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ABSTRACT 

 

Despite decades of research using a variety of data sources (such as morphological, 

paleontological, immunological, DNA hybridization and short DNA sequences) both 

the relationships between modern avian orders of raptors and their times of origin 

remain uncertain. This prior work is discussed in the opening introductory chapter. In 

order to address these issues, the second chapter reports a study that I undertook to 

develop a database that would have all sequence data from avian raptors (although it 

could easily be modified for other groups as well). Complete mitochondrial (mt) 

genomes have been used extensively to help study evolution, and I sequenced seven 

new bird mt genomes: from owls, secretary bird, falcons, and eagles in order to 

provide improved taxon sampling for the avian raptors. Adding three of these taxa to 

the avian mt genome dataset aids in resolving deep bird phylogeny and strongly 

supports the independent origin of the raptor life-style – so there is now agreement 

between nuclear and mitochondrial sequences. The final four newer genomes were 

then added in for a more detailed analysis of raptor relationships, and good progress 

is made on this. We had issues with one of the final four newer genomes where the 

sample was mis-identified. Therefore, it is emphasized that it is always important to 

keep good reference samples to check identifications. For the fifth chapter I 

undertook a population level study of spotted owlet (Athene brama) a nocturnal 

raptor from Pakistan, and so my study includes the use of sequence data to study 

both micro- and macro-evolution. The final chapter is a current overview of where 

we are at now in relation to avian raptor evolution. 
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1 INTRODUCTION 

1.1 Background 

 

The avian raptors are a group of birds noted for the their capture and consumption of 

live prey, and they include falcons (Falconidae), eagles  (Accipitridae), New World 

(Cathartidae) and Old World  (Aegypiinae and Gypaetinae) vultures, as well as the owls  

(Strigiformes). Sharing the apex of the food chain with humans makes raptors invaluable 

for research on biomagnifications (when the concentration of a pollutant substance in an 

organism’s body builds up from the same substance in its diet) (Wink, 2007). As 

ecologically susceptible predators, birds of prey are valuable indicators of environment 

quality (Lerner and Mindell, 2005). Moreover, birds of prey are often used as national 

and cultural mascots, and are of great interest to the community, especially related to 

bird watching and falconry. Many people simply want to know more on the subject of 

these ‘cool’ birds and are eager to buy books and watch videos on raptors. This public 

interest for knowledge about raptors provides researchers with a large audience. 

Certainly the enthrallment the public has for raptors has led to improved laws to protect 

and conserve them. These laws in turn have need of knowledge of raptors to guide the 

execution of conservation and management of programs (Wink, 2007). 

 

Traditionally, the study of phylogeny and systematics of birds, as well as other 

organisms, is based on anatomical and morphological characters. Often behavioral, 

ecological and acoustical or geographical data are also included in the analysis. Since 

the main criterion is similarity, and because of the adaptive traits, convergence may 

sometimes obscure the picture (Wink et al. 2009). Diurnal raptors have traditionally 

been placed either in the order Falconiformes, or else in the infraorders Falconides and 

Ciconiides (Sibley and Monroe 1990) and grouped into five families; Accipitridae, 

Pandionidae, Sagittaridae, Falconidae, and Cathartidae. Many researchers (Wink 1995, 

Wink et al. 1998; Fain and Houde, 2004; and Ericson et al. 2006) have attempted to 

resolve whether or not the Falconiformes is a monophyletic group. However, it appears 
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from morphological and molecular data that Falconidae may not share direct ancestry 

with other diurnal raptors families (White et al. 1994)  

 

Phylogenetic studies had a breakthrough with the advent of biochemical and molecular 

methods like DNA-DNA hybridization, protein electrophoresis, DNA restriction 

analysis (RFLP), or marker genes amplified through PCR (polymerase chain reaction) 

followed by DNA sequencing (Beebee & Rowe, 2004; Sibley and Ahlquist, 1990). 

Some of the important early molecular methods are shown in Table 1. Particularly the 

nuclear sequences analyzed by powerful computer programs such as PHYLIP 

(Felsenstein, 1993), PAUP* (Swofford, 2002) and MEGA (Tamura et al. 2007), has 

assisted the phylogenetic reconstruction in all kingdoms of life. The molecular approach 

is complementary, and it does not make the traditional analysis obsolete. The right 

evolutionary investigation can only be made if there is a solid framework based on 

acoustics, behavior, morphology and geography (Wink et al. 2009) 

 

Table 1. Important methods of molecular biology that are useful in evolutionary and 
phylogeographic studies (adapted from Wink, 2007) 
 

Methoda DNA Type Adequate for Studying 
Sequencing mtDNAa, nDNAa Phylogeny, taxonomy, phylogeography 
STR-Analysisa Microsatellites Population genetics, tracing of individuals, 

paternity, and pedigree 
SNP-Analysisa Point mutations in all 

genes 
Population genetics, tracing of individuals, 
paternity, and pedigree 

AFLPa Nuclear genome Population genetics, gene mapping 
ISSRa Nuclear genome Phylogeny, population genetics, gene 

mapping, hybridization 
DNA 
fingerprinting 

Satellite DNA 
(VNTR, STR) 

Paternity, tracing of individuals  

Sexing Sex chromosome Molecular sexing 
aSTR = short tandem repeats; SNP = single nucleotide polymorphism; VNTR = variable number tandem 
repeats; mtDNA = mitochondrial DNA, nDNA = nuclear DNA; AFLP = amplified fragment length 
polymorphisms; ISSR = inter-simple sequence repeats. 
 

Most of the recent molecular studies on birds have mitochondrial DNA (mtDNA) as 

their central focus (Mindell 1997), and the reason for this is that in birds mtDNA 

evolution is faster than nuclear DNA (nDNA) evolution. However, there is also a recent 
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emphasis on nuclear sequences as well (Suh et al. 2011; McCormack et al. 2013; 

Kimball et al. 2013). Many early studies used only the mitochondrial cytochrome b 

gene, because of the advantage that insertions, deletions or inversions are usually absent. 

So the sequence alignment is not problematic as compared to ribosomal genes, which 

are often used as markers. Wink et al. (2009) have recently studied the phylogenetics of 

owls using cytochrome b (Cyt b) and Recombination activating protein gene 

(RAG1).They are of the opinion that when using Cyt b as marker (also the other protein 

coding genes, for instance ND2, COI), resolution is lost when it comes to the 

divergences that happened more than 20 Mya (million years ago). The reason for this is 

that relatively quickly evolving mtDNA markers may have multiple nucleotide 

substitutions at the same position, which may result in undetected homoplasy. While 

mtDNA markers are good at resolving relationships in relatively recent timescales, more 

slowly evolving nuclear gene sequences are very helpful for resolution of deeper nodes. 

RAG1 is a nuclear gene that has been used in several vertebrate phylogenetic studies. So 

genes differ in the questions/time periods for which they are useful. Table 2 shows the 

relative rate of change for several mitochondrial genes used in phylogenetic studies, 

particularly in birds. 

 

Table 2. Composition of mitochondrial DNA (adapted from Wink, 2007) 
 

DNA Number of Elements Substitution 
Rate 

16S rRNA 1 Low 
12S rRNA 1 Low 
tRNA 22 Low 
Cytochrome b 1 Medium 
Cytochrome oxidase (CO), subunits I-III 3 Medium 
NADH dehydrogenase (ND), subunits I-VII 7 Medium 
ATP synthase, subunits a, b 2 Medium 
D-loop 1 High 

 

1.2 DNA methods for Raptor systematics  

 

One of the basic disciplines in biology is the classification of plants and animals, and the 

Systema Naturae by Linnaeus in 1753 proved to be a landmark in this field. Since that 
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time morphological and anatomical characters have been used by systematists to define 

species and subspecies. Behavior, vocalization, and biochemistry have also been used 

more recently. A broad set of genetic tools provided by molecular biology have 

immensely complemented existing methods and it is most likely soon that biologists will 

make a better taxonomy of the most of orders of the living world i.e., based on the 

relationships provided by phylogenetics and not solely on general similarity. Overall, the 

genetic characters are more numerous than the morphological ones and can help to 

clarify systematics. Darwin wrote to his friend T. H. Huxley in 1857, 

“In regard to classification, and all the endless disputes about the 

‘natural system’ which no two authors define in the same way, I 

believe it ought, in accordance with my heterodox notions, to be 

simply genealogical. The time will come I believe, though I shall 

not live to see it, when we shall have fairly true genealogical trees 

of each kingdom of nature…” 

Darwin’s dream may now become a reality (reproduced from Wink, 2007). 

 

Major DNA methods useful for studying Raptor systematics (as shown above in Table 

1) are described briefly below. It would be useful to have a look at DNA as a logbook of 

life before starting on the applicability of DNA methods.  The following paragraph on 

DNA is based on Avise, 1994; Hillis et al. 1996; Mindell 1997; Karp et al. 1998; Hall 

2001; and Storch et al. 2001. 

 

Similar to the DNA found in bacteria, mitochondrial DNA is a circular molecule derived 

from endosymbiotic bacteria taken up by the ancestral eukaryotic cell ≈1.4 billion years 

ago (Novikoff and Holtzman, 1976). In vertebrates, the mitochondrial genome consists 

of ≈16,000-19,000 base pairs (bp), containing 13 genes (that code for enzymes involved 

in respiratory chain), 22 genes for tRNA (transfer RNA) and 2 genes for rRNA 

(ribosomal RNA) (Table 2). The D-loop, or control region, is a short stretch of non-

coding DNA in mitochondria and its variability is four to six times greater than protein 

coding genes, for instance Cyt b. Numbers of mitochondria in a typical animal cell 

ranges from 100 to 1000, each of which contains 5-10 copies of mtDNA (Novikoff and 
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Holtzman, 1976). Although it makes only 1% of all cellular DNA, this makes 

mitochondrial DNA an especially frequent molecule in cells. Therefore, mtDNA is an 

important source of genetic material for molecular studies, and it is inherited maternally, 

and so can be regarded as clonal in nature. 

 

1.2.1 DNA Sequencing 

 

A powerful method for phylogenetic reconstruction is the analysis of marker genes and 

their nucleotide sequences (Beebee and Rowe, 2004). The typical focus of the 

phylogenetic studies of raptors is on conserved marker genes’ nucleotide sequences such 

as coding nuclear DNA (e.g. RAG1) and of protein coding mtDNA (Table 1) (Griffiths 

et al. 2004) or non-coding DNA (e.g. introns of protein coding genes, including ODC-6, 

and LDH). Sufficient divergence among geographically separated lineages is exhibited 

by the species that evolved several million years ago, and permit useful analysis (though 

the rate of change will determine how far back in time a gene is ‘useful’). In 

identification of mitochondrial lineages of groups, or so-called haplotype, sequencing of 

mitochondrial genes (such as ND, Cyt b or CO) often proves helpful. Mitochondrial D-

loop being more variable may provide an even higher resolution, but sometimes it can be 

difficult to amplify and sequence this region by PCR because of its high variability 

(Wink, 1998). 

 

1.2.2 PCR Methods (Fingerprinting) 

 

A high degree of resolution is required to analyze microevolutionary genetic differences 

within a species. At this intraspecific level, mtDNA sequences are sometimes less 

useful, in part because they are inherited maternally. An unambiguous allocation of 

individuals to populations, lineages and species can be masked by the normal processes 

of hybridization and introgression, because of the maternal inheritance of mtDNA (Karp 

et al. 1998). Also, in this respect DNA fingerprinting has been employed to trace 

individuals for pedigree studies. To overcome the above mentioned problems, more 

appropriate are nDNA molecular markers that have a higher degree of resolution and are 



Chapter 1 

6 

inherited by both sexes. In these methods polymorphic DNA markers are amplified by 

PCR and their separation involves high-resolution gel electrophoresis or capillary 

electrophoresis i.e. DNA sequence (Wink, 1998). 

 

1.2.3 Microsatellite (STR) Analysis 

 

Each raptor individual has two alleles for each nuclear locus: one derived from the 

mother and the other from the father. A high degree of length polymorphism is shown 

by the alleles of these STR loci. Several alleles exist for each polymorphic STR locus 

and they can often be distinguished by size because they differ in the number of tandem 

repeats (Wink, 2007). 

 

As described by Nesje and Roed (2000) sequences used to amplify the STR loci can be 

identified through special efforts, as the sequences that might flank microsatellite loci 

vary between species. To generate species-specific STR sequences, several protocols 

have already been published. Wink (1998) selected various molecular techniques for 

studying raptors including their allele frequencies (used for STR) can be determined for 

characterizing populations. A 1/0 presence can be used to record the presence and 

absence of alleles, evaluated by cluster analysis, for instance UPGMA (Unweighted 

pair-group methods with arithmetic means) and neighbor-joining. Other programs used 

can be STRUCTURE (Pritchard et al. 2000) or GENELAND (Guillot et al. 2005). 

 

1.2.4 Single Nucleotide Polymorphism (SNP) 

 

A genetic map of populations can be built, so long as for each individual at least 30 loci 

are determined, by using single-nucleotide polymorphisms (SNPs) information. They are 

also analyzed via a 0/1 matrix (a similar way as STR data) and they have a similar 

resolution power (Lopez-Herraez et al. 2005). As suggested by Wink (2007), SNP 

marker systems are not available for raptors at present, because they have yet to be 

established for individual species. Most likely, this method would become an important 

tool in future, because DNA chips and mass spectrometry can automate SNP analysis. 
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1.2.5 Amplified Fragment Length Polymorphism (AFLP) 

 

Including AFLP, genomic fingerprint methods provide an alternative if microsatellite 

PCR primer information is not available. The loci of AFLP are inherited co-dominantly 

(the allelic products coexist) and combining restriction-length analysis with PCR, AFLP 

makes it a powerful and convenient tool which results in a complex fingerprint detailed 

in a 0/1 matrix and it can be analyzed by cluster methods (Irwin et al. 2005). However, 

since the discovery of AFLP, little work has been done on wild species (including 

raptors). It is likely to be superior (in terms of relatively low cost and less start up time 

before data can be generated) to other more-established methods, such as microsatellites, 

SNP (single nucleotide polymorphism) analyses and multigene DNA sequencing 

(Bensch & Akesson, 2005). 

 

1.2.6 ISSR (Inter-Simple Sequence Repeats) 

 

The following paragraph on explanation and applicability of ISSR is based on Wink 

(1998, 2000, and 2002). In ISSR methods, the fingerprints produced are similar to 

AFLP. It is easier to carry out because it involves fewer experimental steps than AFLP. 

A single PCR primer is used, having its sequence identical to a common microsatellite 

motif, for instance, (CA) 10. Such loci are widely present in genomes and they occur in 

both orientations, and therefore only a single primer can be enough to amplify the 

stretches of DNA between adjacent microsatellite loci (i.e., between 10 and 80 loci) 

simultaneously. PCR products need to be analyzed by capillary electrophoresis or high 

resolution PAGE, as they differ in size. The ISSR loci provide information on the 

individual’s genomic make up, since some of them are polymorphic. According to Wink 

(2007) these loci are inherited co-dominantly (the allelic products coexist). In practice, 

several ISSR are used, resulting in several hundred loci being available for analysis. In 

most plants and animals, the primers work universally, and that is the advantage of 

ISSR, PCR primers for any individual species are not needed to be defined. The results 

plotted in a 1/0 matrix, are evaluated by cluster analysis. In this way, individuals are 
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placed together on the basis of similarity of their band patterns in ISSR. For tracing back 

the individual birds to individual populations, ISSR can be useful to reveal population 

specific DNA bands (Wink et al. 2002). 

 

1.2.7 Molecular Sexing 

 

The following review of methodology and application of molecular sexing is based on 

Kahn et al. (1998); Morrison and Maltbie (1999); Hofle et al. (2000); Nesje and Roed 

(2000); Ristow and Wink (2004); Beckler and Wink (2003); Ristow et al. (2004); and 

Wink (2007). 

 

Molecular sexing is useful molecular technique for raptor systematic work. This method 

allows the sexing of birds, which can otherwise be difficult in nestlings of monomorphic 

species, and also in many adult birds outside the breeding season. Compared with 

mammals sex chromosomes are in opposite order in birds: males are homogametic WW, 

whereas females have heterogametic ZW. On the sex chromosomes, the introns of the 

CHD gene are targeted by PCR methods. One PCR product can be obtained in males as 

opposed to two in females, because the alleles can differ in size. With the use of high 

resolution PAGE, this technique has been successful with almost all species of birds 

examined to date. For example, Hoefle et al. (2000) studied molecular sex determination 

in the Spanish Imperial Eagle (Aquila adalberti). 

 

1.3 Raptor Evolution in General 

 

Following is a short list of the main groups of raptors (based on del Hoyo et al. 1994a, 

b). 

Order Falconiformes 

1. Family Cathartidae (New World vultures) 

2. Family Pandionidae (Osprey) 

3. Family Accipitridae (Hawks & Eagles) 

4. Family Sagittariidae (Secretarybird) 
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5. Family Falconidae (Falcons & Caracaras) 

Order Strigiformes 

1. Family Tytonidae (Barn owls) 

2. Family Strigidae (Typical owls) 

 

The relationship of Falconiformes with other birds is still not clear, and even among the 

Falconiformes, there is as yet no evidence from the fossil record that the different 

families have an immediate common ancestor, that is, they are monophyletic. So, it is 

still possible that the members of this order may be the result of convergent evolution 

between groups of a polyphyletic origin (del Hoyo et al. 1994a). 

