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Abstract The Saker Falcon is a falconid raptor species with Palearctic distribution. It has ne-
ver been a common bird in Hungary, now there are cc. 220-230 nesting pairs within the count-
ry borders. Currently total world population is cc. 19 000-34 000 individuals. Its taxonomic status is complica-
ted. Two subspecies are distinguished (Falco c. cherrug and Falco c. milvipes); however, molecular data does not
support this split. Phylogeny of the species is also not clarified, similarly to closely related raptors. There are ma-
ny factors threatening the population of the Saker. One of these factors is the occurrence of the hybrid falcons. By
molecular investigations more data can be gained, that could be useful in practical conservation, too.
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Osszefoglalas A kerecsensolyom a solyomfélék csaladjaba tartozo, palearktikus elterjedésii faj. Magyarorszagon
sosem volt gyakori madar, jelenleg 220-230 par fészkelhet az orszagban. A vilagallomany koriilbelil 19 000—
34 000 part tesz ki. A faj taxonomiaja nagyon Osszetett. Jelenleg két alfajat kiilonboztetik meg, molekularis bizo-
nyitékok azonban nem tdmasztjak ala ezt a felosztast. A faj leszarmazasi vonala szintén nem tisztazott, ugyanugy,
ahogy a legkozelebbi rokon fajoké sem. Szamos tényezs veszélyezteti a faj allomanyait, ezek koziil az egyik leg-
fenyegetobb a hibrid madarak problematikaja. A molekularis vizsgalatok segitségével olyan ismeretek szerezhe-

téek, melyek haszonnal alkalmazhatoak a gyakorlati természetvédelemben is.
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Molecular approaches have been gaining in-
creasing importance in every field of biolo-
gy in the last 60 years since the description
of the molecular structure of the DNA. Inves-
tigations on nuclear and mitochondrial ge-
nomes yielded significant knowledge in seve-
ral streams of biology, which questioned the
relevance of traditional taxonomic categories
and this way affected other research fields as
well, e.g. practical nature conservation.

On one hand, clarifying taxonomic sta-
tus and relations of recent species could be
fascinating, on the other hand new results
may challenge widely accepted taxonomy,

e.g. previously undivided world populations
could be split into two or more species. This
could change conservation categories when
marginal or isolated subpopulations which
comprise only a fraction of the world popu-
lation turn out to be separate species.
Certain species may have evolved by hyb-
ridization and this could be important not
only on a theoretical base but it could have
practical implications as well. In practice of
the last decades new hybrids of greater size,
robustness and superior hunting skills have
been created between falconid species. It
is dubious whether these hybrids escaping
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to the wild can reproduce with wild speci-
mens; whether they are capable of creating
viable offspring, and if so how they affect
the gene pool of wild populations.

It is also problematic that there is diffe-
rent legislation affecting trade in hybrids
originating from breeding stocks. This po-
ses a threat that captured wild specimens
can be traded as hybrids to thwart regula-
tions. Here, we present a case study of such
problematic on the Saker Falcon.

Distribution and population size

The Saker Falcon (Falco cherrug Gray,
1834) is a palearctic species belonging to
the falconid family (Falconidae). The wes-
tern border of its distribution area is in Cent-
ral Europe, while its eastern border is near
the Amur River (Ragyov et al. 2010). The
total area of its nesting range and habitats is
cc. 10 300 square kilometres (BirdLife In-
ternational 2012). The world population of
the species is decreasing in its whole range,
the loss was 32% according to 1991-2010
estimation means (the exact value should
be somewhere between 30 and 49 per-
cent). Currently total world population of
the species is cc. 19 200-34 000 individu-
als (BirdLife International 2012), but there
are also world population size estimates
of 7200-8520 individuals from the year of
2003 (Bagyura et al. 2007).

Saker Falcon has never been a common
bird in Hungary; but in the 1970s its po-
pulation reached a critical state. At the begin-
ning of the following decade only 8 breeding
attempts were recorded in the 13 known ter-
ritories. Two of them were successful with
2-2 fledged juveniles. In 1980 the population
on country level have not been more than 30
pairs (Bagyura ef al. 2004). The main cause

of this was that time common nest looting
which concerned mainly nests built on cliffs.
In several cases nesting failure was caused
by human disturbance, and in certain occa-
sion illegal shooting also happened. The spe-
cies has been preserved due to enormous ef-
forts of nature conservation experts. In 22
years the population grew from 8 breeding
pairs to 113—145 pairs (Bagyura et al. 2004).
According to latest reports the Hungarian
populations can be estimated 220-230 pairs
(Bagyura et al. 2012).

Taxonomy of the Saker Falcon

The Saker Falcon was described by the Bri-
tish zoologist John Edward Gray in Hard-
wicke’s book Illustrations of Indian Zoo-
logy in 1834. The description was made on
a young raptor wintering in India. As resear-
chers were not aware of its complete distri-
bution area, the Saker was described inde-
pendently by several taxonomists, thus, its
nomenclature has been confused (Ragyov et
al. 2009). Previously, six subspecies of the
questionable species were described as fol-
lows: F. ¢. cyanopus (distributed in Central
Europe and along the Volga river), F. c. cher-
rug (Russia), F. c¢. hendersoni (Pamir Moun-
tains, Himalaya), F. ¢. altaicus (Altai-Sayan
Region), F. c¢. milvipes (Kyrgyzstan and
Mongolia), F c. coatsi (from Iran to Tian
Shan) (Nittinger et al. 2007). Some authors’
work (e.g. Pfeffer 2009) also mention the Si-
berian Saker (Falco c. saceroides) and the
Anatolian Saker (F. c. anatolicus). Falco ch.
saceroides is known as hybrid between the
Gyrfalcon and the Saker, while F. ¢. anatoli-
cus s an other subspecies.

Most debated is the population of Central
Asian mountains (Altai, Tian Shan) which is
considered to be a separate species (the Al-
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tai Falcon — Falco altaicus) (Moseikin & El-
lis 2004). Others claim that the Altai Falcon
is a persistent hybrid between the Gyrfalcon
and the Saker Falcon. Based on genetic re-
search the Altai Falcon cannot be separated
from the other two subspecies of the Saker
(Wink et al. 2004).

The Saker Falcon is a polytypic species
with two accepted subspecies: F. c. cherrug
and F. c¢. milvipes (Clements et al. 2011).
While F. c. cherrug is distributed in Europe
as well as east from the Yenisei River and
the Altai Mountains to China, F. c. milvipes
is restricted to the northern and eastern parts
of Central Asia and North-Eastern China
(Ferguson-Lees & Christie 2001). This se-
paration is based on phenotypic traits solely.
Molecular investigations based on micro-
satellites and mitochondrial control regions
of DNA samples extracted from skin and
plumage of museum specimens failed to de-
tect any differences between ssp. cherrug
and ssp. milvipes (Nittinger et al. 2007).

Taxonomy of the species is still concer-
ning researchers. Some taxonomists claim
that division into two subspecies is over-
simplified (Karyakin 2009, Pfander 2011).
Pfefter (2009) propose a separation of fur-
ther six subspecies, one of which (F. c. ana-
tolicus) has been still undescribed. This
concept is based on the species’ undoubted-
ly remarkable phenotypic variance, which
is underpinned by the authors’ observa-
tions by traditional methods in nature and
captivity; however, it contradicts current
phylogenetic results (which are otherwise
cited in that paper).

Pfander (2011) suggests the introduction
of a currently unused taxonomic concept,
the ‘semispecies’ to the taxonomy of the
Saker Falcon. He considers that Saker Fal-
con is geographically separated and propo-
ses four different semispecies.

Phylogenetics

The first molecular investigations from the
1960s to the middle of the 1980s were based
on allozyme variance. Allozymes are dif-
ferent variants of enzymes which are co-
ded at the same locus of the chromosomes.
While researchers managed to get informa-
tion by direct inspection of the DNA this
method lost its significance; it has been out-
competed by DNA sequencing with restric-
tion enzymes and later direct sequencing of
the DNA. Recently the whole genome of the
Saker Falcon has been sequenced.

Certain sources treat the Hierofalco group
as a subgenus (Wink & Seibold 1996),
while others consider it only as collective
terminus without any taxonomic relevance
(Nittinger et al. 2007). Recent species of
the Hierofalco group originate from Afri-
ca and they spread out of that continent in
several consecutive waves. This group con-
sists of four species: the Saker Falcon, the
Gyrfalcon (F. rusticolus), the Laggar Fal-
con (F. jugger) and the Lanner Falcon (F.
biarmicus) (Nittinger et al. 2007). Based on
some research the Black Falcon (F subni-
ger) from Australia is also belonging to this
group (Wink et al. 2004).

The northern and southern populations
had been separated from each other by the
formation and expansion of the Sahara De-
sert. Northern populations begun to spread
towards the Mediterranean area and colo-
nized the whole Eurasian continent in three
waves during the warmer periods of the
Pleistocene. The Laggar Falcon evolved
from population spreading towards India
through the eastern part of the Mediterrane-
an Basin, while the Gyrfalcon evolved from
individuals colonizing the Paleartic. The
Saker Falcon came from the Eastern Afri-
can coast then evolved in Central Asia. At
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the end of the last glacial period both the
Saker and the Gyrfalcon expanded their area
towards north and east respectively, and as
a consequence a new contact zone formed
somewhere in Central Asia, where the two
species could hybridise with each other. The
most ancient species of the group is presu-
mably the Lanner Falcon what is supported
by fossil records. The oldest Hierofalco fos-
sil was discovered in Corsica. It is more than
34 000 years old and has been identified as
F. biarmicus (Bonifay et al. 1998, Nittinger
et al. 2005). However, African fossils of this
species are currently undiscovered.

Nittinger et al. (2005) performed research
on 56 DNA samples from the Hierofal-
co group, all of them originating from wild
birds with only one exception. They identi-
fied 31 haplotypes based on mitochondrial
control and pseudocontrol regions. They
found that none of the species of the Hi-
erofalco group were monophyletic. Mem-
bers of the group are closely related to each
other and separated during the last 1 million
years, what is underpinned by the similarity
of haplotypes, confirming the results of pre-
vious investigations based on cyt-b genes
(e.g. Wink et al. 2004). The observed pat-
tern of haplotypes could be caused by two,
not necessarily contradicting phenomenon:
(1) incomplete lineage sorting of ancestral
polymorphism and (2) interspecific gene
flow through hybridization (Nittinger et al.
2005).

The Saker Falcon proved to be the most
diverse species of the Hierofalco group by
a genetic research on approximately 200
samples covering the whole distribution
area. It can be divided into at least three,
well-defined clades which were signed with
Roman numerals (I, II, IIT) in the study. All
clades comprise individuals of both recently
accepted subspecies, e.g. clade III contained

samples from Hungary as well as Kazakh-
stan, but neither clade I nor II corresponded
to a subspecies or a part of the distribution
area (Wink et al. 2004).

What causes this high level of morpho-
logical and genetic diversity? The resear-
chers hypothesize that the above mentioned
clades are the results of hybridization events
which happened 100 000-200 000 years
ago between the Saker and the Gyrfalcon
or rather the Lanner Falcon. Considerable
variation observed in the plumage of the Sa-
ker Falcon and the fact that that Saker and
Gyrfalcon can readily hybridise in captivi-
ty gives reasonable proof to this argument
(Wink et al. 2004).

A more recent study based on mitochond-
rial control region classified the haplotypes
into two major groups (A, B) within the
Saker’s population. Altogether 186 indivi-
duals were investigated from the whole dis-
tribution range of the species. In Central
Europe and in Northern Kazakhstan hap-
lotype group B was the dominant, while in
the populations of Central-Asia and Sou-
thern Siberia haplotype group A was more
widespread. In Mongolia the frequencies of
the two haplotype groups were around the
same. Interestingly, only haplotype group A
was found within the Gyrfalcon population
(Nittinger et al. 2007).

The authors presume that the ancient po-
pulation of the Saker Falcon contained only
haplotypes B, while the A haplotypes con-
quered the genom of the species by intro-
gression. The introgresson was asymmet-
ric, as no Gyrfalcon carrying haplotypes
group B have been found until now. How-
ever, we should not draw any conclusions as
the Gyrfalcon was represented in the study
with a low sample size (n=19), although the
samples covered the whole distribution area
of the species (Nittinger et al. 2007). How
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could this zonality formed between haplo-
type groups? The Saker Falcon carrying
haplotype group B was spreading from the
west to the north-east during its presump-
tive postglacial expansion. After reaching
the grasslands of Kazakhstan it spread into
Dzungaria through the mountains of Tian
Shan and Altai, and then it reached the are-
as what are now Eastern Mongolia and the
northern regions of China. In the eleva-
ted regions of Kazakhstan and Mongolia it
could have merged with populations of the
Gyrfalcon which carried haplotypes group
A. These hybrid birds might have been fit-
ted better to the climatic conditions of these
elevated steppe habitats and thus they sur-
vived. Haplotypes A might have been in-
troduced from here to the areas which are
now called Tibet and Iran. Data gained from
mitochondrial DNA is not sufficient to un-
doubtedly clarify the origin of haplotype
distribution patterns within the Hierofalco
group. This pattern was shaped by several
evolutionary processes (hybridization, in-
complete lineage sorting) together (Nittin-
ger et al. 2007).

To explore phylogenetic relations con-
served mitochondrial and intranuclear
marker genes are sequenced. Among the
most commonly studied mitochondrial
genes we can find the cytochrome-b (cyt-b),
the NADH-dehydrogenase 2 (ND2) and the
cytochrome oxidase ¢ subunit 1 (COI), with
which the mitochondrial phylogenetic line-
age or haplotype could be reconstructed
(Ballard & Rand 2005). If the studied spe-
cies has populations with a low level of in-
ter-population gene flow even the place of
origin can be detected by investigating hap-
lotypes of a captured migrating specimen
(Wink 2006).

Former molecular studies (Wink et al.
2004, Nittinger et al. 2005) failed to unam-

biguously separate the two species based on
mitochondrial cytochrome-b and control re-
gions. They are not even isolated reproduc-
tively (Eastham & Nichols 2005). The Sa-
ker and the Gyrfalcon readily reproduce
with each other in captivity, their hybrids
representing a remarkable percent of falcon-
ry birds in the Middle East (Kenward 2009).
Both species are listed on CITES, however,
their phylogenetic relationships are unex-
plained. Their distinction based on pheno-
typic traits is sometimes doubtful, however,
distinction could be refined with the use of
morphometrical characteristics (e.g. wing,
tail and tarsus length) (Eastham & Nichols
2005). In general, this separation based on
genetic markers would yield several bene-
fits. On one hand it would make it possible
to track the origins of illegally captured or
poached specimens, and on the other hand
it would help increasing the efficacy of the
preservation of small, isolated units of the
two species (Moritz 1994a).

In the study of Dawnay et al. (2008) gene
of mitochondrial cytochrome oxidase 1
(COI) and nine intranuclear microsatellite
marker of the two species were compared.
The researchers aimed to refine phylogene-
tic relations between the two species, more-
over they wanted to explore if these DNA
sequences would be suitable for undoubtful
identification of the species. Samples origi-
nated from two Gyrfalcon populations (al-
together 39 samples from one captive and
one wild population) and three Saker popu-
lations (altogether 37 samples, one of the
populations was captive). COI region of the
DNA is substantially different even among
closely related species, thus it is capable for
correct species identification (Hebert et al.
2004). According to the COI sequences the
two species are in a paraphyletic relation-
ship. Paraphyletic relations are common on
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phylogenetic trees of bird species based on
mitochondrial sequences (Funk & Omland
2003). This could imply that species could
not be identified properly. Moreover their
application can lead to the construction of
incorrect phylogeny. However, McKay and
Zink (2010) states that the presumptive
paraphyly is often caused by the inherently
flawed taxonomy. Incomplete lineage sor-
ting resulted from speciation events in the
recent past could also lead to paraphyly. The
authors predict that phylogenetic relation-
ships between species can be reconstruct-
ed based on mtDNA, but considering the li-
mits of this method these sequences could
be also used for distinction between species
(McKay & Zink 2010). The most effective
would be if researchers first explored phylo-
geographic patterns by mitochondrial genes
from a large sample size covering the whole
distribution area, and then fine-tuned their
results using nuclear genes and particular-
ly, Z-linked loci. The authors claim that in
species with a wide distribution mitochond-
rial loci are also suitable for constricting
phylogenetic trees (Drovetski et al. 2014).
However, phylogenetic and phylogeogra-
phic results based on mitochondrial DNA
have always received criticism. Applica-
tion of mtDNA has been questioned by
several, claiming that these results are not
relevant in ecological and conservational re-
search. Bazin et al. (2006) were led to this
conclusion by investigating frequently used
mtDNA markers from cc. 3000 various ver-
tebrate and invertebrate species. They ex-
plain mtDNA variations found in closely
related species or populations within a spe-
cies by recurrent adaptive evolution. How-
ever, they found that intranuclear markers
are eligible for phylogenetic reconstructions
(Bazin et al. 2006). The main point of criti-
cal arguments, however, is that mitochond-

rial genes are evolving as a single linkage
unit. Thus, there is no effect of studying se-
veral genes from the mitochondrial genome,
as the resulting gene trees will be the same,
which would infer false conclusions. Mater-
nal inheritance of the mitochondrial genome
is also necessary to take into consideration,
as if a sex-dependent dispersion event hap-
pened in the past, the result should be mis-
leading (Zink & Barrowclough 2008). Most
migrating bird species of the Palearctic, e.g.
the Saker Falcon, colonized its recent nest-
ing area after the last glacial. In that case
several marker gene sequences can be so
similar between different populations that
their investigation would not enable proper
differentiation between them (Waits et al.
2003, Lovette et al. 2004).

Results of Dawnay et al. (2008) streng-
then the phylogeny established earlier by
comparing other mitochondrial regions (e.g.
Nittinger et al. 2005). However, the authors
state that unambiguous distinction is on-
ly possible using intranuclear microsatellite
markers. Using this method, individuals of
the Gyrfalcon and the Saker could be told
apart with 98% accuracy. According to the
authors (Nittinger et al. 2005), the observed
allelic differences are caused by recent se-
paration of the species and not geographic
distance between populations. As a conse-
quence, the method should give reliable
results with a substantially larger sample
size, and it was proposed a route use during
CITES controls (Dawnay et al. 2008).

Some researchers aim to explore taxono-
my and ancestry of the species with other
than genetic methods. Karyakin (2011) se-
parated three groups (one western Sa-
ker and two eastern Sakers) based on spa-
tial analysis of eight phenotypic traits, and
these groups were further subdivided into
five geographically distinct subspecies. This
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analysis was made on the following traits:
variations of pale pattern of upper body
without wings and tail, colouring of crown,
moustache, colouring of upper body, pre-
sence and intensity of a bluish-gray shade
and degree of its distribution, colouring of
breast and belly, dark pattern of underbody
and pale pattern of tail, respectively. Kar-
yakin (2011) used not only museum speci-
mens or trapped individuals, but also took
photographs in order to get more compre-
hensive view of phenotypical variances
within the population.

Further, Karyakin (2011) drew a more de-
tailed picture on the phylogenetic relation-
ships of the species within the Hierofalco
group. He based his assumptions on a study
which states that there were no geographic
isolation between recent area of the Saker
and Gyrfalcon during the middle and late
Pleistocene (Potapov & Sale 2005). This
area was populated by a hypothetic Proto-
falco species. The geographic barrier, i.e.
the taiga belt, started to form 9—11 thousand
years ago, and it increasingly divided nest-
ing area of the species from the East to the
West. However, it is hard to define any geo-
graphical barriers in case of excellent flying
species like birds.

It is worth mentioning that this isolation
was completed faster at the western part of
Eurasia, thus, a corridor remained in the
East, through which gene flow could be
maintained between the populations (Kar-
yakin 2011). The absolute isolation then
completed around 6000 years ago. This iso-
lation resulted in the evolution of at least
five great falcon species (or subspecies). Of
the two Gyrfalcon populations one evolved
at the extremely fragmented tundra, while
the other one evolved in the high mountains
of Central Asia. Two Saker populations, an
eastern and a western one (these can cor-

respond for Falco c. milvipes and Falco
c. cherrug as well), furthermore the recent
Laggar Falcon could have been isolated this
way. The author considers feasible that the
eastern population of the Saker hybridised
with the western Saker and Gyrfalcons ‘cap-
tured’ in high mountains, which resulted
in several hybrid populations. The former
could have been a rare hybridization event
due to geographic barriers, while the latter
could have been a more frequent event, due
to the gradual disappearance of those barri-
ers (Karyakin 2011). It is also worth men-
tioning that some authors propose a distinc-
tion between ‘eastern’ and ‘western’ form
of the Sakers based upon exactly these as-
sumptions (Karyakin 2011, Pfeffer 2012).

The Saker, the Gyrfalcon and the Laggar
Falcon hybridize with each other in capti-
vity. Thus, they can only be considered
when geography is taken into account. The
protofalcon is still separating into four dis-
tinct forms. In woody steppes the ‘western’
Saker’s, while in arid mountains the ‘eas-
tern’ Saker’s speciation is happening now.
In the mountains of Central Asia hybrids of
the ‘captured’ Gyrfalcons and Sakers are
evolving slowly into a new species, and the
fourth protofalcon descendants are the Gyr-
falcon populations living in the tundra belt.
Divergence of the ‘eastern’ Saker is ob-
vious, but the western population seems to
be a lot more homogeneous, in which plum-
age differences are negligible even between
populations in far corners of its area. Al-
though gene flow/transfer/exchange could
be implied among these populations, but
it must have been ceased with the elimina-
tion of populations in the West of the Ural
Mountains. And it has a very little chance
that vagrant young, western birds could
hybridise with Asian specimens (Karyakin
2011).
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Hybridization

Hybridization among falcon species is rare
in nature; however, there exist some obser-
vations. A male Peregrine Falcon (Falco pe-
regrinus) and a female Prairie Falcon (Falco
mexicanus) had a successful breeding in Ca-
nada (Oliphant 1991), while in China a nes-
ting of a Saker and a Barbary Falcon (Fal-
co peregrinoides) was observed (Angelov et
al. 2006). In Bulgaria several nesting of Sa-
ker and Lanner Falcon mixed pairs were do-
cumented (Boev & Dimitrov 1995). In 2005
a hatching of female Peregrine Falcon and a
‘tribrid’ (Gyrfalcon/Saker x Peregrine) male
falcon were noted. The pair was reared at
least two chicks, but the offspring died be-
fore leaving the nest due to a rock slide and
the hybrid individual was shot (Everitt &
Franklin 2009).

