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A B S T R A C T

Population range expansions and contractions as a response to climate and habitat change throughout the
Quaternary are known to have contributed to complex phylogenetic and population genetic events. Speciation
patterns and processes in Palearctic buzzards (genus Buteo) are a long-standing example of morphological and
genetic data incongruence, attributed to panmixia, habitat range shifts, contact zones, and climate change. Here
we assess the systematics, phylogeography and population genetic structure of three nominal species of
Palearctic buzzards, Buteo buteo (including B. b. vulpinus), B. rufinus (including B. r. cirtensis) and B. hemilasius.
Phylogenetic analyses inferred from mitochondrial data recover B. hemilasius as sister to the sister clades B. r.
rufinus and B. buteo complex (B. b. buteo, B. b. vulpinus, but also including B. r. cirtensis). In contrast, we find an
unresolved genetic delimitation inferred from four nuclear loci, suggesting an ancestral genetic pool for all
species. Time-trees suggest population contractions and expansions throughout the Pleistocene, which likely
reflect habitat change and contrasting ecological niche requirements between species. Microsatellite-based ex-
tended Bayesian skyline plots reveal relatively constant population sizes for B. hemilasius, B. r. rufinus, and B. b.
vulpinus, in contrast to a dramatic population expansion in B. r. cirtensis within the last 3 kya. Overall, our study
illustrates how complex population processes over the Late Pleistocene have shaped the patterns of genetic
divergence in Palearctic buzzards, due to the joint effects of shared ancestral polymorphisms, population ex-
pansions and contractions, with hybridization at contact zones leading to admixture and introgression.

1. Introduction

Species are the fundamental units to assess biogeography, ecology
and evolutionary biology as a whole (Barraclough and Nee, 2001;
Coyne and Orr, 2004). Consequently, analysis of species biodiversity is
paramount to understanding evolutionary processes involved in spe-
ciation with pivotal implications for conservation (Sites and Marshall,
2003). Today, species are understood as separate evolving lineages (de

Queiroz, 2007) in which subpopulations form distinct evolutionary
‘paths’ in the tree of life. However, establishing which operational
criteria should be used to assign individuals to species remains largely
problematic and debatable (Aldhebiani, 2017). Multidisciplinary tax-
onomy through the integration of morphology and genetic data remains
complex, often resulting in taxonomical incongruence and discordance
between species relationships, especially so, in rapid and recent ra-
diations (Wagner et al., 2012) and in taxa with weak species boundaries
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(Willis et al., 2012). The employment of morphological characters can
often lead to misleading phylogenetic interpretation through disruptive
selection and low character variability. In particular, this is largely
evident at the early stages of speciation or when gene tree/species tree
discordance occurs through introgressive hybridization or incomplete
lineage sorting (Nosil et al., 2009). Yet, delimiting species units is
generally more often than not based on phenetic variability where
geographical variation in phenotypes is commonly linked to speciation
processes (Endler, 1977).

Palearctic buzzards (genus Buteo) are medium size birds of prey
with similar predatory habits but different habitats and movement
patterns, which exhibit a variable degree of chromatic polymorphism
and are a long-standing example of morphological and genetic data
incongruence to assess taxonomical status (Kruckenhauser et al., 2004).
Despite the fact that the Common buzzard (B. buteo) is the most
common raptor species in most parts of its Eurasian range (Ferguson-
Lees and Christie, 2001), its taxonomy and the relationship between
subspecies and closely related species remains obscure (Mindell et al.,
1998; Wink et al., 1998). Taxonomic confusions occur in all three
Common buzzard groups, the buteo group (Western/Central Europe
including Atlantic and Mediterranean islands), the vulpinus group
(Northern/Eastern Europe eastwards across Siberia) and the japonicus
group (East Siberia, Japan, China, India and Indochina). Thus, from an
evolutionary perspective, the lack of clearly defined genetic and mor-
phological entities throughout the wide range of the B. buteo species
complex seems both surprising and quite possibly unique among rap-
tors. Reasons for the occasional taxonomical incongruence within and
between groups may be due to: (i) a very recent radiation, accounting
for the accumulation of insufficient genetic divergence between forms,
(ii) the existence of contact zones between the breeding areas or the
movement of dispersers among geographically non-overlapping ranges,
and (iii) ancestral polymorphism derived from the most common recent
ancestral population still present throughout the populations. Several
molecular studies, mostly based on mitochondrial DNA, have addressed
the unresolved systematics of some of the B. buteo and B. rufinus sub-
species but have failed to determine the relationship between the at-
tributed species and subspecies (Mindell et al., 1998; Wink et al., 1998;
Haring et al., 1999; Riesing et al., 2003; Lerner et al., 2008; Do Amaral
et al., 2009). Kruckenhauser et al., (2004) argue that the taxonomical
complexity in West Palearctic buzzard taxa is a consequence of low
genetic differentiation derived from extensive gene flow within the
buteo-vulpinus-rufinus-oreophilus complex. They suggest treating B. buteo
as a superspecies (Mayr, 1963; Haffer, 1997; Helbig, 2000) comprising
three allospecies B. [buteo] buteo (with 9 subspecies), B. [b.] rufinus
(with 2 subspecies including B. r. cirtensis) and B. [b.] oreophilus.

Palearctic buzzards are thought to have evolved within a short
timeframe, possibly through the reduction of ranges during ice ages.
Differentiated gene pools in Buteo species have been attributed to ex-
pansions from their ranges during the interglacial periods, resulting in
poorly differentiated entities (Haring et al., 1999). In fact, the Pleisto-
cene climatic conditions played a central role in shaping species di-
versity across the globe contributing to speciation events (Hewitt, 1996,
2000; Avise, 1997; Avise et al., 1998; Knowles, 2001; Veith et al.,
2003). A recent study on whole-genome sequences of 38 avian species
revealed that more than half showed dramatic historical population size
(Ne) declines just at the beginning of the Last Glacial Maximum (LGM)
(20 kya BP, Prentice et al., 2000; 33–26.5 kya; Clark et al., 2009). The
authors concluded that population expansions and contractions were
common in avian species in the Quaternary (Nadachowska-Brzyska
et al., 2016). Recently, the LGM in Europe resulted in speciation pat-
terns following the isolation of populations on southern peninsulas used
as refugia from colder and drier conditions (Taberlet et al., 1998;
Morales-Barbero et al., 2017). Thus, it is apparent that the LGM con-
tributed significantly to the intraspecific divergence of populations
through contractions and expansions from refugia but did not trigger
speciation processes (Pulgarín-R and Burg, 2012). Genetic divergence

ultimately contributing to speciation processes is more likely in allo-
patric populations that have been separated by geographical barriers
(Hewitt, 1996). Hence, it is reasonable to assume that species with high
dispersal capacity (potential to settle far from birthplace), such as
raptors, would show less genetic subdivision due to (i) sympatry at
breeding contact zones through gene flow during early speciation stages
and (ii) through hybridization and gene introgression.