 

1.3.1 Order Falconiformes 

 

According to DNA-DNA hybridization studies, the traditional Falconiformes, would be 

better placed in the infraorder Falconides within the larger order Ciconiiformes (storks). 

Falconides would not include the new world vultures (Cathartidae), which have closer 

affinities with other Ciconiiformes (Sibley and Ahlquist, 1990). 

 

1.3.1.1  Family Cathartidae (New World vultures) 

 

The following general account on evolution and classification of New World vultures is 

based on Houston (1994); 

No. of genera 5  

No. of species 7  

No. of taxa 13 (including sub-species) 

 

In superficial appearance, the seven species of New World Vultures are similar to the 

fifteen species of vultures found in Asia, Africa and Europe (i.e., Old World Vultures). 

However, the New World Vultures are most obviously different in not having a 

functional hind toe and also no internal separation of the nostrils. In general appearance, 

the two vulture groups are otherwise remarkably alike. Both of the vulture groups have 
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evolved large species which share many features, for instance, Condors (Vultur and 

Gymnogyps) from the New World have comparable size to the Griffon (Gyps) vultures 

in Old world. Similarly, medium to large sized species have also evolved in both of the 

vulture groups i.e. King vulture (Sarcoramphus papa) of the New world have the 

parallels in size to the Lappet-faced vultures (Torgos tracheliotus) and the White-headed 

vultures (Trigonoceps occipitalis) of the Old world vultures group. Both of the vulture 

groups have also evolved smaller species, of which Coragyps and Cathartes represent 

New world vultures, and the Egyptian vulture (Neophron percnopterus) and the Hooded 

vulture (Necrosyrtes monachus) represent the Old World vultures. The two groups of 

vultures (New World and Old World) are probably descended from different ancestors, 

and therefore these similarities between New World and Old World Vultures may have 

been derived independently, an example of convergent evolution. So they may not be 

closely related, and although they look alike this may be because they have adapted to a 

similar way of life. 

 

Despite close similarities in feeding ecology and appearance of both the vulture groups, 

many aspects of their behavior and anatomy indicate that the two groups of vultures may 

not be closely related at all. Rather the features of cathartids are less close to those of 

eagles and hawks than to storks (Huxley 1876), so for more than 100 years it has been 

considered that New World vultures are more closely related to storks. Both New World 

vultures and storks squirt their legs with urine to maintain body temperature, and 

sometimes it looks as if their legs have been white-washed. Some modern stork species, 

particularly Marabou (Leptoptilus crumeniferus) obtains much of its food by scavenging 

dead fish, and it is found feeding alongside vultures at carcasses. One could imagine a 

stork species which was specialized for scavenging, and ultimately adapted to the 

lifestyle as Old World vultures.  

 

But the new DNA results contradict the previous thinking. Recent nuclear DNA 

sequence-based phylogenetic analyses place the New World vultures in a sister 

relationship with eagles and hawks, and then the Old World vultures together (families 
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Sagittaridae, Pandionidae, and Accipitridae) (see Ericson et al. 2006; Hackett et al. 

2008; Yuri et al. 2013; McCormack et al. 2013; Kimball et al. 2013). 

 

The following description of cathartid fossils is based on Mayr (2009; p. 156-157, and 

references within). The fossil data on stem group representatives of New World birds of 

prey gives some glimpse of the possible evolutionary past of these taxa including New 

World vultures. They are grouped into Teratornithidae, which are now extinct. Teratorns 

closely resemble Cathartidae, due to many osteological features, however, their sister 

relationship is well supported by derived skull features. A fossil (Taubatornis campbelli) 

from the late Oligocene of Brazil is the only Paleogene fossil of the Teratornithidae. 

Olson and Alvarenga also support the hypothesis that T. campbelli is of South American 

origin. In contrast, and as pointed out by Mayr (2009; 2014) that Cathartidae had stem 

group representative fossils discovered from the paleogene of Europe. Another 

undescribed Cathartidae was mentioned from early Oligocene of Mongolia. The oldest 

known fossils of Cathartidae are from Paleogene. One of them Phasmogyps patrius is 

from the late Eocene while another one is Brasilogyps faustoi from the late Oligocene. 

Traditionally, cathartid vultures have been placed in order Falconiformes, (Houston,. 

1994). Brown and Amadon (1968) recognized that New World Vultures were different 

from the rest of the Falconiformes in many ways. But it has also been suggested that 

their present geographical isolation is geologically a comparatively recent event 

(Houston, 1994). 

 

1.3.1.2 Family Pandionidae (Osprey) 

 

The following description on evolution and classification of Osprey is based on Poole 

(1994). 

 

 

No. of genera 1  

No. of species 1  

No. of taxa 4 (including sub-species) 
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Pandionidae is a monospecific family represented by Osprey (Pandion haliaeetus) and it 

is still matter of debate whether osprey is different enough from the rest of the raptors to 

warrant such a separate treatment. DNA-DNA hybridization studies (Sibley and 

Ahlquist, 1990) have suggested its sub-family status within the family Accipitridae. The 

lack of speciation is interesting among osprey and contrasts with the Haliaeetus sea-

eagles. Ospreys are long distance migrants so there is more chance for individuals to 

interchange between populations, thus there are fewer chances for isolation of sub-

species to become distinctive species. 

 

The following description of pandionid fossils is based on Mayr (2009; p. 159-160, and 

references within). Although extant Ospreys are almost globally distributed, but all of 

their Paleogene fossils were discovered from Old World sites. The only identified fossil 

as an osprey, is the Paleocircus cuvieri. There are isolated fossil ungual phalanges 

discovered from the late Eocene of England and early Oligocene of Germany. 

Furthermore, a distal humerus and an incomplete carpometacarpus of a stem group of 

the Pandionidae was also reported from the early Oligocene of Egypt. 

 

1.3.1.3 Family Accipitridae (Hawks & Eagles) 

 

The given description on evolution and systematics of family Accipitridae is based on 

Thiollay (1994). 

 

 

 

 

The Accipitridae have always been the most numerous of the families of Falconiformes. 

However, successive major classifications are rarely identical. Many of the taxa are 

converted from species to subspecies and vice versa. At the same time some of the 

species have been switched from one genus to another. Consequently, the number of 

species that have been recognized in recent times, range from about 212 to 240 

(Thiollay, 1994). 

No. of genera 64  

No. of species 237  

No. of taxa 535 (including sub-species) 
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Accipitridae is a highly diverse family and Thiollay (1994) suggests that it can usefully 

be divided into natural groups by bringing together species with high ecological or 

morphological convergence. In a systematic sense, any such arrangement may not reflect 

the evolution within the family, it illustrates the multiple radiations, occurred from many 

ancestral species to the supposedly derived and/or more evolved ones. Thiollay (1994) 

suggested that ten such natural groups within the larger group i.e., Accipitridae. These 

groups are explainded below. 

 

 The kites, a heterogeneous assemblage of 33 species. 

 The fish-eagles comprising of 10 species, considered to be derived from kites. 

 15 species of Old World Vultures, which share their scavenging habits. 

 15 assorted serpent-eagles or snake-eagles. 

 The harriers, the harrier-hawks and also possibly the Crane Hawk. 

 58 species of goshawks and sparrow hawks, with rather uniform characteristics. 

 25 sub-buteonine hawks. 

 28 species of the genus Buteo. 

 4 large eagles of the America’s tropical rain forests. 

 33 species of “booted” eagles. 

 

The following description of accipitrid fossils is based on Mayr (2009; p. 159-161, and 

references within). According to the fossil record, the accipitrids and pandionids 

diverged before the Oligocene. The fossil record of the Accipitridae dates back to the 

late Eocene and early Oligocene. At least 18 species have been described so far. The 

oldest of the accipitrid fossils may be Milvoides kempi (Harrison and Walker 1979) from 

the late Eocene of England. Two further species of Accipitridae were described from 

Quercy fissure fillings: “Aquila” (“Aquilavus”) hypogaea and “A.”corroyi. The 

classification of these species in the same genus is conjectural, because the affinities 

between these two species cannot be established due to the lack of overlapping skeletal 

elements. Another species discovered from the late Oligocene of France, Palaeohierax 

gervaisii, was twice the size of the kite-sized A. corroyi. Three more species of putative 



Chapter 1 

14 

Accipitridae were described, from the middle Oligocene of Mongolia, as Buteo 

circoides, Venerator dementjevi, and Gobihierax edax. The description of another large 

accipitrid from the late Eocene of Egypt (Jebel Qatrani Formation) resembles to modern 

eagles of Haliaeetus taxon. Among the several species described from the Oligocene of 

North America, are Buteo granger, B. Fluviaticus, and B. antecursor. While another 

species Palaeoplancus sternbergi, roughly the size of Osprey seem to have some 

plesiomorphic feature which suggest its position outside crown group Accipitridae. 

Three species described from the late Oligocene of Nebraska, i.e. Geranoaetus ales, 

Palaestur atavus, and Promilio efferus, are assigned to Accipitridae as well. A couple of 

species described from the late Oligocene of Argentina are, Climacarthrus incompletes 

and Cruschedula revola, are assigned to Accipitridae based on, a badly preserved distal 

tarsometatarsus and the cranial extremity of scapula, respectively. But the phylogenetic 

affinities of these fragmentary bones cannot be reliably established until discovery of 

more complete specimens is made. From the late Oligocene of Australia, accipitrids are 

represented by Pengana robertbolesi. 

 

1.3.1.4 Family Sagittariidae (Secretarybird) 

 

The following systematic and general evolutionary account of Secretarybird is based on 

Kemp (1994). 

 

 

 

 

Sagittariidae is a monospecific family with Falconiforms, and it is in its own sub-order, 

Sagittarii, but sometimes is even elevated to the rank of its own order, Sagittariiformes. 

It is placed adjacent to other diurnal birds of prey but the relationship with Cariamidae 

(Seriemas), Otididae (Bustards) or Gruidae (Cranes) in the order Gruiformes has also 

been proposed. To many people it looks like a “long legged marching eagle”. The skull 

and head also shares anatomy with eagles. Breeding habits are most similar to Storks in 

No. of genera 1  

No. of species 1  

No. of taxa 1 (including sub-species) 
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order Ciconiiformes. And it is also notable that recent DNA-DNA hybridization studies 

(Sibley and Ahlquist, 1990) suggest close affinity between raptors and storks. 

 

From the early and late Oligocene, Pelargopappus schlosseri is a stem group 

representative of Sagittariidae. Discovered from the Quercy fissure fillings, it is smaller 

in size than the single extant species Sagittarius serpentarius (Mayr 2009; p. 158-159, 

and references within). 

 

1.3.1.5 Family Falconidae (Falcons & Caracaras) 

 

The systematics and general evolution of family Falconidae, described below, is based 

on Kemp (1994). 

 

 

 

 

Species of Falconidae have great diversity of life styles. They range from long-winged 

falcons (Falco) in open country, to ground dwelling scavenger caracaras (Polyborinae); 

and from almost chicken-like arboreal caracaras (Daptrius), to forest-falcons 

(Micrastur) of tropical forests that resemble the true hawks (Accipiters) with short wings 

There are also tiny falconets (Microhierax), being only the size of a thrush. However, 

they all are united taxonomically through six (or maybe more) distinctive morphological 

characteristics, for instance; 

 

 Moult pattern of a characteristic flight feather (starting with primary 4).  

 A bony tubercle developed to a degree in the nostril.  

 Eggshells of the same chemical composition. 

 The same Mallophaga feather lice.  

 With the exception of pygmy-falcons having white eggs, their eggs are spotted 

reddish brown and are all blotched.  

No. of genera 10  

No. of species 61  

No. of taxa 149 (including sub-species) 



Chapter 1 

16 

 The shells have reddish yellow translucence, rather than the internal greenish tint 

of accipitrid eggs. 

 

Falconidae have been generally placed alongside the other diurnal raptors since the time 

of Linnaeus. This was supported by evidence from external morphological studies, 

internal anatomy, feather parasites, behavior, and moult patterns, as well as more 

recently the molecular evidences based on allozymes divergence (Randi et al. 1991) and 

DNA-DNA hybridization (Sibley and Ahlquist, 1990). However, detailed morphological 

studies of the families traditionally included in Falconiformes, the order was concluded 

to be polyphyletic (thus having more than one origin). It was also suggested that 

falconids were actually closer to plantain-eaters, owls, parrots and cuckoos. However, 

modern authorities regard the shared features of owls and falcons to be convergent 

(Wink et al. 2009) and most recent and comprehensive avian family classifications retain 

the Falconidae within the order Falconiformes (Lerner and Mindell, 2005; El-Sayed, 

2007). Four main issues dominate the investigation concerning the systematics of the 

family. 

 

 Within the family, how many subfamilies should be recognized, and also the 

composition of each of these. 

 How different genera are related to each other and how should these 

relationships be reflected in a linear sequence.  

 Number of species and their relationship within various genera. 

 What should be the name of a particular species or genus. 

 

Lack of agreement between different studies (refered to, in this section) creates more 

confusion. Therefore, it creates need for further investigations. 

 

A poor Paleogene fossil record of falcons, includes no unambiguously identified 

specimens. Some recent molecular analyses support a clade that includes Falconidae, 

Cariamidae, Psittaciformes, and Passeriformes (Ericson et al. 2006; Hackett et al. 2008) 

which lead to temptation about possible affinities of falcons to the stem group 
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representatives of the Cariamidae i.e. the raptorial Phorusrhacidae. A couple of fossils 

described from the London Clay are, Parvulivenator watteli and Stintonornis mitchelli. 

They are tentatively assigned to the Falconidae, but are also too fragmentary to be 

reliably identified. Another fossil from the middle Eocene of Antarctica was assigned to 

the Falconidae, but again the specimen needs the additional skeletal elements to confirm 

the identification (Mayr 2009; p. 153-155, and references within). 

 

1.3.2 Order Strigiformes (Owls) 

 

The following classification of owls is based on Bruce (1994) and Marks et al. (1994). 

 Family Strigidae Family Tytonidae  

No. of genera 2 25  

No. of species 16 189  

No. of taxa 63 548 (including sub-species) 

 

Taxonomists have been debating for over two centuries whether to consider owls 

(Strigiformes) as closely related to diurnal raptors (Falconiformes) or to nightjars 

including their allies (Caprimulgiformes). The hooked bill (to tear flesh) and the strong 

feet and claws (to capture prey) were significant to align owls to raptors, while the larger 

eyes, soft plumage and also other nocturnal hunting adaptations put them closer to 

Caprimulgiformes. The review of owl classification based on DNA-DNA hybridization 

work (Sibley and Ahlquist, 1990) shifted the opinion towards owls’ closer affinities with 

Caprimulgiformes. This work was concluded by combining the owls with 

Caprimulgiformes in an expanded Strigiformes, though subsequent studies, including 

allozyme divergence (Randi et al. 1991), supported the traditional separation of 

Caprimulgiformes from Strigiformes. So it is now suggested that owls are closer to 

Caprimulgiformes and they are placed near this order, so far the evidence is not yet 

conclusive.  

 

The fossil record provided a better understanding of the diversity and evolution of owls. 

Six families (two extant, and four extinct) are recognized at least, until late Paleocene. 
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The fossil record is quite extensive in the Eocene and Oligocene of the Northern 

Hemisphere. Notably, there is no Paleogene fossil record of Strigiforms from the 

Southern Hemisphere. The two early discoveries are Berruornis orbisantiqui and B. 

Halbedeli are known from the late Paleocene of France and Germany respectively. 

These two species were assigned to the family Sophiornithidae, a taxon which was 

originally erected for a Bubo-sized species Sophiornis quercynus from the Quercy 

fissure fillings. The second family Protostrigidae comprises of seven fossil species. Six 

species of this family from the Eocene of North America are Eostrix mimica, E. 

martinelli (early Eocene of Wyoming), Minerva antiqua, M. leptosteus, M. saurodosis 

(middle Eocene of Wyoming), and M. californiensis (late Eocene of California). The 

only species that represents Protostrigidae in Europe is Oligostrix rupelensis from the 

early Oligocene of Germany. The third family Ogygoptyngidae is represented by the 

single species Ogygoptyngidae wetmorei from the late paleocene of Colorado. 

Necrobyinae comprises of seven fossil species which were considered as stem group 

representatives of the extant Tytonidae. This group includes four taxa, Necrobyas (4 

species: from late Eocene to late Oligocene), Nocturnavis (1 species: late Eocene), 

Palaeobyas (1 species: unknown locality of the Quercy fissure fillings), Palaeotyto (1 

species: unknown locality of the Quercy fissure fillings). The fourth of the extinct owl 

families, the Palaeoglaucidae comprises of two species named Palaeoglaux perrierensis 

and P. artophoron which come from the late and middle Eocene respectively. The 

holotype of Selenornis henrici is the only known specimen that represents the monotypic 

taxon Selenornithinae. This specimen came from an unknown locality of the Quercy 

fissure fillings (Mayr 2009; p. 153-155, and references within).  

 

The current division of living owls between the families Strigidae and Tytonidae, is 

further supported by the recent work on fossil material. Though forming a distinct 

subfamily, Phodilinae, the bay-owls (Phodilus) are probably best placed with Tytonidae. 

The subsequent studies on DNA-DNA hybridization (Sibley and Ahlquist, 1990) and 

allozyme divergence (Randi et al. 1991) support a Tytonidae family including Phodilus. 