As keeping captive bred birds spread in
falconry, so spread the crossing between
different species. One of the first hybrid
clutches was a brood between a female
Saker and a male Peregrine Falcon at the
beginning of the 1970s in Ireland. At first
the crossing was viewed as a pure novel-
ty, and then it aimed to create new hunting
types for different game species (Kenward
2009). For instance in the Middle East Sa-
ker was crossed with the Gyrfalcon to uni-
fy Saker‘s speed with the robust physique
of the Gyrfalcon (Kenward 2009). These
specimens are also more tolerant to heat
and diseases (Fox 1999).

Divergence between the Saker, the Gyr-
falcon and the Lanner Falcon is very small,
the interspecific genetic distance is only
0.4-2.0%. Interestingly, taxa with a similar
degree of relatedness are considered sub-
species in several other genera (Wink et al.
2004). It is not surprising thus that species
of the Hierofalco group are easily hybrid-

ise with each other, and the hybrids (sup-
posedly) preserve their reproductive po-
tential several generation down. According
to Fox (1999) offspring of Hierofalco indi-
viduals crossed with Peregrine Falcons are
rarely capable to sire, females are often ste-
rile. Contrary, nestings of a Peregrine x Sa-
ker male and a Saker female were observed
in several years; eggs were usually sterile
but their offspring hatched successfully e.g.
in 1999 or in 2003 (BirdLife International
2008).

However, it should not be forgotten that
birds can hybridise even under natural condi-
tion, so it does not necessarily mean an anth-
ropogenic, often disadvantageous effect, ra-
ther an important evolutionary mechanism,
which takes part in the evolution of individu-
al species (Pierotti & Annett 1993, Easthem
& Nichols 2005). Hybridization is more fre-
quent in bird families and subfamilies where
males take a large part in raising up offspring,
and it is much rarer where males invest only
their genetic material into the young. Also re-
markable is the phenomenon that there is also
a difference in the number of subspecies. In
those bird families where males’ attendance
is significant, there are usually more polyty-
pic species. That implies that reproductive
isolation may be rare while local adaptations
are more common.

In the Falconidae family intergeneric hyb-
ridization was observed in seven out of 57
species (Pierotti & Annett 1993).

Recent hybridization could be excluded
between allopatric species pairs: F. rusti-
colus/F. jugger and F. biarmicus/F. rusti-
colus, but not between Saker, Lanner and
Laggar Falcons. There are potential hybrid
zones in Pakistan and India (in south-wes-
tern nesting areas of the Laggar Falcon),
further in the Balkan Peninsula and Ana-
tolia (nesting areas of the northern popula-
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tions of the Lanner Falcon). Certain speci-
mens of the Lanner and the Laggar Falcon
get in contact in Southern Iran and Pakis-
tan, while the Saker can get in touch with
the Gyrfalcon in Southern Siberia during the
nesting season (Moseikin & Ellis 2004, Nit-
tinger et al. 2007).

In Europe every year several hundreds of
hybrid falcons escape from their owner or
released into the wild. In the Middle East
frequency of such events are estimated to
an order of several thousand each spring
(Lindberg 2006). In Great Britain more
than 1500 Peregrine Falcons escaped from
captivity between 1983 and 2007, around
40% of which were hybrid birds (Fleming
etal 2011).

Based on samples from 156 specimens of
seven falcon species Nittinger et al. (2006)
concluded that hybrid birds have a huge im-
pact on the gene pool of Saker Falcons li-
ving wild in Europe. According to samples
collected between 1970 and 2003, 21% of
individuals were a hybrids or descendants of
hybrid birds (Nittinger et al. 2006). Thus in-
terspecific genetic introgression poses a real
threat.

BirdLife International promoted a to-
tal ban on keeping and breeding hybrid fal-
cons, although there is no adequate infor-
mation on the negative effects of hybrid
birds getting to the nature. The organiza-
tion is arguing that there is no serious rea-
son for breeding hybrid birds, as such speci-
mens are unsuitable for ex situ conservation
programmes, whilst banning would cause
disadvantage for only a fistful of economic
stakeholder. In six countries of the Europe-
an Union (including Hungary) falconry use
of hybrid birds has been already banned.
However, in several other countries even
the ringing and registration of hybrid rap-
tors is not mandatory, moreover in the Uni-

ted Kingdom neither hybrid specimens will
need a registration in the future according to
recent plans (BirdLife International 2008).
It poses serious conservational concerns as
more than 4000 out of 8000 falcon speci-
mens kept in captivity in the country are
hybrid birds, whilst the majority of them
(44%) are hybrids of Sakers and Gyrfalcons
(Fleming et al. 2011).

Applying taxonomic results in
practice

Conservation biology can take out seve-
ral benefits from the results of molecular re-
search. On one hand, it can expand know-
ledge on the evolution and ecology of species,
on the other hand, the acquired knowledge
may be used for solving concrete prob-
lems. By exploring genetic differentiation of
populations we can recognize those popula-
tions which are genetically the most diffe-
rent from massive population blocks. These
small population fragments which have the
greatest genetic variability are the most valu-
able and most threatened (Friesen 2007).
Those populations between which there is
no gene exchange, thus which are separated
both demographically and evolutionary, are
called Evolutionary Significant Units (ESU)
(Moritz 1994b in Friesen 2007). These ESUs
are present in several conservational direc-
tives (e.g. US Endangered Species Act).

For applying appropriate conservation
programmes and directives, correct taxono-
my of the focal species should be known.
For instance, protection of the ‘Altai’ Fal-
con would call for different legislation if it
was considered a separate species, or on-
ly a colour variant of the Saker. Regar-
ding as a separate species may have a fur-
ther advantage for the Altai Falcon, namely
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it draws attention to the Central Asian popu-
lation, inspiring further research on it (Fer-
guson-Lees & Christie 2001).

Hybridization has a particular importance
from the viewpoint of nature conservation.
Hybrid specimens getting into the wild po-
ses a potential threat to natural populations
of the species as hybrids may deteriorate
gene pool. Several cases of nestings between
escaped or released and wild birds have been
documented (Fox 1999, Kleinstauber & See-
ber 2000). Genetic research also attributes a
remarkable effect to hybrid species (Nittin-
ger et al. 2006). BirdLife International
(2008) regards these birds as one of the main
threats to the European Saker population.
Without precise legislation and appropriate
implements it is extremely troublesome to
separate young hybrid and full-blood speci-
mens; by using phenotypic traits it is almost
impossible, and even genetic markers not al-
ways show a clear picture.

Eastham and Nicholls (2005) studied phe-
notypic traits of the Gyrfalcon, the Pereg-
rine Falcon, the Saker and the New Zealand
Falcon (Falco novaeseelandiae) together
with their hybrids, and also investigated
how this data could be used for the identi-
fication of hybrid individuals. All hybrid
specimens were born in captivity, thus their
descent was clear. The researchers found
that phenotypes of the offspring are more
similar to the males’ phenotypes compared
to those of the females. This result is fur-
ther strengthened by earlier genetic find-
ings that two third of genes linked to sex
being carried by the males. This study high-
lights the problem that discerning full-blood
specimens from their hybrids is often diffi-
cult (particularly hybrids of the Gyrfalcon
and the Saker), and young individuals are
especially difficult to discern based on the
plumage (Eastham & Nicholls 2005). Accu-

rate identification would require genetic in-
vestigations.

An adequate solution would be the intro-
duction of a registration system, although
legislative framework is not available in
several countries (BirdLife International
2008). Thus there is the possibility that il-
legally captured pure breed individuals can
be sold as hybrids. Apart from the threat of
genetic introgression discussed above a fur-
ther problem may arise when escaped or re-
leased hybrids circumvent nesting of wild
birds, as it was observed in the case of Pe-
regrine Falcons in the Netherlands (BirdLife
International 2008).

Hybridization could have direct conserva-
tional risk. For example, the greater Spotted
Eagle (Aquila clanga) is a rare raptor spe-
cies of Eastern Europe, which frequently
hybridise in nature with its more common
relative, the Lesser Spotted Eagle (Aquila
pomarina). Researchers studying the gene-
tics of 14 European Greater Spotted Eagle
populations found evidence for hybridiza-
tion or introgression in all of them. In most
regions hybrids originating from male Les-
ser Spotted Eagles and female Grater Spot-
ted Eagles were observed. In those areas
where Greater Spotted Eagle maintains a
larger population size hybridization was less
frequent. The Estonian population is par-
ticularly threatened as more Greater Spot-
ted Eagle females were found paired with a
Lesser Spotted Eagle male than with a con-
specific partner, thus it can be declared that
hybridization of species could pose a real
danger for populations of certain protected
species (Vili et al. 2010).

BirdLife International (2008) suggests
the following proposal for mitigation of the
problem:

— Hybrid offspring should be raised by pairs
of species which are not occurring locally
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— Hybrids can only be hacked in large con-
ditioning pens
— Hybrids should be only let fly with appro-
priate telemetric devices
— Every effort should be made to find es-
caped hybrid birds
— Hybrid specimens should never be wilful-
ly released under any circumstances
Breeders and falconers are on the opinion
that crossing species is helping to improve
birds’ attributes, hence their activity is ad-
vantageous and should be supported. How-
ever, if individual species are treated as
separate biological unit to be protected, we
are regarding things from a different point
of view. Crossing species is then harmful for
their genetic integrity, provoking conserva-
tional concerns.

Although breeding of hybrids poses some
risks, with an appropriate legislation this
technique may have a leading role in the
preservation of endangered species (Fox
1999). However, it is worth mentioning that
the practice of crossing falconry birds is
only 40 years old and thus it is difficult to
predict the effects of spreading hybrids on
natural populations without any long-term
monitoring.
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Abstract Migration plays a fundamental part in the life of most temperate bird species. The re-
gular, large-scale seasonal movements that characterize temperate migration systems appear to
have originated in parallel with the postglacial northern expansion of tropical species. Migratoriness is also in-
fluenced by a number of ecological factors, such as the ability to survive harsh winters. Hence, understanding
the origins and evolution of migration requires integration of the biogeographic history and ecology of birds in a
phylogenetic context. We used molecular dating and ancestral state reconstruction to infer the origins and evolu-
tionary changes in migratory behavior and ancestral area reconstruction to investigate historical patterns of range
evolution in accipitrid birds of prey (Accipitriformes). Migration evolved multiple times in birds of prey, the ear-
liest of which occurred in true hawks (Accipitrinae), during the middle Miocene period, according to our analy-
ses. In most cases, a tropical ancestral distribution was inferred for the non-migratory ancestors of migratory line-
ages. Results from directional evolutionary tests indicate that migration evolved in the tropics and then increased
the rate of colonization of temperate habitats, suggesting that temperate species might be descendants of tropi-
cal ones that dispersed into these seasonal habitats. Finally, we found that diet generalization predicts migratori-
ness in this group.

Keywords: ancestral area reconstruction, annual cycle, comparative, diet specialization, diurnal birds of prey, mo-
lecular dating, seasonality

Osszefoglalas A legtobb mérsékelt 6vi madarfaj életciklusiban alapvetd szerepet tolt be a vonulas. A rendszeres, nagy
kiterjedésti mozgasok, melyek a mérsékelt vi vonulasi rendszereket jellemzik, egyes feltételezések szerint a tropusi
fajok poszt-glacialis, északi iranyu terjeszkedésével parhuzamosan jelentek meg. Ezen feliil a vonulas el6fordulasat
szamos Okologiai tényezo is befolyasolhatja, mint példaul a kdrnyezet szezonalitasanak mértéke vagy a téli talélést
befolyasolo tényezok. A vonulas eredete és evolucioja ezért csak tigy érthetd meg, ha a madarak biogeografiai torté-

adatok alapjan datalt molekularis torzsfat, amelyen jellegrekonstrukciot végeztiink és rekonstrualtuk a fajok 6si elter-
jedési teriiletét. Az elemzéseink alapjan a vonulas tobbszor alakult ki a ragadozok esetében, legkorabban a héjafor-
maékon (Accipitrinae) beliil, vélhetden a Miocén kdzepén. A legtobb esetben a vonuld leszarmazasi vonalak nem vo-
nuld dseinél tropusi elterjedésre kovetkeztethetiink. A direkcionalis evolucios teszt alapjan a vonulas a tropusokon
jelent meg és megndvelte a mérsékelt égov kolonizaciojanak ratajat. Eszerint tehat a mérsékelt 6vi ragadozomadar fa-
jok vonulo tropusi fajok leszarmazottainak tekinthetok, melyek az ersen szezonalis, északi él6helyek iranyaba ter-
jeszkedtek. Végezetiil negativ kapcsolatot talaltunk a vonulas megjelenése és a taplalékspecializacio mértéke kozott.
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Introduction

Birds originated, according to our current
knowledge of the fossil record, about 150-
200 million years ago during the geologi-
cal era of Jurassic (Padian & Chiappe 1998).
The appearance of powered flight, probab-
ly in combination with several other avi-
an features such as warm-bloodedness and
the presence of extensive parental care has
fuelled the diversification of this group of
vertebrates, which seems to have accele-
rated around, or shortly after the Cretaceous-
Paleogene boundary (Ericson et al. 2006,
Brown et al. 2008, Jetz et al. 2012).

The widespread occurrence of birds is
greatly facilitated by their excellent dis-
persal capabilities. This is perhaps most
clearly seen in migratory birds, which can
travel thousands of kilometres on continen-
tal scale within a single year. Migration is
a characteristic feature of birds that is ex-
tremely common especially in species in-
habiting the Northern Hemisphere tempe-
rate zone and the Arctic, but it also occurs,
although in less extreme forms, in other re-
gions of the globe in the form of intratropi-
cal migration systems (Alerstam 1993, Ber-
thold 2001, Newton 2008).

Migration itself profoundly influences the
distribution, ecology and diversification of
birds (Newton 2008), hence it is not surpri-
sing that a great deal of information has ac-
cumulated on its internal, proximate deter-
minants and its phenology ever since Hans
Christian Mortensen started ringing birds at
the very end of the 19" century. These studies
revealed that the migratory phenotype is de-
termined by a set of complex and tightly re-
gulated mechanisms (Gwinner 1990), which
includes, among others (1) sensory elements
underlying orientation and navigation, (2)
mechanisms responsible for the regulation of

migratory restlessness (‘zugunruhe’) during
the annual cycle and (3) a range of physio-
logical adaptations that cover the metabolic
requirements of long-distance flights during
migration. Understanding how such a comp-
lex phenotype could have evolved is a major
challenge in ornithology.

While a wealth of information has accu-
mulated on the details of the process of mig-
ration, comparatively little is known about
how migration originated and evolved in
birds. This is not surprising, since behavio-
ral traits, such as the migratory habits of a
species do not fossilize and hence our cur-
rent ideas of it are strictly inferred from
phylogenetic or biogeographic studies. Cur-
rent theories of the evolution of migra-
tion can be divided into two groups (Rap-
pole & Jones 2002, Bruderer & Salewski
2008). The ‘tropical origin” hypothesis pro-
poses that migratory birds derive from spe-
cies inhabiting regions where environmen-
tal factors were constant during the year,
so there was no need for migration. These
species could have colonized more sea-
sonal, northern habitats, which, during the
summer months provided appropriate con-
ditions for reproduction. However, during
winter food availability decreased, hence
these birds were forced to return to southern
latitudes (Rappole & Jones 2002, Bruderer
& Salewski 2008). Cox (1985) developed
a stepping-stone model of this hypothesis.
According to this model, resource-limita-
tion due to competition for food forced cer-
tain tropical resident species to expand their
range to the subtropics. These birds continu-
ed to return to the tropics during the winter,
resulting in the formation of partial migrant
species. These partial migrants then continu-
ed to spread to higher latitudes where they
were able to breed successfully while still
returning to the original area in the winter
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(Stiles 1980, Cox 1985). Thus, this hypothe-
sis predicts that migratory species evolved
from tropical ancestors.

Several lines of evidence support the tro-
pical origin of long-distance migrants. Jo-
seph et al. (1999), in a study of waders,
analyzed the evolution of breeding and win-
tering distribution of 16 species from the
genus Charadrius using phylogenetic me-
thods. By reconstructing the hypothesized
distribution of the ancestors of these birds,
they showed that species that are migratory
today derive from ancestors whose breeding
and non-breeding ranges were located in the
tropical zone. Another similar study inves-
tigated the evolution of migration in Ca-
tharus thrushes (Outlaw et al. 2003). This
study showed that North American (migra-
tory) thrushes are sister to tropical species,
and the ancestral area for the whole lineage
was inferred to be in the Neotropics, pro-
viding further support for the ‘tropical ori-
gin’ hypothesis. This pattern is not restric-
ted to interspecific comparisons but is also
seen among populations differing in migra-
tory status. For instance, in a study of North
American Chipping Sparrows (Spizaella
passerina), Mila et al. (2006) have shown
that the northern, long-distance migrant
populations descend from non-migrato-
ry Mexican populations, which colonized
North America after the last glacial maxi-
mum 18 000 years ago. Thus, long-distance
migration and colonization of temperate re-
gions in this species developed in tandem.

Other hypotheses on the origin of migra-
tion emphasize the importance of changes
on the breeding territories of birds with a
northern distribution (‘northern origin’ hy-
pothesis) (Bell 2000, 2005, Bruderer &
Salewski 2008). According to these suppo-
sitions, climatic or other ecological changes
(e.g. global cooling) could have led to the

evolution of migration by forcing non-mig-
ratory temperate and arctic species to leave
there home ranges during the winter (Bell
2000, 2005), resulting in migratory strate-
gies which allowed the survival of popu-
lations in a strongly seasonal milieu (Bell
2000, 2005). Thus, this hypothesis predicts
that migration evolved from temperate resi-
dent species, a prediction that has received
relatively low support to date. It is clear,
however, that migration can evolve with-
out the expansion of the breeding ranges,
as examplified by the large number of in-
tra-tropical migrants (e.g. Boyle & Conway
2007, Boyle et al. 2011). Comparative stu-
dies of the occurrence of migration among
some of these tropical taxa, such as the pas-
serine group Tyranni revealed that a num-
ber of ecological traits, specifically diet and
habitat, predict whether a species is migra-
tory or not in the tropics (Boyle & Conway
2007, Boyle et al. 2011). Thus, year-round
variation and predictability of food sources
(Boyle & Conway 2007, Boyle et al. 2011),
as well as the ability to exploit these sour-
ces (Bell 2011, Boyle et al. 2011) appears
to predispose some avian taxa for migration.

As the examples above suggest, the evolu-
tion of migration in birds is a complex prob-
lem that requires an integrative approach
combining aspects of the historical biogeo-
graphy (range expansions), ecology (habi-
tat, food availability) and behavioral ecology
(diet specialization) of birds. Yet, phyloge-
netic studies often target only one of these
aspects, while ignoring others. Here, we de-
scribe an attempt for such an integrative app-
roach using accipitrid birds of prey (Accipi-
triformes) as a model group. This taxon is
ideal for our purpose because it includes both
tropical and temperate species and there is
wide variation in migratory behavior, habi-
tat and diet within the group (Ferguson-Lees
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& Christie 2001). Specifically, we investigate
the following: (1) the phylogeny and histori-
cal biogeography of diurnal birds of prey;
(2) the evolutionary origins of migration in
raptors in a phylogenetic context and (3)
the ecological and behavioral traits that are
associated with migratoriness in this group.
The traits we investigate are body mass, diet
and habitat. Body mass influences nearly all
aspects of birds’ life and could be a crucial
factor determining which species can sur-
vive periods of food shortage and/or cold
wheather (e.g. Newton 2008). Therefore, we
hypothesize that larger birds are more like-
ly to become residents (or vice versa: resi-
dents might be selected to become larger)
(Tokolyi & Barta 2011). Diet can be impor-
tant for two reasons: first, raptors feeding on
warm-blooded prey or carcass are more like-
ly to survive the winter at temperate latitudes
and hence be non-migratory. Second, species
with a generalist diet should be more likely
to subsist during periods of resource shortage
by finding alternative food sources, hence
we predict that food generalists are more fre-

quent in migrants. Lastly, habitat type was
hypothesized to be important in the evolu-
tion of tropical-temperate migration systems
because it could have determined the availa-
bility of suitable corridors for tropical-tem-
perate dispersal routes (Rappole & Jones
2002). Rappole and Jones (2002) noted that
the majority of long-distance migrants in the
Nearctic spend the winter in forests, whereas
almost none of the Palearctic/Asian migrants
do so. They proposed that the lack of forested
habitats in North Africa could have acted as
a dispersal barrier, effectively filtering range
expansions from south. Therefore, we tested
whether habitat type is associated with mig-
ratoriness in birds of prey.

