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Abstract
Zones of secondary contact provide a good opportunity to investigate the origin and dynamics of reproductive isolation 
between related populations. We analyzed genetic and phenotypic patterns and gene flow between two subspecies of the 
Eurasian magpie Pica pica s.l. which recently came into contact after presumably long periods of isolation. We describe 
the distribution of subspecies in a young contact zone at Argun’ river basin in southern Siberia where populations occur in 
parapatry and an older hybrid population in eastern Mongolia. Based on genome-wide SNP data, we analyzed patterns and 
strength of gene flow between the subspecies. Our results indicate occasional hybridization with backcrossing and asymmet-
ric introgression along a wide range in Transbaikalia and locally in eastern Mongolia. Males of P. p. jankowskii apparently 
exhibit higher dispersal ability towards the west compared to P. p. leucoptera (towards the east). The former occasionally 
migrates to eastern Mongolia and Transbaikalia where introgression of nuclear, but not mitochondrial DNA was evident. 
Bioacoustic investigations showed differences between the subspecies in speed and structure of vocalization. We discovered 
intermediate calls of hybrid magpies and bilingual birds alternating calls that are typical for the two taxa. Furthermore, 
we found dramatically decreased reproductive success in hybridogeneous populations. By complementing our results with 
established phylogeographic patterns of P. pica s.l. based on a mitochondrial marker sequence, and considering indications 
of sterility of hybrids in the contact zone, we propose to elevate the two corresponding subspecies to species level: P. pica 
for the western form and P. serica for the eastern form.
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Introduction

Secondary contact and hybridization are important phe-
nomena of evolutionary biology. Their study helps to 
understand many aspects of microevolution, such as the 
origins of reproductive isolation at early stages of specia-
tion (Abbott et al., 2013, 2016; Harrison & Larson, 2014; 
Mallet, 2005; Taylor & Larson, 2019). When conspe-
cific populations or closely related species have chance 
to meet after long periods of spatial isolation in glacial 
refugia (Hewitt, 2011)—or more recently due to often 
anthropogenic environmental changes (Seehausen et al., 
2008; Crispo et  al., 2011; Millette et  al., 2020)—the 
outcome of such secondary contact is often unpredict-
able. In some cases, populations become reproductively 
isolated due to prezygotic and/or postzygotic isolation 
barriers from Bateson-Dobzhansky-Muller incompat-
ibilities (Dobzhansky, 1940; Muller, 1942; Orr, 1996) 
or other types of incompatibilities (Abbott et al., 2013) 
that arose in isolation. In other cases, when backcrosses 
are successful, more or less pronounced introgression 
takes place (Seehausen, 2004). This may lead to admix-
ture and fusion of populations and/or species in statu nas-
cendi, which is documented by an increasing number of 
published examples of hybrid speciation (Lavrenchenko, 
2014; Ottenburghs, 2018). While homoploid hybrid spe-
ciation is rare for higher animals (Mavarez & Linares, 
2008; Schumer et al., 2014; Nieto et al., 2017), introgres-
sive hybridization is a common phenomenon. It often 
occurs at the edges of distribution ranges of closely 
related species or populations, where population density 
is low and mate competition with parental form is weak 
(Abbott et al., 2013; Pfennig et al., 2016).

Isolating factors may be reinforced when populations 
experience continuous maladaptive hybridization in a sec-
ondary contact zone (Dobzhansky, 1940). For example, 
natural selection may favor traits that enhance assortative 
mating (Howard, 1993). Nonetheless, in most cases, the 
underlying evolutionary processes and genetic patterns 
remain poorly characterized and understood (Coyne & 
Orr, 2004). Overall, the shape and dynamics of a hybrid 
zone is determined by many factors such as dispersal rates, 
genetic incompatibilities, morphology, behavior, and ecol-
ogy (Barton & Hewitt, 1985). Introgression can be adaptive 
(Taylor & Larson, 2019), but involve only a limited part 
of a genome and thus may be barely distinguishable from 
selection effects of local adaptation (Currat et al., 2008; 
Excoffier et al., 2009; Quilodrán et al., 2020). Hybridiza-
tion often occurs during biological invasions or at the spe-
cies borders and, under certain conditions, facilitates range 
expansions into new environments (Pfennig et al., 2016). 
The problem to distinguish between primary intergradation, 

i.e., clinal variation due to spatially varying selection along 
an environmental gradient and secondary contacts, can be 
solved in a hybrid zone study (Harrison & Larson, 2016). 
In general, the initial stages of such processes of secondary 
contact may provide important insights.

Whole-genome sequencing techniques, which now 
make it possible to study single nucleotide polymorphisms 
(SNPs) on a genome-wide scale, revolutionized phyloge-
ography. Genomic data enable quantitatively characterizing 
hybridization and introgression (Edwards et al., 2015). They 
also shed light on the genomic architecture of traits under 
selection in order to find regions on increased differentia-
tion, so-called “islands of speciation” (Ellegren et al., 2012; 
Nosil et al., 2009; Poelstra et al., 2014; Turner et al., 2005), 
and thus the genetic background of early divergence and on 
the origin of reproductive isolation. These new approaches 
have improved our understanding of evolution (Edwards 
et  al., 2005; Ottenburghs et  al., 2017). Nuclear SNPs 
became highly attractive as genetic markers. In particular, 
they were successfully used in studies of hybridization in 
numerous non-model animal groups, e.g., in woodpeckers 
(Gurgul et al., 2019), mountain and brown hares (Levanen 
et al., 2018), wild and domestic cats (Oliveira et al., 2015), 
Peromyscus mice (Garcia-Elfring et al., 2017), chiffchaffs 
(Shipilina et al., 2017), warblers (Brelsford et al., 2017), 
sparrows (Elgvin et al., 2017), and American crows (Slager 
et al., 2020).

Among the technical approaches to analyze SNPs and other 
genome-wide markers, restriction site-associated DNA sequenc-
ing (RAD-Seq) has proven to be cost-efficient and powerful for 
population genetic inference. It is based on a reduced representa-
tion of the genome, which is an advantage—particularly when 
working with non-model organisms (where reference genomes 
are often not available) or organisms with large genome sizes 
(Baird et al., 2008; Harvey et al., 2016). Accordingly, RAD-Seq 
has been successfully applied in hybrid zone studies (Dufresnes 
& Martínez-Solano, 2020; Razkin et al., 2016). In particu-
lar, double-digest restriction site-associated DNA (ddRAD) 
sequencing requires much less starting DNA, allows precise 
selection of fragments by size, and produces libraries at reduced 
costs (Peterson et al., 2012). It has therefore been successfully 
employed in many fields of population and evolutionary genet-
ics. These include, for example, analyses of introgression across 
a contact zone in voles (Lin et al., 2018) and brown trout (Jacobs 
et al., 2018), hybrid zone of warblers (Toews et al., 2018), spar-
rows (Maxwell et al., 2021), and lizards (Grummer et al., 2021).

The magpie Pica pica s.l. (Linnaeus, 1758) serves as a 
good case of contact zones between subspecies or taxa with 
disputed rank. Among common bird species, Pica pica s.l. 
has one of the widest Holarctic distributions (Fig. 1) and 
exhibits clinal variation in size and coloration (Cramp & 
Perrins, 1994). Such phenotypic variability and the broad 
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distribution throughout the Northern hemisphere may reflect 
its complicated evolutionary history fueled by known shifts 
of environmental conditions, especially in the Holocene. This 
is also reflected in its subdivision into numerous subspecies. 
Depending on the authors, the numbers range from a single 
species with 13 subspecies (Madge & Burn, 1999) to three 
species in the Palearctic and two species in the Nearctic (del 
Hoyo & Collar, 2016). In our previous paper (Kryukov et al., 
2017), we accepted the following taxonomic scheme for Pica 
pica s.l. which formed the basis of the present paper: P. p. 
melanotos A.E. Brehm, 1857; P. p. mauritanica Malherbe, 
1845; P. p. pica (Linnaeus, 1758); P. p. fennorum Lönnberg, 
1927; P. p. hemileucoptera Stegmann, 1928; P. p. bactri-
ana Bonaparte, 1850; P. p. leucoptera Gould, 1862; P. p. 
serica Gould, 1845; P. p. jankowskii Stegmann, 1928; P. 
p. anderssoni Lönnberg, 1923; P. p. bottanensis Delessert, 
1840; P. p. camtschatica Stejneger, 1884; and P. p. asirensis 
Bates, 1936 in the Palearctic (the latter is a bit outside), in 
addition to P. p. hudsonia (Sabine, 1823) and P. p. nuttalli 
(Audubon, 1837) in the Nearctic, whereby the status of the 
latter two remains ambiguous.

In the past, intraspecies genetic variation of Pica pica 
s.l. has been studied with several molecular approaches. 
Microsatellite analysis of 15 European magpie populations 
revealed large-scale population structure but extensive gene 
flow between nearby populations (Martinez et al., 1999). 
In early studies, high levels of differentiation between P. p. 
camtschatica and the Nearctic P. p. hudsonia were found 
by restriction fragment analysis of mtDNA (Zink et al., 
1995). Later, analyses of the mitochondrial (mt) genes for 
16S  rRNA, tRNA-Leu, and NADH dehydrogenase subunit 
1 (ND1) revealed a close relationship between P. p. camts-
chatica and the European nominate form, both being distant 
from the clade of P. p. hudsonia and P. p. nuttalli. All the 

above form the sister group of East Asian P. p. serica (Lee 
et al., 2003). More recently, in the study of genetic structure 
and population demography of P. p. serica in eastern China, 
using three mt genes and two nuclear introns, Zhang et al. 
(2012) found no genetic structure. Newly developed nuclear 
microsatellite loci (Martín-Gálvez et al., 2009) helped to 
assess genetic diversity and the continental origin of two 
Japanese island populations (Mori et al., 2014).

In our previous papers based on dense and broad geo-
graphic sampling which included most subspecies inhabiting 
the Palearctic, we explored the phylogeographic and intraspe-
cific variation in P. pica s.l. employing the mt cytochrome 
b gene and the mt control region (CR) (Haring et al., 2007; 
Kryukov et al., 2004, 2017). We identified a group of hap-
lotypes from the western subspecies (Clade West) highly 
diverged from the East Asian group (Clade East) with a mean 
p-distance of 0.049. Despite the limited sample size of P. p. 
hudsonia and P. p. mauritanica, these studies showed that P. 
p. camtschatica appeared to be the sister group of Clade West, 
and P. p. hudsonia was the sister lineage of these two clades. 
Finally, P. p. mauritanica was found to be very distant from 
the abovementioned groups splitting from the basal node in 
the tree. Moreover, Kryukov et al. (2017) reported a good cor-
relation between the general phylogeographic pattern and bio-
acoustic characteristics, namely the rate of chatter calls, which 
clearly differed between the main mt lineages. More recently, 
Song et al. (2018) analyzed two mt genes and two nuclear 
introns and essentially confirmed the previously established 
Holarctic phylogeographic picture, where the composition and 
distinctness of Clades West and East are undisputed. Based on 
Song et al.’s results, several subspecies were elevated to full 
species in the current editions of Birds of the World (Madge 
et al., 2020) and IOC World Bird List (Gill et al., 2021). This 
includes P. mauritanica, P. asirensis, P. bottanensis, and 

Fig. 1  Map of Pica pica s.l. subspecies. The study area in  the contact zone is indicated by a rectangle. Question marks indicate regions of 
unclear subspecies distribution. The white star indicates the terra typica for Pica pica anderssoni in eastern China
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P. serica. Nonetheless, given the unclear reasoning for this 
reclassification and for the sake of consistency with other sub-
species, we initially refer to the Eurasian forms as subspecies 
when presenting our results in this manuscript.