The modern authorities regard the shared features of owls and falcons to be convergent 

(Wink et al. 2009). 
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1.4 Chronological survey of literature 

 

The current emphasis of review should be the period since the publication of Origin of 

Species by Darwin in 1859. More complete accounts of early ornithologists who made a 

lasting impression on avian systematics can be followed in the introduction to Newton’s 

A Dictionary of Birds (1896) and in Stresemann’s Ornithology from Aristotle to the 

present (1975). 

 

O’Hara (1988) gave a good review of the avian classification in the form of the 

Diagrammatic Classifications of Birds published between 1819 and 1901. Ornithologists 

were quick to embrace Darwinism. Perhaps one of the most respected among them, T.H. 

Huxley (1825-1895), was also an advocate of Darwin’s ideas. Professor Huxley’s 

‘Classification of Birds’ (1867) has universally been recognized as an epoch-making 

memoir in the history of ornithology. The contributions of Alfred Newton (1829-1907) 

were less those of a participant than of an often acerbic critic. Reviews of the work of 

his predecessors and contemporaries can be seen in his historical critiques (1896). 

Sclater’s work (1880) about classification, was based on some previous classifications, 

somewhat modified by his own work.  

 

Moving to the modern era, there have been other classifications proposed during the past 

years, but mostly reflected the avian phylogenetic concepts inherited form Huxley, 

Furbringer and Gadow (Sibley and Ahlquist, 1990). Cracraft (1981) applied the formal 

principles of classification proposed by Willi Hennig (1966) for the analysis of 

morphological characters, a first attempt at phylogenetic classification of recent birds. 

Cracraft (1981) reintroduced the idea of including owls in the Falconiformes, because of 

derived tarsometatarsal and pelvic morphology as shared with Pandionidae and 

Accipitridae (including falcons). But, Olson (1982) vigorously criticized Cracraft’s 

classification, showing that consensus had not yet been achieved in 1982.  Olson (1982) 

criticized Cracraft’s “division 3” (that contained Ciconiiformes and Falconiformes) 

vigorously as a category that contains both flamingos and owls as monophyletic, it will 

be in vain to search for a synapomorphy to define such a group, he claimed. The 
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classification by Amadon and Bull (1988) followed the traditional arrangement with all 

species in the Strigiformes and Strigidae, and the strigids divided into Tytoninae (Barn 

owls, Bay owls), and Striginae (Typical owls). 

 

Among the molecular studies, nucleotide sequences of cytochrome b gene of the 

mitochondrion have been employed to study the systematics and evolution of diurnal 

raptors and owls (Heidrich and Wink 1994, 1998; Wink 1995, 1998, 2000; Wink et al. 

1996, 1998; Griffiths 1997, Seibold and Helbig 1995a, b, 1996; Heidrich et al. 1995a, b; 

Mindell 1997; Matsuda et al. 1998, Wink & Heidrich 1999, 2000; Haring et al. 1999, 

2001; Wink & Sauer-Gürth 2000, 2004; Groombridge et al. 2002, Olsen et al. 2002; 

Riesing et al. 2003, Hendrickson et al. 2003, Godoy et al. 2004, Griffiths et al. 2004, 

Kruckenhauser et al. 2004, Pearlstine 2004, Roques et al. 2004, Roulin & Wink 2004, 

Nittinger et al. 2005, Gamauf et al. 2005 and Proudfoot et al. 2006, 2007). Other 

valuable work on different genes includes that on Cyt b, RAG1, LDH int3, AK int5 

studied in Aquiline eagles (Helbig et al. 2005); 12S, ATP8, ATP6, ND6 in Accipitridae 

(do Amaral et al. 2006); Cyt b, ND2, mt Control region and RAG1 in Gyps vultures 

(Arshad et al. 2008; Johnson et al. 2006); mitochondrial pseudo control region and ND6 

in Buteonine raptors (Riesing et al. 2003). 

 

Mitochondrial Cyt b gene was used to study the finer details of speciation and 

phylogeny of owls (Wink and Heidrich 1999, 2000; Wink et al. 2004). Michael Wink 

also reviewed the application of different DNA-markers to study the ecology and 

evolution and advances of DNA studies in both diurnal and nocturnal raptors (Wink, 

1998; 2000). His work on the molecular systematics of African raptors’ (Wink and 

Sauer-Gurth, 2000); Holarctic raptors (Wink et al 1998); Mediterranean raptors (Wink 

and Seibold, 1996) is remarkable. Helbig et al. (2005) studied the phylogenetic 

relationships among Falcon species using DNA sequence variation of Cyt b gene. 

 

More recently Wink et al. (2009) included 120 taxa of the Strigidae and 23 taxa of 

Tytonidae (the dataset covers most of the genera) to study the phylogeny of owls 

(nocturnal raptors) based on Cyt b and nuclear markers (LDH b intron DNA, RAG1). 
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Their research provided insight into the phylogeny and evolution of owls. The 

phylogenetic tree inferred from sequences of the cytochrome b gene and nuclear RAG-1, 

was found to be generally in a good agreement with the classical taxonomy of owls 

(Sibley and Monroe 1990, Burton 1992, Hume 1991, König et al. 1999, Weick 2006). 

The genetic data agreed with the attribution of species to a given genus with exceptions 

evident in the polyphyletic genus Otus and the paraphyletic Bubo complex. 

 

In the classification of birds by Cracraft (1981) in which the orders Ciconiiformes and 

Falconiformes were put together, he admittedly noted that placement in the same 

division may seem unwarranted. In a recent investigation on family Accipitridae (Lerner 

and Mindell, 2005) phylogenetic relationships using molecular sequence from two 

mitochondrial genes (ND2 and Cyt b) and one nuclear intron (b-fibrinogen intron 7) 

were inferred. Representatives of all 14 Accipitridae subfamilies and at least one 

representative from all genera were sampled, focusing on four subfamilies of eagles 

(booted eagles, sea eagles, harpy eagles, and snake eagles) and two subfamilies of Old 

World vultures (Gypaetinae and Aegypiinae) to include a majority of their species. 

Multiple well-supported relationships among accipitrids recognized with DNA 

sequences vary from those traditionally recognized based on morphology or life history 

characters. Monophyly of sea eagles (Haliaeetinae) and booted eagles (Aquilinae) was 

supported by this research; nevertheless, harpy eagles (Harpiinae), snake eagles 

(Circaetinae), and Old World vultures were inferred to be non-monophyletic. The 

Gymnogene (Polyboroides typus) and the Crane Hawk (Geranospiza caerulescens) were 

not found to be close relatives, presenting an illustration of convergent evolution for 

specialized limb morphology enabling predation on species nesting in cavities. Study of 

named subspecies within Hieraaetus fasciatus and H. morphnoides exposed significant 

genetic differentiation, or non-monophyly, supporting recognition of H. spilogaster and 

H. weiskei as individual species. 

 

A recent study by El-Sayed (2007) provides valuable and additional information to 

understand the evolutionary relationships of birds of prey in the order Falconiformes 

generally. El-Sayed’s (2007) study included almost half of the species recognized for the 
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Accipitridae (111 species) and for the Falconidae (35 species) that represents the largest 

molecular dataset for the Falconiformes studied so far. Intrageneric and intraspecific 

relationships of the Falconidae and the Accipitridae were of more focus of the above 

mentioned investigation. The analysis of combined genes having different evolutionary 

rates (Cyt b and RAG1) provided high resolution of both deep and shallow branches. 

The reconstructed topologies based on Cyt b were highly congruent with those based on 

RAG1. Moreover, results were in accordance with previous molecular studies and their 

Accipitridae tree showed a basal polytomy. New and Old World vultures represent two 

independent evolutionary lineages in this phylogenetic analysis. The New World 

vultures are not closely related to storks as suggested by Sibley and Ahlquist (1990), but 

they are closer to the Accipitridae. ‘Raptors’ may be a result of an evolutionary 

convergence between bird groups of polyphyletic origin. The traditional classification of 

Brown and Amadon (1968) which recognizes the order Falconiformes with the 

subgroups Cathartae, Accipitres, Sagittarii and Falcones is probably partly artificial and 

does not fully reflect phylogenetic descent. The results of El-Sayed (2007) did not 

support a common ancestor for this assemblage, and falcons form an independent 

lineage which is closer related to parrots than to Accipitridae. 

 

The base of the Neoavian tree is suggested to be a hard polytomy (Poe and Chubb, 2004) 

but some recent phylogenetic analyses based on larger nuclear datasets appears to 

resolve some of these problematic interordinal relationships (Ericson et al. 2006; 

Hackett et al. 2008). They recovered a strongly supported group of ‘higher land birds’ 

which includes both nocturnal (Strigiformes) and diurnal (falcons and eagles). They 

recovered this previously unrecognized clade where falcons share a common ancestor 

with parrots (Psittaciformes) and song birds (Passeriformes). Apart from this node, 

eagles (including New World vultures) and owls were also recovered to have two 

separate origins. Although both of these studies were congruent on well-supported 

nodes, the study based on 19 nuclear loci (Hackett et al. 2008) was criticized for its data 

being predominantly introns based, which are known to have alignment issues (Morgan-

Richards et al. 2008). The subsequent studies based on nuclear DNA sequences also re-

evaluated the novel relationships reported by Hackett et al. (2008) and found the similar 
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relationships among falcons, owls and eagles (Wang et al. 2012; Yuri et al. 2013). The 

avian phylogenetic relationships inferred by the transposable elements (TE) insertions 

(Suh et al. 2011) and ultraconserved elements (UCEs) (McCormack et al. 2013) also 

corroborated Hackett et al. (2008) regarding the phylogenetic position of raptors. The 

section 1.5 (Figure 1) also shows a comparison of some of the previously published 

phylogenies of raptors. A more recent whole genome analysis also suggests that raptors 

are part of ‘higher land birds’ clade (Jarvis et al. 2014). 

 

Morgans-Richards et al. (2008) found two different origins of falcons and eagles, in their 

analysis of phylogenetic relationships based on mitochondrial genomes, although with 

weaker support. In the subsequent mitogenomic phylogeny, Pratt et al. (2009) recovered 

a clade comprising of owls, eagles and osprey (excluding falcons). Later, a reasonably 

well sampled phylogenetic analysis of avian mitogenomes grouped eagles and falcons 

together, forming a monophyletic order Falconiformes (Pacheco et al. 2011). But more 

recently, we concluded (Mahmood et al. 2014: Chapter 3 of this thesis) that owls, eagles 

and falcons have different origins, that is, raptors are not a natural/ monophyletic group. 

In this case the eagles consisted of the true eagles, osprey, and the secretarybird. 

 

1.5 Already published phylogenies/ trees of raptors 

 

The following Figure 1 shows the several raptor phylogenies that have been published 

more recently.  
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Figure 1. Some of the raptor phylogenies that have been  published over the last decade. 

 

1.6 Raptors of Pakistan 

 

To have an idea about the diversity of birds of Pakistan, the enormous work of Tom J. 

Roberts, in the form of Birds of Pakistan (Roberts, 1991) can be regarded as the pioneer 

comprehensive account of avifauna of the region. Also, The compact handbook of the 

birds of India & Pakistan (Ali and Ripley, 1989) has been hailed as monumental work 

and is likely to remain an indispensable, standard publication for serious students of 

ornithology. Following Ali and Ripley (1989), a large number of species of diurnal 

raptors (Falconiformes) falling under families Accipitridae and Falconidae, can be found 

in the subcontinent. This book classifies owls (Strigiformes) by putting all owls of the 

region under family Strigidae, which further splits into subfamilies Tytoninae (Barn 

owls) and Striginae (other owls). 
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Almost no work was done on raptors’ phylogeny and taxonomy in Pakistan until The 

World Conservation Union declared Gyps vultures as critically endangered (IUCN, 

2006) following  a steep decline in the  population of > 95% (Prakash et al. 2003). Up to 

this point, what has been missing is consideration of their taxonomy and classification in 

detail. Responding to the issue, the systematics within Gyps vultures has been studied 

using mitochondrial Cyt b, ND2 and control region sequence data (Johnson et al. 2006). 

The phylogeny and phylogeography of the Gyps vultures of Pakistan has also been 

explored more recently, based on nuclear (RAG1) and mitochondrial (Cyt b) markers, 

which showed monophyly and no geographical partition within this group of vultures 

(Arshad et al. 2008). Similarly, more molecular phylogenetic work is needed for other 

raptors of Pakistan as well, to inform the conservation programs more explicitly. 

 

1.7 Problems in resolution of the Neoavian tree 

 

The reasons why there is conflict and difficulty in resolution of avian tree of life is worth 

discussing to help elaborate the scope of present investigation. In this concern the 

general issues are: 

 Taxon sampling 

 Number of genes (size of dataset) 

 Compositional bias 

 Substitution saturation  

 Alignment issues 

 

Early small sample studies got the tree partially incorrect because they did not sample 

enough e.g. some early mtDNA studies found passerines basal to Paleognaths (Mindell 

et al. 1997, 1999; Härlid and Arnason, 1999; Haring et al. 2001). Particularly these 

studies have suggested that Passerines are one of the most ancient of the extant avian 

taxa. The main reason for this placement was the faster evolution rate of Passerines 

which causes the long branch attraction problem (Hendy and Penny 1989) in a 

phylogenetic tree. Even though complete mitochondrial sequences have a large number 

of sites, the sequences analysed by Mindell et al. (1997, 1999) comprised only six avian 
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orders representing about 17% of the extant orders. Increased taxon sampling has 

reduced this problem. Braun and Kimball (2002) demonstrated that mitochondrial data is 

consistent with the passerines and neognaths monophyly. Their study also suggested that 

larger taxon samples generally perform better in phylogenetic analysis and increased the 

likelihood of recovering the correct topology. However, taxon addition is to be done 

carefully to avoid taxa that may create long branches which can further introduce biases 

in reconstruction (Mitchell et al. 2000; Poe, 2003; Hedtke et al. 2006). Similarly, 

phylogenetic inference improves by the addition of taxa that bisect long branches (Hillis, 

1998; Poe and Swofford, 1999). 

 

Increased sequence length is another factor that may reduce sampling bias and can be 

effective if sequence length does not go beyond a certain number of characters (Hillis et 

al. 2003). In other words, the sequence length is useful up to a certain limit. So the 

approach of Hillis et al. (2003) would depend on the situation to be examined. It 

contrasts to the approach of adding huge number of sites for fewer taxa (Rosenberg and 

Kumar 2002). Early studies of one or two genes may get a partially incorrect tree (or 

have little resolution). For instance, Fain and Houde (2004) suggested a split into 

neoaves tree based on intron 7 of the β-fibrinogen gene. They divided neoaves into 

Metaves and Coronaves. It was more recently that Morgan-Richards et al. (2008) 

rejected this division. Longer mitochondrial sequence data has proved helpful in 

stabilizing the avian tree (Gibb et al. 2007; Slack et al. 2007). Zwickl and Hillis (2002) 

and Pollock et al. (2002) demonstrated through extensive simulation studies that adding 

taxa to a phylogenetic analysis proved to be more effective than adding more characters. 

So, more genes are only part of the answer – we need a balance between more taxa and 

longer sequences! 

 

The apparent conflict between the mitochondrial and nuclear genomes may be due to the 

difficulties in analysis of mitochondrial sequence data, particularly the 3rd codon 

positions may have biased base composition (Voelkers and Edwards, 1998). RY-coding 

is often used to reduce this bias at the 3rd codon position (Gibb et al. 2007). Greater 

nucleotide compositional bias in mtDNA is another difference between nuclear and 
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mitochondrial genes (Phillips et al. 2004). Making it further complicated each of two 

strands of mtDNA may show many different patterns in compositional bias, and these 

patterns may change due to gene rearrangements (Hassanin et al, 2005). 

 

Faster evolving sites also more rapidly accumulate the ‘non-historical biases’ i.e. 

compositional non-stationarity (Lockhart et al. 1994). Compositional non-stationarity is 

a process characterized by the statistical properties that may vary over time. 

Mitochondrial genome has this problem and is most often discussed with reference to 

nucleotide bias in phylogenetics (Simon et al, 2006). If nucleotide bias pattern changes 

over lineages, models assuming stationary nucleotide distribution bias among taxa, may 

lead to systematic error in phylogenetic construction. For instance, Paton et al. (2002) 

used complete mitochondrial genome corrected for non-stationarity, to reject the idea 

that modern birds are descended from shorebirds or passerines. 

 

Aligning non-coding sequences like introns can be difficult as they often have many 

gaps. The alignment of any intron having much indels and not any constant sites, may 

lead to artifacts, particularly when studying inter-relationship among orders having more 

than 60 million years of age (Morgan-Richards et al. 2008). Without the conserved sites, 

the problematic nucleotide sequence alignment is one of the sources for false signal for 

phylogeny (Kumar and Filipsky, 2007). Such erroneous alignment misleads the 

construction of tree by apparently giving phylogenetic signal among gaps (Lee, 2001).  

Phylogenetic inferences are affected by combination of these factors. The combination 

of nuclear and mitochondrial data can be very important because the incongruence 

between the phylogenies of both may reveal important aspects of species history. 

 

1.8 Questions for this thesis 

 

1.8.1 What will the database of raptors achieve? (Chapter 2 of thesis) 

 

At present it is difficult to find precisely what data is available, and to assemble all that 

data. A raptor specific database will enable us to more quickly, easily and accurately 
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identify which taxa require additional sequences to address questions of interest. 