Methods

Phylogenetic reconstruction and
molecular dating

The list of genes used to reconstruct the
molecular phylogeny of birds of prey for

Gene (Abbreviation) No species | No.bp Model

12S ribosomal RNA (12S) 74 900 TIM2+1+G
16S ribosomal RNA (16S) 53 1527 GTR+I+G
ATP synthase FO subunit 6 (ATP6) 56 684 TrN+I+G
ATP synthase FO subunit 8 (ATP8) 56 168 TN+I1+G
B-fibronigen intron 7 (BF17) 69 922 TVM+G

Cytochrome c oxidase subunit 1 (COX1) 86 1551 TIM2+I+G
Cytochrome b (CYTB) 164 1146 TIM3+1+G
NADH-ubiquinone oxidoreductase subunit 2 (ND2) 151 1047 GTR+I+G
NADH-ubiquinone oxidoreductase subunit 2 (ND6) 66 525 GTR+I+G
Recombinase activating gene 1 (RAGT1) 87 2872 GTR+I+G

Table 1.

Gene sequences used to reconstruct the phylogeny of Accipitriformes, their availability,

length and the most appropriate evolutionary model of sequence evolution applying to

them, as evaluated by jModelTest

1. tdbldzat A vagdémadar-alakuak torzsfa-rekonstrukcidjahoz hasznélt génszekvenciak neve, elérhet6-
sége (fajok szama), hossza és a jModelTest altal meghatarozott legmegfelel6bb evollcids

modell
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which genetic data is available is shown in
Table 1. All sequences were retrieved from
GenBank  (http://ncbi.nlm.nih.gov/).  Se-
quences were aligned using MAFFT-LINSI
(Katoh et al. 2005) with default parameters
and alignments were visually checked. Two
alignments (12S and 16S) contained mul-
tiple indels and were run through Gblocks
(Castresana 2000) to remove poorly aligned
positions. Sequence management was done
in the R statistical environment (R Develop-
ment Core Team 2012) using functions from
libraries ape (Paradis et al. 2004) and seqinr
(Charif & Lobry 2007).

Alignments were concatenated and spe-
cies with few data (<500 nucleotides) were
removed. The median sequence length for
the remaining 180 species was 1038 base
pairs (range 519-2872) (Table 1). This taxo-
nomic sample represents approximately
70% of extant species.

The resulting sparse supermatrix was
used to reconstruct the phylogenetic rela-
tionships of the 180 species. First, RAXML
(Stamatakis 2006) was used to obtain a
starting tree for phylogeny estimation. We
used a rapid bootstrap analysis with 100
bootstrap replicates followed by a search for
the best-scoring maximum likelihood tree,
using the GTR+I+G model of evolution.
The Secretary Bird Sagittarius serpentinus
(Sagittariidae) was used as an outgroup in
this process; the sister relationship between
Sagittariidae and the rest of the Accipitri-
formes (Pandionidae and Accipitridae) is
well supported from molecular phylogene-
tic studies (e.g. Ericson et al. 2006, Brown
et al. 2008, Hackett et al. 2008).

Next, the best-scoring tree obtained from
this analysis was used as a starting tree in
a Bayesian MCMC analysis (implemented
in BEAST; Drummond & Rambaut 2007)
to simultaneously reconstruct the phyloge-

ny and divergence times of birds of prey.
The ten gene segments were partitioned
separately and each gene segment was as-
signed its own best-fit evolutionary model,
as evaluated by Akaike Information Cri-
terion (AIC) in the software jModelTest 2
(Guindon & Gascuel 2003, Darriba et al.
2012) (Table 1).

Molecular dating was done using an un-
correlated relaxed molecular clocks app-
roach, which takes into account variation in
the rate of molecular evolution among line-
ages (Drummond et al. 2006). Three fos-
sil constraints were used to date the phy-
logenetic tree (following do Amaral et al.
2009 and references therein): (1) the mini-
mum age of divergence between Pandio-
nidae and Accipitridae was set to 37 Mya,
based on the oldest known fossil belonging
to Pandionidae (Harrison & Walker 1976);
(2) the maximum age of divergence for Bu-
teo galapagoensis was set to 4 Mya and
(3) the maximum age of divergence for B.
solitarius was set to 5.1 Mya. B. galapago-
ensis and B. solitarius are both island spe-
cies (restricted to the Galapagos Islands
and Hawaii, respectively) and the latter two
age constraints are based on the assump-
tion that these species cannot be older then
the islands which they inhabit (do Ama-
ral et al. 2009). Two independent BEAST
runs were performed, each allowed to run
for 50 000 000 generations with a thinning
interval of 5000 generations. Convergence
was evaluated by checking effective sample
size (ESS) of parameters in Tracer (Ram-
baut & Drummond 2012). All parameters
had ESS values >100 and most were >>200.
The two runs were combined (after remov-
ing 10% burnin) and resampled at intervals
of 10 000 generations to yield 9000 trees
that represents a sample of the posterior
distribution of phylogenetic trees. A maxi-
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mum clade credibility tree was generated
from this sample in TreeAnnotator (Ram-
baut & Drummond 2012).

To visualize diversification rate through
time, we created a lineages-through-time
plot for 100 trees selected randomly from
the posterior sample and the maximum
clade credibility tree.

Ancestral area reconstruction

We collected breeding season distribution
data on 180 species from Ferguson-Lees
and Christie (2001). Species were scored
as present/absent in the following biogeo-
graphical realms: Nearctic, Palearctic, Neo-
tropical, Afrotropical, Malagasy, Indoma-
layan, Australasian. The delimitation of
these realms is based on Ferguson-Lees and
Christie (2001).

We inferred ancestral ranges based on
this distribution data by employing proba-
bilistic historical biogeography methods
using the BioGeoBEARS R package (Matz-
ke 2013). These methods model geographic
range evolution by assuming different forms
of anagenetic and cladogenetic changes in
geographic distribution during speciation
events: dispersal, extinction, vicariance,
sympatric speciation and founder-event spe-
ciation. We evaluated which of the traditio-
nally used historical biogeographic models
best fits range evolution in birds of prey by
calculating and comparing six models using
Akaike Information Criterion. These mo-
dels are the Dispersal-Vicariance (DIVA)
model (Ronquist 1997), the Dispersal-Ex-
tinction-Cladogenesis (DEC) model (Ree et
al. 2005, Ree & Smith 2008) and the Bay-
Area model (Landis et al. 2013), together
with the combination of these three with
founder-event speciation. The three base-
line models all assume dispersal, extinction,

sympatric speciation and vicariance as pos-
sible range evolution mechanisms but differ
in the way they treat sympatric and vicariant
speciation events: the DIVA model allows
narrow-scale sympatry but both narrow and
widespread vicariance. The DEC model as-
sumes narrow-scale and subset sympatry,
but only narrow-scale vicariance whereas
BayArea assumes narrow-scale and wide-
scale sympatry to occur (Matzke 2013).
We used the best fit of these models to esti-
mate the most likely ancient distributions at
each node (ancestor state) of the phylogeny.
The method also gives a relative probabili-
ty, ranging from 0 to 1, which gives the pro-
bability that the node was in the given state.
The higher this value, the higher is our con-
fidence in the actual reconstuction is cor-
rect and uncertainity in the ancestral range
reconstruction is low. These analyzes were
done using the maximum clade credibility
tree.

Life history data

All data, with the exception of body mass
information, were collected from Fergu-
son-Lees and Christie (2001), complemen-
ted from the Global Raptor Information
Network (2013), if necessary. Migrato-
ry behavior was categorized based on pre-
vious phylogenetic studies (e.g. Kondo &
Omland 2007, do Amaral et al. 2009) as:
(1) non-migratory (no seasonal movements
present), (2) partially migratory (part of the
populations, or part of the individuals with-
in the species perform regular seasonal
movements) and (3) completely migratory
(all populations and individuals migratory).
We used this variable to infer rates of evo-
lution to and from complete migration (see
below). However, the number of completely
migratory species was relatively low in our
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sample (N=13), therefore, migration was bi-
narized in all other analyzes as either migra-
tory or non-migratory.

Information on body mass was obtained
from Dunning (2008), and in a few cases
from Ferguson-Lees and Christie (2001).
We used the average of male and female
body masses (log-transformed) when they
were available; however, in 8 cases data on
male or female body mass was available on-
ly. For 29 species no reliable body mass da-
ta could be found.

Diet (winter diet) was categorized follow-
ing Roulin and Wink (2004). These authors
assigned a relative importance value ran-
ging from 1 to 9 to each of nine food cate-
gories (live birds, mammals, reptiles, fish,
amphibians, crustaceans, insects, worms
and carrion) based on descriptions of indivi-
dual species’ diet in Ferguson-Lees and
Christie (2001). Food types that do not ap-
pear in the diet of a species received a score
of 9, whereas the most important food type
received a score of 1. From these values, we
calculated reliance on warm-blooded prey
and carrion as the minimum of the impor-
tance scores received for bird or mammal
prey or carrion. Diet specificity was esti-
mated by counting the number of food types
in the diet of a given species that received a
score <9.

Finally we classified habitat type as open
or closed based on descriptions in Fergu-
son-Lees and Christie (2001).

Comparative analyzes

We performed Bayesian ancestral state re-
construction in BEAST (Drummond &
Rambaut 2007) to infer the migratory be-
havior at ancestral nodes in the phylogeny
of birds of prey. Migratory behavior was re-
coded as a binary variable for this analysis

(as either migratory or non-migratory, thus
complete and partial migrants were colla-
ted). Bayesian ancestral state reconstruction
takes into account phylogenetic uncertain-
ty and calculates the probability that a gi-
ven node was migratory or non-migratory,
based on the trait values of its ancestor and
descendants. By taking into account uncer-
tainity in phylogenetic reconstruction, this
method is substantially better than parsimo-
ny-based reconstructions, whose outcome
is conditional on a single (possibly errone-
ous) topology. In addition, Bayesian ances-
tral state reconstruction also takes into ac-
count differences in branch lengths, which
makes them more realistic than parsimo-
ny-based methods.

Next, we investigated how changes in mi-
gratory behavior occurred on the phyloge-
ny by estimating transition rates between
the three levels of migratory behavior (i.e.
the rate of transition from migratory to par-
tial or complete migrant and vice versa, and
the rate of transition from partial to comp-
lete migrant and vice versa). This analysis
was done using the MultiState module of
BayesTraits 1.0 (Pagel et al. 2004).

We determined whether body size (log-
transformed), habitat type, diet breadth,
reliance on warm-blooded prey and geo-
graphical location (Old vs. New World) af-
fects migratory behavior by constructing a
multivariate phylogenetic generalized line-
ar mixed models as implemented in the MC-
MCglmm package in R (Hadfield & Naka-
gawa 2010), with these traits as dependent
variables. We also included the interaction
between habitat and geographical occur-
rence to model the differences in habitat use
among Old World and New World migrants.

Lastly, we tested the correlated evolu-
tion among migration and explanatory vari-
ables found to be significant in the multiva-
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riate analyses using the Discrete module of
BayesTraits 1.0 (Pagel & Meade 2006). This
method evaluates transition rates among
pairs of binary traits on a phylogeny revea-
ling details of correlated evolution among
traits. For example, when analyzing the cor-
related evolution between migration and di-
et specificity one can ask whether migration
is more likely evolve in generalist (or spe-
cialist) lineages or vice versa: does a gene-
ralist (or specialist) diet evolve more likely
in migrants? Since this analysis can hand-
le only binary traits we dichotomized diet
specificity as specialist (<5 food types con-
sumed) or generalist (at least 5 food types
consumed).

Results

Phylogeny and diversification of
Accipitriformes

Figure 1 shows the relationship between
major lineages of raptors. Our analysis re-
covered the relationships among major line-
ages of birds of prey described in previ-
ous molecular phylogenetic studies (Wink
& Sauer-Giirth 2004, Lerner & Mindell
2005, Griffiths et al. 2007). Crown group
Accipitriformes (i.e. the split between Sa-
gittarius and the rest of the species) is in-
ferred to have originated ~44 million years
ago (95% highest posterior density interval:
56.4 — 37.4), during the Eocene period. The

Elaninae
Aegypiinae
Circaetinae
Accipifrinae
Haliaeetinae

Buteoninae

Harpaginae
Harpiinae
Aquilinae
Gypaetinae

Perninae

Pandion haliaetus

Sagittarius serpentarius

400 30,0 20,0

10,0 00

Figure 1. Simplified phylogeny showing major sublineages of Accipitriformes
1.dbra EgyszerUsitett torzsfa a vagémadar-alakuak fébb csoportjainak filogenetikai viszonyairol
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Figure 2. Lineages-through-time plot showing the pattern of diversification and accumulation of rap-
tor species through time as reconstructed by our multi-gene relaxed molecular dating ana-
lysis. Grey lines show random trees (N=100) from the posterior sample of dated ultrametric
trees obtained from BEAST; the black line denotes the maximum clade credibility tree

2.dbra

A vagémadar-alaktak diverzifikdcidja a molekuléris datalds alapjan. A szlrke vonalak a

torzsfa-rekonstrukcio soran létrehozott poszterior mintabdl 100 véletlenszerlen kivalasz-
tott ultrametrikus fa, a fekete vonal pedig az 6sszegzett mintdbdl szdmolt ultrametrikus fa
dgainak szamat mutatja az id6 fliggvényében

split between Pandion and the rest of Ac-
cipitriformes occurred ~39.5 million years
ago (95% highest posterior density interval:
49.5-37). The two earliest branchings with-
in Accipitridae resulted in the appearance of
elanid kites (Elaninae) ~34.7 million years
ago (95% highest posterior density interval:
44.3-29.4) and the group containing Gy-
paetinae and Perninae (~27.7 million years
ago; 95% highest posterior density interval:
35.3-23.2). Then, around the start of the
Miocene period the diversification of rap-
tors accelerated and continued at a high rate
until recent times (Figure 2).

Ancestral area reconstruction

The best model describing range evolution
in birds of prey was the DEC model con-
taining founder-event speciation. Based on

this model, a southern origin was inferred
for all raptor subfamilies. These analyses
suggest that Accipitrinae, Aegypiinae and
Gypaetinae have an Afrotropical origin,
whereas Elaninae and Perninae derive from
the Neotropics. Buteoninae and Harpiinae
had a joint Afrotropical/Neotropical dis-
tribution according to our reconstruction,
whereas Aquilinae have an Afrotropical/
Neotropical and Indomalayan origin, al-
though we note that the accuracy of these
reconstructions is quite low (<0.3) (Table
2). Circeatinae were assigned an Indoma-
layan origin with relatively high probabili-
ty (0.87) (Table 2). Lastly, the most likely
ancestral distribution of Haliaeetinae was
Australasia.
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Node age
Subfamily Genera (Mya; 95% d{“t'c.?t? ! Prob.
HPD interval) istribution

Accipitrinae Acc:p{ter, Qrcus, Kaupifalco, Melierax, 15.1:23.0 At 0.79
Urotriorchis

Aegypiinae Aegypius, .Gyps, Necrosyrtes, Sarcogyps, 7.4:126 At 078
Torgos, Trigonoceps
Aquila, Hieraaetus, Ictinaetus,

Aquilinae | Lophaetus, Nisaetus, Oroaetus, 9.8:15.4 NtAtim 0.26
Polemaetus, Spizaetus, Spizastur,
Stephanoaetus
Busarellus, Butastur, Buteo, Buteogallus,

Bufemilngs | SOOIREELS, AN, . 10.3;16.7 NtAt 0.24
Harpyhaliaetus, Ictinia, Leucopternis,
Parabuteo, Rostrhamus

Circaetinae ClrFaetgs, Dry otrIOfchls, Pithecophaga, 13.8;22.5 Im 0.87
Spilornis, Terathopius

Elaninae Elanus, Gampsonyx 14.4;29.4 Nt 0.15

Gypaetinae | GYPaetus, Gypohierax, Neophron, 18.5;29.0 At 0.99
Polyboroides

Haliaeetinae qulaeetus, Haliastur, Ichthyophaga, 9.8;15.7 Au 0.30
Milvus

Harpiinae Harpia, Harpyopsis, Macheiramphus, 13.6: 24.4 NtAt 0,20
Morphnus
Aviceda, Chondrohierax, Elanoides,

Perninae Eutriorchis, Hamirostra, Leptodon, 18.7;,29.4 Nt 0.15
Lophoictinia, Pernis

Table2.  Geographic origin of major sublineages of Accipitriformes as inferred from the ancestral

2. tdbldzat

area reconstruction following a dispersal-extinction-cladogenesis-founder-event speci-
ation (DEC+J) model of geographic area evolution. This table lists the major subfamilies
of Accipitriformes, the genera they contain, the inferred age of these groups (age of the
crown group, i.e. the most recent common ancestor of all extant species), shown as 95%
highest posterior density interval (HPD) and the most likely ancestral area inferred for the
crown group, along with the probability that the node was in the given state. Geographic
distribution is abbreviated as: Pa - Palaearctic; Na — Nearctic; At — Afrotropical; Nt - Neo-
tropical; Im - Indomalayan; Au - Australasian

A vagomadar-alakuak fébb csoportjainak rekonstrudlt ési elterjedési tertiilete. A tablazat
a fébb alcsalddok nevét, az ezekbe sorolt génuszokat, az alcsalddok molekularis datalas
altal becsiilt kordt, a legvalészintibb &si elterjedési teriiletet, illetve ennek a valészin(isé-
gét mutatja. A foldrajzi elterjedések roviditése: Pa — Palearktisz; Na — Nearktisz; At — Afro-
tropisz; Nt — Neotropisz; Im — Indomaldj; Au — Ausztralazsiai
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Table/tdbldzat 3a
Ancestor’s age Ancestor’s :;:(:t‘;fr Ancestor’s
Species Distribution | (Mya; 95% HPD posterior being non- | distribution Prob.
interval) node support miggatory

Accipiter gularis Pa 0;0.5 0.95 0.98 Palm 0.56
Accipiter nisus PaAtim 2452 042 0.84 NtPaAtim 0.21
Accipiter soloensis Palm 63,133 092 0.96 ImAu 0.18
Accipiter striatus NaNt 13;33 0.53 0.84 NaNtAt 0.51
Aegypius monachus PaAt 2,4 1.00 098 At 0.46
Aquila chrysaetos NaPaAt 36,62 1.00 0.99 At 091
Aquila heliaca Pa 0.5 1.6 0.94 0.99 Pa 1.00
Aquila nipalensis Pa 1.6;3.5 1.00 097 Pa 0.99
Hieraaetus wahlbergi At 3.8,6.6 1.00 0.59 At 1.00
Butastur indicus Palm 2.1;5. 083 0.56 Im 0.32
Butastur rufipennis At 29,64 1.00 0.57 At 0.29
Buteogallus anthracinus | NaNt 0;0.1 1.00 1.00 Nt 0.95
Buteogallus meridionalis | Nt 2.7;45 1.00 1.00 Nt 1.00
Buteo lineatus Na 1.1;21 1.00 0.79 NaNt 0.38
Buteo nitidus NaNt 3,48 0.32 0.66 Na 0.71
Buteo platypterus NaNt 28,45 0.99 0.70 Na 0.72
Buteo polyosoma Nt 04;1.1 1.00 0.99 Nt 1.00
Buteo swainsoni Na 02,04 1.00 0.99 Nt 0.44
Circaetus fasciolatus At 1.5;3.9 1.00 091 At 1.00
Circaetus gallicus PaAtim 2.8;6.1 1.00 0.78 At 0.78
Circaetus pectoralis At 47,88 1.00 0.79 At 0.99
Elanoides forficatus NaNt 15.5;25.1 0.53 0.84 NtPa 0.22
Gypohierax angolensis | At 18;27.8 043 0.88 At 0.90
Gyps coprotheres At 0.3;08 0.35 1.00 At 040
Gyps fulvus PaAt 0.3;09 0.66 1.00 At 0.96
Haliaeetus leucogaster | ImAu 0;03 1.00 0.89 Au 0.87
Haliaeetus vocifer At 0.7;1.9 1.00 091 At 1.00
Haliastur sphenurus Au 23;48 1.00 0.70 Au 0.37
Hieraaetus ayresii At 24,47 1.00 0.51 At 0.88
Hieraaetus pennatus PaAt 0.7,1.7 1.00 0.53 PaAtAu 0.28
Macheiramphus alcinus | At 13.6; 244 0.99 1.00 NtAt 0.20
Neophron percnopterus | PaAtim 14.4;24.7 1.00 0.87 At 042
Pandion haliaetus NaNtPaAtimAu 37,495 1.00 0.91 At 037
Parabuteo unicinctus NaNt 45;75 1.00 0.98 Nt 0.95
Polyboroides typus At 185,29 0.95 0.91 At 0.99
Rostrhamus sociabilis NaNt 7512 0.96 0.99 Nt 0,96
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Table/tdbldzat 3b
Node i as SIS :;::;t‘:)fr Ancestor’s
Distribution (Mya; 95% HPD | posterior node o i Prob.
number . being non- | distribution
interval) support .
migratory
185 NaNtPaAtimAu 14.4;29.4 1.00 0.77 Nt 0.15
217 Nt 11.7;18.2 1.00 0.63 Nt 0.71
251 NaPa 7.1;11.9 1.00 0.93 Im 0.10
255 PaAtimAu 5.3;93 1.00 0.69 Au 0.38
261 NaNt 9.5;14.5 0.90 0.99 Nt 0.93
344 Pa 2.1;44 0.98 1.00 Pa 0.81
359 Pa 15.5;25.1 0.84 0.53 NtPa 0.22
Table 3. Possible cases of independent appearance of migration in Accipitriformes. This table lists
migratory species (a) or nodes that were inferred to be migratory with a probability >0.8
(b) with non-migratory ancestors. The probability that the ancestor was non-migratory,
as inferred from ancestral character estimation, is shown along each possible case. Note
that only those cases are listed where this probability is >0.5, i.e. the node is more like-
ly to be non-migratory than migratory. The greater this value, the higher is our confi-
dence that migration appeared on this branch. Also shown are the ancestral nodes’ pos-
terior support, the 95% highest posterior density (HPD) interval of the nodes’ age, along
with the most likely distribution of these nodes and the probability that the node was
in this state, as inferred in the ancestral area reconstruction. Geographic distribution is
abbreviated as: Pa — Palaearctic; Na — Nearctic; At - Afrotropical; Nt — Neotropical; Im - In-
domalayan; Au - Australasian. Node numbers appearing in (b) are shown in Figure 3
3. tdbldzat A vagdmadar-alakuak torzsfejlédése soran a vonulds egymastdl fiiggetlenil tébbszor

megjelent. Ez a tablazat azokat a vonulé fajokat (a) vagy k6zos 6soket (b) mutatja, ame-
lyek nagy valészin(iséggel vonuloék voltak (>0.8 valdszinliséggel). Mindegyik esetben fel
van tlintetve: (i) a vonulo faj (6s) jelenlegi (becsiilt) el6forduldsa, (i) a kdzvetlen 6siik be-
csiilt kora, (iii) a kozvetlen 6s filogenetikai helyzetének pontosséaga, (iv) annak a valészi-
nlsége, hogy a kézvetlen 6s nem-vonulé volt, (v) a kdzvetlen 6s rekonstrualt 6si elterje-
dési tertlete, illetve (vi) annak a valészintisége, hogy az 6si elterjedés ténylegesen ebben
az allapotban volt. Csak azok az esetek szerepelnek, ahol a kdzvetlen s legaldbb 0.5 valé-
szinliséggel helytild volt. Minél nagyobb ez az érték, annal bizonyosabb, hogy a vonulas
ténylegesen ezen az agon alakulhatott ki. A foldrajzi elterjedések réviditése: Pa — Paleark-
tisz; Na — Nearktisz; At — Afrotropisz; Nt — Neotropisz; Im — Indomalaj; Au — Ausztralazsiai.
A (b)-ben szereplé szamok kdzds 6sdket jeldinek, amelyeknek helyzete a 3. dbrdn lathato

