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ABSTRACT
DNA was isolated from several holarctic owl species belonging to the
families Tytonidae and Strigidae. The amplified mitochondrial cytochrome b genes
were partially sequenced and used to reconstruct the phylogenetic relationships in
both families. The phylogenetic trees are generally in a good agreement with the
classical taxonomy of owls (Sibley & Monroe, 1990; Burton, 1992; Hume, 1991)
based mainly on morphological and anatomical characteristics. In nearly all
instances the genetic data agree with the attribution of species to a given genus
with the exception of Otus, where a paraphyletic origin must be assumed. Although
the phylogenetic relationships between different genera could not be elucidated
with certainty in all instances (as indicated by low bootstrap values), members of
the genera Glaucidium, Athene, AegoUus and Surnia appear to have derived from
a common ancestor; the same applies to Otus, Asio and Bubo, Strix or Tyto and

Phodilus , respectively. Cytochrome b sequence data are more precise to elucidate
relationships within genera and at the species level, and unequivocal conclusions
(supported by high bootstrap values) could be drawn in most instances. Several
species of the Glaucidium and Otus complex have been separated by their vocal
differences (their plumage patterns are very similar), and cytochrome b sequence
data have corroborated that these vocally distinct species are also genetically distinct
(König, 1991b, 1994a; Heidrich et al., 1995, 1996). Within Athene noctua two
geneticaly distinct clusters were found: birds from Israel are significantly different
from European birds. In conclusion, sequence data of the mitochondrial cytochrome
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b gene provide another powerful tool (besides morphology, anatomy, behaviour
and acoustics) to elucidate and reconstruct the evolutionary past and speciation in
owls.

INTRODUCTION
Owls represent a group of nocturnal predators sharing several morphological,
anatomical, behavioural and acoustical characteristics (Burton, 1992) which are
included in the order Strigiformes. Sibley & Monroe (1990) add the nightjars to
the Strigiformes and subdivide this order into the suborders Strigi, Aegotheli and
Caprimulgi. The first suborder concerns the owls sensu strictu whereas the latter
one includes different families of nightjars. Within the Strigi two parvorders
Tytonida and Strigida with the families Tytonidae and Strigidae are recognized.
In order to occupy the ecological niche of a nocturnal raptor, these birds
had to evolve several adaptations. Besides specialized hunting strategies owls
developed a sophisticated acoustical communication system. Morphology is often
invariant in many owl species but the distinctive calls which are inherited and not
learned are of considerable taxonomic value (König, 1991 a,b, 1994a,b; Hekstra,
1982). If phylogenetic relationships are reconstructed on the basis of these
morphological and behavioural characteristics alone, wrong conclusions might be
drawn since some of these characteristics may be convergent traits that are unrelated
to the underlying phylogeny.
Methods based on DNA analysis have become more and more important
during the last 10 years to study questions of population genetics, speciation or
phylogenetic relationships. These molecular methods -as opposed to morphology
and anatomy- have the advantage that DNA is less prone to convergence and can
reconstruct the evolutionary past in considerable detail (Pääbo et al., 1989; Avise,
1994). Because marker genes now can be easily amplified by PCR and sequenced
(Hillis& Moritz, 1990; Edwards et ai, 1991 ; Cooper et al., 1992; Helm-Bychowsky
& Cracraft, 1993; Kocher et al., 1989; Meyer, 1994; Taberlet et ai, 1992; Hedges
& Sibley, 1994) nucleotide and derived amino acid sequences have been increasingly
used for a precise phylogenetic reconstruction of relationships within and between
genera, subfamilies and families of birds during recent years (Avise, 1994; Sibley,
1994)
Since mitochondrial genes evolve much faster than nuclear genes, mtDNA
is a suitable molecular marker for birds which have speciated during the last 30
million years. Some recent examples for the application of the mitochondrial
cytochrome b gene as a marker have been reported in Edwards et al., (1991),
Richman & Price (1992), Helm-Bychowsky & Cracraft (1993), Kocher et al.
( 1989), Taberlet et al. (1992), Friesen et al. ( 1993), Birt et al. ( 1992), Blechschmidt
et al. (1993); Avise et al. (1994), Seibold et al. (1993, 1995, 1996), Heidrich &
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Wink (1994), Heidrich etal, (1995), Wink (1994), Wink etal. (1993a,b), Wink &
Seibold (1995) and Wittmann etal. (1995).
Since owls share so many similarities in life style, the use of molecular
markers, especially of nucleotide sequence data, should improve phylogenetic
reconstructions, because convergence and adaptations are of minor importance
and many characters are available for comparisons. We have chosen the
mitochondrial cytochrome b gene to study speciation and phylogeny of owls:
Some results have already been published from our laboratory on Tawny, Screech
and Pygmy owls (Heidrich & Wink, 1994; Heidrich et al, 1995, 1996). This
report is a short summary of our data which is focussed on phylogenetic
relationships within holarctic owls of the genera Tyto and Phodilus (family
Tytonidae) and Bubo, Asio, Otus, Athene, Glaucidium, Aegolius, Surnia,