Throughout the wide species’ range (Fig. 1), many subspe-
cies intergrade, but some forms such as camtschatica, asi-
rensis, and mauritanica are allopatric and separated by wide 
gaps. In contrast, other groups of subspecies are presumably 
parapatric or the extent of the geographic gaps has not been 
investigated or is questionable. Such a situation was found in 
southern Siberia and adjacent Mongolia, where, ~ 90 years 
ago, the distribution ranges of P. p. leucoptera and P. p. 
jankowskii were separated by a gap that stretched over 
600 km from west to east (Rustamov, 1954; Stegmann, 1932; 
Stepanyan, 2003). In eastern Mongolia (Tugarinov, 1932) and 
northern China (Cheng, 1987), however, the two subspecies 
might have already been in contact in the early twentieth 
century. In the last decades, with increasing numbers of set-
tlements, villages, and roads, magpies have been expand-
ing their populations (Goroshko et al., 2018)—leucoptera 
from the west and jankowskii from the east. Nonetheless, the 
degree of contact between leucoptera and jankowskii as well 
as the magnitude of the potential hybrid zone, its dynamics, 
and structure remain unclear. Breeding success and hybridi-
zation (or its frequency) among different populations was 
unexplored. Since these two subspecies represent terminal 
geographic positions of the major mt lineages (Clade West, 
Clade East; Haring et al., 2007; Kryukov et al., 2004, 2017), 
analyzing this zone is important to assess evolutionary con-
sequences of their secondary contact.

The focus of this study is the genetic and phenotypic vari-
ation and its evolutionary significance in the contact zone of 
P. p. leucoptera and P. p. jankowskii in southern Siberia and 
adjacent Mongolia and China. To determine the parameters of 
their secondary contact, we evaluated the extent of their ranges 
through field observations, counted hybrids and mixed pairs 
in several populations, and estimated their breeding success. 
To genetically detect hybrids and estimate the level of intro-
gression, we carried out comprehensive population genetic 
analyses based on genome-wide nuclear SNPs. The results 
of these analyses from the contact zone and adjacent regions 
were embedded in an extended mt-based phylogeography 
of Pica pica s.l. along its total range in the Palearctic. Using 
the mtDNA data set, we also traced the population history 
by Bayesian modeling. Because acoustic signals may be an 
important part of species-specific mating behavior, we further 
analyzed bioacoustic characteristics in admixed and pure popu-
lations. Based on these findings which contribute to our under-
standing of the complex evolutionary history of Pica pica, we 
discuss the evolutionary significance of limited hybridization, 
as well as a possible fate of the populations in the contact zone. 
We then suggest changes to the current taxonomy. Specifically, 
we discuss whether certain subspecies or groups of subspecies 

deserve species status, considering their genetic and pheno-
typic divergence and level of reproductive isolation.

Material and methods

Field work and sampling

We conducted several field expeditions in the years 2014 to 
2021 in the presumed contact zone between P. p. leucoptera 
and P. p. jankowskii (hereafter, except for the “Taxonomic 
considerations,” we provide only subspecific epithets) and 
adjacent territories in Transbaikalia (southern Siberia), 
eastern Mongolia, and northern China. We collected tissue 
samples for genetic analyses, made field observations, and 
took more than 1250 photos of magpies, examined 89 nests, 
and recorded the voices of 68 birds.

The subspecies were identified in the field mainly made 
on coloration and vocalization. Adult leucoptera have white 
tops of the first primaries, greenish secondaries, and a wide 
white rump, whereas jankowskii has black tops of the first 
primaries, blueish secondaries, a narrow dark gray rump, 
and smaller body (Madge & Burn, 1999). We used binocu-
lars with eightfold magnification, telescope with 25–75-
fold magnification, and cameras with 150–500-mm lenses. 
Alarm calls of leucoptera sound like fast chattering calls, 
whereas jankowskii performs slow chattering with separated 
elements. Intermediates by appearance and/or calls were 
considered as putative hybrids. Populations were defined as 
“hybridogeneous” if they contained a pronounced number of 
hybrids which correspond to “rare hybridization” in Short’s 
(1969) classification of hybridization and as “admixed” if 
both parental phenotypes co-occurred with single hybrids.

Nest searches were carried out to study the impact of a 
pair content and hybridization on breeding success. Dur-
ing the breeding periods of 2015–2021, we observed 119 
nesting pairs, but were only able to check the nest content 
of 89 from these pairs: 52 in Transbaikalia, 33 in eastern 
Mongolia, and 4 in northern China. We identified subspe-
cies of 168 nesting magpies by field observations, tak-
ing photos, and recording call. For nests that contained 
clutches, we estimated brooding success. First, the eggs 
were candled to check the development and then put into a 
cup of water to examine viability. When an egg showed no 
signs of embryo development, it was checked again after 
7–14 days. If a translucent egg floated up, this indicated 
that it was unfertilized or the embryo had died at a very 
early stage of development and thus the egg had dried 
out. Such eggs were opened to confirm this conclusion 
and none of them contained any remains of even small 
embryos. We considered the progeny of a given pair as 
viable, if their nest contained any chicks or fertilized eggs 
at a late stage, and treated the pair as infertile, if all eggs 
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in a clutch were non-viable. In addition, for subspecies 
identification based on morphology and vocalizations, 164 
non-breeding 1-year-old birds were observed in Transbai-
kalia, 43 in eastern Mongolia, and 276 in northern China.

Blood and feather samples from living fledglings were 
collected, fixed in 96% ethanol, and stored until laboratory 
procedures. For analysis of mtDNA, we used 58 freshly 
collected samples from Transbaikalia, 26 from Mongolia, 
16 from northern China, and 16 from the Amur region. We 
also obtained 15 tissue samples from Korea and 14 from 
Spain. We used one sample per clutch because all chicks 
in the same nest usually share the same mitochondrial 
genome. In total, we isolated and analyzed mtDNA from 
256 tissue samples (Table S1, Fig. 2) by including 111 
sequences of CR generated in a previous paper (Kryukov 
et al., 2017). For the ddRAD analysis, we selected samples 
of 89 individuals (feather or muscle samples preserved in 
ethanol or dried blood samples) collected from the contact 
zone between leucoptera and jankowskii in South Siberia 
and Mongolia as well as from adjacent regions presumably 
without introgression (Table S1, Fig. 3).

Analysis of morphological traits

Morphometric differences between subspecies were ana-
lyzed in museum samples from the collections at the Zoolog-
ical Museum of Moscow State University and the Zoological 

Institute of the Russian Academy of Sciences, St. Petersburg. 
Seventy-one skins of leucoptera were measured in the cur-
rent study and compared to 130 skins of the serica group, 
published in Red’kin et al. (2021). For each sample, eight 
measurements of wing, tail, tarsus, and bull were taken (see 
Table S2). Measurements were carried out using a metal 
ruler and Vernier caliper. Statistica 7.0 was used for t-test 
and Microsoft Office Excel to process and analyze the data.

Analysis of mtDNA

Laboratory procedures The primer set for amplification of 
the mt CR and all laboratory procedures were previously 
described in Kryukov et al. (2017). In brief, the complete mt 
CR was amplified with primers binding in the adjacent genes 
(tRNA-Glu, tRNA-Phe; amplicon length 1455 bp). In some 
cases, when the complete CR fragment could not be obtained, 
it was amplified in two overlapping sections (primers pub-
lished first in Kryukov et al., 2004). The CR was sequenced 
in the Federal Scientific Center of the East Asia Terrestrial 
Biodiversity, Far Eastern Branch of the Russian Academy 
of Sciences (FSC EATB), on an ABI PRISM 3130 auto-
matic laser sequencer (Applied Biosystems, USA/Hitachi, 
Japan). Sequences determined in the present study are depos-
ited in GenBank under the accession numbers OK317735–
OK317879 and OL539421–OL539424 (Table S1).

Fig. 2  Map of sampling localities for mitochondrial DNA analy-
sis in the zone of contact between Pica pica leucoptera and Pica pica 
jankowskii.  Distribution of haplotypes is indicated by colours: Pica 

pica leucoptera is shown with blue dots, and Pica pica jankowskii 
with red dots.  Numbers of dots correspond to Table  S1. Some dots 
correspond to several specimens due to closeness of their coordinates
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Analysis of sequences The sequences were assembled using 
the Staden v.1.53 software package (Bonfield et al., 1995) 
and aligned using ClustalW implemented in MEGA X, 
v.10.1.7 (Kumar et al., 2018). All alignments were edited 
manually in BioEdit v.6.0.7 (Hall, 1999). Due to various 
lengths of readable sequences, the alignment was trimmed 
at both ends yielding a total sequence length of 1326 bp. 
Polymorphism parameters such as number of polymorphic 
sites, haplotype, and nucleotide diversity were evaluated in 
DnaSP v.5.10.01 (Librado & Rozas, 2009). MEGA X was 
used to estimate mean p-distances between haplogroups and 
subspecies and to calculate a phylogenetic maximum likeli-
hood (ML) tree, based on the HKY + G substitution model, 
which was determined as the optimal model under the BI 
criterion. Bootstrap support was assessed with 1000 rep-
licates. The time-calibrated Bayesian tree was constructed 
with Beast v.2.6.2 (Bouckaert et al., 2014), using the HKY 
substitution model and constant population model as a prior, 
with Markov chain Monte Carlo (MCMC) length as  108, 
stored every 10,000 generations, and discard the first  107 
trees of each run as burn-in. The molecular clock model 
was set as strict and the substitution rate was estimated as 
0.025 substitutions/site/million years, as it was suggested 
and applied previously for bird mitochondrial CR (Fok 
et al., 2002; Freeland & Boag, 1999; Kryukov et al., 2004; 
Omland et al., 2006). To check if each parameter reached 
the effective sample size of 200, we used Tracer v.1.7.1 

(Rambaut et al., 2018). The maximum clade credibility tree 
was obtained with TreeAnnotator v.2.6.2 (Drummond et al., 
2012) and a target tree was visualized with FigTree v.1.4.4 
(http:// tree. bio. ed. ac. uk/ softw are/ figtr ee). A median-joining 
(MJ) network (Bandelt et al., 1999) was constructed with 
Network v.4.612 (available at www. fluxus- engin eering. 
com). To reduce the number of cycles in the network, we 
down-weighted several rapidly mutating positions as recom-
mended in the software manual. We treated haplogroups as 
distinct if they differed by 7 substitutions or more.

