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Introduction 
 
The Palearctic Region (also spelled as Palaearctic, see below for a demarcation of the 
region) where, during the Late Miocene (50 MyBP), the gradual closing of the Tethys took 
place, has been postulated to have functioned as an important centre of evolution for a 
varied number of taxa (e.g., Haffer 1977; Huntley and Briks 1983; Por 1989; Hewitt 2004). 
The area is one of the largest speciation centres for Holarctic flora, is a centre of plant 
endemism, and likewise for a number of animal groups the area is important from an 
evolutionary perspective, albeit to a lesser degree than for plants (Ricklefs and Schluter 
1993; Mönkkönen 1994; Stattersfield et al. 1998). 

The Palearctic Region is arguably the most climatically and topographically 
diverse heterogeneous landmass on the planet. This area is an important secondary contact 
zone for a considerable number of bird taxa from (a) the western and eastern Palearctic and 
(b) from the great Saharo-Sindian desert belt which stretches along the southern edge of the 
Western Palearctic to Turkmenistan. At least 61 parapatric species pairs are known that 
show a largely distribution (sometimes with a narrow hybrid zone) along their secondary 
contact zones (Haffer 1977, 1992; Panov 1989; McCarthy 2006). These species pairs 
constitute almost 13% of the region’s bird fauna.  

There are now many published works on the distribution of Palearctic birds 
(Hartert 1903–1922; Hartert and Steinbacher 1932–1938; Vaurie 1959, 1965), but 
relatively few that explore the emergent patterns. Previous studies on the biogeography of 
birds in the Palearctic were restricted in the region covered, and have largely failed to 
explore the detail (Molineux 1930–1931; Voous 1960; Harrison 1982; Cramp 1977–1994). 
This study accumulates and synthesizes the information into a data set on the distribution of 
all parapatric species of the entire Palearctic avifauna that hybridise or make secondary 
contact zones.  
 
 
Palearctic Region and secondary contact zones 

The Palearctic is one of the largest ecozone (physically) which dividing the Earth surface. 
The Palearctic Region as proposed by Wallace (1876) is currently widely accepted as a 
natural subdivision of the biosphere (cf. Schmidt 1954), comprising a large section of the 
globe; it extends from Iceland to Kamchatka, with its southern border approximately 
located at the Tropic of Cancer (23.5°N). It should be noted that floristic regions may differ 
from the zoogeographically based Sclater–Wallace system (cf. Good 1974; Cox 2001). In 
this study, we accept the Sclater–Wallace Palearctic Region as a biogeographically, and a 
physical-geographically, identifiable and informative subdivision of the biosphere. 
Accordingly, the Palearctic Region does not include the southern part of the Arabian 
peninsula. On the south eastern side of the Palearctic, the border runs along the northern 
edge of the subtropical forests (Roselaar 2006). 

During the Ice age, after the closure of the Tethys, fauna migrated from the 
southern part of the Palearctic Region north-westward to Europe and eastward to western 
Asia and underwent further evolution. The north-south connection that arose as a result of 
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the closure also allowed a mixture of African and Oriental taxa to migrate north and 
westwards respectively (Durand et al. 2002; Kosuch et al. 2001).  

At a much later time period, during the Pleistocene epoch, patterns of species 
distribution in the Palearctic Region are greatly influenced by Pleistocene glacial periods 
and associated climatic changes (e.g., Blondel 1998; Covas and Blondel 1998; Blondel and 
Mourer-Chauviré 1998). Based on molecular data, Avise et al. (1998) argued that, for 
mammals and birds, Pleistocene conditions played an important role in initiating 
phylogeographic differentiation among now-extant conspecific populations as well as in 
further sculpting pre-existing phylogeographic variety into many of today's sister species. 
For North American passerines, however, Zink and colleagues (Zink and Slowinski 1995; 
Klicka and Zink 1997; Zink et al. 2000) argued that, contrary to the prevailing paradigm, 
Late Pleistocene glaciations did not play a significant role in speciation, a claim that was 
later refused by Avise and Walker (1998).  

Considerable north-south movements of species passed influencing present 
distribution patterns. The intermittent presence of species and subsequent isolation of 
remaining populations has led to regionally differentiated taxa. Of particular importance are 
those species that, after an initial separation during one or several of the glacial periods, 
came into secondary contact (Haffer 1977).  

The faunal interchanges, as described above, have led many biogeographers to 
consider the significant role of mountain regions of the Palearctic Region with high 
taxonomic and genetic diversity between fortieth parallels as refugia (Haffer 1977; Huntley 
and Briks 1983; Hewitt 1999, 2004). These areas by providing available lower land, 
allowed mountain species to descent as the climate cooled and survived the fluctuations in 
the region.  

Thus, there are ambiguities to resolve whether the mountain region of the 
Palearctic is a centre of refugia and speciation as suggested by Hewitt (1988) and Haffer 
(1977), and whether and to what extent these area correspond to present pattern of 
secondary contact zones of avifauna. 

Few data are available as to the timing of these zoological interchanges; data are 
available for fish ranging from 2-3 My ago linked to the uplift of the Anatolian plateau to 8 
My ago linked to a radiation from Siberia, and older splits have been postulated (Durand et 
al. 2002). Comparable data are available for lizards, some dating back to just after the 
closure of the Tethys (Macey et al. 2000). Due to the better dispersal abilities for birds it is 
expected that, at least for the majority of taxa, splits are more recent. However, those 
species that are endemic to the region and those that are distributed along the Saharo-
Sindian desert belt are expected to represent (much) older speciation events. 
 
 
Parapatry  
 
Parapatry describes a distributional pattern in which pairs of largely allopatric taxa have 
separate but contiguous distributions, abutting along common boundaries (Smith 1955). 
The condition of parapatry was known much earlier. For instance, Darwin (1869) wrote 
that the location of a species border was often determined by the border of a related species. 
Futuyma and Mayer (1980) defined two populations as parapatric if they “occupied 
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separate but adjoining areas, such that only a small fraction of individuals in each 
encounters the other.” Key (1982) recognises parapatry when two populations that “occupy 
contiguous territories overlap only very narrowly in relation to both the length of the 
overlap zone, and the vagility of the individuals.’’ He suggested the overlap should be no 
more than a small multiple of the dispersal range of individuals. These definitions 
recognize some overlap between parapatric taxa. There is no sharp demarcation, but rather 
a continuum between cases of allopatry, parapatry, and sympatry. Haffer (1977, 1992) 
viewed parapatry as the result of secondary contact zones of differentiating taxa. He 
defined parapatric species as closely-related species which inhabit contagious ranges 
excluding each other geographically with no or restricted hybridisation along their 
secondary contact zones. The shared boundary between the two taxa do not have a dispersal 
barrier between them, allowing parapatric species to interbreed and display intergradation 
in their contact zones, yet they maintain distinct outside of these zones (Barton and Hewitt 
1989; Mallet et al. 2007). 

Key (1982) divided parapatry into two categories: hybridisation parapatry where 
the contacting taxa form a narrow hybrid zone; and ecological parapatry, where they may 
have a narrow overlap, but without any hybridisation. In fact, parapatric boundaries form a 
continuum of cases from those with no hybrids to those with many hybrids in the overlap. 
Key (1982) defined hybridisation parapatry as “parapatry in which the restriction of 
interpenetration results primarily from the populations mating more or less freely with each 
other, but either leaving no fertile progeny, or leaving progeny of reduced fertility.” As 
such, parapatry may implicitly or explicitly imply hybridisation as well as non-
hybridisation, and, in an evolutionary context, to cover the range of differentiation of taxa 
from partial to complete reproductive isolation. 

 
 

Hybridisation 
 
When two genetically distinct groups of populations of closely related birds come into 
contact, individuals may mate and resulting in at least some offspring of mixed ancestry 
(Harisson 1990). Stebbins (1959) defined hybridisation as “ . . . crossing between 
individuals belonging in separate populations which have different adaptive norms.” The 
process of "hybridisation", can be seen as creating noise for taxonomists, hampering 
designation of populations or individuals to distinct taxa, but is real sign of the continuous 
nature of the process of speciation - the evolutionary process of forming new kinds of 
organisms. The identification of hybrids between closely related taxa bears relevance for 
studies of gene flow and the evolution of mechanisms of genetic isolation. As such it is an 
important phenomenon when studying speciation. Furthermore, hybridisation, or the 
interbreeding of species, is of pivotal importance in framing ideas about the nature of 
taxonomic judgments to be made about particular populations.  

Hybridisation is commonly recorded in birds, and the most recent reviews of 
hybridisation in birds suggested that about one in ten species of bird is known to have 
hybridised in nature (Grant and Grant 1992). In fact, with their often distinct plumages and 
relative ease to observe, it is probably fair to say that hybridisation is better recorded in 
birds than in any other major animal group (Randler 2002, 2004). 
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In 1958 Gray produced a survey of avian crosses as reported in the literature, 
including both crosses that occurred in nature and in captivity. In fact, the most recent data 
in her survey date back to a year earlier, making it almost 50 years since any widely 
available reference book on avian hybridisation was produced [In 1989 a similar survey 
focussing on natural hybrids only was produced, but its choice of language –Russian- made 
it less accessible (Panov 1989)]. More recently McCarthy (2006) came with an update of 
Gray’s (1958) survey. He provides an exhaustive compilation of all cases of avian 
hybridisation under both wild and captive conditions.  

It is interesting to see that the incidence of occurrence within an order, i.e. the 
number of species within an order that have hybridised divided by the total number of 
species in that order, shows marked differences. Top of the list are the Anseriformes 
(ducks, geese and allies), with in 97/161 species (60.2%) hybridisation having been 
recorded, whereas in taxa like the Apodiformes (swifts) only three of the 103 species is 
known to have hybridised in nature. In an earlier study (Roselaar et al. 2006), using data 
from Grant and Grant (1992), we found a highly significant relationship between the 
number of species in an order and the incidence of hybridisation (Kendall’s τ = 0.44, n = 
23, P = 0.005): the more species the order contained the higher the incidence of 
hybridisation. From a simple mathematical perspective this relationship seems to make 
sense, as the more species there are in an order, the more species there are potentially for a 
single species to hybridise with.  

For all species listed in McCarthy (2006) we tallied whether hybridisation had 
indeed been recorded in nature, and summed this over families and orders, and calculated 
the incidence of hybridisation. With a few exceptions, McCarthy followed the taxonomic 
treaty of Sibley and Monroe (1990). Comparing the data from McCarthy (2006) with that 
of Grant and Grant (1992), we see an overall increase in the number of natural hybrids 
recorded, from 9.8% in 1992 to 19.0% in 2006 (Table 1.1). Accepting that new species 
have been described since Sibley and Monroe’s (1990) treaty, the overall figure is not 
subject to much changes, since if we take the higher number of species [9721] listed in 
Dickinson (2003), will give an incidence of hybridisation of 18.9%. 

With these new data there is no longer a significant relationship between the 
incidence of hybridisation and number of species in an order (Kendall’s τ = 0.21, n = 23, P 
= 0.16) (Fig. 1.1). Overall, for almost all orders the number of species known to have 
hybridised in nature has increased (the exceptions being the Turnificornes-buttonquails and 
Coliiformes-mousebirds: Table 1.1), but this number has increased relatively more for 
orders with fewer species. When we explore the incidence of hybridisation between 
families within one order, we see an equal absence of a relationship between the propensity 
of hybridisation and size of the order. For example, for the Ciconiiformes (containing 
seemingly diverse families as storks, hawks and eagles, stilts, and pelicans) the incidence of 
hybridisation within a family ranges from 0% to 81.8% (26.1% for the order as a whole), 
the relationship between number of species in a family and incidence of hybridisation not 
being significant (Kendall’s τ = -0.11, n = 23, P = 0.49) (Fig. 1.1). 

Geographically, hybridisation does not occur randomly in birds (Aliabadian et al. 
2005). McCarthy (2006) notes that with the exception of rare vagrants, hybridisation occurs 
where the ranges of the interbreeding populations overlap. For a subset of 717 species (out 
of 1841 that hybridise in nature) McCarthy (2006) provides data on the geographical range  
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Table 1.1 Incidence of hybridisation (the number of species within an order that have hybridised in 
nature divided by the total number of species in that order) in 23 orders of birds, 
comparing data from 1992 (Grant and Grant 1992) with that of 2006 (McCarthy 2006). 

 
Orders Species (N) Incidence of hybridisation (%) 

 
1992                                      2006 

Struthioniformes 10 0 20.0 
Tinamiformes 47 0 4.3 
Craciformes 69 2.9 31.9 
Galliformes 214 21.5 32.2 
Anseriformes 161 41.6 60.2 
Turniciformes 17 0 0 
Piciformes 355 13.5 36.9 
Glabuliformes 51 3.9 13.7 
Bucerotiformes 56 0 16.1 
Upupiformes 10 0 60.0 
Trogoniformes 39 0 17.9 
Coraciiformes 152 5.3 13.8 
Coliiformes 6 33.3 0 
Cuculiformes 143 2.8 9.8 
Psittaciformes 358 7.5 15.9 
Apodiformes 103 0 2.9 
Trochiliformes 319 19.1 33.2 
Musophagiformes 23 0 8.7 
Strigiformes 291 0.7 6.5 
Columbiformes 313 3.2 8.0 
Gruiformes 196 8.7 9.7 
Ciconiformes 1027 13.5 26.0 
Passeriformes 5712 8.1 16.8 
Aves 9672 9.3 19.0 

 
overlap. We tallied these and by far the most hybridising species indeed have breeding 
range overlap (85.8%). A handful of species (6.7%) have a parapatric contact zone (i.e. the 
species are largely allopatric but abut along a common geographical boundary), and even 
less (3.6%) have an altitudinal contact zone (i.e. populations of the two hybridising species 
are separated by altitude, with contact occurring at a certain intermediate elevation). The 
remaining hybrids (3.9%) have disjunct breeding ranges.  
 
 
This thesis 
 
The aim of the study is to explore the biogeography and systematics status of Palearctic 
avifauna with emphasis on those species that hybridise and / or that occur in secondary  
contact zones, and to reveal new information on the date, origin and correlation of the 
geographic distribution of parapatric species in the Palearctic Region. Birds were the model 
group of choice, because their taxonomic status is relatively well assessed (a preamble for 
allowing detailed analyses) and reliable distribution information is available for many 
species. We resorted to two large datasets, one comprising of the distribution ranges of 
3,036 taxa of Palearctic songbirds mapped in 4,062 km2 large gridcells in WorldMap 
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Figure 1.1 Relationship between the incidence of hybridisation in an order or family and the number 

of species in that order or family. Both relationships are not significant. 
 
 (7,99,261 different grid cell presence records in 15,405 grid cells on the map), the other 
comprising of 8,105 aligned sequences of three mitochondrial genes (cox1, cob, 16S) of 
2,719 nominal species of birds. 
 
With these two datasets, in combination with other information, we specifically aim 

1. to assess patterns of Passeriformes diversity in the Palearctic Region (chapter 2).  
2. to evaluate the effect of species-range sizes on overall species richness pattern of 

Palearctic songbirds, and to test whether the observed pattern of species richness 
pattern can be explained purely by taking into account the geometric constraints of the 
Palearctice Region, following a Mid-domain Effect model (chapters 3, 4 and 9). 

3. to model the geographic pattern of secondary contact zones in the Palearctic Region 
and test the pattern with geometric constrains (MDE), and environmental predictors 
(chapters 2 and 9) 

4. to assess the amount of divergence between parapatric species pairs with different 
postulated origins (chapters 8 and 9). 

5. to test the applicability of multivariate statistics and Discriminant Function Analysis in 
demonstrating the hybrid status of individual birds (chapters 6 and 7). 
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6. to present hypothesis on the phylogenetic relations of a selected number of parapatric 
species pairs to test their relationships (chapters 5 and 9) 

 
 
Outline  
 
This thesis consists of nine main chapters presenting the biogeographical, morphological 
and genetic dataset to address our questions. The data of the chapters are resulted from a 
collaborative effort, I have used the term “we” in the next section to refer to the different 
co-authors of each of the chapters. 
 
Chapter 1 starts by reviewing the terms that will be used in the next sections and also 
reviewing and analysing the incidence of hybridisation within orders and families of birds. 
 
Chapter 2 explores a database created of digitized equal area distribution maps of 3,036 
phylogenetic species of Palearctic songbirds. With respect to the data set that including 
only all passeriform bird species reported as breeding within the boundaries of the 
Palearctic Region we analysed the geographic distribution of species richness and hotspot 
regions. We describe the range-size frequency distribution and patterns of diversity and 
distribution of Palearctic passeriform birds, showing different ways in mapping species 
diversity. 
 
In Chapter 3 we explore the pattern of species richness in songbirds further, by taking into 
account the range sizes of the different taxa. We explore the performance of the Mid-
domain effect as a null model in explaining biogeographic patterns and conclude that the 
effectiveness, as measured by its predictive power, of these MDE models appear to depend 
on the range-sizes of the taxa relative to the size of the study area.  
 
Chapter 4 focuses on the geographic pattern of secondary contact zones of parapatric 
passerine birds (Passeriformes). We show that these contact zones are not evenly 
distributed across Palearctic Region and are in fact located mainly in south-western, 
northern and central-southern Asia, and in north-western Africa, with a hotspot in the 
Middle East. 
 
In Chapter 5 we focus on the phylogeny of Palearctic wheatears – a taxon in which many 
species hybridise and show parapatric distributions. Based on two mitochondrial genes 
(cytochrome c oxidase subunit I (cox1 or COI), and 16S rRNA) we constructed a 
phylogeny and test how this molecular tree show congruence with a similar tree constructed 
on morphometical data. 
 
In Chapter 6 we use morphological characters and Discriminant Function Analysis to 
assess the hybrid status of an apparent hybrid diver stored in the collection of the ZMA 
since 1890. The Gaviiformes are an order where the incidence of hybridisation reportedly is 
very low; we evaluate the evidence for hybridisation in the order Gaviiformes and conclude 
that hybridisation may be more common than previously assumed. 
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Chapter 7 presents a second case study, this time in a genus in which the species are very 
prone to hybridisation. We report on two hybrids of Lesser x Greater White-fronted Geese 
that were collected on their wintering grounds in England (1936) and Holland (1966). A re-
introduction program using captive-bred Lesser White-fronted Goose in Sweden and 
Finland was recently halted because of the presence of Greater White-fronted Geese 
haplotypes; we demonstrate that hybridisation between these two species did in fact already 
occur prior to the commencement of the captive breeding program. 
 
Chapter 8 presents the results of a study evaluating with the aid of GIS modelling how 
biological and geographical factors correlate with the positioning of present-day hybrid 
zones. 
 
Finally Chapter 9 builts on the argument that since hybridising species or closely related 
species regularly share mitochondrial polymorphisms millions of years old, mitochondrial 
DNA (mtDNA) sequence genetic differences among closely related species will often be 
too small to allow their discrimination to the species-level. Here we critically test the 
performance of three mtDNA genes (cox1, cytochrome b (cob), and 16S) assigning species-
rank in a 8,105 aligned sequence dataset. By including closely related parapatric species 
(including those that hybridise) and including a comprehensive set of species, we evaluate 
the efficiency of these three mtDNA genes in species delimitation. 
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Abstract 
 
A database was created of digitized equal area distribution maps of 3,036 phylogenetic 
species of Palearctic songbirds. Biogeographic patterns are reported for two data sets: (1) 
including all passeriform bird species reported as breeding within the boundaries of our 
study map, (2) passeriform species restricted in their distribution to our study region, thus 
excluding the partly extra-limital taxa. With respect to the data set excluding partly extra-
limital taxa, the average range size is 238 grid cells (grid cell area: 4,062 km2). Analysis of 
the geographic distribution of species richness for the full data set showed several hotspot 
regions, mostly located in mountainous areas. The index of range-size rarity identified 
similar hotspot regions as that for species richness, albeit that the range-size rarity de-
emphasized the central Siberian hotspot. Range-size rarity hotspots that are not evident on 
the measure of species richness concern a great number of islands. Much more prominent 
on the index of range-size rarity are the Atlas Mountains of northern Africa, the Jabal al 
Akhdar region in NE Libya, and the eastern border of the Mediterranean. Restricting the 
analysis of geographic variation to the 25% of the species with smallest ranges resulted in a 
greatly simplified pattern of hotspots.  
 
Keywords: Passeriformes, Palearctic, biogeography, spatial analysis, hotspots  
 
 
Introduction 
 
The Palearctic Region as proposed by Wallace (1876) is currently widely accepted as a 
natural subdivision of the biosphere (cf. Schmidt 1954), comprising a large section of the 
globe; it extends from Iceland to Kamchatka, with its southern border approximately 
located at the Tropic of Cancer (23.5°N). It should be noted that floristic regions may differ 
from the zoogeographically based Sclater–Wallace system (cf. Good 1974; Cox 2001). In 
this study, we accept the Sclater–Wallace Palearctic Region as a biogeographically, and a 
physical-geographically, identifiable and informative subdivision of the biosphere.  

There are now many published works on the distribution of Palearctic birds 
(Hartert 1903–1922; Hartert and Steinbacher 1932–1938; Vaurie 1959, 1965). However, 
this information has yet to be compiled and explored. Previous studies have a far more 
restricted regional scope, and have largely failed to explore the detail with regard to the 
Russian and Asian parts of the Palearctic Region (Molineux 1930–1931; Voous 1960; 
Harrison 1982; Cramp 1977–1994). Our study accumulates and synthesizes this 
information into a data set on the distribution of all species of the entire Palearctic 
passeriform fauna.  

Based on this database, we describe the range-size frequency distribution and 
patterns of diversity and distribution of Palearctic passeriform birds. We present maps 
showing the pattern of: (1) species richness of all passerine birds; (2) species richness of all 
passerine birds endemic to the Palearctic Region; (3) range-size rarity or narrow endemism 
scores (cf. Williams et al. 1996a, b, 2000b) of all passerines endemic to the Palearctic; and 
(4) species richness of the 25% species with smallest ranges that are endemic to the region. 
We use the term 'hotspot' to describe the geographic peaks of species richness and 
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endemism (as measured by indices of range-size rarity) for Palearctic songbirds. When we 
compare our patterns with other studies, the term hotspot will also be used in a more 
general sense for areas with high scores on any measure.  
 
 
Materials and Methods 
 
A database was created of digitized distribution maps of the breeding areas for species of 
Palearctic passeriforms with the help of the computer program WORLDMAP version 4.1 
(Williams 2000a). The geographic distributions were interactively plotted on an equal area 
map of the Palearctic (area: 30°W–170°W, 18°00′N–86°25′N; equivalent cylinder 
projection, equidistant on 55° parallel circle), overlaid by a 1° longitude grid (grid cell area: 
4,062 km2). For analytical purposes, we have included the Cape Verde Islands (traditionally 
considered to form part of the Palearctic) by assigning them a few grid cells in the lower 
left-hand corner of the map, i.e. by moving their position 3° northwards. Birds occurring in 
Greenland, the Philippines, and Alaska were not mapped, as these areas fall outside the 
Palearctic biogeographic region.  

Our database contains many Oriental and Afrotropical species that have their main 
distribution outside the Palearctic and thus exhibit a range that extends beyond the borders 
of our map. Such species are here referred to as `partly extra-limital', where `extra-limital' 
indicates species with ranges wholly beyond the area of interest (cf. Cramp 1977–1994). 
These partly extra-limital species were not treated in the earlier taxonomic studies on the 
Palearctic avifauna. These species are, however, represented in our database since the 
southern boundary of our map is located at 18°N and not at the more traditional latitude for 
the Palearctic, viz. 23.5°N. Omitting these partly extra-limital species from our database 
leaves 2,401 taxa that are restricted in their distribution to the Palearctic Region as well as 
to the confines of our map.  

The construction of the distribution maps was greatly facilitated by a reference 
guide with 5,000 annotated references, including a gazetteer, on the distribution of 
Palearctic birds (C.S. Roselaar, in preparation). Distribution maps for each of the taxa and 
their diagnoses will be published elsewhere (C.S. Roselaar and H. Shirihai, in preparation).  
We have chosen the phylogenetic species concept (sensu Cracraft 1983) as our descriptor 
of species level diversity (see also Sluys and Hazevoet 1999; Sangster et al. 1999; Agapow 
et al. 2004; Agapow and Sluys 2005). Traditionally, ornithologists have applied the 
isolation or biological species concept (e.g., Vaurie 1959) and, as a consequence, have 
recognized a great number of subspecies. In practice, application of the phylogenetic 
species concept implies that many of these traditional subspecies will be elevated to the 
rank of full species (cf. Cracraft 1992). Thus, our full database contains 3,036 maps, one 
for each taxon, i.e. phylogenetic species (see Electronic Supplementary Material for a list 
of these taxa), contrasting with the 537–662 isolation or biological species of passeriforms 
that are traditionally recognized for the Palearctic. The data for the 3,036 maps consist of 
7,99,261 different grid cell presence records in 15,405 grid cells on the map. For the 
determination of range size, a second, more restricted, database was created by omitting the 
maps of partly extra-limital species, i.e. species with distributions that transgress the 
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boundaries of our map. This second database contains 2,401 taxa, comprising 6,80,586 
different grid cell presence records in 14,714 grid cells.  

Since our data were assembled from several sources and sampling effects are 
inherent in any distributional study, it is important to distinguish between unrecorded 
presences of a species and true absences. For many West European countries, breeding 
distribution atlases are available, generally presenting the data with codings for “certain 
breeding,” “probable breeding,” “possible breeding,” and true absences. Such atlases are 
not available for North Africa, European Russia, and many Asiatic countries, and 
distribution here was assessed by plotting data obtained from specimen labels and primary 
literature, using four codings: “certain breeding” (nest with eggs or nestlings found) and 
“probable breeding” (species frequently encountered while singing or displaying in suitable 
habitat in breeding season), comparable with the same codings in West European breeding 
atlases. The third type of coding, “inferred breeding,” was obtained through interpolation, 
i.e. by extending the distributional range up to 5 grid squares distant from a “certain” or 
“probable” data point/grid cell as far as suitable habitat reached. A fourth coding, “possible 
breeding,” was used for observations or skins obtained in the breeding season in areas for 
which no suitable habitat is thought to exist and which are remote from “certain” grid cells. 
In our WORLDMAP analyses, we included the codings “breeding” and “probable 
breeding,” and “inferred breeding”, but not that for “possible breeding.” The codings are 
visualized by separate colours on the individual maps, but are not represented on the 
summarizing maps presented in this paper. Thus, the procedure followed by us implies that 
we used two different sampling regimes, one where we relied on atlases and another one 
where we assessed the extent of occurrence.  

Habitat data were obtained from the detailed map of Dyuzheva (1973) for the 
former Soviet Union, and from habitat maps in local bird literature for other countries.  
We describe patterns of diversity by two measures, viz. species richness and narrow 
endemism or range-size rarity. Hotspots of species richness are chosen by counting the 
numbers of species in each grid cell, subsequently ranking the cells by this count, and 
selecting the higher scoring cells (Williams 2000a). Hotspots of range-size rarity are 
determined by calculating the sum of the inverse of the range sizes (Williams 2000a). A 
species recorded from 1 cell has the maximum weight of 1, a species occurring in 10 cells 
scores 0.1, from 100 cells 0.01, etc. For each grid cell, the weights are added up for all 
species occurring in this cell. Effectively, this measure gives greater weight to the most 
restricted species, with the widespread species having little effect on the scores (Williams 
2000b).  

Terborgh and Winter (1983), Bibby et al. (1992), Long et al. (1996), and 
Stattersfield et al. (1998) defined as narrow endemics birds with range sizes of less than 
50,000 km2 and found that 25–27% of all analyzed birds fell in this category. However, 
endemism is a relative concept and therefore we refrained from applying an absolute 
threshold of range-size and instead identified the rare quartile (25%) of species with most 
restricted distributions, determined by numbers of occupied grid cells (cf. Williams et al. 
1996a, 2000a).  

For mapping our diversity patterns, we have used the equal frequency option in 
WORLDMAP. The equal-frequency scale maximizes discrimination among areas on the 
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map (by giving near-equal area to each colour), in some cases giving greater emphasis to 
some of the smaller differences among scores.  
 