Furthermore, the data available changes almost weekly, and it is difficult to update 

datasets. The database needs to output multiple sequence alignments and be updated 

regularly through GenBank/NCBI. We have already developed a database concentrating 

on raptors in a broad sense (including owls). It is extendable to other groups (avian and 

non-avian), and so we expect it will be adopted by others. New developments in this 

regard include PhyLoTa (Sanderson et al. 2008), and some more ideas will be imported 

from there. 

 

1.8.2 Are raptors monophyletic? (Nocturnal, Diurnal and combined) 

 

Nocturnal raptors: The representatives from the two owl families i.e. Strigidae and 

Tytonidae come together but quite weakly. Given that each of the two owl families are 

single sequences that form long branches, it may be that the long branches group 

together due to long branch attraction (Hendy and Penny, 1989) rather than shared 

ancestry. If we break these long branches by adding a new sequence for each family, we 

may be able to better resolve the deeper relationships with these complete mitochondrial 

sequences. Our aim is to break both long branches by adding two more genera, one for 

each family. For resolving deeper relationships we need complete mitochondrial DNA 

sequences. The complete mitochondrial genome sequencing for Athene brama (in the 

Strigidae) will be undertaken and a DNA sample for another owl from genus Phodilus 

(in the Tytonidae) will be imported from Germany and sequenced. The two species 

selected are widely separated from the existing mitochondrial genomes (Strix and Tyto), 

thus breaking up the long branches as much as possible. 

 

Diurnal raptors: They have been described as having one, two or three origins (see 

Figure 1). Traditionally they were thought to be monophyletic, but Sibley and Ahlquist 

(1990) grouped the New World vultures as separate. More recently, Hackett et al (2008) 

have described Falconidae, Accipitridae and Cathartidae (New world vultures) as three 

different families. We will test these competing hypotheses more carefully. Again we 

will need complete mitochondrial genome sequences from a limited number of birds i.e., 
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other diurnal raptors and their potential close relatives (reflected on previous studies; 

also refer to Figure 1), and that of the Secretary bird (Sagittarius serpentarius) will help. 

We expect the Secretary bird to be deepest on the combined Accipitridae/osprey lineage. 

Biogeographic questions are related and, for example, New World vultures appear to be 

particularly a South American radiation. 

 

1.8.3 When and how often did raptor ecology evolve in birds—how long have 

raptors been raptors?  

 

This is really associated with long-term niche stability. The first part of data collection is 

to continue with the mitochondrial genomes of the Secretary bird, and two owls 

including Athene brama. The general theme of our study will be the evolution of diurnal 

and nocturnal raptors. So, one aspect will be to interpret the results as a test of the 

apparent long term ‘evolutionary-stable niche-discontinuity’ hypothesis of Matt Phillips 

(see Poole et al. 2003). It seems likely that some modern raptor groups arose in the 

Cretaceous, and have been raptors ever since (Brown et al. 2008). This requires further 

testing. 

 

1.8.4 What data do we need to test the questions? 

 

We will sequence both mitochondrial as well as nuclear genes to go for phylogenetic 

analysis. Which nuclear genes will be the most useful! — will come from the database. 

Our aim would be to have an agreement between nuclear and mitochondrial data. 

 

1.8.5 How would we analyze the data to test these questions? 

 

Intron data as used particularly by Hackett et al. (2008) is expected to work well within 

an order or family, but this needs to be tested. But at the same time the alignment of the 

data may not be the same as a simultaneous alignment over all Neoaves. So a subsidiary 

goal is to check intron data within a small group, and compare the trees and alignment 

for deeper divergences. We predict a failure of intron data at deeper divergences but it is 
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expected to be very useful for more recent divergences, for example, when studying the 

raptors of Pakistan. 

 

1.8.6 Current progress on Neoaves 

 

A previous study by Pratt et al. (2009), attempted to resolve deeper level systematics 

among modern birds. The main approach in the above mentioned study was to improve 

signal for deeper divergences, presenting the formulae for calculation of probabilities to 

find predefined groupings in optimal tree and reporting nine new mitochondrial genomes 

that was a significant increase in data for each of the six main groups within Neoaves 

proposed by Cracraft (2001), thus reducing the number of long branches. In general this 

study was in agreement with Cracraft (2001) with two exceptions, the owls moved to the 

diurnal raptors, and shorebirds could be a separate group from “Conglomerati”.  

 

An important purpose of the present thesis will be to test further this apparent 

convergence of nocturnal and diurnal raptors. It will be of assistance in this respect to 

use improved down-weighting techniques for faster evolving sites (Phillips et al. 2010). 

This will help decide whether all sites support the convergence of nocturnal and diurnal 

raptors, or just the faster sites. 

 

1.9 Thesis outline 

 

My outline for the thesis is as follows: 

Chapter 1. Introduction (this chapter). 

Chapter 2. Database for raptors (see section 1.8.1.). 

Chapter 3. Phylogenetic Position of Avian Nocturnal and Diurnal raptors (see sections 

1.8.2. to 1.11.7.). 

Chapter 4. Old and New world vultures (see sections 1.8.3.). 

Chapter 5. Genetic diversity of Spotted owlet (Athene brama) from the Agro-Ecosystem 

of Punjab (Pakistan) (background for conservation). 

Chapter 6. Thesis summation.  
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2 RAPTORBASE: A DATABASE OF RAPTORS’ NUCLEOTIDE 

SEQUENCES. 

 

Muhammad Tariq Mahmood, Mauro Truglio and David Penny  

 

GenBank is an indispensable source of biological data. To ask specific question related 

to raptor phylogenetics, it was felt that currently there is need of a database subset of 

GenBank which may provide a general overview of the available nucleotide data. 

RaptorBase is a database of raptor sequences which was created to address this need. 

GenBank has some shortcomings in its taxonomy, but we follow the same taxonomy, 

for consistency and a good flow of information. RaptorBase is a MySQL database of 

raptor sequences, it is a web application written in Python which queries the Entrez 

database of the NCBI, through its eUtils programming utilities. Since it is online, it is 

able to synchronize the nucleotide data with GenBank. It can display a matrix of 

available or otherwise of nucleotide information. The model of this database can be 

easily modified for other groups of organisms as well. The user gets the information in 

the form of a tabular display of gene names and species with ability to download the 

sequences. It will also help the users to get an idea of gaps in sequence availability. It is 

hoped that the database will help to direct the sequencing efforts related to raptors. Our 

aim is to link the current database with other biological databases with information 

relevant to the raptors. 

 

MTM selected NCBI tools, conceived and designed the project. MT created the MySQL 

database, wrote the Python script to integrate the data pipeline with the local database. 

DP gave general oversight and supervision.  
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2.1 Introduction 

 

Although computers have only been with us for a few decades, their impact has been 

profound, rivalling that of the telephone, automobile, or television. Their presence is felt 

by us all, in every field of life. In phylogenetics, the use of sequence data has increased 

with advances in sequencing technology and computing. It has, in turn, increased 

phylogeneticists’ reliance on online GenBank and some of its associated tools. GenBank 

(Benson et al. 2013) is the largest widely accessible and easily queried database of 

biodiversity. But phylogenetic research was not the primary reason for the collection of 

most of its data. Here we discuss the problems involved in its processing and its 

optimization for utility in molecular phylogenetics. In particular, our main focus is the 

development of a web enabled subset of GenBank, tailored for nucleotide sequences 

related to the raptors/the birds of prey.  

 

GenBank aims to have all the sequence data for every taxon, and lists taxa down to 

subspecies, and with information of the location where the sequence data comes from. 

The “taxonomy tree” for all taxa in GenBank is backed with sequences in the database, 

but it is known to have some shortcomings as a phylogeny. For instance, the new name 

of species proposed at the time of data submission, sometimes remains unchanged in 

GenBank, even if the name is revised later on. In that case, GenBank depends on the 

submitters discretion, who may or may not chose to update the submission (Federhen, 

2003). Most of the times, these problems are observed by the researchers only when 

they come across their familiar clades. On the other hand, it provides a large and a more 

comprehensive set of candidate sequences for phylogenetic analysis.  

 

Free and open access to, and deposition of, sequence data to the GenBank has 

encouraged a huge number of computational and empirical analyses of data across many 

disciplines, including phylogenetics. There are many instances of comprehensive 

phylogenetic studies based on bigger sample size of taxa or loci, which range from 

investigation on papilionoid legumes (McMahon and Sanderson, 2006) to the questions 

related to the resolution of the tree of life (Ciccarelli et al. 2006), and from the present 

day mammals (Bininda-Emonds et al. 2007) to the ray-finned fish (Li et al. 2007). 
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The needs and utilization of nucleotide sequences varies for a population biologist, a 

conservation biologist, and phylogeneticist. A phylogeneticist is often interested in the 

sequence data at a broad taxonomic level, while a population biologist or a conservation 

biologist might need a bigger sample set of certain loci but at a relatively lower level of 

taxonomy. Therefore, the ability to examine the entire matrix of available sequences at 

several levels of taxonomic specificity in GenBank is needed. This will not only allow 

efficient construction of multiple gene data sets, but will also identify the missing data 

or gaps in data sets. Of course, it will also direct sequencing efforts in future. In this 

study, we are mainly interested in building a database of raptor (birds of prey) 

sequences that are useful not only in phylogenetic but in population genetic analyses 

too. The example of the present effort could be followed, in future, to extend or build 

such a database across different levels of taxonomy among birds or of a different group 

of organisms (avian and non-avian), and so we expect it will be adopted by others. New 

developments in this regard include PhyLoTa (Sanderson et al. 2008). The PhyLoTa is 

an informatics processing pipeline. It presents clusters of homologous sequences at 

different levels of taxonomical hierarchy in the NCBI. We imported some ideas from 

there. 

 

Raptors Database (‘RaptorBase’) is an online program which allows for a versatile 

management and retrieval of the data specific to avian raptors. The objective of the 

system is to run on the worldwide web and allow users easy access to the necessary 

relevant data. Currently family, genus, species and genes (mitochondrial and nuclear) 

sequenced for each of the species (together with their actual sequences) is the target. 

The information on locality of species would also be included. So, the major objectives 

can be elaborated through the following points: 

 Keep data up to date with NCBI and GenBank. 

 Select genes and species for multiple alignments, so that output/ export of 

sequences may be converted into ‘Nexus’ file format by using program Clustal 

W. 

 User may search the system to get target information and view results 

immediately in form of printed/formatted reports. 
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General issues 

The three most significant problems in a GenBank sequence record search are: 

1- The taxon name  

2- The gene name or a specific sequence region  

3- Taxonomy  

There are instances when errors have been noted in taxon names due to the original 

specimen misidentification (Vilgalys, 2003; McMahon and Sanderson, 2006), and we 

illustrate this later in chapter 4. Standardization of sequence names is a difficult, but 

necessary, task.  

 

Since sequences often have different features (e.g. introns, exons, and genes), accepted 

scientific names by GenBank are not always helpful for easy retrieval of sequence data, 

particularly by sequence name or a text query. There are instances where such issues 

have been addressed through a list of synonyms and approximate matching algorithms 

(Bininda-Emonds, 2008). 

 

The authors of the NCBI/GenBank taxonomy database accept that some parts of it are 

‘less’ developed. They do not perform the phylogenetic analysis themselves, that may 

support their ‘Taxonomy Database’. Therefore phylogenetic literature is regarded as the 

most reliable source of information (Federhen, 2003). One example of the above 

mentioned taxonomy problem of NCBI, is the inclusion of Osprey (Pandion haliaetus) 

under the family Accipitridae, rather than as a monotypic family of its own, i.e. 

Pandionidae. 
 

2.2 Database Development  

 

2.2.1 Raptors Data Manager – a desktop version 

The initial version of the present ‘RaptorBase’ is a local or desktop version. This is our 

first deliberation towards building and maintaining a database of raptor nucleotide 

sequences. The objective of the system is for an offline program that allows its users an 

easy access to the necessary relevant data. Initially, family, genus, species and genes 

(mitochondrial and nuclear) sequenced for each of the species - along with their actual 
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sequences - were the target. The information on locality of species is also included. So, 

the major objectives can be elaborated through following points; 

A- Enable easy entry and retrieval of the data. 

B- Keep data up-to-date with NCBI. 

C- Select genes and species for multiple alignments, so that output of sequences may be 

converted into ‘Nexus’ file format by using the program Clustal W. 

 

Raptors Data Manager has dual operation i.e. data entry and interactive searching. The 

user has the ability to enter data to each category (e.g. family, genus, species etc.) using 

a Graphical User Interface (GUI). The desktop (offline local database) version is based 

on the manual curation download, and then upload the data to a desktop computer. The 

update process depends on the regular email alerts from NCBI Entrez database. The 

user may search the system to get target information, and view results immediately in 

form of printed/formatted reports. The data can be used to make more informed 

decisions in designing research questions. 

 
2.2.1.1 System Sections 

2.2.1.1.1 General Section 

General section has the following capabilities: 

I. Add Family 

II. Add Genus 

III. Add Species 

IV. Add Genes 

V. Add Locality 

 

2.2.1.1.2 Manager 

 

Manager manages the hierarchal relationship between genus, species and genes. It 

provides the ability to add species information including all gene names, their accession 

numbers, sequences and annotation. It further provides following functionalities; 

I. Add Species data 

II. View whole data by selecting any genus or species. 

III. Update records/ rename or reclassify e.g. if species A now becomes B.  



Chapter 2 

44 

 

2.2.1.1.3 Searching and Reports 

 

This section shows the output of the system that enables the user to search data and 

view printable formatted reports. It provides the following functionalities: 

I. Forward hierarchal search along with following reports: 

a. Detailed hierarchal report 

b. Sequence report 

c. Species locality report 

II. Advanced search with the following options: 

a. Search detailed records on the basis of the gene name and display the report  

b. Search family and genus on the basis of species 

c. Search genes on the basis of gene’s type 

 

Appendices I and II show the Graphical User Interface (GUI) and its ability to search 

within the database respectively.  

 

After maintaining the Raptors Data Manager for some time, we realized its reliance on 

manual curation and maintenance would not be a long-term sustainable task. The 

maintenance would also cost undue loss of time and effort. Particularly with the 

advancement of next generation sequencing technologies, there is exponential growth in 

the availability of DNA sequence data. We realized the need of an efficient and online 

database of raptor sequences, which would be equally useful for raptor phylogeny, as 

well as the population genetics research community.  

 

2.2.2 RaptorBase – an online version 

 

Before describing RaptorBase, it will be useful to know whether different online 

databases are standardized or not. The annotation, vocabulary and data structures used 

vary widely between the databases. The searching of the biological databases through 

crude text searches may not be efficient enough to pick up all the annotated information. 

In case of crude text searches, the annotated information can be a hit and miss. 

Therefore much of the current research is focused on standardizing the data structure 
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and vocabulary, to increase the querying abilities within and between them (Baker and 

Brass 1998).  

 

There are good examples of specialist databases which present organized information 

from several sources. They use knowledge of experts to organize this information. The 

examples of such databases are, ‘Ecocyc’ – and encyclopedia of E. coli genes (Karp et 

al. 1997) and FlyBase – a comprehensive and useful database on Drosophila (The 

FlyBase Consortium 1997). Entrez is a collection of different databases including 

‘Nucleotide’ database at NCBI server. It is a hypertext navigable database, which means 

it can be accessed through form-based single query system. Hypertext links enable the 

users to navigate between different member databases. Our aim is to build a 

comprehensive database pipeline of nucleotide data at NCBI, using relational 

architecture. Our present database, the RaptorBase - a cross-platform and cross-browser 

web application - is a subset of Entrez. It exploits the GenBank file format and its 

different fields to harvest the name of taxa, accession number, actual sequences, and 

their locality information. The GenBank data model is shown as Appendix III. 

 

A summary on the sequences are reported, along with actual sequences. But we assume 

that most of the users want extensive manual control over this. At this stage, the user is 

able to see sequence and diversity summary information. Besides, this information also 

provides a link to the NCBI server, which in turns provides many links to other 

biodiversity databases of Entrez. The examples of these databases are PubMed, Protein, 

and Structure. Moreover, we use the NCBI classification as a convenient hierarchical 

framework to browse the sequence diversity. The important information at this stage is 

the user access to the sequence data matrix, at a particular node of the raptors tree. It 

may or may not be the complete matrix depending on the availability at NCBI. 

Although sequences are able to be downloaded at different levels of NCBI 

taxonomy/hierarchy, they may not necessarily reflect on the actual position of that 

particular node in the overall avian or raptor tree. 
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2.2.2.1 Methodology and system tools 

2.2.2.1.1 NCBI eUtils and the customized data pipeline 

 

The Entrez Programming Utilities, or eUtils, are a set of seven programs which run on 

the server-side. Each of them is a fixed URL syntax allowing for certain number of 

parameters to be retrieved from NCBI. The parameters, chosen by the user, are actually 

translated into certain values required by NCBI software. These softwares then search 

and retrieve the requested data depending on the values it receives through a particular 

eUtil or a set of them. In short, eUtils are the structured interface to the Entrez database 

system. 

 

2.2.2.1.2 Computational language and the Database 

 

The RaptorBase web-application is built using CherryPy (http://www.cherrypy.org), 

one of the most stable web application frameworks written using the Python language. 

Besides a rapid and easy-to-use interface, CherryPy can also work as a web server, 

which makes it an excellent all-in-one solution.  

