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Chapter 1

PHYLOGEOGRAPHY OF FINCHES AND SPARROWS
Antonio Arnaiz-Villena*, Pablo Gomez-Prieto
and Valentin Ruiz-del-Valle
Department of Immunology, University Complutense,
The Madrid Regional Blood Center, Madrid, Spain.

ABSTRACT
Fringillidae finches form a subfamily of songbirds (Passeriformes), which are
presently distributed around the world. This subfamily includes canaries, goldfinches,
greenfinches, rosefinches, and grosbeaks, among others. Molecular phylogenies obtained
with mitochondrial DNA sequences show that these groups of finches are put together,
but with some polytomies that have apparently evolved or radiated in parallel. The time
of appearance on Earth of all studied groups is suggested to start after Middle Miocene
Epoch, around 10 million years ago.
Greenfinches (genus Carduelis) may have originated at Eurasian desert margins
coming from Rhodopechys obsoleta (dessert finch) or an extinct pale plumage ancestor; it
later acquired green plumage suitable for the greenfinch ecological niche, i.e.: woods.
Multicolored Eurasian goldfinch (Carduelis carduelis) has a genetic extant ancestor, the
green-feathered Carduelis citrinella (citril finch); this was thought to be a canary on
phonotypical bases, but it is now included within goldfinches by our molecular genetics
phylograms. Speciation events between citril finch and Eurasian goldfinch are related
with the Mediterranean Messinian salinity crisis (5 million years ago). Linurgus olivaceus
(oriole finch) is presently thriving in Equatorial Africa and was included in a separate
genus (Linurgus) by itself on phenotypical bases. Our phylograms demonstrate that it is
and old canary.
Proposed genus Acanthis does not exist. Twite and linnet form a separate radiation
from redpolls. Loxia (crossbills) is an evolutive radiation which includes redpolls also. In
North America, three Carduelis radiations are found all coming from the Eurasian siskin: 1)
that of American goldfinch, 2) the pine siskin one, and 3) the Carduelis notata one,
ancestor of all South American siskins.
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A new group of ‘arid-zone’ finches is genetically described that includes Leucosticte
arctoa, Carpodacus nipalensis, Rhodopechys githaginea and Rhodopechys mongolica, at
least.
Genus Rhodopechys should be redefined.
Pinicola enucleator (pine grosbeak) is the ancestor of bullfinches (genus Pyrrhula),
forming a single evolutive radiation. Genus Carpodacus has been split in several
evolutive radiations; American Carpodacus form a distinct evolution from Old World
Carpodacus. Haematospiza sipahi is not a single genus, but a radiation together with
Carpodacus erythrinus. Another evolutive radiation is found: Uragus sibiricus (a single
species genus) radiated together with Carpodacus rubicilloides.
The grosbeak radiation (Emberizinae) occurred earlier than that of other Fringillidae
birds and comprises genera Coccothraustes, Eophona, and Mycerobas. It is not discarded
that New World grosbeaks (Hesperiphona) is also related.
Old World sparrows (genus Passer) conforms a single radiation starting in Africa
(with P. melanurus and grey-headed sparrows), separated from Ploceinae and New and
Old World Emberizinae. The closest radiation to genus Passer is genus Petronia (rock
sparrows). Passer hispaniolensis italiae (brown head) is genetically closer to P.
domesticus (grey head) than to P. hispaniolensis (brown head).
Subfamily Estrildinae covers a variety of finches widespread through Africa, Asia,
Australia, and Indian and Pacific Ocean islands. Yet, many evolutive radiations are
observed within this monophyletic group; they comprise birds from different continents:
genetics does not correlate with geography in these birds. A possible origin for them is
India since the basal and most ancient evolutive radiation —comprising African
silverbill, Indian silverbill and (Australian) diamond firetail— may have started in India.
A clear example of convergent evolution is the case of American Carduelis
dominicensis and African Linurgus olivaceus, which are very similar and acquire black
head and greenish / yellow plumage in equatorial forests. Another fine example of
phenotypic adaptation to environment is that of Serinus alario, the one black and white
canary, because it nests on land or land / rocks. Finally, Eurasian goldfinch ancestor,
mainly-green Carduelis citrinella, shows how plumage can change in relatively short
times, as postulated.
In summary, some examples of evolution details and misclassification of songbirds
are shown and put in a paleoclimatic and geographical context. This is now possible
because of the existence of powerful computation methodologies for constructing
molecular phylogenetic trees which are changing both our view of evolution and
classification of living beings.

INTRODUCTION
It is admitted that present day bird species are originated from dinosaurs, with
Tyrannosaurus having common ancestors with the present day birds (Neornithes).
Apparently, radiation of these birds started to occur about 65 million years ago (MYA), in the
Cretacic / Tertiary boundary [1].
Their crisis due to a meteorite impact and/or Indian subcontinent great volcano eruptions
and other facts, led to the disappearance of many dinosaurs, but not all, like present day birds
(Neornithes). Also, mammals, lizards, crocodiles, etc. passed through this 65 MYA
extinction. Both, mammals and dinosaurs, appeared during Triassic age about 200 MYA, and
have thrived until present times [1].
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Figure 1. Proposed phylogenetic positioning of songbirds [3].

Mammals show now about 4200 different species and birds about 9600. However, it is
possible that disappearance of terrestrial dinosaurs led to rapid occupation by mammals of
some of the terrestrial ecological niches that had been left empty.
In the last 1500 years or so, 20% of dinosaur (bird) species have extinguished, 12% are
now in great disappearance danger and most species are drastically decreasing number of
individuals. This is all due to direct or indirect man activities [1,2].
About half of bird species belong to order Passeriformes, also known as ‘songbirds’
(Figure 1) [3]. This is divided into two suborders: Passeri (oscines) and Tyranni (suboscines,
or New World Passeriformes). Among the former, we pay special attention to some genera
belonging to the family Fringillidae, and in addition, to Old World Sparrows (family
Passeridae, subfamily Passerinae, genus Passer).

Figure 2. The red canary and its creators [4].
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Many of these species are familiar to man and some of them (canaries) have become a
very popular world-wide pet because of the beautiful established color mutations and their
strong and beautiful singing. In addition, the red canary (Figure 2) was the first animal
obtained by genetic engineering in 1930 in Bremen (Germany) by the conjoint work of a
freelance-home bird breeder and a geneticist [4].
Some species of Old World sparrows are human commensals in Eurasia and have also
been introduced in America and Oceania by European colonists. On the other hand, the
establishing of a time of appearance on Earth of birds has been based on a molecular clock
calibration which includes both molecular and fossil record data of chicken and pheasant; this
was considered the most correct methodology by Vincek et al [5]. Chicken and pheasant
separated in Middle Miocene (about 18 MYA [6]) and their Cyt-b DNA sequences were
obtained by Zoorob et al. [7]. It was calculated by a mixed molecular/geological clock. This
hypothetical time of divergence was used to root most of the trees and divergence between
Passerine lines obtained was also validated by Krajewski and King [8], and Fehrer [9].
Once 18 MYA was established as pheasant/chicken divergence time [10], chaffinch
(Fringilla coelebs) was sometimes used as a precursor and outgroup of other Fringillidae
because chaffinch is considered more primitive ancestral to other Fringillinae birds (it has no
crop [11]). It appeared on Earth about 17.5 MYA [10].
In the present chapter, we review most of our and other’s original work of small songbird
familiar to many people, i.e.: sparrows, canaries, goldfinches, and allied. We have tried to
draw some conclusions based on genetic phylograms and biogeography to the world of
songbirds which have been largely overlooked in this respect. Thus, this chapter may not only
be useful for animal geneticists, but also for all bird breeders. This is because we have
avoided much technical language (particularly methodological) that can be found in
references and appendix for scholars who need them.
Initial non DNA sequence based classifications have mainly been taken from [3,12], and
also changes have been pointed out, according to ours and others’ results.
Finally, the birds which are going to be studied in the present chapter have both a great
scientific and social impact for humans.

PARALLEL FRINGILLIDAE AND PASSERIDAE EVOLUTIVE RADIATIONS
A continuum of small songbird parallel speciation groups among suborder Passeri [3,12]
are found during Miocene and Pliocene Epochs. Next, we closely examine the evolutive
history of Estrildinae and Fringillinae finches, as well as Old World sparrows (genus
Passer).

A. Old World Sparrows —fam. Passeridae, sfam. Passerinae, gen. Passer
(Figure 3)—
The complete geographical range of Old World sparrows distribution has been covered in
our studies in African and Eurasian species [13]. House sparrow (Passer domesticus) has been
introduced throughout the World by man [11,14].
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Figure 3. Overview of Passeriformes evolutive radiations studied in this chapter.

1. Main conclusions about the genetic relatedness among Old World sparrows and
others
The conclusions about the much debated genetic relationships within Old World
sparrows [11,14] are the following:
•

•

•

The origin of genus Passer seems to be African, because the highest number of
extant species is African and our phylogenetic results are also suggestive of an
African origin; this is in accordance with Summers-Smith [14]. P. melanurus or other
related extinct species might be the parental one (Figure 4).
P. melanurus (Cape sparrow) is found to be related to the grey-headed African
sparrows and also to P. ammodendri (Saxaul sparrow). All three species males have
grey melanin pigmentation in the head crown and nape at different degrees. Also, P.
domesticus may be included in the grey-headed sparrows because of its grey head
crown, although no precise placement is found in our phylogenetic trees, probably
because more grey-headed African species need to be studied.
P. hispaniolensis italiae (brown-headed sparrow) is probably a P. domesticus (greyhead crown) subspecies according to our Unweighted Pair Group With Arithmetic
Mean (UPGMA, Figure 4), Neighbor Joining (NJ), and Maximum Parsimony (MP)
dendrograms [13] and not a P. hispaniolensis subspecies (brown head). This is in
accordance with the classical view, but not with more recent opinions [14]. P. h.
italiae (brown head) may have arisen from P. domesticus (grey head crown) by
hybridization with P. hispaniolensis or any form of divergent speciation [13].
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Figure 4. Passer species in a linearized tree in relation to other Passeroidea evolutive groups [13].

•

Origin and Other Comments about Genus Passer

Timing of the radiation is hypothesized to have run in parallel with other Passeridae
(rock sparrow, weaverbirds), Emberizinae (New and Old World, Figure 4, [13]), and
Fringillinae subfamilies (Fringillini, Carduelini, (see below, Figure 9). Passer radiation
could have started in Miocene Epoch. The genus is likely to have appeared in Africa because
of the highest number of extant species on this continent [14]. P. melanurus is the oldest
extant species [13]: it would have been the origin of grey-headed African sparrow species
(including P. domesticus) and also yellow and other Palearctic bab-sparrows. It has been
postulated that the bab-sparrows have probably arisen at the Nile or Rift Valley and followed
the human expansion towards Eurasia, giving rise to all Eurasian bab species [14]. This
happening would be more feasible if the human expansion had occurred much earlier than
thought (5 million years ago), and these birds would have followed it. P. rutilans (Asia)
seems to be the oldest of the Eurasian sparrows, although its phylogenetic placing within the
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genus is not clearly defined [13]. The genus Passer is strongly associated with man, since
most of species nest on man-made buildings and are man commensals [14].
The African grey-headed (P. grisseus) and black-headed (P. melanurus) sparrows
together with the Saxaul sparrow (P. ammodendri) seem to form a different clade in relation
to the other sparrows. This clade seems the earliest to have originated. No clear geological
event is recorded by this time, which may be about 14 MYA in Miocene Epoch [13].
The five species of African grey sparrows may all belong to one species [14]. The only
grey species studied by us (P. grisseus) is related to the Cape Sparrow (P. melanurus), the
latter living only in the southernmost African range where grey sparrows do not thrive (except
P. diffusus).