 
Results 
 
Range sizes 
For the database with 2,401 taxa (excluding partly extra-limital species) we examined the 
range sizes among the phylogenetic species. The frequency distribution of the geographic 
breeding ranges among species shows that the taxa occupy ranges varying from 1 to 5,613 
grid cells (Fig. 2.1). The average range size is 238 grid cells. However, this average is 
strongly influenced by the relatively few taxa that have an extraordinarily large area of 
distribution, with only 7% of the taxa having a range size comprising 1,000 or more grid 
cells. The effect of these relatively few outliers is illustrated by the fact that 25% of the taxa 
have a range size that lies between 1 and 27 grid cells, 50% of the taxa have an area of 
distribution covering 1–89 grid cells, and that 75% of the taxa have a range size that lies 
mostly near or below the average, in that it varies between 1 and 256 occupied grid cells.  
 

 
 
Figure 2.1 Frequency distribution of range sizes of Palearctic passerine birds. Taxa examined exclude 

partly extra-limital species. Range size expressed as number of occupied grid cells on the 
map, with each cell covering 4,062 km2  

 
Species richness 
The geographic distribution of species richness among 1° longitude grid cells in the full 
data set is shown in Fig. 2.2. In the equal-frequency analysis (Fig. 2.2), a characteristic 
horseshoe-shaped area with hotspots follows the mountain chain of the Himalayas, 
extending west to north Pakistan and from thereon north to the Pamir, Alai, and Tien Shan 
ranges. The other, eastern part of this horseshoe-shaped region of hotspots curves from  
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Figure 2.2 Map of species richness among equal area grid cells in the full data set (3,036 taxa) of 

Palearctic songbirds.  
 
 

 
 
Figure 2.3 Map of species richness among equal area grid cells in the data set of Palearctic songbirds 

excluding partly extra-limital species.  
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Yunnan northwards to the mountains fringing the Red Basin of Sichuan and further north to 
the mountains of southwest Gansu and southern Shaanxi. A large and broad hotspot area 
extends from Yunnan south through the mountains of Myanmar, Thailand, Laos, and 
northwest Vietnam.  

A major peak in richness is located in central Siberia, comprising a large area 
formed by the mountains of the Altai–Sayan–Khamar Daban system. Other regions with 
high levels of richness follow the Elburz Mountain range directly south of the Caspian Sea, 
curving northwestwards towards another species-rich region centered on the Caucasus and 
the mountains of southern and eastern Turkey, and with the eastern section of the Elburz 
area via the Kopet Dag mountains almost touching the Hindu Kush extension of the 
Himalayan region. In Europe, the most species-rich areas are located on the Balkan 
Peninsula, more or less centred on Macedonia.  

When partly extra-limital species are excluded from the analysis, the patterns of 
geographic variation in species richness remain basically the same, except for the 
southeastern part of the area (Fig. 2.3). Since most of the partly extra-limital species occur 
in the Ethiopian and Oriental Regions, the restricted database de-emphasizes the large 
hotspot region in Southeast Asia (Myanmar, etc.) found by the full data set.  
 
Range-size rarity 
In some respects, the index of range-size rarity, applied to the restricted data set with 2,401 
taxa, gives results similar to the one of species richness in that it also identifies as hotspots 
the horseshoe-shaped region centering on the Himalayas and the Pamir–Altai–Tien Shan 
system, the area south of the Caspian Sea, and the Caucasus area (Fig. 2.4). On the other 
hand, the prominent high level of species richness in central Siberia has a low score for the 
measure of range-size rarity. In addition, the range-size rarity measure also identifies peak 
regions that are not evident in the species richness map (Fig. 2.3). In particular, a great 
number of islands are highlighted as hotspots for narrowly endemic species, such as the 
Canaries, Corsica, Sardinia, Cyprus, Taiwan, and Hainan. Islands of considerably larger 
size, such as Japan and Sakhalin, also score relatively highly on the index of range-size 
rarity. The island effect is also apparent in the British Isles, since the scores for Ireland and 
the UK are considerably higher than those for the adjacent continental areas at the same 
latitude.  

However, with respect to this island pattern the following caveat is offered. The 
island pattern may partly reflect the fact that the range-size rarity score is influenced by the 
number of species. The rarity-index, therefore, may not be really comparable between grid 
cells of vastly different number of species. The index will bias islands, which generally 
have fewer species, to have a relatively higher range-size score than comparable mainland 
areas that have a basic level of species richness. 

Another region that is much more prominent on the measure of range-size rarity 
corresponds with the Atlas Mountains of NW Africa. Smaller mainland areas that are 
highlighted are, for example, the Jabal al Akhdar region in northeast Libya, and the eastern 
border of the Mediterranean. 

When the analysis of geographic variation in endemism is restricted to the 25% 
species with the smallest ranges (i.e. the first range-quartile; sensu Williams et al. 1996a, 
2000a), the pattern of hotspots is more pronounced (Fig. 2.5). Regions with high values are  
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Figure 2.4 Map of geographic variation in range-size rarity scores among equal area grid cells in the 

data set of Palearctic songbirds excluding partly extra-limital species.  
 

 
 
Figure 2.5 Map of geographic variation in range-size rarity scores among equal area grid cells for the 

rare quartile of species with most restricted distributions, determined by numbers of 
occupied grid cells; partly extra-limital species are excluded. Three cells showed the 
highest score (65 species, all on Taiwan). 
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again the Himalayas, extending southwards via eastern Assam to the Chin Hills of 
Myanmar and to the mountains of northeast Myanmar and western Yunnan, as well as 
Hainan, Taiwan, Corsica, Sardinia, the Canary Islands, and also to a lesser degree the 
southern border of the Caspian Sea and the eastern border of the Mediterranean. The results 
presented in Fig. 2.5 are based on the analysis of the data set of species endemic to 
Palearctic. However, when the analysis is performed on the entire data set, the results are 
only somewhat different along the southern border of the map. 
 
 
Discussion 
 
Effects 
For Afrotropical birds, De Klerk et al. (2002) demonstrated that biogeographical patterns 
for passerines and non-passerines are similar. Therefore, we presume that the inclusion of 
non-passeriforms in our database will have a limited effect on the outcome of the analyses.  
 
Range-size distribution 
It has been established that there is substantial variation in the sizes of geographic ranges of 
individual species (cf. Brown et al. 1996). In particular, this enormous variation has been 
well documented for vertebrates, with the frequency distribution of range sizes among 
species universally taking the shape of a “hollow curve” (Brown 1995; Brown et al. 1996; 
Gaston 2003), as is the case also in Palearctic passeriforms (Fig. 2.1). The hollow curve 
shape implies that most species have rather small ranges and that only a small percentage of 
species have very large ranges. Anderson (1984) documented this phenomenon for North 
American birds, and other studies found a similarly skewed range-size distribution for the 
New World avifauna (Blackburn and Gaston 1996; Gaston and Blackburn 1997), and for 
parrots (Blackburn et al. 2004).  
 
Comparisons with some other studies 
Humphries et al. (1999) and Williams et al. (2000b) explored spatial patterns in a major 
part of the Western Palearctic for 3,302 vascular plants and in Europe for terrestrial 
vertebrates (including 445 European breeding birds) plus plants, respectively. The 
European hotspot areas identified by Humphries et al. (1999) and Williams et al. (2000b) 
to some extent do match those for the Palearctic passeriforms. For taxon richness, both 
studies found that the richest areas occur in and around the montane areas of central and 
southern Europe (Pyrenees, Alps, Carpathians, Stara Mountains), while diversity is low in 
northern and southern Europe, particularly on the Iberian Peninsula (Humphries et al. 1999; 
Williams et al. 2000b). The pattern for range-size rarity was different in that the emphasis 
had shifted southwards, so that in addition to the hotspots in the montane regions of Europe 
(now including the Dalmatians and the mountains of Croatia, Bosnia-Herzogovina, 
Yugoslavia, Albania, and Greece), hotspots for narrow endemics were located also in 
southeastern Spain (Sierra Nevada), and the islands of Mallorca, Corsica, and Crete.  

By visual inspection, we have compared the patterns of the Palearctic songbirds 
with the hotspot areas identified by Mittermeier et al. (1999, 2004) that fall within the 
boundaries of our study area. Considerable agreement exists in the selection of the 
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Caucasus, Israel and Lebanon, Tyrrhenian Islands (with the exception that Sicily does not 
qualify on the Palearctic passeriforms), Cyprus, Crete, the Atlantic Islands, the Libyan 
“bump,” and sections of Morocco and Algeria. With respect to the Mediterranean Basin, 
our study de-emphasizes Mittermeier’s (1999, 2004) hotspot areas in southern and central 
Greece, and in southern Turkey, while it finds no support for the Maritime Alps.  

The Indo-Burma region of Mittermeier et al. (1999) in large part conforms to our 
hotspot region in that part of the world. However, Palearctic songbirds suggest that this 
hotspot area does not end in Nepal, as suggested in Mittermeier et al. (1999), but extends 
much farther northwestwards (see Figs. 2.3, 2.4, 2.5), a result that conforms to Mittermeier 
et al. (2004). The south-central China hotspot region of Mittermeier et al. (1999) and the 
Mountains of southwest China hotspot of Mittermeier et al. (2004) cover a considerable 
part of the hotspot region in China suggested by the geographic distribution of Palearctic 
songbirds.  

It is noteworthy that Taiwan did not qualify as a hotspot in the analysis of 
Mittermeier et al. (1999), whereas the Palearctic passeriforms identify this island as a 
hotspot on most indices of biodiversity used in the present study. Mittermeier et al. (2004) 
introduced Taiwan as an area worthy to be incorporated into a global conservation strategy.  
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Abstract 
 
In the study of diversity patterns, the Mid-domain effect (MDE), which explains gradients 
in diversity solely on the basis of geometric constraints, has emerged as a null-model 
against which other hypotheses can be tested. The effectiveness, measured by its predictive 
power, of these MDE models appears to depend on the size of the study area and the range-
sizes of the taxa considered. Here we test the predictive power of MDE on the species 
richness patterns of birds and assess its effectiveness for a variety of species range sizes. 
We digitised distribution maps of 889 species of songbird endemic to the Palearctic, and 
analysed the emergent biogeographic patterns with WORLDMAP software. MDE had a 
predictive power of 20% when all songbirds were included. Major hotspots were located 
south of the area where MDE predicted the highest species-richness, and some of the 
observed coldspots were in the centre of the Palearctic, contradicting the predictions of the 
MDE. MDE had little explanatory power (3–19%) for all but the largest range sizes, 
whereas MDE performed equal or better for the large-ranged species (20-34%) compared 
to the overall model. Overall MDE did not accurate explain species-richness patterns in 
Palearctic songbirds. Subsets of larger-range species did not always have a larger predictive 
power than smaller-range species or the overall model. Despite their low predictive power, 
MDE models can have a role to play in explaining biogeographic patterns but other 
variables need to be included in the model as well. 
 
Keywords: Aves, Passeriformes, Mid-domain effect, geographic range size 
 
 
Introduction 
 
Species are not evenly distributed on the surface of earth. Although this knowledge dates 
back centuries (e.g., Wallace 1878), explaining and identifying the patterns of geographical 
distribution of species diversity both in space and time remains a fruitful area of research 
(e.g. van Weers 2005; Veith et al. 2006). Over the last decades more than 30 evolutionary 
and ecological hypotheses (Hawkins et al. 2003) have been postulated to account for 
diversity gradients and species richness, of which Rahbek and Graves (2001) and Whittaker 
et al. (2001) identified five as “credible hypotheses”, centring on: (1) gradients in the effect 
of energy availability (Wright 1983; Currie 1991), (2) habitat heterogeneity (Rahbek and 
Graves 2001), (3) area per se (Schoener 1976; Rosenzweig 1995), (4) evolutionary time 
(Ricklefs et al. 1999), and (5) geometric constraints (Colwell and Hurtt 1994; Willig and 
Lyons 1998; Colwell and Lees 2000; Brehm et al. 2007; McCain et al. 2007). 

As the most prominent representative of the fifth category above, the mid-domain 
effect (MDE) provides explanations of gradients in species diversity based solely on 
geometric constraint on species ranges, without the incorporation of underlying biological 
mechanisms, and thus can serve as a null-model against which other hypotheses can be 
tested. Under the MDE model, a mid-domain peak in richness is generated in the centre of 
the domain purely by chance, as this is the area where there is an increasing overlap in 
species ranges. The initial models of the mid-domain effect were constructed in uni-
dimensional space and in the context of a latitudinal gradient in diversity (and associated 
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Rapoport effect, i.e., a decrease in species range sizes towards the equator). Bokma and 
Monkkonen (2000) extended this analytical model to cover the distribution of species by 
taking account of both latitudinal and longitudinal dimensions. As such, these bi-
dimensional models have been tested with different taxa and in different continental and 
inter-continental settings with varying degrees of success (reviewed by Colwell et al. 
2004). 

MDE model predictions depend critically on the range size frequency distribution 
of individual species within the domain. In general, the range overlap produces a pattern of 
increasing species richness from the boundaries toward the centre of the domain, and if the 
ratio of maximum attainable range size to domain size increases the MDE increases and 
tends to converge towards a parabolic pattern (Colwell and Hurtt 1994; Lees et al. 1999; 
Zapata et al. 2003). Large-ranged species necessarily overlap in the middle of the domain 
whereas small-ranged species are unobstructed by geometric constraints and are free to 
occur virtually anywhere within the domain (Colwell et al. 2004). Thus, MDE are 
hypothesised to explain a larger proportion of the observed variation for large-ranged 
species than small-ranged species. Hence, when large-ranged species are excluded from 
analysis, it is hypothesised that the MDE models will be a weak predictor for the observed 
pattern of species richness in the remaining (small-ranged) species (Colwell and Lees 
2000). 

In birds, theoretical and empirical evidence for MDE has been obtained for a 
variety of taxa on different continents (Jetz and Rahbek 2001, 2002; Hawkins and Diniz-
Filho 2002; Diniz-Filho et al. 2003; Colwell et al. 2004). These analyses have shown that, 
at least for birds, the predictive power of bi-dimensional MDE models explains less than a 
quarter of the observed variation, whereas models that invoke environmental factors 
typically explain over three-quarters of the observed variation (Balmford et al. 2001; Boone 
and Krohn 2000; Hawkins and Diniz-Filho 2002). 

Here we test a bi-dimensional MDE model on the geographic pattern of species 
richness of songbirds (Passeriformes) in the Palearctic Region. Its large size, heterogeneous 
environment and the large number of songbirds occurring in the Palearctic Region make it 
an interesting test-case to assess the predictive power of the MDE models. MDE models are 
predicted to perform best in homogenous, single-biome domains in which a substantial 
proportion of the species have ranges more than half the size of the domain (Lees et al. 
1999; Colwell et al. 2004, 2005). The Palearctic Region is arguably the most climatically 
and topographically diverse heterogeneous landmass on the planet, with relatively few 
birds having large distribution ranges, making it an excellent case for testing the 
performance of MDE models. Furthermore, we test the effect of species-range sizes on how 
well the MDE performs using two different approaches. 
 
 
Materials and Methods 
 
The data set 
The full database consists of breeding distribution maps for all 1108 traditional biological 
or isolation species (3032 taxa in total, i.e. species and subspecies) of songbirds in the 
Palearctic Region (Europe, N. Africa and Asia: 30o–170oW, 86o–18oN), which have been 
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digitized using WORLDMAP software (Williams 2000a), identical to that in Aliabadian et 
al. (2005) and Roselaar et al. (2007). The geographic distributions were plotted over a one 
degree longitude equal area map (grid-cell area: 4,062 km2) of the Palearctic Region. The 
distribution data were compiled from standard reference works, supplemented by data 
obtained from numerous zoological collections (see Roselaar et al. 2007). Nomenclature 
and taxonomy follows Roselaar and Shirihai (in prep.). 

The empirical diversity gradient was generated by recording whenever a grid cell 
was within the reported range of a species. Since the logic of the MDE hypothesis assumes 
that species ranges are found entirely within the domain we limited our analysis to those 
taxa whose breeding ranges are confined to the Palearctic Region, the so-called Palearctic 
endemics. This data set contains 889 biological species comprising 680,586 presence 
records across 14,714 grid-cells. 

To explore the role of range size frequency distribution on geometric constraints 
we applied the following two approaches that have been used previously, i.e. by Diniz-
Filho and colleagues and by Jetz and Rahbek.  

(1) Hawkins and Diniz-Filho (2002) and Rangel and Diniz-Filho (2003) classified 
species ranges into three classes based on the percentage of all sample points occupied by 
individual species, i.e. small (<25% of all sample points), medium (26-50%), and large 
(>50%). Following this approach we classified the 680586 species presence records of 
breeding songbirds across 14714 grid cells into small-range species (n = 846), medium-
range species (n = 36), and large-range species (n = 7).  

(2) Jetz and Rahbek (2001; see also Rahbek et al. 2007) classified species into one 
of four equal-interval classes. Following these quartile range sizes, Palearctic songbirds 
were classified from first to fourth quartile range sizes, each containing about 222 species 
with <81, 82-235, 236-767, and >768 grid-cells range sizes per quartile, respectively. 
 
Null model 
The predictions of the mid-domain effect have been tested by a variety of null models, 
including fully stochastic distribution and both range and midpoint–constrained models 
(Colwell et al. 2004). To avoid an artificial reduction in dimensionality, which imposes a 
simplification of the patterns and a concomitant loss of information (Bokma et al. 2001), 
we tested observed pattern of species richness with a bi-dimensional model. The species 
richness for each point of the grid cells (P) is estimated by a pure stochastic process, and is 
a function of its position relative to boundaries across northern (p), southern (q), western 
(r), and eastern (t) end points of a domain. The species richness expected at P is then given 
by 4pqstS, where S is the total species richness in the domain (Bokma et al. 2001). Under 
this model some areas like peninsular regions, which do not contact the main body of the 
landmass, will show a large expected diversity because the value of p, q, r, and t are 
calculated from each point to the immediate boundaries and not the entire landmass. To 
reduce the peninsular diversity peaks, we followed the ‘area corrected’ version of Willig 
and Lyons (1998), taking the absolute distance of a point to the Palearctic border into 
account (Hawkins and Diniz-Filho 2002). Then the p, q, r, and t proportions in the null 
model were estimated for each point of the grid based on the maximum N-S and E-W axes.  
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Statistical analysis 
Biogeographical data, such as species richness, which are derived from geographical range 
maps, are not independent and tend to be strongly spatially auto-correlated (Diniz-Filho et 
al. 2002, 2003; Legendre et al. 2002). As such there is a serious overestimate of the degrees 
of freedom and therefore the significance levels of the regression coefficient are raised 
upward, in essence making significance tests too liberal (Diniz-Filho et al. 2003). As to 
preclude this we restrict our comparisons to coefficient of determination (R2) of linear 
regression (rs), without presenting significance levels between observed and expected 
species richness at each grid cells of the Palearctic map (cf Jetz and Rahbek 2001; Williams 
et al. 2006). Following Aliabadian et al. (2005) values in the null model were only 
calculated for those grid cells that were actually occupied by one or more species in the real 
data set; this approach is conservative because any MDE prediction of the presence of 
species in other grid cells would lower the fit of the model. 
 
 
Results 
 
Species richness patterns of all breeding songbirds recorded within the boundaries of the 
Palearctic (n = 1108 species) and species endemic to the Palearctic (n = 889) are highly 
correlated (rs = 91%). Since most of the extra-limital species occur in the Ethiopian and 
Oriental Regions, the Palearctic endemics dataset de-emphasizes the hotspot in Southeast 
Asia. In both analyses, major hotspots are located in the area from the Caspain Sea Basin 
extending northeastwards to Hindu-Kush, Pamir, Tien-Shan, and Altai, as well as in central 
Siberia. Smaller hotspots occur south of the Caspian Sea, curving northwestwards towards 
the Caucasus and the mountains of southern and eastern Turkey. In Western Europe, a 
hotspot occurs on the Balkan Peninsula (Fig. 3.1a; see also Roselaar et al. 2007). 
The observed pattern of songbirds’ richness clearly varied from that predicted by geometric 
constraints (Fig. 3.1b), which placed the highest species richness in the centre of the 
Palearctic, corresponding to the Gobi desert, Altai and Tien-Shan systems, with a gradual 
decrease when departing from the midpoint of the Palearctic. For all Palearctic endemics 
MDE explains 20.0% of variation in species richness.  

 

  
a)     b) 
 
Figure 3.1 Observed (a) and simulated (b) patterns of species richness for all Palearctic endemic 

songbirds (for further explanation, see text). 
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a)      d) 

   
b)      e) 

  
c)     f)       

      
     g) 
 
Figure 3.2 Species richness pattern of the Palearctic endemics songbirds. a) small-range species (n = 

846, 67.5% records); b) medium-ranged species (n = 36, 24.2% records); c) large-range 
species (n = 7, 8.4% records); d) first quartile range species (n = 223, 1.1% records); e) 
second quartile range species (n = 222, 4.8% records); f) third quartile range species (n = 
222, 14.3% records); g) fourth quartile range species (n = 222, 79.86% records). 
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Table 3.1 Results of linear regressions of observed species richness in songbirds, using distinct parts 
of the species pool (n), against the proportion of the species pool expected under area-
corrected bi-dimensional MDE model. Subdivisions into small-, medium- and large range 
species, and first to forth quartile species follow Hawkins and Diniz-Filho (2002) and Jetz 
and Rahbek (2001), respectively. 

 
Subdivision 
 

Species (n) Gridcells 
occupied (%) 

Correlation with 
Palearctic endemics (rs) 

Mid-Domain 
Effect (R²) 

Palearctic endemics 889 100 1 19.95 
     
Small-range species 846 67.46 0.97 9.07 
Medium-range sp.  36 24.18 0.84 18.87 
Large-range sp. 7 8.35 0.87 19.66 
     
First quartile species 223 1.07 0.39 3.45 
Second q. sp. 222 4.78 0.46 3.66 
Third q. sp. 222 14.29 0.62 3.40 
Forth q. sp. 222 79.86 0.90 34.33 

 
The predictive power of the MDE decreases with smaller range sizes, ranging 

from 20.0% for large-range species to 18.9 and 9.1% for medium-range and small-range 
species, respectively (Table 3.1; Fig. 3.2abc). The observed pattern of species richness for 
all Palearctic endemics is most strongly correlated with that of the small-range species, and 
less so for medium-range and large-range species (Table 3.1). Hotspot patterns for the 
small-range and medium-range species differ qualitatively from the large-range species, 
with an increasing emphasis on northern and western regions. 

Partitioning the songbirds into range size quartiles, it is clear that the pattern of 
species richness for the fourth-quartile species (i.e. those with the largest ranges) (Fig. 3.2g) 
differ qualitatively from that of the first-, second- and third–quartile species (Fig. 3.2def). 
For the latter species, hotspots are located mainly in Southeast Asia and gradually move 
northwestwards from the first-, to the third–quartile species. The fourth-quartile species, in 
contrast, do not show a hotspot in Southeast Asia but only in central Siberia and Europe. 
The predictive power of MDE is low for the first-, second- and third-quartile range species, 
whereas MDE explains about a third of the observed variation in the fourth-quartile species  

(Table 3.1). The observed pattern of species richness for all Palearctic endemics is 
weakly correlated with that of the first-quartile species, and increases progressively with 
increasing range-sizes (Table 3.1). 
 
 
Discussion 
 
Under a geographic constraint model such as MDE, species richness is expected to be 
highest in the central Palearctic with a gradual decrease towards the continental edges. Our 
data of the songbirds, however, shows that hotspots of species richness are not only located 
in the central parts of the Palearctic but also in southwestern Asia, southern Europe, and 
especially Southeast Asia. Within these regions especially mountain areas contain high 
numbers of species, with hotspots clearly following the main mountain ranges (cf. Roselaar 
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et al. 2007; Aliabadian et al. 2005). Moreover, some of the coldspots observed in the 
songbird distribution are in the centre of the Palearctic and as such contradict the 
predictions from the MDE model. Overall, the MDE had a low explanatory power of 
around 20% for almost 900 species of songbirds endemic to the Palearctic Region. 

Geometric constraints are expected to affect the distribution of large-ranged 
species more than they affect small-ranged species as species with small ranges are free to 
occur (or not to occur) virtually anywhere within the domain, whereas range centres of 
large-ranged species must cluster near mid-domain (Colwell et al. 2004). In other words, 
the strength of the MDE decreases and tends to converge towards a uniform pattern as the 
ratio of maximum attainable range size to domain size decreases (Zapata et al. 2003).  

We assessed the effects of species range sizes on the MDE by creating different 
range-size classes, one based on number of occupied grid-cells and one based on range-size 
quartiles. In the first approach, small-ranged species show a species-richness pattern similar 
to that of all Palearctic songbirds but the explanatory power of MDE was halved. The 
medium- and large ranged species made up only a small part of the overall species pool, 
and although the explanatory power of MDE was better than that of the small-ranged 
species, unlike Hawkins and Diniz-Filho’s analysis (2002), it did not perform better than 
when all endemic Palearctic songbirds were included. Following a second approach, based 
on range-size quartiles, similar to Jetz and Rahbek (2002) we found that although MDE had 
little explanatory power for the first- to third-quartile species, MDE performed well for the 
fourth-quartile range sizes. In fact, it clearly outperformed the all endemic Palearctic 
songbirds dataset, and confirms the notion that MDE performs best for species with large 
ranges (Colwell and Hurtt 1994; Lees et al. 1999). As such the two approaches led to 
different results suggesting that how large or small range species are defined is an 
important factor when testing the MDE. As noted by Lees et al. (1999) and Colwell et al. 
(2004, 2005), MDE models are predicted to perform best in homogenous, single-biome 
domains in which a substantial proportion of the species have ranges more than half the 
size of the domain, and this is clearly not the case with songbirds in the Palearctic (with 
many species with narrow ranges and geographically great climatic and topographic 
variability). 

Much attention has been paid to the distribution patterns of restricted range species 
or centres of endemism, as these are important from a conservation perspective (e.g., 
Stattersfield et al. 1998; Mittermeier et al. 1999) or from an evolutionary and 
biogeographical perspective (Jetz et al. 2004; Orme et al. 2005). What defines a restricted 
range species differs between studies, but in general it refers to species that have a 
distribution or breeding range below a certain threshold, ranging from 50,000 km2 
(Stattersfield et al. 1998) to c. 960,000 km2 (Dillon and Fjeldså 2005). For Palearctic 
songbirds, the distribution pattern of first-quartile range species (with a breeding range of 
<325,000 km2) can thus be considered the distribution pattern of centres of endemism. 

In interpreting patterns of species distributions these centres of endemism have 
repeatedly been regarded as areas where the overall species richness is higher than 
elsewhere, regardless of the particular restricted range species within them (Jetz et al. 
2004). Jetz et al. (2004) found supportive evidence for the hypothesis that centres of  
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Figure 3.3 Observed pattern of species richness of Palearctic songbirds excluding restricted-range 
species, showing that restricted-range species hotspots are also disproportional rich in 
non-restricted-range species (see text for details). 

 
endemism indeed do contain an unexpectedly greater number of species than other regions 
in Sub-Saharan African birds and found that environmental factors such as productivity are 
a better predictor for the observed patterns than MDE. We showed that MDE is a poor 
predictor for patterns of restricted range species (Table 3.1). In the Palearctic, all restricted 
range species hotspots are also hotspots of overall species richness (compare Fig. 3.2d with 
1a). Subtracting the restricted range species from the overall species pool does not alter the 
pattern of species richness (Fig. 3.3), confirming the observation that centres of endemism 
indeed do contain a larger than average number of species. 

Our analysis revealed a distinctly uneven geographical distribution of songbirds in 
the Palearctic Region, irrespective of the range size classes included or excluded. This may 
be related to its large climatic and topographic heterogeneity. In general MDE failed to 
explain a significant proportion of the observed variation, although for selected subsets of 
large-range species the explanatory power was larger than in other subsets. However, not 
even in the best subset MDE did not explain more than 35% of the variance. Hawkins and 
Diniz-Filho (2002) and Zapata et al. (2003) concluded that (1) there were both theoretical 
and empirical arguments undermining the validity of the hypothesis behind the MDE, (2) 
MDE models had failed to predict the observed patterns of species richness in a variety of 
taxa, and (3) that the practical usefulness of MDE models were limited. Despite these 
conclusions, we agree with Colwell et al. (2005), that process-based models (e.g., Connolly 
2005; Davies et al. 2005; Rangel and Diniz-Filho 2005) that mechanistically integrate 
geometric constraints with environmental gradients and/or evolutionary processes in 
bounded domains offer a way forward from the correlative approaches of both classic MDE 
analyses and conventional, regression-based analyses of richness in relation to 
environmental variables. 
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Abstract 
 
Birds are known to be a group rich in pairs of closely related species that have parapatric or 
allopatric distributions with relatively narrow contact zones. Here we analyse the 
geographical distribution of these contact zones for parapatric species pairs of passerine 
birds of the Palearctic Region. Their contact zones are located mainly in south-western, 
northern and central-southern Asia, and in north-western Africa, with a hotspot in the 
Middle East. A mid-domain effect (MDE) null model where contact zone hotspots are a 
neutral correlate of continental geometry had a low explanatory power of 3.8 %; the 
observed distribution of contact zones was not sufficiently predicted. Hypotheses involving 
range contractions and secondary contact in areas of high topographic and habitat diversity 
may offer more convincing explanations and offer promising perspectives for future 
studies.  
 
