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Hybridization is a significant threat for endangered species and could potentially even lead to their extinction. This
concern applies to the globally vulnerable Greater Spotted Eagle Aquila clanga, a species that co-occurs, and
potentially interbreeds, with the more common Lesser Spotted Eagle Aquila pomarina in a vast area of Eastern
Europe. We applied single nucleotide polymorphism (SNP) and microsatellite markers in order to study hybrid-
ization and introgression in 14 European spotted eagle populations. We detected hybridization and/or introgression
in all studied sympatric populations. In most regions, hybridization took place prevalently between A. pomarina
males and A. clanga females, with introgression to the more common A. pomarina. However, such a pattern was
not as obvious in regions where A. clanga is still numerous. In the course of 16 years of genetic monitoring of a
mixed population in Estonia, we observed the abandonment of A. clanga breeding territories and the replacement
of A. clanga pairs by A. pomarina, whereby on several occasions hybridization was an intermediate step before the
disappearance of A. clanga. Although the total number of Estonian A. clanga ¥ A. pomarina pairs was twice as high
as that of A. clanga pairs, the number of pairs recorded yearly were approximately equal, which suggests a higher
turnover rate in interbreeding pairs. This study shows that interspecific introgressive hybridization occurs rather
frequently in a hybrid zone at least 1700-km wide: it poses an additional threat for the vulnerable A. clanga, and
may contribute to the extinction of its populations. © 2010 The Linnean Society of London, Biological Journal of
the Linnean Society, 2010, 100, 725–736.
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INTRODUCTION

Interspecific hybridization, i.e. the interbreeding of
individuals from different species, occurs surprisingly
frequently in nature (Arnold, 1997). Hybridization
could play a role in speciation, and hence provide new
material for evolution (Newton, 2003; Price, 2008).
Hybridization is often directly associated with rarity:
rare species hybridize more easily because the low
numbers that lead to a lack of mates is often the main
factor to trigger hybridization (Hubbs, 1955; Short,
1969; Randler, 2006). Hybridization is therefore of
conservation importance, and presents a serious
threat to many endangered species (Rhymer & Sim-
berloff, 1996): it is often associated with the swamp-
ing of one species by another (Allendorf et al., 2001;
Newton, 2003). Although introgression of foreign
genes may be inhibited by the inviability or sterility
of hybrids of the heterogametic sex (Haldane, 1922),
hybridization is a waste of reproductive effort for the
rarer species, calling its continuing sustainability into
question.

Hybridization is relatively common in birds. Almost
one-tenth of bird species have been considered to
interbreed in nature and produce hybrid offspring
(Panov, 1989; Grant & Grant, 1992), although the
proportion may be even twice as high as that (McCar-
thy, 2006; Aliabadian & Nijman, 2007). However,
regular hybridization is rather uncommon in raptors
(Panov, 1989; McCarthy, 2006), and there are only
relatively few well-studied examples of hybridization
occurring in this avian group, such as a hybridizing
complex of large falcons (Eastham & Nicholls, 2005;
Nittinger et al., 2007). The Greater Spotted Eagle
Aquila clanga Pallas, 1811 and the Lesser Spotted
Eagle Aquila pomarina Brehm, 1831 are two closely
related Eurasian raptors, with overlapping ranges in
Eastern Europe, whose numbers have decreased
during the last century mainly because of a decline in
habitats (Hagemeijer & Blair, 1997). The decline has
been particularly dramatic in A. clanga, whose vast
range across Eurasia is occupied by only a few thou-
sand pairs, with less than a thousand pairs breeding
in Europe (BirdLife International, 2004). In contrast,
populations of A. pomarina are still dense, and in
most regions significantly outnumber the sparsely
represented A. clanga (Hagemeijer & Blair, 1997;
BirdLife International, 2004). Both species are listed
in Annex I of the EU Directive on the Conservation of
Wild Birds (EEC/79/409), as well in the International
Union for Conservation of Nature (IUCN) Red List: A.
clanga as a globally vulnerable species and A. poma-
rina as a species of least conservation concern (IUCN,
2009). The two spotted eagles are relatively young
species (Seibold et al., 1996; Lerner & Mindell, 2005;
Helbig et al., 2005a). There is no complete reproduc-

tive barrier between them and hybridization has been
recorded repeatedly, although mainly in the form of
anecdotal evidence of single cases of interbreeding or
probable hybrids (Löwis, 1888, 1898; Feldt, 1909;
Transehe, 1942, 1965; Bergmanis et al., 1997; Berg-
manis & Strazds, 2001; Lõhmus & Väli, 2001; Dom-
brovski, 2002; Gutiérrez & Villa, 2002; Meyburg et al.,
2005; Treinys, 2005).

