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Abstract

Reintroduced bearded vultures Gypaetus barbatus in the Alps descend mainly from birds collected in the former Soviet Union. A
second project has been initiated in southern Spain using the same bloodlines. We used DNA fingerprinting to assess levels of
genetic variability, and to determine genetic differences, among birds from the Pyrenees and birds from the Alps reintroduction
project. The degree of fingerprint band-sharing was high within both populations, which points to low levels of genetic variation in
each population. On the other hand, common fingerprint fragments occurred at markedly different proportions in each population,
suggesting some degree of population differentiation. Interbreeding would increase genetic variability in the resulting populations.
We thus recommend the incorporation of wild Pyrenean birds to both the Alps and the Spanish breeding projects. © 1998 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

The bearded vulture, or lammergeier, Gypaetus bar-
batus, is a large scavenger inhabiting mountain ranges in
Eurasia and Africa (Brown and Amadon, 1968). In
Western Europe, the species has suffered a dramatic
population decline in the 20th century and it is listed as
endangered (Tucker and Heath, 1994). Extant Eur-
opean populations are confined to the Pyrenees, the
Balkans, and the islands of Corsica and Crete (Hiraldo
et al., 1979).

Captive-bred individuals are being released in the
Alps, where bearded vultures disappeared at the turn of
the century (Bustamante, 1996; Mingozzi and Estéve,
1997). This is a multinational effort, with release sites in
Austria, France, Italy and Switzerland, and participat-
ing breeding centres in these countries and in Germany,
The Netherlands and Israel. More recently, a second
reintroduction program has been initiated in the
Cazorla mountains in Andalusia, southern Spain. This
project is sponsored by the Andalusian Autonomous
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Government and it will work in close collaboration with
the Alps project. Bearded vultures last reproduced in
Cazorla in the mid-1980s.

The World Conservation Union (see Kleiman et al.,
1994) prescribes that, in reintroduction programes,
source populations should be the most closely related
genetically to the original native stock. The rationale for
this is that reintroduced individuals will adapt better to
local conditions. Additionally, if interbreeding with the
nearest native populations occurred, the risk of out-
breeding depression would be lower (Griffiths et al.,
1996a; Bullock and Hodder, 1997).

The westernmost wild population of bearded vultures
in continental Europe inhabits the Pyrenees, with c. 70
breeding pairs (Heredia, 1995; Razin, 1995). This
population is located halfway between the Alps and
Cazorla, and about 1000 km away from each location.
For the Cazorla project, current plans are that birds for
releases will be produced in a breeding centre already
built on site. These breeding facilities will rely on indi-
viduals transferred from the Alps reintroduction pro-
ject, and also on wild birds that may enter rehabilitation
centres in Spain. The Alps captive population originated
from 30 founder birds, most of which had been collected
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in locations within the former Soviet Union (Frey et al.,
1995), thus several thousand km away from the Iberian
Peninsula.

Clinal variation in size and plumage pattern has been
reported for bearded vultures (Hiraldo et al., 1979). The
largest individuals are from Central Asia, and the smal-
lest from Africa. Asian birds show more stripes and dots
in different parts of the plumage than African birds;
those from the Iberian Peninsula show an intermediate
pattern. Based on morphological characters, Hiraldo et
al. (1984) proposed two subspecies: Gypaetus barbatus
barbatus in Eurasia and Northern Africa, and G. b.
meridionalis in Eastern and Southern Africa. However,
bearded vulture populations have never been genetically
profiled, and genetic distinction between the Iberian
birds and the Eastern birds in the captive stock has not
been stablished.

Our aim was to use multilocus DNA fingerprinting to
assess levels of genetic variability within and between
these two groups. Ultimately, we want to have a tool for
genetic management practices of the captive stock and
to choose the birds destined to be released (see, e.g.
Rave, 1995). Multilocus DNA fingerprinting finds its
main application in the field of parentage determina-
tion, but it is now being used widely to assess genetic
variation (Rave et al., 1994; Rave, 1995), and to address
population questions (Lynch, 1991; Degnan, 1993;
Freeman-Gallant, 1996).

2. Materials and methods

We obtained blood samples from 26 captive bearded
vultures from the Alps reintroduction project kept at
the Vienna Breeding Unit in 1995. Eleven of those birds
had been wild-caught (founder birds), while the rest
were captive-bred. There were two siblings, and the rest
of the birds were, to our knowledge, unrelated. All birds
but two, one from the Pyrences and the other from
Greece, were caught or descended from birds collected
in the former Soviet Union; for the work we report here,
we used 22 of the Eastern birds and the one from the
Pyrenees. We also obtained samples from 15 Pyrenean
birds in 1994 and 1995. The blood was preserved in
lysis buffer (Seutin et al., 1991) and stored at 4°C until
processing.