Keywords: Passeriformes, contact zone, Mid-domain effect, parapatry, Palearctic 
 
 
Introduction 
 
Evolutionary biologists have long recognized the importance of documenting contact zones 
of related species of organisms (Mayr 1963). The data derived from such studies contribute 
to the understanding of processes of speciation, dispersal and vicariance. Contact zones 
usually are defined as the meeting area of pairs of closely related species, implying a 
degree of congruence in their separate distribution (Short 1969). These areas have been 
most frequently reported in birds (Dixon 1989), representing major zones of biogeographic 
discontinuity among western and eastern taxa and probably current or former barriers 
(Haffer 1997). 

A plethora of hypotheses have been suggested to explain the pattern and causes of 
contact zones, mainly concentrating on historical interpretations such as the refuge, river–
refuge and disturbance-vicariance hypothesis (Haffer 1977, 1997; Haffer and Prance 2001). 
Based on cursorial observations, Haffer (1977, 1992) and Vaurie (1954-1965) found that 
contact zones of parapatric passerine birds (order Passeriformes) appear to be more 
common than average in the Middle East. The refuge theory (Haffer 1977; Haffer and 
Prance 2001) explains this pattern by assuming that the species involved survived the 
preceeding cold-arid climatic phase of the last glacial stage in moist refuges, and that the 
Middle East with its high diversity of habitat and a fast clinal habitat variation along steep 
clines provides ideal opportunities for secondary contact. 

A high diversity of species in the central area of a continent, such as the Middle 
East, is also predicted by the mid-domain effect (MDE), as set out by Colwell and Lees 
(2000). MDE explains species gradients based solely on geometric constraints on species 
ranges, independent of all evolutionary and environmental features, leading to a peak in 
range overlap among species in the centre of a geographic area (Colwell and Hurtt 1994). 
Such increased range overlap could influence also the distribution of hybrid zones. 

We here used passerines, the most species-rich clade of birds with over 5700 
species in 96 families (60% of the world avifauna), as a model group to explore the 
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distribution of contact zones in the Palearctic. Geographical areas of distributional overlap 
were calculated from newly compiled distribution maps of parapatric species pairs. Our 
goals were (a) to test the hypothesis of increased occurrence of contact zones in the Middle 
East and (b) whether the distribution of these zones in the Palearctic can be explained as a 
neutral correlate of continental geometry or whether a historical or ecological explanation 
need to be invoked. 
 
 
Materials and Methods 
 
The study area encompasses the whole of the Palearctic Region (Europe, N. Africa and 
Asia: 30 oW – 170 oW, 86 o25´N – 18 o00´N) (Land area = 54.1 million km2). Parapatric 
species pairs were identified as species with contiguous or narrow overlap zones, excluding 
each other geographically and with no or restricted hybridisation along their contact zones 
(Haffer 1992). Lists of parapatric species pairs of passerine birds in this area were available 
from the works of Haffer (1977, 1992). Records of hybridisation among these species were 
compiled from Bures et al. (2002) and Randler (2002) (Appendix 4.1). Nomenclature and 
taxonomy follows Roselaar and Shirihai (in prep.). Separate analyses were carried out for 
species pairs that do and do not hybridise, respectively, in order to exclude possible 
artifacts originating by the definition of species pairs, but similar hotspot patterns were 
recovered in both cases (compare Fig. 4.1 with 8.1). 

A database was created of digitized distribution maps for the species studied with 
the help of the computer program WORLDMAP version 4.1 (Williams 2000a). The 
geographic distributions were interactively plotted on an equal area map of the Palearctic 
(equivalent cylinder projection, equidistant on 55o parallel circle), overlaid by a 1 x 1 
degree grid (grid cell area: 4,062 km2). For all parapatric passerine species pairs we 
compiled distribution maps based on various literature sources, supplemented by data 
obtained from numerous zoological collections (these maps will be published in 
forthcoming studies). We produced combined maps for the two taxa of each species pair 
and extracted the overlap of their distribution areas as a new map. The contact zones of all 
species pairs considered herein were subsequently combined and their geographic 
distribution analysed.  

To examine the effect of the continental edge on the distribution of contact zones 
in the Palearctic and Middle East, we used the ‘area corrected’ version of the two 
dimensional simulation model (Bokma et al. 2001; Hawkins and Diniz-Filho 2002). Based 
on this stochastic model the species richness at a point P is a function of its distance to 
northern (p), southern (q), western (r), and eastern (t) of a continental boundaries. The 
species richness in P is then given by 4pqrtS, where S is the species pool (in this case equal 
to the 52 contact zones). These values in the null model were estimated from each point to 
the maximum north–south and east-west axes. Values were only calculated for those grid 
cells included in one or more hybrid zones in the real data set; this approach is conservative 
because any MDE prediction of a contact zone in other grid cells would lower the fit of the 
model. Coefficients of determination (R2) of linear regression were used to evaluate the 
relationship between the observed contact zones richness at each sample point and the 
prediction obtained by the geometric model. 
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Results  
 
We identified 98 species (52 species pairs) of passerines that make contact in the Palearctic 
Region (Appendix 4.1). A relative large proportion of these species pairs (37%) hybridise 
in their contact zones. The combined land area of one or more contact zones covers 23% of 
the Palearctic. Although contact zones occur over a large part of the Palearctic, they are not 
evenly distributed in space (Fig. 4.1). The contact zone richness is highest along the 
mountain chains of the Caucasus, Taurus, Zagros, Alborz (south-west Asia), Atlas (north-
west Africa), Hindu Kush, Pamir, Tienshan, and Altai (north-central Asia), and Himalaya 
(south-central Asia). Six hotspots covering 2% of the Palearctic harbour some 55% of all 
species pairs, whereas the two hottest grid cells, including 8 and 9 species pairs, cover only 
about 8000 km2 in the Middle East (Kopet Dag, north-east Iran) (Appendix 4.2). Analyses 
that included or excluded altitudinal or vertical parapatric species pairs (Haffer 1992) 
showed the same general pattern and are highly correlated (R2 = 0.675, P < 0.0001) (Fig. 
4.2). 

The mean size of the contact zones is 0.53 x 106 km2 (± 0.08 x 106 km2, n = 52 
species pairs). The maximum (3.02 x 106 km2) and minimum (12.19 x 103 km2) range of 
overlap zones are formed by the Common redpoll, Carduelis flanmea x the Hoary redpoll, 
C. hornemanni in Siberia and the White-throated tit, Aegithalos niveogularis x the Black–
browed tit, A. iouschistos species pairs in Nepal, respectively.  

The spatial pattern of the contact zones clearly varied from that predicted by 
geometric models (Fig. 4.3), and the coefficient of determination from a standard 
regression analysis is low (R2 = 0.038, P < 0.0001). The predicted hotspots are in north-
central Asia, including Mongolia, Kazakhstan, southern Russia and northern China. 
 
 
Discussion 

 
Our analysis reveals a distinctly uneven geographical distribution of contact zones of 
passerine birds in the Palearctic Region and confirms the hypothesis of a contact zone 
hotspot in the Middle East. The further hotspot areas in central-northern Asia are in 
apparent agreement with the prediction of the MDE (Fig. 4.3), but the geometric model 
fails to predict the high number of contact zones in south-western Asia, southern Europe 
north-western Africa, and especially in the Middle East. Despite possessing a statistically 
significant fit to the real data, the MDE has a low explanatory power and accounts for only 
3.8% of the variance across all contact zones. This agrees with other bi-dimensional 
analyses in which the coefficient of determination ranged from 5% -26% (Bokma et al. 
2001; Jetz and Rahbek 2001; Diniz-Filho et al. 2002; Hawkins and Diniz-Filho 2002; 
Rangel and Diniz-Filho 2003), whereas other topographical predictors in similar analyses 
of regional-scale diversity typically generate coefficients of determination greater than 70% 
(Boone and Krohn 2000; Balmford et al. 2001; Hawkins and Diniz-Filho 2002). Hence, we 
conclude that a random overlap of constrained geographical ranges cannot fully account for 
the observed pattern of passerine bird contact zones in the Palearctic. 
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Figure 4.1 Hotspots of contact zones of species pairs of passerine birds in the Palearctic Region (for 

further explanation see text). 
 
 
 

 
Figure 4.2 Hotspots of contact zones of passerines excluding altitudinal or vertical parapatric species 

pairs in the Palearctic Region (for further explanation see text). 
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Figure 4.3 Prediction pattern of contact zones, using the area–corrected bi-dimensional model for 

passerine birds in the Palearctic Region (for further explanation see text). 
 
The Refuge theory of (Haffer 1977; Haffer and Prance 2001) offers an alternative 

explanation according to which the distribution history of passerines has been severely 
influenced by climatic and vegetational fluctuation during the Quaternary period. The 
successive expansions and contractions of species ranges and the rearrangement of species 
assemblages would have established secondary contact zones in north-west and south-west 
Asia in mixed deciduous and coniferous forests (Caucasus, Turkestan, Afghanistan), and 
juniper woodlands (Iran, Turkmenistan, Tajikistan, China). The question of why these 
contact zones are concentrated in the Middle East will be explored in future studies by 
examining possible relationship between geographical distribution of habitat and 
topographic diversity on one hand and the location of hotspot contact zones on the other 
hand. 
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Abstract 
 
Wheatears of the genus Oenanthe are birds specialized to desert ecosystems in the 
Palearctic Region from Morocco to China. Although they have been the subject of many 
morphological and ecological studies, no molecular data have been used to elucidate their 
phylogenetic relationships, and, their relationships are still debated. Here we use DNA 
sequences of 1180 bp of two mitochondrial genes, 16S rRNA and cytochrome oxidase 
subunit I, from 32 individuals from Middle East and North Africa, and Bayesian methods 
to derive a phylogeny for 11 species of Oenanthe. The resulting tree supported three major 
clades: (A) O. alboniger, O. chrysopygia, O. lugens, O. finschii, O. leucopyga, O. picata, 
O. moesta, (B) O. deserti and O. pleschanka; and (C) O. isabellina and O. oenanthe. These 
results largely differ from previous hypotheses based on analysis of morphological and 
chromatic characters. However, the two clades (B) and (C) were also supported by a 
phenetic analysis of new morphometric data presented here, indicating that characters 
related to colouration and ecology in Oenanthe are more strongly influenced by homoplasy 
than those of body shape.  
 
Keywords: Aves, Passeriformes, Oenanthe, Wheatears, Palearctic, cox1, 16S rRNA  
 
 
Introduction 
 
The wheatears of the genus Oenanthe constitute an important part of the avifauna of the 
arid and desert ecosystems of the Palearctic, where they are often the most conspicuous 
passerines. Although this genus has been the subject of numerous ecological or behavioural 
studies (Cornwallis 1975; Potapova and Panov 1977; Ivanitzky 1980; Loskot 1983; 
Grabovsky and Panov 1992; Panov 2005; Kaboli et al. in press), their taxonomy have been 
only rarely investigated (Panov and Ivanitzky 1975; Loskot 1976; Haffer 1977; Tye 1987, 
1989; Panov 2005). In fact, many species of this genus are poorly known (for example, see 
Cramp 1988; Keith et al. 1992; Panov 1992, 2005). Moreover, species are sometimes 
treated as junior synonyms by some authors but re-validated as clear-cut species by others, 
and some taxa are treated as mere colour morphs (e.g., Dickinson 2003; Panov 2005). As a 
consequence, the actual number of taxa in the genus remains uncertain (Panov 2005). 
Hybridisation between several species, such as O. hispanica and O. pleschanka and O. 
xanthoprymna and O. chrysopygia, add to taxonomical ambiguity (Haffer 1977; Panov and 
Ivanitzky 1975; Aliabadian et al. 2005; Panov 2005). Altogether, 18–22 species of 
wheatears (including 45–47 subspecies) (Cramp 1988; Sibley and Monroe 1990; Keith et 
al. 1992; Monk 1992; Dickinson 2003) are recognised, 15–16 species of which have mainly 
a Palearctic distribution.  

Beyond the problem of species definition, the phylogenetic relationships between 
species remain even more disputed. The complexity of the colour patterns, in particular the 
frequency of polymorphism, together with an apparent homogeneity of the group in body 
shape, behaviour, and regime, obscured many attempts to clarify their systematics. From 
similarities in plumage, Hall and Moreau (1970) grouped the African species of Oenanthe 
into several superspecies whose members are strictly allopatric. Tye (1989) generalized this 
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system to all wheatears, and defined three broad assemblages: (i) a broad group of mostly 
black and white coloured species from northern China to southern Africa including the 
picata superspecies (O. picata, O. lugens, and O. finschii), pileata superspecies (O. pileata, 
O. bottae, and O. isabellina). Oenanthe moesta, O. chrysopygia (as subspecies of O. 
xanthoprymna), and O. deserti, of uncertain relationships, remain isolated but cluster with 
the picata group, (ii) a group of small-sized species from southern Siberia and Europe to 
North-west Africa with pleschanka superspecies (O. pleschanka, O. hispanica), (iii) a 
black–white–grey species-group, from the Holarctic and North Africa, including the 
alboniger superspecies (O. alboniger, O. leucopyga) and O. oenanthe (Fig. 5.1a).  

 
This system relies on the two main assumptions that overall colouration bears a 

phylogenetic signal, and that related species must necessarily be allopatric. Even if 
hybridisation zones between sister-species are of limited extent (e.g., O. hispanica × O. 
pleschanka, O. xanthoprymna × O. chrysopygia), allopatry only concerns the species of 
very recent origin. Due to the large and numerous vegetational changes since the 
differentiation of most species of Oenanthe, current distribution ranges are unlikely to 
coincide with the original ones, and range overlap could occur between species, even 
related, since the time they have initially achieved genetic isolation.  

Another recent attempt to infer the phylogeny of Oenanthe is that of Panov (2005). 
From a set of morphological characters (mainly plumage colouration), but also ecological 
and behavioural characters, and using a non-explicit methodology, he presented a putative  

 
 

 
 
Figure 5.1 Phylogenetic relationships of species in the genus Oenanthe derived from (a) ecological, 

geographical, and morphological characters (Tye 1989) (b) plumage colouration (Panov 
2005). Both trees were modified by excluding taxa not available for molecular analysis. 
The dashed line indicates an alternative placement. 
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scheme of the phylogeny of wheatears with three main groups: (i) three steppe species, 
including O. isabellina and two African species (O. bottae and O. pileata), (ii) the O. 
pleschanka and O. hispanica group, including O. monacha, (iii) the remaining species, 
among which O. oenanthe and O. phillipsi form a subgroup (Fig. 5.1b). In this 
classification, O. deserti remains isolated. However, colour patterns are frequently 
misleading to assess bird relationships (e.g., Crochet et al. 2000; Cibois et al. 2004; Olsson 
et al. 2005); morphological and behavioural characters are suspected to be subject of 
selective pressures and to be largely uncorrelated with phylogeny (e.g., Böhning-Gaese et 
al. 2003), and the interpretation of current distribution patterns to infer between-species 
relationships is delicate. 

In this paper, we look for phylogenetic relationships among 11 species of 
Oenanthe of the Palearctic arid zone from the sequencing of two mtDNA genes. Using the 
partitioned Bayesian approach, we tried to infer a species-level phylogeny, testing in 
particular the previously hypothesized close relationships between certain species. We 
compared our molecular phylogeny with a phenetic tree based on morphometric similarities 
to assess the value of morphology for wheatear systematics. 
 
 
Materials and Methods 
 
Samples and measurements 
A sample of 32 individuals supposed to represent 12 species of Palearctic wheatears was 
collected in the field for the molecular analysis (for taxonomic treatment we followed 
Dickinson 2003). One of the individuals, first identified as O. hispanica, may in fact be a 
hybrid of O. pleschanka × O. hispanica (this cannot be proven since a pure hispanica was 
not included in our analysis and theoretically hispanica and pleschanka could have 
identical haplotypes). The specimens and samples of muscle tissues were collected on the 
breeding grounds of the birds in Iran and Morocco. Voucher specimens were deposited in 
The Natural History Museum, Tring, UK, and Museum of Ispahan University of 
Technology. Sample identification and GenBank accession numbers are given in Table 5.1. 
The phylogetic trees were rooted on two species of the genus Luscinia (L. luscinia, L. 
megarhynchos). 

Moreover, 21 biometrical variables (‘primary variables’) were measured on 237 
male skins, including 14 of the outgroup, in the collections of the Natural History Museum 
Tring, Museum d’Histoire Naturelle de Paris and the Zoological Museum Amsterdam, to 
the nearest 0.1 mm following Gaston (1974), Leisler (1980), and Svensson (1992). These 
variables were assigned to three functional groups: (i) flight apparatus (wing and tail; 12 
variables), (ii) feeding apparatus (4 variables), (iii) foot-leg complex (5 variables) 
(Appendix 5.1). Six ratios were calculated from the primary variables (see Appendix 5.2).  
 
DNA extraction and sequencing  
Total genome DNA from 96% ethanol-preserved tissue samples was extracted by over-
night incubation at 55 °C in extraction buffer (2% sodium dodecyl sulphate (SDS), 
0.5 mg/ml proteinase K, using a standard salt extraction protocol (Bruford et al. 1992). We 
amplified fragments of two mitochondrial genes, the 16S rRNA gene (16S) and the  
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Table 5.1 Tissue samples and GenBank accession number (cox1/16S).  
 

GenBank 

accession 

GenBank 

accession 

Specimen Sample no 

16S COX1 

Locality 

Luscinia_luscinia NRM20026317 DQ683442 DQ683476 Malmön_SW 

Luscinia_megarhynchos MIUT200359 DQ683443 DQ683477 Bazangan_IR 

O. alboniger MIUT2003-7.2(28) DQ683444 DQ683478 Touran_IR 

O. alboniger MIUT2003-104(29) DQ683445 DQ683479 Touran IR 

O. alboniger MIUT2003-95(18) DQ683446 DQ683480 Firouz Abad_IR 

O. chrysopygia MIUT2003-96(19) DQ683447 DQ683481 Kashan IR 

O. d. deserti MIUT2003-3(33) DQ683448 DQ683482 Touran_IR 

O. d. deserti BMNH A/2005.2.5 DQ683449 DQ683483 Ispahan_IR 

O. d. deserti MIUT2003-98(21) DQ683450 DQ683484 Ispahan_IR 

O. deserti homochroa MIUT2003-99(22) DQ683451 DQ683485 Eastern high plateaus_MO 

O. finschii barnesi  MIUT2003-91(14) DQ683452 DQ683486 Ispahan_IR 

O. finschii barnesi  BMNH A/2005.2.11 DQ683453 DQ683487 Firouz Abad_IR 

O. finschii barnesi MIUT2003-100(23) DQ683454 DQ683488 Firouz Abad_IR 

O. isabellina MIUT2003-84(7) DQ683456 DQ683490 Ispahan_IR 

O. isabellina BMNH A/2005.2.12 DQ683457 DQ683491 Ispahan_IR 

O. isabellina BMNH A/2005.2.1) DQ683458 DQ683492 Ispahan_IR 

O. isabellina BMNH A/2005.2.2 DQ683459 DQ683493 Borazjan_IR 

O. isabellina BMNH A/2005.2.3 DQ683460 DQ683494 Ispahan_IR 

O. isabellina MIUT2003-90(13) DQ683461 DQ683495 Ispahan_IR 

O. leucopyga aegra MIUT2003-137(X) DQ683474 DQ683508 Tazenakht_MO 

O. lugens persica BMNH A/2005.2.6 DQ683462 DQ683496 Ispahan_IR 

O. lugens persica BMNH A/2005.2.7 DQ683463 DQ683497 Ispahan_IR 

O. lugens persica BMNH A/2005.2.8 DQ683464 DQ683498 Ispahan_IR 

O. lugens persica MIUT2003-94(17) DQ683465 DQ683499 Ispahan_IR 

O. moesta moesta MIUT2003-103(26) DQ683466 DQ683500 Eastern high plateaus_MO 

O. o. libanotica BMNH A/2005.2.9 DQ683467 DQ683501 Ispahan_IR 

O. o. libanotica BMNH A/2005.2.4 DQ683468 DQ683502 Ispahan_IR 

O. o. libanotica MIUT2003-81 DQ683469 DQ683503 Ispahan_IR 

O. o. libanotica BMNH A/2005.2.10 DQ683470 DQ683504 Borazjan_IR 

O. o. seebohmi MIUT2003-83 DQ683471 DQ683505 Middle Atlas_MO 

O. pleschanka MIUT2003-102(25) DQ683472 DQ683506 Kashan_IR 

O. pleschanka MIUT2003-26(30) DQ683473 DQ683507 Dar Gaz_IR 

O. pleschanka. × O. hispanica MIUT2003-37(32) DQ683455 DQ683489 Bazangan_IR 

O. picata picata MIUT2003-7.1(27) DQ683475 DQ683509 Touran_IR 

 
Abbreviations: IR (Iran), MO (Morocco), BMNH (British Museum of Natural History), MIUT 
(Museum of Ispahan University of Technology). 
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cytochrome oxidase subunit I gene (cox1), using primers 16SA-L (light chain; 5′-CGC 
CTG TTT ATC AAA AAC AT-3′) and 16SB-H (heavy chain; 5′-CCG GTC TGA ACT 
CAG ATC ACG T-3′) of Palumbi et al. (1991), and BirdF1 (5′-TTC TCC AAC CAC AAA 
GAC ATT GGC AC-3′) and BirdR1 (5′-ACG TGG GAG ATA ATT CCA EET CCT G-3′) 
of Hebert et al. (2004). PCR conditions for 16S and CO1 followed Vences et al. 2000 and 
Hebert et al. 2004, respectively.  

PCR products were purified using the Qia-quick PCR Purification Kit (Qiagen). 
Sequencing reactions included 0.5 µl reaction mix, 1.75 µl of 5× sequencing buffer, 1 µl of 
pmol/µl primer, 1.8 µl of ABI sequence mix (BigDye Terminator V3.1 sequencing 
standard, Applied Biosystems), and 5.75 µl water. The sequence reaction was 23 cycles of 
10 s at 96 °C, 10 s at 50 °C and 4 min at 60 °C. Products were resolved on automated DNA 
sequencers (ABI 3100 and ABI 3730). Sequences have been submitted to Genbank (see 
Table 5.1 for accession numbers).  

The cox1 protein-coding sequences were edited and aligned by eye. The 16S 
sequences were aligned with reference to published secondary structure maps (Gutell and 
Fox, 1988), using Sequence Navigator software version 1.0.1 (Applied Biosystems). The 
final aligned data set included 1181 bp for each taxon: 514 bp for 16S, 667 bp for cox1.  
 
Sequence analysis  
We carried out maximum likelihood (ML), maximum parsimony (MP), and partitioned 
Bayesian phylogenetic analysis. ML and MP phylogenetic analyses for the entire data set 
were performed using PAUP* 4.0b10 (Swofford 2002). ML models and parameters were 
determined by a hierarchical likelihood ratio test (HLRT) as implemented in Modeltest 
(Posada and Crandall 1998). The estimated models were used in a subsequent ML heuristic 
tree search with 10 random addition sequence replicates, and TBR branch swapping. MP 
analysis was performed using heuristic searches with TBR branch swapping, stepwise 
addition starting tree, and random addition sequence with 10 replicates. To test the 
robustness of nodes, we ran 500 and 2000 bootstrap replicates under ML and MP, 
respectively, with a single random addition sequence replicate per bootstrap replicate.  

Bayesian analyses, using the Markov Chain Monte Carlo method, were performed 
with MrBayes 3.1.1 (Huelsenbeck and Ronquist, 2001). Previous studies have shown that 
genes and gene regions can evolve under different models of evolution, and that this fact is 
best addressed by using a partitioned analysis (e.g., Ronquist and Huelsenbeck 2003; 
Irestedt et al. 2004; Nylander et al. 2004; Brandley et al. 2005; Schmitz et al. 2005). We 
here selected four partitioning strategies hereafter designed as P1, P2, P3, P4 (Table 5.2). 
Partitions were a priori based on gene identity (i.e., 16S, and cox1), taking into account 
biochemical or evolutionary constraints (i.e., codon positions, stems and loops). 
Appropriate models of sequence evolution (Table 5.3) were chosen for each partition using 
HLRT as implemented in Modeltest (Posada and Crandall 1998).  

To search for partitioning strategies that explain the data set with the least random 
error, we followed the method of Brandley et al. (2005), and used the Bayes factor. A 
strategy using fewer partitions that was not strongly different from the more partitioned one 
regarding its Bayes factor would be chosen as the best strategy. Bayes factors were 
estimated by subtracting the log-transformed harmonic means of the posterior likelihoods 
between the two analyses tested, and multiplying the resulting value by 2 (Brandley M.,  
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Table 5.2 Partitioning strategies used in the partitioned Bayesian analyses. 
 

Strategy 
 

Partition strategy 

P1 All data combined (16S+cox1) in one single artition 
P2 One partition for the combined stems 16S, one for the loops of 16S, and one for the unpartitioned 

cox1 
P3 One partition for unpartitioned 16S, and three partitions for cox1 (one for each codon position) 
P4 Full partition: one partition each for the combined stems and loops of the 16S, and one for each 

codon position of cox1 
 
Table 5.3 Data partitions, their estimated models of sequence evolution, and total number of 

characters of each partition used in phylogenetic analysis. See text for details. 
 
Partition Model Number of characters  

in partition 
All data GTR+I+G 1181 
cox1 TUM+G 667 
cox1 1st,2nd codon Hky+G 445 
cox1 3rd codon TrN+G 223 
16S TrNef+I+G 415 
16S stems  GTR+I+G 235 
16S loops  GTR+I+G 170 
 
personal communication; Newton and Raftery 1994). Harmonic means were calculated 
using the sump command in MrBayes. The Bayes factors were evaluated using the criterion 
of 2ln Bayes factor >10 as a strong support (Kass and Raftery 1995; Huelsenbeck and 
Imennov 2002; Brandley et al. 2005; Schmitz et al. 2005).  

In the Markov chain Monte Carlo process, we ran four chains simultaneously for 
1,000,000 generations, with trees sampled every 100th generations (resulting in 10,000 
trees), using default priors. The analyses began on a random starting tree. We discarded the 
first 5000 trees as a conservative “burn–in”, and the posterior probability values were 
calculated from the remaining trees. Stationarity was assumed when the cumulative 
posterior probabilities of all clades stabilized.  
Non-parametric bootstrap values are assumed to be conservative estimates of clade 
confidence (Hillis and Bull 1993; Brandley et al. 2005) whereas Bayesian posterior 
probabilities (Pp) are thought to represent closer estimates of clade probabilities (e.g., 
Alfaro et al. 2003; Erixon et al. 2003; Wilcox et al. 2002). We therefore, in the Bayesian 
approach, considered clades with Pp > 0.95 to be strongly (significantly) supported. 
 
Morphometric analyses  
Morphometric distances, i.e., overall morphological dissimilarities, between the 12 species 
were inferred by average linking (UPGMA) in two ways using ADE-4 software 
(Thioulouse et al. 1997): (i) by computing Mahalanobis distances from the mean values of 
the 21 primary variables plus the six ratios, (ii) by computing mean Euclidian distances 
between species from their scores on the 2nd to the 9th axes of a Principal Component 
Analysis performed on the primary variables only (correlation matrix). This second method 
aimed at removing most of the size effects. In both cases the resulting distance matrices 
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were used to perform an upward hierarchical classification with average links, and 
illustrated by the corresponding trees. Dissimilarity matrices were regressed on the genetic 
distance matrix (Kimura 2-parameter distance; Kimura 1980) and the significance of the 
regression tested by Monte Carlo randomizations through Mantel’s test, using ‘R 2.0.1’ 
(Ihaka and Gentleman 1996), and the ‘ape’ library (http://lib.stat.cmu.edu/R/CRAN). We 
also regressed individually in the same way certain morphological variables on the genetic 
distance matrix.  