• P. melanurus
South African P. melanurus (Cape sparrow) clusters together with the African species P.
grisseus (grey-headed sparrow). P. luteus lives in Africa in a land band just below the Sahara
Desert (Sahel) from the East to the West Coast [14]); its position in the phylogenetic trees is
ambiguous. It may or may not be closely related to the other African sparrows. However, it is
clear that the claims that P. luteus does not belong to genus Passer is not supported by our
genetic data. It may have originated in Sudan and might have expanded from West to East
following the hunter-gathered Cushitic people emigration [14,15] as a commensal. P.
ammodendri (the single continental sparrow species, other than P. melanurus, that has a black
nape) is tightly linked to P. melanurus; this could have given rise to mutation(s) that diluted
melanin at various parts of the head and body and could have originated the grey-headed
sparrows, including the P. grisseus group—P. ammodendri and P. domesticus (grey-patched
head). P. ammodendri is now restricted to the Asian deserts but may have also been
originated in Africa and inhabited its deserts in the past, like P. simplex (with which it shares
a common living range in Asia) [14]. P. ammodendri may have been displaced by a recent
introduction of P. simplex in Africa.

• The P. hispaniolensis italiae Classification
Passer domesticus and P. hispaniolensis cannot be distinguished osteologically and their
ancestor may have appeared 4 MYA. Fossil evidence for this precursor is found 350,000
years ago in Palestine [14]. However, the Pleistocene origin for sparrows and other Passerines
(including Serinus and Carduelis [10,16,17]) could be placed much further back into the
Miocene or Pliocene Epochs, Pleistocene being more important in subspeciation. Figure 4 and
[13] suggest that P. domesticus and P. hispaniolensis subspeciation may have occurred in the
Pleistocene. However, Passerine appearance times are still much debated and a Pleistocene
origin for species is also suggested [18,19]. Our results support the idea of P. h. italiae as a P.
domesticus subspecies [13] (Figure 5).
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Passer domesticus

Passer hispaniolensis italiae

Passer hispaniolensis

Figure 5. The P. hispaniolensis italiae case.

2. Relationships of Old World sparrows with other genera
The relationships of Old World sparrows radiation to other Passeridae: Old and New
World Emberizinae sparrows, weaver birds (Ploceinae), and Estrildinae have been studied.
Parallel radiations are observed. Rock sparrow (genus Petronia) is the closest relative studied
to Old World sparrows within the Subfamily Passerinae. African Passeridae, Lonchura
cucullata (Estrildinae), and Quelea cardinalis (a weaver-bird, Ploceinae) do not cluster
together in dendrograms [13]. Genus Passer is not included within the Ploceinae in contrast
to the suggestion of previous studies in which they were included within weavers (Ploceinae)
by some authors based mainly on skeletal characters, nest building, and DNA hybridization
[14]. Emberizinae are also separate from Passer in spite of suggestions to join both families
according to egg-white protein studies [14]. Fringilla coelebs (the cropless chaffinch) is
closer to Lonchura and Quelea than to the Emberizinae. It is clear from the phylogenetic trees
that Old and New World Emberizinae sparrows represent a separate (and single) radiation
compared to both Passeridae family and chaffinches (Fringillidae) [13].

Figure 6. Overview of Estrildinae radiations studied in this chapter, according to a Bayesian
phylogenetic tree [22].
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B. Estrildinae Finches (fam. Passeridae, sfam. Estrildinae)
Both tribes of Estrildinae finches (Estrildini and Viduini) are clearly separated suggesting
the monophyly of each group [13,20], contrary to others’ suggestion [21]. However, the
Estrildinae group is composed itself of different evolutive radiations (Figure 6). Estrildinae
birds thrive in a wide arch comprising Africa, Continental South Asia, Australia and some
Indic and Pacific Ocean Islands (Figure 7).

1. Tempo of evolution and origin in the Indian subcontinent
Once it is established the monophyly of the Estrildini clade ([22], Arnaiz-Villena et al.,
unpublished), it is feasible to address an approximation of the time of appearance of extant
Estrildids. A ML linearized tree was calibrated for times by taking into account a mixed
chicken/pheasant molecular and geological divergence and then a further calculation for
Fringilla coelebs and Sylvia atricapilla [10]. The Estrildid radiation would have started about
16.5 MYA.
The Indian plate crashed against the Asian plate 50 MYA, but the ‘strongest push’
occurred during the Miocene Epoch [23,24]. As a consequence, the Himalayan peaks
established, the Tibetan plateau reached nearly its nowadays altitude and climate changes
happened in the Indian peninsula and Himalayan mountains (monsoon rains), and in the
Tibetan plateau (colder and drier). The biggest rivers in India, Indochina and China
established (starting at Tibetan Plateau) and this climate change may have pushed the
Estrildinae birds’ ancestor to radiate and give rise to present day species (Figures 6, 7) [24].
This fact would suggest an Indian origin for the extant Estrildids, which would have
colonized Africa, Australia, South Asia and the Indian and South Pacific Islands, because
branch leading to the evolutive group —Lonchura cantans cantans (Africa), Lonchura
malabarica (India), Stagonopleura guttata (Australia) — is the oldest one found, basal to
others and possible origin of other Estrildinae radiations (see Figure 7 and [22]).

2. Specific phylogenetic problems addressed
• Genera Estrilda and Nesocharis [22]
The Grey-headed oliveback (Nesocharis capistrata), and presumably the two other
Nesocharis species, N. shelleyi and N. ansorgei (not tested), groups with Estrilda species in a
basal branch (except E. melanotis), and seems to be older than the Estrilda species (Figure 6).
Although more taxa are required, it is likely that genus Estrilda and genus Nesocharis belong
to the same radiation and could be considered as members of the same genus, despite the
remarkably different phenotype [22].

• Gouldian Finch
The popular pet Gouldian Finch (Chloebia gouldiae / Erythrura gouldiae) is definitively
included within the bright colored birds of genus Erythrura, according to our Bayesian
analyses [22].
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• Silverbills
Silverbills from genus Lonchura have been suggested to cluster together and separated
from other Lonchura species [11]. This fact is partially confirmed by our results, showing the
oldest Estrildinae evolutive radiation group that consistently clusters the African silverbill
(Lonchura cantans) with the Indian silverbill (Lonchura malabarica), and also with the
phenetically distinct Diamond Firetail (Stagonopleura guttata) from Australia. This group is
not related to the rest of ‘non-silverbill’ Lonchura species. Another silverbill, however (the
Grey-headed Silverbill, Spermestes caniceps), is placed within a different cluster, the
Spermestes one (Figure 7, [22]).

• Java Sparrow (Padda oryzivora / Lonchura oryzivora)
The Java sparrow might be considered a Lonchura species according to our Bayesian and
Maximum Likelihood (ML) analyses [22].

• African Munias
The African munias show a distinct phylogenetic cluster with respect to the Asian and
Australian munias, corroborating the distinction proposed by some authors [3], who designate
the former as belonging to the genus Spermestes and keep the latter as members of the genus
Lonchura [3,12,22].

• Plum-headed Finch (Aidemosyne modesta / Neochmia modesta)
The Plum-headed Finch clusters in our analyses with other Australian finches, close to
Neochmia and Poephila species, as previously seen [20–22].

• Red-browed Firetail (Aegintha / Neochmia temporalis)
Clement, in the Introduction of his 1993 edition [11], pointed out that the Australian Redbrowed Firetail was very similar to some African waxbills from genus Estrilda (Figure 7).
We have seen that it appears as a basal species of all Estrildinae birds in our Bayesian
analysis, but it is integrated among the Australian group in the ML tree, i.e. Poephila spp.,
Taeniopygia guttata, Neochmia ruficauda clarescens, Neochmia modesta, Emblema pictum,
Taeniopygia bichenovii) [22]. In any case, it is not genetically related to the African waxbills,
and the red eye brow may be due to convergent evolution driven by unknown evolutive
forces. The Australian red-browed firetail is probably an extant Australian Estrildid (Figure
7).

• Cryptospiza Radiation
A group that clusters together Mandingoa nitidula, Cryptospiza reichenovii and Estrilda
melanotis with a low statistical support is found. However, we think that Mandingoa nitidula
and Estrilda melanotis may be joined to genus Cryptospiza.

Phylogeography of Finches and Sparrows
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Figure 7. Evolution. Estrildids distribution range. Africa, South Asia (including Arabian Peninsula) and
Indonesia, Australia and Pacific Islands. A possible original clade in India is represented. African
Silverbill (Lonchura cantans cantans), Indian Silverbill (Lonchura malabarica) also thrive in the tip of
Arabian Peninsula, and Australian Diamond Firetail (Stagonopleura guttata). African waxbills (genus
Estrilda) do not have genetic connection with Australian Red-browed Firetail (Neochmia temporalis).
Grey-headed Silverbill (Spermestes caniceps or Lonchura griseicapilla) does not cluster with other
silverbills (L. malabarica, L. cantans). Inset shows what may represent Estrildids’ parental clade, since
it seems the oldest one and is distributed through Africa, India and Australia [22].

Other Estrildid species, like Pyrenestes sanguineus, Lagonostica senegala, Ortygospiza
atricollis, Hypargos niveoguttatus, Euschistospiza dybowskii and Emblema pictum show a
similar (but not clearly resolved) grouping, as previously suggested [20,21].
Regarding the geographical distribution range, we do not find a genetic separation
between the African and Australian Estrildids, being all of them intermixed in various
phylogenetic groups [22]. Figure 7 shows present day Estrildid finches range. Three questions
are addressed in this figure:
(1) A hypothetical original place of Estrildids may be India.
(2) Silverbills do not cluster together.
(3) Wallace’s Line is drawn between the Indonesian Islands of Bali and Lombok (both
of them known as part of the Lesser Sunda Islands), and also between Borneo and
Sulawesi (former Celebes) Islands to mark the boundary between the Oriental and
Australian regions. The Wallace’s line corresponds almost exactly with the outer
limit of the continental shelf of South Asia. This was exposed by lowered sea level
during Pleistocene glaciations [24]. Although many species of birds, mammals and
plants are mostly thriving either at one or the other side of the line because of the
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relative dispersal barrier before Asian shelf during Pleistocene glaciations, no
particular speciation of dispersal event is noticed around Pleistocene, 2 MYA and
after (Figure 6). This indicates that Estrildids speciation and radiation had occurred
before Pleistocene, starting after 16.5 MYA (Figure 7, [22]).

C. Carduelini Finches (fam. Fringillidae, sfam. Fringillinae, tribe Carduelini)
Both tribes Drepanidini and Fringillini (Figure 8) form distinct well-defined
monophyletic groups, according to the Bayesian and Maximum Likelihood (ML) analysis
(Figures 9a, 9b), while tribe Carduelini seems to comprise a number of paraphyletic groups
(Figures 8, 9a, 9b) [2,10,17,25].

Figure 8. Overview of the Fringillidae radiations studied in this chapter. Fringilla coelebs is
frequently used as outgroup when performing phylogenetic analyses.

The estimated divergence time for most of genus Carduelis species suggests that they
appeared in a range of time between the Miocene and Pliocene; there is no evidence for a
divergence time consistent with late Pleistocene origin for most radiation groups [2,10,17,25].
This radiation was intermingled in time with Serinus species radiation (Bayesian dendrogram
in Figure 9a, ML tree in Figure 9b) [2,10,17,25].

