.

The geographic distribution of the clades is shown in
Fig. 1. Clade N was distributed across the northern part of
the species’ range, with a single sample from Morocco (from
the endemic M. a. subpersonata). Representatives for clade
SW were found at three localities (Caspian—Black Sea area
and the British Isles). Clade SE, which was mainly distrib-
uted in east Asia and central Asia, was subdivided into two
clades, but neither of these corresponded to a geographical
area or subspecies, and accordingly there was no phylogeo-
graphic structure within this clade.

Genetic diversity

We obtained 917 bp of ND2 and 360 bp of CR sequences
for 273 samples. Seventy nine haplotypes of ND2 were
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defined by 89 polymorphic sites (39 singletons, 50
parsimony informative sites), and 25 haplotypes of CR
were defined by 31 polymorphic sites (18 singletons,
13 parsimony informative sites). For combined sequences,
95 haplotypes were defined by 120 polymorphic sites
(57 singletons, 63 parsimony informative sites). Over-
all haplotype diversity was 0.788 and overall nucleotide
diversity was 0.00387. The genetic diversity of each clade
is shown in Table 2. Excluding clade M, for which only
two samples were available, clade SE had the highest
haplotype diversity and nucleotide diversity, while clade
N had the lowest values. The nucleotide diversity of
clade N was very low, about an order of magnitudes lower
than that of the two other clades. The commonest hap-
lotype in clade N was shared by 60% of the individuals
in that clade, occupying 28 out of 32 sampling localities
of clade N.

Cwivibdy, 5y o

Figure 3. Parsimony haplotype network of white wagtail and M. grandis. Different colours represent clades in accordance with Fig. 2, and
M. grandis was represented by green. Each colored circle represents a haplotype, and the area of a circle is proportional to the number of
individuals with this haplotype. Small, unfilled circles represent missing haplotypes. Clade M and M. grandis are relatively distant from
other white wagtails, and the associated numbers indicate the amount of missing haplotypes.
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Table 1. Divergence time estimation of the white wagtail. The unit is in million years. The 95% HPD is shown in brackets.

TMRCA M-SE, N, SW SE, N-SW SE-N

Expansion growth 0.96 (0.62-1.33) 0.37 (0.24-0.52) 0.31 (0.19-0.45)
Birth-death process 0.66 (0.39-0.93) 0.39 (0.26-0.52) 0.33 (0.22-0.46)
Yule process 0.63 (0.38-0.89) 0.38 (0.26-0.51) 0.33 (0.22-0.45)

Table 2. Diversity indicators and expansion time (by mismatch distribution) of each clade. *p <0.05, **p <0.01.

n h Hd T Peak SSD Tajima’ D Fu’s Fs T Expansion (years ago)
SE 41 19 0927 0.00263 unimodal 0.00208 -1.15770 -8.95897** 3.86523 112 000 (56 000-156 000)
SW 22 11 0.857 0.00203 unimodal  0.00541 —1.62681* -4.16682* 2.29102 66 000 (24 000-150 000)
N 208 63 0.639 0.00081 unimodal 0.00091 —2.73935%* -29.78464** 0.98438 29000 (22 000-37 000)

Historical demography

According to the BSP, clades SE and SW both began to
expand about 0.1 Mya, during the Marine Isotope Stage
(MIS) 5 when the climate was relatively warm (Fig. 4). Effec-
tive population size of clade SE grew slowly undil a rapid
increase about 30 000 yr ago, while the SW clade kept grow-
ing slowly until it reached equilibrium about 40 000 yr ago.
BSP analysis of clade N failed to converge, probably due to
the very shallow divergence within this clade (60% of the
individuals of this clade belonged to the same haplotype).

The mismatch distributions for clades SE, SW and N were
unimodal and did not deviate from a model of demographic
expansion, supporting that these clades went through sud-
den population expansions (Fig. 1; Table 2; clade M not
tested due to small sample). The expansion time of clade SE
estimated by mismatch distribution was consistent with that
estimated by the BSP, whereas the expansion time of clade
SW estimated by mismatch distribution was later (66 000
yr ago, 95% HPD 24 000-150 000 yr ago) but still before
MIS 2. Expansion time of clade N estimated by T was 29
000 years ago (95% HPD 22 000-37 000 yr ago) during
MIS 2, about LGM.