Strix,

and Nyctea (family Strigidae). Although not all holarctic genera could be analysed
yet, the data provide a first idea of the underlying phylogeny.

MATERIAL AND METHODS
DNA-methods : Blood or tissues were stored in a modified EDTA-buffer
(Arctander, 1988) at ambient temperatures in the field. DNA was extracted after
digestion with proteinase K (Boehringer) according to Swatschek et al. (1993,
1994) and Heidrich etal (1995).
Primer sequences used for PCR and direct sequencing are given in Table 1.
A 1026 bp portion of the cytochrome b gene was amplified using 1 pg of total
DNA as target, 25 pmol each of primers A and F, 1.5 mM MgCl 2 and 2 units Taqpolymerase (Promega or AGS). After initial denaturation (2 min at 94 °C), 30
cycles of 30 sec at 94 °C, 30 sec at 50 0 C and 60 sec at 72 0 C were performed on
a Biometra thermocycler. After 30 cycles the reaction temperature was maintained
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at 72 0 C for 4 min and then lowered to 4 0 C for further storage. PCR products
were run on a 1 % agarose gel, excised and extracted using the Qiaex gel purification
kit (Diagen). After elution, the amplified DNA was precipitated with isopropanol
and sodium acetate. The pellet was redissoled in 7.5 pi H2O. Direct sequencing of
the double-stranded DNA was carried out by the chain termination method
(Sambrook et ai, 1989) at 37 0 C using OC-35S-dATP as a radioactive marker and
Sequenase 2.0 (USB) orT7-polymerase (Pharmacia) according to the distributor's
specifications. Alternatively, PCR products were directly processed after enzymatic
denaturation of non-incorporated primers and nucleotides. Primer B was used as a
sequencing primer. Products of the sequencing reactions were separated on a 6 %
polyacrylamide/7 M urea gel by electrophoresis at 65 W. After drying, the gel was
exposed to an X-ray film for 3-4 days.
Sequence analysis

Sequences were aligned with the cytochrome b gene of Gallus gallas
doinesticus (Desjardin & Moráis, 1990). Phylogenetic trees were reconstructed
using the maximum parsimony method (phylogeny programme PAUP 3.1.1.;
Swofford, 1993) and the neighbour-joining method (programme package MEGA
1.0; Kumar et al., 1993). In the neighbour-joining analyses genetic distances were
calculated based on the Kimura 2-parameter model. With PAUP, heuristic algorithms
were employed. A bootstrap analysis was performed to obtain confidence estimates
for each furcation (Felsenstein, 1985).

RESULTS AND DISCUSSION
DNA was isolated from several taxa of Tyto and Phodilus (family
Tytonidae) and Bubo, Asio, Otus, Athene, Glaucidium, Aegolius, Surnia,

Strix,

and Nyctea (family Strigidae). The cytochrome b gene was amplified by
PCR and a partial sequence of 300 base pairs was determined. In most instances
more than 2 - 4 unrelated birds were studied per taxon to assess intraspecific
variation.
Relationships within the family Tytonidae