Studies to assess the extent of hybridization have
been hindered by the difficulties posed by hybrid
identification. Not all hybrids can be identified by
morphology and, if they are fertile and the hybridiza-
tion is introgressive, detection of backcrosses is even
more challenging (e.g. Benedict, 1999; Eastham &
Nicholls, 2005; Gaubert et al., 2005; McCarthy, 2006).
Hybrid detection is particularly difficult when inter-
breeding species are similar, and spotted eagles
undoubtedly belong to this category (Randler, 2004)
because many of their morphological identification
characters show overlapping variation (Bergmanis,
1996; Forsman, 1999; Väli & Lõhmus, 2004; Dom-
brovski, 2006). However, genetic methods have
recently provided new tools for hybridization studies.
In spotted eagles, after the first applications of mater-
nally inherited mitochondrial DNA (Väli & Lõhmus,
2004; Helbig et al., 2005b), multilocus amplified frag-
ment length polymorphism (AFLP) markers were
used in order to study differentiation and gene flow
among species (Helbig et al., 2005b), but these
markers remained relatively ineffective for individual
assignments. Recently, Väli et al. (2010) applied a set
of single nucleotide polymorphism (SNP) markers
that, in combination with microsatellites, provided
enough resolution power to efficiently identify pure
species, F1 hybrids (offspring of interbreeding A.
clanga and A. pomarina), and backcrosses to parental
species. Here, we apply this marker set in a spa-
tiotemporal analysis of spotted eagle hybridization in
Europe. On the spatial scale, we search for hybrid-
ization events across Europe and ask how widespread
hybridization is and whether it poses a significant
threat for the vulnerable A. clanga. On the temporal
scale, we ask whether hybridization increases the risk
of extinction in declining A. clanga populations, and
verify this by results from the genetic monitoring of a
mixed spotted eagle population in Estonia.

MATERIAL AND METHODS
SAMPLES

In order to estimate the current distribution and
frequency of hybridization, a total of 738 spotted
eagles were sampled in the wild between 1994 and
2009 (after 2001 in most European populations).
Samples studied represent 408 breeding pairs of
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spotted eagles from 14 populations across Europe,
covering both sympatric and allopatric regions of the
distribution ranges (Fig. 1; Table 1), as well as two
reference individuals from the Asian part of Russia,
and thus remote from all A. pomarina populations.
Instead of ‘individuals’, we prefer to use ‘breeding
pair’ as a study unit because: (1) this is the common
standard in the monitoring of raptor populations
where non-territorial individuals are difficult to
count; (2) samples were collected at nest sites; and (3)
we made a consensus decision based on the assign-
ment results of offspring and one or two adults (see
below). In the spatial analysis, each pair was used
only once in the final calculation of hybridization
frequency.

A temporal study was conducted in Estonia, at the
north-western limit of both species’ distribution
ranges, where spotted eagles have been continuously
monitored (nests checked, birds scrutinized, and

genetic samples collected) since the mid 1990s.
According to estimates by Lõhmus (1998) from that
period, A. clanga was present in some 5% of Estonian
spotted eagle breeding pairs, i.e. in 20–30 out of
500–600 pairs. We included a total of 376 individuals
from Estonia (a subsample of the total sample), rep-
resenting 286 breeding attempts in 173 breeding ter-
ritories (between 1994 and 2009, but mostly from
1999–2009; Appendix; Table 1). In the temporal study,
assignment decisions were made on an annual basis,
and several individuals of these long-lived species
were studied repeatedly, which enabled us to verify
the accuracy of genotyping.

Blood or feather samples were obtained during the
breeding season at nest sites, and in their vicinity,
from both nestlings and adults. The morphology of
the nestling (in spotted eagles usually only one off-
spring fledges) was scrutinized thoroughly during
sampling, and parental birds were described when

Figure 1. Distribution and frequency of spotted eagle hybridization in Europe. We have focused on Aquila clanga and
hybridizing pairs, and excluded Aquila pomarina pairs, in all populations except those where only A. pomarina was found
(in black). Other pie charts show the relative proportion of A. clanga ¥ A. clanga (blue), A. clanga ¥ A. pomarina (red), F1