Tests of neutrality, population demography, and Bayesian 
skyline plots The following neutrality tests were conducted 
using DnaSP: Tajima’s D (Tajima, 1989), Fu’s Fs (Fu, 
1997), and Ramos-Onsins and Rozas’ R2 (Ramos-Onsins 
& Rozas, 2002). The program used 1000 coalescence simu-
lations of random mutations to determine significance of 
these tests. Arlequin v.3.5.2.2 (Excoffier & Lischer, 2010) 
was used to re-estimate neutrality tests D and Fs and to 
conduct mismatch analysis (Rogers & Harpending, 1992) 
with 1000 bootstrap replicates. Raggedness (r-) index 
(Harpending, 1994) was calculated to test if the observed 
process fits to the expected mismatch distribution (MMD) 
under the population expansion model. Furthermore, the 
sum of squared deviation (SSD) method was employed with 
models of sudden and spatial expansions as implemented 
in Arlequin. Significance of r was estimated by means of 

Fig. 3  Map of sampling localities for nuclear SNP analysis. Distribu-
tion of genotypes of nuclear SNPs revealed by ddRAD analysis are 
shown with blue circles for Pica pica leucoptera and red circles for 
Pica pica jankowskii. Bi-colored circles mean mixed (hybrid) geno-
type: portion of blue/red corresponds to probability of it belonging 
to one of the groups, as revealed in the Structure analysis. Numbers 

of circles correspond to Table S1. Some circles correspond to several 
specimens due to closeness of their coordinates. Conditional popula-
tions are indicated by Roman numerals I–VI. I—central Mongolia; 
II—eastern Mongolia; III—central Transbaikalia; IV—Argun’ river 
basin; V—northern China; VI—Amur river basin
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coalescent simulations as described above, and in both r 
and SSD methods, insignificant deviation from zero means 
not rejecting the hypothesis of population expansion. The 
τ parameter of MMD (expansion parameter) was used to 
evaluate the time after expansion measured in mutations. 
We used the formula T = τ/2µk, where T is the time since 
expansion in years, µ is the substitution rate per site per 
year, and k is the sequence length (Rogers & Harpending, 
1992). Mismatch distribution graphs were constructed to 
analyze past demographic history under the model of popu-
lation growth-decline in DnaSP.

To infer past population dynamics through time and estimate 
the time of the most recent common ancestor (tMRCA), we 
constructed Bayesian skyline plots (BSPs) (Drummond 
et al., 2005) based on mt CR data employing the BEAST 
v.2.6.3 package which includes BEAUti2 (Bouckaert et al., 
2014). The best-fitting substitution model, selected in 
MEGA X based on BIC, was the HKY model for all popu-
lations and haplogroups. The clock model was set as strict 
and the substitution rate was estimated as 0.025 substitu-
tions/site/million years, as above. We used BEAST to run 
MCMC with a chain length of 10,000,000 generations and 
logs sampled every 1000 generations. The first 1,000,000 
generations were discarded as a burn-in period. The dimen-
sion of population and group sizes was set to 4 as recom-
mended in the online tutorial for BEAST v.2.5 by Muller and 
du Plessis (2020). For reconstructing the Bayesian skyline 
plots, we used Tracer v.1.7.1 (Rambaut et al., 2018). After 
checking the values of effective sample sizes (ESS), where 
all statistic parameters had ESS > 200, we obtained plots of 
population dynamics (i.e., effective female population size 
per time) which were visualized in Excel.

ddRAD analysis

Genomic DNA was extracted from blood, feather, or 
muscle samples with DNeasy Blood & Tissue Kit (Qia-
gen). After preliminary quality control on a fluorometer 
(Qubit 2.0 Fluorometer, Invitrogen, Carlsbad, CA), we 
sent 1–10 µg per DNA samples at concentrations ranging 
from 30 to 330 ng/µl to IGATech (Italy). ddRAD libraries 
were produced by IGATech following Peterson’s double-
digest restriction site-associated DNA preparation protocol 
(Peterson et al., 2012) with modifications. Enzyme combi-
nations were preselected by in silico analyses of restriction 
sites based on three closely related species: Corvus cor-
nix (GCA_000738735.2_ASM73873v2_genomic.fna and 
GCA_002023255.2_ASM202325v2_genomic.fna), C. brach-
yrhynchos (GCA_000691975.1_ASM69197v1_genomic.fna), 
and C. hawaiiensis (GCA_003402825.1_Coha_1.0_genomic.
fna). Concentrations of genomic DNA were fluorometrically 
quantified and then normalized. After that, 300 ng was double 

digested with 2.4 U of both PstI and EcoRI endonucleases 
(New England BioLabs) in 30 µl  reaction supplemented with 
CutSmart Buffer and incubated first at 37 °C for 90 min and 
then at 65 °C for 20 min. Fragmented DNA was purified with 
1.5 volumes of AMPureXP beads (Agencourt) and subse-
quently ligated with 200 U of T4 DNA ligase (New England 
BioLabs) to 2.5 pmol of overhang barcoded adapter for rare 
cut sites and to 5 pmol of overhang barcoded adapter for fre-
quent cut sites in 50 µl  reaction. These samples were incu-
bated at 23 °C for 60 min and at 20 °C for 60 min followed 
by 20 min at 65 °C and subsequently pooled in multiplexed 
batches and bead purified as described before. For each pool, 
targeted fragment length distribution was evaluated on a Blue-
Pippin instrument (Sage Science Inc.) and only fragments 
within the range of 530–650 bp were used for sequencing. 
Gel-eluted DNA fragments were amplified with indexed prim-
ers to increase the DNA volume for sequencing using Phusion 
High-Fidelity PCR Master Mix (New England BioLabs) in a 
final volume of 50   µl and subjected to the following thermal 
protocol: [95 °C, 3 min] − [95 °C, 30 s −60 °C, 30 s −72 °C, 
45 s] × 10 cycles − [72 °C, 2 min]. Products were purified with 
1 volume of AMPureXP beads. The resulting libraries were 
checked with both Qubit 2.0 Fluorometer (Invitrogen, Carls-
bad, CA) and Bioanalyzer DNA assay (Agilent technologies, 
Santa Clara, CA) prior to paired-end sequencing with 125 
cycles on a HiSeq 2500 sequencer following the manufac-
turer’s instructions (Illumina, San Diego, CA). This yielded a 
total of 241,818,224 raw sequences. Pools were demultiplexed 
to individual FASTQ files by removing barcode sequences 
and by trimming to a final length of 110 bp using Stacks 
v.2.0 (Catchen et al., 2013). Paired-end reads (110 bp) were 
then clustered to define reference locus sequences for each 
fragment flanked by two restriction sites using the de novo 
pipeline from the Stacks package with default parameters. 
Each locus thus represents a 220-bp-long sequence, which 
was obtained by clustering reads in pairs. The size selection 
prevents overlap between each pair and eventually reduces the 
number of sampled bases per locus. Using the “populations” 
tool of Stacks, we retained loci that were successfully geno-
typed in at least 75% of the samples. For 28,292 genotyped 
loci, we assembled paired-end contigs and merged them with 
the single-end locus, aligned reads to the locus, and called 
SNPs. Overall, 135,872 polymorphic sites were obtained and 
stored as VCF and other file types for downstream population 
genetics analyses. These files can be downloaded from https:// 
github. com/ nhmvi enna/ PicaP ica_ Intro gress ion.

We first carried out Bayesian model-based cluster analy-
ses with the software Structure v.2.3.4 (Pritchard et al., 2000) 
using the following parameters: burn-in period = 10,000 and 
MCMC = 20,000, allele frequencies = independent, admix-
ture model, iterations = 5, K = 1–5 (two of the initial 91 
samples were excluded due to unstable results across sev-
eral runs of Structure). To evaluate the parameter K with 
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highest likelihood, which indicates the prospective number 
of independent genetic groups in our data set, we run Har-
vester Web v.0.6.94 (http:// taylo r0. biolo gy. ucla. edu/ struc 
tureH arves ter/; Earl & von Holdt, 2012) on the results of 
the Structure analyses.

We then used the PLINK software (https:// www. cog- 
genom ics. org/ plink/1. 9/) to prune linked loci from the data-
set because these could potentially bias results of subsequent 
clustering analyses. From 135,872 SNPs, 102,876 correlated 
pairs of loci were identified and deleted, yielding 32,996 
unlinked loci. To visualize and estimate patterns of genetic 
differentiation along with sample clustering as well as to 
identify potential outlier samples, we applied a principal 
component analysis (PCA) on the unlinked SNP dataset 
(Patterson et al., 2006) and visualized scores of PC axes 
1–4 as scatterplots with PLINK in LibreOffice Calc. This 
analysis permits identifying sample clustering, reveals outli-
ers, and shows axes of maximal variation.

Vocalization

Sounds were recorded during field work in 2014–2018. Port-
able recorders (ZOOM H5 and Sound Devices 702) were 
used with microphones of the types SGH-6 (ZOOM) and 
Telinga Stereo MK2. The sampling frequency was set to 
44.1 kHz with 16-bit. We recorded the chatter call of 9 birds 
in central Transbaikalia, 11 in the Argun’ river basin, 16 in 
eastern Mongolia, 28 in Vladivostok (Russian Far East), and 
4 in the Altai Mountains. Spectrograms were obtained and 
developed with Raven v.1.3 (Charif et al., 2008) and Syrinx 
v.2.6 h (Burt, 2006).

We focused on the speed of a chatter call which is used 
for communication and as a general alarm signal (Birkhead, 
1991) as our main parameter to assess individual variation 
and population differentiation. The number of elements in a 
series varies from 2–3 to dozens and the performance speed 
usually slows down towards the end of a series. Accord-
ingly, we estimated the duration of the first five elements in 
a series, i.e., intervals between the beginning of the first and 
the sixth elements in chattering were measured, including 
intervals between elements. Furthermore, the total length 
of a series was measured. The number of elements per sec-
ond was calculated for both these methods. Samples greatly 
varied in their size, and the assumption of homogeneity of 
variances was violated. For the cases of unequal variances, 
the Games-Howell test with ANOVA was used (Games & 
Howell, 1976; Sokal & Rohlf, 2012). For visualization of 
results, the graphical package “ggstatplot” (Patil, 2021) was 
used.

Results

Field observations—nesting pairs and reproductive 
success

In central Transbaikalia and the Argun’ river basin, Rus-
sia, magpies occupy forest-steppe and steppe habitats with 
more or less scarce wooded vegetation. In general, we found 
no difference in habitat preferences between the subspecies. 
They nested usually at 3–7 m above ground on medium-
sized trees or bushes. In the steppes of eastern Mongolia 
and adjacent northern China, the conditions are more severe, 
and magpies were observed only in valleys of lakes or riv-
ers such as Kerulen, Uldz Gol, and Orshun Gol. Their nests 
were found on low willow bushes and elm trees commonly 
at a height of 2–4 m near rivers and on planted poplar trees 
in sparsely distributed human settlements. Magpie popula-
tion density was about 3.5 pairs per  km2 on average at the 
Onon river valley in central Transbaikalia, but much lower in 
Mongolia, Argun’, and adjacent China. In eastern Mongolia, 
magpies mainly accompanied shepherd’s camps and yurts 
located along the Kerulen River. The number of magpies 
declined sharply towards and became complete absent in a 
15-km-broad belt near the state border with China, where 
people and livestock were also absent.