Genomic DNA was extracted using a standard phe-
nol-chloroform procedure (Negro et al., 1996). Aliquots
of 5 g of DNA were digested overnight at 37°C with 20
units of the restriction enzyme Hinfl and electro-
phoresed on 20 cm long 0.7% agarose gels at 29 V for
36 h, in 0.5x TBE buffer. Lambda HindlIl was run once
on each gel as a molecular size marker. The DNA frag-
ments were southern-blotted to a positively charged
nylon membrane and crosslinked at 80°C for 2 h.
Membranes were hybridized with the microsatellite

probe (GGAT), labelled with Digoxigenine, overnight
at 42°C in a hybridization oven (Negro et al., 1996).
The (GGAT), probe was selected because it had been
used in previous parentage studies of raptors and
always showed patterns inherited in a Mendelian fash-
ion (Wolfes et al., 1991; Negro et al., 1996). For the
detection, we used the chemiluminiscent substrate
CDP-Star from Boeringher—Mannheim. Hybridization
and detection were carried out according to the manu-
facturer’s protocol. Hybridized blots were exposed to
Boeringher—Mannheim X-film for 15 min to 4 h at room
temperature.

The fingerprints were analysed manually placing the
autoradiograms on a light box. Comparison of banding
patterns were confined to lanes on the same gel, which
held up to 15 samples. All fragments in the range
between 3.5 and 15 kilobase pairs were scored and
assumed to be unlinked. A search was made for bands
that could be population-specific.

To estimate genetic similarity within and between
populations, we calculated band-sharing coefficients
between paired combinations of birds in each gel. These
coefficients are calculated as 2(Nap)/(Na+ Np), where
Nag is the number of bands shared by birds A and B,
and N and Ny are the number of bands scored in birds
A and B, respectively (Wetton et al., 1987). We ran four
different gels. In the first three gels we placed 7-8 con-
secutive samples from birds in the Alps project, fol-
lowed by 5-8 samples from Pyrenean birds. In the
fourth gel we took alternate samples from the two
populations. Most individual samples were run just in
one gel, except nine birds from the Pyrenees which were
run in two different gels. Because the accuracy of band
comparisons declines with increased distance between
lanes (Parker et al., 1994), we determined band-sharing
scores for blocks of up to eight birds (c. half of the
membrane).

For each population and also for between-population
comparisons, we obtained a mean band-sharing coeffi-
cient and standard error averaging the similarities of all
possible pairwise combinations. However, individuals
were used in multiple comparisons and thus data were
interdependent (Lynch, 1990). To cope with this pro-
blem, corrected standard errors of the means were also
estimated with a procedure similar to the subsampling
routine proposed by Danforth and Freeman-Gallant
(1996). These authors randomly sampled » truly inde-
pendent values of similiarity from the overall data set,
calculated the mean and then repeated the process 1000
times. Instead of using the iteration approach, we
obtained all possible combinations of independent
dyads in each group.

For the Pyrenees, we obtained a maximum of seven
independent dyads, 1575 times. For the Alps, we got
10 independent comparisons 23,625 times (rn was
dependent on sample size and the organization of the
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individuals on each gel). For band-sharing between one
Pyrenean bird and one from the Alps, we utilized 12
independent dyads 165,888 times. We calculated the
mean band-sharing and standard deviation of each
string of independent dyads and then calculated the
mean of the means, as well as the mean of the standard
deviations for each group of comparisons.

Differences among means were tested by two-tailed #-
tests using both corrected and uncorrected standard
errors.

3. Results

A mean £+ SD of 6.7£1.2 n=22) and 7.4+1.0
(n=15) scorable bands was analysed in the fingerprints
of the Eastern and Pyrenean birds, respectively. The
difference was not significant (Kolmogorov—Smirnov
test, p>0.05).

There were three well defined regions showing
restriction fragments. The upper bands, 1-4 per indivi-
dual, were in the range between 10 and 15 kb (kilo-
bases). There was also a middle range (6-9 kb), with 1-3
bands per individual. The lower bands, 1-5 per indivi-
dual, were in the range between 3.5-5 kb. We identified
some commonly occurring fragments present in widely
different proportions in the two populations (Table 1).
Those differences point to genetic differentiation
between the two populations, even though it would not
be possible to assign an individual of unknown origin to
one or the other of these populations based on presence/
absence of common bands.