Hybridization and introgression are well known to occur in many
bird species contact zones and variable offspring have been docu-
mented in about 10% of all studied bird species (Helbig, 2000; Randler,
2004), but to a lesser extent in birds of prey (Fefelov, 2001; Löhmus and
Väli, 2001; Helbig et al., 2005; Nittinger et al., 2007). Buzzards are well
known to hybridize in the wild (McCarthy, 2006). B. r. rufinus hy-
bridization with B. buteo has been documented in Hungary (Dudás
et al., 1999), with B. hemilasius in central Asia (Pfänder and
Schmigalew, 2001) and with B. b. vulpinus in India (McCarthy, 2006).
Hybridization between B. r. cirtensis and B. buteo has also been docu-
mented in Tunisia (Corso, 2009) and in the Straits of Gibraltar in recent
years (Elorriaga and Muñoz, 2013). However, hybridization raises
questions about how the different parent morphs may have an effect on
assortative mating through chick imprinting on maternal genotypes
(Krüger et al., 2001). Furthermore, highly variable colour plumage
within species and similarity of colours between species throughout
temporary overlapping home ranges (BirdLife International, 2019) has
challenged taxonomic arrangements. For example, the chromatic
polymorphic ranges of Buteo b. buteo go from uniformly blackish-brown
to mainly white, but most are typically dark brown. Buteo b. vulpinus is
slightly smaller, distinctly polymorphic with three main morphs, grey-
brown, dark, and rufous of which the latter is the commonest. Buteo r.
rufinus is a large-sized buzzard, polymorphic from creamy and rufous to
almost blackish coloured. Buteo r. cirtensis is much smaller, polymorphic
and individually variable. Buteo hemilasius is a large-sized buzzard, di-
morphic with pale and dark morphs and partially feathered tarsi. B. b.
buteo is sedentary to short-distance migratory, wintering mainly in
southern Europe and North Africa. B. b. vulpinus is highly migratory,
wintering across eastern and southern Africa, and reaching Iran and
India to the East. B. rufinus is fully migratory in North and East of its
range, partly resident in the South, wintering from the eastern Medi-
terranean, Middle East and Arabia to the north of the Indian Sub-
continent. B. r cirtensis is presumably largely sedentary and dispersive
while B. hemilasius movements vary from sedentary, nomadic and
partially migratory in lower ground to fully migratory in the north and
high uplands, wintering from southern Kazakhstan and southern Hi-
malayas to eastern China (Ferguson-Lees and Christie, 2001).

In Common Buzzards (Buteo buteo), many aspects of behaviour,
physiology, and life history are morph dependent, including mate
choice and aggression (Krüger et al., 2001; Boerner and Krüger, 2008),
habitat choice (Krüger, 2002), blood parasite prevalence and infection
intensity and ectoparasite infestation (Chakarov et al., 2008). Plumage
morphs in Common Buzzards strongly differ in lifetime reproductive
success (LRS), a key component of fitness (Krüger et al., 2001), with
intermediate melanised morphs having the highest LRS. Thus, specia-
tion patterns and processes in Old World Buzzards may therefore be
more intricate than expected, with ecological and non-ecological pro-
cesses both playing a part in selection of morphs in contact zones. Thus,
non-ecological speciation driving morphotypes in contact zones
through assortative mating and random genetic drift through popula-
tion fluctuations is opposed to ecological speciation. Under ecological
speciation, environmental differences and local adaptation result in
reproductive isolation (Rundle and Nosil, 2004). Recently established
populations of buzzards with little adaptation to local environments
and lack of geographical barriers suggest that complete reproductive
isolation is not expected in neighbour populations, resulting in mixed
ancestral polymorphisms.

In this study, we used molecular analyses to assess population
structure and phylogeography of three recognized nominal species of
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Palearctic buzzards, Buteo buteo (including B. b. vulpinus), Buteo rufinus
(including B. r. cirtensis) and Buteo hemilasius. With mitochondrial and
nuclear data, we (i) examined historical demographic patterns to un-
derstand how recent past climatic changes may have structured the
species populations and establish the time of major population expan-
sions throughout the distribution range, (ii) assessed present gene flow,
and (iii) established the genetic identity of two controversial forms, B. r.
cirtensis and B. b. vulpinus. To such purpose, we simultaneously em-
ployed for the first time in an Old World Buzzard molecular study
mitochondrial and nuclear sequences, and microsatellite data. We col-
lected samples from across all three nominal species breeding ranges, B.
buteo from Portugal to Southern Siberia, B. r. rufinus from Bulgaria to
Kazakhstan and Uzbekistan, B. r. cirtensis from Morocco to Tunisia and
B. hemilasius from the Altai to Dauria (Transbaikal) in the Russian
Federation. Thus, herein we enhance on the historical and the present
demographic events that have shaped and continue to shape the po-
pulations of Palearctic buzzards.

2. Material and methods

2.1. Sampling and outgroup data

Samples were primarily obtained from moult feathers collected in
the field and stored in zip-lock plastic bags at −20 °C. Some feather tips
and fresh tissue samples were preserved in absolute ethanol. Blood
samples were extracted from birds held at rehabilitation centres, and
dry toe pads or other tissues were taken from museum specimens.
Samples from Germany were obtained as isolated DNA dissolved in
water. We collected a total of 298 samples and obtained DNA ampli-
fication from 245 of them. However, amplification of all molecular
markers with complete confidence of origin (locality) was ultimately
available from 181 samples (Supplementary material SM Table 1),
which were used for the phylogeographic and demographic analyses. A
total of 205 and 222 samples were sequenced and genotyped, respec-
tively. These samples spread across the extant Eurasian breeding range
of B. buteo (including B. b. vulpinus), B. rufinus (including B. r. cirtensis)
and B. hemilasius. As outgroup, we used two New World species of Buteo
with mitochondrial sequences retrieved from GenBank: B. swainsoni
(AY213028 and GQ264806, New Mexico, USA) and B. galapagoensis
(AY213026, GQ264783, Galapagos Islands).

2.2. DNA extraction, sequencing and genotyping

Whole genomic DNA was extracted using the DNeasy Blood & Tissue
kit (QIAGEN, Hilden, Germany) following the manufacturers’ instruc-
tions or with the standard high-salt protocol of Sambrook et al. (1989).
The targeted mitochondrial gene fragments were Cytochrome b (cyt b),
NADH dehydrogenase 6 (Nd6) and Pseudo-control region (ψCR), and the
nuclear loci were recombination activating gene 1 (RAG-1), Parkinson
disease associated gene 7 intron2 (PARK7), muscle-specific tyrosine kinase
receptor intron 3 (MUSK) and fibrinogen intron 5 (FIB) (see SM Table 2
for primers). Individual multilocus genotypes were screened for 32
autosomal microsatellite loci previously developed for B. buteo
(Johnson et al., 2005) and B. swainsoni (Hull et al., 2007) using four
multiplex reactions (see SM Table 2 for loci and PCR conditions). We
followed a fluorescent labelling protocol (Blacket et al., 2012) across
PCR amplifications, and included always a negative control to monitor
contamination. Amplicons were separated by size in an ABI3130xl ge-
netic analyser. Allele sizes were scored against the GeneScan500 LIZ
size standard using GENEMAPPER 4.0 (Applied Biosystems) and
checked manually by two researchers. The accuracy of the results was
measured through re-amplification of 15% random selected samples for
each locus (Bonin et al., 2004) resulting in complete concordance
among replicates. Ten loci exhibiting low amplification rates were re-
moved from analysis. The presence of null alleles was checked in
MICROCHECKER 2.2.3 (van Oosterhout et al., 2004).