Phylogeography of Finches and Sparrows
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Figure 9a. Linearized Bayesian phylogeny tree based on mitochondrial cytochrome b DNA
sequences [25]. Subfamily Fringillinae, Tribe Carduelini and Tribe Fringillinae species are
represented. Grosbeaks belong to Subfamily Emberizinae, Tribe Cardinalini. Emberiza impetuani
was chosen as an outgroup [3].
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Figure 9b. Linearized ML tree tree based on mitochondrial cytochrome b DNA sequences [2].
Subfamily Fringillinae, Tribe Carduelini species are represented. Emberiza impetuani was chosen
as an outgroup.
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However, it is possible that certain Carduelis birds, classically considered as subspecies,
originated during Pleistocene glaciations; the divergence time calculated for C. carduelis
subspecies (grey-headed Asian and black-headed European goldfinch) is less than 800,000
years [2,10]. Also, late glaciations may have separated western European siskins (C. spinus)
from the Far East subspecies by an ice-induced vicariance event. In conclusion, the lack of
evidence found by others [26] for Pleistocene speciation in North American songbirds has
also been found in the present study not only in North America but also in Eurasia and South
American siskins. Indeed, the analysis of most extant species of genus Serinus supports the
same conclusions about time of radiations and subspecies, and also includes the African
southern Hemisphere for Serinus [17].
Crossbills, bullfinches, grosbeaks, and “Carpodacus” studied species may have arisen
between the Miocene and Pliocene Epochs [2,10,25]. However, although these appearance
times have been found for Serinus and Carduelis [2,10,17], these early timings for Passerine
emergence are accepted by most [5,16,27] but not by all [19] authors.

1. Genus Carduelis
Only 4% average amount of nucleotide substitution per lineage is found between the
most distantly related of the 25 Carduelis species [10]. This suggests a relatively fast radiation
of this genus, compared to other documented songbird radiations (i.e. genus Zonotrichia,
4.1% for only 7 species; genus Pipilo, 6.4% for only 6 species [28,29]).
A tentative classification might be proposed for genus Carduelis that takes into account
our molecular phylogenetic data [10,30] and also geographical and gross phenotypic data, that
is, body size. We suggest the following group classification:
•
•
•

•
•
•
•

Eurasian Goldfinch (Carduelis carduelis) and Citril Finch (Carduelis citrinella,
formerly Serinus citrinella [10,12,30,31])
Greenfinches, and desert finch as ancestor (see below)
Twite (Carduelis flavirostris) and Linnet (Carduelis cannabina). Genus Acanthis
including twite, linnet and redpolls could be abandoned as a taxonomic unit; twite
and linnet are in some dendrograms significantly close to North American Carduelis
tristis radiation [10].
North American Goldfinch (Carduelis tristis) radiation [10,30]
North American Siskins radiation (C. pinus radiation) [10,30]
South American Siskins (from North American ancestor C. notata) [10,30]
Northern Redpolls (Carduelis flammea and Carduelis hornemanni) and Crossbills
[10]

• Eurasian Goldfinch (Carduelis carduelis) and Citril Finch (Carduelis citrinella): a
possible Mediterranean islands speciation
Phylogeny dendrograms of most Carduelis [10] and Serinus [17] genera extant species
show that both radiations are intermingled in time and that both genera are polyphyletic [31];
the earliest Serinus species seem to have appeared in the Miocene Epoch about 9 MYA,
slightly after the first Carduelis species (about 9.5 MYA) [31], possibly in the Asian continent
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and coinciding with dramatic changes of the climate when the eastern Mediterranean (Tethis)
Sea was closing [32–34]. Pleistocene glaciations may have induced further speciation events
but on a scale lower than previously thought (Figure 10) [16].
Classical goldfinches (Figure 11) comprise the European black-headed goldfinch (C.
carduelis, with some subspecies, like South European C. c. parva) and the Asian (greyheaded) goldfinch (C. c. caniceps, major, and others) [11]. Both grey- and black-headed
subspecies include variants with a marked degree of local differences in size, beak, shape and
colors. Serinus citrinella (citril finch, classified before as a canary) is a relict of a few
Mediterranean islands (Corsica, Sardinia) and central and southern European mountains; it
has been found to be a close relative to goldfinches and may be classified as such, since both
have common ancestors. This bird has been renamed Carduelis citrinella [12] The ancestor of
these species may have appeared around 6 MYA. Color, body and bill shape of citril finch are
very different from these of typical goldfinches; however, its singing, which is delivered in
short repeated phrases with metallic notes, is similar to that of classical goldfinches
(Carduelis carduelis) and the type of flight (light and undulating) resembles that of the
goldfinch (our own observations; [11]). Color and shape of beak have been shown to evolve
very rapidly in birds, even in a range of hundreds of years [35].

a. European citril finch: island species more ancient than continental ones
Citril finch island individuals seem to be more ancient than those extant in the
continent.The taxonomic status of citril finch (Carduelis citrinella) as a canary has been
questioned on molecular, behavioral and phenotypic bases [10,17,36]. However, Francisco
Bernis [37] named it Carduelis citrinella based on phenotypic, behavioral and biogeographic
characters [12]. Today, it is generally accepted as the Eurasian goldfinch ancestor [12,31].
A controversy has also arisen about assigning separate species status to the insular
“Koenig” type, S. c. corsicanus (Corsica, Sardinia, and Tuscany Islands) and to the mainland
or “Pallas” type, S. c. citrinella (Pyrenees, Alps, and Spanish northern and Central mountains
[38]). Both forms show phenotypic differences [11,31,39] and, particularly, the brown back is
typical of the island species against the grey mantle of the continental ones. Also, singing is
different between the two citril finch forms [39–41]. Pasquet and Thibault [41] suggested that
the divergence of continental and island forms may be more recent than the last connection
between the mainland and the Sardinia-Corsica complex during the Messinian salinity crisis.
On the other hand, they did not find significant genetic divergence of mtDNA to consider
mainland and insular forms as two different species [31]. However, Sangster [42] pointed out
that intra- and interspecies percentage of genetic citril finch divergence overlap; our results
[30,31] suggest that C. citrinella from the islands gave rise to continental form.
The island citril finch forms are genetically closer to the hypothesized goldfinch / citril
finch common ancestor, this is confirmed by both distance and cladistic methodologies
[30,31]; however, more citril finch individuals need to be studied. It is possible that some
intermediate species between these two sister groups are now extinct. If Carduelis and
Serinus radiations took place in the Miocene Epoch (Figure 10) [10,17], the divergence of
both citril finch forms could have been coincidental with the Messinian salinity crisis [25].
Thus, an evolutionary hypothesis could be that an ancestor evolved to a form of citril finch
(C. c. corsicanus) in Corsica or Sardinia about 5 MYA when the Gibraltar Strait closed, the
Mediterranean Sea dried up and an arid climate established
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Carduelis spinus
C. pinus radiation
C. tristis radiation (linnet, twite?)
Carduelis notata
South American Siskins
Serinus + Linurgus olivaceus
Carduelis citrinella
Carduelis carduelis
Crossbills and Redpolls
Rhodopechys obsoleta
Greenfinches

H. sipahi + C. erythrinus
U. sibiricus + C. rubicilloides
Asian “Carpodacus”

Bullfinches + P. enucleator
‘Arid zone’ Finches
American “Carpodacus”

Grosbeaks

Fringilla coelebs

Figure 10. Fringillidae radiations. Note that genus Carpodacus has been split off on genetic bases.
Particularly, American and Asian “Carpodacus” finches represent different evolutive radiations
[2,10,17,25,44].

Only salty mountains and very salty small lakes there existed in the western
Mediterranean basin [43]. The Mediterranean Sea filled with water again about half million
years later. It may be postulated that an ancestral finch (to the citril finch forms) got isolated
in the Sardinian or Corsican mountains during the arid period [43] having the only available
source of non-salty drinking water there. This island citril finch could have resulted from a
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vicariate speciation there, keeping brown back, like its sister species (the European
goldfinch), and probably like a common ancestor(s) [31,44]. Later, C. c. corsicanus could
have reached the continental mountains, Alps and others, through the “Toscana islands” and
would have later lost the brown back, becoming the S. c. citrinella grey-green-backed form.
This may have also reached the Iberian mountains. Other hypotheses are not discarded.
Grey- and dark-headed goldfinch subspecies have probably split during Pleistocene
glaciations less than 1 MYA, when eastern (grey-headed) and western (black-headed)
goldfinch ancestors may have become isolated probably by ice-caused vicariance events. In
general, Pleistocene glaciations are shown not to be related to Carduelis or Serinus [10,17,31]
speciation around the world (including the Southern Hemisphere): pre-Pleistocene glaciations
speciation of songbirds is also found by Klicka and Zink for North America (northern
hemisphere) by studying other Passerine genera [26].

Figure 11. Eurasian goldfinches [10;41].
Carduelis carduelis parva
Carduelis carduelis caniceps

4.9 MYA
Serinus citrinella citrinella
Serinus citrinella corsicanus

Figure 12. The particular case of Carduelis citrinella (ML tree) [12,17,41,42].(Previous Serinus
name is kept in tree )

Citril finch seems to have diverged from European goldfinches about 5 MYA, and later
(2.6 MYA) the divergence between mainland and insular C. citrinella forms may have
occurred (Figure 12). All phylogenetic analyses show that the insular forms (subspecies) of C.
citrinella share the most recent ancestor with C. carduelis, in contrast to the continental
forms. We do not find behavioral, phonetic, or genetic data enough to change C. citrinella
corsicana from subspecies to species status, separate from C. citrinella citrinella [10,17,31].
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• Greenfinches: Desert Finch (Rhodopechys obsoleta) as ancestor of Eurasian
Greenfinches (C. chloris, C. sinica, C. ambigua, C. spinoides)

Carduelis ambigua
Carduelis spinoides
Carduelis sinica

8 MYA

Carduelis chloris aurantiventris
Rhodopechys obsoleta

Figure 13. Greenfinches [10,44].

a. Greenfinches (C. chloris, C. sinica, C. ambigua and C. spinoides)
They seem to be the earliest appeared lineage belonging to the genus Carduelis; their
ancestors probably originated around 9 MYA [44], together with Rhodopechys obsoleta, an
identified extant ancestor of greenfinches [44], at the time when Mediterranean Sea started
drying up and the climate around the sea also got drier. Only C. chloris (greenfinch) lives in
Europe and North Africa. Greenfinches are the Carduelis finches closest to the outgroup
Fringilla coelebs (chaffinch), and C. ambigua and C. spinoides may have originated from the
same ancestor by ice-caused vicariance during the last 2 MY glaciations, although their
ancestors could have existed 9 MYA [44].

b. Desert Finch
Biogeographic (global warming) hypothesis
While R. githaginea and R. mongolica would have arisen about 6.8 MYA (Figure 32), R.
obsoleta (desert finch) appeared about 8 MYA, and seems to be a closely related ancestor of
the greenfinches lineage, which started about 9 MYA (figs, 10, 13) in the Miocene Epoch.
Indeed, about 7–5 MYA, a glacial mantle covered Antarctica and Greenland and many Asian
and African arid areas appeared [23]. About 2.6 MYA, when the weather became much
warmer [23] and during periods of severe drought, bordering populations of desert finch
might have set out from semi-desert areas to more humid habitats and evolved to a
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greenfinch-like bird (extant or extinct ancestor). This ancestor may have differently evolved
in Western Europe and Eastern Asia giving rise to C. chloris and C. sinica, respectively
(Figure 13). Later, during the climate changes of the last 2 MYA glaciations [23], C. sinica
populations may have dispersed southwards giving rise to C. ambigua and, finally,
populations of this latter species would have also dispersed evolving to C. spinoides [10,44].
Whether R. obsoleta also existed in African deserts remains as a possibility. Also, an
African R. obsoleta ancestor for the Mediterranean-European greenfinch (C. chloris) is not
discarded [44].