We found several magpies with intermediate appearance 
in plumage coloration and/or mixed alarm call in eastern 
Mongolia, one at the west side of the Argun’ river basin, 
and none in China. In eastern Mongolia, we recorded 33 
breeding pairs, at least 11 of which were mixed: one partner 
was presumably a hybrid or jankowskii by appearance and/or 
alarm calls and the other one was leucoptera. The remaining 
pairs were either both leucoptera or their phenotypes were 
uncertain. Three of the mixed pairs were recorded at the 
Uldza River and eight within app. 30 km along the eastern 
part of narrow Kerulen River valley close to the Mongolian-
Chinese border. Thus, hybrids seem to be concentrated in 
this region, while the remaining part of Kerulen population 
was inhabited by pure leucoptera and northern China by pure 
jankowskii. In addition, we observed non-breeding birds: 20 
leucoptera, 8 presumed hybrids, and one jankowskii in east-
ern Mongolia; 158 leucoptera and 6 hybrids or jankowskii 
in Transbaikalia (the latter solely at the Argun’ river basin); 
and 276 jankowskii in northern China.

In the Argun’ river basin, we determined 59 nesting birds 
from 34 pairs at the subspecies level, 11 among them were 
jankowskii, two mixed pairs, and the remaining 21 were 
most probably leucoptera. Those nesting pairs of leucop-
tera were encountered 70–100 km north of the breeding 
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range of jankowskii in the Argun’ floodplain. According to 
information from locals and based on our own data, this 
form appeared here only 20–30 years ago. One of the two 
presumably mixed pairs in Argun’ river basin was found 
on June 25, 2017, at the nest and was comprised of a puta-
tive hybrid female (identified by coloration and intermediate 
alarm call) and a male that was most probably leucoptera. 
This female had 8 unfertilized dried eggs in the nest and we 
were therefore unable to obtain any usable genetic samples. 
The location was near point #54 in Figs. 2 and 3. The next 
nearest nest of pure leucoptera was 4 km away, and the clos-
est nest of pure jankowskii was found 78 km to the south-
east, at point #104 near Priargunsk settlement (Goroshko 
et al., 2018). In 2018, we found pairs #50 and #108, both 
with five fledglings, nesting app. 5 km away from each other. 
Their chicks were later genotyped based on mtDNA mark-
ers as leucoptera and jankowskii, respectively, but the male 
of pair #108 had typical leucoptera alarm calls and plum-
age, so that we considered this pair as intersubspecific. The 
other nearest nesting points of pure leucoptera (#49) and of 
jankowskii (#104) were found in 25 and 73 km away, respec-
tively (Fig. 2). Thus, the nests of both pure subspecies were 
always separated and no direct contact during the nesting 
period was recorded.

We analyzed clutch sizes and indirectly evaluated off-
spring survival rates of all nests observed in order to com-
pare breeding success in different populations. In every 
population, a certain portion of nests contained some unfer-
tilized or died eggs. For example, in our data set, 22% of 
the nests contained non-viable eggs in central Transbaikalia 
(n = 23 analyzed pairs at inhabited nests), 14% in Argun’ 
(n = 29), and 70% in eastern Mongolia (n = 33) (Table S3). 
More importantly, some nests contained only non-viable 
eggs, implying infertility of the nesting pair. Among 33 nests 
in eastern Mongolia, 19 had viable offspring (at least one 
living chick or big embryo), but the remaining 14 (42%) con-
tained non-viable eggs only. In the Russian part, we found 
only 2% of such pairs (one pair in Argun’; n = 52). The con-
tent of all dead eggs was investigated, but they contained 
no embryo in the middle or late stage. In many cases, the 
females still long time brooded such non-viable eggs that 
had dried out. Considering fertile pairs only, all dead eggs, 
or a portion of dead eggs, were recorded in 47% such nests 
in eastern Mongolia, 11% in Argun’, 22% in central Trans-
baikalia, and none in China (Table S3).

Remarkably, 12 of those 14 nests in Mongolia which 
consisted of dead clutches were found at the eastern part of 
the contact zone, at a belt along the Kerulen River, approx. 
30 km away from the Mongolian–Chinese border. Among 
14 infertile pairs, we were able to check plumage and mor-
phology of 7 pairs from a short distance. At least 6 contained 
a putative hybrid, while the other partner was leucoptera. 
In Kerulen, all 9 pairs of pure leucoptera had chicks. In 

contrast, among nests of 11 mixed pairs in Kerulen, 5 were 
found with chicks or eggs with large embryos and 6 with 
entirely non-viable clutches without embryos. In the 5 suc-
cessful mixed pairs observed, one partner was intermedi-
ate in appearance and the other one a typical leucoptera. In 
Argun’ region, among 29 inspected nests, only one of the 
two mixed pairs described above had all dead eggs, while 
the other one had 5 chicks; all other 27 pure pairs of leu-
coptera and jankowskii had chicks or embryos in eggs. In 
neighboring northern China, all four nesting pairs of pure 
jankowskii were successful. In central Transbaikalia, all 47 
nesting pairs of pure leucoptera were fertile and had chicks 
or embryos in eggs.

Altogether, our findings clearly show that breeding suc-
cess in the hybridogeneous east Mongolian (Kerulen) popu-
lation was drastically decreased due to failed fertilization or 
early embryonic mortality. Within the contact zone, the por-
tion of non-viable clutches positively correlates with num-
ber of mixed pairs, and hybrids tend to occur close to each 
other. This part of the population may thus be considered as 
a “hybrid swarm” (Short, 1969).

Morphological differences between subspecies

We compared the newly obtained morphometric data on 
P. p. leucoptera with recently published measurements 
from three subspecies of the serica group (Red’kin et al., 
2021). We found that leucoptera has remarkably bigger 
body size than jankowskii: wing length in adult leucoptera 
males was 224.3 ± 0.3 mm (n = 24) versus 209.5 ± 0.4 mm 
(n = 12) in jankowskii and tail length was 303.7 ± 0.7 mm 
versus 256.3 ± 0.9 mm, correspondingly. The same kind of 
difference was also evident for both sexes and age classes 
(Table S2). All differences were statistically significant 
(t-test; P < 0.001).

Phylogeography based on mt control region 
sequences

A phylogenetic network based on the 1326-bp alignment 
of 256 individuals  (Fig. 4) clearly separates two highly 
diverged main clades (corresponding to the previously 
described Clades East and West; Haring et al., 2007; Kryu-
kov et al., 2017)—each subdivided into further groups. 
These main clades are diverged by at least 66 substitutions. 
The predominantly western Clade West includes popula-
tions from most parts of Europe, as well as from Siberia, 
Mongolia, and Kamchatka, and contains four groups. Group 
#1 (from Europe to Siberia) comprises leucoptera, and four 
additional subspecies: pica, fennorum, hemileucoptera, and 
bactriana. Group #2 (separated by 7 substitutions from 
group #1) includes leucoptera only (populations of Transbai-
kalia, Mongolia, and the Argun’ river). Thus, leucoptera is 
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highly variable and distributed among the two haplogroups, 
whereas the other four subspecies are found in only one of 
them. The melanotos population from the Iberian Peninsula 
(Iberia herein) forms a distinct and rather variable lineage 
(group #3) separated by at least 8 substitutions from the 
European–Siberian groups. The even more distinct group 
#4 is formed by camtschatica and separated by at least 19 
substitutions from the European–Siberian group. It is rather 
homogeneous and comprised of only three haplotypes. 
Clade East consists of two haplogroups, each containing 
both jankowskii and serica individuals. Moreover, even indi-
viduals from the same population appear in both groups. 
Thus, we failed to find a clear geographic or subspecific 
pattern. For example, the Korean samples are distributed 
across both groups (Fig. S1). One of these groups (#6) has a 
star-like structure with one central, very frequent haplotype, 
representing 4 populations, while the other one (#5) has sev-
eral less pronounced main haplotypes. Both groups include 
samples from all populations involved, with one exception: 
all insular Kyushu population samples share the same haplo-
type which is found also in one sample from Korea. In sum-
mary, among the six haplogroups of the network three are 
heterogeneous regarding the subspecies content (#1, 5, and 
6) and three homogeneous, including only one subspecies 
each (#2: leucoptera, #3: melanotos, and #4: camtschatica). 
This is also reflected by the distances between subspecies 
(Table S4) compared to distances between haplogroups 1–6 
(Table S5). The designation of groups #1–6 was used in all 
subsequent analyses.

The time-calibrated Bayesian inference tree (Fig. 5) 
shows a very similar topology to the network. All six hap-
logroups are clearly separated from each other and highly 
supported. Relationships among groups #1, 2, 3, and 4 are 
not resolved and thus considered as polytomy. Our Bayes-
ian time-calibrated tree indicated that the Clades East and 
West diverged as early as ~ 1.68 Ma ago (95% highest 

posterior density (HPD) interval 1.26–2.16) in the early 
Pleistocene. Subclades #3 (melanotos) and #4 (camtschat-
ica) emerge in the admixed Clade West and represent the 
only two reciprocally monophyletic subspecies. Subclade 
#1 includes five subspecies: pica, fennorum, bactriana, 
hemileucoptera, and some of leucoptera (see Fig. 4); and 
also the clearly distinct subclades #5 and 6 within Clade 
East are admixed with respect to subspecies (jankowskii 
and serica).

mtDNA diversity, neutrality tests, and population 
demography

Based on the data set of 256  CR sequences, nucleotide and 
haplotype diversities were calculated. The haplotype and 
nucleotide diversity values in all six haplogroups proved to 
be rather similar, ca. 0.9 and 0.3%, respectively, with the 
exception of a very low diversity in camtschatica (Table 1) 
and zero diversity in serica from Kyushu (Table S6).

Tajima’s D estimated by DnaSP was negative and signifi-
cantly different from zero (which usually indicates depar-
ture from the null hypothesis of neutrality) for groups #1, 5, 
and 6. This was also supported by the coalescent simulation 
method in DnaSP and the infinite site model in Arlequin. 
Similarly, Fu’s Fs was significant between the observed and 
simulation distribution for all haplogroups except for mel-
anotos and camtschatica, as well as for fennorum, leucop-
tera, and jankowskii (the latter two taken in total population 
sets) when calculated in DnaSP. Using Arlequin, signifi-
cance of Fs was confirmed for all haplogroups and subspe-
cies. The R2 statistic, which is preferred for small sample 
sizes (Ramos-Onsins & Rozas, 2002), was significant and 
complemented the above findings from all haplogroups 
except for group #2 and most subspecies (Table 1, Table S4). 
In total, all haplogroups have significant estimates of at least 

Fig. 4  Phylogenetic median-
joining network based on 256  
mitochondrial control region 
sequences. Sizes of circles cor-
respond to the number of birds 
sharing this haplotype; branch 
lengths are proportional to the 
number of substitutions and 
those over 2 are shown at the 
branches. Haplogroups 1–6 are 
indicated by numbers
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part of the neutrality tests used, and thus they may be con-
sidered in the context of population dynamics.