Figure 3. Bayesian ancestral state reconstruction of migratory behavior in Accipitriformes. Tip labels
show migratory behavior in extant species (white: non-migratory; black: partial or com-
plete migrant). Pie charts labelling the nodes show the probability that the given species
was migratory (black) or non-migratory (white). A completely black chart indicates that the
ancestor was migratory with high posterior probability. The size of the charts is proportio-
nal to the posterior support of specific nodes: small charts indicate high uncertainity in phy-
logenetic reconstruction

3.dbra

Vonulasi viselkedés rekonstrukcidja a vdgémadar-alaktak torzsfajan. A fajnevek melletti

négyzetek szine az illet6 fajok vonulasi viselkedését jeldli (fehér — helytiils; fekete — részle-
ges vagy teljes vonuld). A k6zos 6soket jelolé kdrdiagrammok mutatjdk annak a valészinu-
ségét, hogy az illetd faj vonulé volt (fekete). A kdrdiagrammok mérete egyenesen aranyos
azilleté csomoépontok rekonstrukciéjanak pontossagaval
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Evolution of migration in Accipitri-
formes

Table 3 shows possible cases of independent
appearance of migratory behavior in Accipit-
riformes. Since the presence of migration
is quite variable among species, our recon-
struction of ancestral states involves conside-

rable uncertainty in some nodes. On the other
hand, in several cases (e.g. Buteo hawks, Ac-
cipiter hawks or Haliaeetus eagles), close-
ly related species are all migratory, with the
consequence that the most likely state for the
ancestor of these species is being migratory.
Two important patterns can be seen from
this list of evolutionary events. First, most of
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Figure 4. Evolutionary tran-
sition rates be-
tween levels of
migratoriness in
birds of prey
Vonulasi stratégi-
4k kozotti evoluci-
Os tranzicios ratak

4. dbra
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0.0
0.0

complete migrant

the independent events leading to the ap-
pearance of migration involve single spe-
cies (Table 3a). In these situations, the upper
bound for the time of appearance of migra-
tion is the age of that particular species (i.e.
when it split off from its ancestor). Hence,
migration could have appeared in these line-
ages recently; this possibility is supported
by the observation that most of these upper
bounds are not older than the beginning of
the Pliocene epoch (~5.3 Mya). On the other
hand, nodes that are reconstructed as migra-
tory provide lower estimates for the origin
of migration (7able 3b). The oldest of these
nodes is the common ancestor of the Gos-
hawk and the harriers, with an estimated age
of 12.9 Mya (95% highest posterior density
interval: 16.3-10.1 Mya).

Second, a tropical or partly tropical an-
cestral area was inferred for the ancestor of
most migratory lineages. There are very few
exceptions from this pattern. For instance,
our results suggest that Aquila heliaca and
A. nipalensis (both migratory) evolved with-
in the Palearctic from non-migratory ances-
tors. Similarly, two migratory Buteo hawks
(B. platypterus and B. nitidus) seem to have
evolved in the Nearctic from non-migratory
ancestors, although in these latter cases pos-
terior support for the phylogenetic recon-
struction is quite low (0.32 for the ancestor

of B. nitidus). In sum, our results provide
broad support for a tropical origin of migra-
tory species.

Comparative analyzes

Analysis of the transition rates using
BayesTraits Multistate module revealed
that both complete and partial migrations
evolved from a non-migratory state, but
evolutionary transitions between partial and
complete migration or vice versa are very
low (Figure 4), suggesting that partial mig-
ration is not a transitional state between
complete migration or lack of migration.
Multivariate analysis of the ecological fac-
tors influencing migration suggests that only
diet breadth and habitat are associated with
migration (7able 4). However, when this
multivariate model is simplified by back-
ward elimination of nonsignificant parame-
ters, habitat type does not remain significant.
Hence, the only ecological factor associated
significantly with migration was winter diet
breadth: species with a more generalist win-
ter diet are more likely to be migratory.
Finally, we performed directional tests bet-
ween migratory behavior on one hand and
geographic distribution and diet breadth,
respectively, on the other. In the first case,
we found that evolutionary transitions to
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lower 95% | upper 95%
Parameter
. confidence | confidence | P-value
estimate . .
interval interval
Habitat (Forest/Open) 1.30 0.13 2.27 0.02
Old/New World 0.78 -0.75 1.75 0.16
log(body mass) -0.06 -0.51 0.33 0.78
Diet generalism 0.44 0.21 0.75 <0.01
Reliance on warm-blooded prey or carcass 0.00 -0.21 0.23 0.99
Habitat : Old/New World interaction -1.39 -3.35 0.40 0.18

Table 4.

Factors affecting the occurrence of migration in diurnal birds of prey (N=151 species); pa-

rameter estimates, their 95% confidence intervals and P-values from a multivariate mixed
effect models controlling for phylogeny
4. tdbldzat A vonulas el6fordulasat befolyasold tényezék vagomadar-alakiaknal (N=151 faj); filoge-

netikai viszonyokra kontrollalt tobbvaltozds kevert linedris modellbél szarmazo becsiilt
értékek, azok 95%-o0s konfidenciaintervalluma és a P-értékek

migration occured with a higher rate in line-
ages with a tropical distribution (9.08 vs.
0.73 in lineages with a non-tropical distri-
bution) (Figure 5a). Furthermore, transi-
tions to a non-tropical distribution are much
more likely in migratory (30.01) than in
non-migratory lineages (0.15). The tran-

sition rates also revealed that switches in
the geographic distribution from a tropical
to a non-tropical distribution or vice versa
are virtually lacking in non-migratory line-
ages, whereas they occur at a relatively high
rate in migrants (Figure 5a). In the second
case, transition rates indicate that migration

a . 0.15 .
non-migratory ——_____, non-migratory
tropical — non-tropical
0.0
9.08 36.61 0.73 0.0
i 30.01 .
migratory migratory
tropical non-tropical
13.84

0.3
non-migratory ———————————— non-migratory

specialist generalist

migratory —» migratory
specialist

0.03 0.54

—_— generalist

0.0

Figure 5. Results from pairwise directional test between migratory behavior (migratory or non-mi-
gratory) and (a) geographic distribution: tropical (species not present in the Nearctic or the
Palearctic) or non-tropical (species present in the Nearctic or the Palearctic); (b) diet speci-
ficity: specialist (consumes <5 types of food) or generalist (at least 5 food types consumed).
The graph show transition rates among pairs of traits indicating the rate with which these
evolutionary changes are inferred to have occurred on the phylogeny

5. dbra

A vonulasi viselkedés és a foldrajzi elterjedés (a) illetve a taplalékspecializacio (b) kozotti di-

rekcionalis tesztek eredményei. A vonulasi viselkedés kédoldsa: vonulé (részlegesen vagy
teljesen) vagy nem vonulé. A féldrajzi elterjedés kédolasa: tropusi (nem fordul elé sem a Pa-
learktiszban sem a Nearktiszban) vagy nem trépusi (az el6z6 ellentettje). A taplalékspeciali-
zacio kdédolasa: specialista (<5 taplaléktipust fogyaszt) vagy generalista (az el6z6 ellentett-
je). Az dbra a kiilénboz6 jellegparok kdzotti evolucios tranzicids ratdkat mutatja
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is more likely to arise in specialist lineages
and that a generalist diet is more likely to
evolve in migrants than in non-migrants.
Hence, it appears that diet breadth evolves
as in response to the selective environments
imposed by migratoriness, rather than pre-
disposing species for migration.

Discussion

Phylogeny of Accipitriformes

The phylogenetic relationships among and
within major lineages of Accipitriformes
have been extensively studied before (e.g.
Wink & Sauer-Gilirth 2004, Helbig et al.
2005, Lerner & Mindell 2005, Griffths et
al. 2007, do Amaral et al. 2009). Here, we
combined all available genetic information
to produce a multi-gene phylogeny of Ac-
cipitriformes with a broad taxonomic sam-
pling, including approximately two-thirds of
extant species of accipitrid birds of prey. The
phylogenetic hypothesis obtained from this
analysis is broadly congruent with previous
reports showing that several traditionally es-
tablished clades are in fact polyphyletic or
paraphyletic. For instance, Old World vul-
tures form a polyphyletic clade comprised
of: (1) Gypaetinae which is monophylet-
ic with Perninae and includes the Bearded
Vulture Gypaetus barbatus and the Egyptian
Vulture Neophron percnopterus and (2) Ae-
gypiinae which contains all remaining Old
World vultures and is the sister clade of Cir-
caetinae. Accipiter hawks are paraphyletic
and should include harriers (Circus spp.),
which are closely related to the clade con-
taining goshawks (see also Breman et al.
2013 for a more detailed analysis). In addi-
tion, we also observed widespread paraphy-
ly in aquiline eagles and buteonine hawks, as

reported previously (Helbig et al. 2005, do
Amaral et al. 2009).

On the other hand, we also observed seve-
ral discrepancies in the higher level relation-
ships of Accipitridae between our reconstruc-
tions and those of obtained from previous
studies (e.g. Lerner & Mindell 2005, Grif-
fiths et al. 2007). For instance, we recovered
Aquilinae and Harpiinae as sister clades, al-
beit with relatively low support (posterior
probability: 0.45). Harpagus kites were in-
ferred as the sister group of the clade con-
taining Buteoninae and Haliaeetinae with
relatively high support (posterior probability:
0.83). Lastly, the sister relationship between
the clade containing Aquilinae and Harpii-
nae on one hand and Buteoninae, Haliaeeti-
nae and Accipitrinae on the other was strong-
ly supported (posterior probability: 1).

Historical biogeography and evolution of
migration in Accipitriformes

Our ancestral state reconstruction suggests
that migratory behavior in birds of prey
evolved multiple times. Most of these ap-
pear to be relatively recent events (occur-
ring during the Pliocene or Pleistocene, i.e.
<5 million years ago). In one case however,
migratory behavior appears to be much more
ancient. In true hawks (Accipitrinae) migra-
tion appears to have evolved approximately
14-12 million years ago, during the middle
of the Miocene period. By comparison, do
Amaral et al. (2009) reconstructed the ori-
gin of migration in one Buteo clade at app-
roximately 5 million years ago, a result that
is supportedby our analyses (Figure 3b).
More direct estimates based on the age dis-
tribution of fossilized individuals (specifi-
cally, the lack of juveniles) found at Olduvai
Gorge, in Tanzania, suggest that this site was
a wintering location of shorebirds belon-
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ging to Charadriidae 1.9-1.74 million years
ago, implying that migration was present at
this time (Louchart 2008). Hence, our esti-
mate for the origin of migration in accipitrid
hawks appears to be one of the oldest dates
published so far. Such estimates are impor-
tant (yet remarkably lacking) if we are to un-
derstand the evolution of migration in a con-
stantly changing spatiotemporal context at a
global scale (Louchart 2008).

The middle of the Miocene period saw a
series of global cooling events (Zachos et
al. 2001), which resulted in the expansion
of grasslands and contraction of forest habi-
tats, possibly opening new niches for birds
of prey. Our analyses suggest that accipitrid
hawks appeared shortly before this period,
probably in the Afrotropical realm and colo-
nized other parts of the world shortly there-
after. Since most extant species belonging
to this lineage are at least partly migrato-
ry today, it is likely that their ancestor al-
so performed seasonal migratory move-
ments. Alternatively, migration could have
evolved separately in these lineages due
to similar selective environments (i.e. as a
consequence of convergent evolution ra-
ther than shared phylogenetic background).
Since migration is a phylogenetically labile
trait that can evolve very quickly (see e.g.
Zink 2011), independent evolution in mul-
tiple lineages experiencing similar selective
environments is a plausible scenario for the
occurrence of migratory behavior in clusters
of closely related species. However, this ex-
planation is clearly less parsimonious in ex-
plaining the evolution of migration in true
hawks, since this group contains both tem-
perate-tropical and intra-tropical migrants
on different continents, which would im-
ply simultaneous, independent selection for
migration in a wide variety of different en-
vironments on different parts of the world.

Joint reconstruction of ancestral distribu-
tion and migratory behavior suggests that in
raptors, migration appeared mostly in spe-
cies with a southern origin. This is further
strengthened by our directional analyses,
which suggest that migration is more like-
ly to evolve in tropical species and that mig-
ratory raptors are more likely to switch to a
non-tropical breeding range, hence sugges-
ting that migratory behavior and range ex-
pansions are evolving in parallel. Interes-
tingly, we also found that the transition rate
from a tropical to non-tropical distribution
(and vice versa) is very low in non-migra-
tory raptors, but not in migrants, suggesting
that migration greatly enhanced range ex-
pansions in this group of birds.

The southern origin of migratory raptors is
in line with previous studies obtaining simi-
lar results in a variety of taxonomic groups
(Joseph et al. 1999, Outlaw et al. 2003, Mila
et al. 2006). We have to emphasize, however,
that this result helps little in understanding
the evolution of migration in birds of prey.
As we have shown, all major lineages with-
in Accipitridae trace back their origin to one
of'the southern biogeographic realms. Hence,
both migratory and non-migratory species
currently inhabiting the temperate zone des-
cend from the tropics. Our analyses do sug-
gest, however, that migration is more likely
to emerge in the tropics than in the tempe-
rate zone, and that migratory birds are more
likely to disperse and switch from a tropi-
cal distribution to a non-tropical one. Hence,
the relationship between colonization of the
temperate zone and the evolution of migra-
tion could be the reverse of what traditional-
ly is assumed, i.e. migratory birds (intratropi-
cal migrants) more likely to colonize novel
habitats and expand to North. This hypothe-
sis could be tested in the future by investiga-
ting the ecological and behavioral traits pro-
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moting the colonization of temperate habitats
in a broader sample of birds.

Since all birds of prey are of tropical an-
cestry, their ancestors must have undergone
range expansions to the temperate region.
Yet, not all of these species became migra-
tory. We found that winter diet specialization
predicts the occurrence of migration in acci-
pitrid birds of prey, with migratory species
relying on more variable diets. The ability
to feed on a wide source of food types could
greatly enhance the probability that a species
survives the winter in the temperate zone
where food availability is much lower during
the winter (Newton 2008). Hence, this could
at least partly explain interspecific differen-
ces in migratoriness. Interestingly, we found
no association between migration and reli-
ance on warm-blooded prey or carcass, sug-
gesting that these food sources alone might
not be enough to sustain most species in the
temperate zone during winter. For instance,
two of the four vulture species that occur in
Europe (the Griffon Vulture Gyps fulvus, and
the Egyptian Vulture) are migratory, despite
the fact that their major food source — carcass
— is most likely available year-round. How-
ever, these food sources might also show sea-
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Abstract Red-footed Falcons are gregarious trans-equatorial migrants, forming up to several thousand strong roost
sites after the breeding season and before commencing migration. This pre-migration period is presumed to play a
major role in defining the survival of long-range migrants. Here we investigate the autumn movements of 8 individu-
als caught and satellite-tagged within the Carpathian Basin. We found that birds may use multiple roost sites that can
be separated by large distances. A single individual’s home range was 88 km? (80% kernel home range) and was near
concentrical to the roost site. Two individuals travelled to southern Ukraine soon after tag-deployment. Our results
demonstrate that even a small number of satellite tagged birds show behavioural plasticity in terms of roost site se-
lection indicating that post-breeding foraging habitat choice decisions may have substantial variability. The night lo-
calization points of birds marked out 2 and 5 yet unknown potential roost sites in Hungary and in the Ukraine, res-
pectively. Using the data of an international weekly survey (2006-2011) carried out in the Carpathian Basin, we
cross-referenced the departure dates of tagged individuals with the 6 year means of counted individuals. The tagged
birds initiated migration with the first 25% percent of the surveyed population.
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Osszefoglalas A transzekvatorialis vonulé kék vércsék a fészkelési idszak utan, a vonulast megel6z6 idészakban
csoportos €jszakazo, ugynevezett gyiilekezéhelyet alakitanak ki. Ez a periddus feltehetGen igen fontos a hossza tava
vonulok talélése szempontjabol. Ebben az idészakban a Karpat-medence kiilonbozo teriiletein 8, mitholdas nyom-
kovetovel felszerelt madar 6szi mozgasmintazatat vizsgaltuk. Eredményeink szerint a madarak akér t6bb, egymas-
tol nagy tavolsagra 1évo gyiilekezohelyet is hasznalhatnak. Az egyik egyed mozgaskorzete 88 km? volt (80% Kernel
home range becslés), ¢s kozel koncentrikusan helyezkedett el a gyiilekezohelyhez viszonyitva. Két egyed Dél-Uk-
rajnaba repiilt nem sokkal a jelado felhelyezése utan. Eredményeink azt mutatjak, hogy még a kisszamu, miitholdas
jeladoval felszerelt madar viselkedése is nagyban kiilonbozott. Az éjszakai adatok alapjan 2 magyarorszagi, valamint
6 dél-ukrajnai lehetséges 0j gyiilekezéhelyet hataroltunk be. A Karpat-medencében 2006 és 2011 kozott hetenként
végzett nemzetkozi felmérés adatait felhasznalva 6sszevetettiik a jelolt madarak indulasi adatait a populacio 6 éves
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Introduction

Long-range migrant birds have precisely
timed annual cycles that can be catego-
rized into discrete periods, each having a
considerable impact on individual life histo-
ry (Alerstam 1990). Despite its presumable
influence on survival, the pre-migration pe-
riod — i.e. the period after breeding and be-
fore the commencement of autumn migra-
tion (Rivera et al. 1998, 1999, Pagen et al.
2000) — has been scarcely studied, mainly
due to methodological restraints (de Fru-
tos 2008). Basically, this period may be uti-
lized to optimize individual condition for
migration, to select future breeding habi-
tats and aid spring navigation (Mitchell et
al. 2010). Several markedly differing be-
havioural patterns have evolved to achieve
this goal. Dispersal from the natal breeding
grounds is typical, but the magnitude of dis-
persion may be different amongst age and
sex groups (Morton 1992). Forming of large
foraging flocks (e.g. Caccamise et al. 1983,
Eiserer 1984, Metcalfe & Furness 1984) is
not uncommon, and several species may al-
so form common large roost sites (Newton
1998, Kruckenberg & Borbach-Jaene 2004,
de Frutos et al. 2007, Lambertucci et al.
2008, Catry et al. 2010). Intriguingly, only
a handful of raptors breeding in the Western
Palaearctic are known to form pre-migrato-
ry and wintering roost sites (Ferguson-Lees
& Christie 2001). One of these is the
Red-footed Falcon — a trans-equatorial mig-
rant — of high nature conservation concern
(‘near-threatened’ in [IUCN Red List, AN-
NEX I of EC Birds directive 79/409/EEC,
Annex I of the Bonn Convention). The core
of the EU population breeds in the Car-
pathian Basin (Eastern Austria, Hunga-
ry, Western Romania and Northern Serbia)
forming the western border of the range

(Palatitz et al. 2009). Although they have
long been recognized as facultative colo-
nial breeders (Horvath 1956, Fehérvari et
al. 2009, Fehérvari et al. 2012), their au-
tumn roosting behaviour has only recently
been described in detail (Borbath & Zalai
2005). Today, a total of 20 stable roost sites
(i.e. with birds present in every year since
the discovery of the roost site) and 37 oc-
casional (i.e. used in at least one year for
more than one week in the period between
2004-2011) are known within the Carpathi-
an Basin. These sites have been surveyed
weekly (from mid August to early October)
since 2006 in Hungary, Northern Serbia and
Western Romania (Palatitz et a/. 2010). De-
spite the extensive data on the spatial and
temporal patterns on the number of birds
present, little is known on the turnover rates
and individual roost site selection. A single,
second calendar year male marked with a
VHF radio telemetry tag was shown to ap-
pear at several distinct roost sites in 2006
(Palatitz et al. 2011). This bird was the first
to show the possibility of individual with-
in-season movements between roosts (Fe-
hérvari et al. 2007). However, there is no
knowledge on the temporal and spatial dy-
namics of individual roost site use.