Figure 14. Evolutionary desert finch to greenfinches hypothesis [44].
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Evolutionary pattern hypothesis
The question arises as to how the speciation leading to greenfinches from a semi-desertbased species like R. obsoleta or a close extinct species would have proceeded. The answer
could be related to the different environments in which greenfinches and desert finch might
have occurred. Open habitats (i.e., deserts or arid-areas) inhabited by Rhodopechys spp., are thought
to favor pale color and lower bright values in plumage colorations than do other habitats [45].
Sandy and pale colored wings could be mirroring a convergent evolution to a desert
environment adaptation between R. mongolica / R. githaginea and R. obsoleta (Figure 14).
Conversely, R. obsoleta‘s molecular sister taxa (greenfinches) bear olive green, bright green
and bright yellow plumages that usually result from melanin and carotenoid pigment
combinations [35]. These colorations may provide a better species-specific signaling
performance in denser habitats, such as forests or other non-arid areas. Melanin pigments
have been considered to protect feathers from bacterial degradation in humid habitats [46].
Thus, higher melanin content may have been selected in populations settling down in forests
or similar more humid habitats (i.e., in greenfinches). Other melanin related characters, like
the eye-stripe present in both R. obsoleta and C. Chloris males, may contribute to sexual
dimorphism and female mating choice in the breeding season (see head details in Figure 13).
This would suggest that the extant closest relative to R. obsoleta is C. chloris, which is the
only one with a preserved black eye-stripe in the breeding season. Carotenoids, the other
major pigments responsible for plumage colorations [35], are scarce in dry areas, and could
have reduced to a minimum in the diet of species occurring in Central Asia or Africa areas
undergoing desertification in Pliocene and Miocene Epochs. In this way, adaptive
convergence to a sandy and pale color plumage common in the traditionally recognized
Rhodopechys species could have occurred in R. obsoleta via carotenoid shortage, among other
environmental factors [44,46].
On the other hand, the assortative mating selection may not only be restricted to
differences in feather pigment content; species specific song may also influence the
assortative mating [47,48] between allopatric populations of R. obsoleta which may later have
differentiated into species (R. obsoleta and C. chloris). R. obsoleta song, although more harsh
and nasal, is similar to those of C. chloris and the linnet (Carduelis cannabina, Europe and
western Asia) [49].

• Twite (Carduelis flavirostris) and Linnet (Carduelis cannabina): Related to
American Goldfinches?
Both parsimony and NJ dendrograms (Figure 15) separate several groups which are in
general concordant with present-day geographical distributions [10] ; however, there are some
important exceptions. Siskin (C. spinus, Eurasia) and pine siskin (C. pinus, North America)
are grouped together (Figures 15, 16). These sister species may also be related to another
group which comprises a surprising mixture of North American and Eurasian species. The
Eurasian ones are C. cannabina (linnet) and its sister species C. flavirostris (twite), which do
not appear to form a group (so-called Acanthis) with C. flammea (common redpoll) and C.
hornemanni (Arctic redpoll), as had been proposed [50]. Also, the lineage leading to both
redpolls, which inhabit northern areas, may have appeared approximately 9 MYA, while that
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leading to twite and linnet may have arisen about 2 MY later. The attachment of linnet and
twite to North American goldfinches (C. tristis evolutive radiation) does not occur in all
dendrograms [10,31], and might represent a single radiation (Figure 10, 15) with disappeared
ancestors.

Carduelis spinus

Carduelis cannabina
Carduelis flavirostris

7.5 MYA

Carduelis psaltria
Carduelis tristis
Carduelis lawrencei

Carduelis atriceps
Carduelis pinus perplexus
Carduelis pinus pinus
Carduelis dominicensis

Carduelis notata
South American Siskins

Figure 15. North American siskin radiations; linnet and twite [10,30].
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Figure 16. The Eurasian Siskin (Carduelis spinus) possibly thrived in North America before two
million years ago when glaciations started. The ice shield on North America could have driven
speciation by provincialism of ‘daughter species’ isolated in the Caribbean Mountains (C.
dominicensis), in Mexican Sierras (C. p. pinus) and in Mexican-Guatemalan altiplano (C. p.
perplexus and C. atriceps) [30]. Present day ranges: C. p. pinus in yellow; C. dominicensis in red;
C. atriceps in orange; C. p. perplexus in purple. Inset represents a Bayesian Inference dendrogram
based on mitochondrial cytochrome b DNA sequences. Note that the nodes are strongly supported
independently of the methodology used.

• North American Carduelis Radiations
Eurasian siskin (C. spinus) could have been the ancestor of all American Carduelis
species, because it is the only one Eurasian Carduelis that has a clear and distinct genetic
relationship with one of the three extant American Carduelis radiations: the pine siskin (C.
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pinus) radiation [30,51]. The other two American finch radiations, i.e.: C. tristis and C.
notata ones have lost a genetic link with C. spinus if they ever had one.
However, a particular Major Histocompatibility Complex protein allele (Arnaiz-Villena
A, unpublished), which was present in a C. spinus (5 MYA) individual [10,31] from the
Pyrenees Mountains (North Spain), was also present in C. atrata (0.5 MYA), an endemic
South American siskin living at 5000 meters of altitude around Andean Titicaca Lake and
close-by areas.
Nowadays, the Eurasian Siskin does not thrive in America, but in easternmost and
westernmost Eurasia, leaving a gap between Central Russia and its easternmost range. The
most important feature of the Eurasian Siskin is that it is a migratory bird whose North to
South migrations do not always follow the same longitudinal patterns (“irruptive”) [11]. It is
feasible that Carduelis spinus was thriving in Eurasia and also in North America around the
Pliocene / Pleistocene Epoch limit, about 2 MYA. Soon after this time, the first Glaciation
covered North America with a kilometric thick ice shield [30,51]. The Eurasian Siskin might
have taken refuge in ice-free Caribbean Islands and in Mexican Mountains and GuatemalanMexican altiplano. Its Summer-Winter and North-South migrations would have been
disrupted because it became isolated in all-year relatively warm temperature (Caribbean);
year-round relatively and quite stable low temperature (Guatemalan-Mexican altiplano) and
relatively stable temperature in Mexican Mountains. The Eurasian Siskin could have first
given rise to the endemic Antillean Siskin (Carduelis dominicensis) at the Caribbean high
peaks of La Hispaniola Island soon after 2 MYA (Figure 16) [30,52]. Afterward, about
200,000 years ago, the Eurasian Siskin might have given rise to the Pine Siskin Carduelis
pinus pinus in the non-glaciated Mexican Sierras [30,53]; at about the same time (200,000
years ago), the Black-capped Siskin (Carduelis atriceps) and the Pine Siskin Carduelis pinus
perplexus might have appeared in the non-glaciated Guatemalan-Mexican altiplano [24].
Rainfall variations in the Caribbean during the Pleistocene, however, could have also affected
the distribution of these birds [54].
This would be a typical example of adaptive radiation caused by a North to South
migration barrier (First North American Ice Shield Glaciation) and provincialism that drove
evolution to create these new finch species. When the last Wisconsin Glaciation ended and
North American ice melted about 12,000 years ago, Carduelis pinus would have followed the
ancestral North to South migrations and covered all North America, occupying the American
niches that the Eurasian Siskin couldn’t reach from Asia during the last 2 million years
because of the extant thick ice shield; neither could it afterwards because of species
competition by ecologic niche with its descent Carduelis pinus. This evolutionary theory for
the finch group appearance is schematic. More complicated events may have occurred during
the Nebraskan, Kansan, Illinoan and Wisconsin North American glaciations, and/or their
respective interglacial periods (Aftonian, Yarmouth and Sangamon), and other explanations
may also be possible [55].

a. North American Goldfinch (Carduelis tristis) Radiation: Relationship with Twite and
Linnet (Figures 10, 15)
The C. pinus / C. spinus group is probably phylogenetically related to North American
goldfinches (C. tristis, C. lawrencei and C. psaltria) and possibly to the Eurasian linnet (C.

Phylogeography of Finches and Sparrows

25

cannabina) and twite (C. flavirostris), but linking species are missing [10,30]. Siskin and pine
siskin may have diverged from a species which lived throughout the Northern Hemisphere
probably about 3 MYA; the Bering Strait was not a geographical barrier during long periods
in the last 2 MY [32]. North American Carduelis finches from this radiation should not be
named goldfinches, since they have only a distant molecular relationship with European
goldfinches; instead they should be included among siskins. C. tristis (American goldfinch)
and C. psaltria (lesser goldfinch) are also close relatives. The first is found in North America,
including parts of Mexico, and the second is thriving in western United States and Mexico (C.
ps. hesperophilus, green back), in Southwest United States and Central America (C. ps.
psaltria), and northern South America (C. ps. colombiana) down to Peru and the Andean
Spine [10,11]; the two latter subspecies show a deep dark back, and hybrids among the three
subspecies with the corresponding phenotypic variability have been observed [11]. Although
the geographical distribution and phenotype of C. psaltria suggest that it could have shared a
recent common ancestor with the South American siskins, our results indicate that C. psaltria
is a North American bird which has colonized South American habitats and has undergone
the corresponding phenotypic changes (darker in head and back). An ancestor of C. psaltria
and C. tristis may have existed around 5 MYA; C. psaltria subspecies may have originated
relatively recently, about 1 MYA. This subspeciation may have occurred after the closing of
the Panama Isthmus (5–3 MYA) [10].

b. North American Pine Siskin (Carduelis pinus) Radiation: an Eurasian Ancestor Siskin,
Carduelis spinus; Carduelis atriceps is grey, not green
We have stated above that taking into account geographic and evolutive parameters, C.
spinus is the extant common ancestor to all American Carduelis birds [51]. Some authors
suggest that siskins originated in North America and may have later dispersed to Asia, Europe
and South America. Also, the oldest and precursor siskin has been proposed to be C. pinus.
However, the fact that C. spinus is not thriving in North America points to this species being
the oldest one. The earliest siskin species are both C. pinus and C. spinus ancestors together
with C. lawrencei (6 MYA); C. tristis and C. psaltria lineages would be slightly more recent
(about 5 MYA). However, if the Eurasian twite and linnet are considered akin to North
American siskins, they or their ancestors would be the oldest (6.5 MYA) and precursor
siskins. It is uncertain but possible that linnet and twite were once living in North America
and that Eurasian siskin existed both in America and Eurasia; Bering Strait land bridges have
occurred intermittently and may have facilitated exchanges [32].
Siskin, North American Antillean siskin, black-capped siskin, pine siskin and pine siskin
perplexus form a monophyletic group separated from other North and South American
Carduelis spp. (Figures 15, 17, 18). Variability within the Cyt-b gene was sufficient to
establish phylogenetic relationships according to the number of observed parsimonyinformative sites (146) [56]. Nearly all sequence differences were silent substitutions, as
expected [57]: 64.3 % of the third codon positions were not conserved among species, as it
has previously been shown for this gene (evolving relatively rapidly under strong functional
constraints). The variability for the first and second codon positions was 9.7 % and 2.3 %,
respectively, as expected [10,13,17,58].
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Eurasian siskin (C. spinus) seems to be the closest relative to North American Carduelis
species. This phylogenetic pattern would not fit with its Eurasian distribution range.
However, siskin and pine siskin “react” to each other in captivity [39], are closely related
[10,11,59], and are thought to form a superspecies [39,60]. The answers as to why Eurasian
siskin does not thrive nowadays in North America and how it gave rise to C. dominicensis
remain unclear and open to debate, but this has been discussed above. Central to these issues
is the fact that West Indies have been continuously colonized primarily by birds from Central
America and more recently from South America [35,61–63]. Based on these premises, it is
suggested (see also above) that easternmost Asian Carduelis spinus passed to America
through the Beringia / Aleutian Islands. After this, during the Pliocene Epoch, C. spinus
invasions from an undetermined area of the North American East coast reached the Antilles
and evolved as a geographical isolate resulting in the present C. dominicensis. Although
phenotypic differences between C. spinus and C. dominicensis are evident (Figure 16), they
may be primarily not entirely based on genetic differences, but also on distinctive
environmental forces [64] and/or are controlled by genes with a higher evolutionary rate [65].
The effect of directional selection due to adaptation to new environment and genetic drift may
be responsible for the very different phenotype. With regard to the present day absence of C.
spinus in North America, C. spinus has been recorded in the American part of the Bering
Strait and in the Aleutian Islands; these have been considered escapes from captivity [11].
Antillean siskin (Carduelis dominicensis) was first described by Bryant [66]. The species
is monotypic (with no subspecies), endemic to mountain pine forest of Hispaniola Island
(Haiti and Dominican Republic [11], which are the highest mountains of the Caribbean
Islands).
The time of appearance of Antillean siskin seems to be 2 MYA (Figure 16) [10,30], in the
Pliocene Epoch.
A phylogenetic placement of this species within South American siskins was discarded. It
seems that Antillean siskin would be the oldest of the North American birds within this
group, and that had given rise to pine siskin [30]. Most of the Carduelis dominicensis
particular traits (black head and neck, yellow breast) [11] are shared with other forest or
highland birds like Carduelis notata (black-headed siskin) [10,11], Linurgus olivaceus (oriole
finch) [11,25,30] and Mycerobas genus spp. [11]. Thus, these head and color traits in
Antillean siskin might be due to convergent evolution on a highland forest.
Pine siskin was first described by Wilson [67]. This species thrives in North America
from Alaska, South to Guatemala [11]. mtDNA from pine siskin taken at Dolores (Colorado)
was arbitrarily chosen for tree building and calculations (Figure 10) [30], because other single
samples from distant sites within the pine siskin range had almost identical sequences. Its
origin could be postulated about 200,000 YA, in the late Pleistocene [30]. This species has
already been described as a sister taxa of the Carduelis spinus [10].
Carduelis pinus perplexus is resident below the Mexican Isthmus in the highlands (2,0003,500 m) from northern Chiapas to western Guatemala [68]. Our specimens were captured in
Quetzaltenango (Guatemala highlands). Pine siskin perplexus is quite different in appearance
from pine siskin and studies are necessary to definetively determine its taxonomic status
[30,69], although it is genetically closer to Carduelis atriceps [30], black-capped siskin.
Black-capped siskin was first described by Salvin [70]. This bird is monotypic (with no
different subspecies), from the highlands of Chiapas, southeast Mexico, south to the western
highlands of Guatemala. Pine siskin perplexus is grouped with black-capped siskin in the p
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genetic distance matrix [30] and in analyses that include several individuals of pine siskin and
black-capped siskin.
Finally, it appears that siskin, Antillean siskin, pine siskin, pine siskin perplexus and
black-capped siskin form a monophyletic group separated from other North American
Carduelis finches (C. lawrencei, C. tristis, C. psaltria, which seem to be closer to other
European Carduelis in some trees: twite and linnet [10]. Antillean siskin is not genetically
related to South American siskins [10].
It seems that some Museums have original “all-green” C. atriceps. It does not fit with our
original capture in Guatemala highlands of “all-grey” specimens in full breeding rainy station
—August— (Figure 16). We believe that the “all-green” birds captured in Guatemala are
Carduelis spinescens nigricauda, which was vagrant in Guatemala from Colombia and not
captured in breeding season (Arnaiz-Villena A, in preparation); or, more likely, the green
morph of Carduelis pinus pinus vagrant in Guatemala in non-breeding season [11].