hybrid ¥ A. clanga (violet), F1 hybrid ¥ A. pomarina (green), and F1 ¥ F1 (yellow) in populations after excluding A.
pomarina. The numbers above each pie chart indicate the sample size both including A. pomarina (before slash) and
excluding A. pomarina (after slash). The distribution range of A. clanga is shaded in blue and that of A. pomarina is in
green (mainly according to Cramp & Simmons, 1980 and Hagemeijer & Blair 1997), but new field observations and
museum data from the eastern limit (Melnikov et al., 2001; Mischenko et al., 2010; V. Belik, V. Dombrovski & M. Dzmi-
tranok, unpubl. data) have been taken into account as well.
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they were present (see Forsman, 1999; Väli &
Lõhmus, 2004 for a comprehensive description of the
morphological traits we used). If an A. pomarina
nestling had characteristics typical of its species, and
at least one of its parents was unequivocally assigned
to the species by appearance, only the nestling sample
was normally used in the genetic analysis; the adult’s
feathers were used only occasionally to confirm the
assignment of its nestling. However, territories inhab-
ited by A. clanga or potential hybrids were usually
studied more carefully, and whenever possible we
included samples from adults. To exclude the possi-
bility of sampling nest-visiting adults from other
pairs (Meyburg, Meyburg & Franck-Neumann, 2007),
we also checked the parentage in adult–nestling pairs
by comparing individual genotypes (data not shown).
Additional field observations on species identification
and pair bonds were used to complement the genetic
data, especially in any unsuccessful breeding years of
the temporal study. Field records were particularly
informative in the case of males, which usually do not
shed feathers at nest sites (Lõhmus & Väli, 2004). On
the other hand, males are easier to observe while
hunting, and are more protective at nest sites, and
therefore easier to trap and study in the hand.

LABORATORY ANALYSIS

DNA was extracted from blood cells and freshly
plucked feathers using proteinase-K treatment fol-
lowed by salting (Aljanabi & Martinez, 1997) or the
phenol-chloroform purification method. From small
moulted contour feathers, and some large flight feath-

ers, we extracted DNA from the basal tip using the
DNEasy tissue kit (Qiagen). Usually, however, DNA
was extracted from the blood clot in the superior
umbilicus of flight feathers following the methodology
of Horvath et al. (2005). This blood clot is secure from
contamination and the quantity of DNA is relatively
large, and thus the simple phenol-chloroform protocol
could be used to obtain a high yield of good-quality
DNA.

In order to assign individuals to species, or to one of
the hybrid classes, birds were genotyped by 30
nuclear markers. Twenty-two microsatellites, devel-
oped for other eagle species, were amplified and geno-
typed on a MegaBACE 1000 automated capillary
sequencer (Amersham Biosciences), and eight nuclear
SNP markers were analysed by restriction enzyme
digestion and electrophoresis on 3% agarose gel
(Table 2), as described by Väli et al. (2010). However,
in order to ensure amplification success in poorer
feather samples as well, we designed new primers for
all SNP markers (only two 5′ primers were retained)
for amplification of shorter DNA fragments (200–
300 bp) (Table 2). Although not used directly in the
assignment process, information on the maternal
lineage of the hybrid offspring studied was obtained
from the mitochondrial DNA pseudo-control region,
which differs by some 4% between the two species
(Väli, 2002). Species-specific lineage was detected
either by sequencing or by restriction enzyme analy-
sis using the Cac8I enzyme, which has a specific
recognition site in A. clanga. In order to sex adult
birds, a portion of the CHD1 gene was amplified
according to the methodology of Griffiths et al. (1998)

Table 1. Classification of breeding pairs studied in 14 populations. In addition to the five groups included in the main
analysis, intermediates and potential F1 ¥ F1 individuals are also shown

No. Population N
A.
cla.

A. cla./F1 ¥
A. cla.

F1 ¥
A. cla

A. cla ¥
A. pom

F1 ¥
F1

F1 ¥
A. pom.

A. pom./F1 ¥
A. pom.

A.
pom.

1 Estonia 173 6 0 0 11 1 7 4 144
2 North-western Russia 9 6 0 1 0 0 1 0 1
3 Latvia 34 0 0 0 0 0 1 1 32
4 Lithuania 38 0 0 0 1 0 1 1 35
5 North-eastern Belarus 13 0 0 0 0 0 3 0 10
6 North-eastern Germany 10 0 0 0 2 0 0 0 8
7 Northern Poland 22 0 0 0 0 0 0 0 22
8 North-eastern Poland 10 3 0 0 4 1 1 1 0
9 Southern Belarus 29 19 1 1 2 0 2 0 4

10 South-eastern Poland 31 0 0 0 1 0 0 0 30
11 Slovakia 20 0 0 0 0 0 0 0 20
12 Romania 6 0 0 0 0 0 0 0 6
13 Greece 5 0 0 0 0 0 0 0 5
14 Caucasian Russia 8 0 0 0 0 0 0 0 8

Total 408 35 1 2 20 2 16 6 326
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or Fridolfsson & Ellegren (1999), and Z and W
chromosome-specific fragments were separated by
electrophoresis on 2% agarose gel (the first of the two
protocols also required restriction by the VspI
enzyme, which has two recognition sites in W-specific
fragments. but only one in the Z-specific fragments;
Väli, 2004).