From a conservation perspective, being
a gregarious in the post fledgling period
makes large number of birds vulnerable to
even small scale and/or local threats. The
roost sites are often highly localized, found
in a small group of trees, or even a single
tree may suffice. In many cases, dirt roads
are in the vicinity making unintentional dis-
turbance probable. Other typical threats may
be agricultural works, or felling of trees in
the pre-migration period, but poaching has
also been documented (Palatitz et al. 2009).
Where the general protection against killing
of the species is resolved, the roost sites can
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be conserved with relative ease. Active pro-
tection against disturbance and other threa-
tening factors is needed only in short time
period, and as these sites are highly loca-
lised, their protection hardly restrains large
scale agricultural works or other human ac-
tivities. Therefore, the knowledge of the lo-
cation of roost sites is essential and often
adequate for effective protection. Despite
the fact that large, up to several thousand
strong flocks may occur at a single site, it is
remarkably challenging to find the exact lo-
cation of the roost. Birds will approach the
roosts in low light conditions often close to
ground level and are less vocal compared
to the breeding period (Fehérvari et al. in
prep).

With agricultural intensification pacing
up in Central and Eastern Europe, the con-
servation management of foraging areas
surrounding the roost sites may also become
important. However, effective measures can
only be implemented if the spatial extent
of foraging area and the habitat preferen-
ces are well established. Knowing the size
of the hunting area may help understand the
post-fledging biology and could aid desig-
ning specific large scale conservation mea-
sures (de Frutos 2008).

In the current paper we used the data of 8
satellite tagged Red-footed Falcons to shed
light on individual roost site selection pat-
terns, the extent of individual foraging area
and to locate new possible roost sites. The
initial aim of deploying the tags was to re-
veal the autumn migratory routes and win-
tering grounds (Fehérvari et al. in prep),
however the data cumulated in the pre-mig-
ratory period will hopefully help in both
elaborating direct conservation measures
and reveal certain aspects of an important
yet hardly known time period of an enig-
matic raptor species.

Materials and Methods

Platform Terminal Transmitter

We mist-netted 8 adult female-above ave-
rage weighed Red-footed Falcons and fit-
ted them with 5 g solar Argos Platform Ter-
minal Transmitters (PTT-100, Microwave
Telemetry Inc.) during the breeding season
of 2009. The PTTs were harnessed on the
back of the birds with a 5 millimetre Tef-
lon ribbon (Kenward 2001, Steenhof et al.
2006, Gschweng et al. 2008). At the time
of harnessing, the 5 g PTT was before mass
production phase and it had not been wide-
ly tested. Initially, we observed that the tiny
PTT may sink under the feathers and may
cover the solar panels. We overcame the is-
sue by applying small plastic ‘slippers’ to
lift the PTT out of the cover of the feathers.
The whole mounting procedure was usually
less than 45 minutes including all measure-
ments and regular ringing activity. When
possible, birds were revisited and followed
for several days after tag deployment to en-
sure that the harness and the device is not al-
tering their behaviour or flying capabilities.
All birds were tagged at different breeding
sites within the Carpathian Basin, seven in
Hungary, and one in Western Romania.

The PTTs transmitted for 10 hours with
48 hour gaps in between two periods. When
not transmitting, the device charged itself
from the small solar panel on the surface.
The transmitted signal was received via the
ARGOS system and only location classes
3,2,1,0 were considered, A,B,Z were exclu-
ded due to low level of accuracy (Gschweng
et al. 2008, Lopez-Lopez et al. 2009, Strand-
berg et al. 2009) In general, the reception of
the signals by the Argos system is poor in
Central Europe (in a circle of 1600 km radius
around the Central Balkan with an approxi-
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mately 1600 km radius), presumably due to
the considerable background noise created
by the numerous radio signal emitting de-
vices like radars (Microwave Telemetry Inc.
pers. comm.). Thus, bulk of the signals (79%)
had to be excluded from the analyses, despite
the fact that the pre-migration period is rela-
tively long (mid-August to late September).

Extent of foraging area around roost
sites

We applied kernel home range estimate
(Worton 1989) on localization points that
were obtained between 8 am and 6 pm du-
ring the whole pre-migration period. The
smoothing parameter was calculated using
the Least Square Cross Validation Tech-
nique (Seaman ef al. 1999). Only a single
individual provided sufficient number of
high quality points (n=28) to allow home-
range estimation. We report a conservative
(80%) kernel estimate of foraging area to
avoid overestimating and to surely exclude
data points that may derive from days when
a neighbouring roost site was visited.

It has to be noted that only a single indi-
vidual’s data was used in the analyses, thus
the results are hardly representative of the
population. We hypothesize that our results
underestimate the extent of the true mean
foraging area. Nonetheless the results pre-
sented rely on the best available data and al-
low to at least give a vague estimate that can
be later used to fundament further studies
(e.g. habitat use analyses) and active con-
servation measures.

Locating potentially new roost sites

To identify yet unknown potential roost sites
used by the tagged individuals we initially
selected all localization points obtained be-

tween 9 pm and 6 am. We then applied a
minimum convex polygon (MCP) in case of
multiple data points close (<10 km) to each
other. Plotting these MCPs against known
roost sites where tagged birds have been
verified to spend the night allowed to esti-
mate the general accuracy of obtained da-
ta. In some cases, the fitted MCPs did not
cover the location of the known roost sites,
therefore we visually estimated the poten-
tial extent of an error buffer of 5 km around
the fitted MCPs. This error buffer seems to
be relatively large, however the location of
roost sites may slightly vary between years
(Borbath & Zalai 2005). Our aim was to
identify an area from where observers will
have a good chance of spotting low flying
birds towards the roosts, instead of trying
to pin-point the exact location of a poten-
tial new roost site. All buffered locations
were then cross-referenced with the coordi-
nates of all known roost sites. These coor-
dinates derived from two separate sources;
for roosts within the Carpathian Basin we
used all roost locations that were found in
2006-2011, during the weekly pre-migra-
tion roost site surveys carried out in Hunga-
ry (Palatitz et al. 2010). We also used the da-
ta of a recent, yet unpublished country-wide
breeding population survey carried out in
the Ukraine (Kostenko 2009).

Assessing the frequency of roost site
changes

When possible, we used the evening loca-
tions described above to calculate the num-
ber of sites visited, and the number of times
roost sites were changed by the tracked in-
dividuals. However, the large gap in trans-
mission of the PTTs probably hindered the
discovery of all roost sites used. To at least
partially overcome this bias, we also consi-
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D Num.ber of roost Nufnber of roost Lati.tude range Lonqitude range
sites used site changes difference difference
Indiv. A 2 3 62 km 101 km
Indiv. B 1 0 38 km 56 km
Indiv. C 2 1 22 km 110 km
Indiv. D* 6 7 367 km 214 km
Indiv. E* 6 6 324 km 609 km

*Tagged Red-footed Falcons spending the pre-migration period in southern Ukraine.

Table 1.

1. tdbldzat

Number of roost sites used, number of times roost sites have been changed and the
range difference of latitude and longitude of all coordinates obtained with PTTs of the
5 tracked birds. The first two parameters were calculated based on evening (between 9
pm and 6 am) locations, while the coordinate range differences were calculated based on
all localization points. Birds spending their pre-migration period in the Ukraine seem to
change roost sites more often, and utilize a larger area compared to individuals staying
within the Carpathian Basin

A nyomonkdvetett madarak (n=5) altal hasznalt gyililekezék szama, a gyilekezéhely
véltdsok szama és a szélességi és hosszUsdgi eltérés terjedelme a pre-migracios
idészakban kapott lokalizéciés pontok alapjan. Az elsé két paramétert az éjszakai pontok
alapjan (este 9 és reggel 6 6ra kdzott helyi id6 szerint) kaptuk. Az Ukrajndban tartozkodo
madarak tobbszor valtottak gyilekezé helyet, illetve nagyobb teriiletet jartak be Karpat-
medencében marado tarsaikhoz képest

dered the location points obtained during
the day. In case an individual had a valid
location point after 15 p.m. over ~200 km
from the previous roost site, we considered
that it spent the night at a different location.

Migration timing

We defined the commencement of migra-
tion when the tracked individuals initiated a
non-returning southward movement. As the
tracked birds are hardly representative of
the whole population, we cross-referenced
the timing of migration to that observed
during the pre-migration roost site surveys.
These surveys are carried out by profession-
als and volunteers on a weekly (32%-40™
week of the year) basis at all known roost
sites in Hungary and at most known roost
sites in Western Romania. Participants po-
sitioned in look-out spots estimate the num-
ber of birds entering the roost site. Less of-
ten early morning counts are also made.

All analyses were carried out using QGIS
1.7.3 “Wroclaw’ (Quantum GIS Develop-
ment Team 2011) and R 2.13.1 (Calenge
2006, R Development Core Team 2011).

Results

A total of 5 of the 8§ tagged individuals pro-
vided high quality localization points during
the pre-migration period of 2009. In gene-
ral we could show that most of the tracked
individuals moved in between sites, only a
single individual stayed in the vicinity of a
single roost site (7Table 1). The 80% kernel
home range estimate of a single individual
(indiv. A) was 88 km*and was near concent-
rical around the roost site (Figure 1).

Two tagged birds (indiv. D, indiv. E, see
Table I and Figure 2) left the Carpathian
Basin and moved to southern Ukraine with-
in days after PTT deployment, staying in the
region until the onset of migration. The dis-
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Figure 1. Kernel home-range estimate of pre-migration foraging area extent of a single individual (in-
div. A) based on satellite localization points during the day. The 80% Kernel home-range (88
km?) is highlighted and reported to allow conservative estimate of a foraging area extent
and to exclude localization points deriving from days when the individual utilized a neigh-
bouring roost site. The home-range is near concentrical, centring the roost site

1.dbra

Nappali lokalizaciés pontok alapjén szamitott kernel home range becslés az A egyed eseté-

ben. A 80% kernel becslést hasznaltuk, amely meglehetésen konzervativ, azonban ezzel el-
keriilhet6 azon pontok bevétele a becslésbe, amikor a madar egy szomszédos gyiilekezén
aludt. A mérések alapjan a madar mintegy 88 km?-es tertiletet hasznalt vadaszteriletként,
ami szinte koncentrikusan helyezkedik el a gyiilekezéhelyez képest

tance from the original trapping site to the
first known roost site was 582 km, and 657
km for indiv. D and indiv. E, respectively.
These two birds seemed to have changed
roost sites more often, than those staying
within the Carpathian Basin, and they have
also moved in a larger area (7able 1). On-
ly one of the seven known roosting sites in
the Ukraine was used by these birds, how-
ever we were able to identify 5 new poten-

tial roost sites (Table 2, Figure 2). We were
also able to locate two new potential roost
sites in Hungary (7able 2).

The timing of autumn migration of all
tagged birds fell between the 37" and 38"
week of the year (Figure 3). When conside-
ring the change in the number of birds at
the roost sites in the period between 2006-
2011, the well visible decline (i.e. com-
mencement of migration) fell between the
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Country Region/County Latitude Longitude
Hungary Béacs-Kiskun 19.927 46.724
Hungary Hajdu-Bihar 21.128 47.392
Ukraine Tatarbunarskyi 29.986 45.815
Ukraine Ovidiopolskyi 30.484 46.160
Ukraine Berezivskyi 30.883 47.415
Ukraine Novoodeskyi 32.013 47.258
Ukraine Berislavskyi 33.178 46.848

Table 1.  Coordinates of buffer polygon centroids of new potential Red-footed Falcon pre-migra-

tion roost sites in Hungary and in the Ukraine

1. tdbldzat Az éjszakai lokalizacids pontok koré huzott pufferzénak sulyponti koordinatai. Ezek kdze-

Iében feltehetéen eddig ismeretlen gylilekezéhelyek vannak

Burope ’?

Mapped area

Ukraine

Legend >

== Route of Indiv. D
—— Route of Indiv. E

O Potential roost site

A Known roost-site E:

Black Sea

Romania

Figure 2.

2.dbra

Movement patterns and roost site usage of two tagged Red-footed Falcons spending the
pre-migration period in the southern Ukraine. These two individuals seemed to be more
prone to change roost sites compared to the individuals remaining in the Carpathian Basin,
and also moved in a larger area. Their localization points also helped identify 5 new poten-
tial roost sites in the Ukraine

A pre-migrécids idészakban Ukrajndban tartézkodé madarak mozgasmintazata. Ez a két
egyed tobbszor valtott gyiilekezéhelyet, és nagyobb terileten is mozogtak. A t6lik szar-
mazo pontok alapjan 5 Uj gyllekezéhelyet sikeriilt azonositani
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Figure 3. Departure timing of satellite tagged Red-footed Falcons and temporal dynamics of the
number of roost site using Red-footed Falcons. The first vertical axis refers to the mean
number of individuals at the roost sites within the Carpathian Basin (2006-2011). The se-
cond vertical axis scales the relative change in mean latitude of consecutive localization
points of the tagged individuals. The PTT tagged birds departed together with the earlier
half of the population in between the 37" and 38™ week of the year. Autumn migration is
rapid, with the bulk of the population leaving the pre-migration roosts in a single week

3.dbra Ajelolt kék vércsék vonulasi idézitése és a szinkronszamlaldsok alapjan becsiilt induldsi id6k.
Az elsé fliggdleges tengelyen a szinkron szamlalasok alatt becstilt madarak atlagai szerepel-
nek 2006 és 2011 kdzott. A mésodik fliggbleges tengelyen a relativ szélességi elmozdulas
mértéke (két egymast kdvetd pont kdzotti észak-déli tavolsag) lathato. A jeldlt madarak a ko-
rai indulokkal egyiitt kezdték meg vonulasukat a 37. és a 38. héten. Osszességében a gyiile-
kez&k gyorsan Urilnek ki, a populdcié vonulasi idézitése meglep6en konzervativ

38" and the 39" week, however a smaller
proportion of the population is presumed to
leave the pre-migration period a week ear-
lier (Figure 3). Roughly, the tagged birds
departed together with the earliest individu-
als in the 38" week of the year.

Discussion

Our results suggest that Red-footed Falcon
individuals may use multiple roost sites and
that these roost sites may be separated by large
distances. Intriguingly, birds may disperse to
distant pre-migration sites — in our case to the
northern Black Sea coastal region — even if
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potential barriers, like the Eastern Carpathi-
ans, stand in their way. Moreover, tracked
birds have been shown to change roost sites
multiple times during the pre-migration pe-
riod. The reasons of such a high mobility is
yet unknown, we hypothesize that local wea-
ther and potential prey abundance may play a
vital role in large scale movement decisions
of these individuals. Red-footed Falcons of-
ten forage in flocks outside the breeding sea-
son, thus it might be possible that birds may
get attracted to alter their roost site by joining
anovel flock during the day.

Colour-ringed Red-footed Falcons from
the Carpathian Basin have been re-sigh-
ted in Western and Northern Europe in au-
tumn (Palatitz et al. 2009), however easterly
movements have seldom been documented
(Haraszthy & Palatitz 2009). For yet un-
known reason the southern Ukraine seems
to attract large number of Red-footed Fal-
cons (Kostenko 2009), including two of the
tagged birds. These Red-footed Falcons may
originate from the local breeding population
and/or from birds of the Russian and Kazakh
plains, and as our example shows there is a
connection with the Carpathian Basin popu-
lation. The tracked birds showed a somewhat
different behaviour in the Ukraine, with more
frequent roost site changes separated by lar-
ger distances. This seldom documented plas-
ticity in pre-migration strategies may derive
from individual differences or from different
prey composition and habitat usage com-
pared to that in Hungary.

It is important to note that the species is
not protected in the Ukraine (Palatitz ef al.
2009), making large number of birds vulne-
rable to hunting (e.g. BirdLife International
2007). The lack of legislative background
has recently been resolved as the Red-foo-
ted Falcon has been listed in Appendix I of
the Bonn Convention (CMS) in November

2011. Thus, the Ukraine, as a full member of
the CMS, is obliged to change the protection
status of the species by 2014. However, the
protection of roost sites is not so straightfor-
ward as they are most likely overlooked and
their importance underestimated. An effec-
tive conservation measure against potential
threats may be to encourage NGOs to main-
tain a constant monitoring of these sites. The
participants monitoring may inform locals on
the importance of the roost sites and report
any potential threats. Our results may be used
as reference points as the identified 5 new po-
tential roost sites provide valuable informa-
tion on the target areas worth searching.
Lesser Kestrels (Falco naumanni) are close
relatives of Red-footed Falcons and have
similar life history traits (Cramp & Simmons
1980). In Spain, the former species has been
shown to use a mean of 350 ha of foraging
area surrounding the roost sites (de Frutos
2008), which is similar in extent to that used
in the breeding period (Donazar et al. 1993,
Tella et al. 1998, Franco et al. 2004). How-
ever, the foraging area extent estimated in our
study was an order of magnitude larger com-
pared to that in the breeding period (Palatitz
et al. 2011). Moreover, Lesser Kestrels had
high within-season roost fidelity, whereas the
tagged Red-footed Falcons seem to be less
constrained to a single site. All this may in-
dicate that albeit these species are close rela-
tives and are both highly gregarious through-
out their life-cycle, the mechanisms driving
the individual selection of a roosting site may
well be different. Red-footed Falcons leave
the roosts at dawn and do not return until
around dusk, therefore are less confined to the
vicinity as in case of breeding. The reasons of
a larger foraging area may be explained by in-
creased intraspecific competition, as the num-
ber of individuals is larger at roost sites than
in breeding colonies. Birds also lack the ne-
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cessity to return to the site of origin after each
successful hunt, thus can use larger foraging
areas. A further plausible explanation may be
that Red-footed Falcons alter their main prey
source and/or their foraging habitat prefe-
rence in the pre-migration period resulting in
the observed pattern.

Our tracked birds have initiated their south-
ward movements relatively early compared
to the population. As the tagged individuals
were chosen to be heavy, experienced adult
females, this result is hardly surprising. How-
ever, interpreting the results has to be done
with caution as two of the 6 departing indi-
viduals started their migration from southern
Ukraine, from where no temporal data is avai-
lable on the number of roosting birds. None-
theless, all tagged falcons departed within the
same week showing that global processes like
photoperiod (Berthold 1996) and/or regio-
nal weather (Shamoun-Baranes et al. 20006)
may dictate their departure timing. Seeming-
ly, the whole initiation of autumn migration
is rapid, as over 90% of the birds disappear
from the roost sites of the Carpathian Basin
in two weeks, with the majority departing on
the same week. Apart from potential foraging
and anti-predatory advantages (Weatherhead
1983), roosting may also be effective infor-
mation sources to time departure for inexpe-
rienced juvenile birds. Cuing on conspecifics
is not uncommon in social birds (Danchin et
al. 2004, Ahlering et al. 2010) as public in-
formation may enhance the perception of re-
source quality of an individual. Red-footed
Falcon roost sites may act as public informa-
tion centres that allow assessing local mean
foraging efficiency, predation risks and may
also aid inexperienced migrants to adjust their
departure decisions. Further suggesting this
hypothesis is that most of the observations of
Red-footed Falcons on migration are of small
flocks instead of single individuals (Forsman

1999). These birds migrate on a broad front
(Ferguson-Lees & Christie 2001) may utilize
soaring, flapping flight (Shirihai et al. 2000)
and may also migrate at night (Fehérvari et.
al, unpublished data). Therefore, in theory are
less confined to adjust departure decisions to
weather, as in case of larger, soaring migrants.
Thus, the gregarious behaviour en route may
be deriving from common departure deci-
sions at the roost site.

In conclusion, satellite telemetry of birds
may not only provide insights on migration
routes and wintering grounds, but may al-
so help shed light on less known albeit im-
portant periods of individual life cycles. We
present that even a small number of satel-
lite tagged birds show behavioural plastici-
ty in terms of roost site selection. Our results
may help localize new potential roost sites,
future conservation measures, and raise in-
triguing questions on individual decisions in
the pre-migratory period.
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Abstract [ investigated the numerical response of the Common Buzzard to variations in den-
sity of small mammals. The study was carried out at the Hortobagy region in 2000-2001. Du-
ring nest visiting periods clutch size, number of hatched and fledged young were recorded. Population of small
mammals were also monitored by live-trapping. Effect of weather on the survival of overwintering rodents was
also investigated. There was significant difference in clutch size between 2000 and 2001 (means 2.3 and 3.1).
It can be explained by the remarkable differences in abundance of small mammal populations between the two
years. The density of rodents was very low (9 specimen/ha) in 2000. During 2001 the amount of small mammals
has increased more than eightfold (76 specimen/ha). In February and March, 2000 there were 4 short mild peri-
ods alternating with 4 freezing periods, when distribution of significant precipitation (6-8 mm rainfall in each)
coincided with the mild periods. Thus the overwintering population almost extincted from the area because the
tunnel complexes of voles are repeatedly flooded and huge part of the animals died, resulting very low densi-
ty during the breeding season. In 2001 there was no such alternating periods, mild weather started 3 weeks ear-
lier, thus voles overwintered successfully and their numbers increased rapidly producing a peak during the bree-
ding season.