Topological congruence as measure of similarity between molecular and 
morphological trees was compared between pairs of trees using the program Component, 
version 2.0 (Page 1993). In the analysis we omitted the hybrid specimen (O. 
pleschanka × O. hispanica) and O. hispanica from our molecular and morphological trees, 
respectively. Probabilities of obtaining the observed distance between two compared trees 
by chance (null distribution generated by sampling all possible binary trees at random) 
were calculated by partition metric and quartets measures (Sheldon and Bledsoe 1993). 
Furthermore, using PAUP*, we compared trees by Shimodaira–Hasegawa’s tests 
(Shimodaira and Hasegawa 1999) under full optimization (one-tailed test) and 1000 
replicates. 
 
 
Result 
 
MP and ML analysis 
We obtained sequence data totalling 1181 base pairs for two genes (16S and cox1) and 32 
individuals. Of these 1181 characters, 957 were constant and 185 were parsimony-
informative. MP searches recovered 20 equally most likelihood trees (426 steps) with a 
consistency index of 0.63 and a retention index of 0.87. A strict consensus of these trees 
(not shown) supported three major clades: (A) O. moesta, O. picata, O. leucopyga, O. 
alboniger, O. chrysopygia, O. lugens, O. finschii, (B) O. deserti and O. pleschanka; and (C) 
O. isabellina and O. oenanthe, with clades A and B being placed sister to each other.  

Results of the model selection regime are provided in Table 5.3. Maximum 
likelihood analysis yielded a single tree (−ln L = 3751.11) which agreed largely with the 
MP consensus tree, except details of positioning individuals within species, and in 
supporting a sister-group relationship between clade B and C.  

 
Effect of partitioning on mean − ln L, tree topology, and Bayes factors  
Our data show that increased data partitioning does greatly improve the harmonic mean of 
the posterior likelihoods −ln L (Table 5.4). Simply adding partitions does not necessarily 
further improve the mean − ln L. Rather, the identity of each partition is important. For 
example, partitioning the cox1 data by codon positions (partition strategies P3, P4) has the 
largest effect on the harmonic mean − ln L. Partition strategy P3, which does not partition 
the 16S by stems and loops, results in posterior likelihood values very close to those of the 
full partition strategy P4, whereas partitioning stems and loops of 16S only as in P2 has a 
considerably weaker effect (Table 5.2). 
 
 



Chapter 5                                                                                                                               57  

Table 5.4 Mean −lnL and 95% confidence interval results of each partitioning strategy. 
 

Partition strategy Mean −lnL Upper 95% CI Lower 95% CI 

P1 3842.03 4034.13 3649.93 
P2 3771.87 3960.46 3583.28 
P3 3443.10 3615.25 3270.94 
P4 3405.98 3576.280 3235.68 

 
Bayesian analysis  
The consensus tree topologies inferred from all four analyses differed, yet all of the 
differences involved alternative placements of weakly supported nodes (i.e., <0.95). There 
were notable differences in posterior probabilities between the analyses depending on 
whether the cox1 sequences were partitioned by codon position (P3, P4; Table 5.2). The 
analysis that did not include any codon position partitions (P1, P2) and the third partition 
analysis (strategy P3) are generally representative of these two partitioning strategy groups. 
The two analyses that did not partition the cox1 gene by codon inferred weak support for 
the relationships of two major clades (A and B in Fig. 5.2). In contrast, the two analyses 
that partitioned cox1 by codon position inferred greater support for these same clades, with 
posterior probabilities increasing from <0.55 to close to significant (0.90 ≤ Pp < 0.95). The 
analysis using four partitions was a decisively better explanation of the data than all other 
analyses according to the Bayes factor (Table 5.5). Thus, it is our preferred hypothesis of 
the phylogeny of wheatears, and subsequent discussion will be limited to this tree which 
agrees with the ML and the MP trees except some poorly supported relationships within 
species, and differing from the MP tree in the placement of clades B and C as sister groups 
(Fig. 5.2). 
 
Morphometrical distances between species  
There was a significant correlation between the genetic and morphometric distances 
matrices (i.e., Mahalanobis distances calculated on all the primary variables plus the ratios, 
reflecting an overall dissimilarity in size and shape) between species (Z = 2.058; P = 0.02; 
Mantel’s test, 10,000 permutations). The topology of the morphological tree (Fig. 5.3) 
remains almost the same when the size-factor is removed (PCA analysis), apart from O. 
chrysopygia and O. finschii swapping positions (not shown). Among the morphological 
traits that were individually regressed on the genetic matrix, we found a significant  
 
Table 5.5 2ln Bayes factors of comparisons of all partitioning strategies. In bold are indicated the 

partitioning strategies used in the analysis, and the values indicate support for the column 
model over the row model. 

 
 P4 P3 P2 

P1 697.1 650.1 140.3 
P2 556.8 509.8  
P3 47.0   
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Figure 5.2 90-percent majority-rule consensus tree sampled from the posterior distribution of the 

most-partitioned analysis (strategy P4). Posterior probability values from the Baysian 
analysis are indicated at the >99% (**) >95% (*) significance levels. Values represent 
ML and MP Bootstrap values (500 /5000 replicates; given only if >50%). Clades A, B, 
and C are discussed in the text. 
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Figure 5.3 Morphological dendrogram based on morphometrical distances (21 variables and six 

ratios). 
 
 phylogenetic effect (r = 0.21, P = 0.032) of length of the emargination of second primary 
in proportion to the wing length (Sp2/WL, see Appendix 5.1 for details).  

Comparing five alternative trees (the preferred molecular topology, the 
morphometric tree, and three alternative hypotheses from the literature; Table 5.6) with a 
reduced set of terminal taxa (one per species) and the molecular data matrix using 
Shimodaira–Hasegawa tests, the likelihood values for the morphometric topology did not 
result to be significantly different from the preferred molecular topology, whereas all three 
literature hypotheses were rejected with high significance (Table 5.6). Comparing the  
 
Table 5.6 Difference measures of the molecular tree (Fig. 5.2; only one sequence per taxon) 

compared to the tree from morphometric data (Fig. 5.3) and three alternative topological 
hypotheses from the literature (Tye 1989; Panov 2005). Trees were compared using 
partition and quartets measures in Component (Page 1993). Tree likelihoods were 
calculated in PAUP* (Swofford 2002) based on the genetic data set and compared 
statistically by a Shimodaira-Hasegawa test. The likelihood (-lnL) of the best 
(=molecular) tree was 3598.47. a : Phenetic tree 3 and 4 differ in their position of O. 
oenanthe (see Fig. 5.1) 

 
Molecular tree 

Phenetic tree a 
Partition 
metric 

P-value in 
Partition metric 

Symmetric 
difference (in 

Quartet 
measure) 

P-value in 
Quartet 
measure 

Likelihood 
differences 

P-value in 
Shimodaira-

Hasegawa test 

1 (present study) 6 <0.01 0.17 <0.01 3.99 0.674 

2 (Panov 2005) 16 <0.01 0.40 0.01 84.57 0.000 

3 (Tye 1989) 16 <0.01 0.58 0.01 145.16 0.000 

4 (Tye 1989) 16 <0.01 0.54 0.01 145.10 0.000 
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 topology of the molecular tree to the other hypotheses with partition metric and quartet 
statistics, all of these alternatives were significantly different, but the difference values 
were lowest for the morphometric tree (Table 5.6).  
 
 
Discussion 
 
Systematics of wheatears  
The phylogenetic arrangement of the wheatear species resulting from the analysis of our 
data set largely differs from previous hypotheses on the structure of the genus Oenanthe. 
Several of the relationships suggested by our analysis support arrangements on which a 
certain consensus has been reached in the literature, but they only concern the terminal 
nodes of the tree. Most of the more-inclusive clades found in the present study (Fig. 5.2) 
differ from the previously suggested arrangements.  

The very close relatedness of O. hispanica and O. pleschanka has been 
unambiguously assumed since long due to their ability to hybridise in their contact zone 
(Haffer 1977; Panov 2005). Our hybrid specimen is nested in the O. pleschanka group, 
despite a plumage pattern close to O. hispanica. Our analysis further suggests, with >95% 
support, that O. lugens and O. finschii are not sister-taxa, whereas they were treated as 
conspecific by Dementiev et al. (1968); their non-conspecificness is further shown by the 
broad geographical overlap the two species have in the Middle East (Aliabadian et al. 
unpublished data). We confirm, with a high posterior probability and bootstrap support, the 
much more disputed proximity of O. isabellina and O. oenanthe. These two species are part 
of the same species-group according Roselaar (1988), but were considered unrelated by 
Haffer (1988), Tye (1989) and Panov (2005). The position of O. deserti, placed near O. 
pleschanka in our analyses with strong support, is novel as well. O. deserti has previously 
been placed either in the same species-group as O. finschii and O. lugens (Vaurie 1949; 
Roselaar 1988), close to the O. picata, O. finschii, and O. lugens group by Tye (1989), or as 
basal to the other wheatears (Panov 2005).  

The strongly supported sister relationship between O. chrysopygia and O. lugens 
that emerges from our analyses had remained completely overlooked until now; in fact the 
amount of divergence between the two is the smallest we found among all species included 
in our analysis. O. chrysopygia was generally considered as a relative of O. moesta (e.g., 
Mayr and Stresemann 1950; Haffer 1988; Tye 1989), or was considered a sister species to 
O. xanthoprymna, with O. xanthoprymna and O. chrysopygia being sister to a large clade 
that included O. moesta, O. finschii and O. lugens (Panov 2005). Lastly, we confirm O. 
oenanthe seebohmi as a subspecies of O. oenanthe, and, considering the small amount of 
genetic divergence, O. deserti homochroa as a subspecies of O. deserti.  

Several other problems remain in need of further clarification. In accordance with 
the view of Panov (2005), O. picata appears to be less closely related to O. lugens than 
previously thought (e.g., Mayr and Stresemann 1950; Hall and Moreau 1970; Tye 1989), 
but its exact position within our clade A is unclear. O. moesta occupies a basal position of 
the clade A in our analyses remaining relatively isolated from the other species. The basal 
relationships between the three well-defined clades remain somewhat questionable, even if 
the posterior probability of a B–C node is >95%. The pattern of well-defined species 
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groups with less supported internal nodes is commonly observed in birds, where it suggests 
rapid initial cladogenesis followed by more recent speciation events (Crochet et al. 2000). 

 
Phylogeny, morphology, and ecology  
There is a remarkably good agreement between our morphological and molecular trees 
(Fig. 5.2 and Fig. 5.3), especially if the unsupported clades in the molecular tree are 
collapsed. The genetically supported relationships of the species pairs O. hispanica–O. 
pleschanka, O. finschii–O. lugens, O. chrysopygia–O. lugens, O. leucopyga–O. alboniger, 
and, to a lesser extent, O. picata–O. lugens (in order of decreasing morphological 
similarity), correspond well to shape similarities as reported by Kaboli et al. (in press). The 
distance tree reported here (Fig. 5.2), which is restricted to the same species available for 
molecular analysis, confirms these similarities, and further (i) clusters O. isabellina with O. 
oenanthe, (ii) positions O. deserti not far from the group of O. pleschanka and O. 
hispanica, and (iii) defines a group including O. picata, O. lugens, O. finschii, O. 
chrysopygia, O. leucopyga, and O. alboniger (Fig. 5.3). This topology shows clear 
similarities with the phylogenetic tree.  

Hence, there is a remarkable match between the molecular phylogeny and the 
morphometric distances among species, extending even to deep branches of the trees, the 
main difference being the position of O. deserti–O. pleschanka clade in the morphological 
tree. This concordance is also supported by the higher measures of tree congruence among 
these topologies as compared to hypotheses from the literature, and by the fact that the 
DNA data did not significantly reject the morphometric tree topology in a Shimodaira–
Hasegawa test (Table 5.6). In birds, at least at within-genus level, such congruence between 
morphometry and phylogeny seems to be the exception rather than the rule. It is widely 
assumed that characters directly involved in locomotion and foraging, among others, are 
particularly susceptible to convergence, and that plumage characteristics in general are too 
labile for use in systematics (reviewed in Omland and Lanyon 2000). In Sylvia warblers, 
ecologically relevant morphological traits show only weak relationships with phylogeny 
(Böhning-Gaese et al. 2003), and in gulls, morphometrical patterns (Schnell 1970) appear 
unrelated to the molecular phylogeny (Crochet et al. 2000). Our results are at variance with 
the preceding ones, and suggest that, in the genus Oenanthe, morphometric patterns are 
subject to strong phylogenetic constraints. As the morphology of wheatears is closely 
correlated with eco-ethological traits (Kaboli et al. in press), ecological niches of wheatears 
appear phylogenetically conservative. Interestingly, the arrangement in three main clades 
shown by the molecular and morphometric trees is in full agreement with several ecological 
and ethological character states of the species included (Table 5.7). 

 
Phylogeny and colour patterns  
The study of the relationships between wheatear species has been obscured until now by 
the too exclusive attention on chromatic characters. Chromatic characters may sometimes 
carry a strong phylogenetic signal (e.g., Bridge et al. 2005), but they are most often 
misleading and unusable to infer phylogenetical relatedness between bird species (e.g., 
Crochet et al. 2000; Cibois et al. 2004; Olsson et al. 2005). As stated by Panov (2005), 
colour patterns in wheatears are not sufficiently conservative, and should be used with great 
caution in looking for species relationships. This is obvious in the convergence observed in  
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Table 5.7 Ecological and ethological characters for different divisions in three main clades A, B, and 
C as suggested by the molecular tree in Fig. 5.2. 

 
The three main clades  

A B C 
Constituting species O. moesta, O. picata O. 

leucopyga, O. alboniger, O. 
chrysopygia, O. lugens, O. finschii 

O. deserti;  
O. pleschanka,  
O. hispanica 

O. isabellina,  
O. oenanthe 

Colour female and 
juvenile 

very variable (pale brown, 
brownish, or dark-brownish or 
black-and-white as in the male) 

buff-brown, without 
black patches (except 
tail) 

buff-brown, without 
black patches (except 
tail) 

Wing shape rounded (longer in desert species 
O. alboniger and O. leucopyga) 

pointed  pointed 

Migration resident, or partial migrant long distance migrant long distance migrant 
Main perch sites stones (except O. moesta) vegetation ground 
Main foraging mode perch-and-pounce and aerial 

sallying 
perch-and-pounce and 
aerial sallying 

hop-and-peck 

Typical nest site in a hole (rock crevice or burrow) on the ground, under a 
bush or a stone 

on the ground, under a 
bush or a stone 

Nest platform small stones (except O. moesta) twigs twigs, or absent 
Typical movement 
pattern 

aerial aerial cursorial 

* Phenetic tree 3 and 4 differ in their position of O. oenanthe (see Fig. 5.1) 
 
colour pattern of species belonging to different clades, e.g., O. finschii and O. lugens vs. O. 
pleschanka and O. deserti. Our results tend to support the hypothesis that, in the genus 
Oenanthe, certain colour characters (e.g., a black throat, or a white cap) can appear, 
disappear and re-appear independently in different lineages (see Cibois et al. 2004; Olsson 
et al. 2005; Price and Pavelka 1996; and references therein). The question remains whether 
evolution in Oenanthe progresses from highly contrasting black-and-white patterns toward 
grey–brown plumages (Mayr and Stresemann 1950; Tye 1989), or, on the contrary, 
whiteness in the plumage is an evolutionary innovation (Panov 2005). Our molecular tree 
supports the former hypothesis, since none of the grey–brown birds are in a basal position. 
However, since some rather dull African species are missing from our study, this question 
cannot be confidently answered. 
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Abstract 
 
The incidence of hybridisation in birds differs greatly between orders and the incidence of 
hybridisation in orders comprising few species is expected to be small. The divers or loons 
(Gaviiformes) are a small order of birds in which apparent hybridisation has been reported 
infrequently. Here we report on a hybrid diver stored in the collections of the Zoological 
Museum Amsterdam. The bird shows a heterogeneous set of characters, some shared with 
the putative parent species White-billed Diver Gavia adamsii and Great Northern Diver G. 
immer, others being intermediate in character. A Canonical Discriminant Function analysis 
positions the hybrid between these two putative parent species, making a hybrid status quite 
likely. We evaluate the evidence for hybridisation in the order Gaviiformes, and conclude 
that hybridisation has suspected in 4 of the 5 species, though documentation is limited. If 
this high incidence of hybridisation could be confirmed, the order ranks among the highest 
of all avian orders, and contradicts the assumption that incidence of hybridisation in small 
orders is relatively rare.  
 
Keywords:Gavia adamsii, Gavia immer, hybridisation, speciation 
 
 
Introduction 
 
The identification of hybrids between closely related taxa bears relevance for studies on 
gene flow and the evolution of mechanisms of genetic isolation and, hence, of speciation 
(Barton 2001). Furthermore, hybridisation, or the interbreeding of species, is of pivotal 
importance in framing ideas about the nature of taxonomic judgements to be made about 
particular populations. Hybridisation is commonly recorded in birds (Gray 1958) and about 
one in ten species of birds is known to have bred in nature with another species and 
produced hybrid offspring (Grant and Grant 1992; Randler 2002). The incidence of 
hybridisation varies geographically and ecologically; it appears to be more common in 
temperate regions compared to the tropics and it is more frequent in terrestrial birds than in 
sea birds (Grant and Grant 1992). Variation among orders of birds is marked, with the 
incidence of occurrence (i.e. the number of species within an order that have hybridised 
divided by the total number of species in that order) as high as >70% of the species among 
the 162 species of Anseriformes (Gray 1958) whereas in taxa like Bucerotiformes 
hybridisation has hitherto not been recorded. The incidence of recording hybridisation 
within orders is expected to be relatively low in those orders that comprise few species 
(Grant and Grant 1992), and indeed there is a strong positive relation between the number 
of species in an order and incidence of hybridisation (Kendall's τ = 0.47, n = 23, P = 0.002: 
data from Table 1, Grant and Grant 1992).  

One of the orders for which only scant data is available on natural occurring 
hybrids are the divers or loons Gaviiformes. The Gaviiformes contain a single small family, 
Gaviidae, comprising one genus of 5 species which breed in lakes and slow-flowing rivers 
in northern tundra and taiga and that winter in the shallow coastal zone of seas and large 
lakes of the temperate region. The five species consist of four which form two largely 
allopatric species pairs and of a sister-taxon of these four, Red-throated Diver Gavia 
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stellata (Boertmann 1990; Wink et al. 2002). One pair is formed by the smaller-sized 
Arctic Loon or Black-throated Diver G. arctica and Pacific Loon or Pacific Diver G. 
pacifica which show some divergence in morphology (Walsh 1988; Roberson 1989; 
McCaskie et al. 1990; Dunn and Rose 1992) but hardly in anatomy or DNA (Boertmann 
1990; Wink et al. 2002). The other pair is formed by the larger-sized Common Loon or 
Great Northern Diver G. immer and Yellow-billed Loon or White-billed Diver G. adamsii 
which are more divergent in morphological and anatomical characters and in DNA 
(Boertmann 1990; North 1994; Wink et al. 2002). Gavia arctica and G. pacifica overlap in 
breeding range in NE Siberia (Il’ichev and Flint 1982; Kishchinskii and Flint 1983; 
Solov’ev et al. 1993) and NW Alaska (AOU 1998; Douglas and Sowl 1993), G. immer and 
G. adamsii overlap in Alaska and NW Canada (Godfrey 1986; AOU 1998). We here report 
on an apparent hybrid diver and discuss the evidence of hybrids in the Gaviidae. More 
specifically, we aimed at (1) providing an accurate evaluation of a putative hybrid G. 
adamsii x G. immer deposited in the collections of the Zoological Museum Amsterdam 
(ZMA 54666), and (2) providing a comprehensive overview of (presumed) hybrids that 
have been reported in the Gaviidae. 

 
 

Materials and Methods 
 
Morphological measurements 
The specimen (ZMA 54666) is a mounted first winter male, collected 4 Dec 1890 at 
Schellingwoude (NE Amsterdam, the Netherlands) which defies immediate identification 
as either of the two large species, G. adamsii or G. immer (Fig. 6.1a). To establish whether 
the specimen is indeed a hybrid the differentiating characters between the two purported 
parental species had to be established. We selected 15 characters from a series of 
identification papers (Binford and Remsen 1974; Burn and Mather 1974; Schwarz 1978; 
van IJzendoorn 1985; Appleby et al. 1986; Busching 1987; Barthel and Mullarney 1988; 
Jonsson and Tysse 1990; Phillips 1990; North 1994; Camphuysen 1995) (Table 6.1): 

 
(1)  wing length (fully stretched and flattened) 
(2) bill length from feathering at forehead to tip 
(3)  bill depth of both mandibles, at level of middle of nostril (taken only when bill was 

properly closed in skin) 
(4)  maxilla depth, i.e. the minimum distance from nostril to cutting edge 
(5)  loral feathering, i.e. extent of feathering at lateral base of upper mandible beyond 

basal corner of nostril 
(6)  chin feathering, i.e. the distance between distal tip of feathering on chin and that on 

the lateral base of the under mandible 
(7)  coloration of distal halve of culmen ridge (1 = light yellow-horn, 2 = light brown, 3 

= medium brown, 4 = dark brown, 5 = black) 
(8)  coloration of primary shafts (1 = pale horn, 2 = medium horn - distal quarter dark 

horn, 3 = medium horn - distal quarter black, 4 = dark horn - distal quarter black, 5 
= all black) 



66                                                                                                                   Hybrids in divers 

  
a)    b) 
 
Figure 6.1 a) Hybrid diver ZMA 54666 (Gavia adamsii x G. immer), obtained near Amsterdam 

(Netherlands). Photo: L.A. van der Laan. b) Lateral view of the head of ZMA 54666, a 
hybrid between White-billed Diver Gavia adamsii and Great Northern Diver G. immer, 
with measuring methods. 

 
(9)  shape of culmen (1 = straight, 5 = decurved) 
(10) shape of cross section of upper mandible below nostril (1 = flattened, 5 = bulging) 
(11) gonys knob, i.e. presence of knob on lower mandible at gonydeal angle (1 = none, 5 = 

distinct) 
(12) gonys fushion, i.e. the extent of fusion between the rami of the under mandible (1 = 

long furrow, 5 = surface almost entirely smooth) 
(13) extent of white at side of head (1 = white to well above the eye, 5 = mainly black) 
(14) presence of a contrasting dark ear patch (1 = distinct, 5 = none) 
(15) presence of a narrow dark mid-line on hindneck (1 = distinct, 5 = none) 
 

For definition of bill measurements see Fig. 6.1b. For the non-mensural characters 
9-15, three standard birds were selected for each character, two showing the extremes of 
variation and one showing an intermediate stage; other birds were compared to these three, 
thus obtaining 5 categories: birds more-or-less matching one of the extremes or the 
intermediate, and birds more-or-less halfway one of the extremes and the intermediate. The 
values of these 5 categories were chosen in such a way that category 1 shows the character 
of a typical G. adamsii and category 5 the one of typical G. immer (Table 6.2). 
 
Table 6.1 Measurements [average, (SD, n), range] of White-billed Diver. Gavia adamsii and Great 

Northern Diver G. immer, and their purported hybrid (ZMA 54666). 
 

Character White-billed Diver 
G. adamsii 
 

ZMA  
54666 

Great Northern Diver 
G. immer 

1. wing length, 1st year males 366.8 (15.8; 4) 355-390 369 359.0 (- ; 2) 353-365 
2. bill length, 1st year males 87.2 (4.60; 4) 83-92 89.8 81.4 (1.65; 8) 79-84 
3. bill depth, 1st year males 25.2 (1.50; 4) 23.8-27.3 25.5 23.5 (0.52; 8) 23.0-24.3 
4. maxilla depth, males 5.9 (0.52; 12) 5.5-7.4 5.3 4.8 (0.33; 27) 4.2-5.4 
5. loral feathering, all ages both sexes 7.26 (1.22; 20) 4.8-9.2 4.0 3.74 (1.16; 62) 1.5-6.6 
6. chin feathering, all ages both sexes 18.8 (2.02; 20) 16-24 20.0 10.2 (2.20; 62) 4-16 
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Table 6.2 Plumage characters of White-billed Diver Gavia adamsii and Great Northern Diver G. 
immer, and their purported hybrid (ZMA 54666). See text for further details. 

 
Character 
 

 White-billed Diver  
G. adamsii 

ZMA 
54666  

 Great Northern  Diver 
 G. immer 

7. culmen ridge, all ages both sexes    
category 1, light-yellow horn 21 (100%)  0 (0%) 
category 2 0 (0%)  0 (0%) 
category 3 0 (0%) x 0 (0%) 
category 4 0 (0%)  1 (1%) 
category 5, black 0 (0%)  69 (99%) 
8. primary shaft, all ages both sexes    
category 1, pale horn 11 (61%)  0 (0%) 
category 2 5 (28%)  1 (3%) 
category 3 1 (6%) x 2 (6%) 
category 4 1 (6%)  3 (9%) 
category 5, all black 0 (0%)  29 (83%) 
9. culmen shape, all ages both sexes    
category 1, straight 10 (50%)  5 (7%) 
category 2 6 (30%)  6 (9%) 
category 3 2 (10%) x 5 (7%) 
category 4 0 (0%)  10 (15%) 
category 5, decurved 2 (10%)  42 (63%) 
10. mandible shape, all ages both sexes    
category 1, flattened 16 (76%)  0 (0%) 
category 2 4 (19%)  1 (1%) 
category 3 1 (5%) x 3 (4%) 
category 4 0 (0%)  19 (27%) 
category 5, bulging 0 (0%)  47 (67%) 
11. gonys knob, all ages both sexes    
category 1, none 5 (14%)  60 (86%) 
category 2 7 (33%)  7 (10%) 
category 3 2 (10%) x 2 (3%) 
category 4 4 (19%)  0 (0%) 
category 5, distinct 3 (14%)  1 (1%) 
12. gonys fushion, all ages both sexes    
category 1, long furrow 19 (90%)  5 (7%) 
category 2 2 (10%)  13 (19%) 
category 3 0 (0%) x 19 (27%) 
category 4 0 (0%)  18 (26%) 
category 5, smooth 0 (0%)  15 (21%) 
13. lateral head coloration, both sexes excl. nuptial plumage   
category 1, white to well above eye 9 (69%)  6 (13%) 
category 2 4 (31%)  8 (17%) 
category 3 0 (0%) x 17 (36%) 
category 4 0 (0%)  8 (17%) 
category 5, mainly black 0 (0%)  8 (17%) 
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14. dark ear patch, both sexes, excl. nuptial plumage 
category 1, distinct 7 (64%)  0 (0%) 
category 2 0 (0%)  0 (0%) 
category 3 0 (0%) x 3 (7%) 
category 4 2 (18%)  0 (0%) 
category 5, none 2 (18%)  40 (93%) 
15. narrow dark mid-line neck, both sexes, excl. nuptial plumage   
category 1, distinct 10 (91%)  3 (7%) 
category 2 0 (0%)  0 (0%) 
category 3 1 (9%) x 4 (10%) 
category 4 0 (0%)  0 (0%) 
category 5, none 0 (0%)  34 (83%) 
        

 
These 15 characters were measured by CSR on 70 skins of G. immer and 21 skins 

of G. adamsii deposited in the ZMA, Naturalis (RMNH, Leiden, the Netherlands), and The 
National Natural History Museum (BMNH, Tring, UK), and on the purported hybrid. 
These specimens included birds of >6 months in various plumages. They were sorted 
according to age (1st-winter or adult; 2nd-winter and 3rd-year birds were classified as adult), 
plumage (nuptial or winter), and sex. Specimens of G. adamsii originated from the 
Netherlands (9), Scandinavia (3), Japan (3), and N America (6) and of G. immer from the 
Netherlands (21), W France (39), Scandinavia (3), and Iceland/SE Greenland (6). 
 