DATA ANALYSIS

Individuals were assigned to groups using Bayesian
model-based Markov chain Monte Carlo (MCMC)-
simulation approaches in STRUCTURE 2.2 (Prit-
chard, Stephens & Donnelly, 2000) and NewHybrids
1.1 (Anderson & Thompson, 2002). In STRUCTURE
2.2, the number of assumed groups K was assumed to
be two, as two interbreeding species were being
studied. The analysis was run for 100 000 burn-in

and 500 000 analytical iterations. For each indi-
vidual, the probability q of belonging to one of the
identified populations was calculated using correlated
allele frequency models, assuming gene flow between
species. Comparatively, all analyses, with no signifi-
cant differences in results, were conducted using the
independent allele frequency model. As the occur-
rence of two species was presumed, an admixture
model without preliminary information on species
ancestry was used in order to avoid any potential
influence on results. In order to assign an individual
to a group, we used the error rate 0.1 from the
expected value, which resulted in the following ranges
of q (indicated as a probability of recent A. clanga
ancestry): A. pomarina, q = 0–0.1; backcross F1 ¥ A.
pomarina, q = 0.15–0.35; F1, q = 0.4–0.6; backcross
F1 ¥ A. clanga, q = 0.65–0.85; A. clanga, q = 0.9–1.0.
Individuals with probabilities that were intermediate

Table 2. Genetic markers used in the assignment of individuals. For each marker, its type [single nucleotide polymor-
phism (SNP) or microsatellite (Ms)], primer sequence, and reference are presented. Primers marked with an asterisk are
the same as in Väli et al. (2010). [References: this study; Martinez-Cruz et al. (2002); Hailer, Gautschi & Helander (2005);
Busch et al. (2005).]

Marker Type Forward primer (5′–3′) Reverse primer (5′–3′) Ref.

1.26928 SNP GACCTTCCAGAAGCTATTGC* ATTTAGCATGGGTGAGCCTA 1
4.12303 SNP TGTTCAAATGTCCTTGGTTG CTGCACGAGACATGCTTAAC 1
4.FIB SNP TGGGTCCTGAGGAAAGACAG TTCCCCAATCTAAACAATTCC 1
5.15691 SNP AATGGTCCAACTTTGAAATCT TCAGCTTATTTGTTGCTCCA 1
7.04557 SNP ACTAACTTGCTTGCCATGTG GCTGTCTGCCCTTCAGTAAT 1
8.17388 SNP CAGCGTAATGTACCAAATGC CCCAGTCTTTTCAGCTTAGG 1
13.12260 SNP AAGCAGAAGCTGTCTTCCG* GCCCTTCACAAGTCAGGTAA 1
17.14657 SNP ACTTGGCCACAGTGAGTATG TCACTAATGTTGCCTGGAGA 1
Aa02 Ms CTGCAGATTTCACCTGTTCTG CTTCCAGGTCTTGCAGTTTACC 2
Aa12 Ms TCATCAACCTGACCCTTTCC TGCACTGAAGTTTCTCGGC 2
Aa15 Ms TCACTGACCTGCCCTCTACA CCAACCCTCTAGTCGTCCAC 2
Aa26 Ms GCAAAGGTAAACTGCATCTGG ATGCACTATTGGTAAACAGGCA 2
Aa27 Ms GAGATGTCTTCACAGCTTGGC AAGTCTCAGAGACTGACGGACC 2
Aa35 Ms GCAGCAGAAAGTGCATACGA GACCAAATGAAATGCGCC 2
Aa39 Ms TTCTGTTTTTCCACTTGCTTG TATTGAGCTCACAAAAACAAAGG 2
Aa43 Ms CCACACTGAGAAACTCCTGTTG TTCCTGAGAGCTCTTCCTGC 2
Aa49 Ms AGGAGGTGCCAGTTTTCTCC AGCGGGTCTGTGGCTCAT 2
Aa53 Ms ATCGCTTCCATGAGCTGATT GAGTGCGGAGAGCTCTGC 2
Aa57 Ms AACATTAAGGCAGATGTGGACA TACTGTGGACACGGACAGGA 2
Hal1 Ms GAATACACCCAGAACAGCAACC CCCAGCTGTGCTCATAACATAC 3
Hal4 Ms TAAGGCTTTTCTTCGCGTGT TCAACAACCCCTCCGTAGAC 3
Hal7 Ms TTCAGAAGGTGCATGCAGTAG GGGATGTGCAAAGAAATCTACC 3
Hal9 Ms TGAGCTTTGTAGTAGCAGTGGTG TGCAAAAATAGAGCCAATACCC 3
Hal13 Ms CCACTCAGTAAGGAGCTTTGC CCTTGTGTTTGCTGCAGATG 3
Hal18 Ms GACAGGGAGCGAGTTAGTGG CCAGCCACAAAGGTACTAAGG 3
IEAAAG04 Ms GCATGTAACAAGTTTAATGTTGATGG GTTGGAAACAGGACATGTTAAGC 4
IEAAAG12 Ms GCTGCTGCTAAGAATCACTCATGTAC GTGGGAAGGTGGGTTGTCAG 4
IEAAAG13 Ms GAATACCACAATAAGAGGCAGAGTG GTCTAAAATGAAGTGAATCTGTAAGACAG 4
IEAAAG14 Ms GTCCAGATTCCCTGCTAGAAAGC GTTGGAGAGTCTAAGCACTGAATCAG 4
IEAAAG15 Ms GAGAATAATTTTTGAAAAGCAGTAGG GCTTAGTTGTTCAGAGGACGGTAAG 4
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between the two groups were treated as intermediate
according to this analysis. Structure was also used for
estimating allele frequencies in the two species in
order to present the assignment power of and gene
flow in various markers.