Keywords: Common Vole, effect of weather, prey density, reproductive success, resident raptor

Osszefoglalas A kiseml6sok denzitas valtozasainak az egerészolyv reprodukciojara gyakorolt hatasat (un. nu-
merikus valaszt) vizsgaltam a Hortobagyon, 2000-2001-ben. A fészekellendrzések soran regisztraltam a lerakott
tojasok, valamint a kikelt és a kirepiilt fiokak szamat. Az egyik legfontosabb zsakmanycsoport, a kisemlésok al-
lomany valtozasait ¢lvefogd csapdazassal monitoroztam. Vizsgaltam az id6jarasnak az attelelé kisemldsok til-
¢élésére gyakorolt hatasat is. Az 6lyvek atlagos fészekalja a két évben szignifikansan kiilonbozott: 2000-ben 2,3,
mig 2001-ben 3,1 tojas volt. Ez a kisemldsok — 2000-r61 2001-re bekdvetkezett — jelentds mértékii dllomanynd-
vekedésével magyarazhatd. 2000-ben nagyon alacsony volt a kiseml6sok egyedszama (9 példany/ha), mig 2001-
ben ennek nyolcszorosat regisztraltam (76 példany/ha). A kisemldsok egyedszamaban tapasztalt oriasi eltéreé-
seket a vizsgalt két év tél végi-tavasz eleji iddjarasi kiilonbségei okozhattak. 2000 februar-marciusaban, a napi
minimum hémérsékleteket tekintetve, 4 rovid, enyhe periodus valtakozott 4 fagypont alattival, ugyanakkor az
enyhe id6szakokban jelentés mennyiségii (6-8 mm) es6 is hullott. Ekkor az attelelé kiseml6sok jaratai ismétel-
ten beaztak, az allatok megfaztak, kihtiltek, szinte kipusztultak a teriiletrdl, ezért létszamuk a koltési idoszak-
ban is rendkiviil alacsony volt. 2001-ben a tél vége sokkal enyhébb volt, 3 héttel korabban emelkedtek fagypont
folé a napi minimum hémérsékletek, mint 2000-ben, nem alakultak ki valtakozé hideg-meleg idészakok sem.
Ez kedvezden hatott az attelelé kisemlésokre, 1étszamuk gyorsan emelkedett és nyar elejére mezei pocok gra-
dacio alakult ki.

Kulcsszavak: id6jaras hatasa, mezei pocok, ragadoz6 madar, reprodukcids siker, zsakmany stirtiség
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Introduction

The relationships between predators and
variations in prey density can be separa-
ted into two types, numerical and functio-
nal responses, with the former describing
how the per-capita reproductive rate chan-
ges with resource density and the latter how
the consumption rate of individual consu-
mers changes with respect to resource den-
sity (Solomon 1949). Numerical response
may result by two different mechanism:
1) increased rate of predator reproduction
when prey is abundant or ii) attraction of
predators to prey aggregations. The Iat-
ter, the aggregational response of nomadic
specialist predators usually occures with-
out time lags, as their numerical responses
are based on mobility, tracking changes in
prey density without a time lag (Korpiméki
& Norrdahl 1991). Delayed numerical res-
ponse of resident generalist predators to in-
crease in prey abundance is characterized
by a time lag through higher natality and
lower mortality (Goszczynski 1977). De-
layed numerical response has been doc-
umented in resident mammalian preda-
tors (Korpiméki et al. 1991, Korpiméki &
Krebs 1996, Krebs 1996, O’Donoghue et al.
1997), and in birds of prey as well (Keith et
al. 1977, Doyle & Smith 1994, 2001, Roh-
ner 1995, Nielsen 1999, 1996, Rohner et al.
2001). Three types of functional responses
— linear, convex and sigmoid — are distin-
guished according to the nature of relation-
ship between predation rate and prey densi-
ty (Holling 1959). The functional response
is mostly determined by foraging and be-
havior of the predator (Andersson & Er-
linge 1977, Korpimidki & Norrdahl 1991).
Numerical and functional responses have
been shown in the same species as well
(Luttich et al. 1971, Village 1987). Most

studies of generalist predators have fo-
cussed on their functional response to only
one prey species (Salamolard et al. 2000),
however consumption by a generalist pre-
dator is expected to depend on the densities
of all its major prey species (Yodzis 1994,
Smout et al. 2010).

In this paper I investigate the response of
a resident raptor, the Common Buzzard to
variations in density of its main prey in the
Hortobagy region, Hungary with the com-
parison of breeding performance of 2000
and 2001. There was great difference in
density of rodents — which is the most im-
portant prey type of the species in the Great
Hungarian Plain (Palatitz & To6th 2003) —
between the two years. Moreover, my aim
was to investigate the effect of weather on
population dynamics of small mammals —
i.e. the role of winter/spring temperature
and precipitation in the survival/abundance
of overwintering animals which determines
the population size of rodents later, during
the breeding season.

Material and methods

Study area and species

The study was carried out in the Great Hun-
garian Plain at Hortobagy region during
2000-2001. The study area covers about
200 km? and is dominated by intensively
cultivated fields, arable lands, grasslands
and pastures. The region is one of the least
forested part of Hungary. Buzzards bred in
planted tree lines and forest patches with
few hectare extension. There is only one
large natural forest (200 hectares) in the
study area near Ohat village.

The Common Buzzard is the most com-
mon raptor species in Hungary. The multi-
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plication of the breeding populations since
the 1980s is the result of the decrease of hu-
man persecution, the good adaptability of
the species and the previous wood planta-
tion programmes in the plains that enabled
the species to spread in the lowlands (T6th
2009). The number of breeding pairs ex-
ceeds 20000 (Ecsedi & Sandor 2004).

Breeding performance and small
mammal abundance

In March when birds reconstructed old nest
or built new ones the study area was exi-
maned to find the occupied nests each year.
The founded nests were visited by clim-
bing 5-7 times during the breeding season
to record clutch size, number of hatched and
fledged young.

Main food supply i.e. the population size
and changes of small mammals were al-
so monitored in one hectare large samp-
ling area of a grassland in the centre of the
study area. At the sampling area a 1 hec-
tare (100100 m) live-trapping grid was
established, consisting of 121 livetraps in
a 11x11 configuration with 10 m spacing.
The trapping session was in June and it las-
ted 4 days. Traps were checked three times
per day — in the morning, at noon and in
the evening (traps were opened overnight
as well). Individuals were uniquely marked
with claw cutting applying a code table to
distinguish the recaptured animals indivi-
dually. Captured animales were identifed
on species level. To assess population size
I used the Minimum Number Alive (MNA)
method introduced by Krebs (1966) for
capture-mark-recapture data.

Data on weather conditions and
statistical analysis

To study the effect of weather on the over-
wintering population of small mammals, da-
ta on weather conditions (from 1% February
to 30" April in 2000 and 2001) were ana-
lysed. Daily minimum temperature values
(in °C) and daily amount of precipitation (in
mm) come from the nearest meteorological
station of the Hungarian Meteorological
Service in Debrecen, 45-50 km away from
the center of the study area (available from
the web site — under the code 128820 99999
DEBRECEN - in both years: ftp://ftp.ncdc.
noaa.gov/pub/data/gsod/).

Comparing the clutch size, number of
hatchlings and fledglings between 2000
and 2001. I used generalized linear model
(GLM) with quasipoisson error distribu-
tion (Venables 2002). The statistical analy-
sis was carried out in R 3.0.2 (R Core Team
2013). Completed first clutches were in-
volved only, when mean values of clutch
size were calculated. Moreover, mean num-
ber of hatchlings and fledglings were calcu-
lated based on those nests where one young
hatched from eggs at least.

Results

Breeding success

There was considerable difference regar-
ding the number of breeding pairs between
2000 and 2001. In 2000, 7 buzzard pairs
started to breed on the study area, while dur-
ing 2001 there were 13 breeding attempts.
In 2000, 1 breeding attempt out of 7 failed
during the incubation period, it was exlud-
ed from the analysis because the final num-
ber of laid eggs was unknown (7able 1). In
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Year 2000 2001
X N X SD N P-value
Number of laid eggs 23 0.52 6 3.1 086 | 11 0.0124
Number of hatched young 23 0.52 6 2.7 1.41 9 0.3355
Number of fledged young 1.8 0.98 6 2.0 1.33 0.4236
Table 1. Breeding results of the Common Buzzard at Hortobdgy region in 2000 and 2001 (X =

mean, SD = standard deviaton, N = sample size, P-value from GLM)
1. tdbldzat Az egerészolyv koltési eredményei 2000-ben és 2001-ben a Hortobagy térségében. Az
adatok fészkenkénti dtlagok (x = atlag, SD = szdras, N = fészkek szama, P-érték GLM-bél)

2001, 2 breeding attempts out of 13 were
exluded when mean clutch size was calcu-
lated due to similar reason and another 2
nests with completed clutches were exlud-
ed from the analyses regarding mean val-
ues of hatched and fledged young due to
nest failure during the incubation period
(Table 1). Mean values of the investigated
three breeding parameters were greater in
2001 than in 2000, however significant dif-
ference was found in the mean number of
laid eggs only (P=0.01242), buzzards laid

approximately one more egg on average in
2001 (Table 1).

Abundance of small mammal
community

In 2000, the species diversity and the abun-
dance of small mammal community were
very low in the study area. Estimated popula-
tion size (MNA) of small mammals was less
than 10 specimen which belonged to three
different species: 6 Common Voles (Microtus
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Figure 1. Density of small mammals during the breeding season in 2000 and 2001
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Figure 2. Daily minimum temperature and daily amount of precipitation in 2000, from February to April
2.dbra A napi minimum hémérsékletek és a napi csapadék mennyisége 2000-ben, februdrtél aprilisig

arvalis), 2 Common Shrews (Sorex araneus)
and 1 Bi-coloured White-toothed Shrew
(Crocidure leucodon) were trapped (Figure
1). In 2001 there were considerable chang-
es in species composition and abundance of
small mammals. During the breeding sea-
son the amount of small mammals increased
eightfold comparing to previous year, the to-
tal number of trapped animals (MNA) was
76 specimen (Figure [). Captured species
were Common Vole, Steppe Mouse (Mus
spicilegus), Striped Field Mouse (Apodemus
agrarius), Wood Mouse (4. sylvaticus), Yel-
low-necked Mouse (4. flavicollis), Pygmy
Field Mouse (4. uralensis), Common Shrew,
Bi-coloured White-toothed Shrew, Pygmy
Shrew (S. minutus) and Common Hamster
(Cricetus cricetus). However, Common Vole
and Steppe Mouse dominated the food supp-
ly, these two species accounted for 79% of
trapped animals (44 and 16 specimen, res-
pectively), while proportion of the other 8
species altogether was 21% (Figure 1).

Weather conditions

There were some differences in weather
conditions from February to April between
2000 and 2001. Average (£SD) monthly
minimum temperature was similar in Febru-
ary (in 2000: -1.6+2.4 °C, in 2001: -2.0+3.5
°C), while in March and April these values
differed considerably. Regarding the min-
imum values, March was colder in 2000
by 3.1 °C than in 2001 (average mini-
mum: 0.0+4.3 °C and 3.1£3.3 °C, respec-
tively). In April, the year of 2000 was war-
mer than 2001 (average minimum: 7.844.6
°C and 5.143.1 °C, respectively). Impor-
tant difference can be observed in changes
of daily minimum values. In 2000 the mini-
mum temperature stayed below zero till
21" March, however there were 5 short pe-
riods (7-8., 16-17. February, 2-3., 9-10., 16.
March) when values exceeded zero (Figure
2). In 2001 the last decade of February was
rather cold, but from the 2™ of March daily
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Figure 3. Daily minimum temperature and daily amount of precipitation in 2001, from February to April
3.dbra A napi minimum hémérsékletek és a napi csapadék mennyisége 2001-ben, februértél aprilisig

minimum temperature exceeded zero — al-
most permanently — i.e. mild weather star-
ted 3 weeks earlier than in the previous year
(Figure 3).

Monthly amounts of precipitation were
similar during February in 2000 and 2001 (24
and 20 mm, respectively), during March and
April there were differences between the two
years (2000: 54, 67 mm, 2001: 89, 55 mm).
Distribution of precipitation differed consi-
derably during February and March between
the two years: in 2000 there were 4 days
(17. February, 3., 10., 16. March) when the
amount of precipitation was significant (ex-
ceeded 6 mm), while in 2001 there were 2 oc-
casions (3-5., 14. March) only (Figure 2, 3).

Discussion

Breeding population size and reproduc-
tive success of raptors are determined by
the availability of nesting sites, food supp-

ly and weather conditions (Korpimaki 1985,
Kostrzewa & Kostrzewa 1990, Korpima-
ki & Norrdahl 1991, Butet & Leroux 1993,
Jedrzejewski et al. 1994, Korpiméki 1994,
Salamolard et al. 2000, Reif et al. 2001,
Toth & Palatitz 2003, Millon & Bretag-
nolle 2008, Millon et al. 2008, also see a re-
view in Csorg0 et al. 2012). Nest predation
can also play an important role regarding
breeding success in fragmented habitats, as
well (Chalfoun et al. 2002). I found consi-
derable differences in the number of bree-
ding pairs and their breeding success of the
studied buzzard population between 2000
and 2001. In 2001 the number of breeding
pairs increased twofold comparing to the
previous year (from 7 to 13 pairs). There
was significant difference in clutch size —
mean number of laid eggs was greater in
2001 than in 2000. These changes can be
explained by the remarkable differences in
abundance of small mammal population be-
tween the two years. The density of rodents
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was very low in 2000 (9 specimen/ha). Du-
ring 2001 the amount of small mammals
has increased more than eightfold (76 speci-
men/ha). Particularly the population change
of the Common Vole was drastic, their den-
sity has increased from 6 to 44 specimen/
ha. However, there were no significant dif-
ferences regarding the number of hatchlings
and fledglings between the two years. This
can be resulted by the higher predation rate
in 2001. That year 4 out of 13 nests failed
(31%) due to predation in contrast with 14%
0f2000. As a result, success of chick raising
decreased (there were no hatched young in
four nests), thus predation could mask the
positive effect of high vole density on repro-
duction in 2001.

Weather can affect reproductive success
either directly — failure of eggs and young
due to heavy rainfall and low temperature —
or indirectly, e.g. decreasing food availabi-
lity. Weather conditions during winter and
spring determine the overwintering success
of small mammal populations. In this res-
pect the most important factors are the chan-
ges of temperature and precipitation at the
end of winter and the beginning of spring.
Overwintering population faces the highest
risk when short periods of temperature be-
low and above zero alternates and there is
significant rainfall during the mild periods.
The tunnel complexes of voles are flooded
and huge part of the overwintering animals
may die by the cold. During 2000 (in Feb-
ruary and March) there were 4 short periods
(16-17. February, 2-3., 9-10., 16. March)

when mimimum temperature exceeded zero
alternating with 4 freezing periods 3-4 deg-
ree below zero and lasted 12-14 days. The
distribution of significant precipitation (6-8
mm rainfall) coincided with the 4 mild pe-
riods, thus the overwintering population al-
most extincted from the area resulting ve-
ry low density of small mammals during the
breeding season. In 2001 the above mentio-
ned conditions were much more favourab-
le for the small mammal population. There
was no alternating mild and freezing peri-
ods, mild weather started 3 weeks earlier
than in the previous year (March was extra-
ordinaly cold in 2000). Thus voles overwin-
tered successfully and their numbers incre-
ased rapidly producing a peak during the
breeding season.
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Abstract An unexpected expansion of the Eastern Imperial Eagle (Aquila heliaca) population
was observed in East Hungary from mountainous habitat into lowlands from 1989 onwards. Here the population
markedly increased from 2 to 59 breeding pairs by 2006, while the mountainous population remained more or less
stable with 12-17 breeding pairs. At the beginning of the expansion process the nearest neighbour distances be-
tween breeding pairs was lower in the mountains than in the lowlands, but presently they are similar, indicating a
saturation process in the lowland areas, but no density dependence was revealed on breeding success. During the
study period a higher ratio of non-adult pairs was observed in the lowland territories (49%) than in the mountains
(22%). We found that both age and habitat influenced breeding success. We also found that age-effect was signi-
ficant on success rate (i.e. the ratio of pairs that produce at least one chick), while habitat-effect was more evi-
dent on fledging success (i.e. the number of fledglings per productive pair). The overall productivity (i.e. number
of fledglings per breeding pair) was affected primarily by the age of the pairs, but the interaction term of age x ha-
bitat also was significant. We suppose that better feeding possibilities (closer foraging areas and larger prey den-
sity) could explain the higher fledging success in the lowlands. We also predicted that pairs inhabiting agricultu-
ral areas in the lowlands will have a reduced success rate due to higher human disturbance, together with an age
effect of the breeding pairs. Therefore adult pairs probably can habituate to disturbance even if it happens in the
close vicinity of their nesting sites.

Keywords: population dynamics, breeding success, territory, raptor

Osszefoglalas A parlagi sas kelet-magyarorszagi elterjedési teriilete jelentés mértékben kiterjedt az Alfold iranya-
ba 1989-t61 2006-ig, amely soran az alfoldi allomany 2-r6l 59 parra emelkedett, mig a hegyvidéki allomany vi-
szonylag stabil maradt, és 12-17 par kozott valtozott. A terjeszkedési folyamat elején, a hegyvidéki él6helyeken
kisebb volt a parok kozotti legkdzelebbi szomszéd tavolsag, mint sikvidéken, azonban ez 2006-ra kiegyenlit6dott.
Denzitasfiiggo hatast egyelore nem lehet megfigyelni az atlagos koltési siker alakulasaban. A vizsgalati idoszak-
ban, a sikvidéki territoriumokban magasabb volt az atszinezdd6 fiatal madarak aranya (49%), mint a hegyvidéki-
ekben (22%). A kolté madarak koranak és az ¢l6helynek a koltési sikerre gyakorolt egyiittes hatasat vizsgaltuk.
Azt talaltuk, hogy a koIt madarak kora inkabb a koltések sikerességi aranyat (sikeres parok/dsszes koltd par) be-
folyésolta, mig az él6hely inkébb a kirepiilési sikerre (kirepiilt fiokdk szama/sikeres par) volt hatéssal. Osszessé-
gében a produktivitast (kirepiilt fiokak szama/Gsszes kolté par) alapvetden a madarak kora befolyasolta, de a kor
és az ¢lohely interakcidja is szignifikans hatdssal volt. Az adatok alatamasztjak azt a predikcionkat, miszerint a
sikvidéki teriiletek jobb taplalkozasi lehetdségei (kozelebbi taplalkozo teriiletek és nagyobb zsakmany-denzits)
magasabb koltési sikert eredményezhetnek. A masik predikcionk, miszerint a sikvidéki parok sikerességi aranya
alacsonyabb a jelentdsebb emberi zavaras miatt, csak részben igazolodott. Bar ez a trend megfigyelhetd volt az
adatokban, de csak a parok koraval interakcioban volt szignifikans a kiilonbség. Ezért gy gondoljuk, hogy a ta-
pasztalt oreg madarak megfelelé mértékben hozza tudnak szokni az emberi jelenléthez a fészkek kozvetlen kor-
nyezetében is.

Kulesszavak: populaciodinamika, koltési siker, territorium, ragadozomadar
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Introduction

Biotic and abiotic environmental variables,
like topography, vegetation, prey availabili-
ty, predators, and competitors, influence ha-
bitat selection in birds (Hildén 1965, Cody
1985, Wiens 1989). Habitat selection of lar-
ger-sized raptor species typically depends
on the availability of nesting sites and feed-
ing areas (Janes 1985, Tapia et al. 2008).
If raptors choose an optimal nesting habi-
tat, they increase their reproductive suc-
cess by decreasing the risk of predation
(Sergio et al. 2007), avoiding competitors
(Katzner et al. 2003), or human disturbance
(Lopez-Lopez et al. 2007). Another im-
portant component, which is connected to
habitat quality and has main effects on rap-
tors’ reproductive success, is prey-availabi-
lity in feeding areas, like density and qua-
lity of prey (Penteriani et al. 2006, Sergio
et al. 2006) and distance of foraging areas
from nesting sites. Distance between nests
and feeding areas play a key role when birds
optimize their energy expenditure for maxi-
mizing their fitness (Cowie 1977). The qual-
ity of nesting sites and feeding areas seems
to be important factors, which mainly affect
the viability of raptor populations (Kriiger et
al. 2002). Besides the direct and indirect ef-
fects of habitat quality, density dependence
(Ferrer & Donazar 1996, Ferrer ef al. 2006,
Ferrer & Penteriani 2008) and age of bree-
ding birds (Steenhof et al. 1983, Balbontin
et al. 2003, Ferrer & Bisson 2003, Penteri-
ani et al. 2003, Margalida et al. 2007) are
known to have crucial effects on breeding
success. The effect of age can be especial-

ly important in instable populations, where
the relative frequency of non-adult breeders
increases, due to lack of adult breeders in
comparison to available habitats (Ferrer et
al. 2004).

Many of the large-sized raptors are among
the threatened birds in the world (Del Hoyo
et al. 1995). The Eastern Imperial Eagle
(Aquila heliaca) has a wide distribution area
in the forest-steppe zone of the Palearctic re-
gion, it breeds from western Austria, Czech
Republic, Slovakia and Hungary through-
out eastern Europe and Siberia to the Baikal
Lake in Russia. Nevertheless its distribution
is scattered and the species is globally threa-
tened, as its world population consists only a
few thousand breeding pairs (Del Hoyo ef al.
1995, BirdLife International 2013).