2.3. mtDNA and nuDNA genetic diversity

Polymorphic positions corresponding to heterozygous individuals in
nuclear loci were coded with IUPAC ambiguity codes and all sequences
were phased using DnaSP v.5.10.1 (Librado and Rozas, 2009). Six
markers, including two mitochondrial (mtDNA) fragments and four
nuclear (nuDNA) gene fragments were analysed; mtDNA: 750 bp of
cytochrome b (cyt b) and the fragment (648 bp) comprising 293 bp of
the pseudo-control region (ΨCR), 74 bp of the TRNA-Glu and 281 bp of
the ND6 (cyt b+ ΨCR + ND6 + TrnaGLU, total 1398 bp), nuDNA: a
462 bp fragment of RAG-1, 667 bp of PARK7, 532 bp of MUSK, and
911 bp of FIB. Sequences were checked visually, edited and aligned
using the program Sequencer v.4.9 (Applied Biosystems) and Seaview
v.4.2.12 (Gouy et al., 2010). All sequences were edited and aligned
independently by two researchers to assess possible incongruence in
sequence editing. All sequences generated for this study were deposited
in Genbank (SM Table 1). All known haplotypes were incorporated for
subsequent haplotype inference. We accepted haplotypes with a
minimum probability of 0.9. We performed phylogenetic analyses in
MrBayes v3.2.1 (Ronquist and Huelsenbeck, 2003). Full alignments
were collapsed into haplotypes using the online tool Fabox (Villesen,
2007) (SM Table 3). For the mtDNA dataset, we used PartitionFinder
v1.1.1 (Lanfear et al., 2012) to choose the optimal partitioning strategy.
The best partition scheme was obtained for five partitions, corre-
sponding to first position in cyt b and the fragment containing the
tRNA; second positions in cyt b; third positions in cyt b; fourth partition
with the ΨCR and ND6 second position and; fifth partition with ND6
first and third codon positions. The rate of the ΨCR has been estimated
to be much faster evolving than the CR (Haring et al., 1999). However,
the mutation rate of the avian control region is uncertain (Hansson
et al., 2008). Thus, to such purpose we calculated the p-distances of the
cyt b, Nd6 and ΨCR separately.

2.4. Sequencing data: Phylogenetic and biogeographic analyses

Bayesian inference (BI) (MrBayes v3.2.1; Ronquist and
Huelsenbeck, 2003) of haplotypes with outgroups (see methods; sam-
pling) were used with default priors and Markov chain settings, and
with random starting trees. Each run consisted of four chains of
20,000,000 generations, sampled every 2000 generations. A plateau
was reached after few generations with 20% of the trees discarded as
burn-in. Phylogenetic relationships among haplotypes for each locus
were estimated using a Maximum Likelihood (ML) approach with
outgroups, as implemented in the software RAxML v7.0.4 (Silvestro and
Michalak, 2012), under the best partition scheme and GTR model. All
analyses were performed through the CIPRES platform (Miller et al.,
2010). Branch‐specific rates and lengths were visualized with FigTree
1.4.2 (Rambaut, 2014). Networks were built on Haploviewer
(Salzburger et al., 2011) under the best tree topology as inferred in
RAxML. We performed statistical coalescent and phylogeographic
analyses using BEAST v1.8.2 (Drummond et al., 2012; http://beast.bio.
ed.ac.uk). First we specified separate nucleotide substitution and mo-
lecular clock models; HKY (cyt b), HYK (ND6) and HKY + I (ΨCR) and
strict clock for each gene fragment, respectively. In order to time-cali-
brate the population tree, we fixed the mutation rate in the cyt b to
2.5 × 10−8 substitutions/site/year and the ND6 and ΨCR rate esti-
mated from the prior. This cyt b rate is similar to the one in Galliforms
(5.04%) and in Galapagos mockingbirds (genus Nesomimus; 5.52%)
(Dovretsky, 2003). Similar estimates have been used in raptors on di-
verse mitochondrial markers, (i.e. 4%) (Garcia et al., 2011; Nabholz
et al., 2009; Monti et al., 2015) and other avian species (Peck and
Congdon, 2004; Garcia et al., 2008; Arbogast et al., 2016). In addition
to the population tree, we co-estimated the dispersal history using a
discrete phylogeographic (ancestral state reconstruction) model also
implemented in BEAST (Lemey et al., 2009). Given that our geographic
sampling of populations is uneven and our state-space is low, we chose
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a symmetric continuous time rate matrix. As priors for the rates, we
selected the approximate reference (CTMC) prior (Ferreira and
Suchard, 2008). The discrete BI analyses were run for 300 million
generations and sampling every 30,000 generations. Secondly, we es-
timated the diffusion of all three Buteo species mitochondrial gene
fragments partitions through time using the continuous Bayesian phy-
logeographic approach (Lemey et al., 2010). This approach estimates
population range changes through time and ancestral populations’ lo-
cations. We used the Cauchy RRW (SM Table 4) model with all in-
dividuals assigned to GPS coordinates. A random “jitter” was added to
each GPS coordinate with a window size of 0.5. We applied a fixed
clock rate to the cyt b data set and estimated from the prior for the ND6
and ΨCR. We used marginal likelihood estimations (MLE) and Bayes
factors (BF) to select for the continuous trait model. MLE were calcu-
lated through path sampling (PS) and stepping stone (SS) analyses in
BEAST (Baele et al., 2012). We tested for Brownian, Cauchy, Gamma
and Lognormal RRW models under the strict and relaxed lognormal
models running 300 million generations with sampling every 30,000
generations. For all the models tested, MLE analyses were run for 50
path steps and 100,000 generations with each step. The BF were cal-
culated as two times the difference in MLE between different models,
and the significance was determined if the BF value was > 10 (Kass and
Raftery, 1995). SPREAD (Bielejec et al., 2011) was used to compute
spatial continuous space MCC trees and viewed in Google Earth (http://
earth.google.com). Thirdly, we inferred changes in effective population
sizes through time for all three nominal species independently (B. buteo,
B. rufinus and B. hemilasius) using a Bayesian Skyline Plot (BSP) model
(Drummond et al., 2005) with strict clock for the cyt b data and same
priors as above. Independent runs were evaluated for convergence and
mixing by observing and comparing traces of each parameter in Tracer
v1.6 (Rambaut et al., 2013). We considered effective sampling size
(ESS) values > 200 to be good indicators of parameter mixing. The first
10% and 25% states of the Discrete, BSP and Continuous Bayesian
phylogenies (n = 169) were discarded as burn-in, respectively. The
resulting trees were summarized using TreeAnnotator v1.8.2 (Rambaut
and Drummond, 2015), where a maximum clade-credibility (MCC) tree
with mean values was generated under heights = ca (Heled and
Bouckaert, 2013). In the case of BSP, log and tree files were uploaded
into Tracer, in which the plot was generated.