Two genera are recognized within the Tytonidae: Tyto and Phodilus.
Although several members of the Tyto complex have been recognized as distinct
species (Sibley & Monroe, 1990), several others are considered to be subspecies
of T. alba, T. novaehollandiae or T. capensis. Since morphological variation is
pronounced, some of the subspecies may however constitute sibling species. We
have analyzed the DNA of more than 20 individuals of T. alba and found a
considerable degree of sequence variation of 1 to 3% nucleotide substitutions
between birds from different populations, indicating a strong degree of philopatry
and reduced gene flow between them. In Figure 1 we have illustrated the
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phylogenetic relationship between T. alba and Phodilus badins on one side
and members of the families Strigidae and Caprimulgidae on the other side.
The molecular data also cluster Tyto and Phodilus in a separate clade, however,
the distances between both genera are large; i.e. they must have diverged
from a common ancestor many million years ago. The Tytonidae thus appear
clearly separated from the Strigidae and Caprimulgidae, but an unequivocal
assessment of the interrelationship between the three families is not possible
with the present data (see low bootstrap value of 50%). Since the time of
divergence of the 3 groups seems to be larger than 10 to 15 million years
(assuming a molecular clock of 2% nucleotide substitutions in 1 million years,
Shields & Wilson, 1987), a mutational saturation of nucleotide positions will
occur, thus producing a high degree of homoplasy and a low resolution in
consequence. Furthermore, it has been argued that most families of birds
diverged from common ancestors within a short time period of approximately
5 million years in the Eocene/Oligocene about 35 million years ago (Feduccia,
1995). The branches levelling off this point of divergence will be difficult to
resolve with certainty and may resemble a polytomy rather than a dichotomy.
Phylogenetic relationships between members of the genera Strix,
Surnia, Glaucidium , Athene and Aegolius

Pygmy Owls of the genus Glaucidium occur in the Old and New World.
Whereas their plumage is very similar in most instances (a fact which makes their
taxonomy so difficult), they can be distinguished by a unique repertoire of
vocalizations (König, 1994). We could show recently that taxonomical
classifications based on differing acoustic signals (König, 1994) could be
coiToborated by DNA sequence data (Heidrich et ai, 1996). In Figure 2 we have
concentrated on a comparison of a few Old and New World species: G. passerinum
from Europe, G. perlatum from Africa as opposed to G. californicum and G.
gnoma from North America. As can be seen, both groups cluster in separate clades
(Fig. 2) which share common ancestry but have diverged approximate 7 to 8 million
years ago (Table 1). Since the molecular clock has not been calibrated for these
birds, such an evaluation can only provide a very rough estimate. Nevertheless,
we can rule out with some certainty that G. gnoma/californicum and G. passerinum
are conspecific as has been assumed by some authors because of similar plumage
patterns (Sibley & Monroe, 1990). G. perlatum has been considered to be a
subspecies of G. passerinum by Eck & Busse (1973). Since genetic distances are
higher than 7 % both taxa can be regarded as distinct species.
Two species have been recognized in the genus Athene, i.e. A. noctua and
A. brama. As can be seen from Figure 2, both species appear separated also at the
sequence level. Within A. noctua, we encountered a surprising phenomenon: Two
clusters are apparent which are supported by high bootstrap values; genetic
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Figure 1. PhyIogram of the genetic relationships between members of theTytonidae, Strigidae
and CaprimuIgidae
Illustrated is a bootstrap analysis (100 replicates) employing the Maximum Parsimony method
with heuristic search (TBR branch swapping; tree length 261 steps [sum of minimal possible
lengths 176, maximally 412 steps]; consistency index CI= 0.674; retention index RI= 0.640).
Branch lengths are proportional to genetic distances; the number of nucleotide substitutions (for
a partial sequence of 300 bp) is given above each branch. Bootstrap values (above 50%) which
indicate confidence estimates for each branch are given in italics below the branch length values.
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Figure 2. Phylogram of the genetic relationships within the complex of Pygmy (Glaucidium ),
Tengmalms (Aegolius) and Tawny (Strix) owls.
Illustrated is a bootstrap analysis (100 replicates) employing the Maximum Parsimony method
with heuristic search (TBR branch swapping; tree length 376 steps [sum of minimal possible
lengths 202, maximally 823 steps]; consistency index CI= 0.537; retention index RI= 0.720).
Branch lengths are proportional to genetic distances; the number of nucleotide substitutions (for
a partial sequence of 1026 bp) is given above each branch. Bootstrap values (above 50%) are
given in italics below the branch length values.
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differences between both groups account for 5-7% nucleotide substitutions.
A genetic distance of 5-7% is typical for species and highly unlikely for
subspecies or populations. Birds from cluster I derive from Israel whereas
those from cluster II are from Europe. How to explain the results? The following
alternatives need to be discussed: 1) Both clusters represent distinct species
which have not been recognized by taxonomy so far. In this case, also
morphological and acoustical differences should exist between both forms.
Or 2) Cluster I represents a hybrid with another (unknown) Athene species;
since mitochondrial genes are inherited maternally, we must then assume that
a hybridisation of a male A. noctua with a female of an unknown Athene
species must have occurred, but that the fertile offspring have introgressed
into the original population. 3) Sibley & Monroe (1990) mention A. blewiti
(Hume) from India as a probably extinct species. It should be analyzed whether
our "new" Athene haplotype is related to this species.
In both MP and NJ trees, Athene usually clusters with Glaucidium, indicating
that both groups share common ancestry. Tengmalms Owls (genus Aegolius) can
be found as a third member in this clade (Fig. 2). Within A. funereus, some
geographical differentiation becomes visible, in that birds from the Swiss Alps
differ from birds of Bavaria by ca. 1 % nucleotide substitutions. The NorthAmerican
A. aeadius differ by 12.6% nucleotide substitutions from A. funereus, implicating
a divergence time of more than 6 million years (Table 1).
The Northern Hawk Owl (Surnia ulula) of northern Eurasia and North
America appears related to the Glaucidium complex (Fig. 2 and 3). A separation
as a monotypic species seems to be justified because of morphological, behavioural
and, last but not least, genetic differences.
Tawny and Wood Owls (genus Strix with ca. 17 species) are always in a
monophyletic clade in both MP and NJ trees and are separated from the Aegolius/
Athene/Glaucidium complex. Our first data show that S. butleri is a distinct species
and rather related to the African S. woodforclii than to S. aluco (Heidrich & Wink,
1994). S. uralensis appears to be related to S. aluco, although distances imply that
both taxa derived from a common ancestor more than 4 million years ago.
Phylogenetic relationships between "eared" owls of the genera Bubo,
Otus and Asio