Throughout its distribution area Imperi-
al Eagles are connected to open foraging
habitats, where its medium-sized mammal
or bird preys are available (Del Hoyo et al.
1995). In several regions they are breeding
in forested mountains, mostly due to per-
secution or the lack of suitable trees in the
nearby open plain habitats (Petrov et al.
1996, Karyakin et al. 2008). We have no re-
liable data about the breeding distribution
of Imperial Eagles in Hungary prior to the
1970’s, although all early literature since
the end of the 19% century mention it as a
rare breeder of the Hungarian mountains,
and only scarce observations are available
from the Great Hungarian Plain (Vasvari
1938). The Hungarian population of the
Eastern Imperial Eagle presumably reached
its historical minimum with only 15-25
breeding pairs in mountainous forests by
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the 1980’s. During the last two decades an
unexpected increase of the population was
observed and by 2009 the Hungarian popu-
lation already exceeded 100 pairs (Horvath
et al. 2011). In parallel the species also ex-
panded its breeding range from mountain
forests to lowland agricultural areas. Two-
thirds of Hungary consists of such agricul-
tural habitats, so there is a chance for fur-
ther area expansion of Imperial Eagles in
the near future.

In the present study we investigated the
factors affecting reproductive success of the
largest subpopulation of Imperial Eagles in
Central Europe during its area expansion.
As the population is still exponentially in-
creasing and probably is under the saturation
point, we predicted that recently there is no
significant density dependent effect on pro-
ductivity. We also hypothesized that both age
of the breeding birds and habitat type affect
the reproductive success of Imperial Eagles.
On one hand we predicted that the probabi-
lity of successful breeding in the lowland
areas 1s lower than in the mountains, due to
a higher level of human disturbance connec-
ted to intensive agriculture and higher densi-
ty of urbanized areas and infrastructure. On
the other hand we also predicted that fled-
ging success is higher in lowland areas where
Brown Hares (Lepus europaeus), the main
prey species of Imperial Eagles (Horvath et
al. 2010), are more abundant and open forag-
ing areas are closer to the nesting sites.

Methods

Study area

The study was conducted in the central part
of the Great Hungarian Plain and adjacent
low mountains (46°30°-48°30°’N 19°50°-

21°40°E, 20 000 km?). Most parts of the
study area are lowlands between 80-100
m a.s.l., like the Jaszsag, Heves, Borsod,
Nagykunsag and Békés Plains, which lie in
the wide valley of the Tisza River and its
tributaries. The Plain is mostly covered by
intensive agricultural fields and small rem-
nants of grasslands, which are scattered by
small groups of poplars (Populus spp.) and
black locust trees (Robinia pseudoacacia).
The northern border of the Plain is formed
by the Matra, Biikk and Zemplén Mountains
(200-1014 m a.s.l.) which are predominant-
ly covered by oak (Quercus petraea, Q. cer-
ris, Q. pubescens), beech (Fagus sylvatica)
and introduced pine (Pinus silvestris, P. nig-
ra, Larix decidua) forests.

Data collection

Breeding territories of the Eastern Imperi-
al Eagle were monitored by a well-trained
network of observers, organised by MME
BirdLife Hungary and Hungarian national
park directorates since 1980 (Haraszthy et
al. 1996, Bagyura et al. 2002, Horvath et al.
2011). In the present study we analysed da-
ta collected between 1989 and 2006, when
monitoring covered all potential breeding
territories. At the beginning of each bree-
ding season (February-March) all previous-
ly identified territories and their surroun-
dings up to 10 km were visited in order to
locate active nests of Imperial Eagle pairs.
Afterwards, during the whole breeding sea-
son (from April to August) all active nests
were controlled for at least once per month
to determine breeding success or failure in
each breeding stage (incubation, small-, me-
dium- and large-chick and fledging periods).
Observations were carried out by spotting
scopes (20—-60x%) from a distance of 0.5-1.5
km to avoid unnecessary disturbance of the
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birds (Gonzalez et al. 2006a). We checked
nest content once during the breeding sea-
son to monitor the exact number of alive or
dead offspring, when the chicks were 4-7
weeks old (mostly between 10-25 June), or
when the breeding failed. Locations of the
nests were identified with GPS and stored
in a GIS database together with other bree-
ding parameters.

During this 18-year study 645 breeding
attempts were monitored in 89 breeding ter-
ritories. By definition two nests belonged to
the same territory if they were closer than
7.3 km to each other (the average nearest
neighbour distance in 2006) and not more
than one territorial pair used them with-
in the same year (Ferrer & Bisson 2003).
Two different breeding habitat types were
used by the species in the study area, such
as mountainous forests and small patches of
trees in open agricultural landscape of the
lowlands. The breeding attempts were clas-
sified into the two breeding habitat types
based on the 200 m contour line. This con-
tour line also separated the open and fores-
ted nest sites without any notable overlap,
as all (100%) of the 262 ‘mountainous’, but
only eight (2.1%) out of the 383 ‘lowland’
breeding attempts were in forested habitats.
Subsequent breeding attempts of the same
territory were usually within the same habi-
tat type (15 pure mountainous and 67 pure
lowland territories). However, in seven ter-
ritories the pairs switched between the two
habitat types. These mixed territories were
also classified into that habitat type where
more breeding attempts occurred and only
the average of these breeding attempts were
used for territorial comparisons.

Members of the breeding pairs were cate-
gorised during the population monitoring
as ‘adult’ or ‘non-adult’ birds, as these two
age classes can be distinguished relative-

ly easily in the field based on plumage cha-
racteristics. Similarly to the Spanish Imperi-
al Eagle (Ferrer et al. 2004, Gonzalez et al.
2006b) and other large eagles (Steenhof et
al. 1983, Balbontin et al. 2003), Eastern Im-
perial Eagles regularly breed already in their
31-5" calendar year, before they accomplish
their moult to the dark brown adult plum-
age (Katzner et al. 2006, authors own da-
ta). Nonetheless, the exact age determina-
tion of non-adult eagles needs substantial
experience (Forsman 1999). A breeding pair
was classified as ‘non-adult’ if at least one
member of the pair was in non-adult plum-
age, and as ‘adult’ if both members were in
adult plumage. In 25 cases (4% of breeding
attempts) the age class of both birds could
not be identified, therefore these were typi-
cally excluded from calculations.

Statistical analyses

To avoid pseudoreplication that would arise
if each breeding attempt would be inclu-
ded separately, we used territories as sam-
pling units in the comparative analyses (c.f.
Steenhof 1987, Ferrer & Bisson 2003, Pen-
teriani et al. 2003, Sergio & Newton 2003,
Margalida et al. 2007), and annual mean
values for analysing temporal trends du-
ring the study period (Balbontin et al. 2003,
Ferrer & Bisson 2003). Breeding success
was measured with three variables (Steen-
hof 1987, Balbontin et al. 2003), such as the
number of fledglings per nesting pair (re-
ferred to as productivity in the followings),
the frequency of nesting pairs that fledged at
least one chick (referred to as success rate
in the followings), and the number of fledg-
lings per successful nesting pairs (referred
to as fledging success in the followings). For
the calculation of mean values for territories
we controlled for year effect by subtracting
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annual means from the original breeding
success data (Ferrer & Bisson 2003, Pente-
riani et al. 2003). We excluded those territo-
ries from the analyses where less than three
breeding attempts occurred. Density de-
pendence was estimated by nearest neigh-
bour distances (NND) (Newton et al. 1977,
Penteriani et al. 2003).

Normal distribution of variables was tes-
ted prior applying parametric tests, and in
case to significant deviation non-parametric
tests were used. Generalized Linear Models
were used to test simultaneous effect of ha-
bitat type and age of birds on breeding suc-
cess variables, and the interaction of the two
factors were removed from the model, if it
had no significant effect. All statistical tests
were two-tailed and significance level was
set at P <0.05. Data are presented as mean +
SD. Distances were measured by ArcMap©
software (ESRI Inc., version 9.0). Analy-
ses were executed by the SPSS programmes
package (SPSS Co., ver. 17).

Results

Temporal variation of population
parameters

Altogether 79 new territory occupancies
(i.e. when a breeding pair appeared in a
territory where no breeding attempt was
recorded in the previous year) were ob-
served during the study period, with only
12 (15%) located in the mountains, while
the rest of the new territories (85%) ap-
peared in the lowland. We identified the
age of both breeding birds in 70 cases, from
which 57 (81%) new territories were occu-
pied by non-adults. This frequency was sig-
nificantly different from the 24% value of
non-adults, which was observed among the

other 550 breeding attempts (y° = 123.416,
P <0.001).

Population size increased markedly in
the lowland (annually increased by 25%;
F= 281401, df = 1,16, P < 0.001), and al-
so in the mountains, although here the trend
was not so sharp and not constant (annual-
ly increased by 5%; F= 5.859, df = 1,16, P
=0.033) (Figure la). In parallel with the in-
creasing population size the NND decreased
in the lowland (F= 22.445, df = 1,16, P <
0.001), but did not change significantly in
the mountains (' = 2.747, df = 1,16, P =
0.117) (Figure 1b). The frequency of non-
adult pairs in the breeding population in-
creased in the lowlands (F= 7.401, df =
1,16, P=0.015) and decreased in the moun-
tains (F= 5.379, df = 1,16, P = 0.034) (Fi-
gure Ic). None of the breeding success vari-
ables showed significant trends in the two
habitat types during the study period (pro-
ductivity: F' = 0.148, df = 1,16, P = 0.705
for mountains and F = 0.108, df = 1,16, P
= (.747 for the lowland) (Figure 2a); suc-
cess rate: F'=0.401, df= 1,16, P=0.535 for
the mountains and /' = 0.613, df = 1,16, P =
0.445 for the lowland, (Figure 2b); fledgling
success: F'=0.041, df = 1,16, P = 0.842 for
the mountains and F'=0.718, df = 1,16, P =
0.409 for the lowland) (Figure 2c).

Density dependence

Territory averages of NND was significant-
ly lower in mountainous than in lowland
territories (6.6 = 3.2 km and 12.7 + 14.5
km, respectively; Mann-Whitney U-test,
Z =-2.728, P = 0.006), although the diffe-
rence became non-significant, or even re-
versed by the last years of the study peri-
od (8.4 + 4.8 kmand 7.1 £4.3 km in 2006,
respectively; Mann-Whitney U-test, Z =
-0.722, P =0.470). We did not find any sig-
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Figure 1. Changes in number of nesting pairs (a), nearest neighbour distance (b) and frequency of

1.dbra

non-adult pairs (c) of Eastern Imperial Eagles in lowland and mountain habitats of East-Hun-
gary between 1989 and 2006

A fészkel6 parok szamanak (a), a legkdzelebbi szomszéd tavolsagnak (b) és a nem-adult pa-
rok gyakorisaganak (c) valtozasa a kelet-magyarorszagi parlagi sas alloményban a hegyvi-
déki (fekete négyzet) és sikvidéki (fehér kor) éléhelyeken 1989 és 2006 kozott
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Figure 2. Changes in productivity (a), success rate (b) and fledging success (c) of Eastern Imperial
Eagles in lowland and mountain habitats of East-Hungary between 1989 and 2006

2.dbra A produktivitas (a), a sikerességi arany (b) és a kirepuilési siker (c) valtozasa a kelet-magyar-
orszagi parlagi sas dllomanyban a hegyvidéki (fekete négyzet) és sikvidéki (fehér kor) éléhe-
lyeken 1989 és 2006 kozott
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Mountain Lowland
n mean = SD n mean + SD t P
Productivity 20 -0.098 + 0.371 51 -0.005 + 0.466 0.805 0.424
Success rate 20 0.006 = 0.233 51 -0.043 £0.210 -0.851 0.398
Fledging success 19 -0.162 + 0.306 50 0.086 + 0.390 2494 0.015"

*significant at P = 0.05 level

Table 1.

Comparison of breeding success variables between the territories of the two habitat

types. (Productivity = the number of fledglings per a nesting pair; Success rate = the fre-
quency of nesting pairs that fledged at least one chick; Fledging success = the number of

fledglings per successful nesting pairs)

1. tdbldzat A koltési siker valtozok 6sszehasonlitasa a két éléhelyen. (Produktivitas = kirepult fiokak
szdma / fészkeld parok szdma; Sikerességi arany = azon fészkel6 pérok aranya, amelyek
legalabb egy fidkat sikeresen kireptettek; Kirepulési siker = kirepllt fiokak szama / sikeres

parok szama)
Adult Non-adult
n mean + SD n mean + SD t P
Productivity 46 0.107 + 0.602 46 | -0.162+0.756 -1.995 0.052
Success rate 46 0.104 £ 0.279 46 -0.115 £ 0.387 -3.257 0.002"
Fledging success 35 -0.079 £ 0.448 35 0.009 + 0.435 0.903 0.373

*significant at P = 0.05 level

Table 2.

Pairwise comparison of breeding success variables of adult and non-adult pairs within

the same territories. (Productivity = the number of fledglings per a nesting pair; Success
rate = the frequency of nesting pairs that fledged at least one chick; Fledging success =
the number of fledglings per successful nesting pairs)

2. tdbldzat A koltési siker véltozok paros 6sszehasonlitdsa az ,adult” (két kiszinezé6dott madarbdl
allé) és ,nem-adult” (legaldbb egy atszinez6dé madarat tartalmazd) parok kozott.
(Produktivitas = kirepllt fiokdk szdma / fészkeld parok szama; Sikerességi arany = azon
fészkel6 parok ardnya, amelyek legaldbb egy fidkat sikeresen kireptettek; Kirepulési siker
= kirepllt fiokak szama / sikeres parok szdma)

nificant correlation between NND and any
of the breeding success variables (produc-
tivity: r, = -0.022, P = 0.842; success rate:
r,=-0.056, P = 0.601; fledgling success: r,
= 0.113, P = 0.338). Moreover, as density
increased in the lowland habitats during the
study period, no changes were observed in
any of the breeding success variables (see
above). Therefore we assumed that there
was no significant density-dependent effect
of the studied parameters in the study pe-
riod.

Simultaneous effect of age and habitat

Breeding success variables showed some
difference both regarding habitat type and
age of breeding birds in univariate compari-
sons without considering the possible simul-
taneous effects (Table 1 and Table 2). We
also found significant rank correlations bet-
ween the frequency of non-adult pairs and
each of two breeding success variables of
the territories (productivity: r = -0.354, P =
0.002; success rate: 7, = -0.337, P = 0.004),
although fledgling success did not correlate
significantly (r, =-1.102, P = 0.406). Never-
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Sungfp Seql::ares Mean Square F P
Productivity
Corrected Model 2447 0.816 4.895 0.004 *
Intercept 0.617 0.617 3.702 0.059
Habitat 0.002 0.002 0.01 0.922
Age 2.308 2.308 13.853 <0.001 *
Habitat x Age 0.810 0.81 4.859 0.031 *
Success rate
Corrected Model 0.767 0.256 6.856 <0.001 *
Intercept 0.207 0.207 5.547 0.021 *
Habitat 0.152 0.152 4.074 0.048 *
Age 0.725 0.725 19.449 <0.001 *
Habitat x Age 0.383 0.383 10.275 0.002 *
Fledging success
Corrected Model 1.379 0.690 5.289 0.007 *
Intercept 0.090 0.090 0.692 0.409
Age 0.531 0.531 4.071 0.048 *
Habitat 1.285 1.285 9.856 0.003 *
Habitat x Age ** - - - -

*significant at P = 0.05 level

Table 3.

** interaction was not significant, therefore it was removed from the model

Results of the Generalized Linear Models analysing the effects of habitat type and age of

the breeding birds on breeding success variables
3.tdbldzat Az Altalanositott Linearis Modell (GLM) eredménye, amely az éléhely-tipus és a kolté
madarak koranak hatdsat mutatja a koltési siker valtozokra

theless, the frequency of non-adult pairs dif-
fered significantly between the two habitat
types (22.1 + 26.3% in the mountains and
49.5 £ 35.1% in lowlands; Mann-Whitney
U-test, Z =-2.964, P = 0.003), therefore the
possible simultaneous effects were tested in
a generalized linear model.

The linear models showed different re-
sults for the three breeding success vari-
ables (Table 3). We found that overall pro-
ductivity was affected primarily by the age
of the breeding pairs, but also by the inter-
action between habitat and age effects. Suc-
cess rate was also primarily affected by the
age of the pairs, although the habitat and in-
teraction between the two effects were al-

so significant. Finally habitat showed stron-
ger effect on fledging success, but age of the
pairs also had a significant effect.

Discussion

Our results revealed that habitat selection
of Imperial Eagles in Hungary changed in
the last two decades, causing an unexpec-
ted population growth and breeding area ex-
pansion. From their mountainous refugees
Imperial Eagles expanded their original
breeding areas in Hungary to the lowlands,
which were most probably abandoned for at
least one hundred years. Although presently
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the new breeding area, the Hungarian Great
Plain, with its developed agriculture and
dense system of settlements, seems to be
suffering from high human disturbances, the
reproductive success parameters suggested
that this new breeding area offer high-quali-
ty breeding sites for the eagles.

Similarly to other studies (Steenhof 1983,
Balbontin et al. 2003, Ferrer et al. 2003) we
found a strong effect of age of breeding birds
on reproductive success variables, i.e. non-
adult pairs bred less successfully. Not sur-
prisingly, in the newly-occupied areas non-
adult eagles were more frequent than in the
traditional mountainous areas and we found
that age and habitat type had simultaneous
effects on breeding success variables, as it
was also shown on Bonelli’s Eagles (4qui-
la fasciata) in Spain (Penteriani et al. 2003).
We found that age-effect is more signi-
ficant on success rate (i.e. the ratio of pairs
that produce at least one chick), while habi-
tat-effect was more evident on fledging suc-
cess (i.e. the number of fledglings per pro-
ductive pair). The overall productivity (i.e.
number of fledglings per breeding pair) was
affected primarily by the age of the pairs, but
the interaction of age and habitat type had
also significant effect. We suppose that bet-
ter feeding possibilities (closer foraging are-
as and larger prey density) could explain the
higher fledging success in the lowlands. We
also predicted that pairs inhabiting lowland
agricultural areas suffer more from human
disturbance resulting in a lower success rate,
but even if this trend was observable it had
significant effect only in interaction with the
age of the pairs. This interaction is probab-
ly caused by inexperienced non-adult pairs,
which are threatened by the higher level
of lowland disturbance, while experienced
adult pairs can breed with similar success as
in the undisturbed mountains.

Although the exact causes, which start-
ed the population expansion in the Imperial
Eagles in Hungary are not known, our study
revealed that freshly occupied lowland ha-
bitats can be more productive than tradi-
tional mountainous ones. Such a process
is surprising in an expanding population
as most studies report that if a population
is not saturated the best habitats are occu-
pied first (Newton 1979, Sergio & New-
ton 2003). Moreover the population size of
Brown Hare (Lepus europaeus), the main
prey species of Imperial Eagles is Hunga-
ry (Horvath et al. 2010), has been continu-
ously declining since the 1960’s in parallel
with the intensification of agriculture (Baldi
& Farag6 2007). Therefore the colonization
of the lowlands is most probably not caused
by any recent increased availability of food
supply, but by an increasing population size
in the original habitats. After the population
in the mountains started to increase and the
level of persecution decreased in the low-
lands, some eagles tried to settle in these
new habitats. The appearance of these first
inventory pairs was probably the most im-
portant step in the expansion, as the high na-
tal philopatry of the species (Gonzalez et al.
2006b) hinders the sudden colonization of
habitats far from the original breeding dis-
tribution area. The huge and well visible
nests and territorial behaviour of conspeci-
fics indicate, that lowland agricultural areas
can be also suitable habitats for them (New-
ton 1979). During the last two decades these
freshly colonized habitats proved to be even
more suitable for the species, than the tradi-
tional mountainous forests, and since large
agricultural regions of the Hungarian Plain
are still not inhabited by the species we ex-
pect further expansion in the near future.
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Abstract The Barn Owl (7yto alba) bred in 15 UTM squares (75%, n = 20) of the Kazanlak Val-
ley (central south Bulgaria) at 33 localities (55% confirmed, 12% probable and 33% possible
breeding). Its distribution in the Valley was found to be five times larger and its population size ten times greater
during our study period than previously thought. Evidence of one to five breeding localities (mean 2.2+1.3) was
detected in each occupied UTM square. A breeding density of 4.1 bp/100 km? was close to the average in Central
Europe. Nests inside or on metal frames and ducts were typical in the region and gave possibility for its success-
ful breeding in most of the habitable buildings. The Barn Owls were breeding mainly in poorly maintained and
abandoned buildings whose supply has not decreased markedly since the agricultural restoration started in Bul-
garia after it joined the European Union and intensive industrial agriculture has resumed with EU support. Cur-
rently, it appears that Barn Owl is not threatened by a ‘housing shortage’ over the next decade.

Keywords: Barn Owl, Tyfo alba, breeding density, nest site selection, conservation

Osszefoglalas A gyongybagoly (Tyto alba) a Kazanlak-volgy 15 UTM négyzetében koltott (75%, n = 20)
(Dé1-Kozép Bulgaria) 33 helyen (55% bizonyitott, 12% valoszinii és 33% lehetséges koltés). Az elterjedési terti-
lete a volgyben 6tszor, allomanynagysaga pedig tizszer magasabb a korabbiakban véltnél. Minden elfoglalt UTM
négyzetben 1-5 koltohelyet talaltak (atlag: 2,2+1,3). A Kézép-Eurdpara jellemz6 koltoallomany stirtiségéhez (4,1
par/100 km?) kozelit ez az érték. Jellemzden a fémszerkezeteken vagy azok belsejében és a szell§zdjaratokban
épiiltek a fészkek, ezek a szerkezetek biztositottak sikeres fészkelési lehetdséget a legtobb gyongybagoly lakta
éptiletben. Els6sorban elhanyagolt vagy elhagyatott épiiletekben fészkeltek, ezek mennyisége nem csokkent je-
lentGsen, midta Bulgaria csatlakozott az Europai Unidhoz, és EU tamogatassal megindult a mezdgazdasag inten-
zifikalasa. Ugy tiinik, hogy a gyongybagoly nem fog fészkelShely-hiannyal szembesiilni a kovetkezé évtizedben.
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Introduction

The Barn Owl (Tjto alba) has a stable cos-
mopolitan population, and the [IUCN (2013)
assigned it into the ‘least concern’ catego-
ry for global protection. But, it probably
has undergone a moderate decline (>10%)

in Europe and was evaluated as ‘declining’,
thus it has got an unfavorable conservation
status there (BirdLife International 2004).
The main negative factors in Europe and
North America are related to industrialized
agriculture with mechanization and use of
chemicals, loss of suitable roosting and nes-
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ting sites and increased mortality with the
expansion of the road network and increased
traffic speed (Taylor 1994, Mebs & Scher-
zinger 2000, Golawski et al. 2003, Martinez
& Zuberogoitia 2004, Martin et al. 2010,
Hindmarch ez al. 2012, Borda-de-Aguaa et
al. 2014). In Bulgaria, the Barn Owl popu-
lation has been reported to be stable but, in
fact, the species is poorly studied. Gaps in
good information may explain the great dif-
ferences in the range intervals of population
estimates over the last decade, i.e. from 150-
500 pairs (BirdLife International 2004) to as
many as 1300-1700 pairs (Nankinov 2004).