Analysis 
Analysis on how the characters measured in ZMA 54666 differed from the purported parent 
species were conducted for each character separate and, with a Canonical Discriminant 
Function (CDF) analysis, for a set of continuous characters. For the first analysis the 15 
characters were each checked for significant sexual or age-related differences. If these were 
apparent, comparisons with ZMA 54666 (a first-year male in non-breeding plumage) were 
restricted to the relevant classes (e.g. first-year males only, all birds excluding breeding 
adults, etc.). In adult males, adult females or first-year females, the distribution of 
measurements of characters 1-4 appeared not to differ significantly from a normal 
distribution, and, hence, despite small sample sizes, we assumed the measurements of these 
characters to follow a normal distribution in first-year males as well. When the observed 
value of ZMA 54666 for characters 1-6 was not within Mean ± 1.96 SD or Mean ± 2.56 SD 
for those found in G. adamsii and / or G. immer we considered the difference significant at 
P = 0.05 or P = 0.01 level, respectively (Quinn and Keough 2002). For testing whether 
characters 7-15 in ZMA 54666 departed significantly from G. adamsii and / or G. immer 
we used Fisher's Exact Probability tests (Siegel 1956) with the observed value for ZMA 
54666 tested against the less extreme values observed in the putative parent species. The 
CDF analysis was undertaken on characters 1-6 for males only. Significance was assumed 
if P <0.05 in a two-tailed test. 

Additionally, we compiled records of (apparent) hybrids in Gaviidae in the 
literature, and evaluated their status on the basis of the description provided and the 
differentiating characters as identified above. 
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Results 
 
Evaluation of a hybrid G. adamsii x G. immer  
For the wing and bill measurements (characters 1-4) in at least one of the two species 
females were significantly smaller than males (Student's t-test, G. immer, characters 1-4, all 
t > 2.96, df = 24-41, all P < 0.02; G. adamsii, character 1, t = 3.07, df = 6, P = 0.02) and 
first-year males were significantly smaller than adult males (Student's t-test, G. immer, 
character 3, t = 2.04, df = 25, P = 0.05; G. adamsii, character 1-2, t > 2.43 df = 8-11, P < 
0.03). Characters 5-12 did not show significant age- or sex-related differences (Mann-
Whitney U, all P > 0.05), and hence for comparison specimens were included irrespective 
of age or sex. Character 13-15 were strongly age-dependent (Mann-Whitney U, all P < 
0.05) and we excluded adult breeding birds in the comparisons, since the head and neck of 
these birds are all black. 

For males of the two putative parent species, the overall assignment of individuals 
into their original sample by the CDF analysis was 100%, thus showing a clear-cut 
separation between the two species. This was valid when we included characters 1-6 (not 
shown) and, when, because of small sample sizes, character 1 was omitted from the 
analysis (Fig. 6.2). When the males were grouped according to age (1st year and adult) and 
species (G. immer and G. adamsii), thus creating four groups, the overall assignment of 
individuals into their original sample by the CDF analysis was 74.3%. 
 

 
 

Figure 6.2 Canonical Discriminant Function analysis of male White-billed Diver Gavia adamsii (n = 
12) and male Great Northern Diver G. immer (n = 23) and ZMA 54666 a hybrid between 
these two species. Function 1 and 2 account for 93.7% and 5.4% of the variance, 
respectively. 
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ZMA 54666 is a large bird which at first sight has bill shape and head markings as 
in G. adamsii, but which has nevertheless always been registered in ZMA as a G. immer. 
Detailed analysis of the 15 characters listed in Methods revealed the following: ZMA 
54666 is significantly larger than G. immer in characters 2, 3 and 6 (all P < 0.01), whereas 
character 5 is significantly smaller than that observed in G. adamsii (P < 0.01). ZMA 54666 
differs significantly from G. adamsii in characters 7, 10 and 12 (Fisher's Exact probablity 
Test, all P = 0.045) and from G. immer in character 7 (Fisher's Exact probablity Test, P = 
0.014). In the CDF analysis ZMA 54666 is precisely positioned between the two putative 
parent species, whether characters 1-6 are included in the analysis (not shown) or only 
characters 2-6 (Table 6.1, Fig. 6.2). 
 
Other hybrid divers 
We found descriptions of putative hybridisation for three species combinations, involving 
four of the five species of divers, plus one case of presumed back-crossing. A pair 
consisting of G. adamsii and G. immer accompanied by two chicks has been observed in 
the foothills of the Brooks Range (Alaska, USA) (McIntyre and Barr 1997). Whether these 
young were indeed offspring of both of the adults seen or whether they fledged succesfully 
is unknown. A supposed hybrid between G. adamsii and G. immer is stored in the Royal 
Ontario Museum (no. 76360), collected 7 Dec 1956 at Port Credit (Ontario, Canada) 
(Palmer 1962; Godfrey 1986; Phillips 1990). Its supposed hybrid status is based on only a 
few characters (bill shape, colour of upperparts, colour of primary shafts), features known 
to be not infallible for identification, and a more thorough examination of the skin should 
be undertaken to proof that the bird really is a hybrid. 

Among many skins of G. pacifica and G. arctica examined by Storer (1978), six 
appeared to show hybrid characters between these species. Hybridisation has also been 
suggested to explain the variation among these divers on the Commander Islands, NE 
Siberia (Johansen 1961), but Russell (2002) considers the occurrence of G. pacifica × G. 
arctica hybrids to be undocumented. Nevertheless, occasional pairs consisting of G. 
pacifica and G. arctica have been observed in the overlap area in NE Siberia, though 
without proof that hybrid offspring have been produced (Solov’ev et al. 1993).  

A pair consisting of G. immer and G. pacifica was observed on a small lake in the 
Inuvik region (NW Canada); it was accompanied by two chicks, of which at least one 
fledged (Robertson and Fraker 1974), and these chicks could have been hybrids. 

A mixed pair of female G. arctica and male G. immer has been observed on Bear 
Island (Svalbard), both taking their share in the incubation of the single egg laid; the egg 
was predated by foxes before it hatched and no hybrids resulted (Løvenskiold 1964). In 
Scotland, an aberrant large diver which from plumage characters may have been a hybrid 
G. arctica x G. immer was paired with a G. arctica (Hunter and Dennis 1972). The aberrant 
bird, supposed to be a male on behaviour, was accompanied by a chick, but the purported 
hybrid nature of both father and chick remains unproven. Other supposed hybrids between 
G. arctica and G. immer (e.g. van Havre 1931) have been shown to involve unusually large 
individuals of G. arctica (Voous 1961). Thus, hybridisation may take place within sister 
species pairs as well as between members of different species pairs, but the occurrence of 
hybrid offspring remains largely unproven. We consider the bird in ZMA the best 
documented case of hybridisation in Gaviidae to date. 
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Discussion 
 
Of the 15 characters checked, ZMA 54666 differs significantly from G. adamsii in four 
characters (5, 7, 10, 12), whereas it differs significantly from G. immer in four characters 
(2, 3, 6, 7). As such, the hybrid is similar to G. adamsii in three characters (2, 3, 6), similar 
to G. immer in four characters (5, 10, 12, 15), seven characters fit both species (1, 4, 8, 9, 
11, 13, 14) and in one the bird shows an intermediate character (7). CDF analysis revealed 
a clear-cut separation between G. adamsii and G. immer on characters 1-6, and ZMA 54666 
was positioned intermediately between these two species. On the basis of this 
heterogeneous set of characters, we conclude that ZMA 54666 is a hybrid between the two 
species, and as such the specimen is the first example of a hybrid between the two species. 

From wing measurements (character 1), the sample of G. immer from the 
Netherlands and France agrees well with a sample of breeding birds from Baffin Island, 
Greenland and Iceland given by Heubeck et al. (1993) and Weir et al. (1996). The birds 
from mainland W Europe do not appear to include small-sized wintering birds from 
breeding grounds further south in N America, unlike the birds wintering in Scotland in 
which 7% of 69 birds examined shared measurements with birds from NW, C, and SE 
Canada (Heubeck et al. 1993; Weir et al. 1996). If G. immer from NW Canada does not 
reach mainland W Europe, the origin of hybrid ZMA 54666 is unclear, as NW Canada is 
part of the area were G. adamsii and G. immer overlap in breeding range and were hybrids 
are most likely produced. However, both species winter off the Norwegian coast (Haftorn 
1971) and both migrate through Norway and Sweden (Risberg 1990; Folvik and Mjøs 
1995, Hirschfeld 2000), and a G. immer joining a migrant G. adamsii towards its breeding 
grounds in N Russia or a G. adamsii joining a migrant G. immer to its breeding grounds on 
Iceland or Greenland may easily lead to mixed pairings and occasional hybrids. 

Given that there are only five species of divers, and that all occur sympatrically 
with one or more species in at least parts of their range, there are a possible 10 
combinations of hybrids. Above we evaluated the evidence for the occurrence of hybrids in 
divers and established that indeed between 4 species hybridisation may have occurred in 4 
combinations. As such, the incidence of hybridisation (sensu Grant and Grant 1992) in 
divers is 80% (four of the five known species were involved), ranking the order among 
those with the greatest propensity to hybridise. If the recorded hybridisation in Gaviiformes 
could be proven in all cases, the group would contradict the assumption that incidence of 
hybridisation in small orders is relatively low. Hybridisation in some of the larger orders 
(e.g. Galliformes and Anseriformes) has been acknowledged for more than a 100 years 
(Randler 2004) and this together with the often markedly aberrant plumage characters of 
the hybrids possibly leads to a greater attention of recording hybrids in these orders.  
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Abstract  
 
The Lesser White-fronted Goose [Anser erythropus (Linnaeus 1758)] is one of the most 
threatened Palearctic goose species, with the Fennoscandiansubpopulation in particular 
having seen a drastic decline over the last century. In the 1990s, captive-bred Lesser White-
fronted Geese were used successfully for reintroduction and restocking in Sweden and 
Finland. The discovery of Greater White-fronted Goose [A. albifrons (Scopoli, 1769)] 
mtDNA haplotypes in some of these captive-bred birds (Ruokonen et al. 2000), suggested 
that hybridisation had occurred during captive propagation and led to the discontinuation of 
the release of captive goslings. Here we report two hybrids of Lesser x Greater White-
fronted Geese that were collected on their wintering grounds in England (1936) and 
Holland (1966). Birds from Western Russia normally do not migrate south to western 
Europe. Hence these birds most likely originated from the Fennoscandian subpopulation 
and were collected prior to the commencement of the captive-breeding programme. Both 
specimens show a heterogeneous set of morphological characters, some of which shared 
with the putative parent species and others being intermediate between the two species. A 
Canonical Discriminant Function analysis positions both specimens between the two 
putative parent species, making their hybrid status likely. We show that hybridisation 
between Greater and Lesser White-fronted Geese does occur naturally, albeit perhaps 
infrequently, and argue that the presence of Greater White-fronted Goose mtDNA 
haplotypes in Lesser White-fronted Goose may be the result of this naturally occurring 
hybridisation 
 
Keywords: Birds, hybridisation, interbreeding, speciation, morphometry 
 
 
1. Introduction 
 
The lesser White-fronted Goose Anser erythropus (Linnaeus 1758) breeds in the Arctic 
tundras of the Palearctic from northern Scandinavia to Chukotka Mts in East Siberia (Øien 
and Aarvak 2003; Stepanyan 2003). It has seen a drastic decline throughout most of its 
range over the course of the 20th century, and the species is currently classified as 
Vulnerable (IUCN 2004). The Fennoscandian subpopulation of A. erythropus is the most 
threatened subpopulation, having seen a decline from more than 10,000 individuals at the 
beginning of the last century to some 45-55 breeding pairs (or fewer than 200 individuals) 
at present (IUCN 2004). Attempts at supplementing the wild population were made in 
Finland during 1989-1997 when 143 captive-bred A. erythropus were released close to the 
breeding areas of their wild congeners (Lorentsen et al. 1998), but this release did not lead 
to successful reproduction (Ruokonen et al. 2000). In Swedish Lapland, from 1991-2000, 
captive Anser erythropus have been reintroduced in the wild by using semi-captive 
Barnacle Geese [Branta leucopsis (Bechstein 1803)] as foster parents (von Essen 1991), 
and these birds have successfully reproduced (for a more detailed overview see Anderson 
2003).  

Most of the Fennoscandian population migrates south following a southeastern 
route to the Volga Basin in Russia and western Kazakhstan (Aarvak and Øien 2003). This 
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route is associated with high losses of geese due to hunting. The reintroduced Swedish A. 
erythropus goslings follow their B. leucopsis foster parents along a south-western route to 
safer wintering areas in the Low Countries (Netherlands, Belgium, Germany), and, 
subsequently, the reintroduced Swedish population has relatively higher survival rates 
(Koffijberg et al. 2006). 

Roukonen et al. (2000) sequenced parts of the mtDNA of 15 captive-bred A. 
erythropus from Finland and found that while two of the maternal lineages detected were 
also found in the wild populations, a third lineage originated from a Greater White-fronted 
Goose A. albifrons (Scopoli 1769). No haplotypes of A. albifrons were detected in a sample 
of 81 wild A. erythropus (Roukonen et al. 2004), which suggested that hybridisation had 
occurred at some time during the history of captive breeding of Lesser White-fronted 
Geese. Roukonen et al. (2000) suggested that, since the Finnish captive-bred A. erythropus 
were originally obtained from Sweden, it was probable that the Swedish captive stock was 
also contaminated with A. albifrons genes and as such were not representative of the 
original wild Fennoscandian subpopulation of A. erythropus (see also Tegelstrom and von 
Essen 1996). Given that the Swedish reintroduced population does reproduce, and given 
that these reintroduced geese are occasionally observed in Finland and Norway, there was a 
clear risk that individuals of captive origin would mix with the ‘pure’ wild breeding 
populations (Roukonen et al. 2000). As a consequence of this discovery, the Swedish 
captive breeding project discontinued the release of goslings in 2000 (Anderson 2003). 

Until the end of 2004 (when the legal courts decided otherwise: Raad van State 
2004), the possible genetic impurity of overwintering A. erythropus in the Netherlands 
were reason for the Dutch authorities to exclude A. erythropus from the list of species for 
which the EU Habitat and Bird Directive (Anonymous 2007) was applicable. Subsequently, 
important wintering areas were not protected any longer, and the geese were allowed to be 
disturbed (Raad van State 2004). 

There is clearly cause for concern if hybridisation between Lesser and Greater 
White-fronted Geese occurred only in captivity and if the subsequent release of these 
hybrid individuals were to contaminate wild populations. However, there have been several 
reports of apparent hybrids of these two species in the wild (Panov 1989), including birds 
from the Fennoscandian subpopulation (Shackleton 1956; Voous and Wattel 1967), 
suggesting that hybridisation between these two species occurs also naturally in the wild.  

Our study evaluates the status of two apparent hybrid Lesser x Greater White-
fronted Geese that were collected on their wintering grounds in the Netherlands and in 
England prior to the commencement of the reintroduction programmes in Sweden and 
Finland, and that, in all likelihood, originate from the Fennoscandian subpopulation. The 
aim is to test whether hybridisation between the two species might already have occurred 
naturally prior to the captive breeding program of the Lesser White-fronted Goose. 
 
 
Materials and Methods 
 
Morphometrics 
We traced two apparent hybrids of A. erythropus x A. albifrons in the collections of the 
Zoological Museum Amsterdam (ZMA 19267: Fig. 7.1) and the Natural History Museum, 



76                                                        Wild hybrids of Lesser x Greater White-fronted Geese 

 
 
Figure 7.1 Hybrid Anser albifrons x A. erythropus (ZMA 19267, centre) and Lesser White-fronted 

Goose A. erythropus (right) and Greater White-fronted Goose A. albifrons (left), showing 
clear differences in size and extent of white on the forehead between the two species and 
the intermediate position of the hybrid. 

 
Tring (BMNH 1936.2.18.1). The former was mentioned in a report by Voous and Wattel 
(1967), whereas the existence of a possible hybrid in the collections of the BMNH was 
mentioned in an editorial footnote to a paper by Shackleton (1956). ZMA 19267 is an adult 
male collected by C. J. Coldewey on 28 December 1966 in the Biesbosch, South Holland, 
The Netherlands. BMNH 1936.2.18.1 is an adult male collected by R.G. Berkeley on 12 
February 1936 near Berkeley Castle, Gloucestershire, England, UK. Both were identified 
by the respective collectors as possible hybrids. To establish whether these specimens are 
indeed hybrids, the diagnostic characters of the two purported parental species had to be 
established. We selected the following characters for this purpose: 
 
(1) extent of yellow eye ring (either clearly swollen or vestigial) 
(2) wing length (fully stretched and flattened) 
(3) tail length 
(4) tarsus length 
(5) mid-toe length 
(6) culmen length from feathering at forehead to tip 
(7) bill depth of both mandibles, at level of feathering at forehead 
(8) ratio of wing versus tail length 
(9) ratio of tarsus versus mid-toe length 
(10) ratio of culmen length versus bill depth 
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The first 7 characters were measured by Kees Roselaar on 24 skins of A. albifrons 
and 26 A. erythropus (all adult males) deposited in the ZMA, the BMNH, and the National 
Natural History Museum Naturalis (Leiden, The Netherlands), and on ZMA 19267. Data 
from BMNH 1936.2.18.1 was kindly provided by Mark Adams. Anser albifrons originated 
from W Europe (Netherlands, Germany), whereas A. erythropus originated from Europe 
and Asia (Norway, Netherlands, Hungary, Russia, Kazakhstan, Azerbayan, India, 
Myanmar, Japan).  
 
Analysis 
The analysis of how the characters in the purported hybrids differed from the parent species 
were conducted for each character separately and with a Canonical Discriminant Function 
(CDF) analysis for a set of continuous characters (characters 2-10). The distribution of the 
measurements of characters 2-10 appeared not to differ significantly from a normal 
distribution. Following Roselaar et al. (2006), in which the observed value of the purported 
hybrids for characters 2-10 was not within Mean ± 1.96 SD or Mean ± 2.56 SD for those 
found in A. erythropus and / or A. albifrons, we considered the difference to be significant 
at P = 0.05 or P = 0.01 level, respectively (Quinn and Keough 2002). Significance was 
assumed if P <0.05 in a two-tailed test. 
 
 
 Results 
 
Both ZMA 19267 and BMNH 1936.2.18.1 were sent to the zoological museums because 
the collectors (i.e., Coldewey and Berkeley) noticed that they had obvious, swollen orange-
yellow or yellow eyerings, similar to those in A. erythropus, but that in other respects the 
birds were more like A. albifrons. Berkeley stated that among the hundreds of A. albifrons 
he had shot at Berkeley Castle, many had some yellow colouring around the eye, but none 
“quite so pronounced as this one”. Our study of the museum skins concur with this 
conclusion as all A. erythropus had clear yellow or orange-yellow eyerings (although often 
shrivelled) but a vestigial narrow flattened ring at most in A. albifrons. 

ZMA 19267 is significantly larger than A. erythropus in characters 5 (P<0.05) and 
2, 3, 6, 7 (all P<0.01), whereas character 8 is significantly smaller than that observed in A. 
erythropus (P<0.05). ZMA 19267 is significantly smaller than A. albifrons in character 6 
and 8 (P<0.05). One specimen of A. albifrons (ZMA 22358) has a large bill, although not 
significantly larger than the other A. albifrons specimens combined; if this specimen is 
excluded from the dataset, ZMA 19267 still has a significantly smaller bill than A. 
albifrons. BMNH 1936.2.18.1 is significantly larger than A. erythropus in characters 2, 5, 7 
(P<0.05) and 3, 6 (all P<0.01). It is significantly smaller than A. albifrons in character 6 and 
7 (P<0.01).  

Both ZMA 19267 and BMNH 1936.2.18.1 show similar differences with their 
putative parent species, and when both specimens show a significant difference, this is 
always in the same direction (i.e., smaller or larger than the putative parent species) (Table 
7.1). When one does or does not differ significantly in any particular character from one 
parent species, the other is disproportional likely to show the same pattern (Fisher’s Exact 
Probability Test, P = 0.01). 
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Table 7.1 Measurements (mean±1 SD) of Greater White-fronted Goose Anser albifrons (n = 24) and 
Lesser White-fronted Goose A. erythropus (n = 26) and two hybrids; all are adult males 
and measurements 2-7 are in mm. 

 
Character A. albifrons A. erythropus ZMA 19267 BMNH 

1936.2.18.1 
 

2. wing 421.9±14.5 380.5±14.7 414 406 
3. tail 119.5±6.2 105.6±5.1 127 119 
4. tarsus 72.3±3.8 63.5±3.1 66 68 
5. mid-toe 73.6±5.2 62.1±3.7 67 67 
6. culmen 46.2±2.0 33.8±3.5 42 40 
7. bill depth 26.0±0.7 19.3±1.7 25 22 
8. wing vs tail length 3.53±0.13 3.61±0.15 3.26 3.41 
9. tarsus vs mid-toe 0.98±0.04 1.02±0.03 0.98 1.01 
10. culmen vs bill depth 1.78±0.07 1.76±0.10 1.70 1.82 

 
For males of the two putative parent species, the overall assignment of individuals 

into their original sample by the CDF analysis was 100%, thus showing a clear-cut 
separation between the two species (Fig. 7.2). Both ZMA 19267 and BMNH 1936.2.18.1 
are positioned between these two species, ZMA 19267 relatively closer to the A. albifrons,  
 

 
 
Figure 7.2 Canonical Discriminant Function analysis of male Greater White-fronted Goose Anser 

albifrons (n = 24) and male Lesser White-fronted Goose A. erythropus (n = 26) and two 
hybrids. Functions one and two account for 98.3% and 1.7% of the variance, 
respectively. 
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and BMNH 1936.2.18.1 relatively closer to the A. erythropus. For males of the two putative 
parent species, the overall assignment of individuals into their original sample by the CDF 
analysis was 100%, thus showing a clear-cut separation between the two species (Fig. 7.2). 
Both ZMA 19267 and BMNH 1936.2.18.1 are positioned between these two species, ZMA 
19267 relatively closer to the A. albifrons, and BMNH 1936.2.18.1 relatively closer to the 
A. erythropus. 
 
 
Discussion 
 
The Anseriformes (geese, swans, and ducks) are among the avian orders most prone to 
hybridisation, with the incidence of hybridisation (i.e., the number of species within an 
order that have hybridised in nature divided by the total number of species in that order 
(sensu Grant and Grant 1992) as high as more than 70% (Gray 1958). The occurrence of 
natural hybridisation between A. erythropus and A. albifrons as largely inferred on the basis 
of field observations of aberrant individuals (Nagy 1950; Shackelton 1956; Gray 1958; 
Lerner 2005), is supported by our analysis. 

ZMA 19267 differs significantly from A. erythropus in six of the ten characters, 
whereas it differs significantly from A. albifrons in three of the ten characters. BMNH 
1936.2.18.1 differs significantly from A. erythropus in five of the ten characters, whereas it 
differs significantly from A. albifrons in three of the ten characters. In three characters (6, 
7, 8), either ZMA 19267, BMNH 1936.2.18.1, or both, differ from both putative parent 
species. CDF analysis revealed a clear-cut separation between A. erythropus and A. 
albifrons, and both ZMA 19267 and BMNH 1936.2.18.1 are positioned between these two 
species. On the basis of this set of characters, we conclude that both specimens most likely 
represent hybrids between the two species.  

Anser erythropus and A. albifrons geese breed in the Arctic tundras, the former 
breeds well south of the Arctic Ocean, whereas the latter breeds throughout the Arctic, 
including on islands in the Arctic Ocean. In northern Russia, at the southern edge of the 
breeding range of A. albifrons and the northern edge of A. erythropus both species overlap 
in their breeding grounds (Cramp and Simmons 1980). Both hybrid specimens included in 
our study were collected on their wintering ground in 1936 and 1966, well before the 
commencement of any captive breeding and restocking programme. Most likely they are 
the result of mixed pairing between the two species in the westernmost part of the breeding 
range of the A. albifrons, i.e., in north European Russia, or, alternatively, a A. albifrons 
paired with a A. erythropus on their breeding grounds in Fennoscandinavia.  

We conclude that hybridisation between the two species occurs naturally, albeit 
perhaps infrequently, as 4% (2/47) of A. erythropus and less than 1% (2/273) of A. 
albifrons in the collections of the ZMA, BMNH, and Naturalis are hybrids. As such, the 
hypothesis that the most probable explanation for the occurrence of A. albifrons mtDNA 
among the Fennoscandian captive population of A. erythropus is due to hybridisation at 
some point of the captive breeding of A. erythropus (Ruokonen et al. 2004: 280) is not 
incontrovertible. Although we cannot exclude this possibility, our study demonstrates that 
natural hybridisation between the two species does occur, or at least has occurred in the 
past. Ruokonen et al. (2004) did not find any haplotypes of A. albifrons in the wild A. 
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erythropus and suggested that hybridisation between male A. erythropus and female A. 
albifrons is not common in the wild. However, we hypothesise that our hybrid specimens 
are the result of mixed pairing between a male A. erythropus and female A. albifrons, 
because experiments with captive A. erythropus and A. albifrons have shown that certain 
morphological features of the male parental species dominates among the characters of the 
hybrids (Nagy 1950). Crosses between male A. erythropus and female A. albifrons resulted 
in hybrids having A. erythropus’s eye-ring, as indeed observed in our hybrids. The relative 
contribution of the different species and the different sexes in hybridisation between the 
two species can be solved when in addition to mtDNA – which are inherited maternally 
only- paternal-specific DNA, or nuclear DNA sequences are isolated. In addition to 
individuals from wild populations, these sequences could be obtained from the reintroduced 
stock as to assess the incidence of hybridisation more accurately. 

The occurrence of hybridisation between A. albifrons and A. erythropus during 
captive propagation was the main reason for discontinuing the release of A. erythropus 
goslings in Sweden (Anderson 2003), and the possibility of the presence of alien DNA in 
overwintering A. erythropus led the Dutch authorities to consider them not to represent a 
natural population, impeding legal protection. We refrain from taking a stand in either of 
these debates, including the need for restocking or reintroduction, but duly note that natural 
hybridisation between bird species is a frequent and natural phenomenon, with on average 
of one in ten bird species known to have bred in nature with another species and to have 
produced hybrid offspring (Randler 2002; Aliabadian and Nijman 2007). We hope that the 
new data presented here may provide additional information on the debate whether or not 
the restocking programme was halted for the right reasons, and whether or not it is 
desirable to re-commence with the reintroduction programme. 
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Abstract 
 
We explored the geographic distribution of hybrid zones of parapatric species by 
examining possible relationship between climatic and environmental variations as well as 
random dynamic of species ranges (mid-domain effect, MDE), and estimate the timing of 
42 species. Breeding distribution maps of 108 parapatric species (61 species pairs) that 
hybridise in the Palearctic Region were digitized into ArcGIS 9.0 and rasterized into equal-
area grid cells map. Hybrid richness patterns were modelled using four environmental 
predictors, net primary productivity (NPP), elevation (Ele), elevation heterogeneity 
(EleHet), vegetation heterogeneity (VegHet), and geometric constrains (MDE). Using 
Kimura’s two-parameter models, the minimum divergence time was estimated within 
parapatric species pairs in which their sequences of cytochrome b (cob) are available in 
GenBank. The hybrid zone pattern of birds across Palearctic Region showed a strong 
altitudinal gradient peaking along the mountain ranges bordering the southern Caspian Sea, 
north-central Asia. Other areas with less hotspot are Atlas Hindu Kush, Pamir, and southern 
part of Himalaya. Our result showed that combination of environmental factors contributes 
significantly to the the positioning of hybrid zones in birds, whereas MDE provides a poor 
prediction of hybrid zones pattern of birds across the Palearctic Region. Among 
environmental factors, elevation and elevation heterogeneity acted as the strongest 
predictor for explaining the hybrid zone pattern of birds. Genetic distances of hybridising 
species showed that splits separating hybridising species from their parapatric sister species 
may have occurred during the Pleistocene and Late Pliocene (1-7 MY), when expansion of 
isolates from refugia became possible following interglacial periods. The high degree of 
congruence of the geographical positioning of hybrid zones among different orders of birds 
support the idea that historical interpretation probably explain the hybrid zones between 
sharply differentiated and geographically representative taxa of birds along mountain 
ranges of Palearctic Region. 
 