Morphologically several owls with ears have been grouped in the genera
Bubo (Eagle owl), Otus (Scops and Screech owl) and Asio. According to our genetic
analysis (Fig. 3), members of the genus Otus appear in at least 3 different clades,
indicating that the genus is paraphyletic. The Screech Owls of the New World
represent a distinct group which is separated from OldWorld members of Otus by
genetic distances between 12 and 16% (Table 1 ). Within the Screech owl complex,
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Figure 3. Phylogram of the selected genetic relationships within the complex of "eared
owls"
Illustrated is a bootstrap analysis (300 replicates) employing the Maximum Parsimony method
with heuristic search (TBR branch swapping; tree length 345 steps [sum of minimal possible
lengths 194, maximally 679 steps]; consistency index CI= 0.562; retention index RI= 0.689).
Branch lengths are proportional to genetic distances; the number of nucleotide substitutions (for
a partial sequence of 300 bp) is given above each branch. Bootstrap values (above 50%) are given
in italics below the branch length values.
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Figure 4. Phylograni of the genetic relationships within the Eagle owl (Bubo) complex
Illustrated is a bootstrap analysis (800 replicates) employing the Maximum Parsimony method
with heuristic search (TBR branch swapping; tree length 210 steps [sum of minimal possible
lengths 149, maximally 393 steps]; consistency index CI= 0.710; retention index RI= 0.750).
Branch lengths are proportional to genetic distances; the number of nucleotide substitutions (for
a partial sequence of 1026 bp) is given above each branch. Bootstrap values (above 50%) are
given in italics below the branch length values.
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which has its radiation centre in South and Central America, several species
have been recognized on account of different acoustic repertoires (König,
1994a,b). Sequence data could corroborate these findings (Heidrich et al.,
1995), stressing the importance of vocalization for speciation and taxonomy
(as in the case of Glaucidium, see above).
Several Old World Scops have been described (overview in Sibley &
Monroe, 1990). 0. scops and 0. bakkamoena have been included here as
representatives for this group. As can be seen from Figure 3. these Scops
owls fall into a common clade which is distinct from the New World Otus
complex. The African 0. Ieucotis differs both morphologically and genetically
from the other Old World Otus species and has been placed in the genus
Ptilopsis. In the phylogram (Fig.3) 0. Ieucotis is placed near the genus Asio
(to which it has some superficial resemblance), but this furcation is not
supported by a significant bootstrap value. Concluding, it seems obvious that
the different clades of Otus species should also be recognized taxonomically.
Asio otus and A. flammeus always fall into the same clade (Fig.2)
although the genetic distances imply a divergence time of more than 5 million
years. Within Long-eared Owls (A. otus) population-specific sequence patterns
emerged (data not shown), similar to the situation in Tyto (see above).
Eagle Owls of the genus Bubo represent another prominent group of "eared
owls". The Snowy Owl (Nycteci scandiaca) seems to share ancestry with Bubo
(Fig.l) but separation from a common ancestor took place more than 7 million
years ago. Within the Bubo complex, we could study up till now B. bubo, B.
nipalensis, B. virginianus, B. africanus and B. bengalensis. They are distinct species