 

The workflow of RaptorBase consists of inputs, output and the core part. The user 

provides the Family or the lower level taxonomic information of interest as inputs 

(‘Terms’) to the web application through a Graphic User Interface (GUI) (Appendix 

IV). The request is sent to the database as a ‘MySQL query’ which returns a table of 

results in the form of a Python list. This is elaborated by an internal script that produces 

the output web page. The results page consists of a table that indicates, for each species 

or sub-species, the GenBank accession number(s) for each gene. The results can be 

downloaded at single or multiple species/sub-species level through a check box and a 

download link/button. 

 

The core component of the RaptorBase is a MySQL database created from a subset of 

the NCBI’s nucleotide database (DB). A single python script, which can be manually 

executed by the administrator or set as a scheduled recurrent command, controls the 

creation of the RaptorBase DB and, in case it is already in place, its synchronization 

with the online NCBI version. This script uses Entrez library of the BioPython (Cock et 

al. 2009) to call the eUtils functions eSearch and eFetch, in order to query the NCBI 
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database and retrieve the results respectively. The results are received by the script as 

xml documents, which are in turn parsed and stored as MySQL records in RaptorBase’s 

DB. 

 

The DB is organized in four (4) related tables: families, genera, species and genes. The 

gene table in particular stores all the main features of the GenBank record as identifier, 

gene name, taxonomy and sequence (see Figure 1 for the details). 

 

 
Figure 1. Four related tables of MySQL database (DB) 

 

Figure 2 shows the workflow for the online database which is the secondary database or 

subset of a primary database. The source or the primary database is the Entrez 

nucleotide database, a subsection of NCBI. 
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Figure 2. Workflow for the online database 

 

 

 

2.3 Discussion 

 

The request sent to the database as a ‘MySQL query’ returns a table that indicates, for 

each species or sub-species, the GenBank accession number(s) for each gene (Figure 3). 

The results can be downloaded at single or multiple species/sub-species level through a 

check box and a download link/button. 
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Figure. 3. The output/ result table of species-sequences matrix. 

 

The first column represents the taxonomic diversity, while the rest of the columns show 

the sequence diversity against the respective taxa. This view gives a quick impression of 

the evenness and density of the distribution of sequence data. Such information could be 

a useful guide for supertree construction (Sanderson et al. 2007; Sanderson and Driskell, 

2003). The selection of the sequences can be retrieved as FASTA file format. The 

primary resource which the database provides is the ability to retrieve sequence 

information for the entire group of diurnal and nocturnal raptors, aside from their 

taxonomic diversity in GenBank. 

 

The output of results in the present form could be very useful to identify the gaps in data 

availability. This, in turn, would help identify research priorities and direct the 

sequencing efforts. The present model of database could be equally useful for other 

groups of organisms, to gather the sequence information which has wide applications in 

research. But in that case, presence of sequence information for model organisms could 

skew one’s perspective on sequence diversity. There could be an option introduced to 

either include or exclude the model organisms, if any, from the final table.  
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2.3.1 Link to other knowledge bases 

 

We wish to gradually move towards an ‘Object Oriented’ model to integrate the related 

information from different databases, for instance, AviBase (http://avibase.bsc-eoc.org) 

which is enabled with different checklists and species distribution data for birds, and the 

IUCN red data list (IUCN 2014) which shows conservation and distribution status of 

different species. This will not only show the total number of species identified/ 

described so far, but also the completeness index matrix of their presence/ absence on 

NCBI/GenBank. Since we follow an accepted list of names in NCBI taxonomy, which 

is a small subset of names as compared to a huge list of names in taxonomic literature. It 

will be hard to work out the interoperability of RaptorBase and AviBase or IUCN. But 

it could be possible when the names of RaptorBase are mapped onto larger list of names 

in other databases mentioned above. But still, this interoperability will be through crude 

text searches. Unlike the above mentioned databases, there are some efforts which are 

interoperable with external databases, for example, the uBio system. It responds through 

XML queries which contain relevant taxonomic names. There is a strong need for object 

oriented biological databases, which could interoperate at the level of object rather than 

querying the detailed data representation. The existing databases also need to be re-

engineered to standardize their data structure for easier querying within and between 

them (Baker and Brass 1998). 
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Appendices  

 

Appendix I 
 

Search ability of Raptors Data Manager and data visualization.  

 

 
 

(i) Forward Search Window 
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Appendix II 

 

Search ability of Raptors Data Manager by gene and species name.  

 
(ii) Search by Gene Name 

 

 

 
(iii) Search by Species Name 
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Appendix III  

GenBank data model. Each of the box/ circle represents the ‘identifier’ in GenBank file 

format. Every bit of the information needed from one of the fields mentioned below will be 

displayed through either a text query from the user or a drop down menu provided as part 

of its web interface. 
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Appendix IV 
 

The Graphical User Interface (GUI) of the RaptorBase. 
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3 PHYLOGENETIC POSITION OF AVIAN NOCTURNAL AND DIURNAL 

RAPTORS 

 

Muhammad Tariq Mahmood, Patricia A. McLenachan, Gillian C. Gibb and David 

Penny (2014) Phylogenetic position of avian nocturnal and diurnal raptors. Genome 

Biology and Evolution. 6: 326-332.  

 

There are two classes of questions addressed in this chapter. The first class of question 

is a) whether the two families of owls (nocturnal raptors) do really come together 

phylogenetically, and b) whether the Secretarybird (Sagittarius serpentarius) is really 

the deepest divergence on the accipitrids (eagles) and the pandionid (Osprey) lineage. 

The second class of question concerns raptors as a group – whether the raptors are 

genuinely monophyletic. In this published chapter, three new avian mitochondrial 

genomes are reported, two from widely separated groups of owls [an Oriental Bay Owl 

(Phodilus badius) and the Spotted Owlet (Athene brama)], and then the Secretarybird. 

The phylogenetic analysis suggests that the two groups of owls do come together (it is 

not just long-branch attraction), and that the Secretarybird is the deepest divergence on 

the Accipitridae and the Pandionidae lineage. This is now agreed with both 

mitochondrial and nuclear sequences.  

 

However, there is no evidence for the monophyly of the combined three groups of 

raptors (owls, eagles and falcons), and again this is agreed by nuclear and mitochondrial 

sequences. All three groups (owls, accipitrids (eagles) and falcons) do appear to be 

members of the ‘higher land birds’, and though there may not yet be full ‘consilience’ 

between mitochondrial and nuclear sequences for the precise order of divergences of the 

eagles, falcons and the owls, there is good progress on their relationships. 

 

At each level of questions the conclusions are still accepted, and this is discussed again 

in the final summary chapter. 

 

I did the DNA sequencing and primary analysis, PAM was responsible for important 

technical advice and laboratory supervision, GCG supplied the samples and was also a 
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co-supervised, GCG and DP gave general oversight and planning – all authors 

contributed to the final manuscript. 

 

 



Chapter 3 

59 

 



Chapter 3 

60 

 

 



Chapter 3 

61 

 

 



Chapter 3 

62 

 

 



Chapter 3 

63 

 

 



Chapter 3 

64 

 

 



Chapter 3 

65 

 

 
 



Chapter 3 

66 

 



Chapter 4 

67 

4 FOUR NEW MITOCHONDRIAL GENOMES SUPPORT THE 

DISTINCTIVENESS OF THREE SEPARATE GROUPS OF RAPTORS 

 
Muhammad Tariq Mahmood, McLenachan P.A. Zhong B., Wink M. and Penny, D. 

(2015). Four new mitochondrial genomes support the distinctiveness of three separate 

groups of raptors. Genome Biology and Evolution (to be submitted). 

 

The four new avian mitochondrial (mt) genomes reported here. Three of them are 

members of the family Accipitridae, and one is from the family Falconidae. These are: 

an Elanid kite (Elanus caeruleus), a Griffon vulture (Gyps fulvus), a Cinereous vulture 

(Aegypius monachus) and a Striated caracara (Phalcoboenus australis). These four taxa 

were chosen because they would allow a better understanding of the evolution of raptors 

generally. This study was a follow up on the previous chapter that showed that diurnal 

and nocturnal raptors had evolved at least three, and probably four, times – owls, eagles, 

falcons and New World (NW) vultures.  

 

Previously we had excluded the Turkey vulture sequence after the preliminary analysis 

(Mahmood et al. 2014) because it was an isolated long branch and caused an LBA 

(Long branch attraction) problem. A previous mitogenomic study also excluded it from 

their dataset because of the same LBA problem (Pacheco et al. 2011). To eliminate this 

possibility, we also intended to include another NW vulture (not an OW vulture) in 

addition to the already available Turkey vulture (Cathartes aura) genome. The DNA 

sample of the Black vulture (Coragyps atratus) was processed for the next generation 

sequencing pipeline. But after it was already sequenced and analysed it turned out that 

the sample we had received had been mis-identified, and it was really an OW vulture 

namely, Cinereous vulture (Aegypius monachus). This was quickly re-identified because 

there was a good specimen available in Heidelberg to check the identification. This 

emphasizes the importance of good samples being retained for any further study; the 

problem was very quickly identified and solved. As mentioned above, we removed the 

Turkey vulture from the dataset after the preliminary analysis, since it disrupts the 

overall tree topology and phylogenetic resolution (Figure 1).  
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Figure 1. Rooted phylogram (including Turkey vulture; Cathartes aura) recovered from 
RAxML (using GTRGAMMA). In this tree 5 data partitions were used and the third base 
position was RY-coded. A star      highlights the new genomes reported in present investigation. 
Bootstrap and posterior probability (PP) values are indicated for each node, where an asterisk * 
represents 100% bootstrap support/PP of 1.0, and ‘-‘ represents a less than 60% bootstrap 
support or < 0.9 PP. Values for both bootstrap and PP are not shown where they are  less than 
60% or 0.6. 

 

We subsequently obtained a DNA sample of King vulture (Sarcoramphus papa), 

another NW vulture and it has been sequenced using the Illumina MiSeq platform for 

next generation sequencing. However, the process of the mitochondrial genome 

assembly has been relatively slow because that sample has turned out to mostly give 

nuclear sequences.  

 

For future phylogenetic analysis, inclusion of yet another NW vulture to the existing 

dataset would help test whether OW and NW vultures have morphological and 
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ecological convergence, or whether vulture ecology has evolved twice on evolutionary 

time scale. 

 

As pointed out by Mayr (2009; 2014) that Cathartidae had stem group representative 

fossils discovered from the Paleogene of Europe. Another undescribed Cathartidae was 

mentioned (Olson 1985) from early Oligocene of Mongolia. Falcons, seriemas, and NW 

vultures now have a South American radiation and may have diversified there further. 

Another possibility could be that falcons and NW vultures migrated from eastern 

hemisphere (possibly Europe or North Africa?) before becoming extinct there, to 

western hemisphere where their diversification occurred. Yet another perspective on 

biogeography also suggests that avian diversification in Australia and Africa followed a 

pattern where ancient radiations filled the ecological space in their region of origin 

(Ericson 2012). 

 

The results of the analysis show that the Accipitridae, and the falcons had separately 

become raptors (and captured and ate birds and other animals). The suggestion had been 

made that the bird tree might prove susceptible to ‘long branch attraction’ problems, and 

the likelihood of this is much reduced if other taxa are available that breakup long 

branches on the tree. So the taxa we selected continued the analysis of raptor evolution, 

and showed very good agreement with earlier suggestions as to the placement of 

vultures and falcons. However, there is still a need for another NW vulture genome to 

support that the NW and OW vultures are genuinely separate origins of the raptor life-

style. 

 

I did the DNA sequencing and primary analysis, PAM was responsible for important 

technical advice and laboratory supervision, BZ helped with advice for deleting the 

fastest evolving sites, MW supplied the samples and gave co-supervision, MW and DP 

gave general oversight and planning – all authors contributed to the final manuscript. 
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Four new mitochondrial genomes support the distinctiveness of three separate 

groups of raptors. 

Mahmood, M.T.1, McLenachan. P.A.1, Zhong B.1,2., Wink, M.3 and Penny, D.1 

1Institute of Fundamental Sciences, Massey University, Palmerston North, New 

Zealand. 
2 Present address: College of Life Sciences, Nanjing Normal University, Nanjing, China 

3 Institute of Pharmacy and Molecular Biotechnology, University of Heidelberg, 

Heidelberg, Germany. 

Corresponding author: E-mail t.mahmood@massey.ac.nz 
Data deposition: The sequences from this project have been deposited at GenBank 
under the accession numbers xxxx Elanus caeruleus, xxxx Phalcoboenus australis, 
xxxx Gyps fulvus, and xxxx Aegypius monachus. 
 
Abstract: 

Four mitochondrial genomes of raptors are reported here and analysed. There are three 

Accipitridae and one falcon. The birds include an Elanid kite (Elanus caeruleus), a 

caracara (Phalcoboenus australis), Griffon vulture (Gyps fulvus) and an Old World 

(OW) vulture (Aegypius monachus), Although we had intended to sequence a New 

World (NW) vulture that sample turned out to have been mislabelled, and it really was 

Aegypius monachus, an OW, and not a NW, vulture. Thus it is very important to always 

have good reference samples in order to check any sequence data against – we think that 

there are problems in the literature where samples have been mis-identified, or a nuclear 

copy of a mitochondrial gene has been sequences (a ‘numt’), or even hybrids of more 

than one genome may be reported. The results generally support the hypothesis that the 

falcon and eagle families have separate origins. Given also our earlier results with owls, 

it appears that the ‘raptor’ lifestyle evolved on at least three, and probably four, 

occasions (namely owls, eagles, falcons and probably NW vultures). 

 

Key words. Higher land birds, raptors, Elanus, Phalcoboenus, Gyps, Aegypius.  
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4.1 Introduction 

 

The avian tree is rapidly being resolved, and there is agreement from both nuclear and 

mitochondrial data to the effect that paleognaths (ratites and tinamous) are an ancient 

divergence (Mitchell et al. 2014). Then the Neognaths split into two groups, the 

combined chicken and duck lineages (Galloanseriformes) and then the large major 

group of all other birds – the Neoaves. This Neoavian group has been harder to resolve, 

but good progress is being made (see Jarvis et al. 2014). Here we are only interested in 

one subgroup of Neoaves, the diurnal raptors, because our recent paper (Mahmood et al. 

2014) agreed with earlier work that the nocturnal raptors (owls) and diurnal raptors (for 

example, eagles and falcons) were not monophyletic. 

 

Here we are interested in one aspect of Neoavian relationships - raptors (birds of prey). 

It is well documented that there are localised biases in both avian nuclear (Kimball et al. 

2013) and mitochondrial datasets (Meiklejohn et al. 2014). Phylogenetic relationships 

and attribution of different genera within family Falconidae, based on short nuclear 

sequences (Griffiths et al. 2004), and within the family Accipitridae, based on 

osteological characters (Holdaway 1994), short mitochondrial (Wink and Sauer-Gurth 

2004), short nuclear (Griffiths et al. 2007) as well as combined both short nuclear and 

mitochondrial sequences (Lerner and Mindell 2005) may not be fully reliable. 

Particularly there have been conflicting results regarding the monophyly (Holdaway 

1994) or polyphyly (Wink and Sauer-Gurth 2004; Lerner and Mindell 2005) of OW 

vultures within the family Accipitridae. One study based on short mitochondrial 

sequences (Wink and Sauer-Gurth 2004) placed the Secretarybird (Sagittarius 

serpentarius) with storks (Ciconiidae), but the full mitochondrial sequence of the 

Secretarybird did not support that relationship (Mahmood et al. 2014). Although it is 

known that some subset of the mitochondrial genome can serve as a proxy for the whole 

mitogenome across the Metazoa, but the identity and the exact number of these genes is 

lineage specific (Havird and Santos 2014). Also, it is now established that in birds 

whole mitochondrial genome perform better than a small subset as a proxy for the 

whole genome (Powell et al. 2013; Meiklejohn et al. 2014) as well as in mammals 

(Duchene et al. 2011). Since incongruence among mitochondrial regions (Cox et al. 

2007; Meiklejohn et al. 2014) and more potential of mitogenomes is known (Duchene et 

al. 2011; Meiklejohn et al. 2014; also see above), the placement of the taxa based on 
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either limited nuclear or mitochondrial regions is likely to be less resolved than the 

mitogenomic species tree. 

 

It is important to revisit previously unresolved relationships within the tree of raptors. It 

will be helpful to see whether breaking some long branches (increased taxon sampling), 

better fitting models, and noise reduction (either by RY coding or removal of faster-

evolving sites), would improve the overall resolution. Reflecting on the previous 

mitogenomic studies (Pacheco et al. 2011; Mahmood et al. 2014) we chose Elanus 

caeruleus, Pahalcoboenus australis, Gyps fulvus, and Aegypius monachus for the 

following reasons: 

 

The Elanid kite 

The lack of clear fossil record attributable to the ancient group of Elanid kites, such as 

Elanus caeruleus, may explain why they have been overlooked when studying 

evolutionary relationships. The phylogenies based on mitochondrial Cyt b (Roulin and 

Wink 2004) and nuclear RAG plus Cyt b sequences (Lerner and Mindell 2005) place 

them basal to the largest raptor family i.e. Accipitridae, and they are only quite distantly 

related to Falconidae. A few studies have indicated their distinctiveness in osteology 

(Holdaway 1994), genetics (Wink et al. 1998), and karyotype (Bed’Hom et al. 2003) but 

without questioning their placement in the family Accipitridae. Negro et al. (2006) 

pointed out six phenotypical affinities between owls (Strigiformes) and the Elanid kites 

that give them something of a hybrid appearance between hawks and owls. Such 

affinities are absent in the rest of the raptors. The ecological, physiological, and 

morphological affinities between Elanus and the owls might have resulted from 

convergent evolution (Roulin and Wink 2004; Lerner and Mindell 2005). We also 

suggested (Mahmood et al. 2014) that inclusion of Elanus caeruleus in the mitogenomic 

phylogeny of raptors will improve the overall stability of the tree. 