2.5. Sequencing data: Demographic analyses

To examine whether the species showed any sign of historical po-
pulation expansion, we estimated Tajima’s D (Tajima, 1989), Fu’s Fs
(Fu, 1997), Ramos-Onsins and Rozas’ R2 (Ramos-Onsins and Rozas,
2002) and a mismatch distribution analysis (Rogers and Harpending,
1992) for every subspecies using ARLEQUIN 3.0 (Excoffier et al., 2005).
Negative values of Tajima’s D can be interpreted as evidence of popu-
lation expansions (Fu, 1997), and negative values of Fs indicate an
excess of recent mutations and reject population stasis. A diagram of
frequencies of pairwise genetic differences was drawn using DnaSP
v.5.0 (Librado and Rozas, 2009). A thousand bootstrap replicates were
used to generate an expected distribution using a model of sudden
demographic expansion (Excoffier et al., 2005). The sum of squared
deviation (SSD) and the raggedness index were also calculated. These
measures quantify the smoothness of the observed mismatch distribu-
tion. Mismatch distribution is usually multimodal in samples drawn
from populations at demographic equilibrium, but is usually unimodal
in populations following recent population demographic and range
expansion (Slatkin and Hudson, 1991; Rogers and Harpending, 1992;
Ray et al., 2003). Small raggedness values are typical of an expanding
population whereas higher values are observed among stationary or
bottlenecked populations (Harpending et al., 1993).

The historical demography of B. buteo, B. r. rufinus and B. hemilasius
was also estimated based on the mitochondrial dataset using Bayesian
Skyline Plots (BSP; Drummond et al., 2005) implemented in BEAST

1.8.2. BSP analyses were performed on each species or subspecies se-
parately for which enough sampling was available. Analyses were run
according to the best BIC model suggested in jModelTest (Posada,
2008). BSP analyses were thus conducted using a strict molecular clock
with a substitution rate of our estimated cyt b to 2.5 × 10−8 substitu-
tions/site/year and the ND6 and ΨCR rate estimated from the prior.
Analyses were run for 100 million generations, sampled every 10,000.
A 10% was discarded as burn-in. We used Tracer 1.6 to draw the BSP.

The extent of geographical structuring of genetic variation between
groupings from all sampled areas was evaluated by Fst and Φst statis-
tics, testing for significance variance in the distribution of mitochon-
drial and microsatellite data between groups of populations, popula-
tions and individuals using the analysis of molecular variance (AMOVA)
in ARLEQUIN 3.0 (Excoffier et al., 2005). The significance of variance
components and F-statistics were assessed by permutations (10,000) of
the data sets.

2.6. Microsatellite genetic diversity and differentiation

Multilocus genotypes were used to estimate microsatellite diversity
in ARLEQUIN 3.5 (Excoffier and Lischer, 2010) based on observed (Ho)
and expected (He) heterozygosity and inbreeding coefficient (FIS) for
each group defined previously with mitochondrial and nuclear se-
quencing. ARLEQUIN was also used to calculate departures from ex-
pectations under Hardy–Weinberg equilibrium (HWE) following Guo
and Thompson (1992), and to test linkage disequilibrium between loci.
Statistical significance was adjusted using Bonferroni correction for
multiple testing (Rice, 1989). The same software was used to estimate
pairwise differentiation among the different groups using FST and RST
statistics. Allelic richness (AR) was estimated in FSTAT 2.9.3.2 (Goudet,
1995) using a rarefaction procedure to compensate for differences in
sample size.

Microsatellite genotypes were also analysed using the Bayesian
clustering software STRUCTURE 2.3.4 (Pritchard et al., 2000; Falush
et al., 2003) to test for the number of populations (K) independent of
spatial sampling. Analyses were performed using the admixture model
with correlated allele frequencies in ten independent runs from K = 1
to K = 10, with 106 MCMC iterations after an initial burn-in of 105

iterations. The most likely number of populations present in the dataset
were inferred after plotting the mean likelihood L(K) of STRUCTURE
runs and the ΔK method of Evanno et al. (2005) (SM Fig. 1) and outputs
were inspected in Harvest (Earl, 2011). The assignment values for each
individual for the most likely number of populations were plotted in a
map using QGIS 2.14 (QGIS Development Team, 2014). Population
structure was additionally tested by model-independent multivariate
analyses, using a discriminant analyses of principal components (DAPC)
performed in ADEGENET v1.2.8 in R (Jombart et al., 2010).

2.7. Microsatellite Extended Bayesian Skyline Plots (EBSP)

We used microsatellite data to estimate changes in effective popu-
lation size through time using the Extended Bayesian Skyline Plot
(EBSP) model as implemented in the BEAST v1.8.4 package
(Drummond et al., 2012). A custom R script (excel2msatLen.R) was
used to convert allelic data scored as microsatellite length to the dif-
ference in repeat counts between alleles. For each locus i, the length in
bp of all alleles j was stored in a vector A. Then, the difference in the
number of repeats between alleles was calculated as:

= +R
j minA

m
1j

j n

i

...

where m is the size of the motive (e.g. di-, tri-, tetranucleotide) for a
particular locus. A second R script (excel2msatBEAST.R) was used to
convert the matrix to a BEAST acceptable format. The site model for
different loci was linked, but the clock models and partition trees were
not. For the substitution model, we specified equal rates, linear
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mutation bias and a two-phase model. For the strict clock model, we
used a mutation rate of 1.16 × 10−4 based on a chicken pedigree
(Hillel et al., 2003). Preliminary runs with the Lesser Kestrel (Falco
naumanni) mutation rate 2.96 × 10−3 (Ortego et al., 2008) resulted in
too recent demographic patterns, which were biologically unrealistic.
Although we consider the chicken estimate to be plausible, we also
discuss our results in the light of a different choice of mutation rate (see
Discussion). A linear model was specified for the EBSP coalescent tree
prior, and ploidy was set to autosomal nuclear. Default priors were used
for model parameters and statistics, except for the demographic popu-
lation mean where we used a lognormal distribution (mean = 50000,
sd = 1, offset = 0, with mean in real space), based on the results of an
exploratory BEAST run with a constant size tree prior using a combi-
nation of samples. As suggested by other BEAST users, we increased the
weight of the operator “randomWalkIntegerOperator” to 100 for all
loci. XML files for each subspecies were run for 2 × 109 generations
(about 4 months of CPU time) in order to achieve decent mixing for
most parameters (ESS > 200). The MCMC chain was visited every
200,000th state for a total of 10,000 sampled states. Log files were
checked in Tracer v1.6 (Rambaut et al., 2013) and the resulting CSV
files were plotted in R using the script RplotEBS.R. All scripts are
available at https://github.com/santiagosnchez. Five taxa (though see
results) were analysed; B. b. buteo, B. b. vulpinus, B. r. cirtensis, B. r.
rufinus, B. hemilasius.

Because of the taxonomic complexity, debatable systematics, and
the nature of the study, which focused on population genetics rather
than phylogenetics, and for practical reasons of simplicity and clarity of
the text we hereafter refer to the studied taxa solely by their subspecific
name whenever enough for recognizing which taxon is concerned,
unless otherwise justified.

3. Results

3.1. Sequencing data

The combined mitochondrial DNA alignment employed for the
Bayesian analyses comprised a total of 181 sequences for all targeted
mitochondrial fragments (cyt b, Nd6 and ΨCR, 1324 bp) and were in-
cluded in the final analyses. Because of the lack of genetic divergence of
the TRNA-GLU (74 pb) in all samples (n = 181) it was excluded from all
analyses. The nuclear phased markers resulted in a 462 bp fragment of
RAG-1 (n = 290 diphased), 667 bp of PARK7 (n = 278 diphased),
532 bp of MUSK (n = 268 diphased), and 911 bp of FIB (n = 234 di-
phased). Three individuals from Tuva (Russia) identified

morphologically as hemilasius (BT120, BT124, BT138) showed mi-
tochondrial introgression within the rufinus clade, and so they were
excluded from the demographic analyses.