Tajima’ D and Fu’s Fs test of clades SE, SW and N all
showed significant negative values except Tajimas D value

for clade SE (Table 2), further indicating past population
expansion of these three clades (clade M not tested due to
small sample).

Ecological niche models

The distribution estimated by ENMs under present climate
is consistent with the actual breeding range of the white
wagtail except for some of the most northern breeding areas,
which were estimated to be unsuitable (Fig. 5). Neverthe-
less, The ENM:s indicated that the range of the white wagtail
shrunk heavily in the north during the LGM. On the other
hand, broad areas where clade SE and SW are distributed
at present remained suitable for the white wagtail during

the LGM.

Discussion

Phylogeographic structure and effects of Pleistocene
climates

The mitochondrial haplotypes of the white wagtail were
divided into four primary clades, with M. grandis nested
within M. alba (though without statistical support). These

MIS1

MIS2 MIS3 Mis4

MIS5 MISé

0 0.02 0.06

0.08 0.10

Time (mya)

Figure 4. Bayesian skyline plot (BSP) of clade SE (solid line and red background) and clade SW (dashed line and yellow background). The
X axis represents a time scale in units of million years ago and the y axis represents N,z The central lines show mean V,;and the colored
backgrounds define the 95% HPD limits. The grey vertical bars indicate cold period marine isotope stages (MIS).
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Figure 5. Ecological niche models of the white wagtail (AUC = 0.744). (a) Present; (b) LGM. Different colors mean different probability
of occurrence; green indicates conditions typical of those where the species is found.

four clades represent different geographical regions, with
evidence of incomplete lineage sorting and/or introgres-
sion. Within these four primary clades we failed to find any
genetic sub-structure and the divergences among clades N,
SW and SE were shallow and only dating back to the middle
Pleistocene. The entire mitochondrial history of the white
wagtail falls within the last 960 000 yr, a period characterized
by large-amplitude Milankovitch oscillations, which should
select for increased vagility and generalism (cf. Dynesius and
Jansson 2000). The lack of structure and shallow divergence
in clade N might have been caused by strong post-LGM
population expansions into previously uncolonized regions.
Evidence from mismatch distribution, very low nucleotide
diversity, highly significant Tajima’ D and Fu’s Fs test val-
ues and star-like network all indicate that clade N went
through a dramatic recent population expansion. This is in
agreement with several previous studies from the Palearctic
(Pavlova et al. 2006, Zink et al. 2006, 2008, Haring et al.
2007, Saitoh et al. 2010, Zhao et al. 2012) and North Amer-
ica (Klicka et al. 2011, Smith etal. 2011, van Els et al. 2012).
The post-LGM expansion of clade N is also supported by the
ENMs which indicate that most of the present distribution
of clade N was not suitable habitat for the white wagtail dur-
ing the LGM. The white wagtail breeds north to 73°N at
present (Alstrdm et al. 2003), but during the LGM, it was
restricted to about 55°N in Asia and about 50°N in Europe
according to the ENMs. In contrast, the lack of structure in
especially clade SE is at odds with most studies of birds from
that region (Li et al. 2009, Song et al. 2009, Huang et al.
2010, Dai et al. 2011, Qu et al. 2012, Zhao et al. 2012,
Dong et al. 2013, Wang et al. 2013). However, unlike the
white wagtail, these are resident forest birds, which occur
at least partly in mountainous regions where climatic
oscillations may have fragmented their ranges and thereby
promoted divergence. The white wagtail occurs in open,
fairly homogeneous habitats, is highly adaptable and evi-
dently has great capacity for long-distance movements, so
it is less likely than these resident forest-dwelling species
to become geographically fragmented. Most low altitcude
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regions of east Asia remained suitable during the LGM for
the white wagtail as shown by ENMs.