c. North / South American Siskin Radiation: a North American Ancestor, Carduelis notata
The extant parental species, C. Notata, thrives in Mexican mountains and itself or some
extinct ancestor successfully colonized South America about 3 MYA, giving rise to the South
American siskin radiation (Figure 18). They show very close molecular and phenotypic
relationships (particularly color distribution and bill shape, Figure 18) and probably
originated quite rapidly after the Isthmus of Panama emerged (Figure 17). This is an example
of a quick siskin radiation probably due to rapid dispersal into the South American island
(isolated between 95 and 5–3 MYA) which had recently joined the North; although small
birds can fly long distances [35], it is possible that the South American Carduelis radiation
occurred only when mesothermal plants (genus Carduelis food) from the Rocky Mountains
invaded the Andean spine after the emergence of the Isthmus of Panama (Figure 17) [71].

• Northern Redpolls (Carduelis flammea and Carduelis hornemanni):
Disappearance of Genus Acanthis and Relationship with Crossbills (genus Loxia)
Both redpolls, C. flammea and C. hornemanni (Arctic redpoll), are now considered to be
sister subspecies [3,11] and should be separated from twite (Carduelis flavirostris) and linnet
(Carduelis cannabina). They are two different evolutionary radiations, because they:
(i) are the only Carduelis species which live all along the Holoarctic region, i.e. North
Eurasia and North America (Figures 19, 20)
(ii) do not clearly group together within any other Carduelis subgroup (Figure 10), but
with genus Loxia (crossbills, Figure 20), which may in turn be included within genus
Carduelis (Figure 19)
(iii) are evolutionarily distant from linnet and twite, which are close to North American
siskins (C. tristis group) according to parsimony and NJ dendrograms [10]; thus
genus Acanthis, which included twite, linnet and redpolls, may not exist. It is likely
that both redpoll subspecies also separated during Pleistocene glaciations around
500,000 years before present. This date has already been suggested [72]; their
ancestors may have lived in the Miocene about 9 MYA [10,58]
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Crossbills (genus Loxia, Figure 20) are integrated within the genus Carduelis, together
with redpolls with high bootstrap [10,58]. Common crossbill (Loxia curvirostra) shows
subspeciation with L. japonica in the Pleistocene epoch [58]. Like redpolls, crossbills have a
northern Hemisphere distribution, and a characteristic crossed mandible for specialized
extraction of conifer seeds. They seem to have a more ancient origin than redpolls (Figure 19)
[10,58]. They probably originated from a Carduelis-like ancestor when conifers were very
common on Earth. Pine cones undergo irregular cycles of appearance and redpolls may have
evolved at a time when pine cones were scarce and the hypothetical ancestor of the redpoll
was forced to emerge from the conifer woods to find food in neighboring small mesothermal
plants. The time when this occurred is uncertain. There was clearly a decline in the number of
conifers after the cold periods of Pleistocene glaciations, when redpolls could have appeared.
However, the time scale is still debated [10,16,17,19,27]. Beak shape may change very
rapidly according to feeding needs (i.e., lack of conifers [35]).
The Arctic redpoll (C. hornemanni, size 14 cm) has a very similar length to that of Loxia
curvirostra japonica, a very small Loxia subspecies (14–15 cm). Red color varying in
distribution placements and intensity according to subspecies, is conserved in both crossbill
and redpoll males [11]. Typical seasonal North-South migrating patterns occur in both
crossbills and redpolls, but the characteristic southern irruptive behavior of the former is
unique, perhaps because the availability of pine cones is unpredictable in the pine woods
[11,50].

Figure 17. Appearance of South American siskins. Extant C. notata or an extinct related species
followed mesothermal plants’ South American invasion when Panama Isthmus closed. Most South
American siskin species appeared close to Andean Mountains spine (Figure 18).
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Figure 18. South American siskins. Note that C. psaltria colombiana is a North American bird
belonging to the C. tristis radiation [10,30,31].

Figure 19. Neighbor Joining phylogeny of redpolls and crossbills [10,58].A single clade.
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Figure 20. Common crossbill (Loxia curvirostra).

Consideration should also be given to the possibility of classifying redpolls apart from
the genus Carduelis and together with Loxia, since redpolls are genetically distant from the
twite/linnet couple [10,58]. Previously, twite, linnet, and redpolls were considered as a
subgroup (or even another genus, Acanthis) [11,50] within the genus Carduelis. The fact that
genus Loxia and redpolls do not go together in [25] calculations is due to a distortion artifact
caused by the C. carduelis group.

2. Genus Serinus: Radiations Intermingled in Time with those of Genus Carduelis
Genus Serinus species (canaries) occur in Palearctic and Afro-tropical areas. They are
included within the Carduelini tribe, and comprise thirty-two to forty-five [3] different
species. They usually thrive in Africa and some species also inhabit central and southern
Europe, Turkey, Middle East and Arabia [11]. Most of them are small or slender finches,
generally green, greenish-yellow, brown or grey with dark streaks, usually with distinctly
bright rump patch and forked or notched tail [11]. Canaries’ monophyly has been questioned
on the basis of behavior and life history traits [3]. Species classification based on morphology,
as well as on biogeographic distribution patterns [3] recognized five monophyletic groups:
Serinus sensu stricto (S. alario, S. citrinella, S. canicollis, S. syriacus, S. pusillus), Poliospiza
(S. leucopterus, S. striolatus, S. gularis, S. tristriata), Dendrospiza (S. citrinelloides, S.
hyposticta, S. scotops), Crithagra (S. flaviventris, S. sulphuratus, S. donaldsoni, S.
albogularis), Ochrospiza (S. leucopygius, S. reichenowi, S. atrogularis, S. citrinipectus, S.
mozambicus, S. dorsostriatus, S. xanthopygius). The molecular phylogeny obtained by us [17]
was to a great extent coincidental with these phenotypically defined groups with the
exception of Serinus citrinella (citril finch, Figure 12); also, African canaries were classified
in a simpler way (Figure 21) [17].
Most canaries are beautifully colored, widespread, and familiar to bird watchers and other
people [3,11,50].
The relationships of the species within the genus Serinus and to other Carduelini finches
have not been fully resolved [3,9,73], particularly regarding Old World species [72]. Parallel
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evolution of many characters seems to be an obstacle to phylogenetic resolution (for review,
see [9,31]).

Figure 21. NJ phylogeny of genus Serinus, also confirmed by Maximum Likelihood and Bayesian
Inference [17,25]. L. olivaceus, S. thibetanus, and S. totta are ancient basal canaries.

It is also intriguing that the Serinus species are mostly confined to Africa and the
Mediterranean Basin; however, it is believed that their ancestors came from the Palearctic
region (probably from somewhere around the Europe/Asia junctions [11]). Notwithstanding,
two species, S. thibetanus, which exists in Central Asia, and S. estherae, which lives in parts
of the Malay Archipelago, are relict species isolated from the Mediterranean-African area
[11,17]. Serinus syriacus was included in the Eurasian-African canaries [31], Serinus totta
was a small Afican canary [25,31], and Linurgus olivaceus another basal canary [25].
Although many scholars think that Pleistocene temperature variations (glaciations) and
the subsequent isolation are the most important factors that provoke the appearance of new
extant bird species [35,74], recent contradictory evidence exists which suggests that
speciation of some genera and orders may have occurred long before [27,75–78], particularly
in Passerines [16] and in particular in Carduelini [9,10,13,17,25,72].
In order to estimate the tempo of evolution of Serinus species, the calculations done by
Takahata, Grant, and Klein [5] to assess the time of appearance of Galapagos Darwin’s
finches were followed. A UPGMA dendrogram was constructed because this type of
phylogenetic tree is more suitable for estimating coalescence time than other methods [79]. Its
topology was fully confirmed by bootstrap values and other tree construction methodologies
(Parsimony, Neighbor Joining, and Maximum Likelihood) [17,25,31]. Next, a time scale for
the UPGMA tree was obtained by comparing the cytochrome b DNA sequences of the
pheasant [80] and the chicken [81], two species that are believed to have diverged around 19
MYA [6]. The per-lineage comparison yields an overall evolutionary rate of 3.97x10-9 ± 0.37.
This substitution rate is approximately 0.4% per MYA, which represents a surprisingly fast
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radiation for Serinus species (also suggested for Carduelis by Fehrer [9]). Other documented
songbird radiations include the following: genus Zonotrichia has a 4.1% rate of nucleotide
substitution, but for only seven species, and genus Pipilo has a substitution rate of 6.4% for
only six species [28,29]. However, substitution rate for cranes’ evolutionary groups is similar
[8].
It is remarkable that the average percent of nucleotide divergence obtained among the 20
Serinus species is only 4%. This value represents a surprisingly fast radiation for Serinus
species (also suggested for Fringillinae by Fehrer [9]). This molecular clock calibration may
be correct because first, fossil data are included in the estimation of the species divergence
time; this was considered accurate by Takahata, Klein, and Grant [5]). It is a clear advantage
since the bird fossil record is fragmentary, particularly for small birds like Serinus. A node
groups together canaries from the Mediterranean area and certain canaries from South Africa,
Central Africa, and Asia (Figure 21).
Although different Serinus groups are in general concordantly placed in dendrograms
obtained by using parsimony, NJ, ML, Bayesian, and UPGMA [2,17,25,31], some bootstrap
values for nodes joining a few species belonging to otherwise well-established (high
bootstrap) groups are low; this may reflect that not all extant species are tested. It may not be
the case for the Serinus species, since only species phenotypically related and geographically
close to the tested ones are missing from the study [3,11]. In addition, parental species are
extinct and/or each group of bootstrap-supported nodes represents radiations of separate
subfamilies; furthermore, the species (and thus DNA) are too similar and have appeared
within a relatively short time span. The latter two may be more favored hypotheses, and
although more studies are necessary to support them, other close Fringillidae genera are
definitively outgroups (these include several ones that already existed in the early Miocene
epoch: Passer, Lagonostica, Lonchura, Pyrrhula, Rhodopechys, and Carpodacus [17,58]. In
general, established clades within dendrograms are geographically related.
Both parsimony and NJ trees [17] basically established the same groups for genus
Serinus. The grouping within the genus may be as follows (distribution range shown in
photographs has been taken from Clement, Harris, and Davies [11].
•
•
•
•