The Barn Owl inhabits open agricultural
landscapes where modernization of agricul-
tural machinery, renovation of the agricultu-
ral buildings, and recultivation of abandoned
lands has been underway since Bulgaria joi-
ned the European Union in 2007. This study
aims to determine its present breeding distri-
bution and types of nest sites in the context
of the restoration of agricultural sector in the
Kazanlak Valley in central south Bulgaria.
The Barn Owl has been recently reported as
a breeding bird in three localities in the Val-
ley (Iankov 2007). It has not been included
among ‘other important species’ in the Natu-
ra 2000 protected sites there (MOSW 2013).
This must be changed in order to its protec-
tion as ‘vulnerable’ bird in the Bulgarian
Red Data Book (Golemanski 2011).

Materials and methods

The Kazanlak Valley lies between the Stara
Planina Mountains (highest local peak Trig-
lav 2276 m a.s.l.) on the north and the Sred-
na Gora Mountains (peak Bratan 1236 m
a.s.l.) on the south and it encompasses an
area around 800 km?. Its western border is the
transverse Krastetz Hill (N 42°35" E 25°00°,

540 m a.s.l.) and the eastern one is the Mej-
denishki Gorge (N 42°35" E 26°05", 190 m
a.s.l.) of the Tundzha River. The mostly flat
valley floor is interrupted by superficial cones
formed by rivers flowing down from the two
mountains and the Tundzha River that drains
the valley. Two reservoirs and irrigation chan-
nels are presented. The climate is moderate
continental with mean temperatures ranging
from 0 °C up to +1 °C in January (Kopralev
2002). Open habitats with prevalence of cul-
tivated areas and low-intensity grazing pas-
tures dominate the Valley. Major agricultural
crops are wheat, barley and sunflower. The
rose fields, which confer the popular name
Rose Valley to the area, and lavender fields
cover larger area of the northwestern and the
western parts of the region. The forests are
broad-leaved deciduous and comprise a small
area, remaining mostly in riparian zones. Hu-
man settlements are mostly villages, with the
exception of few small towns as the regional
center Kazanlak, without any strongly deve-
loped industry now.

Data on Barn Owl’s presence in the val-
ley were collected in mid-June and ear-
ly September 2012. Additional information
was collected for three settlements in UTM
square LH51 in mid-July 2013. We fol-
lowed the methods described in Miltschev
et al. (2002): (1) to look for pellets, facces
markings, feathers and nests of Barn Owls
mainly in agricultural and stock-breeding
compounds and separate buildings (n = 62
places). These sites were easier to access than
residential and other buildings and were sit-
uated in the periphery of or away from sett-
lements, but close to owl hunting grounds
in nearby open habitats; (2) to search for
Barn Owl remains (bones, feathers) in the
Eagle Owl (Bubo bubo) pellets; (3) rocky
slopes, single rocks and rocky gorges, quar-
ries and steep riverbanks (n = 46) were stu-
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Figure 1. Breeding distribution and number of the Barn Owl (Tyto alba) in the Kazanlak Valley (CS
Bulgaria): the five dimensions of circles (1-5) specify the number of breeding localities in
the respective UTM square: 1 locality/square (6 squares, 30%, n = 20); 2 localities/square (3
squares, 15%); 3 localities/square (4 squares, 20%); 4 localities/square (1 square, 5%), 5 lo-
calities/square (1 square, 5%); the highest level of the breeding evidence in the respective
square: black circle — confirmed breeding (12 squares, 60%, n = 20); grey circle — probable
breeding (1 square, 5%); empty circle — possible breeding (2 squares, 10%)

1.dbra

A gyongybagoly fészkelések eloszlasa és szama a Kazanlak-volgyben (Dél-Kézép Bulgaria)

fekete kor — biztos koltés, szlirke kor — valdszint koltés, fehér kor — bizonytalan koltés

died as potential Barn Owl breeding places
in conformity with a rock nest in SE Bulga-
ria (Milchev 2013). In this way, the variety
of known breeding places in the country was
covered. Species breeding was assessed as
‘certain’, ‘probable’ or ‘possible’ following
Hagemeijer and Blair (1997) with specifica-
tions of Miltschev et al. (2002). All food re-
mains and egg shells were deposited in the
collections of the National Museum of Natu-
ral History (Milchev 2012). Breeding loca-
lities were mapped on a 1010 km Universal
Transverse Mercator (UTM) grid. Statistical
differences in the frequency of the nest site
types were calculated by chi-square tests.

Results

The study area falls within 20 UTM squares
and Barn Owl bred in 15 of them (75%, n =
20), (Figure 1). We discovered 33 breeding
localities (55% confirmed, 12% probable and
33% possible breeding), and 31 of these loca-

lities (93.9%) were found in buildings. Two
localities (6.1%, n = 33) were identified by
finding the remains of five (one fledgling) and
two specimens of Barn Owls respectively in
the Eagle Owl pellets, which were assigned
to the nearest settlement. One breeding pair
per settlement was the average, and only two
settlements (8.3%, n = 24 settlements) hosted
two breeding sites. These nests were situated
in the opposite ends of the settlements at dis-
tance 1.2 and 1.8 km respectively. One to five
breeding localities (mean 2.2+1.3) were de-
tected in the UTM square which having evi-
dence of breeding. The breeding density in
the Valley was 4.1 bp/100 km?.

Barn Owls bred more often in habitable
buildings (52.9%, n = 17), (Table 1). The
difference in the frequency of their use in
the valley and neighbouring SE Bulgaria
was insignificant. The most common nest
sites in the Valley was inside rigid metal
frames (41.2%, n = 17). Their use and bree-
ding inside or on ventilation ducts were sig-
nificantly more frequent in the Valley while
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Nest number Number of buildings/bridges
eststte Csulgat | SEBulgat | EEucin | S bulgar
! ! (SE Bulgaria) (SE Bulgaria)
inside a rigid metal frame* 7 (41.2%) 7 (0)
on a cross-beam* 4 (23.5%) 9 (27.3%) 4 (5) 0(4)
in an attic* 2 (11.8%) 12 (36.4%) 0(7) 2 (5)
inside a ventilation duct* 3(17.6%) 1 (3.0%) 3(1)
on a flat-topped ventilation duct 1 (5.9%) 1(3.0%) 1(1)
between roofing plates 5(15.2%) 0(3) 0(2)
niche with a ventilator 1 (3.0%) 0(1)
on an interior wall 1 (3.0%) 0(1)
under a bridge 2(6.1%) 0(2)
historical ruin 1 (3.0%) 0(1)

Table 1.

Barn Owl (Tyto alba) nest sites in Kazanlak Valley (CS Bulgaria) and neighboring SE Bul-

garia (Miltschev et al. 2002, B. Milchev unpubl. data). * — a destroyed brood in a respective

nest site in the Valley

1. tdbldzat A gyongybagoly (Tyto alba) fészkel6helyei a Kazanlak-volgyben Dél-K6zép-Bulgériaban és
a szomszédos Délkelet-Bulgaridban (Miltschev et al. 2002, B. Milchev unpubl. data)

the attics were preferred in SE Bulgaria (y*
=25.20,df=10, P <0.01).

Inside buildings darker places were select-
ed as nest sites and their height was between
2.5 m and 6 m (mean 3.9£1.0). Barn Owls
accessed them through missing windows,
doorways and holes in walls (58.8%, n=17)
or through existing openings in the design
of buildings (41.2%). Nest sites ranged from
almost inaccessible to highly accessible for
people. Four broods appeared to have been
destroyed by mammalian predators (23.5%,
n=17), (Table 1). The discrepancy between
the observed and expected frequency of de-
stroyed broods in different nest sites was
statistically insignificant (> = 0.64, df = 4,
P > 0.05). Workers found between one and
four fledglings under three nests located in-
side rigid metal frames, but only once two
fledglings died because of inadequate hu-
man care. The owners and the workers in all
inhabitable buildings with nests have a posi-

tive attitude towards the Barn Owls despite
the necessity of regular cleaning of their
pellets and excrement.

The subspecies Tyto alba guttata breeds in
the Kazanlak Valley according to feathers of
molting owls and prey remains from Eagle
Owls and from four well observed birds in a
total 21 localities.

Discussion

The secretive lifestyle of the Barn Owl
has hampered locating them considerably
as subjects for ornithological research (de
Bruijn 1994, Taylor 1994), and Iankov
(2007) noted the insufficient knowledge
about the distribution of owls and other
nocturnal birds in Bulgaria. Therefore, the
fivefold broader breeding distribution and
tenfold higher population size in the pre-
sent study than previously thought (Iankov
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2007) is not a surprise. This study corrobo-
rates the results of Miltschev et al. (2002),
Milchev et al. (2006) and Boev et al. (2007)
that the flat and hilly agricultural landscapes
in south Bulgaria is the most suitable area
for Barn Owls breeding in the country.

The breeding density in optimal regions
of Europe can reach as high as 10-30 bp/100
km?, but usually their density is only 5 bp/100
km? of Central Europe (Mebs & Scherzinger
2000, Golawski & Kasprzykowski 2006). In
the Kazanlak Valley, Barn Owl density was
close to the norm for Central Europe, but a
comparison with data within Bulgaria is dif-
ficult. The entire Bulgarian population with
500-1000 pairs bred in 152 squares (10 km
UTM grid, lankov 2007). Therefore, the ave-
rage density should be 3.3-6.6 bp/square, but
it is several times greater than ‘single or up to
2-3 bp/square’ as a norm according to Iankov
(2007).

The Barn Owl adapts to human presence
and highly depends on man-modified habitats
especially in Europe (Glutz von Blotzheim &
Bauer 1994, Hagemeijer & Blair 1997, Mebs
& Scherzinger 2000). Accordingly, our study
identified some diverse characteristics of nest
site in the region. Barn Owls have continued
to breed mainly in poorly maintained and
abandoned buildings similar to the situation
in SE Bulgaria ten years ago (Miltschev et
al. 2002). Their presence has not decreased
significantly since Bulgaria has joined the
EU and farm subsidies have been intro-
duced. The number of buildings with poten-
tial breeding and roosting sites in villages
earlier had increased as a result of the natio-
nal and world economic crises and the de-
mographic exodus from the countryside. The
widespread availability of suitable nest sites
inside villages corresponds to the large num-
ber of localities with probable and possible
breeding in this study (45%, n = 33), where

agricultural and stock-breeding compounds
were used for roosting only. These results
combined with the predominant positive at-
titude of local people towards the Barn Owl
do not portend a negative population trend on
account of the loss of suitable roosting and
nesting sites in the Valley.

The nest site characteristics for dimen-
sions and height coincided with published
information (Simeonov et al. 1990, Glutz
von Blotzheim & Bauer 1994, Taylor 1994,
Miltschev et al. 2002). The nests inside or
on metal installation were typical for the
Barn Owl in Kazanlak Valley and may in-
dicate the potential to breed successfully in
more of the habitable buildings. But, nest
types that afforded more protection from
mammalian predation were not in evidence.
But, there were not any definite kind of nest
site that protects significantly better the
broods from mammalian predation.

The finding that Tyto alba guttata is the
only breeding subspecies in the Kazan-
lak Valley confirms that the hybrid zone
with Tyto a. alba occurs just in SE Bulga-
ria (Georgiew 1998, Miltschev et al. 2002).

Barn Owls breed mainly in settlements
in the valley, but their population depends
greatly on the food supply of their main prey,
small mammals, in open non-forest habitats
(Glutz von Blotzheim & Bauer 1994, Taylor
1994, Miltschev et al. 2004). Nevertheless
their nest and roost sites are usually in buil-
dings outside Natura 2000 protected sites
in the Kazanlak Valley, the hunting ranges
of 22 pairs fall partially or wholly into sites
BG0000203, BG0000261, BG0000612, and
BG0002052 (MOSW 2013). The Barn Owl
is categorized as a ‘vulnerable’ bird in the
National Red Data Book (Golemanski 2011)
and needs to be included among the ‘other
important species’ in the Natura 2000 pro-
tected sites. The preparation of management



74 ORNIS HUNGARICA 2014. 22(1)

plans for these sites has already started but
they do not consider measures for Barn Owl
protection. This forecast an uncertain future
of its population in the Kazanlak Valley as
industrialized agriculture is intensified. Ag-
ricultural intensification has been associa-
ted with decrease of Barn Owl populations
elsewhere in Europe (Glutz von Blotzheim
& Bauer 1994, Mebs & Scherzinger 2000,
Martin et al. 2010).
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Abstract Observations of birds feeding chicks or fledglings of a different species have already
been reported in many publications. However, the benefits of the altruistic behaviour are not easy to understand,
as benefits and costs of this behaviour have been poorly identified. In May 2013, in a wetland in Central Italy (Pi-
ana Fiorentina, Tuscany), some cases of interspecific feeding of an Eurasian Coot Fulica atra chick by an adult
non breeding Whiskered Tern Chlidonias hybrida were witnessed. We suggest that the behaviour of the Tern was
triggered by the begging of the chick or by its own hormonal status.

Keywords: interspecific feeding, Fulica atra, Chlidonias hybrida, chicks

Osszefoglalas A mas fajok fiokait eteté madarakrol szamos beszamolét publikaltak az ornitologiai szakirodalom-
ban. Azonban evolicios szempontbol az ilyen altruisztikus viselkedés értelmezése nehéz feladat, ugyanis az on-
zetlen egyed szamara a viselkedés elonye még kevéssé ismert. Egy kozép-olaszorszagi (Piana Fiorentina, Toszka-
na) vizes €él6helyen 2013 majusaban tobb alkalommal megfigyeltiik, hogy szarcsa (Fulica atra) fiokat etetett egy
kifejlett, de nem kolto fattytiszerkd (Chlidonias hybrida). Véleményiink szerint a szerkd viselkedését a szarcsa fi-
oka kéregetése, vagy a sajat hormonalis allapota valthatta ki.

Kulcsszavak: interspecifikus etetés, Fulica atra, Chlidonias hybrida, fiokak
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Introduction area (McNair & Duyck 1991, Drozdz et al.

2004) and interspecific altruistic behaviour

Feeding of the chicks or fledglings of other
species has frequently been observed in birds
(Shy 1982, Koenig 1988), and is not easily
explained by evolutionary theory. In her re-
view, Shy (1982) tried to define the possible
ethological mechanisms underlying these be-
haviours. In most cases, both species invol-
ved in these displays are breeding in the same

might decrease competition for nesting sites
(‘mixed clutches’ if idoneous/suitable net
sites represent limiting resources) or be due
to loss of the clutch by one of the two species
and/or proximity between nests of the two
species (Shy 1982).

Whiskered Tern Chlidonias hybrida is a
polytypic sub-cosmopolitan species (Cramp
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& Simmons 1980, IUCN 2012) with mig-
ratory habits (Cramp & Simmons 1980,
Svensson 2009). Distribution range is high-
ly fragmented (Spina & Volponi 2008). Eu-
ropean populations winter mainly in tropical
West Africa (Cramp & Simmons 1980, Spina
& Volponi 2008), although there are known
cases of wintering in Mediterranean are-
as (Spain, Algeria, Tunisia) (Cramp & Sim-
mons 1980). Nesting takes place in colonies
of various size (Cramp & Simmons 1980),
and exclusively in flooded areas (e.g. mar-
shes), characterised by the presence of aqua-
tic plants appearing on the surface (Spina &
Volponi 2008, IUCN 2012). The diet is car-
nivorous (e.g. fishes, frogs and macroinver-
tebrates) (Cramp & Simmons 1980, [UCN
2012). As for Italy, the species is classified
as regular migratory, wintering and irregu-
lar breeding (Tinarelli 2006, Spina & Vol-
poni 2008). C. hybrida is declining all over
the Europe (SPEC3: Tucker & Heath 1994);
as for Italy, it is classified as ‘vulnerable’ by
the Red List of breeding birds (Peronace et
al. 2012), as nesting sites are located only
within Emilia-Romagna Region (Frugis et
al. 1978, Tinarelli 2006). Whiskered Terns
are known to nest near other species’ nests
(Cramp & Simmons 1980), and cases of con-
specific nest parasitism were also reported
(Yom Tov 2001, Paillison et al. 2008). How-
ever, heterospecific altruistic behaviour had
never been recorded for this species. In this
note, we describe observations of an adult
non-breeding Whiskered Tern feeding a Eu-
rasian Coot chick and speculate on possible
causes of this enigmatic behaviour.

Materials and Methods

Observations, done by photographers and
birdwatchers, who regularly frequent the

area, took place from a bird-watching hut, in
the Natural Area of Local Interest (ANPIL)
‘Podere La Querciola’, located in Pia-
na Fiorentina (Tuscany, Central Italy). The
study-wetland (43.824558° N, 11.172574°
E; c¢. 50 ha large) has been described in
details by Bruni er al. (2013). Fish spe-
cies present in these ponds include Gam-
busia holbrooki and Pseudorasbora parva.
F atra is a known breeding species in this
site (Bruni et al. 2013), whereas this work
report for the first time the presence of the
Whiskered Tern (a single individual) in Pi-
ana Fiorentina. This tern species is listed as
regular migrant in Tuscany (Tellini Floren-
zano et al. 1997): observations of C. hybrida
in this region belong to migrant individuals
during the route from the African wintering
site to the breeding sites (e.g. Northern Ita-
ly: Frugis et al. 1978, Tinarelli 2006, Spi-
na & Volponi 2008). The individual of C.
hybrida stayed in the study site from 18"
to 23" May 2013, doing its feeding activi-
ty in one of the four lakes (named Lago del-
la Querciola). Two nests (with two and four
nestlings respectively) of Eurasian Coot are
present in the part visited by the Tern.

Results

On 20" May (h. 17:45), the Whiskered Tern
caught a fish, and then stopped on a perch
without swallowing the prey. After a few
seconds, it flew towards a little islet where
two Coot chicks were present, hidden by
bulrushes (Juncus sp., Cyperaceae). The
Tern approached the bulrushes twice, then
dropped the fish. Adult Coots were not ob-
served in the surroundings. The day after
(21% May, h. 8:00-11:00), the Whiskered
Tern tried to approach two Coot chicks
many times, hovering above them while
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holding fishes in its beak. Some preys were
dropped towards the chicks, others eaten
by the Tern itself on a perch. In the mean-
while, parents stood near the chicks, show-
ing no concern about the behaviour of the
Whiskered Tern. Then, on 22" May (14:00),
two Coot chicks were swimming around the
smallest islet of the lake and one adult indi-
vidual was about two meters from them. The
Whiskered Tern was fishing, resting some-
times on two perches. Once it caught a P
parva, the Whiskered Tern approached one
of the chicks, extending the beak with the
prey towards it (Figure la, 1b). The chick
responded with a defence posture, raising
its legs towards the Whiskered Tern (Figure
1c), which dropped the prey. Then, the chick
ate the fish (Figure 1d).

Discussion

Altruistic behaviours displayed by another
tern species (i.e. Sterna hirundo) are recor-
ded in literature only for a breeding popu-
lation, whose nests were localised in the
proximity of a breeding colony of European
Herring Gull Larus argentatus (Kuhlemann
1939). Although Whiskered Terns do not re-
produce in Tuscany, this observation fall into
the breeding period of the species in Europe
(Paillison et al. 2006, Paillison et al. 2007),
and the individual observed in Piana Fio-
rentina was considered to be an adult, accor-
ding to the colours of the plumage (Cramp
& Simmons 1980). Moreover, it is likely that
this individual observed in Piana Fiorentina
was on route to reach the only Italian bree-

Figure 1. Whiskered Tern feeding the chick of Eurasian Coot with a Pseudorasbora parva
(photo Alessandro Piazzini). Chronology reflect the alphabetical sequence of letters
1.dbra Fattylszerkd szarcsa fiokat etet kinai razbdraval (Pseudorasbora parva)
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ding area; this means that its hormonal sta-
tus was close to that experiences during bree-
ding, and may have elicited the altruistic
behaviour described here (e.g. Buntin 1996).
Moreover, the colonial status of the tern spe-
cies would favour social intra — but also in-
ter — specific interactions. It is noteworthy
that the behaviour of the Coot chick mi-
mics that of Whiskered Tern chicks that often
go away from the nest (Cramp & Simmons
1980). Coots are omnivorous, eating main-
ly plant material, but also consume small fi-
shes (Cramp & Simmons 1980), thus, the be-
haviour of Coot chicks could mimic that of
Whiskered Tern chicks. Hence these obser-
vations would be considered as a kind of in-
terspecific begging trials. Although chicks
of C. hybrida and F. atra are markedly dif-
ferent both in physical aspects and in voices
(Cramp & Simmons 1980), this interspecific
feeding could also be explained as a response
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