NewHybrids 1.1 was developed specially for iden-
tifying hybrids between two species, and it aims to
assign each individual into one of the categories:
pure species, F1 or later generation hybrids, or back-
crosses. Power analysis by synthetic genotypes
shows that our marker sets may have problems
with identifying F2 hybrids (Väli et al., 2010), and
there is a tendency to assign false positives in this
class (E.C. Anderson, pers. comm.). We therefore
included only five potential classes in the analyses:
A. clanga, A. pomarina, F1 hybrids, A. clanga ¥ F1,
and A. pomarina ¥ F1. Individuals with all probabili-
ties below 0.7 also showed, in most cases, a rela-
tively high value in terms of belonging to another
group, and were thus assigned as intermediate
between these groups. However, we also performed
simulations with a sixth, F2 class (data not shown),
and in cases when subsequent probabilities for F2

were high (qn > 0.8), and in which the analysis of
the five classes gave an unclear result (qn < 0.7 in
all groups) in this analysis, we assigned individuals
to the F2 class. Each run lasted for at least 25 000
sweeps during burn-in and 100 000 sweeps during
the analysis stage. Simulations were performed
numerous times using both uniform and Jeffreys-
like priors. Except for a few intermediate individu-
als, no great differences were found between the
different runs and approaches.

Finally, each individual was assigned to a species or
to a hybrid group, taking all assignment results into

account. Assignments of a nestling and adults (if
available) were combined, and the most plausible
decision was made for each breeding pair. To depict
individual assignments, genotypes of all birds were
transformed into values in a multidimensional space
by the Factorial Correspondence Analysis (using
GENETIX 4.05) (Belkhir et al., 2004). We also esti-
mated genetic differentiation between species by
calculating Fst values between A. clanga and A. poma-
rina groups (hybrids and backcrosses excluded) using
GENALEX 6.1 (Peakall & Smouse, 2006).

RESULTS
ANALYSIS OF THE EUROPEAN POPULATIONS

Most of the 738 individuals genotyped by SNPs and
microsatellites could be assigned with confidence to
one of the five presumed classes – A. clanga, A.
pomarina, F1 hybrids between the two species, A.
clanga ¥ F1, or A. pomarina ¥ F1 – by both Bayesian
methods (Table 1). Results from two approaches
usually coincided completely, and in a few cases high
probability from one method helped to clarify doubts
raised by moderate probability from another method.
Only seven samples were identified as intermediate
by both approaches (Table 1). Even the less powerful
factorial correspondence analysis (FCA) separated the
two species clearly, whereas previously assigned
hybrids and backcrosses appeared between the two
species in an FCA plot (Fig. 2). Differentiation
between the two species was evident in microsatel-
lites (Fst = 0.12), SNPs (Fst = 0.44) and in both marker
types combined (Fst = 0.20).

Hybridization between A. clanga and A. pomarina
was detected in six populations across the sympatric

Figure 2. Distribution of the 738 spotted eagle individuals studied on the two-dimensional factorial correspondence
analysis (FCA) plot. Prior to plotting, birds were classified according to the consensus of genotype-based Bayesian
assignments.
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area (including Germany and south-eastern Poland,
regions previously considered as being outside the A.
clanga distribution range). A combination of field
data, molecular sexing of adults, and mtDNA analysis
indicated that A. clanga ¥ A. pomarina pairs were
made up of male A. pomarina and female A. clanga in
17 cases, whereas the reverse situation occurred in
four cases. In seven populations we found mixed pairs
of F1 backcrossing to A. pomarina, the more common
species in the western part of the sympatric area,
whereas introgression (backcrossing) to A. clanga was
detected only at the eastern limits of the distribution
of A. pomarina in Russia and in southern Belarus,
both of which hold a relatively large population of A.
clanga. Altogether, 8.6% of the breeding pairs studied
were composed of two pure A. clanga individuals,
with hybridizing A. clanga ¥ A. pomarina pairs
making up 4.9%, and second-generation backcrossing
pairs (F1 ¥ pure species) making up 4.4%.