More data are needed to establish the distribution of
the SW clade. Pavlova et al. (2005) found it exclusively in
Krasnodar in the Caucasus region, but we encountered it
also in Iran (both these M. a. alba) and, surprisingly, in the
British Isles (M. a. yarrellii). The results of the ENMs indi-
cated that there was broad continuous suitable habitat in
the southern part of Europe and west Asia during the LGM,
excluding high altitude parts of mountain regions (e.g. the
Alps and the Dinara Mountains). It can be hypothesized that
clade SW rather than clade N had a range extending from
Iran across southern Europe during the LGM, because clade
N had shrunk heavily at that time. Due to the lack of samples
from the Mediterranean region, it is not possible to tell whether
clade SW is still present across southern Europe or whether it
may have been replaced by the expanding haplotype group N,
resulting in a relictual distribution of clade SW.

In agreement with Pavlova etal. (2005), our results suggest
that all three white wagtail clades went through population
expansion and only mixed at the edges of their distributions
relatively recently. Three of the main clades have experienced
different population histories influenced by different histori-
cal climates. The climate of the northern Palearctic was severe
during the LGM, and did not allow clade N to expand until
after the LGM. Relatively mild LGM climate in east Asia
enabled clade SE to expand pre-LGM during the interglacial
period MIS5, as has been noted in other east Asian birds (Li
et al. 2009, Song et al. 2009, Huang et al. 2010, Dai et al.
2011, Qu et al. 2012, Zhao et al. 2012, Dong et al. 2013,
Wang et al. 2013). The SW clade also had a pre-LGM expan-
sion during MIS5, which may be untypical for European
species (Hewitt 2000, 2004, Brito 2005, Zhao et al. 2012).
The strong adaptability of white wagtail may have enabled
this species to retain a large population size during MIS2.

It is unlikely that multiple refugia existed for clade N
because we detected no divergence within this clade. Refu-
gia of clade N might have been in the Far Eastern part of
Eurasia as discussed by Pavlova et al. (2005) and for other



birds by Saitoh et al. (2010). Clade SW might have survived
the LGM south of the Black Sea (Pavlova et al. 2005) or
even in southern Europe where climate was suitable during
LGM. Preliminary data showed that clade SE might have
survived earlier glacial periods in southern China as one
population (Zunyi) did not show population expansion as
revealed by mismatch distribution (another nearby popula-
tion of Xingyi showed population expansion, but it is likely
that some related individuals were sampled here) (Supple-
mentary material Appendix 3).

The polytypic yellow wagtail Motacilla flava complex
occupies almost the same breeding range as the white
wagtail, though it is absent from the southern part of east
Asia (Alstrom et al. 2003). The yellow wagtail has been sug-
gested to be paraphyletic with respect to the citrine wagtail
M. citreola, and to have a deep genetic split between eastern
and western populations (Odeen 2001, Odeen and Alstrom
2001, Alstrém and Odeen 2002, Voelker 2002, Alstrom
et al. 2003, Odeen and Bjorklund 2003, Pavlova et al.
2003), unlike in the white wagtail. Odeen and Bjorklund
(2003) studied the western Palearctic clade of yellow wag-
tail, and showed that in common with the white wagtail this
clade had been isolated in glacial refugia and gone through
postglacial colonization. Southern subspecies of the west-
ern clade, which breed around the Mediterranean, showed
no evidence of recent population expansion (Odeen and
Bjorklund 2003), which may indicate a similar population
history to the white wagtail clade SW, which showed an old
expansion.

Weir and Schluter (2004) analyzed a number of boreal
North American forest ‘superspecies’ and concluded that
all coalesced during the Pleistocene, in agreement with
the situation for the white wagtail taxa. In contrast, Saitoh
et al. (2010) noted that a number of clades of northeastern
Palearctic birds diversified during the Pliocene, and sug-
gested that this might have been due to longer survival of
eastern Palearctic clades as a result of less severe conditions in
that region compared to northern North America.