The within- and between-population mean band-
sharing coefficients (Table 2) show that corrected and
uncorrected estimations were almost equal, as well as
their standard errors. Differences were significant for
uncorrected means, but become non-significant for cor-
rected means (except one case, see Table 2), possibly due
to reduced samples sizes for independent values.

4. Discussion

The level of genetic variation detected with the
microsatellite probe (GGAT) was considerable, as it

Table 1
Occurrence of commonly observed restriction bands in two popula-
tions of bearded vultures

Proportion of individuals

Range: 10-15 kb 6-9 kb 3.5-5kb
Band: A B C D
Pyrenees (n=15) 0.46 0.54 1.00 0.13
Eastern region (n=22) 0.00 1.00 0.36 0.82

Table 2
Mean + SE band sharing coefficients within and between two
populations of bearded vultures (sample sizes in parentheses)

Pyrenees Eastern region p*®

Uncorrected mean £ SE

Within 0.54+0.11 0.59+0.12 0.01
populations (55) (64)

Between 0.47+0.13
populations (67)

pe 0.003 0.00001

Corrected mean = SE

Within 0.53+0.11 0.60+0.12 0.23
populations (7) (10)

Between 0.44+0.12
populations (12)

p? 0.13 0.005

@ t-test for the difference between each within-population means
and the between population mean.

allowed distinction between all individuals tested.
However, the degree of band-sharing among unrelated
bearded vultures, in both the Pyrenean and Eastern
populations, was >0.50, and this points to a low level
of genetic variation. This observation contrasts with
data from other raptor studies which utilized the same
probe (band-sharing varies for different probes, even
when used with the same set of individuals, see, e.g.
Degnan, 1993). Unrelated pairs of lesser kestrels Falco
naumanni, a raptor species with much larger popula-
tions than the bearded vulture, showed a mean band-
sharing of 0.21 (Negro et al., 1996). Unrelated eagle
owls Bubo bubo, another relatively common species,
showed a mean band-sharing of 0.19 (Wolfes et al.,
1991). In fact, "background’ levels of band-sharing for
outbred avian populations typically average less than
0.30 (Rave, 1995 and references therein).

Higher band-sharing values, and presumably lower
levels of genetic variation compared to the bearded vul-
ture, have been reported for the red kite Milvus milvus, a
patchily distributed and threatened European raptor
(May et al.,, 1993). They have also been shown in
endangered harbour seals Phoca vitulina in the Dutch
Wadden Sea (Kappe et al., 1995), the rare Hawaiian
goose, or nene, Branta sandvicensis (Rave, 1995), and
also isolated small populations of the California
Channel Island fox Urocyon littoralis. For the latter, all
individuals in some islands showed complete absence
of variability in restriction—fragment profiles (Gilbert
et al., 1990).

The population of bearded vultures in the Pyrenees is
small, with ¢. 70 pairs counted in 1995 (Heredia, 1995;
Razin, 1995), but it was even smaller, with ¢. 50 pairs, in
the 1970s (Hiraldo et al., 1979). The nearest extant
population is in the island of Corsica, numbering less
than a dozen breeding pairs. There is no evidence of
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exchange between these two populations. Bearded vul-
tures seem to be poor dispersers, as young marked in
either the Pyrenees or the Alps are only resighted in the
mountain range where they fledged (or were released)
(Heredia and Heredia, 1991).

Population genetics theory predicts low genetic
variability in small populations and thus the results for
the Pyrenees can be explained as a loss of variation due
to inbreeding. Some authors (see, e.g. Heredia, 1989;
Donazar, 1991) have in fact warned that inbreeding
depression may be of concern for the conservation of
the Pyrenecan population. Deleterious effects of
inbreeding are suspected, for example, in the small and
isolated red kite population of Wales. Their breeding
success was significantly lower (Cordero et al., 1997),
and age at first breeding delayed (Evans et al., 1998),
compared with more heterozygous birds from the lar-
ger populations of Spain and Germany, which were
released in Southern England as part of a re-establish-
ment project.