Further introgression beyond the second generation
apparently also occurs, as we discovered A. clanga
mtDNA in four adults and four nestlings (from eight
different pairs) that were assigned by nuclear
markers to A. pomarina. Backcrossing was also sug-
gested by similar probabilities for the assignment of
seven individuals to two classes (pure species and
backcrosses; Table 1). Some of these uncertainties
may arise from the inadequate power of the analysis,
but on at least one occasion we confirmed the nest-
ling’s mother, and on a further occasion the father, as
a backcross F1 ¥ A. pomarina; in another case one
parent was an F1 ¥ A. clanga. Two nestlings were
assigned to the F2 group because the probability of
belonging to that class was found by NewHybrids 1.1
(with six classes) to be exceptionally high (0.89 and

0.90), whereas analysis with only five classes gave
inadequate probabilities for all classes. Moreover,
STRUCTURE 2.2 gave probabilities close to 0.50,
as can be expected for F2 individuals, but not for
backcrosses.

MONITORING OF THE ESTONIAN POPULATION

Most of the individuals studied in the Estonian popu-
lation were assigned rather unequivocally to one of
the classes (Appendix; Table 1). Ten out of 11 A.
clanga ¥ A. pomarina pairs were made up of male A.
pomarina and female A. clanga, whereas in one case
the reverse was observed. We detected backcrossing
to A. pomarina, but not to A. clanga. Additionally, one
adult was identified as a backcross between F1 and A.
pomarina in four pairs, and A. clanga mtDNA was
found in two nestlings (from two pairs) that were
assigned by nuclear markers to A. pomarina.

Up to 2003, the intensive survey continuously
revealed previously unknown A. clanga breeding ter-
ritories (one or two territories per year), which
obscured the possible changes in A. clanga popula-
tion. After that, we noted a slight decrease in the
numbers of A. clanga pairs and hybridizing pairs,
although not in backcrossing pairs, which do not show
a clear trend (Fig. 3). The small size of the sample,
however, does not permit broader conclusions to be
made. When we analysed separately the occupation
history of each territory where an A. clanga, or an F1

hybrid, had been recorded, the prevalent abandon-
ment of territories, or replacement of rare A. clanga
with the common A. pomarina, was noticeable
(Table 3). In contrast, the opposite development was
rare – we found an adult A. pomarina replaced by an

Figure 3. Number of breeding territories occupied by Aquila clanga and hybrids in Estonia in 2003–09. Genetic data are
complemented with field observations.
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A. clanga or a hybrid on only two occasions, and once
by a backcross F1 ¥ A. pomarina. In one other case a
hybridizing pair was replaced by an A. clanga pair,
but this changed back over a 7-year period, with
ultimately the substitution of an F1 ¥ A. pomarina
pair. By 2009, four A. clanga territories were aban-
doned, and now the species is only found in four
breeding territories (interbreeding with A. pomarina
in three of them). Three territories were occupied by
an adult hybrid interbreeding with A. pomarina, and
altogether ten previous A. clanga or hybrid territories
were occupied by A. pomarina pairs.

DISCUSSION
EXTENT AND FREQUENCY OF HYBRIDIZATION

The current study confirmed extensive introgressive
hybridization between the two spotted eagle species
in Europe, and highlights the significance of hybrid-
ization as an additional threat factor to the globally
vulnerable A. clanga. Hybridization occurs over a
very large area. Two interbreeding pairs of A. clanga
and A. pomarina were discovered in Germany,
whereas in central European Russia breeding of an A.
pomarina pair and two backcrossing pairs were
detected (Table 1). Given that only nine pairs were
sampled in this Russian population, we believe that

interbreeding also takes place here, and that the
backcrosses detected do not just reflect gene flow from
west to east. This suggests a hybrid zone of at least
1700 km in width. Even when only the extensively
hybridizing population in the west (north-eastern
Poland) is taken into account (excluding well-studied
Germany, where only two cases are known), the zone
width is at least 1100 km, which is much wider than
previously recorded hybrid zones in birds (Price,
2008: 326–328).