Aberrant haplotype divergence in M. a. subpersonata

The deep divergence within the endemic, locally distrib-
uted and rare Moroccan subspecies M. a. subpersonata is
remarkable, and is similar to that between other white
wagtails and M. grandis. The three individuals were identi-
fied by plumage, excluding the possibility of the bird with
a northern haplotype being a migrant M. a. alba. There
are at least three alternative explanations for the observed
pattern. The aberrant haplotype is 1) the result of introgres-
sion from an extinct taxon; 2) it may represent an ‘original’
haplotype in M. a. subpersonata, in which case the N clade
haplotype is the result of introgression; or 3) it represents
an accidentally amplified nuclear copy, a ‘numt’ (Sorenson
and Quinn 1998). Several facts indicate that the mtDNA
PCR products are indeed of mitochondrial origin, and not
nuclear copies: 1) no unexpected stop codons or frameshift
mutations were present in the coding genes. 2) Direct PCR
was performed on as long fragments as possible (often 2
kb, including regions adjacent to the target loci) to reduce
the risk of accidental amplification of numts (Sorenson and

Quinn 1998). 3) Trees based on the independently amplified

mtDNA fragments (not shown) were not in conflict with
each other, which is unlikely if one or more of the data sets
consists of mixed mtDNA and numts. 4) Overlapping parts
of sequences produced by different primers were identical.
It is unlikely that several primer combinations would pref-
erentially amplify a numt. 5) Blood and feathers from the
same individual gave identical sequences. Accidental ampli-
fication of numits is less likely from feathers than from blood
(Sorenson and Quinn 1998). Deep divergences have recently
been discovered in common redstart Phoenicurus phoenicu-
rus (Johnsen et al. 2010, Hogner et al. 2012) and northern
raven Corvus corax (Webb et al. 2011), and in these cases,
the authors suggested that the anomalous pattern probably
resulted from ancient secondary contact and interbreeding
between divergent populations, and this seems to be the
most plausible explanation also for the situation in M. a.
subpersonata. Northwest Africa holds a number of endemic
taxa, which shows the importance of this area for speciation
(Guillaumet et al. 2006, Garcia et al. 2008, Hourlay et al.
2008, Pons et al. 2011, Stervander et al. 2015).

Incongruence between plumage divergence and
mitochondrial DNA

The shallow mitochondrial divergence and poor geographic
structure in mtDNA in the white wagtail stands in stark
contrast to the pronounced plumage divergence among
the nine subspecies (cf. Alstrom et al. 2003). This pattern
suggests either 1) recent origin, with the plumages evolving
considerably faster than the sorting of the mtDNA haplo-
types, as has been suggested for the white wagtail (Pavlova
et al. 2005), or 2) introgression and homogenization of
mtDNA through a selective sweep, as has been suggested for
some other birds (Alstrom et al. 2008, Irwin et al. 2009,
Wang et al. 2014; see Rheindt and Edwards 2011). Recent
origin is supported by the distributional pattern, with all taxa
having parapatric breeding ranges and interbreeding in con-
tact zones (Alstrdm et al. 2003). Although there is evidence
of recent introgression, e.g. between M. a. leucopsis and M. a.
lugens and between M. a. personata and M. a. alba/baicalensis,
as already shown by Pavlova et al. (2005), it seems unlikely
that a selective sweep could have affected the entire popula-
tion that is spread out over such a vast area, with highly dif-
ferent environmental conditions among different regions (cf.
Rheindt and Edwards 2011). More data are needed to test
this. At any rate, the striking plumage differences between
the different taxa (Alstrom et al. 2003) suggest periods of
independent evolution in geographically separated areas.

Conclusions

The oscillating Pleistocene climate has strongly influenced
the phylogeographic pattern and population history of
the white wagtail, although the very high adaprtability and
vagility of this species has weakened the influence to some
extent. The prominent phenotypic differentiation, mani-
fested by the nine distinct subspecies, has most probably
evolved extremely fast, within the Pleistocene, with mito-
chondrial divergence lagging behind; four primary mito-
chondrial clades showed very slight divergences, with no
substructure within, and only one clade was restricted to a
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single subspecies (the Moroccan endemic M. a. subpersonata).
The present study does not provide any new evidence
in support of recognition of some of the taxa as separate
species, but more research is needed on especially the Moroc-
can endemic M. a. subpersonata. Future studies combining
mitochondrial and nuclear markers or using next-generation
sequencing techinques will help further elucidate the
phylogeographic processes of the white wagtail.
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