Mismatch distribution (MMD) analysis was conducted 
for all haplogroups (Fig. 6). In all these cases, this yielded 
similar unimodal left-shifted curves, implying recent popu-
lation size expansions. This is in accordance with the data on 
either D, Fs, or R2 statistics for all groups. At the same time, 
the SSD method showed insignificant deviation from the 
expected MMD for all groups, while the raggedness r-index 
was insignificant for four groups: #1, 2, 4, and 5 in the coa-
lescence analysis (Table 1). No significant difference implies 
a good fit of observed data to simulations of expansion. For 
the haplogroups #2–6, the spatial model of expansion was 
supported by r-index, and in addition, the sudden expansion 
model was adopted for melanotos only. For camtschatica, 
we obtained an extreme right-skewed unimodal curve in 
mismatch analysis, reflecting very low nucleotide diversity 
(Fig. 6, Table 1). In contrast, all populations of leucoptera, 
jankowskii, and serica showed two peaks, corresponding to 
the pattern in the network (Fig. S2). The population of serica 
from Kyushu was not appropriate for this analysis because 
it appeared to be highly inbred (only a single mt haplotype).

We calculated Bayesian skyline plots (BSP) for the six 
haplogroups (Fig. 7a) that we defined in the phylogeographic 
analysis of the mt sequences (Figs. 4 and 5). The other set 
of BSPs represents the six subspecies under study, with 
one plot for each subspecies (Fig. 7b). The sets where the 
subspecies jankowskii and leucoptera were represented by 
all distinct populations analyzed are shown in Fig. 7c, d. 
Most haplogroups, subspecies, and populations proved to 
be different regarding coalescent times. The shortest time 
to the most recent common ancestor (tMRCA) was found 
for camtschatica as ~ 1300 years before present. The related 

European–Siberian groups #1 and #2 had tMRCA of ~ 35 
and ~ 67 kyr, respectively. Two others, the eastern groups #5 
and #6, showed ~ 38 and ~ 31 kyr, respectively. The group #3 
(melanotos) from Iberia had a longer history compared to the 
European–Siberian group #1 (Fig. 7a) and also longer than 
the subspecies fennorum (Fig. 7b). Within subspecies, popu-
lations also differed by tMRCA (Fig. 7c, d). We were unable 
to provide any reasonable estimations of split times and Ne 
for the recently introduced population of Hokkaido because 
equilibrium in mutation rates, migration, and genetic drift 
was not yet established, as pointed out for such cases by Rius 
and Turon (2020).

The curves also differ in shape. Almost all groups and 
populations, with exception of Mongolian leucoptera, 
experienced more or less intensive growth even before 
and during the Last Glacial Maximum (LGM), but the 
dynamics of effective population sizes differ among hap-
logroups, subspecies, and populations (Fig. 7a–d). Among 
the West European subspecies, the population of the mar-
ginal subspecies melanotos grew much faster than fennorum 
(Fig. 7b). When comparing total jankowskii and leucoptera 
data sets, jankowskii demonstrated intensive long-lasting 
growth from ~ 50 kyr BP to ~ 25 kyr BP, while leucop-
tera growth started to accelerate much later, ~ 10 kyr BP 
(Fig. 7b). When investigating the populations separately, the 
marginal northernmost Amur river population of jankowskii 
appeared to have expanded much faster than Argun’, Pri-
morsky, and Chinese populations, in this order (Fig. 7c). In 
leucoptera, the Transbaikalia population showed the most 
pronounced increase, while the population from the Argun’ 
river basin was moderately growing, and that of Mongolia 
appeared stable and drastically declining during the last 20 
kyr (Fig. 7d).

Fig. 5  Time-calibrated Bayesian 
tree based on  mitochondrial 
control region sequences of 
Pica pica. Numbers at the 
branches indicate Bayesian 
posterior probability values 
(left) and bootstrap values of the 
ML analysis (right, in percent). 
Triangle widths are proportional 
to specimen numbers. Blue 
bars next to nodes indicate 95% 
credibility intervals for their 
age estimates. The figures in 
bold and the time scale below 
are in million years (Ma) before 
present
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Differentiation with nuclear SNPs: results of ddRAD 
analysis

SNP analyses were performed based on population samples 
from the contact zone of leucoptera and jankowskii as well 
as from adjacent populations. We preliminarily divided all 
samples into six provisional populations according to geog-
raphy: I—central Mongolia; II—eastern Mongolia; III—
central Transbaikalia; IV—Argun’ river basin; V—northern 
China; and VI—Amur river basin (Fig. 3). In all runs of 

Structure and Harvester, delta K was maximal with K = 2, 
confirming two major genetic clusters—Western and Eastern 
(Fig. 8). In central Mongolia (Ulaanbaatar), all genotypes 
were of pure western type. In eastern Mongolia, along the 
Kerulen river, three admixed genotypes were found while 
all others were of the western type (Fig. 8). All admixed 
genotypes were obtained at sites closely located to each 
other from birds nesting along the low Kerulen river (#58, 
61, and 62 at Fig. 3). Two individuals were very similar 
with respect to the proportion of eastern alleles (17.0–17.2% 

Fig. 6  Mismatch distribution of nucleotide differences in popula-
tions representing different haplogroups as at Figs. 4 and 5. X-axis—
number of nucleotide differences; Y-axis—proportion (frequency). 
Solid lines—expected distributions (under expectation of popula-
tion growth); dashed lines—observed distributions. a Haplogroup 1: 

Europe, Siberia, and Mongolia, n = 49. b Haplogroup 2: Transbai-
kalia, Mongolia, and Argun’, n = 61. c Haplogroup 3: P. p. melano-
tos, Iberia, n = 14. d Haplogroup 4: P. p. camtschatica, Kamchatka, 
n = 17. e Haplogroup 5: Russian Far East, Argun’, China, Japan, 
Korea, Taiwan, n = 69. f Haplogroup 6: the same, n = 46
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probability assignment to the eastern genetic group), while 
the third bird was predominantly of the eastern type (74.6%). 
In Transbaikalia, where the samples were collected across a 
broad geographic range, six admixed genotypes were identi-
fied. While one bird showed only low level of interbreeding 
(4% of eastern alleles, point #16, Fig. 3), the five other indi-
viduals had a higher portion of eastern alleles (35.6–40.6%). 
Three of these were nestlings from the same clutch, which 
was found in the northern-most and geographically quite 
remote rural site in Transbaikalia (#9–11, Fig. 3). Two more 
admixed individuals with 35.5–39.8% of jankowskii alleles 
were sampled in the south of Transbaikalia (#14–15).

The population at the Argun’ river was subdivided by 
allelic state into two groups each consisting of individuals 
which possessed one of the two pure SNP genotypes (Figs. 3 
and 8). Birds with eastern type prevailed in the southern part 
of the Argun’ river basin. Almost no admixed individuals 

were found, except for one sample with a trace (1%) of west-
ern genotype (#105, Fig. 3). Thus, in this region, both geno-
types are sharply separated by geography. In northern China, 
represented in our data set by only one collecting point near 
Lake Wulan, pure eastern genotypes were found with the 
exception of one sample (#83, Fig. 3) with a trace of the 
western genotype (2.4%). Similarly, the Amur river popu-
lation contained one admixed sample only (#117, Fig. 3), 
in which the indication of introgression was slightly more 
pronounced (7.9% of the western genotype).

A PCA analysis of unlinked SNP loci showed the dis-
tribution of individual genotypes from the same six popu-
lations studied. The first principal component, explaining 
most variation (23.3%), clearly discriminates the three 
leucoptera populations from three jankowskii populations 
(Fig. 9a). The second component (7.4% explained) divides 
the geographically remote Amur population, from the other 

Fig. 7  Bayesian skyline plots (BSPs) for effective female popula-
tion sizes for haplogroups, subspecies, and populations of Pica pica. 
a Comparison of 6 haplogroups, depicted in   the network Fig.  4. b 
Comparison of 6 subspecies. c Comparison of 4 populations of P. 
p. jankowskii. d Comparison of 3 populations of P. p. leucoptera. 

X-axis—time in thousand years; Y-axis—effective female popula-
tion size (Ne), log scale for clarity. Lines represent median estimates. 
Light blue columns depict LGM period. Short lines corresponding to 
camtschatica at a and b are poorly visible near the Y-axis
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two jankowskii populations. The single outlier from eastern 
Mongolia may represent a hybrid. The 3rd and 4th compo-
nents, explaining 6.6 and 4.3% of the variation, respectively, 
showed a more distinct pattern (Fig. 9b). Individuals are 
mainly distributed along the third component and cluster in 
five groups, three of which are pure and two are admixed. In 
addition, several individuals are positioned far distant from 
their main clusters. While most samples from the Argun’ 
population cluster with individuals from northern China, 
four belong to the cluster of Transbaikalia. This perfectly 

matches our results from the Structure analysis (Fig. 8) and 
confirms that the Argun’ population is composed of two sub-
species. Samples of the Amur population of jankowskii are 
distinct, but close to the other samples of jankowskii from 
China and Argun’. Rather unexpectedly, all three groups of 
leucoptera (i.e., I, II, and III in Fig. 9b) proved to be very 
distinct from each another. Especially, the central Mongo-
lian group I, geographically remote, is distinct across both 
axes. Three samples from the hybridogeneous population 
of eastern Mongolia (Kerulen river) appear as outliers, two 

Fig. 8  Genetic structure of the contact zone and its vicinities by 
mtDNA and SNPs. Above—distribution of haplotypes of mitochon-
drial CR along conditional population numbers I–VI depicted in 
Fig. 3. Green—western haplotype; red—eastern haplotype. Below—
graphical representation of individual contributions from nuclear 

SNPs obtained with ddRAD and Structure analysis. The number of 
clusters was determined as K = 2. Each individual is represented 
by a vertical bar and length of each colored segment assigns at the 
Y-axis the probability of belonging to one of the two genetic clusters 
(colored as above)

Fig. 9  Population genetic structure based on unlinked SNP markers. 
Scatter plots of principal component analysis (PCA) show individual var-
iation in components one and two (a) and three and four (b). The amount 
of variance explained by each PC is shown in parentheses. I—leucoptera, 

central Mongolia; II—leucoptera × jankowskii, eastern Mongolia; III—
leucoptera, central Transbaikalia; IV—leucoptera + jankowskii, Argun’ 
river basin; V—jankowskii, northern China; VI—jankowskii, Amur river 
basin
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of these are positioned between the clusters of leucoptera 
of eastern Mongolia and the group of three populations of 
jankowskii IV–VI. They may represent hybrid samples from 
eastern Mongolia, detected with Structure analyses. Also, a 
hybrid origin may be assumed for the three outliers from the 
Transbaikalia population.