3.2. Mutation rates and divergence

The concatenated mitochondrial sequences (1324 bp) of the 181
individuals were collapsed to 40 haplotypes (SM Table 3). The ΨCR was
3.2 times faster than the cyt b and 3.1 times faster than the Nd6 gene
fragment. Assuming a 5% cyt b rate (as used in this study, and following
a similar rate as in Garcia et al., 2011), it results in a 16% ΨCR mu-
tation rate in comparison to such marker, in line with previous esti-
mates of 7.23% (Drovetski, 2003) of the slower evolving CR but closer
to the upper bound of 20.2% per MY. This estimate falls within the
overall mean of 14.8% (Wenink et al., 1996; Merilä et al., 1997; Hailer
et al., 2007) as used for other birds of prey (Hull and Girman, 2004).

3.3. Mitochondrial and nuclear ML networks

Genetic diversity and richness is contrasting between the much
faster evolving mitochondrial genes than the nuclear ones. The number
of segregating sites being significantly reduced in the nuclear data. All
nuclear markers recovered a star-like network structure, with the ex-
ception of the more rapidly evolving FIB gene fragment (Fig. 1), sug-
gesting a population expansion. Haplotypes for all nuclear genes are
linked among them by not more than one mutation, and networks did
not exhibit any clear differentiation for the different buzzard groups.
The mitochondrial ML network structuring broadly agrees with Buteo
spp. systematic arrangement: hemilasius (dark blue) is clearly a distinct
entity to the remaining buzzards, with high divergence; rufinus (light
blue) is more closely associated to buteo (red) but there is also some
divergence between the two taxa; cirtensis (green) is recovered within a
branch of buteo (with 2 haplotypes); all vulpinus (orange) are recovered
within buteo (5 haplotypes) (Fig. 1).2 The highest genetic diversity
within all Buteo was found in vulpinus from Russia and Ukraine equally,
followed by hemilasius (Altai and Tuva, respectively) and buteo (Slo-
venia and Portugal, respectively) (Table 1).

3.4. Biogeographical appraisal from mitochondrial data

The MCC Bayesian discrete (Fig. 2) and continuous (Fig. 3, SM
Fig. 2) mitochondrial trees recovered three well supported

Fig. 1. ML networks. Combined mtDNA (cyt
b+ ND6 + ΨCR, n = 181, bp = 1324),
nuDNA: 462 bp fragment of the reactivation
combining gene (RAG-1, n = 290 diphased),
667 bp of PARK7 intron2 (n = 278 di-
phased), 532 bp of me MUSK intron 3
(n = 268 diphased), and 911 bp of the fi-
brinogen intron 5 (FIB n = 234 diphased).

2 For colour reference for Fig. 1 see the web version of this article.
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monophyletic clades; the Buteo buteo complex (buteo, vulpinus, and in-
cluding cirtensis as it groups within this complex) sister clade and to
rufinus and hemilasius as the ancestral clade. Within the Buteo buteo

complex, all cirtensis from South Morocco, Tunisia and Algeria are
monophyletic and grouped with buteo from Portugal; vulpinus is para-
phyletic within the Buteo buteo complex. The Bayesian Inference (SM
Fig. 3) of haplotypes recovered the same tree topology as the BEAST
trees, with hemilasius ancestral and a weak node support for the sister
clade relationship between rufinus and the remaining Buteo spp. (BPP:
0.73).

3.5. Demographic analysis using mitochondrial data

Unimodal mismatch distributions are consistent with rapid expan-
sion of populations (SM Fig. 4). Goodness-of-fit tests of observed com-
pared to simulated data were non-significant and showed a very high
SDD and non-significance (SM Table 5): buteo (n = 77, SSD 0.01,
p = 0.76), rufinus (n = 41, SSD 0.009, p = 0.15) and hemilasius
(n = 48, SSD 0.003, p = 0.61); therefore the null hypothesis of popu-
lation expansion could not be rejected. Negative Fu’s F and Tajima D for
all groups compared and high significance of Fu’s F, with the exception
of hemilasius, give further support for a demographic expansion sce-
nario. Statistical analysis of Bayesian Skyline plots (BSP) of buteo
(n = 77), rufinus (n = 41) and hemilasius (n = 48) suggest expansions

Table 1
Species, country, number of individuals, number of haplotypes, haplotype and
nuclear diversity (with standard deviation) from the concatenated mitochon-
drial data set.

Species Country n h Hd ( ± SD) π ( ± SD)

buteo Slovenia 7 4 0.8571 ± 0.1023 0.00100 ± 0.000809
Bulgaria 9 4 0.7500 ± 0.1121 0.001343 ± 0.000970
Portugal 37 9 0.8498 ± 0.0324 0.001901 ± 0.001164
Germany 24 10 0.7464 ± 0.0907 0.001138 ± 0.000791

vulpinus Russia 2 2 1.000 ± 0.5000 0.001511 ± 0.001850
Ukraine 3 3 1.000 ± 0.2722 0.001511 ± 0.001424

rufinus West
Kahakstan

18 4 0.4771 ± 0.1338 0.000400 ± 0.000391

East
Kazhakstan

18 4 0.3987 ± 0.1379 0.000326 ± 0.000344

hemilasius Tuva 41 8 0.8415 ± 0.0338 0.003467 ± 0.001930
Dauria 4 2 0.6667 ± 0.2041 0.001008 ± 0.000925
Altai 6 4 0.8667 ± 0.1291 0.001411 ± 0.001078

Fig. 2. MCC discrete coalescent tree (n = 169) of Buteo sp. Node circles are colour coded by localities and sizes correspond to probability of the locality origin. Red
clade; Buteo buteo species complex, light blue; Buteo r. rufinus, dark blue clade; Buteo hemilasius. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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of all populations but only rufinus shows an important population in-
crease. Expansions range from approximately 1500 years for buteo,
2000 years for hemilasius and 5000 for rufinus (SM Fig. 5). These ana-
lyses could not be assessed for vulpinus and cirtensis due to low sample
sizes.

AMOVAs of the mitochondrial dataset revealed high variation
among populations assigned as 1: buteo, rufinus, hemilasius, and 2: cir-
tensis, rufinus, buteo and hemilasius, reflecting strong population struc-
ture between species or subspecies. Dividing the nominal buteo into
three geographical regions (Slovenia, Germany and Portugal) revealed
high genetic differentiation within rather than between populations,
indicating a lack of geographic structure throughout and population
admixture (SM Table 6).

3.6. Diversity, differentiation and population structure inferred from fast-
evolving markers

Two microsatellites (Bbu51 and BswD223w) showed evidence of
null alleles and were discarded. The remaining 20 loci had not evidence
of linkage disequilibrium or departure from expectations under
Hardy–Weinberg equilibrium and were used for the subsequent ana-
lysis. Estimates of allelic richness were similar for the five taxa with a
mean value of AR = 4.7. The mean expected heterozygosity (He) was
highest in vulpinus (0.621) and lowest in cirtensis (0.558) although
standard error overlaps this difference (Table 2). Overall, results for

FST and RST differentiation indexes were congruent. The greatest de-
gree of genetic differentiation based on RST was observed between
vulpinus and all other taxa (hemilasius RST = 0.386, p < 0.001; cirtensis
RST = 0.243, p < 0.001; buteo RST = 0.175, p < 0.001; rufinus
RST = 0.175, p < 0.001), suggesting recent low gene flow between
the vulpinus and all other taxa. The FST did not recover such divergence,
with buteo and vulpinus recovering very low FST value (FST = 0.011,
not significant) and buteo being not significantly different from cirtensis.
All other comparisons were highly significant (SM Table 7).