•
•

Small African canaries
Large African canaries
Mediterranean canaries
African-Asian medium-sized canaries, including the black-headed canary, yellowcrowned canary, and red-fronted serin —possibly related to Mediterranean canaries
and once sharing or connected by Saharan habitat), which now exist in fragmented
habitats (juvenile red-fronted serins (Asia) and black-headed canaries (South Africa)
are almost identical [17]—.
Other canaries: Oriole Finch (Linurgus olivaceus) and other relict Canaries (S. totta,
S. striolatus, and S. thibetanus)
Small African canaries: Yellow-rumped Seedeater (S. atrogularis), White-rumped
Seedeater (S. leucopygius), Lemon-breasted Seedeater (S. citrinipectus), Whitebellied Canary (S. dorsostriatus), African Citril (S. citrinelloides), Yellow-fronted
Canary (S. mozambicus), Cape Siskin (S. totta)
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Figure 22. Small African Canaries [17,25,31].

Figure 23. Large African Canaries [17,25,31].

Big and small African canaries had already been distinguished as different clades by
using phenotype characters [9,82], but they are not generally coincidental with our own data
groups [17,25,31].
The small ones (10–13 cm) have a varied, powerful, and very nice singing, particularly
the small and modestly gray-colored S. leucopygius (African singer; Figure 22). This
contrasts with other big African canaries (15–16 cm; Figure 23), whose singing is more
monotonous and not so varied and powerful. They cluster together in Parsimony, NJ, ML,
Bayesian, and UPGMA dendrograms, with different bootstrap values [17,25,31].
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Large African canaries: yellow canary (S. flaviventris), Brimstone canary
(S. sulphuratus), streaky-headed seedeater (S. gularis), white-throated canary
(S. albogularis)

Large African canaries are all present in the extreme south of Africa (and also in Central
Africa areas), while the small ones are more concentrated around the tropics; these size
differences according to latitude are found in many species [35]. It is doubtful that big and
small African Serinus finches have shared very close ancestors; if this is not so, the low
bootstrap values linking small and big canaries may only reflect the lack of analysis of certain
extant or extinct species. Relatedness of big and small African canaries with Mediterranean
canaries may be relatively distant, since male hybrids obtained by crossing S. canaria with S.
sulphuratus, S. atrogularis, and S. mozambicus are sterile [83]. However, male hybrid sterility
may not be a sign of unrelatedness since F1 males from S. canaria and some South American
siskins (i.e., C. cucullata and C. xanthogaster) are fertile [83]. This suggests that
geographically closer species may develop hybridization barriers in the speciation process at
meiotic, gamete, maturation, or other levels. The UPGMA dendrogram further splits small
African canaries and places S. citrinelloides and S. mozambicus with the Mediterranean
canaries (they did not show high bootstrap values in parsimony and/or NJ trees [17]); thus, a
link between the two latter species may not be discarded even if sterile F1 males are obtained
from S. canaria x S. mozambicus crosses [83].
In addition, the time of appearance calculation for African big canary species (Figure 23)
[17,25,31] supports the hypothesis that vertebrate speciation also took place before
Pleistocene glaciations in the American [10] and African Southern hemispheres, not only in
North America [16].

•

African-Asian canaries: black-headed canary (S. alario), cape canary
(S. canicollis), fire-fronted serin (S. pusillus), Syrian finch (S. syriacus) [31]

Mediterranean canaries are probably linked to certain African and Asian Serinus birds by
common and extinct ancestors (Figure 24). They are strikingly dissimilar in color and general
phenotype. However, chicks of S. alario and S. syriacus (Middle East) are almost identical in
shape and color (Arnaiz-Villena A, personal observation). The case of S. alario is a typical
adaptation to nesting close to earth and not in green trees: green has disappeared for black and
white [17]. Therefore, maintaining the name Alario alario instead of Serinus alario is not
justified. This may be a reflection on how climate changes during the last 7 MYA, when the
ancestors of this group may have already existed [17], and a relative isolation thereafter have
caused drastic changes in color and bill shape [35]. Otherwise, random drift would be another
explanation to the phenotypic changes observed. The oldest species is probably S. pusillus
(Asian) (Figure 24), and this group (and the whole genus Serinus [11]) may be Asiatic in
origin. In particular, the very recent Sahara desiccation which occurred about 10,000 years
ago [84] may have helped to separate the original Northwestern and Northeastern African
members of the group.
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Figure 24. Afro-asiatic canaries [17,25,31].

•

Mediterranean canaries: wild and domestic island canary (S. canaria), european
serin (S. serinus)

Canaries from the Mediterranean area (Figure 25) comprise two species: serin and the
wild canary from the Canary Islands; the caged domestic canary was bred in captivity for the
first time about 500 years ago (when Europeans invaded the Islands) and was thus separated
from the wild species. Also, the closest living relative to the wild canary is the Mediterranean
serin, confirming the expectations [3,11] based on phenotypes, on fertile male hybrids and
20% female hybrids, and on geography [35]. Otherwise, random drift would be another
explanation to the phenotypic changes observed.

•

Other canaries: oriole finch (Linurgus olivaceus) and other relict Serinus
(S. totta, S. thibetanus, S. striolatus) [17,25,31]

Our trees put together two species that are very different in size (S. striolatus, 15 cm; S.
thibetanus, 11 cm) and plumage (Figure 26); they are not related taxa according to the low
bootstrap values obtained. They may be the most ancient extant canaries and may also be
relicts of primeval canaries. Both lineages (and, in this case, species) seem to come from 9
MYA (Miocene). Serinus striolatus may have become confined to Africa from a wider and
also Asiatic range after climate changes occurred in the Middle East because of the Red Sea
opening (10–5 MYA) and/or because of more recent glaciations [32].
Serinus thibetanus may have become isolated after Himalayan and Alpine orogenesis (5
MYA). Both of them, according to our molecular data [10], are included within the genus
Serinus and not within Carduelis, as some authors have proposed [11], and show that
Miocene speciation also occurred in Eurasia.
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Figure 25. Mediterranean Canaries [17,25,31].

Figure 26. Relict canaries S. thibetanus (left) and S. striolatus (right) [17].

The Bayesian analysis place Linurgus olivaceus within subfamily Fringillinae when
compared to members of most of the families and subfamilies of songbirds (Figure 9)
[3,25,30], which is concordant with Sibley’s bird classification [3]. It was found to belong to
tribe Carduelini, and it is integrated within a strongly supported group that clusters all the
species from genera Serinus, Carduelis and Loxia, appearing in a single branch as a basal
species close to African canaries. No sister taxa have been found, most likely due to the lack
of extinct species in the analyses [17,25,30,31].
Serinus totta seems to be the oldest of the small African canary group (Figure 22) [25,31].
According to our results [10,17,25,30,31], the speciation of canaries and goldfinches
started in the Miocene Epoch, about 9 – 10 MYA. The oriole finch is basal to many Carduelis
and Serinus species (Figure 9a); thus, Linurgus’ ancestor may or may not be the ancestor of
some extant canaries and goldfinches-siskins, but it is certain that it belongs to the same
polyphyletic group of radiations, which started in the late Miocene (23 – 25 MYA), since
comparision with all other Passeriformes has been done.
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• Convergent evolution
We already saw a case in Estrildinae finches, between red-browed firetail, Neochmia
temporalis and common waxbill, Estrilda astrild (Figure 7) [85]. In this case, convergent
evolution towards black head and dark green colors is clearly found between both genetically
unrelated oriole finch (Linurgus olivaceus) and Antillean siskin (Carduelis dominicensis,
Figure 27), the latter belonging to the Carduelis pinus radiation [30]. This is most probably
due to the fact that these two birds live in humid forests and a dark color (conferred by
changes in carotenoid and melanin metabolism) [35].

Figure 27. Convergent evolution in L. olivaceus (left) and C. dominicensis (right) [25,31].

On the other hand, the Bayesian phylogenetic analysis shows that phenotypically distinct
birds are indeed genetically close [10,25]. Some examples have been reported here (Figures 7,
11, 12, 13, 29, 32).

3. Different and split rosefinches (genus Carpodacus) radiations
At this time of knowledge, “rosefinch” is a misleading name based on a vague color
common character (some birds are red and some almost lack pink color), and since genus
Carpodacus has been split in several genetic-evolutive groups according to phylogenetic NJ
and Bayesian tree [25,58] (Figure 10), we will refer to “Carpodacus” birds until a clearer
classification is established. They thrive in America, Asia, and one species in Africa
(Carpodacus syriacus in Sinai Peninsula), and another one in Europe (Carpodacus
erythrinus).
Altogether, four different “Carpodacus” finch evolutive radiations are described by us. If
we take into account the “arid-zone” finches (see below, Figure 32) [2,44], which group birds
of three genera —Carpodacus, Leucosticte, and Rhodopechys—, five splits are found (see
‘Arid-Zone Finches’ on page 38).
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• American “Carpodacus” finches (C. mexicanus, C. cassinii)

Figure 28. American “Carpodacus” finches [25,59] are a different evolutive radiation, separated
from Eurasian ones.

Most “Carpodacus” finches are closer to the genus Carduelis than the other birds studied
here. The head, beak, and body characteristics are more like those of a Montifringilla spp.
than to many “Carpodacus” finches (unpublished results). C. mexicanus and C. cassinii form
an altogether different evolutive radiation from Eurasian “Carpodacus” finches (Figure 28).
North American Carpodacus purpureus was also found to belong to the American radiation
(John Klicka, personal communication).

Figure 29. Eurasian “Carpodacus”clades [58].

• Haematospiza sipahi / Carpodacus erythrinus roseatus
The relatively large Haematospiza sipahi (18-19 cm, Figure 29) is included within the
genus Carpodacus. H. sipahi is the one single member of genus Haematospiza [11], and has
been related to Coccothraustes coccothraustes and Eophona [11]. This is not confirmed, and
it is a bigger genetic sister species of a “Carpodacus” finch, C. erythrinus roseatus [25,58].
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• Uragus sibiricus / Carpodacus rubicilloides
The long-tailed “Carpodacus” finch (Uragus sibiricus), is definitively a sister species of
Carpodacus rubicilloides. U. sibiricus was classified as the only species belonging to the
genus Uragus because it has a “Carpodacus” body and a Pyrrhula beak; it is definitely a
sister species of Carpodacus rubicilloides (Figure 29) [25,58]. Uragus may have changed its
beak from that of C. rubicilloides (or its ancestor) as an adaptation to eat mainly buds, like
Pyrrhula finches. This is another example of beak change in a relatively short time (Figure
29) [11,35,58].
The relationship of U. sibiricus with Urocynchramus pylzowi (pink-tailed rosefinch)
should be studied in the future because of their phenotypic similarities and close geographical
range (more limited for the latter, in central China); Urocynchramus may also belong to this
genetic radiation [11,25,58].