We undoubtedly underestimated the proportion of
A. pomarina, as sampling in most populations was
not random but was biased towards rarer species and
hybrids. Comparisons made among these latter
groups are more reliable, but are still likely to be
somewhat biased, as most of the hybridizing popula-
tions studied originated from the western limit of
sympatry, where A. clanga is rare. However, the fact
that hybridizing A. clanga ¥ A. pomarina pairs and
backcrossing pairs were together more numerous
than A. clanga pairs (Table 1) nevertheless calls for
vigilance. In the case of the more closely monitored
Estonian population, the proportion of interbreeding
pairs was almost equal to the proportion of A. clanga
pairs when annual average estimates were consid-
ered, and was even twice as high when all breeding
territories detected during the study period were con-

Table 3. Occupation history of spotted eagle breeding territories in Estonia, where at least one parent was an Aquila
clanga or an F1 hybrid. Genetic data are complemented with field observations

No. of
territory Study years Assignment of breeding pairs to a group

1 2003–2009 A. cla pair
2 2003–2009 A. cla pair → single A. cla → A. pom pair
3 2002–2009 A. cla pair → A. pom pair
4 1994–2009 A. cla pair → single A. cla → abandoned since 2006
5 1998–2009 A. cla (pair?) → A. cla ¥ A. pom → F1 ¥ A. pom → A. pom pair →

abandoned since 2008
6 1997–2009 A. cla ¥ A. pom
7 2004–2009 A. cla ¥ A. pom
8 1994–2009 A. cla ¥ A. pom → A. cla pair → A. cla ¥ A. pom → F1 ¥ A. pom
9 2001–2009 A. cla ¥ A. pom → F1 ¥ A. pom → F1 ¥ F1 → F1 ¥ A. pom

10 2004–2009 A. cla ¥ A. pom → A. pom pair
11 2001–2009 A. cla ¥ A. pom → A. pom pair
12 2000–2008 A. cla ¥ A. pom → A. pom pair
13 2002–2007 A. cla ¥ A. pom → abandoned since 2004
14 1999–2007 A. cla ¥ A. pom → abandoned since 2003
15 2006–2008 F1 ¥ A. pom → A. pom pair
16 2002–2007 F1 ¥ A. pom → A. pom pair
17 1999–2006 F1 ¥ A. pom → A. pom pair
18 2004–2008 F1 ¥ A. pom → A. pom pair
19 1998–2001 F1 ¥ A. pom → A. pom pair
20 1999–2009 A. pom pair → A. cla ¥ A. pom
21 1999–2007 A. pom pair → F1 ¥ A. pom
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sidered together (Appendix; Fig. 3). This probably
does not indicate a lack of selection for conspecifics in
spotted eagles; rather it shows the shortage of A.
clanga individuals and the fragility of the reproduc-
tive barrier separating the species. On the other
hand, the difference between these estimates may
indicate a higher exchange of individuals in hybrid-
izing pairs.

ASYMMETRY OF HYBRIDIZATION AND INTROGRESSION

We established sexually asymmetrical hybridization,
as in 81% of cases a male A. pomarina mated with
a female A. clanga. Field data from Belarus suggest
a more even sex ratio in hybridizing pairs (V. Dom-
brovski, unpubl. data), but the observed asymmetry
is noteworthy, even if it is limited to the north-
western regions where we collected most of our
samples. It can be accounted for in a number of
ways. The sex bias could occur because females from
a rare species tend to interbreed with males from
common species, but not vice versa, because of the
selectiveness of females (Wirtz, 1999). However,
there is no clear evidence to support the validity of
this theory in birds (Randler, 2002), and in some
species males are more selective than females
(Saether, Fiske & Kalas, 2001). It has also been
suggested that the reason for asymmetry could be
the reversed sexual dimorphism in raptors: males
are smaller than females, leading to an advantage
for the males of the smaller species, and the females
of the larger species, thus maximising the size
factor (Helbig et al., 2005b). Indeed, there is a
fitness-related advantage of large body size in A.
pomarina females (Lõhmus & Väli, 2004), and this
may act as one of the triggers in hybridization
because A. pomarina males prefer and compete for
A. clanga females that are larger than A. pomarina
females. Finally, the hybridization mechanism could
simply be based on sexual differences in territory
selection pattern. In many animals, including
raptors, males select a territory whereas females
select their male partner (Wirtz, 1999). Aquila
clanga males can fail to establish a breeding terri-
tory because of a loss of suitable habitat, and there-
fore often remain vagrant, whereas A. clanga
females are prepared to select A. pomarina males
occupying a territory.