The extent of geographical structuring inferred from the micro-
satellite data between both assigned groups (group 1: buteo, cirtensis,
vulpinus, and rufinus, and group 2: hemilasius) reveals that most of the
variation for fast-evolving markers lies within individuals for both
distance methods used (variation FST = 89.2%; variation RST = 74.9%),
a likely consequence of recent high gene flow within and among the
assigned groups (SM Table 8). However, using the RST distance method
we also observed an important fraction of differentiation among groups
(13.2%).

The results of the Bayesian clustering analysis of multilocus geno-
types showed that the mean log likelihood [(ln P (D/K)] for the as-
sumed number of clusters peaked at K = 3 and K = 5, the latter ex-
hibiting a large variance. The ad hoc statistic, ΔK (Evanno et al., 2005),
showed a single peak at K = 3 (SM Fig. 1). We therefore considered
K = 3 to be the most likely number of independent evolutionary units
present in the dataset. These 3 clusters represent (i) hemilasius, (ii) ru-
finus, and (iii) buteo+ vulpinus. Individual assignment to the three
clusters evidence geographical concordance and indicate the presence
of clear contact zones where taxa meet geographically. Individuals
classified morphologically as cirtensis do not form a separate cluster,
and are apparently composed by admixed genomes between rufinus and
buteo+ vulpinus (Fig. 4).

In agreement with the biogeographic and phylogenetic data, and
with Bayesian analysis of population structure, the results from the
Discriminant Analyses of Principal Components (DAPC) revealed three
clear clusters (1: hemilasius, 2: rufinus and 3: Buteo buteo complex (buteo,
vulpinus, cirtensis)). Within the B. buteo complex, cirtensis remains less
inclusive in the group with reduced spatial overlap (SM Fig. 6) sug-
gesting some level of distinct genetic differentiation to buteo and vul-
pinus, certainly as a result of introgression with rufinus with which is
juxtaposed for the second principal component.

3.7. Demographic analysis using microsatellite data

Results from the Extended Bayesian Skyline Plots of the micro-
satellites (EBSP) revealed that the effective population sizes for hemi-
lasius, rufinus, and vulpinus have remained relatively constant for at
least the last 10 kya (Fig. 5). In contrast, cirtensis has a more recent
population history (∼6 kya) and has undergone a dramatic population
expansion within approximately the last 3 kya (an 11 (Mean Ne) and
7.6 (Median Ne) fold population expansion). In two taxa, hemilasius and
rufinus, we detected strong signatures of very recent bottlenecks, with
one of them (rufinus) showing signs of recovery. A similar signature of
bottleneck with recovery can also be read in the EBSP of vulpinus, al-
though the 95% HPD (highest posterior density) estimates suggest that

130-

50-

25 kya-present 

A

B

C

25 kya

50 kya

Fig. 3. MCC continuous Bayesian phylogeographic projections of Buteo spp. at
different times scales: A: 130–50 kya, B: 50–25 kya., C: 25 kya-present. The
MCC gene tree is represented with black lines. Polygons represent population
areas and are shown in light green. Yellow outlined arrows delimit direction of
expansion. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Table 2
Species, allelic richness (AR), observed heterozygosity (Ho), expected hetero-
zygosity (He) and inbreeding coefficient (FIS). Standard deviation is given in
parenthesis.

AR Ho (s.d.) He (s.d.) FIS

buteo 4.78 0.552 (0.272) 0.590 (0.279) 0.048
cirtensis 4.62 0.506 (0.294) 0.558 (0.295) 0.092
vulpinus 4.30 0.599 (0.302) 0.621 (0.222) 0.038
rufinus 4.97 0.565 (0.227) 0.614 (0.258) 0.068
hemilasius 4.80 0.581 (0.298) 0.604 (0.295) 0.019
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the pattern is overall constant. Due to the very low Effective Sample
Size (ESS) from the buteo data set, we could not analyse its demography.

4. Discussion

4.1. Phylogeography

Our findings of the timings of expansions and contractions in Buteo
spp. and their populations concur with other avian species range shifts
in the West Palearctic, ranging from the Middle Pleistocene to the Late
Pleistocene/Holocene transition (Holm and Svenning, 2014), which
have been primarily linked to changes in vegetation in response to
climate change. These avifaunal responses to climate change are re-
flected in phenology and population dynamics as is apparent in Buteo
spp. Times of divergence are aimed to establish approximate times of
speciation in a broad sense and therefore caution is needed in the in-
terpretation, more so when dating lies within the highly changeable

Pleistocene climate conditions.
Speciation or divergence events between the B. buteo complex

(buteo, vulpinus, cirtensis) and rufinus (107–119 kya) point to a time of
transition between colder and warmer climate conditions (Fig. 3). The
Riss-Würm interglacial (130–115 kya, MIS5) or Eemian Interglacial (in
Mediterranean Europe, 126–110 kya, Sánchez Goñi et al., 1999) has
been estimated for a length of circa 17.5 kya (see Helmens, 2013). This
warmer climate allowed forests to replace tundra at higher latitudes
and new habitats became available for new populations to expand,
contributing to novel colonization events. The contrasting ecological
niche requirements of B. buteo subspecies (low altitude forest edge) and
rufinus (steppe or semi-desert) likely contributed to distributional shifts
of their populations. Similarly, warmer conditions throughout the
Mindel-Riss (380/330–200 kya) are likely to have contributed to di-
vergence between hemilasius and the B. buteo complex (buteo, vulpinus,
cirtensis) and rufinus circa 250–232 kya by expanding to new habitats.
Several studies have shown that cold-adapted species have larger po-
pulations during glaciation periods and reduced populations during
interglacials (Shapiro et al., 2004; Dalén et al., 2005). It is apparent that
climatic conditions affect species habitat shifts differently (Stewart
et al., 2010). Climate change in resident cold-adapted montane steppe
species such as hemilasius may have had a reduced or limited impact on
its populations but likely contributed to the expansion of other Buteo
species.

The MCC 95% HPD mean time estimates for hemilasius (27–40 kya),
rufinus (33–40 kya) and B. buteo complex (52–59 kya) clades fall ahead
of LGM at around the MIS 3 (57–29 kya, Helmens, 2013; 60–27 kya,
Van Meerbeeck et al., 2009) and thus suggests population contractions
throughout this period of cool climate and abrupt temperature rises.
Paleoclimatic and vegetation evidence suggests that during this time,
climatic conditions would have been suited for tundra-steppe vegeta-
tion across all Europe and Eurasia (Peyron et al., 1998; Holm and
Svenning, 2014) and that these species would have been distributed
throughout, as has been suggested for other raptors (Garcia et al.,
2011). These contractions date to the cooler temperatures of the High
Weichselian Glacial (57–15 kya) with prevailing polar desert and
steppe-tundra and trees at southern refugia (Van Andel and Tzedakis,
1996). Nevertheless, the rapid fluctuating climatic changes throughout

Fig. 4. Map of all Buzzard (Buteo spp.) specimens sampled across the distribution ranges. Pie charts are Bayesian estimates of assignment for each individual at K = 3
based on the analysis of 20 microsatellites.