• Carpodacus pulcherrimus radiation
Other “Carpodacus” finches are joined together, being C. pulcherrimus the oldest one
[58]. In the following years, other Eurasian “Carpodacus” finches may be included with this
one, or another hereby described radiation (Figures 28, 29). Four different evolutive
radiations have been described by us, including American “Carpodacus” [25,58].

4. Grosbeak Radiation —subfamily Emberizinae, tribe Cardinalini (Figure 8, [58])—
This evolutive radiation appeared earlier than Carduelis, Loxia, Carpodacus and
Pyrrhula radiations [58]. Their phenotypic and living uses of this group is detailed in [86].
Hawfinch (C. coccothraustes) is related to the bird groups stated in Figure 30, in
particular with Eophona species, already considered by some investigators to be grosbeaks
together with the hawfinch [11]). C. coccothraustes and Eophona species probably have close
genetic relationship with the New World Hesperiphona species, and this should be studied; C.
coccothraustes seems to be ancestral to Eophona species [25,58]. Mycerobas and Eophona
birds are closely related, the latter being more ancient and possible the common ancestor to
both genera.

Figure 30. Grosbeaks [58].Subfamily Enberizinae.Tribe Cardinalini.
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The genera Eophona and Mycerobas are closely related in all trees with high statistical
support. Whether they should be considered a single or two different genera is unclear, and
the two missing Mycerobas species (M. icteroides and M. melanozanthos) should be tested in
the future. The phenotypical relationship between Mycerobas and Eophona genera had been
previously established [11].
Grosbeaks seem to have appeared on Earth earlier than the genera Carduelis, Loxia,
Carpodacus and Pyrrhula in accordance with the hypothesized timing [58].

5. Bullfinches (Genus Pyrrhula) and their Ancestor, the Pine Grosbeak (Pinicola
enucleator) —tribe Carduelini (Figure 9)—
These finches have a Palearctic distribution, including the Azores Islands and Japan. In
the present chapter, we collected species and subspecies representing the entire geographic
range. Their beak has evolved to eat buds [11]. The classification and phenotype is specified
in [86].

Figure 31. Bullfinches. Photography: P. enucleator [58].

Pine grosbeak (Pinicola enucleator, presently classified within genus Pinicola, 2 species,
Figure 31) groups with bullfinches, and is probably one of the most ancient finches of the
genus Pyrrhula, together with Pyrrhula nipalensis. Monophyly of this new group seems to be
evident, since the statistical strength of the node is significantly high [2,58]. Therefore,
Pinicola is not related to Loxia or Carpodacus as previously thought [11] and must share a
common antecessor with bullfinches. Pine grosbeak would be the one Pyrrhula finch, found
in North America; thus, Pyrrhula and Pinicola show a Holoarctic distribution. Pine grosbeak
has been grouped with the red-headed rosefinch (Pinicola subhimachala) based on
phenotypic characters in the genus Pinicola (only these 2 species). Both are larger (length ca.
22 cm) than Pyrrhula and Carpodacus finches. However, the genus Pinicola might be split
between Pyrrhula (pine grosbeak) and Carpodacus (C. subhimachala, or red-headed
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rosefinch), the latter sharing many phenotypic characteristics with Carpodacus finches except
for the much bigger size (length 20 cm). Size should not be a criterion for including the redheaded rosefinch within the genus Carpodacus, since the bigger Haematospiza sipahi (19 cm
in length) is a sister species of Carpodacus erythrinus roseatus (Figure 29). The
phenotypically defined subspecies Pyrrhula pyr. cinerea and griseiventris are concordant
with the molecular subspecies status suggested here. The time of divergence of the Pyrrhula
species (11 MYA) seems to be more recent than that of grosbeaks and “Carpodacus” finches
but earlier than the crossbill-redpoll divergence time [58].

6. ‘Arid-zone’ Finches —tribe Cardinalini (Figure 9)—
A long lasting microgeographical study of Fringillinae birds by using mitochondrial
DNA phylogenies has allowed us to define a group of monophyletic Carpodacus /
Rhodopechys / Leucosticte birds, all of which thrive in arid areas [2,44]. This is in fact the
fifth split of “Carpodacus” finches, based on evolutionary phylogenetics. This ‘arid-zone’
group is clearly separated from other Carduelini radiations according to maximum likelihood
and Bayesian methodologies (Figures 9, 10, 32) [2,44].
The Miocene Epoch is characterized by an initial cold peak, followed by a general Earth
warming; the tundra was replaced by conifer woods in the corresponding areas between 17
and 14.5 million years ago (MYA) [23] when the temperatures were 6 ºC higher than at
present times [23]. However, after 14.5 MYA the temperatures started to drop and finally the
Antarctica and Greenland became glaciated around 6 MYA. Simultaneously with this general
cooling, vast arid regions appeared in Asia and Africa [23]. In addition, the Tibet plateau
underwent its most important uplift during this cold Miocene period [23,87]. The heavy rain
regime in the high Tibet-Himalayan peaks gave rise to the birth of deep and plentiful rivers
(Ganges, Bramaputra, Yangtze and Mekong) which carry 25% of the total suspension
materials that reach the oceans on Earth.
The ancestors of the new group of ‘arid-zone’ Carduelini might have appeared 13.5
MYA [44]. This is roughly coincidental with the appearance of vast arid areas in Africa and
Asia. This radiation might have started around this time in Asia (or less likely in Africa) from
where some of the lineages later might have undergone dispersal during warmer conditions.
This may be the case of Leucosticte arctoa now thriving both in Asia and America.
The arid-zone finches’ plumage colors are not homogeneous and some Leucosticte and
Carpodacus finches bear more melanin. This may suggest a more recent and disparate change
in the respective ‘arid-zone’ finch environments.
More humid habitats (i.e., those of Leucosticte and Carpodacus nipalensis in comparison
with Rhodopechys habitats) favor melanin dyed feathers, because it protects plumage from
bacterial degradation by humidity [46]. Carotenoids, the other major pigments responsible for
plumage coloration [35], are scarce in dry areas, but Carpodacus nipalensis also feeds on
berries at high altitudes [11] and this may cause the intense male purple face coloring at
breeding.
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Figure 32. ‘Arid-Zone’ Finches [2]. Note that Rhodopechys obsoelta has been taken out because it
is a greenfinches ancestor [44].

Also, C. nipalensis has the darkest plumage colors among “Carpodacus” finches
[2,11,58], resembling Leucosticte finches in this respect. C. nipalensis was an outlier from
“Carpodacus” finches [2,11].
7. Genus Rhodopechys may not exixt
In summary, according to our phylogenetic analyses based on mitochondrial cytochrome
b DNA sequences, the genera Rhodopechys and Carpodacus should be revised because this
‘arid-zone’ separate evolutionary group comprises species belonging to both of the genera.
Further analyses using nuclear and other markers could be required to complete the
phylogenetic findings presented in this chapter, and a taxonomical revision of these genera is
needed since only monophyletic clades should be used in a biological systematics, not only
with the species studied here [3,58].
Finally, genus Rhodopechys would comprise R. / Bucanetes githaginea and, perhaps (not
tested), R. sanguinea, although the later is geographically and phenotypically close to R.
mongolica (Figure 32).
Rhodopechys obsoleta has already been included in the greenfinch radiation (Figures 13,
14) [44].

CONCLUSION
Our genetic studies on Passerinae birds’ genetics and evolutionary radiations lead us to
the following conclusions [3,12]:
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1. Genus Passer (Old World Sparrows)
a.

These birds probably originated in Africa, being Passer melanurus the extant most
ancient ancestor.
b. This genus is not related to Ploceus, and to New and Old World Emberizinae.
c. Genus Petronia is a possible ancestral and closest group.
d. Passer hispaniolensis italiae seems a subspecies of Passer domesticus (grey-headed
Old World sparrow).

2. Estrildinae Finches
a.

This genetically well defined family neatly separates from Vidua species and
includes several evolutive radiations in Africa, southern Asia (Indic Ocean), Indic
and Pacific Ocean Islands, and Australia.
b. There is a clear convergent evolution of African common waxbill (Estrilda astrild)
and Australian red-browed firetail (Neochmia temporalis). They both have a similar
face and red eyebrows and a distant genetic relationship.
c. Each evolutive radiation is not confined or separated by geographical barriers;
radiations exist which include different species throughout the range (i.e.: Africa +
Asia + Indic and Pacific Ocean isdlands + Australia).
d. It is suggested that this radiation may have originated in India when Indian Plate
induced a vigorous Tibet Plateau uplift (25 MYA), which set up present monsoon
rainfall regime. A mixed Indian-Australian-African basal radiation has been defined
— (African silverbill (Lonchura cantans), Indian silverbill (Lonchura malabarica),
and Australian diamond firetail (Stagonopleura guttata).

3. Tribe Cardinalini (Subfamily Emberizinae)
a.

Grosbeaks (genera Coccothraustes, Eophona and Mycerobas) are genetically similar,
being Coccothraustes an Eophona genus’ ancestor. New World Hesperiphona
species may be related to Old World grosbeaks.

4. Tribe Carduelini
a.

Previous genus Carpodacus species have been named ‘“Carpodacus” finches’, and
the genus has been split in five different genera evolutionary groups.
b. American “Carpodacus” finches form a separate evolutive radiation. House finch (C.
mexicanus) and Cassinii’s finch (C. cassinii) and purple finch (C. purpureus) are
included in this group.
c. Scarlet finch (Haematospiza sipahi), the single species of genus Haematospiza, is
genetically a sister of Hodgson’s “Carpodacus” finch (C. erythrinus roseatus). Other
Carpodacus erythrinus finches (and others) may also belong to this radiation.
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d. Long-tailed rosefinch (Uragus sibiricus), the single species of genus Uragus, is
closely related to the much bigger eastern great “Carpodacus” finch (C.
rubicilloides, 19 cm). This represents again a single evolutionary radiation in which
“Carpodacus” or other finches may be added in the future.
e. Beautiful “Carpodacus” finch (C. pulcherrimus) is apparently the oldest species of a
group of “Carpodacus” finches. More non tested species are likely to be joined this
radiation (Figure 30)
f. Dark rosefinch (Carpodacus nipalensis) is outgroup of the “Carpodacus” finches
group, and clusters together with rosy mountain finch in phylogenetic dendrograms
(Asian Leucosticte arctoa arctoa and North American Leucosticte arctoa
tephrocotis), trumpeter finch (Rhodopechys / Bucanetes githaginea), and Mongolian
finch (Rhodopechys mongolica). We have named all these “arid-zone birds”, because
of their cold or hot arid habitats. More Leucosticte subspecies will probably join this
group. Crimson-winged finch (Rhodopechys sanguinea) could also be included.
g. Genus Rhodopechys needs to be revised since desert finch (R. obsoleta) is a
greenfinch, probably the extant ancestral form. It may have to be removed from
taxonomical works.
h. Pine grosbeak (Pinicola enucleator) is one of the two species of genus Pinicola, but
it clusters together with bullfinches (genus Pyrrhula) as an ancestor. The suggested
affinities of genus Pinicola with Carpodacus and Loxia [11] do not genetically exist.
It is likely that red-headed rosefinch (Pinicola subhimachala), the second Pinicola
species, also belongs in this P. enucleator / Pyrrhula radiation, or otherwise to a
“Carpodacus” finches radiation.

• Genus Carduelis (goldfinches and siskins)
a.