Bioacoustics

The fundamental frequency of all alarm calls is about 
2 kHz for both leucoptera and jankowskii, but the calls 
differ considerably in chattering speed (Figs. 10, 11, and 
12; Table 2). We compared the speed of elements of chat-
tering calls in different populations and individuals. The 
scatter plot in Fig. 11a shows averaged data for each bird 
in order to compare variation within and between the 
studied populations (Table 2). The clouds, correspond-
ing to the two most distant populations (jankowskii from 
Vladivostok and leucoptera from Altai), are widely sepa-
rated (slow chattering ~ 3–5 elements per second (eps) vs. 
fast chattering ~ 11–12 eps along the Y-axis, Fig. 11a). 
The latter forms a common cluster together with individu-
als from the leucoptera of Transbaikalia (9–12 eps). The 
hybridogeneous population from eastern Mongolia (Keru-
len river) proved to be very variable in terms of chattering 
speed (ranging from ~ 7–12 eps). Half of the individu-
als belonged to the leucoptera cloud and the remaining 

individuals were located between the jankowskii and leu-
coptera clusters. The most remote points #3 and #5 cor-
respond to birds with intermediate appearance, and #4 to 
the pair (#24) consisting of a hybrid male and a female 
leucoptera, from the nest with unfertilized eggs. Further-
more, most points corresponding to the admixed popula-
tion from the Argun’ river were located within the leu-
coptera cloud, except two points (#1 and 2 in Fig. 11a), 
which were close to each other within the jankowskii 
cloud. The two corresponding birds were phenotypically 
jankowskii. Other records obtained from birds of this pop-
ulation phenotypically resemble leucoptera individuals. 
In total, both hybrid and admixed populations (Kerulen 
and Argun’) exhibit very high variability in chattering 
speed (Table 2), and, in particular, data points of the birds 
from the Kerulen population considerably extend to the 
jankowskii cloud. This pattern is summarized in Fig. 12 
which depicts high variability of both admixed popula-
tions, the hybridogeneous population of Kerulen and the 
admixed population of Argun’. In both groups, the aver-
aged estimates of chattering rates are similar (Fig. 12, 
Table 2), but for different reasons: due to hybrid birds in 
the former and due to the presence of pure birds from both 
subspecies in the latter.

In addition to the above data, which were averaged across 
birds, we also analyzed call variation within individuals. 
Figure 11b shows values of chattering rates in each series 

Fig. 10  Spectrograms of chat-
ter calls of pure P. p. leucop-
tera, pure P. p. jankowskii, 
and hybrids. a leucoptera, 
pair #4, Choibalsan, eastern 
Mongolia. b jankowskii, pair 
#6, Vladivostok, Russian Far 
East. c, d Bilingual hybrid, the 
same bird from the pair #24, 
Kerulen, eastern Mongolia. e 
Hybrid with mixed call, pair 
#39, Kerulen. f Presumably 
hybrid with mixed call, pair 
#5, Kerulen. X-axis—time in s; 
Y-axis—frequency in kHz

1052



Introgression at the emerging secondary contact zone of magpie Pica pica subspecies (Aves:…

1 3

performed by three selected individuals from the leucop-
tera population from Transbaikalia, jankowskii from Vladi-
vostok, and a hybrid male from the pair #24 from Mongolia. 
The latter bird alternated both fast and slow chattering calls 
representing the typical vocal patterns of either the western 

or the eastern form, and this individual may thus be consid-
ered bilingual.

Besides differences in chattering speed, the studied 
subspecies as well as the hybrid individuals differ in call 
structure. A spectrographic analysis revealed that the 

Fig. 11  Rates of chatter calls 
in different magpie populations 
and individuals. a Each mark 
represents average chatter-
ing rate for a single bird from 
five populations indicated by 
colours. Figures are numbers for 
the outliers: 1, 2—jankowskii 
from the mixed population of 
Argun’; 3, 4, 5—hybrid birds 
from the hybridogeneous popu-
lation of Kerulen. b Each mark 
represents average chattering 
rate for a series of chatterings of 
one selected individual repre-
senting jankowskii, leucoptera, 
and hybrid birds, respectively. 
Green mark—pair #6 jankowskii 
from Vladivostok; gray—pair 
#43 leucoptera from Tsasuchei, 
Transbaikalia; blue—pair #24 
hybrids from Kerulen, eastern 
Mongolia. X-axis—number of 
elements per second in a total 
series of chattering; Y-axis—
number of elements per second 
in a series of 5 elements of 
chattering

Fig. 12  Violin plot diagram of 
the chatter call speed (ele-
ments per second) of Eurasian 
magpie populations across 
regions. X-axis presents a set of 
populations; Y-axis—elements 
per second. Box outlines the 
interquantile range (25%, 75%), 
whiskers represent range with-
out outliers, central bar is the 
median, red dot is the mean, and 
figure shape is the probability 
density. The brackets on the top 
denote statistically significant 
pairwise differences (Games-
Howell test, p < 0.05)
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separate sound of leucoptera appears as a single-syllable 
note (Fig. 10a). In contrast, the signal of jankowskii is clearly 
divided into two parts separated by a very short pause (about 
30 ms; Fig. 10b). This difference is easily perceived by ear 
and thus allows distinguishing the different patterns in the 
field without additional gear. Both variants were recorded in 
the hybrid male from the mixed pair #24 mentioned above 
(Fig. 10c, d). It alternated both kinds of calls and may thus 
be defined as bilingual in this respect as well. The other two 
examples were recorded from the other two hybrids (from 
the pairs #39 and 5), also from Kerulen, Mongolia (Fig. 10e, 
f). In these individuals, the spectrograms are intermediate 
or similar to the acoustic shape of the western form, but are 
clearly intermediate in terms of chattering speed.

Discussion

Impact of Pleistocene refugia on magpie 
phylogeographic patterns

Despite the growing number of studies focusing on genetic 
variation in the Holarctic magpie species complex, the 
starting point of the present study was the lack of profound 
understanding of genetic differentiation and levels of gene 
flow among subspecies. Our phylogeographic study based 
on broad geographic sampling represents a combination of 
population genetic analyses of a mitochondrial marker (256 
densely sampled individuals from the whole species’ dis-
tribution) and genome-wide nuclear ddRAD-Seq analysis 
(89 samples from the contact zone and adjacent areas). This 
considerably extends previous efforts. The results confirm 
the general pattern of a major East/West division, which 
resembles that of other vertebrate species with a similar 
subdivision (in extreme with disjunct ranges) (e.g., Latinne 
et  al., 2020; Matyushkin, 1976). Nonetheless, previous 
assumptions concerning glacial refugia in P. pica (Haring 
et al., 2007; Kryukov et al., 2004, 2017) should be adapted 
and the subdivision of the mt network into six haplogroups 
may be interpreted by a history shaped in several refugia.

In Europe, three prominent southern refugia (Iberia, 
Apennines, and Balkans; Hewitt, 1999, 2001) are often 

considered as general source areas for northwards coloniza-
tion after the Pleistocene Ice Ages. For example, the relic 
Iberian population of rook Corvus frugilegus was presum-
ably the source of other European and West Siberian popu-
lations. As shown by microsatellite data, however, current 
gene flow with other regions is rather restricted (Salinas 
et al., 2021). In contrast, for magpies, the assumption of an 
Iberian refuge, from which a postglacial expansion started, 
appears unreasonable, based on the genetic variability and 
distinctness of melanotos which shares no haplotype with 
the main European–Siberian group #1. Only in the Pyrenees 
does P. p. melanotos meet with P. p. pica and intermediates 
were found in this area (Martinez, 2016). This region is also 
a contact zone for populations of Chorthippus parallelus, 
Alnus glutinosa, Fagus sylvatica (Hewitt, 1999), Picus vir-
idis (Pons et al., 2019), and Emys orbicularis (Poschel et al., 
2018). Thus, the Pyrenees are considered to be a so-called 
suture hybrid zone (Remington, 1968).

Apart from Iberia, independent expansions and coloniza-
tion routes may be assumed for magpies in Central Europe. 
Our results suggest at least two additional independent refu-
gia in Central Europe. One of these might have been located 
in the Carpathian region, which was shown for several verte-
brate species (e.g., Hewitt, 2011; Sommer & Nadachowski, 
2006) and might have served as the refuge area for group 
#1. In addition, the southern Urals and Caucasus region, 
where certain other species survived the LGM (Schmitt 
& Varga, 2012), appear to have been appropriate  refugia. 
Group #1 has a star-like pattern (Fig. 4) and is composed of 
five subspecies; compared to group #2, it is also less variable 
regarding haplotypes (Table 1). Group #2 consists of solely 
leucoptera and has no clearly star-like pattern. In examining 
the still small sample of group #1 and its geographic distri-
bution, note that, while we hypothesize on the Pleistocene 
distribution of lineages (haplogroups), the origin of subspe-
cies remains unclear.

The eastern groups (#5 and 6) could be the result of 
admixture after a phase of isolation in two putative refu-
gia in the Russian Far East/Primorye/north-east China 
(Mandshuria) vs. Korean Peninsula and/or south-east 
China, which have previously been described as refugia 
for various other organisms (e.g., Nazarenko, 1982; Zhang 

Table 2  Parameters of alarm 
call variation in different 
magpie populations

Taxon Region Number of 
birds recorded

Averaged 
chattering 
rate

SD

P. p. leucoptera Altai Mountain 4 11.62 0.592
P. p. leucoptera Central Transbaikalia 9 10.41 0.597
P. p. leucoptera + P. p. jankowskii Argun’ river basin 11 9.35 2.851
P. p. leucoptera + P. p. jankowskii E. Mongolia, Kerulen river 16 9.23 1.333
P. p. jankowskii Vladivostok city 28 4.65 0.458
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et al., 2008; Lee et al., 2008; Chung et al., 2014). The 
Japanese population of Kyushu segregates only a single 
haplotype and was artificially introduced from Korea in 
the late sixteenth century (Eguchi & Kubo, 1992) which 
may indicate that a founder effect resulted in complete 
homogeneity. The other population of Hokkaido Island 
was introduced within the last 40 years (Horimoto, 2004) 
by hitchhiking on ships from Primorye in Far East Russia 
(Kryukov et al., 2017), rather than from Korea or Kyushu, 
as shown by microsatellite analysis (Mori et al., 2014).

Comparison of magpie population history in two 
peninsulas: Iberia and Kamchatka

The subspecies melanotos is widely distributed throughout 
the Iberian Peninsula up to altitudes of 2400 m (Martinez, 
2016). It is mainly sedentary, but may move seasonally 
(Martinez et al., 2003; Herrando & Quesada, 2012). Field 
observations indicate a population size expansion in the 
last century, which is supported by our BSP and mismatch 
analyses (Figs. 6 and 7a, b). This may have been facilitated 
by its high ecological plasticity, which resulted in recent 
range expansions to previously uninhabited peripheral 
regions (Herrando & Quesada, 2012). Due to mountainous 
and complex environments, resulting in fragmented habitats, 
the refugium might have consisted of several smaller refu-
gia, which has also been found in other animals and plants 
in Iberia (“Refugia within refugia” hypothesis; Gomez & 
Lunt, 2007; Neto et al., 2012; Abellan & Svenning, 2014). 
For example, Hewitt (2011) recognized seven refugial areas 
in Iberia for several species. In one of such cases, six geo-
graphically isolated haplogroups of the lizard Lacerta lepida 
were found in Iberia, corresponding to presumed smaller 
refugia (Miraldo et al., 2011).