Keywords: Birds, parapatric, environmental factors, MDE, spatial autocorrelation 
 
 
Introduction  
 
Hybrid zones are places where closely related species meet, and produce hybrids (Barton 
and Hewitt 1989; Harrison 1990). Hybrid zones as windows on evolutionary processes 
provide a natural laboratory for observations and studies of gene flow and the evolution of 
mechanisms of genetic isolation such as adaptation, speciation (Harrison 1990; Hewitt 
1988, 2001) and subsequently mechanisms for augmenting diversity. Hybrid zones have 
highly influenced the distribution, diversity, and occurrence of species observed today 
(Haffer and Prance 2001; Modliszewski et al. 2006). The composition and distribution of 
hybrid zones have been investigated by evolutionists for more than 70 years. Yet 
surprisingly, some of the major questions that motivated early studies of hybrid zones are 
still with us (e.g., Mayr 1963; Hewitt 1988; Howard et al. 2003). The questions as of why 
certain areas are disproportional rich in hybrid zones, and how this has came to be over 
evolutionary time, are yet to be fully resolved.  
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Hybrid zones, and areas where several hybrid zones coincide, are documented in 
many birds often better than any other groups of vertebrates, perhaps because of their often 
distinct plumages and relative ease to observe (Randler 2004; Aliabadian and Nijman 
2007). 

Several hypotheses have been suggested to explain the patterns (and underlying 
mechanisms) of hybrid zones. The first set of hypothesis concentrate mainly on historical 
interpretations, invoking refuges, and residual effects of Quaternary glaciations periods 
(Haffer 1974, 1977; Ricklefs and Schluter 1993; Mönkkönen 1994; McGlone 1996; Haffer 
and Prance 2001; Hawkins et al. 2006).  

A second group of hypotheses suggest that broad-scale gradients of richness are 

mainly the result of processes dependent on environmental and climatic gradients (for 
recent reviews see Whittaker et al. 2001; Willig et al. 2003). In mountain ranges, for 
example, relatively stable environmental conditions occur with small differences in climate 
and topography permitting local specialization leading to a higher species richness (Klopfer 
1959). However, the total metabolic energy that organisms can derive from the environment 
could be finite, and its partitioning among species limits the total number of species that can 
coexist (Hutchinson 1959; Brown 1984).  

Finally, a third group of hypotheses suggest that broad scale gradient of richness 
could mainly result from factors independent of history and climate, such as spatial 
constrains. Spatial constrains on species are derived from the geometric pattern that results 
from random range sizes and placements between the endpoints of two hard boundaries 
(Colwell and Hurtt 1994; Willig and Lyons 1998; Colwell and Lees 2000). According to 
this null model “the increasing overlap of species ranges toward the centre of a shared 
geographic domain due to geometric boundary constraints in relation to the distribution of 
species’ range sizes and midpoints.” (Colwell and Lees (2000:72). This model has been 
termed the mid-domain effect (MDE). Although some support for MDE has been found 
(e.g., Jetz and Rahbek 2001, 2002; Colwell et al. 2004; Jetz et al. 2004; McCain 2007), this 
hypothesis has generated considerable controversy and debate (e.g., Diniz-Filho et al. 2002; 
Hawkins and Diniz-Filho 2002; Zapata et al. 2003; Aliabadian et al. 2005). 

If the positioning of hybrid zones carry a strong historical signal, and represent 
former refuge areas, we expect (1) that hybrid zone hotspots are primarily or exclusively 
situated south of the maximum extent of glacial ice in the north polar area during 
Pleistocene times (Haffer 1977; Hewitt 2004), and (2) that divergence times of the species 
pairs predates the Pleistocene, possible extending to the Late Pliocene. Furthermore, we do 
not expect to see large differences in divergence times between species pairs occurring in 
the Western Palearctic (as defined by Cramp and Simmons 1980; Martins and Hirschfeld 
1998) compared to the Eastern Palearctic. 

If broad-scale gradients of richness are mainly the result of processes dependent on 
environmental and climatic gradients, we predict a strong, consistent correlation between 

hybrid zone pattern and (1) climatic variables such as species–energy relationships 
(Hurlbert and Haskell 2003; Hurlbert 2004), and / or (2) habitat heterogeneity and 
topography (Kerr and Packer 1997; Tews et al. 2004). 

If the patern of hybrid zones is primarily due to geometric constraints we expect 
the hybrid zones hotspots to be situated primarily in the centre of the Palearctic and the 
MDE to explain a significant amount of the observed variation. There should be no 
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correlations between species-richness and environmental or climatic gradients, or if there 
are, by including MDE in the model the explainatory power increases. 

 
 

Materials and Methods 
 

Bird hybrids data 
The study area covers the whole of the Palearctic Region (Europe, N. Africa and Asia: 30 
oW – 170 oW, 86 o25´N – 18 o00´N). Parapatric species pairs are defined as species with 
abut or narrow overlap zones (Smith 1955; Haffer 1992) and selected those that hybridise 
in their overlap zones (Haffer 1977, 1992; Aliabadian et al. 2005). Records of hybridisation 
among these species were compiled from McCarthy (2006) and Randler (2002) (Table 8.1). 
Nomenclature and taxonomy follows Dickinson (2003). 

Breeding distribution maps of all parapatric species that hybridise in the Palearctic 
Region were digitized into ArcGIS 9.0 (Environmental System Research Institute, ESRI, 
2001) and rasterized into equal-area grid cells map. The area of each grid cell was kept 
constant at a surface corresponding to 1° x 1° at the equator. Moreover, to investigate the 
effect of spatial resolution on the results, data analysis was repeated at a lower spatial 
resolution corresponding to 2° x 2° at the equator. For all parapatric species pairs 
distribution maps were created based on various literature sources, supplemented by data 
obtained from the examination of bird skins – and specimen labels - in numerous 
zoological collections (Roselaar et al. 2007). We produced combined maps for the two taxa 
of each species pair and extracted the overlap of their distribution areas as a new map. The 
hybrid zones of all species pairs considered herein were subsequently combined and their 
geographic distribution analysed.  

 
Environmental predictors 
Hybrid richness patterns were modelled using four environmental predictors, net primary 
productivity (NPP), elevation (Ele), elevation heterogeneity (EleHet), and vegetation 
heterogeneity (VegHet). These variables have been shown to be associated with birds’ 
species richness gradients (e.g., Rahbek and Graves 2001; Hurlbert and Haskell 2003; 
Hawkins et al. 2005; Diniz-Filho et al. 2007; Rompré et al. 2007). Global raster data were 
downloaded from online available datasets, subsets of which were extracted for Palearctic 
Region. For consistency, all layers included in the final analysis were converted to the same 
resolution as the original hybrid map. 

Plant productivity has been shown to shape diversity patterns for a wide range of 
animal species (Mittelbach et al. 2001). A map of global plant productivity was calculated 
from seasonal maps of the global vegetation Index (GVI) (http://www.ngdc.noaa.gov/seg/ 
eco/cdroms/gedii_a/datasets/a01/mgv.htm#top). This measure of productivity is derived 
from remotely sensed Advanced Very High Resolution Radiometer (AVHRR) data, 
denoting a measure of greenness. These incidences are being used as estimate of plant 
productivity (Hurlbert and Haskell 2003). The monthly averages of three years of data 
(1985-1989) were used to describe overall net primary productivity.  
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Table 8.1 Parapatric species pairs hybridise in the Palearctic Region, with type of their hybridisation, 
breeding contact, area of overlap, and genetic cob distances between species pairs. 

 
species pairs 
 
 

Family 
 
 

Type of 
hybridisation*  
 

breeding 
contact** 

 

Area 
1000 
km² 

K2P cob 
distances 
(%) 

Acrocephalus arundinaceus / A. stentoreus  Sylviidae ENHR PHZ 366 5.5 

Alectoris rufa / A. graeca Phasianidae CANHR PHZ 32 5 

Alectoris graeca / A. chukar Phasianidae ENHR PHZ 4 5 

Alectoris magna / A. chukar Phasianidae ENHR AHZ 4 5 

Anthus spinoletta / A. pratensis Motacillidae ONHR PHZ 79 5 

Aquila pomarina / A. clanga Accipitridae ENHR PHZ 300 2.7 

Carduelis ambigua / C. spinoides Fringillidae ENHR PHZ 36 1.43 

Carduelis flammea / C. hornemanni Fringillidae ENHR PHZ 743 0.24 

Chrysolophus pictus / C. amherstiae Phasianidae CANHR PHZ 152 3.4 

Coturnix japonica / C. coturnix Phasianidae CANHR PHZ 4 0.49 

Crossoptilon auritum / C. crossoptilon Phasianidae ENHR PHZ 92 3 

Dendrocopos major / D. syriacus Picidae ENHR AHZ 140 3 

Eremophila bilopha / E. alpestris Alaudidae ENHR PHZ 41 5.07 

Galerida theklae / G. cristata Alaudidae NHR AHZ 1767 7.9 

Gallus gallus / G. sonneratii Phasianidae CANHR PHZ 4 3 

Hippolais polyglotta / H. icterina Sylviidae ENHR PHZ 110 7 

Larus argentatus / L. cachinnans Laridae ENHR PHZ 4 0.8 

Lophura nycthemera / L. leucomelanos Phasianidae CANHR AHZ 56 3 

Pyrrhocorax graculus / P. pyrrhocorax Corvidae CAONHR AHZ 2440 11.39 

Phylloscopus collybita / P. sindianus Sylviidae ENHR  AHZ 252 4 

Phylloscopus sibilatrix / P. bonelli Sylviidae ONHR PHZ 975 9.3 

Tragopan blythii / T. temminckii Phasianidae CANHR PHZ 52 7 

Accipiter brevipes / A. badius Accipitridae NHR PHZ 8  

Buteo rufinus / B. buteo Accipitridae NHR PHZ 940  

Buteo rufinus / B. hemilasius Accipitridae ENHR PHZ/AHZ 12  

Corvus corax / C. ruficollis  Corvidae ENHR PHZ 1548  

Corvus monedula / C. dauurica Phasianidae ENHR PHZ 471  

Cyanistes caeruleus / C. cyanus  Paridae ENHR PHZ 979  

Dendrocopos assimilis / D. syriacus Picidae ONHR PHZ 20  

Dendrocopos major / D. leucopterus  Picidae ENHR PHZ 4  

Emberiza melanocephala / E. bruniceps Emberizidae ENHR PHZ 37  

Falco biarmicus / F. cherrug Falconidae NHR  PHZ 56  

Falco peregrinus / F. pelegrinoides Falconidae CANHR PHZ 112  

Garrulax maximus / G. ocellatus Timaliidae ONHR AHZ 176  

Lanius tephronotus / L. schach Laniidae ENHR AHZ 532  

Lanius collurio / L. isabellinus Laniidae ENHR PHZ 386  

Lanius cristatus / L. collurio Laniidae ONHR PHZ 491  
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Lanius isabellinus / L. cristatus Laniidae ONHR PHZ 1036  

Lanius vittatus / L. collurioides Laniidae ENHR PHZ 4  

Locustella certhiola / L. ochotensis Sylviidae ENHR PHZ 134  

Luscinia megarhynchos / L. luscinia Muscicapidae CAENHR PHZ 890  

Oenanthe chrysopygia / O. xanthoprymna Muscicapidae ENHR PHZ 8  

Oenanthe hispanica / O. pleschanka Muscicapidae ENHR PHZ 1011  

Paradoxornis webbianus / P. brunneus Timaliidae ONHR PHZ 12  

Parus major / P. bokharensis Paridae ENHR PHZ 158  

Passer indicus / P. domesticus Passeridae ENHR PHZ 183  

Perdix perdix / P. dauurica Phasianidae NHR PHZ 480  

Pernis ptilorhynchus / P. apivorus Accipitridae ONHR PHZ 16  

Ptyonoprogne rupestris / P. obsoleta Hirundinidae NHR PHZ 304  

Pycnonotus cafer / P. aurigaster Pycnonotidae CANHR AHZ 156  

Pycnonotus cafer / P. leucogenys Pycnonotidae CANHR AHZ 372  

Pycnonotus leucogenys / P. leucotis Pycnonotidae ENHR PHZ 8  

Pyrrhula pyrrhula / P. griseiventris Fringillidae CANHR PHZ 60  

Saxicola leucurus / S. torquata Muscicapidae ENHI PHZ 4  

Sitta europaea / S. nagaensis Sittidae ENHR AHZ 120  

Sturnus unicolor / S. vulgaris Sturnidae CANHR PHZ 53  

Sylvia curruca / S. althaea Sylviidae ONHR PHZ 162  

Turdus atrogularis / T. ruficolli Turdidae ENHR PHZ 516  

Turdus eunomus / T. atrogularis Turdidae ENHR PHZ 324  

Turdus eunomus / T. naumanni Turdidae ENHR PHZ 128  

Turdus ruficollis / T. naumanni Turdidae ENHR PHZ 914   

 
* NHR: natural hybridisation, ONHR: ongoing natural hybridisation, ENHR: extensive natural 
hybridisation, and ENHI: extensive natural hybridisation inferred; ** AHZ: altitudinal hybrid zones, 
PHZ: parapatry hybrid zone along a non-elevational gradient (definition following McCarthy 2006). 

 
Mountain ranges often depict the edge of species ranges. Elevation gradients 

resulting from such natural barriers provide many different niches for different species, 
enhancing the existence of inter-species contact zones. Yet, several authors have suggested 
that due to reduced productivity species richness decreases with increasing altitude 
(Stevens 1989; Rahbek 1997). A Digital elevation Model (DEM) of the world was derived 
from the Global land ten-kilometer Base Elevation (GLOBE) raster map 
(http://www.ngdc.noaa.gov/mgg/topo/globe.html).  

Elevation heterogeneity was calculated as the standard deviation of altitudinal 
measurements within a radius of five cells from the focal cell, calculated using the focal-
statistics function in Arc GIS 9.0 (ESRI 2001). Similarly, vegetation heterogeneity was 
calculated from the number of vegetation classes (total 100) within a 10 km radius from the 
focal cell.  
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Mid-domain effect 
To examine the spatial constrains hypothesis on the distribution of hybrid zones in the 
Palearctic Region, the methodology followed Aliabadian et al. (2005) which can be 
summarized as follows. Using the ‘area corrected’ version of the two dimensional 
simulation model (Bokma et al. 2001; Hawkins and Diniz-Filho 2002) Species richness for 
each point of grid cells were simulated based on empirical range sizes of hybrid zones 
within the maximum bounded domain of north-south, west-east for the Palearctic Region.  
 
Genetic distances and divergence times 
We resorted to the available sequences of cytochrome b (cob) as deposited in GenBank 
(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?CMD=search&DB=nucleotide, download- 
ed 1 July 2007) to obtain minimum divergence time estimates within parapatric species 
pairs. 201 cob sequences with a length of >925 bp and no more than 50 ambiguous or 
missing nucleotides were aligned using BioEdit (Hall 1999). Genetic distances were 
calculated to quantify sequence divergences among individuals using Kimura’s (1980) two-
parameter (K2P) models as implemented in MEGA 3.1 (Kumar et al. 2004). A 
phylogenetic tree of available sequences was reconstructed using maximum likelihood 
(ML), and maximum parsimony (MP). We conduct a heuristic search and 10 random 
additional repetitions under the ML criterion in PAUP* (Swofford 2002). ML models and 
parameters were determined by a hierarchical likelihood ratio test (HLRT) as implemented 
in Modeltest (Posada and Crandall, 1998). The HLRT selected the TUM+I+G model, with 
a gamma shape parameter  = 0.64 and proportion of invariable sites I = 0.45. MP analysis 
was performed using heuristic searches with TBR branch swapping, stepwise addition 
starting tree, and random addition sequence with 10 replicates. To test the robustness of 
nodes, we ran 500 and 2000 bootstrap replicates under ML and MP, respectively. 

For estimation of divergence times we assumed 2.0±0.5% sequence divergence 
per million years (Myr) for cob, as found in a large range of avian taxa (Fleischer et al. 
1998, 2006; Paxinos et al. 2002; Lovette 2004). We calculated 95%-confidence intervals 
based on this average ± 2 SD, subtracting an additional 0.2 Myr to account for possible 
coalescent effects (Moore 1995; Edwards and Beerli 2000; cf. Fleischer et al. 2006). 
 
Statistical analysis 
The generated hybrid distribution map was overlaid with each of the environmental, and 
MDE predictor layers using ArcGIS 9.0 (ESRI 2001). Values of the local environment and 
simulated MDE were extracted from these layers and exported to a data-table. The effect of 
spatial distance on the observed pattern hybrids over the Palearctic Region were examined 
using Statistical Analysis for Macroecologists package-SAM (Rangel et al. 2006). To 
explore the explanatory power (R2) of each environmental variables (NPP, Ele, EleHet, and 
VegHet; the latter two log-transformed), as well as the MDE, in explaining the geographic 
pattern of hybrid zones, we performed ordinary least squares (OLS) regressions of pattern 
against each of these factors.  

Since geographical data are generally spatially autocorrelated, the number of 
hybrids occurring in a certain area is very likely to be similar to the number of hybrids in 
the direct vicinity, and spatial measurements cannot be considered independent. The failure 
of data to meet the fundamental statistical assumption of independence will result in an 
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overestimation of the degrees of freedom. Consequently, statistical inferences about 
variables predicting hybrid distribution will generate bias in the type I errors (e.g., 
accepting significant differences when these are actually absent). To correct for spatial 
autocorrelation in regression residuals, the effective number of degrees of freedom were 
calculated according to Dutilleul’s method (Dutilleul, 1993; Brehm et al. 2007), and 
adjusted P-values (Padj for R2) were considered based on the effective degrees of freedom. 

We computed multiple linear regressions to explore multivariate relationships for 
hybridising patterns of bird species richness. We computed all four environmental factors 
as an environmental model, as well as MDE predictions as a geometric constraints model. 
These models were compared based on Akaike information criterion (AIC) statistics 
(Burnham and Anderson 1998) using lagged models in SAM software. The model with the 
lowest AIC is concerned as best predictor model for the pattern of hybrid zones across the 
Palearctic Region. Regression residuals of the lagged-response were examined for spatial 
autocorrelation based on Moran’s I for distance-classes. 

We regressed K2P distances (log-transformed) against the overlap area (log 
transformed), and compared the variation in K2P distances between hybrid zones. 
 
 
Results 
 
Hybrid richness gradients 
We identified 108 species (61 species pairs) that hybridise in the Palearctic Region (Table 
8.1). Fourteen species hybridise with two species, whereas all the others hybridise with just 
one species. These species distributed among 41 genera, 21 families, and 4 out of the 25 
extant orders; 11/61 hybridise along an altitudinal gradient whereas the remainder hybridise 
on a horizontal plane (Table 8.1). 

Several distinct hybrid zones hotspots can be identified, each harbouring between 5 
and 11 hybridising species pairs (Fig. 8.1). Combined the hybrid zones covers a third 
(28.20%) of the Palearctic Region. Hybrid zones of the different species pairs in the 
Palearctic Region average 0.4 х 106 km² (±0.6 х 106) (Table 8.1). These hotspots can be 
separated along a geographical divide into one containing Eastern and one containing 
Western Palearctic birds (Fig. 8.2). 

The pattern of hybrid zones exhibited positive spatial autocorrelation (Moran’s I = 
0.515, P< 0.001). Although some spatial autocorrelation remains, the correlogram for the 
residuals from the multiple regressions indicate that environmental and MDE models 
predictors were able to explain the pattern across the Palearctic Region well (Fig. 8.3). 

By reducing the spatial resolution, the total variance present in the dataset was 
reduced. The total model performance and relative weight of each variable predicting 
hybrid patterns, however, remained similar.  

 
Environmental predictors 
Multiple linear regressions between the pattern of hybrid zones and four environmental 
factors based on adjusted P values for spatial autocorrelation explain 8.0% of variance 
across all hybrid zones (P<0.001). Within these four environmental factors elevation and  
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Figure 8.1 Geographical variation of avifaunal hybrid zones in the Palearctic Region. The upper 

panel depicts the observed pattern, with in white the hybrid zone of one species pair, 
increasing to five species in black. The lower panel depicts the simulated pattern, based 
on environmental factors and MDE predictors (see text for details). 

 
elevation heterogeneity show the highest effect with 5.9% (Padj<0.001) and 4.2% 
(Padj<0.001) respectively. Other two factors, vegetation variation and net primary 
production, represent 3.6% and 1.3% of the hybrid zones pattern in the Palearctic Region 
respectively (Fig. 8.1). 
 
Mid-domain Effect 
The spatial pattern of the hybrid zones showed a tendency of increased overlap towards the 
middle of domain, but geometric constrains modelled in two-dimensional space (Fig. 8.3) 
explains a small portion of the geography of hybridising richness: the coefficient of 
determination from a standard regression analysis is low (R2 = 0.7%, P < 0.001). Geometric 
constrains are largely independent from other environmental factors (which are highly 
correlated with each other), and controlling the other factors in the model does not increase  
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Figure 8.2 Strict consensus tree (c. 925 base pairs of the cytochrome b gene) of hybridising species 

pairs in the Palearctic Region based of Maximum Parsimony and Maximum Likelihood 
estimated with TUM+I+G model of nucleotide substitution. The bars on the right indicate 
the distribution of the individual species pairs, with W = West Palearctic (west of 60° 
longitude) and E = East Palearctic. 
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Figure 8.3 Spatial correlogram using Moran’s I coefficient for hybrid species (blue line) and for 

lagged model regression residuals (red line). 
 
the coefficient of determination (R2 = 0.7%, P < 0.001). Moreover, although the model with 
only environmental factors had a lower AIC value it did not perform better than the MDE 
model with a higher AIC value. 
 
Divergence times 
Genetic distances (K2P) of 22 hybridising species pairs average 4.5±2.8%. This 
corresponds to a minimum divergence time of 2.1±1.4 Myr (95% confidence interval 
1.3±0.9 - 4.3±2.8 Myr), ranging from a low c. 100 kyr for the split between Carduelis 
flammea and C. hornemanni to a high 11.2 Myr for the split between Pyrrhocorax graculus 
and P. pyrrhocorax. 

Genetic distance (or divergence times) was not significantly correlated with the 
size of the overlap area (R2 = 4.4%, P> 0.32). The hybrid zones of most species pairs are 
confined to either the Western or Eastern Palearctic (Fig. 8.1). Genetic distances did not 
differ between the species that occupy these two parts of the Palearctic (5.7±1.9% and 
4.0±2.1% for Western or Eastern Palearctic, respectively (Fig. 8.2). 
 
 
Discussion 
 
The geographical pattern of hybrid zones for birds of the Palearctic shows a distinct uneven 
geographical distribution, with richness being the highest in the mountainous areas of 
northern-central and south-western Asia, southern Europe, and north-western Africa. Our 
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result showed that environmental factors do explain a statistically significant proportion of 
the pattern, albeit a small one. Likewise, the Mid-domain effect shows a statistically 
significant fit to the observed data, but with an even smaller amount of explanatory power 
to account for the variance across hybrid zones. Despite the low amount of variation 
explained by these variables, our study supports the notion that in general environmental 
factors are a stronger predictor for explaining biogeographical patterns in birds than MDE 
(Jetz and Rahbek 2002; Storch et al. 2006; Wisz et al. 2007).  

We found that a combination of environmental factors affects the positioning of 
hybrid zones in birds. Topography acted as the strongest predictor for explaining the hybrid 
zone pattern of birds across the Palearctic Region, but by taking into account the 
vegetation, the predictive model performed better. This agrees with other macroecological 
studies in which contemporary environmental variables appear to be strong predictors for 
explaining geographical distributions in birds (Hawkins et al. 2003, 2005; Diniz-Filho et al. 
2004, 2007; Brehm et al. 2007; Jetz and Rahbek 2002; Storch et al. 2006). Although 
geographical patterns of hybridisation appear to be constrained by topography this does not 
necessarily imply a causal relationship. Moreover, environmental factors tend to be 
strongly correlated with each other obscuring interpretations of correlations with the 
observed pattern (cf. Brehm et al. 2007). Finally, although the contribution of 
contemporary environmental predictors to existing broad-scale richness pattern are gaining 
appreciation, the role of history (phylogeny) and global climate change over evolutionary 
time are factors that have to be taken into account (Haffer 1977; Mayr and O'Hara 1986; 
Fjeldså and Lovett 1997; Haffer and Prance 2001; Hawkins et al. 2006). 

Genetic cob distances among hybridising species pairs average 4.88±2.25% 
suggesting that the splits between these species occurred more than 1-7 million years ago, 
i.e. during the Pleistocene and Late Pliocene. If these species do not only hybridise at 
present but have also done so during part of their shared past, these figures must be 
absolute minimum estimates pushing the time of separation more into the Early Pleistocene 
and Pliocene.  

After an initial gradual global cooling during the mid-Oligocene (30 Mya), the 
Earth experiences a series of about 20 strong short-term wet-dry and cool-warm fluctuation 
in the Late Pliocene and the Pleistocene (Avis et al. 1998; Price and Gross 2005). In the 
Palearctic, during these periods, climatic and vegetational fluctuation led to successive 
expansions (during interglacial or cool and wet periods) and contractions (glacial or cool 
and wet periods) of species ranges (Avis et al. 1998; Blondel and Mourer-Chauviré 1998). 
The subsequent rearrangement of species assemblages would have brought the species pairs 
included in our study into secondary contact, facilitating the establishment of hybrid zones 
(Haffer 1974, 1982; Amorim 1991). 

The successive expansions and contractions in species ranges must not only have 
occurred along a horizontal plane (with e.g., tropical species moving northwards during 
warm and wet periods), but also along the vertical plane, with species moving up and down 
mountain ranges (Haffer 1977; Hewitt 2004). While this allows for some species to persist 
within these limited geographical areas, mountain ranges may also act as barriers to species 
movements (Hewitt 2004). Indeed, even though topography did explain only a small 
proportion of the observed pattern, hybrid zones hotspots tend to be concentrated along 
mountain ranges. Furthermore, we found hybridising species pairs comprised either 



Chapter 8                                                                                                                               93  

Western Palearctic or Eastern Palearctic species (i.e. west and east of 60˚E longitude) 
suggesting mountains acted as barriers in east-west movements as well. As suggested by 
e.g., Roy et al. (1997) and Jetz et al. (2004) for South America and Africa, respectively, 
mountainous regions may act as a ‘species pump’ with species evolving in situ in mountain 
areas and subsequently expanding their ranges to adjacent areas. Whether or not this model 
is also applicable for the Palearctic Region remains to be tested, but Price and Gross (2005) 
on the basis of divergence times of some 7-8 Myr for closely related species in Kashmir, 
postulated that speciation may have occurred in respond to the formation of new habitats in 
association with climate change or mountain uplift thought to have occurred around that 
time. Palearctic mountainous regions contain a disproportionate number of small-ranged 
birds (Aliabadian et al. 2007b), there is a high correlation between the geographic pattern 
of hybrid zones and small-ranged (rs= 18.1), suggesting a role for hybridisation in the 
formation of new species in these areas. 
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Abstract 
 
Analysis of sequence diversity in mitochondrial genes (mtDNA) has contributed 
tremendously to the understanding of relationships of species and closely related taxa in 
various groups of eukaryotes. Yet, deciding which gene to use to resolve the divergence 
within a group remains an important issue in phylogenetics. For the goals of species 
identification in animals, the cytochrome c oxidase subunit 1 (cox1) has been introduced as 
standard marker. DNA barcoding based on cox1 has been successful in species 
identification across a wide array of taxa but in some cases failed to delimit the species 
boundaries of closely allied allopatric taxa or of hybridising sister taxa. In this study we 
extend the sample size of prior studies in birds for cox1 (2776 sequences, 756 species) and 
target especially species that are known to be closely related, occur parapatrically, and/or 
are known to hybridise. We compare the effectiveness of cox1 barcodes for the 
identification of bird species on a global scale. In order to obtain a larger data set, we 
include also DNA sequences of two other mitochondrial genes cytochrome b (cob) (4621 
sequences, 2087 species) and 16S (708 sequences, 498 species), which allows inclusion of 
many additional taxa. The three genes taken together, the analysed sequences comprise 
2719 species of birds. Our results showed that a wide gap exists between intra- and 
interspecies divergences for both cox1 and cob whereas no such gap is seen for 16S. Most 
of the closely related species that are known to hybridise, however, showed average 
divergences that were intermediate between intraspecific and interspecific distances for 
both cox1 and cob. This study confirms that DNA barcoding in closely related and 
potentially hybridising species should not rely on mtDNA alone but should include nuclear 
markers. 
 