 

The Striated caracara 

In the previous mitogenomic attempts at resolving phylogenetic relationships among 

birds in general (Gibb et al. 2007; Pacheco et al. 2011) and raptors in particular 

(Mahmood et al. 2014), the Forest-Falcon (Micrastur gilvicollis) was a deep branch on 

the tree of available mitochondrial genomes. In our previous study (Mahmood et al. 

2014), we noted that Forest-Falcon being the only representative of sub-family 
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Polyborinae may likely cause long branch attraction (LBA) problems. We therefore 

suggested that inclusion of one of the Caracaras (i.e. Phalcoboenus australis) would 

help to stabilise the raptor tree. 

 

Griffon vulture and Cinereous vulture - the OW vultures 

In a recent phylogenetic study on raptors, we noticed the lack of vulture representation 

within the family Accipitridae (Mahmood et al. 2014). We have decided to include the 

mitochondrial genome sequence of Griffon vulture (Gyps fulvus) and Cinereous vulture 

(Aegypius monachus) in our present study. During the process of assembling the present 

dataset, another complete mitogenome of Cinereous vulture (Aegypius monachus) was 

published (Li et al. 2014). We included both vulture genomes in the present analysis. 

 

4.2 Results and Discussion 

 

The four new mt genomes are sequenced and deposited in GenBank. The mt genomes 

are as follows. Elanid kite (Elanus caeruleus), GenBank number xxxx; a caracara 

(Phalcoboenus australis), GenBank number xxxx; Griffon vulture (Gyps fulvus), 

GenBank number xxxx and another Old World vulture, Cinereous vulture (Aegypius 

monachus), GenBank number xxxx. 

 

The DNA sample from IPMB (Heidelberg, Germany) with the Institute number: 16571 

upon phylogenetic analysis turned out not to be a Coragyps atratus and it was rapidly 

confirmed by IPMB (Heidelberg) that the sample has been mislabelled. Instead, it was 

an OW vulture (Aegypius monachus) collected from Mongolia. This species already has 

a mitochondrial genome sequenced (Li et al, 2014). Its gene sequence is very similar 

(almost identical) to the existing genome, but that bird was from a different location, 

namely Hefei, from China. 

 

None of the new genomes reported here follow the standard avian gene order, first 

described in chicken (Desjardins and Morais 1990). Based on the nomenclature of gene 

order from Gibb et al. (2007), we found that all of the four new genomes had a remnant 

CR(2) gene order which was first described in a falcon (Mindell et al. 1998). This is the 

same gene order that was known previously for falcons and Accipitridae (see Fig 1E of 

Gibb et al. 2007). 
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Intra-familial relationships 

We tested four strategies for phylogenetic analysis. We divided our dataset into ‘full 

data without RY coding’, ‘full data with RY coding of the 3rd positions of proteins’, 

‘full data with fast evolving sites removed’, and ‘RY coded full data with fast evolving 

sites removed’. Thus we could eliminate the fastest evolving sites, on the grounds that 

they may show more marked divergences and have a poor fit to the substitution models 

(Zhong et al. 2011). Inclusion of additional taxa and breaking some long branches was 

one main approach to improve the overall resolution of the raptor tree. 

 

The results from each of the four datasets suggest that Elanid kite (Elanus caeruleus) is 

basal in relation to the rest of the family Accipitridae (see Figs 2 and 3). This finding is 

in agreement with the previous studies (Lerner and Mindell 2005; Griffiths et al. 2007) 

based on shorter sequences. The ecological, physiological, and morphological affinities 

between Elanus and the owls must therefore be the result of convergent evolution 

(Roulin and Wink 2004; Lerner and Mindell 2005). Because relatively shorter 

sequences sometimes obscure the true phylogenetic placement of taxa, the inclusion of 

Elanid kite is valuable for the tree of families Accipitridae, Pandionidae, and 

Sagittaridae.  
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Figure 2. Rooted phylogram (excluding Turkey vulture; Cathartes aura) recovered from 
RAxML (using GTRGAMMA). In this tree 5 data partitions were used and the third base 
position was RY-coded. A star      highlights the new genomes reported in present investigation. 
Bootstrap and posterior probability (PP) values are indicated for each node, where an asterisk * 
represents 100% bootstrap support/PP of 1.0, and ‘-‘ represents a less than 60% bootstrap 
support or < 0.9 PP. Values  for both bootstrap and PP are not shown where they are  less than 
60% or 0.6. 
 

All analyses placed the Cinereous vulture (Aegypius monachus) and the Griffon vulture 

(Gyps fulvus), together. The group of the two vultures was found within the family 

Accipitridae with strong support values (ML=100, PP=1.0). Such a placement of Old 

World vultures within family Accipitridae is in agreement with the previous studies 

(Wink and Sauer-Gurth 2004; Lerner and Mindell 2005; Griffiths et al. 2007).  

 

Because it was noted that forest falcon (Micrastur gilvicollis) was a long branch in the 

tree of family Falconidae, and it might cause a long-branch attraction (LBA) problem 

(Mahmood et al. 2014). We sequenced a caracara (Phalcoboenus australis) 

mitochondrial genome to break that long branch. We recovered a tree of family 
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falconidae with caracara placed between forest falcon and the other falcons from the 

genus Falco. The phylogenetic relationship of caracara with other falcons is in 

congruence with the previous studies (Griffiths 1999; Griffiths et al. 2004). All four 

types of analyses recovered a monophyletic family falconidae with strong support 

(ML=100, PP=1.0). 

 

An important conclusion is that the placement of each of the 4 raptors, and as shown in 

Figs 1 and 2, is ‘as expected’ on current classification. The caracara (P. australis) came 

in its expected position as deep on the lineage to the falcons. Similarly, the Elanid kite 

(E. caeruleus), and the OW vultures (G. fulvus and the A. monachus) sequences all 

came within the Accipitridae, with the Elanid kite being currently the deepest lineage on 

that group. Furthermore, it does not disrupt the position of the Osprey (P. haliaetus) or 

Secretarybird (S. serpentarius) sequences on the trees, which come just outside the 

Accipitrid group.  
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Inter-ordinal/ Inter-familial relationships 

We carried out an analysis that examined the effect of sites with multiple changes. 

The purpose of dividing the dataset into four (4) strategies was to determine if there 

was any further resolution within Neoaves. There are interesting phenomena to 

follow up here. Of these four datasets, full data with RY coding performed best, and 

our conclusions regarding inter-ordinal/inter-familial relationships are based on that. 

However, we also discuss the other three datasets. 

 

Our results are consistent with the common ancestry of owls (Strigiformes) and 

parrots (Psittaciformes) (ML=66%, PP=1.0). Tree topology supports that 

Strigiformes-Psittaciformes group forms a clade with Piciformes-Coraciiformes 

which is in congruence with the previous studies (Pacheco et al. 2011; Mahmood et 

al. 2014, referred to as SPPC) with a modest increase in nodal support values. There 

was high support in our Bayesian analysis (PP=1.0) while the maximum likelihood 

bootstrap support values for SPPC clade was low (ML=65%). Initially we included 

Trogon (Trogon viridis) in our preliminary analysis, but we decided to exclude it 

from final analysis (because it forms an isolated long branch) since it slightly 

lowered the overall resolution of tree (results not shown). Resolution of that 

particular node could be increased through a mitochondrial genome of at least one 

more deeply diverging representative of Trogoniformes. A slight increase in ML 

support was also noted on a node where Falconidae seems to share a common 

ancestor with SPPC clade (PP=0.95, ML=38%) which supports the previous 

mitogenomic study on raptors (Mahmood et al. 2014). Although Pacheco et al. 

(2011) also recovered such a relationship but in that case Falconidae was found to 

group with the Accipitridae-Pandionidae-Sagittaridae lineage, which was placed 

relatively basal to SPPC. 

 

In all four strategies mentioned above we found a strong monophyletic relationship 

(ML=100, PP=1.0) between the three families Accipitridae, Pandionidae and 

Sagittaridae, which is congruent with previous studies (Pacheco et al. 2011; Gibb et 

al. 2013; Mahmood et al. 2014). Turkey Vulture (Cathartes aura) was removed after 

preliminary analysis, because it generated a long branch (see Gibb et al. 2007; Slack 

et al. 2007; Mahmood et al. 2014; also see introductory section of this chapter). We 

suggest that inclusion of at least one more mitochondrial genome of another NW 
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vulture would be very helpful to improve the resolution of that particular node. OW 

vultures have been reported to have polyphyletic origins, based on shorter nuclear 

and mitochondrial sequences (Wink and Sauer-Gurth 2004; Lerner and Mindell 

2005; Griffiths et al. 2007). So, the OW vultures sub families Aegypinae and 

Gypaetina appear to have two different origins. In the present study, only OW 

vultures from the sub family Aegypina are represented. That still leaves the question 

of polyphyly or monophyly of OW vultures. Therefore a mitochondrial genome 

sequence of OW vultures group, which is in sister to pernine kites (Lerner and 

Mindell 2005; Griffiths et al. 2007), along with two NW and the existing OW vulture 

genomes, would help to resolve the question of polyphyly, or monophyly, of OW 

vultures and their relationship with NW vultures. Overall, it would improve the 

resolution of the raptor tree. 

 

We recovered a topology with Accipitridae, Pandionidae, and Saggitaridae clade 

(eagles, hawks, osprey and secretarybird) in a relatively basal position to Falconidae-

SPPC clade as part of the ‘higher land birds’ group. That is in congruence with 

previous studies based on both nuclear data (Hackett et al. 2008; Ericson 2012; 

McCormack et al. 2013) and mitogenomic data (Pacheco et al. 2011; Mahmood et al. 

2014). We recovered eagles, hawks, osprey and secretarybird as part of higher land 

birds in our ML analysis, although with low support, ML=32%. Our Bayesian 

analysis also recovered such a relationship but with high support (PP=0.95). 

 

We did not recover a monophyletic order Falconiformes (comprising of families 

Falconidae, Accipitridae, Pandionidae, Sagittaridae, and Cathartidae), as reported by 

a morphological study (Livezey and Zusi 2007). None of the molecular phylogenetic 

studies have found a monophyletic relationship placing these five families within a 

single order (Cracraft 2004; Ericson 2006; Hackett et al. 2008; Pacheco et al. 2011; 

Mahmood et al. 2014). 

 

Removal of potentially fast evolving sites 

With our full data without RY coding, we recovered the ‘higher land birds’ group 

topology in ML analysis, though with low support (SPPC, ML=37%; Falconidae-

SPPC, ML=19%; Eagles/hawks/osprey/secretarybird-falconidae-SPPC, 13%). In this 

case, Bayesian analysis did not recover this topology, with only SPPC coming 
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together with good support (PP=0.92). All the ML and Bayesian support values are 

shown in Table 1. There were cases when the topology changed to an alternative 

topology, upon exclusion of the potentially fast evolving/misleading sites (results not 

shown). As it was expected that increased taxon sampling and breaking some 

possible long branches would increase the overall resolution of the tree, there was a 

modest increase in ML support (Bayesian support is already high) particularly at 

deep internal nodes. This increase in ML support has improved on the previous 

studies (Pacheco et al. 2011; Mahmood et al. 2014; see Table 1) which had relatively 

fewer taxa than the present one. Overall, we recovered a topology where raptors are 

found as part of ‘higher land birds’ clade which is congruent with the studies based 

on, nuclear (Ericson 2012; Hackett et al. 2008) including a more recent whole 

genome analysis (Jarvis et al. 2014) and mitochondrial datasets (Pacheco et al. 2011; 

Mahmood et al. 2014).  
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We agree with the suggestions of Meiklejohn et al. (2014) regarding the need of more 

robust evolutionary models to analyse mitogenomic data. In our case, the 

stripping/removal of fast evolving sites, was not helpful in increasing the overall 

resolution of the raptor tree, rather it decreased resolution. One possibility could be the 

accumulation of more substitutions, or more heterogeneous base composition, in certain 

taxa than the rest represented in the present dataset. In that case, most of the 

evolutionary models, which assume compositional homogeneity, might not be 

sufficient. Any possibility of presence of such instances would be difficult to model. In 

such a situation, a more robust evolutionary model would be needed. The presence of 

relatively more heterogeneous taxa could be measured individually or tested through 

removal of potentially problematic taxa by applying a jack-knifing approach (Lanyon 

1985), adopted by Slack et al. (2007), where taxa are deleted sequentially to measure 

the effect (Penny and Hendy, 1985). In the sense of Cooper and Penny (1997) our tree is 

locally stable (that is, there are no major changes to the tree) and that the changes in 

bootstrap values are small local changes in the underlying tree. Possibly, rapid adaptive 

radiation of Neoaves around the K-Pg (Cretaceous-Paleogene) boundary could be a 

reason of short internal branches on Neoavian tree. But smaller dinosaurs, leading to 

present day class Neoaves, did have more space for innovation due to their smaller size. 

In turn that led those lineages to accumulate more diversity in birds (Moen and Morlon 

2014).  

 

4.3 Conclusions 

 

Our results are in agreement with the current classification of falcons and Accipitridae, 

and this is a positive finding. They also corroborate the findings of our recent study 

(Mahmood et al. 2014) and previous studies (Gibb et al. 2007; Hackett et al. 2008) that 

combined raptors are not a natural/monophyletic group; eagles, falcons, owls, and NW 

vultures are distinct groups. Particularly NW vultures are currently a South American 

lineage. Now, that ‘higher land birds’ group is regarded as a natural group (Johansson et 

al. 2001; Ericson et al. 2006; Mahmood et al. 2014), our analysis also supports that 

relationship (Fig. 1). 
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4.4 Materials and Methods 

 

Taxon sampling 

 

All taxa were supplied from the collection at the Institute of Pharmacy and Molecular 

Biotechnology, University of Heidelberg. The sample numbers are as follows. Elanid 

kite (Elanus caeruleus), 9965; a caracara (Phalcoboenus australis), 7281; Griffon 

vulture (Gyps fulvus), 3677 and (Aegypius monachus), 16571. 

 

Molecular Methods 

 

Extractions of genomic DNA from each of the birds were performed at the Institute of 

Pharmacy and Molecular Biotechnology from 25 to 50 mg of muscle tissue using the 

High Pure PCR Template Preparation Kit (Roche Applied Science, Mannheim, 

Germany) according to the manufacturer's instructions. Preparation for Illumina 

sequencing was done at Massey University. 

 

Paired end short reads of 100 base pair length were generated from an Illumina-Solexa 

pipeline, at Beijing Genomics International (BGI). De-novo assembly of the short reads 

was performed using a CLC Genomics Workbench (version 5.1.5, CLC Bio), and the 

reference genome, closest to the respective sample, was used to identify mitochondrial 

contigs through the built-in local BLAST tool. Contig assemblies were aligned to the 

annotated reference genome using Geneious 6.1.6 (http://www.geneious.com). 

Genomes had small gaps which were filled by amplifying the relevant regions through 

Polymerase Chain Reaction (PCR) using previously published protocols and primers. 

Where needed, new primers were designed using Geneious 6.1.6 

(http://www.geneious.com). The process of choice of primers, PCR amplification, 

sequencing protocol, and confirmation of sequence identity is described in detail in 

Mahmood et al. (2014) and references therein. 

 

In addition to the four new bird mt genomes reported in this paper, 51 other complete 

avian mt genomes from GenBank were included in the analyses: 46 Neoaves and 4 

Galloanserae (as an outgroup). Since, overall placement of Paleognath taxa is now well 

established (Gibb et al. 2007; Slack et al. 2007; Phillips et al. 2010; Mitchell et al. 



Chapter 4 

84 

2014), they were omitted from this data set. Galloanserae sequences were used to root 

our Neoaves trees (Gibb et al. 2007). The full data set is available from the authors on 

request.  