(Fig. 4). B. b. ascalaphus which occurs in North and West Africa, has been treated
as a distinct species. In our analysis nucleotide substitutions differ by 1 % between
B. bubo and B.b. ascalaphus. Since a 1% value normally represents subspecies
level in owls we treat this taxon as a subspecies of B.bubo at present.
We have analyzed the sequences of ca 20 individuals of B. bubo from Western
and Central Europe. Many samples derived from birds found dead under power
lines or on roads. Most of these birds are descendants from birds which have been
reintroduced in Germany and other countries during breeding programmes. A first
analysis of the sequence data shows a strong heterogeneity, indicating that birds
from various origins and subspecies have been multiplied and released in the
breeding programmes.

CONCLUSION
As can be seen from Figures 1 to 4, the phylogenetic trees inferred from
partial sequences of the cytochrome b gene, are generally in a good agreement
with the classical taxonomy (Sibley & Monroe, 1990; Burton, 1992; Hume, 1991).
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Table 2. Genetic distances of some Old World- New World disjunctions

Comparisons

Genetic distance
% nucleotide
substitutions

Divergence
(mio years)

Glaucidium
G.passerinum - G. CaliforniCiun t'
G. passerinum-G. glioma*
G.gnoma-G. californicum **

15.2
15.8
5.6

7.6
7.9
2.8

Otus
0. scops-O. kennicotti *
0.scops -0.Iioyi t
0. scops-O. baccamoena**
O .kennicotti-O .hoy/**

12.2
15.4
8.2
8.5

6.1
7.7
4.1
4.2

Bubo
B.bubo -B. Virginianus t

8.6

Aegolius
A.funereus -A.acadius *
*01d-New World comparisons
**01d-01d World or New-New World comparisons

4.3

6.3
12.6

As can be seen from Figures 1-4 the genetic data agree with the attribution of
species to a given genus. Exceptions are evident in the genus Otus, where a
paraphyletic origin is more likely than the present collection of all these species in
a single genus.
The phylogenetic relationships between different genera could not be
resolved with certainty in all instances. However, it is likely that the genera
Glaucidium, Athene, Aegolius and Surnia derive from a common ancestor;
the same applies to Otus, Asio and Bubo,

Strix or Tyto and

Phodilus,

respectively.
Cytochrome b sequence data are even better suited to resolve phylogenetic
relationships within genera and at the species level. As mentioned before, several
species of the Glaucidium and Otus complex have been mainly recognized and
described by their vocal repertoires (their plumage patterns are very similar). Cyt
b sequence data have shown that these vocally distinct species are also genetically
distinct (König, 1994a; Heidrich et al., 1995, 1996).
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In summary, sequence data of the mitochondrial cytochrome b gene
provide another powerful tool (besides morphology, anatomy, behaviour and
bioacoustics) to elucidate and reconstruct the evolutionary past and speciation
in owls. Since the analysis of a single gene only provides a window for a
particular evolutionary period, we need to include more progressive or more
conservative genes (including both mtDNA and ncDNA) if we intend to solve
other problems of microevolution or of higher level classifications.
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