Keywords: Aves, cox1, cytochrome b (cob), hybridisation, parapatric 
 
 
Introduction  
 
Mitochondrial DNA (mtDNA) markers have been widely applied in molecular 
phylogenetic studies, but deciding which mtDNA genes to use for the identification of 
species remains an important issue (Brown et al. 1979; Moore 1995; Johns and Avise 1998) 
because different parts of the mtDNA genome evolve at different mutation rates (Avise 
1986; Roques et al. 2006). The choice of a suitable gene with high phylogenetic resolution 
will be more crucial when evaluating species delimitation of recently diverged species. 
MtDNA, with rapid pace of sequence changes, regularly shows pronounced divergences 
between closely related species (Brown et al. 1979; Avise et al. 1987), but concern has 
been expressed that mtDNA sequence differences among such closely related species will 
often be too small to allow their discrimination, and the problem will be further accentuated 
by phenomena of ancient sharing of haplotype polymorphisms and by introgression (e.g., 
Mallet and Willmot 2003).  

Recent studies suggest that sequences of the mitochondrial cytochrome c-oxidase 
subunit I (cox1 or COI) could serve as a fast and accurate marker for the identification of 
animal species, and for the discovery of new species across the tree of life (Hebert et al. 
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2003), a procedure for which the term DNA barcoding has been coined. Hebert et al. 
(2004) investigated sequence variation of 25% of the species of North American breeding 
birds (260 species). Variation of cox1 sequences within species was an average of 20 times 
smaller than between species, and there was a clear gap between intra- and interspecific 
variation. Utilizing this barcoding gap, Hebert et al. (2004) proposed a standard sequence 
threshold to define species boundaries of around 10 times the mean intraspecific variation 
for the group under study. This cox1 barcoding gap has repeatedly been found in a range of 
other vertebrate taxa (Hebert et al. 2004; Hogg and Hebert 2004; Johnson and Cicero 
2004). For invertebrates, Wimers and Fiedler (2007) however argued that the barcoding 
gap is an artifact of insufficient sampling across taxa. Indeed, building upon the work of 
Hebert et al. (2004), Kerr et al. (2007), working with a larger number of species and 
samples, found significantly smaller amounts of interspecific variation between closely 
related allopatric bird taxa (that often are known to hybridise), potentially compromising 
the universal applicability of cox1 DNA barcoding. Johnson and Cicero (2004) for 39 pairs 
of proven sister species of North American birds, most which hybridise, found an average 
K2P mtDNA distances of 0.07% to 8.2%, with an average of 1.9%. For 29 out of these 39 
species pairs the sequence divergences was equal or lower than the suggested cox1 
threshold (2.7%). In general, it is especially with pairs or complexes of closely related and 
potential hybridising species where DNA barcoding can be expected to encounter problems 
(Moritz and Cicero 2004). Parapatric and potentially hybridising species are common 
among birds (Haffer 1992; McCarthy 2006) and only few DNA barcoding studies have 
focused on them thus far (Johnson and Cicero 2004; Kerr et al. 2007), which probably in 
part is due to the the lack of cox1 sequences for crucial taxa. 

Besides the cox1 gene, other mitochondrial markers also have been widely 
sequenced across vertebrates. Vences et al. (2005) suggested the use of the 16S ribosomal 
RNA gene (16S) to complement cox1 as DNA barcoding marker in amphibians. Another 
protein coding gene, cytochrome b (cob), has also been suggested as a marker to determine 
species boundaries (Helbig and Seibold 1999; Bradley and Baker 2001; Lemer et al. 2007). 

 Birds are among the most intensively sequenced taxa for cox1 and cob, and there 
is a reasonable dataset available for 16S. Taken together, sequences of these three genes are 
available for a significant proportion of the worldwide species diversity of birds. 
Furthermore, birds are taxonomically one of the best studied animal groups, which 
indicates that a relatively low proportion of unknown, cryptic species is to be expected, and 
that taxonomic misidentifications are relatively rare, giving a reasonable degree of 
confidence in the specific identity of published DNA sequences. Here we complement 
available data for these three genes specifically for hybridising parapatric species pairs of 
the Palearctic, and use the comprehensive dataset to test the performance of distance-based 
DNA barcoding in such closely related birds. 
 
 
Materials and Methods 
 
Data sampling 
We sequenced 210 individuals of 145 nominal species for DNA sequences of cox1 and 16S 
gene fragments, of which 31 and 46 species were parapatric species for cox1 and 16S 
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respectively. Parapatric species are defined as species that have at least one other closely-
related species which inhabits a contiguous range, the two species excluding each other 
geographically (Haffer 1992; Aliabadian et al. 2005). The range boundary between the two 
taxa has no dispersal barrier, allowing parapatric species to hybridise and display 
intergradation in their contact zones, yet they maintain distinct outside of these zones 
(Barton and Hewitt 1989; Mallet et al. 2007). 

DNA was extracted from tissue or blood samples using DNeasy Tissue Kits 
(QIAGEN) following the manufacturer’s protocol. Polymerase chain reactions (PCR) and 
sequencing reactions follow protocols described by Aliabadian et al. (2007a) which can be 
summarized as follows. A fragment of cox1, was sequenced using two primer combinations 
that amplify a region of 612 bp starting from the 5' terminus of the mitochondrial cox1 
gene: BirdF1 (5´ -TTC TCC AAC CAC AAA GAC ATT GGC AC -3´), BirdR1 (5´ -ACG 
TGG GAG ATA ATT CCA EET CCT G- 3´), and BirdR2 (5´ -ACT ACA TGT GAG ATG 
ATT CCG AAT CCA G - 3´) (Hebert et al. 2003). A fragment of 16S was sequenced for 
the same individuals using 16SA-L (light chain; 5´-CGC CTG TTT ATC AAA AAC AT-
3´) and 16SB-H (heavy chain; 5´-CCG GTC TGA ACT CAG ATC ACG T-3´) (Palumbi, et 
al. 1991). PCR products were cleaned using QIAquick PCR Purification Kit (Qiagen). 
Sequencing reactions were resolved on ABI 3100 or ABI 3730 automated DNA 
sequencers. Genbank accession numbers are listed in Appendix 9.1.  

Our data set was complemented by cox1 and 16S sequences from GenBank, as 
available on 1 July 2006). For cox1, additional sequences were included from the Barcode 
of Life Data Systems website (http://www.barcodinglife.org/, as accessed on 1 July 2006). 
Sequences were included provided they had a length of >612 (cox1) and >538 bp (16S) 
homologeous to our sequences, with no more than 50 ambiguous or missing nucleotides. 
cob sequences with a length of >1000 bp and no more than 50 ambiguous or missing 
nucleotides were retrieved from GenBank at the same time.  

All sequences were aligned using Muscle, a multiple alignment software for 
protein and nucleotide sequences which allows multiple sequence comparison by log-
expectation (Edgar 2004). Probably erroneous sequences (with highly unlikely positions or 
extreme branch lengths, based on a neighbour-joining tree calculated with all sequences) 
were identified by eye and omitted. A total of 2776 sequences (756 nominal species) were 
kept for cox1, 708 (498 species) for 16S, and 4621 (2087 species) for cob (Table 9.1), and 
altogether 2719 species were included for at least one of the genes. 
 
Data analysis 
Genetic distances (p) were calculated to quantify sequence divergences among individuals 
using Kimura’s (1980) two-parameter (K2P) models, theta, as implemented in MEGA 3.1 
(Kumar et al. 2004). The K2P distance is the most effective model when genetic distances 
are low (Hebert et al. 2003). K2P distances were calculated at all taxonomic levels, 
intraspecific, intrageneric, intrafamilial, intraordinal, and, separately, between species in 
parapatric species pairs (following the taxonomy of Dickinson 2003 and CS Roselaar pers. 
comm.). For calculation involving higher taxonomic levels, pairwise comparisons of the 
previous levels were excluded (e.g., in comparisons of intrageneric, pairwise distances of 
intraspecific were removed, and only pairwise distances of those samples to other species 
were used). 
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Table 9.1 Number of individuals and taxa employed in this study. 
 

   
Individual 

 

 
species 

 
genera 

 
families 

 
orders 

all birds  9721 2161 244 25 
cox1 2776 756 329 75 20 
cob 4621 2087 890 114 24 
16S 708 498 270 91 25 

 
Average K2P distances were computed based on pairwise comparisons of all 

sequences for each species, and each pair of parapatric species. To calculate intra- and 
interspecific pairwise distances, based on output matrix of MEGA 3.1, we wrote a 
converter program SPD 1.1) in C language (this program will be available from the authors 
upon request).  

Altogether 3,823,995, 9,952,500, and 250,257 pairwise distances were compared 
in this study for, cox1, cob, and 16S respectively. NJ trees of K2P distances showing inter- 
and intra specific variations were constructed using MEGA 3.1 (not shown here). A 
regression analysis was employed to assess the effect of sample size on intraspecific 
divergences for each gene using SPSS for Windows, version 11.  
 
 
Results 
 
For none of the three genes was mean divergence within species significantly related to the 
sample sizes per species (cox1: R² = 0.001, P = 0.465, 16S: R² = 0.001, P = 0.465, cob: R² 
= 0.001, P = 0.338) (Appendix 9.2). In general, Intraspecific K2P distances for the three 
genes ranged from zero to 21.20 % (cox1: 0-9.3%, 16S: 0-6.2%, and cob: 0-21.20) and 
intrageneric K2P distances ranged from zero to 22.10% (cox1: 0-18.9%, 16S: 0-13.3%, and 
cob: 0-22.10). Especially the lower range of values may be an effect of misnaming taxa in 
GenBank (by applying synonyms as opposed to the currently valid name) or may be real 
(as in the case of several taxa that form a so-called ring-species: Crochet et al. 2000; 
Liebers et al. 2004; Alström 2006). 
 
Cox1 gene 
Intraspecific K2P distances for species with >2 sequences (mean = 4.51, range = 2–122, n = 
566 species) averaged 0.24% (SD = 0.59%), intrageneric K2P distances are some 24-fold 
higher (5.97 ± 3.55) than the mean intraspecific K2P distances (Fig. 9.1a). Mean 
divergences within families and orders were 11.25% (SD = 3.06%) and 15.80% (SD = 
3.35%) respectively (Appendix 9.3a). 

K2P distances within 64 parapatric species (species occurring parapatrically with 
at least one other bird species) with >2 sequences (mean = 3.1, range = 2-8) averaged 0.49 
± 0.87% (Fig. 9.2a). K2P distances between species in parapatric species pairs averaged 
3.64 ± 3.29% with significant differences between those species that do hybridise (3.35 ± 
3.35%) and those that do not hybridise (5.99 ± 4.24%) (P>0.001 Table 9.2, 9.3). K2P 
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distances between species in hybridising species pairs were significantly larger than 
intraspecific distances and smaller than intrageneric K2P distances for all species (P<0.001, 
Table 9.3).  
 
Cob gene 
Intraspecific K2P distances for species with >2 sequences (mean = 4.64, range = 2–127, n = 
656 species) averaged 0.74% (SD = 1.21%), intrageneric K2P distances were some 11-fold 
higher (8.11 ± 3.80) than the mean intraspecific K2P distances (Fig. 9.1b). Mean 
divergence within families and orders were 13.97% (S = 3.13%) and 19.50% (SD = 3.64%) 
respectively (Appendix 9.3b). 

K2P distances of 60 parapatric species with >2 sequences (mean = 3.51, range = 
2-20) averaged 1.07 ± 1.74% (Fig. 9.2b). K2P distances between species in parapatric 
species pairs averaged 3.08 ± 2.50, with a significant difference between those species that 
do hybridise and those that do not hybridise (P<0.001, Table 9.2, 9.3). Intrageneric K2P 
distances between species in hybrid species pairs were significantly different from 
intraspecific and intrageneric K2P distances for species (p<0.001, Table 9.3). 
 
16S gene 
Intraspecific K2P distances for species with >2 sequences (mean = 2.67, range = 2–12, n = 
125 species) averaged 0.48% (SD = 1.06%), intrageneric K2P distances were some seven 
fold higher (3.13 ±1.92) than the mean intraspecific K2P distances (Fig. 9.1c). Mean 
divergence within families and orders were 6.51% (SD = 2.45%) and 10.69% (SD = 
2.37%) respectively (Appendix 9.3c). 

K2P distancess within 46 parapatric species with >2 sequences (mean = 2.22, 
range = 2-12) averaged 0.33 ± 0.82% (Fig. 9.2c). K2P distances between species in 
parapatric species pairs averaged 1.30 ± 1.17, with no significant difference between those 
species that do hybridise and those that do not hybridise (P = 0.078 Table 9.2, 9.3). K2P 
distances between species in hybridising species pairs were significantly different from 
intraspecific and intrageneric K2P distances for species (P<0.001, Table 9.3). 

 
Table 9.2 Mean K2P pairwise distances between species in parapatric species pairs in three genes, 

cox1, cob, and 16S  
 

K2P distances species pairs 
cox1 cob 16s 

Parapatric species pairs that do hybridise     
Acrocephalus stentoreus / Acrocephalus arundinaceus  5.5  
Alectoris chukar / Alectoris rufa  5  
Alectoris graeca / Alectoris chukar  5  
Alectoris magna / Alectoris chukar  5  
Anthus pratensis / Anthus spinoletta 3.6   
Anthus spinoletta / Anthus pratensis  5 1.7 
Aquila pomarina / Aquila clanga  2.7  
Archilochus alexandri / Archilochus colubris 1.6   
Callipepla californica / Callipepla gambelii 2.1   
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Campylorhynchus zonatus / Campylorhynchus albobrunnea  4  
Carpodacus cassinii / Carpodacus purpureus 5.8   
Chrysolophus pictus / Chrysolophus amherstiae  2.3  
Contopus sordidulus / Contopus virens 11.1   
Contopus virens / Contopus sordidulus  2  
Coturnix japonica / Coturnix coturnix   3 
Crossoptilon auritum / Crossoptilon crossoptilon  3  
Delichon urbicum / Delichon dasypus  8.5  
Dendrocopos major / Dendrocopos syriacus 4.1   
Dendroica occidentalis / Dendroica townsendi 0.4   
Emberiza melanocephala / Emberiza bruniceps 6.5  1.2 
Eremophila bilopha / Eremophila alpestris 4.2  0.6 
Galerida theklae / Galerida cristata  7.9 0.6 
Gallus gallus / Gallus sonneratii 2.1 3  
Gavia immer / Gavia adamsii 0.6   
Hippolais polyglotta / Hippolais icterina  7 2.6 
Lanius collurio / Lanius isabellinus 2.4 1 1.2 
Lanius collurio / Lanius cristatus  9 1.2 
Lanius isabellinus / Lanius cristatus  8.2  
Lanius isabellinus / Lanius vittatus  8  
Lanius schach / Lanius tephronothus   1.7 
Lanius vittatus / Lanius collurioides  6  
Larus glaucoides / Larus thayeri 0.1   
Larus argentatus / Larus cachinnans 0.3 0.8 0.1 
Leucopternis melanops / Leucopternis kuhli  2  
Lophura nycthemera / Lophura leucomelanos  3  
Luscinia megarhynchos / Luscinia luscinia 5.1  0.8 
Melanerpes aurifrons / Melanerpes carolinus 4.5   
Melanerpes aurifrons / Melanerpes uropygialis 6   
Oenanthe hispanica / Oenanthe pleschanka 0.1  1 
Passer indicus / Passer domesticus   0.5 
Passerina amoena / Passerina cyanea 9.4 7.7  
Pheucticus ludovicianus / Pheucticus melanocephalus 5.1   
Phylloscopus sindianus / Phylloscopus collybita 7.2 4 2.2 
Phylloscopus sibilatrix / Phylloscopus bonelli 7.4 9.3 2.3 
Picoides nuttallii / Picoides scalaris 1.4 9  
Piranga ludoviciana / Piranga bidentata  4.8  
Plegadis falcinellus / Plegadis chihi 0.9   
Pluvialis dominica / Pluvialis fulva 4.8   
Poecile carolinensis / Poecile atricapillus  6  
Poephila cincta / Poephila acuticauda  3  
Polioptila californica / Polioptila melanura 2   
Selasphorus rufus / Selasphorus sasin 2.4   
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Sialia sialis / Sialia currucoides  6.7  
Sphyrapicus ruber / Sphyrapicus varius 2.8   
Streptopelia vinacea / Streptopelia capicola  2  
Sturnus unicolor / Sturnus vulgaris   0.5 
Tragopan blythii / Tragopan temminckii  7  
Turdus ruficollis / Turdus naumanni   0 
Vireo cassinii / Vireo solitarius 2.1 3  
Parapatric species pairs that do not hybridise    
Alectoris philbyi / Alectoris melanocephala  7  
Anthus spinoletta / Anthus rubescens 5   
Campyloramphus trochilirostris / Campyloramphus procurvoides 5  
Circaetus cinerascens / Circaetus fasciolatus  4  
Corythaixoides concolor / Corythaixoides personata  6  
Crax globulosa / Crax alector  4  
Crax rubra / Crax alberti  5  
Crinifer piscator / Crinifer zonurus  5  
Emberiza caesia / Emberiza hortolana   0.1 
Emberiza godlewskii / Emberiza cia   0.9 
Emberiza hortulana / Emberiza buchanani 5.8  1.2 
Gavia arctica / Gavia pacifica 4.7   
Geospiza difficilis / Geospiza fuliginosa   1 
Hippolais olivetorum / Hippolais languida  9  
Hirundo aethiopica / Hirundo lucida  2  
Hirundo albigularis / Hirundo angolensis  9  
Hirundo nigrita / Hirundo smithii  9  
Locustella lanceolata / Locustella fluviatilis  11 2.7 
Melanocorypha calandra / Melanocorypha bimaculata 9.9  1.3 
Melithreptus albogularis / Melithreptus lunatus  10  
Motacilla alba / Motacilla madaraspatensis  5.9  
Musophaga violacea / Musophaga rossae  6  
Parus xanthogenys / Parus spilonotus  5  
Ramphastos brevis / Ramphastos vitellinus  3.9  
Selenidera reinwardtii / Selenidera gouldii  5  
Sitta neumayer / Sitta tephronota 0.9  1.1 
Streptopelia orientalis / Streptopelia turtur  5  
Sylvia mystacea / Sylvia melanocephala 9.8 5 2.3 
Syrmaticus reevesi / Syrmaticus ellioti  8.5  
Tragopan satyra / Tragopan blythii  6  
Tragopan temminckii / Tragopan satyra  7  
Trogon melanurus / Trogon comptus  8  
Turdus pallidus / Turdus obscurus  2  
Veniliornis cassini / Veniliornis affinis 5.7   
Zosterops senegalensis / Zosterops pallidus   5   
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K2P pairwise distances 
 

 
Figure 9.1 K2P pairwise distances in (a) cox1, (b) cob, and (c) 16S genes. Grey bars are comparisons 

among intraspecific sequences (left axis) and black bars represent comparisons among 
different species (right axis). 
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Figure 9.2 K2P Pairwise comparisons among parapatric bird species in (a) cox1, (b) cob, and (c) 16S 
genes. White bars are comparisons between pairs of parapatric species and grey bars are 
comparisons within each of these species. 
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Table 9.3 K2P distances of species in parapatric species pairs and among non-parapatric species, 

comparing parapatric species pairs that do hybridise with those that do not, and with 
intrageneric (excluding parapatric species), intraspecific (excluding parapatric species), 
intraspecific in hybridising parapatric species, and intraspecific in non-hybridising 
parapatric species (** = 0.01, t-test). Presented are mean±standard deviation (number of 
comparisons) 

 
cox1 cob 16S 

Comparisons 
 K2P Mean±std (N)  K2P Mean±std (N) K2P Mean±std (N) 

Between hybridising parapatric species 3.35±3.05 (191) 2.76±2.28 (662) 1.36±1.23 (119)  

Between non-hybridising parapatric species 5.99±4.24 (23)** 6.17±2.36 (69)** 1.01±0.79 (25) 

Within all genera (excl. parapatric species) 5.99±3.54 (27162)** 8.2±3.75 (40555)** 3.26±1.91 (1731)** 

Within all species (excl. parapatric species)  0.23±0.57 (12924)** 0.72±1.15 (29191)** 0.57±1.18 (246)** 

Within hybridising parapatric species 0.49±0.87 (496)** 1.01±1.67 (2488)** 0.28±0.68 (128)** 

Within non-hybridising parapatric species 0.37±0.29 (24)** 2.22±2.56 (105) 0.63±1.37 (22)** 

 
 
Discussion 
 
The accuracy of distance-based DNA barcoding depends particularly on the extent of the 
separation between intra and interspecific divergence in the selected marker. The ideal 
world for barcoding lacks any overlap between these two values. By including cob and 16S 
in our analysis, besides cox1, we have been able to test the overlap between inter- and 
intraspecific mitochondrial distances in a much wider array of taxa than previous analysis 
(Hebert et al. 2004; Kerr et al. 2007). Furthermore, by specifically targeting parapatric and 
hybridising bird taxa which potentially are particularly problematic in DNA barcoding 
(Moritz and Cicero 2004), we here provide a more stable basis to test the performance of 
mitochondrial DNA barcoding in these species. 

As apparent in Fig. 9.1 (and Appendix 9.3abc for comparisons within higher 
taxonomy levels for each gene) a wide gap exist between intra- and interspecies 
divergences for both cox1 and cob genes if all taxa within genera are compared, whereas 
this gap is less apparent for 16S, indicating that mitochondrial rRNA genes may be less 
suitable for species delimitation in DNA barcoding despite their many other advantages 
like universal primer applicability (Vences et al. 2005).  

The intrageneric distances of cox1, on average, were 24-fold higher that the 
sequence divergences within species (0.24 vs 5.97%). In cob the intrageneric distances 
were on average 11-fold higher than the sequence divergences within species (0.74 vs 
8.11%). These values are not too different from those obtained by Hebert et al. (2004) in an 
initial effort to test cox1 DNA barcoding in birds, based on two or more individuals for 130 
species (0.27% vs. 7.93%). It has been argued that this alleged gap will considerably lower 
down if more individuals per species are sampled and when a large proportion of closely 
related taxa are included (Moritz and Cicero 2004; Meyer and Paulay 2005). This effect 
was not observed by Kerr et al. (2007) who analysed an average 4.1 individuals per 
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species. Our study confirms this trend. The barcoding gap was apparent in the cox1 dataset 
with, on average, 4.51 sequences per species, and also in the independent cob dataset with 
4.64 sequences per species. Furthermore, our regression analyses found no dependence of 
intraspecific divergences from the number of samples included in the analysis. 

The present study compared the divergence of intraspecific sequences from 
specimens that originated from widely separated geographic regions and confirmed that 
cox1 sequence variation was able to identify more than 98% of the pairwise sequence 
divergences correctly as corresponding to variation within species, while 20% of the 
pairwise comparisons within genera (intrageneric sequences distances) were less than 
2.4%. Intraspecific variation identified in this study was similar to that in North American 
breeding birds (0.24% vs. 0.23% and 0.27% in Hebert et al. (2004) and Kerr et al. 2007 
respectively), but lower than in most other animal groups like 0.60% in Guyanese bats 
(Clare et al. 2007), 0.46% in Lepidoptera (Hajibabaei et al. 2006), 0.39% in marine fishes 
(Ward et al. 2005), and especially lower than that found in amphibians (on average, 3-4% 
found within species of Aneides salamanders and of mantellid frogs; Vences et al. 2005). 

While the barcoding gap appears to hold for overall comparisons among birds 
even if larger numbers of individuals are included, a more critical issue is that of 
distinguishing related combinations of species (Moritz and Cicero 2004). In such species 
complexes, the barcoding map may not exist, and this effect may be diluted in overall 
comparisons of large numbers of taxa. Numerous DNA barcoding studies conducted thus 
far revealed that more than 90% of species under study could be identified by this method. 
For example, Clare et al. (2007) for Guyanan bats were able to allocate 93% of their 
species correctly, and Kerr et al. (2007) for North American breeding bird species 
demonstrated rightly classified 95% of all species. The cases where barcodes failed to 
separate species involved either closely allied allopatric taxa whose status, as distinct 
species, is uncertain or sister taxa that hybridise.  

Our study showed that a high proportion of hybridising parapatric species are 
indiscriminatable by the suggested distance-based threshold value in DNA barcoding. The 
proportion was 36% (9/25) in the cox1 dataset and 78% (25/32) in the cob dataset, these 
different values probably not being due to different properties of the analysed genes but to 
different taxa included, and possibly to a higher degree of misidentified taxa (as taken from 
Genbank) in the cob dataset. Of the parapatric species pairs that do not hybridise 14% (1/7) 
and 73% (19/26) did not meet the threshold for cox1 and cob genes respectively. 

Based on the percentage of parapatric species that hybridise in the Palearctic 
Region (60% of parapatric species: Aliabadian et al. unpublished data based on McCarthy 
2006; corresponds to 10-18% of all species: Grant and Grant, 1992; Aliabadian and Nijman 
2007), the global number of parapatric species (Haffer 1992, McCarthy 2006), and the 
proportion of parapatric species that show only a small amount of genetic divergence, we 
can estimate that between 250 (based on cox1) and 650 (cob) parapatric species of birds are 
not distinguishable with the barcoding gap. This represents some 2.5-6.0% of the total 
number of species. 

These proportions of failure of distance-based mitochondrial DNA barcoding 
could be due to two different causes: either mitochondrial introgression due to 
hybridisation and incomplete lineage sorting, which would cause some individuals in one 
species being closer to individuals of another species than to conspecifics; or an origin of 
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parapatric species pairs by recent speciation, and therefore overall low genetic divergences 
between them. Our data set does not allow to distinguish between these two causes, but 
further research into this question would be useful to understand the processes influencing 
the perspectives and reliability of DNA barcoding in birds. If most of the problematic cases 
refer to introgression and incomplete lineage sorting, then nuclear markers need to be used 
to reliably discern between the affected species (Tautz et al. 2003). If recent speciation and 
generally low genetic distances (but reciprocally monophyletic haplotypes) are involved, 
then character based DNA barcoding may be more appropriate and would allow to sidestep 
the problem to find appropriate threshold values by searching "barcoding gaps". In any 
case, where not only species identification but species discovery is concerned, it is clear 
that DNA barcoding should be used as only one (in many groups the first preliminary) step 
in the recognition, diagnosis and description of species in terms of integrative taxonomy 
(e.g., Dayrat 2005). 
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Appendices 
 
Appendix 4.1 List of parapatric species pairs that do hybridise (H) or have a secondary contact zone 

in the Palearctic Region, with the area of overlap (in 1000 km2). List compiled from 
Haffer (1977, 1992); information on hybridisation retrieved from Bures et al. (2002) 
and Randler (2002). 

 
Lanius cristatus / L. collurio (H, 491), L. cristatus / L. isabellinus (H, 1036), L. collurio / L. 
isabellinus (H, 366), L. schach / L. tephronotus (532), Corvus monedula / C. dauuricus (H, 471), C. 
corone / C. pectoralis (309), C. ruficollis / C. corax (H, 1548), Parus major / P. bokharensis (H, 
158), P. xanthogenys / P. spilonotus (195), P. caeruleus / P. cyanus (H, 979), Delichon urbicum / D. 
dasypus (175), Aegithalos leucogenys / A. concinnus (37), A. niveogularis / A. iouschistos (12), 
Melanocorypha calandra / M. bimaculata (2291), Calandrella rufescens / C. cheleensis (630), 
Galerida cristata / G. theklae (1767), Alauda arvensis / A. gulgula (353), Eremophila alpestris / E. 
bilopha (41), Locustella lanceolata / L. fluviatilis (151), L. naevia / L. certhiola (H, 885), L. certhiola 
/ L. ochotensis (H, 134), Acrocephalus arundinaceus / A. stentoreus (366), Hippolais languida / H. 
olivetorum (73), H. polyglotta / H. icterina (H, 110), Phylloscopus collybita / P. lorenzii (252), P. 
bonelli / P. sibilatrix (H, 975), P. affinis / P. subaffinis (154), Sylvia curruca / S. althaea (H, 162), S. 
melanocephala / S. mystacea (69), Pomatorhinus erythrogenys / P. erythrocnemis (130), Garrulax 
maximus / G. ocellatus (179), Paradoxornis paradoxus / P. unicolor (41), Sitta nagaensis / S. 
castanea (666), S. neumayer / S. tephronota (841), Sturnus vulgaris / S. unicolor (53), Turdus 
obscurus / T. pallidus (516), T. ruficollis / T. naumanni (H, 914), Luscinia luscinia / L. megarhynchos 
(H, 890), Oenanthe pleschanka / O. hispanica (H, 1011), O. leucopyga / O. leucura (105), Ficedula 
albicollis / F. semitorquata (41), Passer domesticus / P. indicus (H, 183), Motacilla alba / M. 
maderaspatensis (175), Anthus godlewskii / A. campestris (471), A. pratensis / A. spinoletta (H, 79), 
A. rubescens / A. spinoletta (65), Carduelis flammea / C. hornemanni (743), Bucanetes githagineus / 
B. mongolica (938), Emberiza cia / E. godlewskii (28), E. hortulana / E. buchanani (1015), E. 
hortulana / E. caesia (394), E. melanocephala / E. bruniceps (H, 37). 
 