 

Phylogenetic Analysis 

 

Sequences were aligned in Geneious 6.1.6 (Drummond et al. 2011) at the amino acid 

level for protein-coding genes and based on secondary structure for RNA genes (see 

Gibb et al. 2013). Gaps, ambiguous sites adjacent to gaps, NADH6 (light-strand 

encoded), and stop codons (often incomplete in the DNA sequence) were excluded from 

the alignment. Protein-coding genes were checked for NUMTs by translating into amino 

acids. The 12 protein-coding genes were separated into first-, second-, and third-codon 

positions (the third-codon position may be RY-coded as explained by Gibb et al. 2007), 

whereas rRNA and tRNA genes were partitioned into stems (S) and loops (L), thus we 

use five data partitions (see Harrison et al. 2004) as first strategy for phylogenetic 

analysis. The data was not RY coded in the second strategy. In both cases data was also 

re-ordered/partitioned based on the rate of evolution. Fast-evolving sites were 

determined using a tree independent method implemented in the TIGER program 

(Cummins and McInerney, 2011). Sites were re-ordered and assigned into 30 rate bins, 

and the most fast-evolving rate bin (bin30) is excluded for further phylogenetic 

analyses. This generated four types of datasets. PartitionFinder (Lanfear et al. 2014) was 

used to find the substitution models for all four types of datasets based on the respective 

rate bins/partitions. A combined total of 13,445 nucleotides (excluding gaps) were used 

for analyses. We ran analyses in RAxML (Stamatakis et al. 2008) to carry out 500 

bootstrap replicates on the data sets, using a general time reversible model with gamma 

distribution (GTRGAMMA). Bayesian posterior probabilities were also estimated in 

MrBayes (Huelsenbeck and Ronquist 2001). Bayesian analyses were run for 40,000,000 

generations with a burn-in value of 10%. Both RAxML and MrBayes were run using 

CIPRES Science Gateway (Miller et al. 2010). Trees were visualized in FigTree v1.4.0 

(http://tree.bio.ed.ac.uk/software/figtree/ [accessed February 2014]). Consensus 

networks were implemented in SplitsTree version 4 (Huson and Bryant 2006). 
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5 GENETIC DIVERSITY OF SPOTTED OWLET (ATHENE BRAMA) FROM 

THE AGRO-ECOSYSTEM OF PUNJAB (PAKISTAN) 

 

Muhammad Tariq Mahmood, Patricia A. McLenachan, Gillian C. Gibb, and David 

Penny 

 

Spotted owlet (Athene brama) is a small owl which breeds from Pakistan, India, and 

Southeast Asia (except Sri Lanka). In Pakistan, it is the resident species of the agro-

ecosystem of Punjab.  The analysis was carried out to test whether the population of the 

agro-ecosystem, which is heavily affected with pesticides, shows any trends of decline 

in diversity. Our ultimate goal is to discover the effect of excessive use of pesticide on 

the ecology of the spotted owlet. As a first step, we investigate the current genetic 

diversity of the spotted owlet within Punjab. A total of 22 blood samples were collected 

from the areas of Pirowal forest reserve, Multan, Muzaffargarh, and Choti Zareen areas 

of Punjab. Five of them were misidentified by non-expert contributors of samples, and 

upon sequencing of their DNA, turned out to be Collared scops owl (Otus bakkamoena). 

The birds from forest reserve and agricultural lands were initially considered two 

populations. The amplification of partial ND5 gene and partial control region (CR1) of 

ten (10) birds was successful and they were subsequently sequenced. The genetic 

analysis suggested six haplotypes (h = 6) in two local populations (one from a reserve 

forest, and another from agricultural lands). The analysis found gene flow between the 

two populations which suggested they were not fully separate populations. Despite the 

fact that we could not get samples from the areas where the agro-ecosystem was absent, 

the number of haplotypes suggest a good genetic diversity for a smaller sample set. 

Apparently, the population from the agro-ecosystem has more genetic diversity than the 

one from a forest reserve. Possibly, the population from heavily pesticide sprayed areas 

may not be affected because of the nocturnal feeding and activity. But we wish to test 

the same hypothesis with a larger sample size, and from the areas having different levels 

of pesticides use. 
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5.1 Introduction 

 

The spotted owlet (Athene brama) is one of the small owls which breeds from Pakistan 

and India to Southeast Asia (tropical Asia), although the species is absent from Sri 

Lanka. Although it has adapted to live closer to human habitations in the cities, the 

farmlands are also its common habitat. They nest in a hole in a building or a tree and 

roost in small groups in cavities in buildings or rocks or the hollows of trees. The 

number of eggs it lays ranges from 3–5. Higher breeding success of nests near human 

habitations may be due to increased abundance in rodents for feeding the young (Pande 

et al. 2007). The very similar little owl (Athene noctua) and the spotted owlet (Athene 

brama) form a superspecies that show great clinal variation in size. Spotted owlet is 

stocky and small bird (21 cm), with the grey-brown upper parts which are heavily 

spotted with white. The white under parts are streaked with brown. The facial disc is 

pale with yellow irises. The supercilium and the neckband is white. The flight pattern is 

deeply undulating, and the sexes are similar (Rasmussen and Anderton 2005). 

 

As mentioned above, the spotted owlet and the little owl (Athene noctua) tend to form a 

superspecies complex, and the spotted owlet has sometimes been treated as a subspecies 

of the little owl. Of the several subspecies of A. brama which have been described so 

far, four or five are widely accepted. The five subspecies which are widely recognized, 

are; A. b. albida of western Asia (Iran and Pakistan) (Koelz, 1950); A. b. indica of 

northern India (Franklin, 1831); A. b. brama of southern India (Temminck, 1821); A. b. 

ultra, which is not always recognized, of northeastern India (Ripley, 1948; and A. b. 

pulchra of Southeast Asia (Hume, 1873). However, the race which was named poikila 

(Yang and Li 1989) is considered invalid and is actually revised to a different species 

Aegolius funereus (Sun et al. 2003). Somewhat similarly, Athene brama fryi of southern 

India and A. b. mayri from northern Thailand (Baker 1920; Deignan 1941) are usually 

considered synonymous with A. b. brama and A. b. pulchra respectively. There is no 

natural dividing boundary between the northern and southern Indian populations, and 

they are known to intergrade. The size of the species decreases from north to south (Ali 

and Ripley 1981; Baker 1919).  
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Although nocturnal, sometimes the spotted owlet is seen in the day time. They stare at 

intruders and bob their head when disturbed from their daytime nest or roost site (Ali 

1996). Sometimes when the species is perched in a tree, it can be located and mobbed 

by the small birds. The species preys on a variety of small vertebrates and insects. The 

data from Pakistan suggests that they mostly take insect prey (Shah and Beg 2001; Shah 

et al. 2004; Shah and Beg 2001; Beg et al. 1990). In the arid region of Jodhpur (India), 

they have been found to prey more on rodents, and especially they picked the genus 

Mus and tended to avoid other rodents, for instance Tatera), particularly prior to the 

breeding season (Jain and Advani 1983). In some other studies they have been noted to 

catch small snakes such as Ramphotyphlops braminus, toads, bats, scorpions, and 

molluscs (Jadhav and Parasharya 2003; Pande et al. 2004). Their call is a loud and harsh 

churring and chuckling chirurr-chirurr-chirurr that ends with a chirwak-chirwak. Early 

dawn or just after sunset, is the usual time when they mainly call (Rasmussen and 

Anderton 2005; Brahmachary et al. 1972). 

 

In their breeding season, they are found to be allopreening, bill grasping, and ritual 

feeding as part of courtship behaviour. The female may deflect its tail in invitation, call 

with the male, and bob its head (Hassan 2008). Their breeding season starts from 

November and lasts until April (Rasmussen and Anderton 2005). More than one male 

may copulate with a female. How the family groups are organized is not yet clear. The 

attempt of pseudocopulation by females (Pravin and Kasambe), may possibly be a kind 

of displacement behaviour (Watson 1957; Kasambe 2004). Because they nest in 

cavities, they are often found competing with other hole-nesters, for instance, mynas. 

They are also found to nest in holes in vertical embankments (Pande et al. 2006). The 

nest may be lined with feathers and leaves. They may also use the existing nest from a 

prior occupant with its original lining. The clutch size ranges from three to five 

spherical white eggs. The incubation begins after the first egg is laid and it leads to the 

chicks with a wide variation in their sizes. Initially, the chicks are fed on insects (e.g. 

cockroaches) and later fed on small vertebrate prey (e.g. mice). The chicks are noted to 

gain weight during the early stages, but before fledging they are known to lose weight 

(Pande et al. 2011). The number of fledglings may be only one or two and they have 

been observed to leave the nest at the age of about 20–28 days (Jadhav and Parasharya 

2003). 
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Their brain has a pineal gland, although this was thought to be absent in the Strigiforms 

(the owls) (Haldar and Guchhait 2000). Because a low level of melatonin is associated 

with high foraging activity and alertness and a high level is associated with sleep, other 

birds also show variation in the levels of melatonin between day and night. However, 

spotted owlets show only a slightly decreased melatonin level at night while it slightly 

increases in the early afternoon. Other owls also show little day-night variation in 

melatonin, for instance the barn owl (Guchhait and Haldar 1999; Martin et al. 2005). 

Environmental factors such as humidity and temperature are known to be associated 

with the seasonal changes in glandular activity (Haldar et al. 2009) 

 

These birds have been very familiar to humans, and particularly their loud calling is 

associated with bad omens (Rose 1910). The species name brama is given by way of 

homage to the Hindu supreme spirit, Brahma. In Hindu mythology, particularly, the owl 

is a ‘mode of transport’ of Lakshmi i.e. the goddess of wealth (Pittie 2004).  

 

In Pakistan 

The spotted owlet (Athene brama) is one of the common resident nocturnal raptors 

found in Pakistan (Roberts 1991). The species has a strong association with the 

agricultural landscapes of Punjab (Mahmood-ul-Hassan et al. 2007). The little Owl 

(Athene noctua), which is known to avoid densely forested areas, is considered 

ecological counterpart of spotted owlet in Pakistan (Osieck and Shawyer 1997). Until 

now, no data on population density or size of the spotted owlet are available. However, 

considerable data is available on its European ecological counterpart Little Owl (Athene 

noctua). There is no data available on genetic diversity of the Spotted Owlet. The 

availability of the sequences of Cyt b and RAG1 genes (Wink et al. 2009) has helped to 

understand its phylogenetic relationship within the Order Strigiformes. Also, we have 

reported a nearly complete mitochondrial genome of this species (Mahmood et al. 2014; 

also see chapter 2) which has helped to clarify the monophyly of the order Strigiformes, 

and contributed to the understanding of their evolutionary relationship with the diurnal 

raptors. 
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As ecologically susceptible predators, birds of prey are valuable indicators of 

environment quality (Lerner and Mindell, 2005). The World Conservation Union 

declared Gyps vultures as critically endangered (IUCN, 2014) following a steep decline 

in the population of > 95% (Prakash et al. 2003) which was later known to be caused by 

renal failure due to bioaccumulation of diclofenac sodium (Oaks et al. 2004). A recent 

report discovers that Aquila eagles of South Asia are also being affected by the above 

mentioned drug (Sharma et al. 2014). Another recent study has reported higher levels of 

heavy metals in birds, particularly raptors including owls (Abbasi et al. 2014). The 

persistence of heavy metal contamination poses elevated risk for the studied species of 

birds in Pakistan. Such a scenario necessitates the evaluation and remediation of 

ecological damage (Movalli 2000; Naccari et al. 2009). It is also needed to prioritise the 

study the genetic potential of the resident species of raptors which may be directly 

vulnerable to the deterioration of local environment (Movalli 2000). Similarly, more 

molecular phylogenetic work is needed for other raptors of Pakistan as well, to inform 

the conservation programs more explicitly. 

 

The agricultural use of pesticides is on the rise in Pakistan. There has been a tremendous 

increase in pesticide consumption, in a period just over two decades, which was just 

12,530 metric tonnes in 1985 and reached 117,513 metric tonnes in 2005-06 (Khan et 

al. 2011). This huge increase in pesticides has increased resistance in pests, which in 

turn has disturbed the delicate balance between predators and pests (Hasnain 1999). 

Another investigation suggests that birds are either killed due to direct exposure to the 

pesticides or indirectly through consuming the contaminated food/prey (Pimentel 2005). 

Based on above mentioned reasons, we chose Spotted Owlet (Athene brama), to 

investigate whether its population shows some trends.  

 

This is a pilot study to investigate the popuation diveristy of A. brama wihtin the Punjab 

region (Pakistan). We plan to collect avian blood samples from the areas of Pirowal 

(PP), Multan (BM), Choti Zareen (DG), Muzaffargarh (NB, NW, BJ, HP). Our choice 

of the species and research area is based on the following; 

i) It is the resident species of the agro-ecosystem of Punjab (Mahmood-ul-Hassan 

et al. 2007). 

ii) The study on prey/ food preference of spotted owlet (Athene brama) in Punjab, 

has showed that it constituted insects (47%), small rodents (28%), birds 
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(12%), and plant tissues (11%). This is an unusual component (Shah et al. 

2004). Bird population would be under the effect of direct poisoning if they 

consumed pesticide infested plant tissues. 

iii) The areas in Punjab are under direct effect of massive pesticide use while the 

sampling localities in other provinces are not. It will give us a comparison of 

demographic trends (whether affected by overuse of pesticides or not?) and 

genetic diversity. 

 

5.2 Materials and Methods 

 

Sampling 

The samples were collected from all of the localities mentioned (see Introduction). The 

whole birds were collected from the game birds hunters who would get them as a by-

kill. The detail of samples with the information on their locality is given in the Table 1 

below. 

 

Table 1. The details of samples collected from Punjab (Pakistan). 
 

Species Locality/ code No. of samples 

Otus bakkamoena Nonari basti/ NB 1 

 Kacha/ K1-2 2 

 Nai wala/ NW2 1 

 Choti Zareen/ DG3 1 

Athene brama BZ university, Multan/ BM1-3 3 

 Pirowal plantation/ PP1-9 9 

 Nai wala/ NW1 1 

 Choti Zareen/ DG1-2 2 

 Basti Jalal/ BJ1 1 

 Hassan Pur/ HP1-2 2 

 

Fresh tissue samples were not collected before the expert identification of the bird. So 

the birds were stored by our collaborators, in a freezer which was unattended during a 

huge power crisis. Unfortunately the samples were decomposed and degraded. In a 
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second sampling attempt, the primary author (MTM) undertook the sampling while 

some of the samples were contributed by some acquaintances. But only samples from 

Punjab were possible. Visits to Kohat, Nagar parkar, and Muzaffarabad could not be 

made due to security issues at that particular time. Five, out of the 23 samples in total, 

were misidentified by the samplers and they were later identified as Otus bakkamoena 

upon sequencing. Figure 1 (below) shows the sampling sites in Pakistan. 

 
Figure 1. Sampling localities for Spotted owlet (Athene brama) Collared Scops Owl (Otus bakkamoena) 
from Punjab (Pakistan). 
 

Molecular Methods 

Following description of the molecular methods is adopted from Mahmood et al. 

(2014). Extractions of genomic DNA from each of the birds were performed at the 

Institute of Fundamental Sciences from the liver tissue using the High Pure PCR 

Template Preparation Kit (Roche Applied Science, Mannheim, Germany) according to 

the manufacturer's instructions. The extracted genomic DNA samples were 

subsequently used as template DNA for short-range PCRs to generate overlapping 

fragments 0.5–3 kb in length. Short-range primer combinations were found using our 

laboratory database as described in Slack et al. (2006), and any new primers required 

were designed using Geneious Pro (http://www.geneious.com). The primers used in the 

present study, with their nucleotide sequences are listed in Table 2. Sequencing was 
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performed using BigDye Terminator Cycle Sequencing reagents according to the 

manufacturer's instructions (Applied Biosystems, Foster City, CA) and the reactions 

were run on an ABI 3730 automated sequencer (Applied Biosystems) by Massey 

Genome Service. In all cases, overlaps between sequences were sufficient to ensure 

synonymy and sequence identity was confirmed through BLAST searches 

(http://www.ncbi.nlm.nih.gov/blast/), confirmation of amino acid translation in coding 

regions, and alignment with other species. Sequences were aligned using Sequencher 

4.7 (Gene Codes Corp., Ann Arbor, MI) and then manually edited and checked for 

complete concurrence between overlapping sequences.  

 

Table 2. Primer pairs used for the PCR amplification of the avian mtDNA regions used 
in the present study. 
 

 
 

 Primer Sequence (5’ to 3’) 

Primer Code Forward Reverse 

Av1753F12S- 
Av2150R12S 

AAACTGGGATTAGATACCCCACT
AT 

GAGGGTGACGGGCGGTRTGTA
C 

Av438FDloopB- 
Av907DloopR 

TCACGTGAAATSAGCAACCC TGTTTAGAAAGTTAGAGGAART
G 

Bat12769ND5F- 
Av16137tProR 

TGCTCAGGATCAATTATTCA ARAATRCCAGCTTTGGGAGTTG
G 

 

Analysis 

Sequences were edited, assembled, and aligned in Geneious 6.1 (Biomatters Ltd., 

Auckland, New Zealand http://www.geneious.com/) at the amino acid level for protein-

coding genes and verified by eye. The Table 3 shows the detail of species, their locality 

codes, and the names of amplified genetic markers with length of each marker in base 

pairs (bp). If any marker was not successfully amplified for any of the samples, it is 

shown as ‘No’. Genetic variation within each population was calculated by using 

DnaSP 5.0 (Librado and Rozas 2009). Following summary statistics were calculated: 

nucleotide diversity per site (π) (Nei and Li 1979), haplotype diversity (Hd), 

Watterson’s per-site population mutation rate estimator (θW) (Watterson 1975), and the 

number of polymorphic (segregating ) sites (S). Sites with missing data or indels were 

eliminated in pairwise sequence comparisons. A combined total of 1,074 nucleotides, 
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concatenated from 603 bp (base pair) of ND5 and 471 bp of Control Region (CR1), 

were used for analyses.  

 

Table 3. The detail of the sequenced markers with their respective species and locality 
codes. 
 