When comparing the results of the Iberian populations 
to those from Kamchatka, the other peninsula in our survey, 
we find that both haplogroups have similarly distinct posi-
tions in the network (Fig. 4) and phylogenetic tree (Fig. 5). 
Kamchatka’s population is genetically homogeneous, and 
its genetic distance from the European–Siberian haplo-
group is even larger compared to that of melanotos. This 
distinctness is surprising given Kamchatka’s presumably 
young fauna. Despite the closer proximity of the eastern 
subspecies jankowskii (groups #5 and 6), our genetic results 
support an origin of camtschatica from the Western Clade. 
Assuming a postglacial colonization of Kamchatka, we 
would have expected that the colonizing birds carry hap-
lotypes of the source population. Yet, the three haplotypes 
in Kamchatka are separated by at least 20 mutational steps 
(~ 1.5%) from the remaining haplotypes. This implies a 
longer lasting survival in Kamchatka, e.g., in the central 
depression where trees and bushes probably remained in 

the LGM (Melekescev et al., 1974) or in coastal refugia in 
the south of the peninsula (de Lattin, 1957). Low levels of 
genetic variation indicate severe bottlenecks, followed by 
spatial expansion (Table 1, Fig. 6).

Population dynamics and divergence time 
estimations

Our Bayesian time-calibrated tree indicated that the Clades 
East and West diverged as early as ~ 1.68 Ma ago (95% high-
est posterior density (HPD) interval 1.26–2.16) in the early 
Pleistocene, which agrees with the dating of Song et al. 
(2018). All groups #1–4 from Clade West diverged ear-
lier, ~ 460 (319–612) kyr ago, than  groups 5 and 6, which 
split  slightly later, about 330 (208–464) kyr ago (Fig. 5).

The BSP analyses show the longest tMRCA in group 2 
(which includes part of leucoptera) and the shortest in group 
4 (camtschatica) (Fig. 7a). Among subspecies, much longer 
tMRCA were estimated for jankowskii, serica, and leucop-
tera (106–130 kyr, Fig. 7b). This is putatively due to the 
presence of each of these three subspecies in two distinct 
haplogroups implying incomplete panmixia within a subspe-
cies and may suggest that this estimation could be an artifact. 
Zhang et al. (2012) estimated tMRCA for the eastern clade 
of serica as 250 kyr and the onset of expansion at 100 kyr 
ago. Conversely, Song et al. (2018) estimated tMRCA’s as 
540 kyr for the Eurasian clade and 370 kyr for the East Asian 
clade (comprised of serica and anderssoni). Both estimates 
are higher  than ours. A longer tMRCA was estimated for 
melanotos compared to group #1 (Fig. 7a, Table 1), which 
supports the hypothesis that this subspecies survived the 
LGM in the Iberian refugium.

With the exception of the Mongolian population of leu-
coptera, all plots indicate a population growth at different 
periods in the recent past. Group #5 started to grow much 
earlier than group #6 (Fig. 7a). Rather fast population growth 
of three haplogroups #1, 5, and 6 began approximately 
38–30 kyr ago and occurred before the LGM (Fig. 7a). This 
agrees with estimates of Song et al. (2018) and supports 
their hypotheses about longer tMRCA for haplogroups of 
the West versus East lineages.

As we have shown earlier (Goroshko et  al., 2018; 
Kryukov et al., 2017), leucoptera and jankowskii are still 
expanding year by year towards each other, and jankowskii 
is moving evidently faster than leucoptera. Based on field 
observations and BSP modeling, this study provides fur-
ther evidence for these demographic dynamics. Considering 
the steepness of the BSP curves, the Amur river population 
of jankowskii is growing faster than any population of the 
two contacting subspecies (Fig. 7c, d). Moreover, it started 
to expand earlier than all others (Fig. 7b). This fits well 
with ornithological observations of a fast, westward range 
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expansion of jankowskii in the Amur river basin where it 
currently reaches the range of leucoptera along the Trans-
Siberian railway and approaches leucoptera at Argun’ river 
basin near the border between Mongolia and China (this 
study). The expansion in the last decades is not necessar-
ily connected with anthropogenic factors, at least in the 
unpopulated regions of South Siberia and Mongolia. Londei 
(2018) hypothesized that magpies were initially associated 
with wild grazing ungulates, which can be still observed 
in some areas such as the Mongolian steppes or on islands 
in the Mediterranean Sea. Note, however, that magpies are 
very plastic in their ecological niche and may use a variety 
of habitats. Currently, they mostly occupy anthropogenic 
landscapes, villages, and big cities, but have retained some 
ancient foraging habits. They are adapted to semi-open 
landscapes such as the edge of the forest and forest-steppes, 
and might expand their ranges along intrazonal landscapes, 
such as river valleys, trees along the roads, and high-power 
lines used for nesting. Such a plasticity makes hypotheses 
on their historical ranges rather speculative. The declining 
population of Mongolian leucoptera during  the last ~ 10 kyr 
(Fig. 6d) is difficult to interpret. These changes may be con-
nected to dry conditions in the Late Glacial and predomi-
nantly dry conditions during most of the Holocene in eastern 
and northern Mongolia (Klinge & Sauer, 2019).

Population analysis, hybridization, and gene flow

The present study provides evidence for hybridization and 
gene flow between leucoptera and jankowskii, with 15.8% 
(3 out of 9) and 23.8% (5/21) samples with mixed ancestry 
in eastern Mongolia and central Transbaikalia, respectively 
(Figs. 3 and 8). Accordingly, we observed a number of 
mixed breeding pairs. Three northernmost samples (Fig. 3, 
#9–11) may represent descendants of long-distance migrants 
from the range of jankowskii that traveled to the west along 
the species’ northern distribution border and entered the 
nesting range of leucoptera where mating with a consub-
specific partner was difficult or impossible. Together with 
two additional samples (#14–15) from further south, these 
five genetically close samples from Transbaikalia may repre-
sent F1 hybrids. Since they possessed leucoptera mt haplo-
types, we assume that they originated from crosses between 
jankowskii males and leucoptera females.

We found quite the opposite genetic structure in the east-
ern Mongolian population. Among three admixed samples 
from Kerulen river valley, two were genetically similar 
while the third possessed a higher proportion of jankowskii 
alleles (#58, 61, 62, Fig. 3) indicating different orders of 
backcrossing. Both subspecies co-occur in the Argun’ river 
basin, but are generally separated by 40 km or more during 
the nesting period. Thus, we speculate that these species are 

not fully parapatric, but connected by sporadic gene flow. 
Moreover, the borders may fluctuate across time: we found 
several uninhabited nests from previous years in the zone 
between both ranges. Young birds are prone to vagrancy 
and we found flocks of jankowskii in the postbreeding period 
migrating for rather long distance into the range of leucop-
tera. Importantly, also admixed groups of individuals from 
both subspecies were met by us during the non-breeding 
time.

In northern China and the Amur river basin, only traces 
of hybridization were recorded. Although field observa-
tions showed that breeding success in mixed pairs of the 
east Mongolian population dropped drastically due to 
failed fertilization or embryonic mortality, we neverthe-
less identified some levels of introgression by SNP analy-
ses (Fig. 8). Several birds with weak signs of admixture 
(in southern Transbaikalia, northern China, Argun’ river 
basin, and middle Amur) indicate several generations of 
backcrossing. In total, these complex patterns along the 
mosaic contact zone may be due to varying time points 
of secondary contact. In eastern Mongolia, contact might 
have started at least 100 years ago (Tugarinov, 1932), 
whereas in the Argun’ river basin, based on interviewing 
local residents and our own observations, contact started 
only 20–30 years ago. In northern China and the Amur 
river basin, contact is still absent as only single back-
crossed hybrids were found.

Role of vocalization in species recognition 
and hybridization

Acoustic signals, including calls, play an important role in 
the speciation of birds and serve as an important prezygotic 
isolating barrier (Panov, 1989; Wilkins et al., 2013). Mag-
pies have a rich vocalization repertoire: 15 types of songs 
and calls were reported for adults (Goodwin, 1986; Cramp 
& Perrins, 1994). Bird calls are often believed to be highly 
heritable, a view that was based mainly on observations of 
birds raised in captivity. However, also learned calls have 
been reported previously (Edwards et al., 2005; Marler, 
2004). In admixed magpie populations, both alternatives 
may be considered. The intermediate pattern of the alarm 
call, representing a kind of convergence, may be genetically 
determined in hybrids (reflecting a similar inheritance mode 
as in other cases of complex quantitative traits). Alterna-
tively, it may be developed ontogenetically in the progeny 
of a mixed pair as a result of learning from both parents with 
their specific call types.

Differences in chatter calls between western and eastern 
Pica pica subspecies groups were already noted before (Ebels, 
2003; Goodwin, 1986). In a previous study, we presented spec-
trograms and quantitatively analyzed the geographic variation 
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of this character in most subspecies of magpies (Kryukov 
et al., 2017). In the present paper, we confirmed that averaged 
chattering rates for pure populations of both subspecies differ 
significantly (Fig. 12, Table 2). For the first time, intermediate 
calls of hybrid magpies regarding chattering rates were discov-
ered. Moreover, we detected bilingual birds alternating both 
specific kinds of calls: fast and slow (Fig. 10c–d).

In the Argun’ river population, magpies with intermedi-
ate calls were absent, which agrees with the genetic data, 
implying that the population should be treated as admixed 
but not hybridogeneous. Among the records obtained in the 
hybridogeneous population of Kerulen, only the recordings 
of three birds potentially stem from hybrids. Two of these 
performed intermediate chattering, and one was bilingual 
(Fig. 10c–f). Our bioacoustic data implies that 18.7% (3 out 
of 16) are hybrids, which is close to the proportion esti-
mated by nuclear SNPs (15.8%; 3 out of 19). Despite the 
low sample size, the similarity of these estimates points to a 
pronounced genetic basis of magpie calls.

Mutual learning from different passerine species in their 
zones of sympatry is a rather common phenomenon and was 
called “mixed singing” (Helb et al., 1985). Both intermedi-
ate types of songs and bilingual singers were reported for 
the hybrid zones of the leaf warblers Phylloscopus collybita 
abietinus and Ph. c. tristis (Marova et al., 2017). A mainly 
genetic control of the song dialects was evidenced both by 
analysis of mitochondrial DNA (Marova et al., 2017) and 
by nuclear SNP analysis (Shipilina et al., 2017), whereas 
in the nightingales Luscinia luscinia and L. megarhynchos, 
the mixed calls in the hybrid zone reflected cultural trans-
mission (heterospecific learning) rather than introgression 
(Vokurková et al., 2013). In sympatric flycatcher popula-
tions of Ficedula hypoleuca and F. albicollis, mixed songs 
lead to hybridization (Haavie et al., 2004). In contrast, due 
to suspected hybridization, intermediate vocalization was 
reported for the zone of sympatry of the doves Streptopelia 
vinacea and S. capicola (de Kort et al., 2002). In the latter 
two cases, songs are believed to be inherited.