Surprisingly, mean band-sharing values were not
lower for Eastern bearded vultures compared to the
Pyrenean population (they were in fact slightly higher,
although not significantly so for corrected values). Fur-
ther analyses with larger sample sizes would be needed
to confirm whether the difference is genuine. In any
case, the low variability of the birds in the Alps project
could be interpreted in two ways: (1) the bearded vul-
ture population in the former Soviet Union was small
when wild birds were collected and sold to European
zoos in the 1960s and 1970s. (2) The birds were collected
in only a few locations and may be interrelated.
Although it is only a speculation, we agree with the
managers of the Alps project (Frey et al., 1995) in
favouring the second hypothesis. There are no reliable
estimations of population numbers in the former Soviet
Union, but the strongholds of the species, and the larger
contiguous distribution area, lie precisely in the extense
mountain ranges of southern Russia, central Asia and
eastern China (Brown and Amadon, 1968). In addition,
it is logical to suppose that only a reduced number of
collectors worked for the European zoos and that the
same few breeding territories were visited year after
year. Given the long life and stability of breeding pairs
in the species, siblings or close relatives may have been
part of the captive stock of the Alps project.

Two results indicate that population differentiation
may exist. First, the between-population mean band-
sharing seemed to be lower than within-population
means. The fact that corrected measures were not sig-
nificantly different may cast some doubt on this result,
but it has to be noted that the correction procedure
requires very large data sets (Danforth and Freeman-
Gallant, 1996), and this is an almost impossible task
working with the rare bearded vulture. Second, we
have shown that some common fragments occurred at

markedly different proportions in each population.
Even though we cannot assign an individual with
complete certainty to either population from its finger-
print profile, the frequency of some alleles was clearly
different.

4.1. Implications for conservation

In reintroduction programs, an effort has to be made
to maintain the highest possible levels of genetic varia-
tion (Sarrazin and Barbault, 1996). This can be achieved
by pairing individuals that show high heterozygosity or
come from geographically distant populations. How-
ever, in the latter case the risk of outbreeding depression
may be a concern.

In the reintroduction project of bearded vultures in
southern Spain, the IUCN’s recommendation of using
locally adapted individuals suggests the breeding and
release of Pyrenean birds, as the only remaining birds
native to the Iberian Peninsula. However, several cap-
tive individuals have already been transferred from the
Alps project (A. Llopis, pers. com.), and further transfer
of individuals is likely (Frey et al., 1995).

Both the wild Pyrenean population and the captive
population in the Alps project seem to be inbred, and
this may outweigh the risk of outbreeding depression. In
addition, our results pointing to genetic differentiation
between Pyrenean and Eastern birds does not mean a
large genetic distance (which has not been measured),
nor reproductive incompatibility.

If band-sharing was genuinely lower between than
within populations, genetic variability would be
increased quickly by mating Pyrenean birds with East-
ern birds. Therefore, the main recommendation we can
make at this point is for managers of both the Cazorla
and the Alps reintroduction projects to take the neces-
sary steps to obtain Pyrenean birds, and not rely almost
exclusively on individuals originating from a pre-
sumably small area in the former Soviet Union. Such an
approach to restore genetic variability with individuals
of different provenances has already been put to prac-
tice with endangered populations of other raptorial
species, such as the red kite in Great Britain (Cordero et
al., 1997), or the peregrine falcon Falco peregrinus in
North America (Cade et al., 1988).

About 25% of all territories in the Pyrenees are cur-
rently occupied by trios comprising two males and one
female. Several factors leading to such polyandrous trio
formation have been suggested (Donazar, 1991) : biased
sex ratios, low food availability, high breeding density
and genetic relatedness between males.

About 20 nestlings fledge each year in the Spanish
Pyrenees, plus about 810 in the French Pyrences (Her-
edia and Heredia, 1991). We have already sexed all
bearded vultures included in this study using PCR-
based techniques (Griffiths et al., 1996b). It would be
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possible to climb to Pyrenean nests to take blood sam-
ples of nestlings for molecular sexing. Selected nests
could be revisited to remove male nestlings to be paired
with females originating from the captive stock in the
Alps project. Removal of wild birds should be done
sequentially, at a rate of at most two males in about 10
years, and rotating among nests to include the genetic
component of as many pairs as possible.

The proposed measure of sequential extraction of
males in the Pyreneces would have little effect on the
demographic parameters of the wild population, which
is even expanding, but would increase the genetic varia-
bility of birds to be released in both Cazorla and the
Alps. In the particular case of Cazorla, IUCN’s recom-
mendations would partly be met, as Iberian bloodlines
would be well represented in the reintroduced birds.

If it was judged desirable to increase the genetic
variability of the wild Pyrenean population, the extrac-
ted wild birds could be substituted with captive-bred
nestlings with different genetic profiles. Further investi-
gations are needed, however, to determine whether cur-
rent genetic variability is lower than in the past, by
using e.g. museum skins, or else, is an intrinsic char-
acteristic of some long-lived raptor species (Negro and
Hiraldo, 1994).
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