Species code 12S rRNA ND5 Control region 

Part I (CRI) 
Control 
region 

Part II (CRII) 
Otus 
bakkamoena 

NB1 Yes 
(373 bp) 

Yes 
(325 bp) 

No No 

 K1 Yes 
(373 bp) 

No No No 

 K2 Yes 
(373 bp) 

No No No 

 NW2 Yes 
(373 bp) 

Yes 
(603 bp) 

No No 

 DG3 Yes 
(373 bp) 

Yes 
(603 bp) 

No No 

Athene brama BM1 Yes 
(366 bp) 

No Yes 
(471 bp) 

No 

 BM2 Yes 
(366 bp) 

Yes 
(603 bp) 

Yes 
(471 bp) 

No 

 BM3 Yes 
(366 bp) 

Yes 
(603 bp) 

Yes 
(471 bp) 

Yes 
(876 bp) 

 PP1,3 Yes 
(366 bp) 

No Yes 
(471 bp) 

Yes 
(876 bp) 

 PP2, 
4-6 

Yes 
(366 bp) 

Yes 
(603 bp) 

Yes 
(471 bp) 

Yes 
(876 bp) 

 PP7,8 Yes 
(366 bp) 

Yes 
(603 bp) 

Yes 
(471 bp) 

No 

 PP9 Yes 
(366 bp) 

No Yes 
(471 bp) 

No 

 NW1 Yes 
(366 bp) 

Yes 
(603 bp) 

Yes 
(471 bp) 

No 

 DG1 Yes 
(366 bp) 

No Yes 
(471 bp) 

No 

 DG2 Yes 
(366 bp) 

No Yes 
(471 bp) 

Yes 
(589 bp) 

 BJ1 Yes 
(366 bp) 

Yes 
(603 bp) 

Yes 
(471 bp) 

No 

 HP1-
2 

Yes 
(366 bp) 

No No No 
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5.3 Results and Discussion 

 

All of the 23 samples were amplified for 12S rRNA and sequenced. Both the 16S and 

12S ribosomal RNA (rRNA) mitochondrial genes are suggested as reliable markers to 

taxonomically classify the animal tissues (Yang et al. 2014). Five of the sequences, in a 

366 base pairs alignment, were distinct from the rest. They showed a 94% identity to the 

Japanese Scops Owl (Otus semitorques), when compared with the available nucleotide 

data through the BLAST searches. After a careful consideration these sequences were 

assigned to the Collared Scops Owl (Otus bakkamoena) because that is the only species 

of the genus Otus reported in the sampling area (Grimmett et al. 1999). BLAST 

searches were also performed for the rest of the sequences and they showed 99-100% 

identity with the Spotted Owlet (Athene brama). This study presents the first 12S rRNA 

sequence data for both of these species. The single nucleotide polymorphism (SNPs), as 

it is highlighted with red rectangle (Figure 2), could indicate the different morphs or sub 

species of the respective species. The sequence data of more individuals of both species 

with their possible morphological traits, can further confirm this. Overall, this confirms 

that 12S rRNA gene can be a potential marker for the tissue identification of owls. 
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The Pirowal (PP) is a forest reserve, and nine samples were obtained. However three of 

the nine samples coming from this locality (PP1, PP3 and PP9) were not successfully 

amplified for ND5 region. All other localities belong to the agro-ecosystem. 

Amplification failed for both of the samples from Choti Zareen (DG1-2) which is 160 

km (kilometres) apart from Pirowal. Two samples from Muzaffargarh (HP1-2) and one 

sample from Multan (BM1) also failed to amplify for the ND5 region. The possible 

reason for failure of PCR (Polymerase Chain Reaction) could be the presence of an 

inhibitor.  

 

The distance of Pirowal from Muzaffargarh is about 70 km, and from Multan it is even 

less than that (see Figure 1). For that reason all of the samples may be considered to 

belong to a single population, although there is river ‘Chenab’ between Pirowal, Multan 

and Muzaffargarh (but the river should not be a barrier for strong fliers like owls). 

Furthermore, calculations for the ‘Index for genetic differentiation between populations’ 

(FST) shows no differentiation between individuals samples from two sides of the above 

mentioned river. That suggests a gene flow between individuals belonging to two 

localities. Only the longest possible sequence regions of the available data with more 

variation were selected for analysis. In the present case they are ND5 and CR1. The rest 

of the samples/ individuals either failed to amplify or they had only shorter sequence 

regions available without any meaningful variation and were not alignable to the 

sequences selected for analysis. The concatenated sequence alignment for a total of 10 

individuals (N = 10) were analysed for genetic diversity/ polymorphism (Table 4). 

 
Table 4. Genetic polymorphism data for mitochondrial partial ND5 and CR1 sequences 
from the spotted owlet (Athene brama) population(s) from Punjab (Pakistan). 
 
 
 
Population 

N 
(number of 
sequences) 

h 
(number of 
haplotypes) 

S 
(segregating 

sites) 

θW 
(population 

mutation 
rate per site) 

π 
(nucleotide 

diversity 
per site) 

PP2,4-8, BM1,3, 
BJ1, NW1 

10 6 6 0.00197 0.00157 

 

We are aware of the range of sample sites and the low number of samples. We found six 

segregating sites (S = 6) and six haplotypes (h = 6) among all the individuals analysed. 

There are two haplotypes from Pirowal (PP), and Multan (BM2) each with one 
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segregating site for each of the haplotypes. Two haplotypes from Muzaffargarh i.e. 

NW1 and BJ1, both were differentiated from the rest of the conspecifics by one and two 

segregating sites respectively. One of the two haplotypes from Muzaffargarh (BJ1) with 

greater differentiation as compared to their conspecifics from Pirowal (a forest reserve) 

could be a random variation. For the whole set of individuals, the population mutation 

rate per site is 0.00197, while the nucleotide diversity per site is 0.00157. Moreover, 

12S rRNA data does not add lot more information but it is consistent with ND5 and CR 

results The following Figure (3) shows a Neighbour-Joining tree of spotted owlet 

(Athene brama) haplotypes. 

 
Figure 3. Neighbour-Joining tree of spotted owlet (Athene brama) haplotypes using ND5 and CR 
sequences. The number of bars at different nodes represent number of segregating sites. The sequences 
from the Multan and Pirowal localities overlap. 
 

Two owl species i.e. eagle owl (Bubo bubo) and little owl (Athene noctua) are reported 

to be more susceptible to organohalogen pollutants than a diurnal kestrel (Falco 
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tinnunculus) because of their prey preference. i.e. brown rat (Rattus norvegicus) for 

both the owl species, and Eurasian tree sparrow (Passer montanus) for the kestrel.  The 

kestrel food chain (sparrow-kestrel) was found with lower level of organohallogent 

pollutants than owl food chain (rat-owl) (Yu et al. 2013). Similarly, our hypothesis that 

the excessive use of pesticides in agro-ecosystem could be a bottle-neck for the 

population, may stand true. But with the present sample set it appears that spotted owlet 

(Athene brama) populations are thriving more successfully in the agro-ecosystem which 

is in agreement with previous observations (Shah et al. 2004; Mahmood-ul-Hassan et al. 

2007). Since, little owl (Athene noctua) is considered the ecological counterpart of the 

spotted owlet (Athene brama), therefore an expanded sample set throughout its species 

range including other subspecies may show some demographic trends between agro-

ecosystem and any alternative habitat. The alternative explanation for the divergent 

haplotypes could be migrants from a nearby unsampled locality.  

 

To compare the present study to the little owl from Europe could be helpful in deciding 

future sampling strategies. A total of 146 haplotypes of the little owl (Athene noctua) 

across the whole of Europe were recovered based on mitochondrial control region (CR) 

sequences, and the phylogenetic analysis was in congruence with the four subspecies 

described for that species (Pellegrino et al. 2014). It was noted that the Alps were the 

real barrier in their dispersal and diversification which could be a reason for the 

diversification of different populations into subspecies. It should be noted that the CR 

sequences from Pellegrino et al (2014) do not overlap with the pieces sequenced for the 

present study. The Suleman ranges in Pakistan are of comparable height to the Alps, and 

it will be of interest to get samples from the both sides of the mountain range to see if 

the sequence data overlapping with that of Pellegrino et al (2014) shows any 

demographic changes in the spotted owlet populations. Also, the choice of localities 

from the foothills of Himalayas (Muzaffarabad), to the dry desert-like area (Nagar 

Parkar) would provide a comparative data on the genetic diversity of the spotted owlet. 

 

In the second part of the control region sequence of the spotted owlet, a 109 base pair 

repeat sequence was found at least 5 times but the actual number of repeats could be 

variable in different populations. The BM3 sample had a transition from T to C at 

position 16 of the repeat. Note that BM3 was sampled 5 years before the rest of the 

sample set and has been reported as complete mitochondrial genome (Accession: 
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KF961185). Overall, the above mentioned repeat sequence could be a good population 

marker for future investigations, but again a larger sample set will help to see if this 

transition is linked to any particular subspecies.  

 

To the best of our knowledge, there is no home range data available for this species. 

According to the IUCN red data list (IUCN 2014), Athene brama is declared ‘least 

concern’ having extremely large range and stable population trend although its 

population size has not been quantified yet. But it is not believed that this species could 

approach ‘vulnerable’ status under population size criterion. 
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6 THESIS SUMMATION 

 
This chapter presents an overview of this thesis and the possible future questions for 
avian raptor evolution.  
 
The first chapter (Chapter 1) gives an overview of various attempts at inferring 

relationships of raptors, with other Neoavian orders in general, and within the broad 

category of raptors themselves, i.e. both diurnal and nocturnal raptors. The attempt has 

been made to portray an array of techniques and various types of datasets which could 

be employed to study birds of prey, both at the level of macroevolution as well 

microevolution. The description about each of the raptor families includes the 

information related to their diversity that involves both extant and fossil taxa, as well as 

a glimpse of their ecology. Despite a variety of data sources and decades of research 

both the relationships between modern avian orders of raptors, and their times of origin 

are still uncertain. The review of prior work generally consists of studies based on 

morphological (Livezey and Zusi 2007), paleontological (Mayr 2009; 2014), DNA-

DNA hybridization (Sibley and Ahlquist 1990) and short DNA sequences (Wink et al. 

1998; Lerner and Mindell 2005). This chapter also presents a general overview of the 

problems in resolution of the avian tree of life. 

 

The review of previous published/available data is crucial to identify new possibilities 

and strategies to resolve the problem. In addition to the different datasets which have 

been used to study avian raptor evolution, it was felt that currently there is need of a tool 

which could give a general overview of the available DNA sequence data. That is where 

RaptorBase (a database of raptor sequences) comes in. The creation, maintenance and 

workflow for this database is discussed in Chapter 2 of this thesis. Although GenBank is 

an indispensable source of biological information, it has some shortcomings in its 

taxonomy (Federhen, 2003). But we follow the same taxonomy, for a good flow of 

information to build a MySQL based online database of raptor sequences. RaptorBase is 

able to update itself with every new submission of nucleotide data to GenBank. It can 

display a matrix of availability or otherwise of nucleotide information, by species as 

well as by gene. This database could be easily modified for other groups as well. There 

are examples of some comprehensive phylogenetic studies based super matrix of taxa or 



Chapter 6 

108 

loci (McMahon and Sanderson, 2006; Bininda-Emonds et al., 2007) and the same could 

be followed to build a supertree phylogeny of raptors, with the help of RaptorBase. 

PhyLoTa (Sanderson et al. 2008) is a good example of harvesting GenBank information 

for phylogenetics, but it does not give the information in the form of a matrix of gene 

names and species. RaptorBase provides such a matrix with these properties, which 

gives phylogeneticists more manual control to design a project. 

 

Chapter 3 has already been published (Mahmood et al. 2014). Our choice of complete 

mitochondrial genomes is due to some specific reasons: they reduce ‘stochastic error’ 

associated with short datasets, are small and easier to isolate as compared to nuclear 

DNA, provide an independent dataset which is complementary to nuclear dataset, have 

no recombination due to their maternal inheritance, and have higher mutation rates than 

the nuclear DNA (see Kvist 2000 and references therein). In this study we ask some 

specific questions. The core of these questions is to test whether owls (nocturnal 

raptors) are monophyletic and whether raptors (nocturnal and diurnal combined) are 

monophyletic or not? According to previous studies owls appear to be monophyletic on 

the overall avian tree but that could be due to their faster rate of evolution (Pratt et al. 

2009; Pacheco et al. 2011). In that case they created long branches on the tree. Long-

branch attraction is known to mislead the phylogenetic inference (Penny and Hendy 

1985) which could lead to a misleading conclusion. We have reported two new almost 

complete mitochondrial genomes of owls (spotted owlet, Athene brama; and oriental 

bay owl, Phodilus baadius) to break two existing long branches. It improved the taxon 

sampling on the tree of raptors. In addition to that, there was no representation of 

Secretarybird (Sagittarius serpentarius) on the tree of raptors, which left its position as 

unclear on the tree. We have reported a complete mitochondrial genome of the 

Secretarybird too. After the inclusion of these three genomes in the dataset of raptors 

mitochondrial genomes, we conducted the phylogenetic analysis. This analysis leads us 

to conclude that owls are monophyletic and Secretarybird has a basal position in 

relation to the lineage of both Pandionidae and Accipitridae. Here we find the 

agreement between nuclear and mitochondrial datasets. 

 

Chapter 4 is built on findings of the Chapter 3 and the suggestions made there. We have 

improved further the taxon sampling through breaking some potential long branches. As 

we noticed, there was a lack of representation of Elanid kites and Old World vultures 
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within Accipitridae, and caracaras within Falconidae. We also intended to include 

another New World vulture, but during the sequencing process we noticed it was a 

misidentified/ mislabelled sample of an Old World vulture instead. Therefore, we place 

emphasis on keeping good voucher specimens. We have reported four more nearly 

complete mitochondrial genomes to improve the taxon sampling on the tree of raptors. 

These genomes include Elanus caeruleus (and Elanid kite), Gyps fulvus (Griffon 

vulture) Aegypius monachus (Cinereous vulture), and Phalcoboenus australis (common 

caracara). These final four genomes were then added in for a more detailed analysis of 

raptor relationships. The unique aspect of methodology of this chapter from the Chapter 

3 is removal of the fast evolving sites from the final dataset. We followed a two pronged 

strategy to test whether removal of fast evolving sites help to improve the overall 

resolution of the tree. We noticed that removal of the faster evolving sites decreased 

rather than increased the resolution of the raptor tree. We can confirm the placement of 

caracara within Falconidae, and Elanid kite and Old World vultures within Accipitridae. 

Particularly, the Elanid kite is at the basal position in Accipitridae. A moderate increase 

in nodal support values for raptors tree was noticed, in comparison to the previous 

mitogenomic phylogenetics efforts. There was another consistent finding in both the 

Chapters 3 and 4, that both diurnal and nocturnal groups of raptors are part of ‘Higher 

Land birds’ group, which is congruent with previous studies (Ericson et al. 2006; 

Hackett et al. 2008). 

 

As the last part of this thesis, a population study (Chapter 5) was undertaken on spotted 

owlet (Athene brama). The analysis was carried out as a first step to investigate the 

current genetic diversity of the potted owlet within the agro-ecosystem of the Punjab 

province (Pakistan). Our ultimate goal is to discover whether the excessive use of 

pesticides has any effect on the ecology of this species. In the present study we establish 

that 12S rRNA gene is a useful marker for species identification within owls, although 

its utility to the level of sub species can be further confirmed with a larger sample set 

aided with morphological data. The genetic analysis suggests six haplotypes (h = 6) 

among the individuals from four different localities. Despite the fact that we could not 

get samples from the areas where the agro-ecosystem was absent, the number of 

haplotypes suggest a good genetic diversity for a smaller sample set. But we wish to test 

the above mentioned hypothesis about the effect of excessive pesticide use, with a larger 

sample size. So, ranging from testing inter-ordinal relationships of raptors to the 
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population genetics of one of the owls, my study makes use of sequence data to study 

both the micro-evolution and the macro-evolution of these beautiful birds.  

 

We wish to extend the phylogenetic investigations on raptors in future with more 

mitochondrial genome and nuclear sequences. Currently, only one of the Old World 

groups of vultures is represented on the tree, and therefore inclusion of a representative 

from both groups would help to test whether Old World vultures have one or two 

origins. Also the presence of at least two New World vultures would help to stabilise the 

tree, since the inclusion of only one available New World vulture disrupts the overall 

topology of the tree. Moreover, the forest falcon (Micrastur gilvicollis) still appears to 

be a long branch which might be misleading the overall raptor phylogeny. Therefore, at 

least one more representative mitochondrial genome from the sub-family Polyborinae 

would help to discard the possibility of long-branch attraction problem for the forest 

falcon. Inclusion of  these additional taxa will help to improve the overall resolution of 

the raptor tree.  

 

A recent genome scale investigation places the New World vultures with the eagles 

(Jarvis et al. 2014). As mentioned above, long-branch attraction problem affects the 

mitogenomic phylogeny and that may or may not be true in case of the whole genome 

datasets. We need to confirm whether the phylogenetic placement of New World 

vultures in the whole genome phylogeny reflects their actual position in the tree of 

raptors or it is also a result of the long-branch attraction problem.   

 

It is known that some subset of mitochondrial genome can be used as a proxy for the 

whole mitogenome to recover the historic phylogenetic signal across the Metazoa 

(Havird and Santos 2014), but the identity and the exact number of these genes changes 

for a particular lineage in question. But in case of avian mitogenomic phylogenetics, 

whole mitochondrial genome performs better than a small subset as a proxy for the 

whole genome (Powell et al. 2013; Meiklejohn et al. 2014) as well as in mammals 

(Duchene et al. 2011). We want to explore the possibility of improving the resolution of 

the raptor tree through investigating different partitioning strategies and RY coding to 

see if this improves the overall phylogenetic resolution. 
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