The crucial question in the conservation of hybrid-
izing species is the fertility of hybrids and introgres-
sion of genes from one species to another (Allendorf
et al., 2001). Our study shows that hybrids of spotted
eagles are fertile, as one could expect from their
relatively recent divergence (Price & Bouvier, 2002).
This applies to both males and females, and means
that Haldane’s rule (Haldane, 1922) is not fully fol-

lowed. Earlier studies have reported that unidirec-
tional introgression occurs, as A. clanga mtDNA has
been found in A. pomarina or in intermediate birds,
but not vice versa (Väli & Lõhmus, 2004; Helbig et al.,
2005b). However, as hybridization is asymmetrical
between female A. clanga and male A. pomarina,
backcrossing to A. clanga would remain unnoticed
using mtDNA analysis, as there is no difference
between mtDNA molecules originating from hybrids
or from pure species. Here, we also confirmed the
same pattern using the more informative nuclear
markers. There may be several explanations for an
asymmetry towards A. pomarina. Backcrossing to the
more common species is simply more probable, as
hybrids have a lesser probability of meeting and
mating with other hybrids, or with the rare species,
than with individuals of the common species. Alter-
natively, Helbig et al. (2005b) suggested that asym-
metrical introgression in sexually dimorphic spotted
eagles could also result from size-oriented sexual
selection, as hybrid females would mate with A.
pomarina males, which are smaller than themselves,
but not with A. clanga males that are larger or of
equal size.

FUTURE PROSPECTS

The main factor for the separation of the two species
in the breeding grounds is probably the difference in
habitat selection. Aquila clanga prefers the vicinity of
wetlands, whereas A. pomarina occupies less moist
habitats (Cramp & Simmons, 1980). However, habitat
use is rather flexible as at least some A. clanga are
able to inhabit drained habitats less typical for the
species (Dombrovski & Ivanovski, 2005), and these
biotopes could also be occupied by A. pomarina
(Lõhmus & Väli, 2005). Habitat nevertheless remains
the key factor, as its loss leads to a decline in
numbers. In essence, the smaller the numbers of A.
clanga, the higher the probability of hybridization, as
rarity is the most important factor triggering inter-
breeding (Hubbs, 1955; Short, 1969; Wirtz, 1999;
Randler, 2006). As A. clanga numbers have been
declining during the last century (Hagemeijer &
Blair, 1997), a simultaneous increase of hybridization
can be expected. Indeed, Dombrovski (unpubl. data)
has studied the morphology of museum specimens,
and reported the increase of hybrids during the
second half of the 20th century. The accumulation of
hybridization records in recent years, mentioned
above, probably also highlights the increased
frequency of interbreeding (but it must also be attrib-
uted in part to increased awareness). There are still
A. clanga populations in Eastern Europe, such as
those in Belarus and central European Russia, where
the species is not outnumbered by hybridizing pairs
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(see also Dombrovski, 2005 for field data). Hybridiza-
tion pressure on these populations is probably
growing as the numbers of A. clanga decline.

The analysis of the Estonian population indicated
the decline of A. clanga, but did not directly confirm
a recent increase in hybridization. However, if the
history of each breeding pair involving an A. clanga or
a hybrid (Table 3) is studied, it clearly shows that the
decline of A. clanga in Estonia is concomitant with
extensive hybridization with A. pomarina, and
hybridization is often an intermediate step on the
way to the disappearance of A. clanga. Such a rapid
decline and changing population structure of a long-
lived bird is alarming. The Estonian A. clanga popu-
lation has few males, and there has been hardly any
replacement among females (Ü. Väli, unpubl. data).
Following the disappearance of an A. clanga indi-
vidual, the territory is either abandoned or occupied
by A. pomarina. Hybridization has been a significant
threat for several species and subspecies (Rhymer &
Simberloff, 1996). It could therefore be an important
factor contributing to the decline, and potentially
even the extinction, of A. clanga populations in
Europe. This should be borne in mind when proposing
measures for A. clanga conservation.
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APPENDIX

Number of breeding pairs of spotted eagles studied with genetic markers in 1994–2009 in Estonia, assigned to
different groups. The last row includes all territories registered, not the sum of annual results. As a result of
the changes in occupation history (Table 3), some territories are included in several groups.

N
A. cla
pair

A. cla ¥
A. pom F1 ¥ F1 F1 ¥ A. pom

F1 ¥ A. pom/
A. pom

A. pom
pair

1994 3 1 1 0 0 0 1
1995 1 1 0 0 0 0 0
1996 1 1 0 0 0 0 0
1997 5 2 0 0 0 0 3
1998 6 0 0 0 0 0 6
1999 31 2 3 0 1 1 24
2000 27 2 2 0 1 0 22
2001 30 2 3 0 0 1 24
2002 53 3 4 0 1 1 44
2003 12 4 2 0 0 0 6
2004 17 1 4 0 1 0 11
2005 34 2 1 0 2 1 28
2006 38 3 2 0 2 0 31
2007 28 1 1 1 1 0 24
2008 20 1 2 0 2 0 15
2009 28 1 3 0 2 0 22

Total no. of
studied pairs

173 6 11 1 7 4 144
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