The convergence of the acoustic signaling in a contact 
zone might lead to elevated levels of hybridization. In mag-
pies, such a convergence may be advantageous for a pair’s 
territorial defense against heterosubspecific neighbors. But 
this would also ease finding a mate and thus would pro-
mote backcrossing. Yet, it would be non-adaptive because 
of reduced fitness of the hybrid progeny as shown above. 
Overall, our results show that bioacoustic analysis in the 
contact zones of magpies (and any other birds with innate 
calls) may help to reveal hybrid individuals even in the 
field, preliminary by ear and subsequently confirmed by 
spectrograms. Targeted studies are required to discriminat-
ing between several reasons for mixed calls (song conver-
gence) and bilinguality, and understanding their evolution-
ary consequences.

Evolutionary aspects of introgression in the case 
of magpies

Introgression is the most important outcome of hybridization. 
Levels of gene flow across a secondary contact zone may 
vary, from restricted gene flow in a steep cline as found, e.g., 
with the Picus viridis sharpei/P. viridis viridis zone (Pons 
et al., 2019), to moderate introgression (e.g., voles Microtus 
californicus; Lin et al., 2018) and massive introgression (e.g., 
hares Lepus timidus/L. mandshuricus; Kinoshita et al., 2019). 
The extreme is “mitochondrial capture”—the complete mt 
genome replacement (e.g., between buntings Emberiza cit-
rinella and E. leucocephalos; Irwin et al., 2009). In the pre-
sent paper, we describe a rather rare case of introgression 
without evident direct secondary contact of the breeding 
ranges.

During several years of field observations, we identi-
fied only a few putative hybrids between leucoptera and 
jankowskii based on intermediate phenotypic features. In 
eastern Mongolia, hybrids always mated with pure leucop-
tera. Only once we identified a putative intersubspecific pair 
of pure leucoptera and jankowskii, whereas pure pairs of 
leucoptera and jankowskii were never found nesting in close 
contact, when both subspecies live in neighboring territo-
ries. The spatial distribution of mixed pairs and nests with 
solely unfertilized eggs increases towards the east in eastern 
Mongolia, which is consistent with the results of SNP-based 
analyses of hybridization. Intermediate and mixed vocali-
zation of hybrids, as well as their expected intermediate 
appearance, may facilitate hybridization between the two 
subspecies. Nonetheless, a certain degree of reproductive 
isolation, i.e., incomplete female hybrid sterility, should 
act against frequent introgression. Such a balance between 
selection against hybrids and dispersal of parental forms into 
the zone was predicted in the “tension model” of hybrid zone 
(Barton & Hewitt, 1985; Key, 1968). Note, however, that 
the stability of this zone is not yet established, and its fate 
remains unclear; it seems that postzygotic isolation would 
prevent merging of both forms, but only quite strong nega-
tive selection would be able to reinforce the prezygotic isola-
tion and establish semi-sympatry (Liou & Price, 1994). Fur-
ther invasion of jankowskii is expected, potentially extending 
the introgression range. On the invading forefront, asym-
metry in the number of both forms may cause difficulties in 
mating with conspecifics, supporting hybridization (Irwin, 
2020). Nonetheless, taking into account the very low popula-
tion size and density in the contact zone, the situation may 
smolder a long time. The boundaries of species will remain 
semi-permeable, but the distinctness of both taxa is expected 
to be preserved.

Usually, introgression due to range expansion is consid-
ered to be asymmetric, resulting in gene flow from the local 
population to the invader (Currat et al., 2008; Drovetski 
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et al., 2015; Excoffier et al., 2009; Levanen et al., 2018). 
Since all eight genetically confirmed hybrid magpies in 
Transbaikalia and eastern Mongolia bear mtDNA of leu-
coptera (Figs. 2, 3 and 8), the introgression of nuclear genes 
seems to occur only due to invading males of jankowskii to 
the west entering the range of leucoptera (the resident form), 
but not from leucoptera to the east. Thus, asymmetric sex-
biased introgression apparently occurs from invaders, into 
the “wrong” direction. Our genetic data are thus consistent 
with observation by Goroshko et al. (2018) that during the 
last decades, jankowskii has been expanding its range faster 
to the west than leucoptera to the east, sometimes mating 
deep within the leucoptera range with residential leucoptera 
individuals.

mtDNA is usually much more prone to be maintained 
in a population after introgression than nuclear genes 
(Kinoshita et al., 2019; Lin et al., 2018; Pons et al., 2014; 
Renoult et al., 2009). In our case, however, introgression was 
detected based on nuclear genes, rather than mitochondrial 
markers, strongly indicating predominantly male-biased dis-
persal in magpies. A similar case was previously reported 
for Locustella warblers (Drovetski et al., 2015). Our study 
thus documents a rather rare case of mitonuclear discordance 
accompanying introgression (Sloan et al., 2017; Toews & 
Brelsford, 2012).

Taxonomic considerations

The level of reproductive isolation is an important criterion 
of taxonomic rank in many species concepts. The dilemma 
of treating closely related allopatric populations as either 
species or subspecies remains unresolved. A similar issue 
arises in the cases of hybridizing forms. Under the biologi-
cal species concept, the situation in the contact zones is 
the deciding factor. The paradigm of isolating mechanisms 
was the key point in the framework of the synthetic theory 
of evolution (Mayr, 1963). It is impossible to solve this 
dilemma without detailed data on gene flow between popu-
lations that have come into contact and its dynamics.

In birds, closely related species are mainly isolated by 
prezygotic mechanisms, which prevent heterogeneous mat-
ing due to differences in plumage, vocalization, and behav-
ioral displays (Edwards et al., 2005). For the two groups of 
magpie subspecies coming into contact in Transbaikalia and 
Mongolia, we demonstrated that their reproductive isolation 
is incomplete, despite likely prezygotic isolation by evident 
differences in phenotypes and calls. In addition, we found 
evidence for postzygotic isolation in the form of increased 
embryonic mortality in hybridogeneous populations. The 
reasons for the embryonic mortality, e.g., chromosomal rear-
rangements resulting in an excess of unviable gametes due 
to heterokaryotypic recombination (Feulner & De-Kayne, 
2017), remain to be investigated.

In the earlier studies, the high levels of genetic diver-
gence in the mt markers between Clades West and East were 
reported (Haring et al., 2007; Kryukov et al., 2004, 2017; 
Lee et al., 2003; Song et al., 2018). Recently published data 
on complete mt genomes of five magpie subspecies showed 
a mean distance of 0.039 between representatives of the 
same two subspecies groups (Kryukov et al., 2020) and their 
differentiation was further confirmed by the present nuclear 
SNP analysis (Figs. 8 and 9). Besides genetic differentiation 
as described above, we also found striking morphological 
differences, such as bigger body size in leucoptera than in 
jankowskii (Table S2). These data, together with differences 
in plumages and vocalizations, allopatric distribution, and 
partly genetic incompatibilities (hybrid infertility) in the 
contact zone, are a reasonable basis to consider leucoptera 
and jankowskii as belonging to distinct species. Their species 
rank is compatible with most species’ concepts.

These species correspond to the two mitochondrial 
Clades East and West. The eastern forms, under the prior-
ity rule of the Zoological Nomenclature Codex, should be 
named Pica serica Gould, 1845. Overall, the proposed full 
species rank of Pica serica is consistent with the current 
status in the latest editions of the Bird Checklists (Gill et al., 
2021; Madge et al., 2020). Concerning the subspecies of P. 
serica, some comments are necessary. The nomenclature 
of the East Asian forms of magpie was based on outdated 
information on their distribution (Rustamov, 1954), which 
proved to be incorrect. Some authors treated P. p. jankowskii 
as a synonym of P. p. anderssoni Lönnberg, 1923 (Del Hoyo 
& Collar, 2016; Madge, 2009; Song et al., 2018). A later, 
detailed analysis of eight morphometric characters and col-
oration demonstrated that magpies from the terra typica of 
P. p. anderssoni (in north-eastern China, see Fig. 1) do not 
differ from P. p. serica living to the south. Accordingly, P. 
p. anderssoni was considered as a junior synonym for P. p. 
serica (Red’kin et al., 2021), a view we follow here, as there 
is no support for this taxon at all. The same study and the 
data presented above (Table S2), however, reported clear 
morphometric differences between P. p. jankowskii, P. p. 
alashanica Stegmann, 1928, and P. p. serica (that study 
included the type specimens of jankowskii and alashanica). 
P. p. jankowskii nests mainly in the Amur river basin, P. 
p. alashanica inhabits the arid landscapes of the Gobi and 
Alashan deserts, and P. p. serica lives farther south (Fig. 1). 
Consequently, Pica serica should comprise P. s. serica, P. 
s. jankowskii, and P. s. alashanica (Red’kin et al., 2021).

Based on the close relationships in mtDNA among the 
seven subspecies of Clade West—P. p. melanotos, P. p. pica, 
P. p. fennorum, P. p. hemileucoptera, P. p. bactriana, P. p. 
leucoptera, and P. p. camtschatica, which are altogether 
very distant from the subspecies of Clade East (Figs. 4 and 
5), we propose to retain the former group under Pica pica 
(Linnaeus, 1758). P. p. camtschatica is geographically well 
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isolated and differs in ecology, plumages, and vocalization 
(Kryukov et al., 2017), and its status might be elevated to dis-
tinct species, but this should be evaluated by further analyses. 
Concerning the other species, the monotypic P. mauritanica, 
P. asirensis, and P. bottanensis as well as P. hudsonia and P. 
nuttalli, we agree with their species rank suggested by Song 
et al. (2018) and Birds of the World (Madge et al., 2020). In 
particular, for the latter two Nearctic species, lack of suffi-
cient genetic data still leaves their status rather preliminary.

Conclusions

In this paper, we conducted integrative genetic and bioacous-
tic analyses of closely related forms of the widely distributed 
Eurasian magpie Pica pica s.l. that were densely sampled 
from within and around a secondary contact zone in southern 
Siberia and eastern Mongolia. We combined genome-wide 
SNP analysis with detailed field observation and bioacous-
tics. Finally, we carried out a phylogeographic study cover-
ing most of the range of Pica pica s.l. in the Palearctic. This 
comprehensive data set and in-depth investigation provided 
insights into the current state and structure of the secondary 
contact zone in Asia. Because of reciprocal expansions into 
regions previously uninhabited by magpies (with predomi-
nating invasion by the eastern populations), hybridization 
sporadically occurs due to partial collapse of both pre- and 
postzygotic isolation. We found that during several rounds 
of backcrossing, asymmetric male-biased introgression of 
nuclear, but not mitochondrial markers, takes place, even 
over long distances from the actual zone of contact and that 
introgression occurs from the more actively invading eastern 
form into the western populations. Intermediate and mixed 
vocalization of hybrids might play an important role in the 
dynamics of hybridization and demography. The observed 
hybrid infertility and the fact that hybridization is very spo-
radic justifies the elevation of the two subspecies to the spe-
cies level. Our study confirms the importance of integrative 
studies of initial stages of natural secondary contact zones as 
an approach to better understand the complex dynamics of 
evolutionary processes. Generally, magpies might serve as a 
useful model system for more thorough analyses of specia-
tion genetics and genomics. Continued extensive ecological 
and genetic monitoring of magpie contact zones are needed 
to shed light on the development of species’ borders and on 
the mechanisms by which species evolve as entities in spite 
of ongoing gene flow.
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