Fig. 5. Microsatellite extended Bayesian Skyline Plot (EBSP) of Buteo b. cirtensis
(comb. nov.), B. b. vulpinus, B. r. rufinus and B. hemilasius. Time is given in years.
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this period (Rasmussen et al., 2014) and the large distribution range of
rufinus, buteo and vulpinus suggest complex and multiple population
shifts throughout the range, possibly more severe at peripheral popu-
lations. However, the timing of B. buteo complex lies within hotter
temperatures compared to those of hemilasius and rufinus and may
suggest contractions at glacial times following forest expansions.

Buteo rufinus fossil remains in England dating to this period (40–50
kya, Stewart and Jacobi, 2015) and in France, Luxembourg and
Northern Spain (Mourer-Chauviré, 1975; Elorza, 1990; Tyrberg, 1998;
Holm and Svenning, 2014) throughout the cold Late Pleistocene are
further evidence of past expansions under colder conditions and today’s
reduced populations. Furthermore, Buteo buteo subfossils in southern
and eastern Europe and in the Middle East date to times of inter-
changing glacial-interglacial conditions or to either of them (Elorza,
1990).

The vegetation cover throughout the LGM (18 kya) in central Asia
and southern-eastern Europe was mainly steppe with areas of inter-
gradation composed of tundra-steppe (Tarasov et al., 2000; Elenga
et al., 2000). This vegetation changed during the drier Holocene (circa
10 kya) as a consequence of temperate forest expansions in Europe and
taigas in Asia (Novenko et al., 2009), and has been suggested to have
contracted steppe associated avian populations (Garcia et al., 2008).
Throughout the Holocene however, there were repeated periods of
climate change (roughly every 0.6–1 kya, Mayewski et al., 2004) with
drier steppe vegetation expansions during short glacial conditions
(11.5–9.5, 8–7 and 4–3 kya) where steppe-like communities may have
thrived (Sorrel et al., 2007). The moister Mid Holocene (6 kya) circum-
Mediterranean region underwent progressive aridification. Interest-
ingly, the most important climatic changes are seen in northern Africa
by changes in the seasonable climate (see Prentice et al., 2000). Fur-
thermore, the Altai–Sayan mountain region has been suggested to be a
recent refugium of mammals during the LGM (Řičánková et al., 2015)
with similar ecological structure and fauna to those of the Pleistocene
and Holocene (Agadjanian and Serdyuk, 2005; Řičánková et al., 2014).
The three most important mammal Holocene retractions in Europe and
in the rest of the Palearctic region were in the Altai-Sayan, followed by
the Kazakhstan and eastern plains refugia and point to important areas
of likely genetic divergence (Řičánková et al., 2014; Řičánková et al.,
2015). Clues from Buteo refugia may derive from areas of higher genetic
diversity at localities, such as for hemilasius (Altai and Tuva), vulpinus
(Russia and Ukraine), and buteo (Slovenia and Portugal).

Several studies have found a genetic distinction between western
and eastern raptor populations in the Palearctic (Godoy et al., 2004).
Nittinger et al., (2007) found two haplotypes, one East and another
West, in Falco cherrug (previously F. c. cherrug to the West and F. c.
milvipes to the East). They argued that a postglacial expansion route of
the western haplotype from West to the northeast followed the lower
steppe areas to northern Kazakhstan, to the Altai Mountains and to
Mongolia and Northern China. A contact zone with the other haplotype
from Falco rusticolus formed hybrids in the area; a posterior southern
expansion carried this new haplotype South.

The assumption of a range expansion is compatible with the finding
of significant deviation from neutral expectations (negative Tajima’s D)
for buteo, vulpinus and rufinus. The finding of non-significant deviation
observed in other groups but with negative values corroborate similar
findings. Results from the extended Bayesian Skyline plots suggest a
recent arrival of cirtensis to North Africa and coincides with rapid ar-
idification in the Maghreb region, circa 6 kya. However, the low node
support and sample size calls for caution with this interpretation.
Interestingly, the first records of cirtensis arriving from Morocco to
breed in the Iberian Peninsula, date to the present century, and are
believed to be a response to global warming (Araújo et al., 2011;
Chamorro et al., 2017). Growing evidence of species’ responses to past
climatic changes (Root, 1998; Huntley and Webb, 1989) strongly in-
dicate a similar habitat shift pattern in avian fauna to ongoing and
future climate change (Sanz, 2002; Parmesan, 2006; Huntley et al.,

2008). Further expansions of buzzards to Europe were likely influenced
by anthropogenic landscape transformations in the Neolithic (Diamond
and Bellwood, 2003; Price and Bar-Yosef, 2011) and the creation of new
steppe habitats for species to colonize or expand their distributional
ranges (O’Connor and Shrubb, 1986; Bouma et al., 1998; Ruddiman,
2003). Geographical shifts in rufinus nesting grounds have been re-
corded in Israel in the last four decades as a consequence of anthro-
pogenic disturbance (Friedemann et al., 2011). Thus, paleoclimatic data
and the effect of human impact are likely factors that have influenced
the occurrence of contact zones in buzzards through population gene
flow and admixture.

4.2. Differentiation, introgression and systematics

Our findings corroborate previous studies showing high levels of
divergence between hemilasius and rufinus based on the rapid evolving
ΨCR sequence in Buteo species (Haring et al., 1999; Kruckenhauser
et al., 2004) that were originally considered as conspecifics (Hartert,
1914; Meinertzhagen, 1954). Such phylogeographic work showed the
recovery of the same haplotypes between rufinus and the African or-
eophilus, and also between buteo and vulpinus, showing a clear lack of
geographical structure and genetic differentiation between them. This
finding is surprising as geographical distances between subspecies
could range thousands of kilometers. In the light of such findings buteo,
rufinus and oreophilus are thought to have arisen from a recent radia-
tion, and buteo, vulpinus, rufinus and oreophilus are considered to form
one superspecies (Haring et al., 1999). Similarly, our results are in
agreement with the previous studies that show low genetic differ-
entiation between B. buteo subspecies and rufinus, suggesting the role of
Pleistocene ice ages to promote gene flow by expansion and contraction
through changing environmental conditions (Haring et al., 1999). This
assumption falls in chronological concordance with the earliest fossil
findings of both species (Isturitz, Spain) ascribed to the Würm II/III
period (64–10 kya) (Elorza, 1990).

The mitochondrial analyses support the genetic differentiation be-
tween rufinus and cirtensis, in congruence with morphological data
supporting a distinction between them (Kruckenhauser et al., 2004).
Nevertheless, Kruckenhauser et al.’s (2004) main morphological char-
acter relied on an environmental condition trait (size), which may not
be an indication of actual differentiation per se. Their results on the
phylogeographic relationships, based on their ΨCR network on Buteo
subspecies (buteo and vulpinus), show a clear unresolved positioning of
cirtensis and buteo subspecies. Our data shows a two-time (past and
present) relationship on the positioning of cirtensis. Historical or an-
cestral relationships as inferred from the mitochondrial data groups
cirtensis within the B. buteo species complex. Interestingly, all cirtensis
are monophyletic and are grouped with a few individuals of buteo from
southern Portugal. In accordance, the microsatellite data shows gene
flow between both forms (buteo and cirtensis).