Appendix 4.2 Relationship between number of contact zones per grid cell and land area (equivalent 

to the number of grid cells) in the Palearctic Region (figures above the bars represent 
percentages of total land area). 
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Appendix 5.1 List of the morphological variables (21 primary variables) measured on 189 
museum skins, and the 6 ratios calculated from these variables. 

 
 (a) Flight apparatus 
 Sp2 Length of emargination of the second primary 
 Sp3 Length of emargination of the third primary 
 WL Wing length  
 P1L Length of first primary  
 P1P2 Tip of first primary to tip of second primary 
 P1P3 Tip of first primary to tip of third primary 
 P1P4 Tip of first primary to tip of forth primary 
 P1P5 Tip of first primary to tip of fifth primary 
 P2Wt Tip of second primary to wing tip 
 GtWt Greatest cover tip to wing tip 
 AtWt Alula tip to wing tip 
 TL Tail length 
 (b) Feeding apparatus 
 BL Bill length 
 BD Bill depth 
 BW Bill width 
 MRB Maximum length of rictal bristles 
 (c) Foot-leg complex 
 TaL Tarsus length 
 HTL Hind toe length 
 HTNL Hind toe nail length 
 MTL Middle toe length 
 MTNL Middle toe nail length 
 (d) Ratios 
 SP2/WL Length of emargination of the second primary / Wing length 
WingRI Wing roundness index 

= (Wing length - P1 tip to wing tip) / Wing length 
 TL/WL Tail length / Wing length 
 BL/BD Bill length / Bill depth 
 Tal/WL Tarsus length / Wing length 
 FootS/TaL Foot span (= HTL+HTNL+MTL+MTNL) / Tarsus length 



 

 
Appendix 5.2 Male mean values (in mm) for the measured external morphology in 202 specimens studied. 
 

Species N Sp2 Sp3 WL P1L 
P1P

2 
P1P

3 
P1P

4 
P1P

5 
P2W

t 
GtW

t 
AtW

t TL BL BD BW 
MR
B TaL HTL 

HTN
L 

MT
L 

MT
NL 

O. alboniger 20 28.2 27.3 103.9 26.3 47.6 55.3 55.5 54.1 8.0 61.1 81.6 69.8 12.1 4.3 5.0 8.5 27.00 8.8 7.1 10.7 5.5 

O. d. deserti 10 25.2 23.4 93.7 19.8 50.9 55.2 55.0 51.9 4.4 54.0 74.7 65.2 11.4 3.7 4.2 7.9 25.99 6.3 6.1 8.9 5.1 

O. d. homochroa 7 25.1 22.0 90.1 20.5 48.0 52.2 52.2 49.4 4.1 51.9 72.2 64.7 11.1 4.0 5.0 8.1 26.11 6.1 5.8 9.1 4.8 

O. finschii 20 25.9 23.6 89.7 22.7 41.5 47.6 47.9 46.4 6.3 51.2 71.1 62.4 11.2 4.4 4.7 8.2 25.90 7.2 6.5 10.0 5.3 

O. hispanica  10 25.8 24.1 91.3 21.6 45.7 51.6 51.4 48.0 4.9 52.9 73.1 62.9 11.0 4.0 4.3 7.4 23.66 7.0 5.7 10.1 5.2 

O. isabellina 20 25.6 22.0 98.3 19.7 54.4 57.6 57.1 53.4 3.2 54.6 78.5 59.8 13.0 4.8 5.0 8.7 30.47 7.2 7.3 10.2 6.0 

O. leucopyga aegra 15 28.6 26.3 104.0 26.6 49.5 55.9 55.8 54.3 6.5 60.1 83.0 73.3 13.3 4.8 5.0 10.8 26.95 8.1 6.7 11.2 5.3 

O. lugens persica 20 26.4 24.2 95.1 22.3 45.7 51.5 51.9 50.6 6.7 54.8 75.5 64.3 11.7 4.2 4.6 8.1 25.52 7.5 6.6 9.8 5.5 

O. moesta moesta 15 27.4 26.1 92.4 24.2 43.3 48.3 48.3 47.4 5.2 53.1 72.7 67.1 13.3 5.1 5.4 9.8 30.14 8.5 6.9 10.4 5.4 

O. o. libanotica 20 24.7 22.1 98.0 16.7 57.2 60.7 59.4 53.5 3.5 56.6 78.7 57.8 11.6 4.0 4.5 6.8 27.65 7.2 7.4 9.8 6.3 

O. o. seebohmi 5 25.0 21.4 92.9 19.7 50.8 54.0 53.7 50.5 3.3 52.2 73.6 57.3 11.9 5.0 5.1 7.7 28.59 8.0 7.1 10.7 5.7 

O. p. picata 8 25.3 24.5 91.4 24.5 40.2 46.6 48.1 47.1 9.8 53.1 71.8 66.8 10.8 4.3 4.4 7.6 24.92 8.0 6.0 10.3 5.1 

O. pleschanka 20 24.7 21.8 92.6 20.9 47.8 53.2 53.2 50.4 5.7 53.1 74.1 63.2 10.3 3.8 4.1 6.9 23.51 6.3 5.9 9.4 5.1 

O. chrysopygia 12 24.6 23.1 91.9 23.7 43.3 49.0 49.3 48.1 6.0 52.7 72.9 58.9 11.9 4.2 4.5 7.0 25.46 7.2 6.5 10.0 5.2 
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Appendix 9.1 list of all samples that has been sequenced in this study, with voucher numbers and 
collection localities. 

 
GenBank 
accession 

GenBank  
accession 

Specimen Sample no 

16S COX1 

Locality 

Acridotheres tristis MFUM 200554   Iran 
Acridotheres tristis MFUM 200429(33   Iran  
Acrocephalus scirpaceaus fuscus MFUM 20049(11   Iran  
Acrocephalus stentoreus brunnescens MFUM 200434(39   Iran  
Alauda arvensis MFUM 200467(100   Iran  
Alauda arvensis MFUM 200471(120   Iran  
Alauda arvensis MFUM 200473(138   Iran  
Alauda arvensis MFUM 200474(145   Iran  
Alectoris chukar NRM 20036338   Captive 
Alectoris philbyi NRM 20036337   Captive 
Ammomanes deserti MFUM 20045(7   Iran  
Anthus petrosus littoralis ZMUC 116892    Denmark  
Anthus petrosus littoralis ZMUC 116893    Denmark  
Anthus pratensis pratensis NRM 20026012   Sweden  
Anthus pratensis pratensis ZMUC 116884    Denmark  
Anthus pratensis pratensis ZMUC 131790    Denmark  
Anthus spinoletta spinoletta ZMUC 116889   Switzerland  
Anthus spinoletta spinoletta ZMUC 116890   Switzerland  
Anthus spinoletta spinoletta ZMUC 137278   Italy  
Bucanetes githagineus crassirostris MFUM 200445(50   Iran  
Bucanetes githagineus crassirostris MFUM 200446(51   Iran  
Bucanetes githagineus crassirostris  MFUM 200447(52   Iran  
Calandrella rufescens MFUM 200468(106   Iran  
Carduelis cannabina bella MFUM 200416(19   Iran  
Carduelis carduelis caniceps MFUM 200415(18)   Iran  
Carduelis carduelis caniceps MFUM 200449(m2   Iran  
Carduelis carduelis caniceps MFUM 200460(m20   Iran  
Carduelis flammea NRM 20036803   Sweden  
Carpospiza brachydactyla MFUM 200441(46   Iran  
Carpospiza brachydactyla MFUM 200443(48   Iran  
Corvus corax corax NRM 2004 6571   Sweden  
Corvus monedula monedula NRM 20046500   Sweden  
Cyanistes caeruleus caeruleus NRM 20006358   Sweden  
Dendrocopos syriacus NRM20036318   Captive 
Emberiza bruniceps MFUM 200419(23)   Iran  
Emberiza bruniceps MFUM 200424(28   Iran  
Emberiza bruniceps MFUM 200552(m5   Iran  
Emberiza buchanani MFUM 200414(17)   Iran  
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Emberiza caesia ZMUC 130563   Greece  
Emberiza caesia ZMUC 137275   Turkey  
Emberiza cia MFUM 200418(22)   Iran  
Emberiza cia MFUM 200556(m15   Iran  
Emberiza hortulana MFUM 200417(21)    Iran  
Emberiza hortulana ZMUC 116260   Denmark  
Emberiza hortulana ZMUC 116261   Denmark  
Emberiza melanocephala MFUM 200548(m   Iran  
Eremophila alpestris albigula MFUM 20042(2   Iran  
Eremophila bilopha ZMUC 135715    Tunis  
Ficedula albicollis NRM 20036504   Sweden  
Ficedula parva MFUM 200413(15)   Iran  
Galerida cristata MFUM 200442(47   Iran  
Galerida theklae superflua ZMUC 131967   Tunis  
Hippolais icterina icterina ZMUC 117807    Denmark  
Hippolais icterina icterina ZMUC 117808    Denmark  
Hippolais icterina icterina ZMUC 119833    Tanzania  
Hippolais icterina icterina ZMUC 137197   Denmark  
Hippolais polyglotta ZMUC 117806    Poland  
Hippolais polyglotta ZMUC 133863    Denmark  
Lanius isabellinus MFUM 200438(43   Iran  
Lanius meridionalis aucheri MFUM 200411 (13)   Iran  
Lanius minor MFUM 200422(26   Iran  
Larus argentatus argentatus ZMUC 112598    Denmark  
Larus argentatus argentatus ZMUC 130665    Denmark  
Larus cachinnans cachinnans ZMUC 136951    Russia  
Locustella fluviatilis  ZMUC 131388    Kenya  
Locustella lanceolata ZMUC 117812    China  
Locustella naevia naevia ZMUC 117814    Denmark  
Luscinia luscinia NRM 20026317 DQ683442* DQ683476* Sweden  
Luscinia megarhynchos hafizi MFUM 200359 DQ683443* DQ683477* Iran  
Melanocorypha bimaculata torquata MFUM 200439(44   Iran  
Melanocorypha calandra MFUM 200551(m4   Iran  
Monticola solitarius MFUM 20044(6   Iran  
Motacilla alba NRM 20016303   Sweden  
Oenanthe alboniger MIUT2003-7.2(28) DQ683444* DQ683478* Iran  
Oenanthe alboniger MIUT2003-104(29) DQ683445* DQ683479* Iran  
Oenanthe alboniger MIUT2003-95(18) DQ683446* DQ683480* Iran  
Oenanthe chrysopygia MIUT2003-96(19) DQ683447* DQ683481* Iran  
Oenanthe d. deserti MIUT2003-3(33) DQ683448* DQ683482* Iran  
Oenanthe d. deserti BMNH A/2005.2.5 DQ683449* DQ683483* Iran  
Oenanthe d. deserti MIUT2003-98(21) DQ683450* DQ683484* Iran  
Oenanthe deserti homochroa MIUT2003-99(22) DQ683451* DQ683485* Morocco  
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Oenanthe finschii barnesi  MIUT2003-91(14) DQ683452* DQ683486* Iran  
Oenanthe finschii barnesi  BMNH A/2005.2.11 DQ683453* DQ683487* Iran  
Oenanthe finschii barnesi MIUT2003-100(23) DQ683454* DQ683488* Iran  
Oenanthe isabellina MIUT2003-84(7) DQ683456* DQ683490* Iran  
Oenanthe isabellina BMNH A/2005.2.12 DQ683457* DQ683491* Iran  
Oenanthe isabellina BMNH A/2005.2.1) DQ683458* DQ683492* Iran  
Oenanthe isabellina BMNH A/2005.2.2 DQ683459* DQ683493* Iran  
Oenanthe isabellina BMNH A/2005.2.3 DQ683460* DQ683494* Iran  
Oenanthe isabellina MIUT2003-90(13) DQ683461* DQ683495* Iran  
Oenanthe leucopyga aegra MIUT2003-137(X) DQ683474* DQ683508* Morocco  
Oenanthe lugens persica BMNH A/2005.2.6 DQ683462* DQ683496* Iran  
Oenanthe lugens persica BMNH A/2005.2.7 DQ683463* DQ683497* Iran  
Oenanthe lugens persica BMNH A/2005.2.8 DQ683464* DQ683498* Iran  
Oenanthe lugens persica MIUT2003-94(17) DQ683465* DQ683499* Iran  
Oenanthe moesta moesta MIUT2003-103(26) DQ683466* DQ683500* Iran  
Oenanthe oenanthe libanotica BMNH A/2005.2.9 DQ683467* DQ683501* Iran  
Oenanthe oenanthe libanotica BMNH A/2005.2.4 DQ683468* DQ683502* Iran  
Oenanthe oenanthe libanotica MIUT2003-81 DQ683469* DQ683503* Iran  
Oenanthe oenanthe libanotica BMNH A/2005.2.10 DQ683470* DQ683504* Iran  
Oenanthe oenanthe seebohmi MIUT2003-83 DQ683471* DQ683505* Morocco  
Oenanthe pleschanka MIUT2003-102(25) DQ683472* DQ683506* Iran  
Oenanthe pleschanka MIUT2003-26(30) DQ683473* DQ683507* Iran  
Oenathe pleschanka×Oenanthe hispanica MIUT2003-37(32) DQ683455* DQ683489* Iran  
Oenanthe picata picata MIUT2003-7.1(27) DQ683475* DQ683509* Iran  
Oriolus oriolus MFUM 20041(1)   Iran  
Parus major ZMUC 133916   Greece  
Parus major major ZMUC 134022   Sweden  
Parus major major ZMUC 134036   Sweden  
Parus major ZMUC 135484   Greece  
Parus major ZMUC 136952   Russia  
Passer domesticus MFUM 200432(39   Iran  
Passer domesticus MFUM 200436(41   Iran  
Passer indicus ZMUC 117474    Pakistan  
Phylloscopus affinis ZMUC 117832    China  
Phylloscopus bonelli ZMUC 121484    Senegal  
Phylloscopus collybita NRM 20046497   Sweden  
Phylloscopus collybita  ZMUC 137138   Denmark  
Phylloscopus collybita abietinus ZMUC 131383    Kenya  
Phylloscopus collybita collybita ZMUC 135586   Denmark  
Phylloscopus collybita tristis ZMUC 117866   China  
Phylloscopus sibilatix ZMUC 129907    Denmark  
Phylloscopus sibilatix ZMUC 137263    Italy  
Phylloscopus trochilus MFUM 200410 (12)   Iran  
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Ptyonoprogne obsoleta MFUM 200412(14)   Iran  
Rhodospiza obsoleta  MFUM 200450(m3   Iran  
Sitta neumayer 245   Iran  
Sitta neumayer neumayer ZMUC 129871    Greece  
Sitta tephronota MFUM 200425(29   Iran  
Sitta tephronota MFUM 200430(35   Iran  
Sitta tephronota MFUM 200435(40   Iran  
Sitta tephronota MFUM 200440(45   Iran  
Sturnus vulgaris MFUM 200431(36   Iran  
Sylvia communis MFUM 200423(27   Iran  
Sylvia curruca curruca NRM 20026345   Sweden  
Sylvia m. melanocephala ZMUC 131876   Cyprus  
Sylvia m. melanocephala ZMUC 131969   Greece  
Sylvia m. melanocephala ZMUC 131992    Cyprus  
Sylvia m. melanocephala ZMUC 132073    Spain  
Sylvia mystacea MFUM 200428(32   Iran  
Turdus atrogularis NRM 19980930   China 
Turdus naumanni NRM 20000926   Hongkong 
Turdus naumanni NRM 20000927   Hongkong 
Turdus pallidus NRM 19991106   China 
Turdus ruficollis  NRM 20050609   Hongkong 
Turdus torquatus MFUM 200555(m14)   Iran  
Tyto alba bargei ZMA 55939   Curaçao 
Tyto alba  ZMA 55945   Bonaire 
Tyto alba bargei ZMA 55941   Curaçao 
Tyto alba bargei ZMA 55942   Curaçao 
Tyto alba bargei ZMA 55943   Curaçao 
Tyto alba  ZMA 58257   Bonaire 
Tyto alba  ZMA 58259   Bonaire 
Tyto alba guttata ZMA 58237   The Netherlands 
Tyto alba guttata ZMA 58235   The Netherlands 

 
Museums acronomys: MFUM, Museum of Ferdowsi University of Mashhad; NRM, Swedish Museum of Natural 
History; ZMUC, Zoological Museum, University of Copenhagen; ZMA, Zoological Museum of the University of 
Amsterdam. *our published sequences (Aliabadian et al. 2007a). 
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Appendix 9.2 The relationship between mean intraspecific variations (K2P) and the number of 
individuals analysed for each species. Black quadrates: cox1 (adjusted R² = 0.001, P 
= 0.465). Grey dots: cob (adjusted R² = 0.001, P = 0.338). 
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Appendix 9.3 Comparisons of K2P pairwise distances in (a) cox1, (b) cob, and (c) 16S 
genes in birds. Mean (±SD). K2P distances are compared within various 
level of taxonomic hierarchy for three genes. 
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Summary 
 
Evolutionary biologists have long recognized the importance of documenting contact zones 
of related species of organisms. The data derived from such studies contribute to the 
understanding of processes of speciation, dispersal and vicariance. Contact zones usually 
are defined as the meeting area of pairs of closely related species, implying a degree of 
congruence in their separate distribution. Parapatry distribution is viewed as the result of 
these secondary contact zones of differentiating taxa. Parapatric species are defined as 
species that have at least one other closely-related species inhabiting a contiguous range, 
the two species largely excluding each other geographically. A special type of parapatry is 
when two (or more) species that became geographically separated at one time in their 
evolutionary history have come into (secondary) contact at a later stage. Although a 
separation can be made between hybridisation parapatry where the contacting taxa form a 
narrow hybrid zone, and ecological parapatry, where they have a narrow overlap without 
hybridisation, but are better treated as a continuum from complete sexual separation to 
frequent hybridisation. Parapatry and secondary contact zones have been frequently 
reported in birds representing major zones of biogeographic discontinuity among taxa from 
different regions and probably current or former barriers. Hybridisation, both within and 
outside these zones is frequent, and is well-documented. We reviewed the incidence of 
hybridisation (number of species that reportedly hybridise in the wild divided by the total 
number of species) in birds, and found that one in six species is known to have hybridised 
in nature.  

The aim of the study is to explore various aspects (biogeography, evolution, 
systematics, species delineation) of avifauna with emphasis on the Palearctic Region and on 
those species that hybridise and / or that occur in secondary contact zones.  

The first part of this thesis focuses on analysing the biogeography and distribution 
of parapatric songbirds (Passeriformes) in the Palearctic Region. By mapping and digitizing 
the distribution ranges of all phylogenetic species of Passeriformes in the Palearctic, we 
were able to analyse the geographic distribution of species richness and hotspots of these 
parapatric species pairs. We further describe and analyse the effect of range-size frequency 
on the distribution patterns of Palearctic passeriformes. Hotspots of contact zones and 
species-richness are not evenly distributed across Palearctic Region and are located mainly 
in the south-western, northern and central-southern Asia, and in north-western Africa. 
Hotspots appear to be concentrated in mountainous areas, partially due to environmental 
factors; the occurrence of hotspots in the southern half of the Palearctic may be influenced 
by the maximum extent of glacial ice during the Pleistocene. 

The second part of this thesis evaluates the evidence for hybridisation in an order 
(loons or divers) and a genus (geese) using quantitative and qualitative morphological 
characters. These characters were highly variable and separated hybrid species from their 
putative parents. The divers (Gaviiformes) are a small order where the incidence of 
hybridisation reportedly is very low. We reveal that hybridisation may be more common 
than previously assumed, contradicting the assumption that the incidence of hybridisation is 
low in orders comprising few species. In geese (Anser), a genus with a high incidence of 
hybridisation, we report on two hybrids of Lesser x Greater White-fronted Geese that were 
collected on their wintering grounds in England (1936) and Holland (1966). A re-
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introduction program using captive-bred Lesser White-fronted Goose in Sweden and 
Finland was recently halted because of the presence of Greater White-fronted Geese 
haplotypes; we demonstrate that hybridisation between these two species did in fact already 
occur prior to the commencement of the captive breeding program. 

The thirds part of this thesis focuses on the amount of genetic variation among 
parapatric species. In one study we focus on the phylogeny of Palearctic wheatears – a 
taxon in which many species hybridise and show parapatric distributions. Based on two 
mitochondrial genes (cytochrome c oxidase subunit I (cox1 or COI), and 16S rRNA) we 
constructed a phylogeny and test how this molecular tree show congruence with a similar 
tree constructed on morphometrical data. Furthermore, since hybridising species or closely 
related species regularly share mitochondrial polymorphisms millions of years old, 
mitochondrial DNA (mtDNA) sequence genetic differences among closely related species 
will often be too small to allow their discrimination to the species-level. We tested the 
performance of three mtDNA genes (cox1, cytochrome b (cob), and 16S) in assigning 
species-rank in a 8100 sequence dataset and show that a wide gap exists between intra- and 
interspecies divergences for both cox1 and cob whereas no such gap is seen for 16S. By 
including closely related parapatric species (including those that hybridise) and including a 
comprehensive set of species, we evaluate the efficiency of these three mtDNA genes in 
species delimitation. High proportion of hybridising parapatric species are 
indiscriminatable based on suggested distance-based of mitochondrial genes (DNA 
barcoding). These proportions of failure of distance-based mitochondrial DNA barcoding 
could be due to two different causes: either mitochondrial introgression due to 
hybridisation and incomplete lineage sorting, which would cause some individuals in one 
species being closer to individuals of another species than to conspecifics; or an origin of 
parapatric species pairs by recent speciation, and therefore overall low genetic divergences 
between them. Our data set does not allow to distinguish between these two causes, but 
further research into this question would be useful to understand the processes influencing 
the perspectives and reliability of DNA barcoding in birds. 
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Evolutionair biologen onderkennen reeds lang het belang van het in kaart brengen en 
bestuderen van contactzones van verwante organismen. De kennis opgedaan aan deze 
studies draagt bij aan het begrijpen van het soortvormingsproces, verspreiding en 
vicariantie. Contactzones worden meestal gedefinieerd als het gebied waar twee nauw-
verwante soorten elkaar geografisch overlappen. Parapatrische soorten zijn soorten waarbij 
twee of meer nauw-verwante soorten een aaneensluitende verspreiding hebben, zonder dat 
een overlapzone aanwezig is. Een speciaal type parapatrie is wanneer twee of meer soorten 
die in het verleden geografisch van elkaar gescheiden raakten later (secundair) weer met 
elkaar in contact komen. In deze secondaire contactzone kunnen deze soorten al dan niet 
met elkaar hybridiseren. In het eerste geval kan er van hybridisatieparapatrie gesproken kan 
worden; is er wel marginale overlap maar geen hybridisatie dan betreft het vaak 
ecologische parapatrie, waarbij soorten in het overlapgebied verschillende habitats 
bewonen. Parapatrie en secondaire contactzones zijn goed bekend in vogels, en kunnen 
opgevat worden als biogeografische scheidingszones waar soorten van de verschillende 
faunistische provincies elkaar ontmoeten. Tevens geven ze huidige of historische 
biologische barrières aan. Hybridisatie, zowel in deze zones als erbuiten, is goed 
gedocumenteerd. Van een op de zes vogelsoorten is bekend dat een of meerdere individuen 
in het wild met een andere soort heeft gekruist en jongen heeft gekregen. 

Het doel van het onderzoek dat ten grondslag ligt aan dit proefschrift is om 
aspecten zoals biogeografie, evolutie, systematiek en soortgrenzen van vogels te verkennen, 
waarbij er een grote nadruk ligt op het Palearctisch gebied en op soorten die hybridiseren 
en/of die voorkomen in secundaire contactzones. 

Het eerste deel van dit proefschrift richt zich op het analyseren van 
biogeografische patronen en de verspreiding van zangvogels (Passeriformes) in het 
Palearctisch gebied. Door middel van het creëren van digitale verspreidingskaarten van alle 
fylogenetische zangvogeltaxa, zijn de geografische verspreiding van parapatrische 
zangvogelparen, en hun overlapgebieden zichtbaar geworden. Ook hebben we het effect 
van de verdeling van de groottes van verspreidingsgebieden onderzocht. De 
overlapgebieden van parapatrische zangvogelparen zijn niet gelijkmatig in de ruimte 
verdeeld, maar komen disproportioneel vaak voor in zuidwest, noord en centraal Azië en 
noordwestelijk Afrika. De gebieden met de hoogste aantallen soorten daarentegen 
concentreren zich in bergstreken, met name die in het zuidelijk deel van de Palearctis, wat 
waarschijnlijk een reflectie is van de zuidelijke grens van het landijs gedurende de 
Pleistocene ijstijden. 

Het tweede deel van dit proefschrift evalueert de hybridisatie in een vogelorde 
(zeeduikers - Gaviiformes) en een genus (ganzen) door een kwantitatieve en kwalitatieve 
analyse van morfologische kenmerken. Deze kenmerken waren uiterst variabel en zorgden 
voor een duidelijk onderscheid tussen de hybriden en de oudersoorten. De zeeduikers zijn 
een orde met slechts een vijftal soorten, waarbinnen hybridisatie weinig voor leek te 
komen, wat in lijn lijkt te zijn met de voorspelling dat hybridisatie binnen een orde negatief 
gerelateerd zou zijn aan het aantal soorten waaruit de orde bestaat. We evalueerden de data 
over hybride zeeduikers en vonden dat het algemener voor lijkt te komen dan werd gedacht. 
De ganzen (genus Anser) hybridiseren veelvuldig. We beschrijven twee gevallen van 
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hybridisatie tussen Kol- en Dwerggans aan de hand van vogels die verzameld zijn in hun 
winterkwartier in Nederland (1966) en Engeland (1936). Een herintroductieprogramma van 
in gevangenschap gefokte Dwergganzen in Zweden en Finland werd recentelijk stopgezet 
vanwege de vondst van Kolgans haplotypes in deze Dwergganzen. Ons onderzoek toont 
aan dat hybridisatie tussen deze twee ganzensoorten ook al in het wild voorkwam voordat 
het fokken in gevangenschap voor herintroductie begon. 

Het derde deel van dit proefschrift richt zich op de mate van genetische variatie 
tussen parapatrische vogelsoorten. In een studie richtten we ons op de fylogenie van de 
tapuiten - een taxon waar hybridisatie veelvuldig voorkomt en waar veel soorten een 
parapatrische verspreiding vertonen. We reconstrueerden de fylogenetische 
verwantschappen tussen deze soorten aan de hand van twee mitochondriale genen (cox1 en 
16S rRNA) en vonden dat er een grote mate van overeenkomst - congruentie - was tussen 
deze moleculaire stamboom en een gemaakt aan de hand van morfologische data. 
Hybridiserende en nauwverwante soorten delen regelmatig mitochondriale polymorfismen, 
sommigen misschien al miljoenen jaren, wat het bemoeilijkt om aan de hand van 
mitochondriaal DNA (mtDNA) soorten te onderscheiden. We hebben de bruikbaarheid 
getest van drie mtDNA genen (cox1, cob, and 16S) om soorten de onderscheiden (DNA-
barcoding). Gebruikmakend van een dataset van 8100 DNA sequenties tonen we aan dat er 
een brede kloof (de zogenaamde ‘barcoding gap’) bestaat tussen de intra- en interspecifieke 
genetische divergenties voor zowel cox1 en cob, maar niet voor 16S. In deze dataset hebben 
we expliciet een groot aantal parapatrische soorten (inclusief een groot aantal dat 
hybridiseerd) meegenomen, om zo te testen of we aan de hand van de eerdergenoemde 
genen voldoende in staat zijn deze soorten van elkaar te onderscheiden. Het blijkt dat bij 
een groot aantal van deze soorten dit niet het geval is, wat de universele toepasbaarheid van 
DNA barcoding door middel van het bepalen van genetisch afstanden in twijfel trekt.  
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