West Paleartic Buzzards are thought to have evolved within a short
time frame, possibly through the reduction of ranges during glacial
stages resulting in population admixture. However, Kruckenhauser
et al. (2004) suggest a likely glacial bottleneck reducing mitochondrial
diversity in vulpinus, trizonatus and cirtensis, supporting Schreiber et al.
(2001) low allozyme heterozygosity despite polymorphism plumage in
buteo morphs. As discussed by Kruckenhauser et al. (2004), the mor-
phological similarity between rufinus and hemilasius has been con-
sidered by others (Hartert, 1914; Del Hoyo et al., 1994) as indicative of
close relationship, but was not supported by their morphological ana-
lyses and is not supported in this study or in other genetic work (Haring
et al., 1999). Results from our phylogenetic relationships do not concur
with the current taxonomical classification suggested by Kruckenhauser
et al. (2004) and the nomination of cirtensis as B. r. cirtensis. However,
we suggest that, in accordance to the phylogenetic species concept, B. r.
cirtensis should be an allospecies of the B. buteo superspecies complex
(Buteo buteo cirtensis).
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The nuclear sequences data resulted to be much less informative
than the mitochondrial data set to assess divergence. This, at first, can
be confusing and may suggest a male-biased dispersal though male
raptors philopatric tendency suggests otherwise. However, the much
more conserved nuclear markers would point more to shared poly-
morphisms and indicate a recent common gene pool for all three
nominal species. Here, ancestral polymorphism of the population makes
unclear the possible effect of gene flow and/or the presence of re-oc-
curring admixture events in the distributional ranges of the different
morphs. The discrepancy between the mtDNA and microsatellite data is
expected, given the four-fold effective population size of nuclear genes,
the much higher mutation rate of microsatellites and the enhanced
genetic drift of mtDNA in comparison to nuclear markers (Birky et al.,
1983). Such variation needs not to be the outcome of sex-biased dis-
persal, and can be accounted by the mode of inheritance and mutation
rate alone.

Admixture events cannot be ruled out between all forms (buteo,
vulpinus, cirtensis, rufinus and hemilasius). All of them share some degree
of overlap in their breeding areas (Haring et al., 1999) and the sighting
and reports of mixed forms and likely hybrids are well documented (see
Elorriaga and Muñoz, 2013). Admixed individuals have been identified
in the Straits of Gibraltar, Turkey, Algeria, Tunisia and Italy (Elorriaga
and Muñoz, 2013). The case of cirtensis is interesting because the first
records of breeding in southern Iberia date only to 2009. However,
previous attempts to unravel cirtensis taxonomy are unclear and even
museum samples from Algeria and Tunisia have shown to be intermixed
with other Palearctic Buteo, suggesting admixture that went unnoticed
for nearly a century (Kruckenhauser et al., 2004). This is confirmed by
our more extensive sequence data where all cirtensis from Morocco,
Tunisia and Algeria, both museum and fresh samples, clustered within
the buteo haplogroup. The microsatellite data do not show either an
independent entity representing cirtensis, but rather individuals are an
admixture of buteo and rufinus with slightly closer relationships with the
latter. However, one attributed cirtensis from Portugal (BT2) clustered
within the network with the three assigned cirtensis (Tunisia, Morocco
and Argelia) suggesting distinct morphological traits in cirtensis. This is
the first molecular confirmation of this taxon’s presence in the Iberian
Peninsula. The high number of haplotypes recovered from vulpinus from
the sequence data suggest some distinction of this form. Sequence and
genotype data revealed introgression of hemilasius and buteo in rufinus,
suggesting gene flow within the populations at their contact zones. It is
unclear if the presence of contact zones will have important con-
sequences in the buzzard populations preventing speciation or enhan-
cing it through reinforcement.

Admixture between taxa at contact zones (e.g., hemilasius – rufinus,
or buteo – rufinus, buteo – vulpinus) may be maintained by sexual im-
printing of nestlings on the plumage pattern of the parent morph that
spends the longest time in the nest (Cramp and Simmons, 1980). In the
Common buzzard (buteo), morphological plumage polymorphism (light,
dark, intermediate) is maintained through heterozygote advantage
through assortative mating, thus non-random mate selection. This be-
haviour is believed to be maladaptive for presumed homozygous
morphs where nestlings assume their future mate by imprinting on the
mother’s morph (Krüger et al., 2001). We are unaware if this mate
selection model system has been reported in other birds since the above
publication, but at the time it was believed to be novel and unique and
may therefore be intrinsic to the extreme morphological variability and
taxonomical difficulty in buzzards. Furthermore, lack of genetic struc-
ture to differentiate between species at the nuclear level may suggest
that phenotypic and morphological traits have evolved in a short time
scale in response to fast adaptations to changing environmental con-
ditions and hunting behavior (Bulgin et al., 2003; Zink, 2004). Pererva
and Grazhdankin (1994) showed that some birds of prey have under-
gone rapid phenotypical change this century (Falco cherrug, Accipiter
gentilis, Aquila nipalensis, Aquila heliaca). Furthermore, Common buz-
zard populations are thought to be shifting habitat following vole

populations (Krüger, 2000, 2004) and this points to the behavioural
plasticity in buzzards.

5. Conclusion

The findings of this study reveal a complex pattern of cladogenetic
events and population contractions in Palearctic Buteo species
throughout the Pleistocene, which likely reflect habitat change and
contrasting ecological niche requirements between open-habitat spe-
cies, such as rufinus and hemilasius, and the forms of more forested
habitats from the B. buteo complex (buteo, vulpinus). Phylogenetic
analyses inferred from the mitochondrial data recover hemilasius as
sister taxa to the sister clades of rufinus and the B. buteo complex (buteo,
vulpinus, cirtensis). The positioning of cirtensis in the MCC trees denotes
its incorrect taxonomic status, and thus we propose an amendment to
Buteo buteo cirtensis. However, extensive sampling throughout cirtensis
range (e.g. Tunisia, Egypt and Middle East) should help clarify further
its taxonomical status. The slower evolving nuclear loci reveal un-
resolved genetic entities suggesting a recent common gene pool for all
buzzards in congruence with ongoing speciation processes between
species. Results from the EBSP reveal that the effective population sizes
for hemilasius, rufinus and vulpinus have remained relatively constant
throughout the Holocene. In contrast, cirtensis has undergone a dra-
matic population expansion within approximately the last 3 kya.
Evidence of population admixture is observed from microsatellite data
between all taxa, mostly between cirtensis and buteo and between rufinus
and hemilasius in congruence with increasing reports of hybridization
between species at contact zones and due to habitat shifts. Overall, the
findings reflect on the complexity of historical and ongoing intrinsic
evolutionary processes contributing to speciation patterns in Palearctic
buzzards.

6. Data accesibility

Custom R scripts are available from SS-R, https://github.com/
santiagosnchez. Sequences have been deposited under Genbank acces-
sion numbers (PENDING). Multiplex genotypes are available from the
authors.
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