Several parallel-in-time evolutive radiations have been observed starting around
middle Miocene Epoch.
b. Citril finch (C. citrinella, formerly Serinus citrinella) [12] is an evolutive radiation,
together with Eurasian goldfinch (C. carduelis). Citril finch subspecies from Corsica
and Sardinia was probably European goldfinch’s ancestor.
c. Crossbills (genus Loxia) and redpolls (C. flammea and C. hornemanni) belong to a
single evolutive group. Genus Loxia could be included within genus Carduelis.
d. Twite (C. flavirostris) and linnet (C. cannabina) may be a single evolutive radiation.
Thus, postulated genus Acanthis (twite, linnet and redpolls) does not exist. On the
other hand, twite and linnet might have a genetic relationship with North American
C. tristis radiation.
e. Three different North American siskin radiations have occurred.
1. Eurasian siskin (C. spinus) has given rise to pine siskin (C. pinus, C. pinus
perplexus), Antillean siskin (C. dominicensis), and black-capped siskin (C.
atriceps).
2. The second North American goldfinch radiation comprises Lawrence’s goldfinch
(C. lawrencei), dark-backed goldfinch —C. psaltria hesperophilus (western
USA, no black, but green back), C. psaltria psaltria (varied degree of black on
back), and C. psaltria colombiana (very dark back , range extending through
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Central to South American Andes down to northern Peru)—. The ancestor of this
group which most likely linked it with C. spinus has disappeared —Major
Histocompatibility Complex (MHC) data, unpublished—.
3. Black-headed siskin (C. notata) from the Mexican mountains has given rise to
the South American radiation of siskins. This happened after 3 MYA when
Panama Isthmus closed and mesothermal plants, appropriate for siskin feeding,
passed to the Andean Spine. C. notata’s link to C. spinus is also missing, but
MHC data links C. notata with C. spinus and South American siskins,
particularly with black siskin (C. atrata, unpublished).
f.

Greenfinches are one of the earliest Carduelis radiations. Its ancestor is desert finch
(Rhodopechys obsoleta), which may now be called Carduelis obsoleta, if
nomenclature committees decide to change it.

• Genus Serinus (Canaries). Several clades have been observed:
a.

b.
c.

d.

e.
f.
g.
h.

Mediterranean Canaries. Canary (S. canaria) from Canary and Atlantic Islands is the
origin of all pet-shop canaries. It is also the origin of the red canary, the first
genetically engineered animal (Bremen, 1913). It forms an evolutive radiation with
serin (S. serinus).
Big African canaries. The earliest is the streaky-headed seedeater (S. gularis). This
group has several heavily built canaries with a poor singing.
Small African canaries. White-bellied canary (S. dorsostriatus) is apparently the
oldest species of this radiation, which also comprises yellow-rumped seedeater (S.
atrogularis), white-rumped seedeater (S. leucopygius), lemon-breasted seedeater (S.
citrinipectus), African citril (S. citrinelloides), and yellow-fronted canary (S.
mozambicus) and Cape siskin (S. totta).
African-Eurasian canaries. Red-fronted serin (S. pusillus) earliest appeared in this
group, which also comprises black-headed canary (S. alario), Cape canary (S.
canicollis), and Syrian serin (Serinus syriacus).
Tibetan siskin (S. thibetanus) is a small, ancient, relict canary confined to Himalayan
areas. It is clearly a Serinus with some Carduelis phenotypic characters.
Streaky seedeater (S. striolatus) is a relict canary confined to East Africa.
Cape siskin (S. totta) is a basal canary, and seems to be one of the oldest. In some
phylogenies, it is linked to the small canary group, as a basal one.
Oriole finch (Linurgus olivaceus) is a basal canary, and probably one of the most
ancient ones.

ACKNOWLEDGMENTS
This work was supported in part by grants from the Spanish Ministry of Health (FISS
PI051039 and PI080838), Spanish Ministry of Foreign Affairs (A/9134/07 and A/17727/08)
and three different Mutua Madrileña Automovilista grants.

46

Antonio Arnaiz-Villena, Pablo Gomez-Prieto and Valentin Ruiz-del-Valle

REFERENCES
[1]
[2]

[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]

[11]
[12]
[13]

[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]

Sanz J (1999) Los dinosaurios voladores: historia evolutiva de las aves primitivas.
Arnaiz-Villena A, Moscoso J, Ruiz-del-Valle V, Gonzalez J, Reguera R, et al. (2008)
Mitochondrial DNA Phylogenetic Definition of a Group of 'Arid-Zone' Carduelini
Finches. Open Ornithology Journal 1: 1-7.
Sibley CG, Ahlquist J (1990) Phylogeny and classification of birds. New Haven, Conn.:
Yale University Press.
Birkhead T (2003) The Red Canary: The Story of the First Genetically Engineered
Animal. London, UK: Weidenfeld & Nicolson.
Vincek V, O´Huigin C, Satta Y, Takahata N, Boag PT, et al. (1997) How large was the
founding population of Darwin´s finches? Proc R Soc Lond B 264: 111-118.
Helm-Bychowski KM, Wilson AC (1986) Rates of nuclear DNA evolution in pheasantlike birds: evidence from restriction maps. Proc Natl Acad Sci U S A 83: 688-692.
Zoorob R, Behar G, Kroemer G, Auffray C (1990) Organization of a functional chicken
class II B gene. Immunogenetics 31: 179-187.
Krajewski C, King DG (1996) Molecular divergence and phylogeny: rates and patterns
of cytochrome b evolution in cranes. Mol Biol Evol 13: 21-30.
Fehrer J (1996) Conflicting character distribution within different data sets on
cardueline finches: artifact or history? Mol Biol Evol 13: 7-20.
Arnaiz-Villena A, Alvarez-Tejado M, Ruiz-del-Valle V, Garcia-de-la-Torre C, Varela
P, et al. (1998) Phylogeny and rapid northern and southern hemisphere speciation of
goldfinches during the Miocene and Pliocene epochs. Cell Mol Life Sci 54: 1031-1041.
Clement P, Harris P, Davies J (1993) Finches and Sparrows. London: croom Helm.
2. Dickinson EC, Pearson D, Remsen V, Roselaar K, Schodde R (2003) The Howard
and Moore complete check list of the birds of the world. London:
Allende LM, Rubio I, Ruiz-del-Valle V, Guillen J, Martinez-Laso J, et al. (2001) The
Old World sparrows (genus Passer) phylogeography and their relative abundance of
nuclear mtDNA pseudogenes. J Mol Evol 53: 144-154.
Summers-Smith J (1988) The Sparrows. Calton, Stafforrshire, England:
McEvedy C (1980) The Penguin Atlas of African History. London: Penguin Books Ltd.
Klicka J, Zink R (1997) The importance of recent ice ages in speciation: a failed
paradigm. Science 277: 1666-1669.
Arnaiz-Villena A, Alvarez-Tejado M, Ruiz-del-Valle V, Garcia-de-la-Torre C, Varela
P, et al. (1999) Rapid radiation of canaries (Genus Serinus). Mol Biol Evol 16: 2-11.
Lepage D (2009) Avibase. http://avibase.bsc-eoc.org/avibase.jsp?lang=EN&pg=home.
Avise JC, Walker D (1998) Pleistocene phylogeographic effects on avian populations
and the speciation process. Proc R Soc Lond B Biol Sci 265: 457-463.
Sorenson MD, Balakrishnan CN, Payne RB (2004) Clade-limited colonization in brood
parasitic finches (Vidua spp.). Syst Biol 53: 140-153.
Van-der-Meij MMA, de-Baker MAG, Bout RG (2005) Phylogenetic relationships of
finches and allies based on nuclear and mitochondrial DNA. Mol Phylogenet Evol 34:
97-105.

Phylogeography of Finches and Sparrows

47

[22] Arnaiz-Villena A, Ruiz-del-Valle V, Gomez-Prieto P, Reguera R, Parga-Lozano C, et
al. (2009) Estrildinae Finches (Aves, Passeriformes) from Africa, South Asia and
Australia: a Molecular Phylogeographic Study. Open Ornithology Journal 2: 29-36.
[23] Uriarte-Cantolla A (2003) Historia del Clima de la Tierra. Vitoria: Servicio Central de
Publicaciones del Gobierno Vasco.
[24] Brown JM, Lomolino MV (2006) Biogeography. Sunderland, MA (USA):
[25] Arnaiz-Villena A, Moscoso J, Ruiz-del-Valle V, Gonzalez J, Reguera R, et al. (2007)
Bayesian phylogeny of Fringillinae birds: status of the singular African Oriole Finch
(Linurgus olivaceus) and evolution and heterogeneity of genus Carpodacus. Acta
Zoologica Sinica 53: 826-834.
[26] Klicka J, Zink R (1999) Pleistocene effects on North American songbird evolution.
Proc R Soc Lond B 266: 695-700.
[27] Harlid A, Janke A, Arnason U (1997) The mtDNA sequence of the ostrich and the
divergence between paleognathous and neognathous birds. Mol Biol Evol 14: 754-761.
[28] Zink R, Dittmann D, Rootes W (1991) Mitochondrial DNA variation and the phylogeny
ofZonotrichia. The Auk 108: 578-584.
[29] Zink RM, Dittman D (1991) Evolution of brown towhees: mitochondrial DNA
evidence. The Condor 93: 98-105.
[30] Arnaiz-Villena A, Ruiz-del-Valle V, Moscoso J, Serrano-Vela JI, Zamora J (2007)
mtDNA phylogeny of North American Carduelis pinus group. Ardeola 54: 1-14.
[31] Zamora J, Moscoso J, Ruiz-del-Valle V, Lowy E, Serrano-Vela JI, et al. (2006)
Conjoint mitochondrial phylogenetic trees for canaries (Serinus spp.) and goldfinches
(Carduelis spp.) show several specific polytomies. Ardeola 53: 1-17.
[32] Paturi F (1991) Haremberg Komunikation, editors. Die Kronik der Erde. Dortmund,
Deutschland: 284-496.
[33] Smith D, Funnel B (2009) Atlas of Mesozoic and Cenozoic Coastlines. Cambridge:
Cambridge University Press.
[34] Cox B, Moore P (2000) Biogeography: an ecological and evolutionary approach.
Wiley-Blackwell. 276 p.
[35] Gill FB (2006) Ornithology. New York, NY (USA): Freeman.
[36] van den Elzen R (2000) Systematics and distribution patterns of Afrotropical Canaries.
Boon Zool Monogr 46: 133-143.
[37] Bernis F (1954) An Ecological view of Spanish Avifaune with reference to the Nordic
and Alpine Birds. Acta XI Congr Int Orn 1: 423-427.
[38] Borras A, Senar JC (1991) Opportunistic breeding of the Citril Finch Serinus citrinella.
J Orn 132: 285-289.
[39] Cramp S, Perrins CM (1994) Handbook of the Birds of Europe, the Middle East and
North Africa, vol VIII, Crows to Finches. Oxford (UK): Oxford University Press.
[40] Chappuis C (1976) Origine et evolution des vocalisations de certains oiseaux de Corse
et des Baleares. Alauda
[41] Pasquet E, Thibault JC (1997) Genetic differences among mainland and insular forms
of the Citril Finch Serinus citrinella. Ibis 139: 679-684.
[42] Sangster G (2000) Genetic distance as a test of species boundaries in the Citril Finch
Serinus citrinella: a critique and taxonomic reinterpretation. Ibis 142: 487-490.
[43] Maldonado A (1985) Evolution of the Mediterranean basins ans a detailed
reconstruction of the Cenozoic paleoceanography. Oxford: Pergamon Press. 59 p.

48

Antonio Arnaiz-Villena, Pablo Gomez-Prieto and Valentin Ruiz-del-Valle

[44] Zamora J, Lowy E, Ruiz-del-Valle V, Moscoso J, Serrano-Vela JI, et al. (2006)
Rhodopechys obsoleta (desert finch): a pale ancestor of greenfinches (Carduelis spp.)
according to molecular phylogeny. J Ornithol 147: 448-456.
[45] Owens IP (2002) Male-only care and classical polyandry in birds: phylogeny, ecology
and sex differences in remating opportunities. Philos Trans R Soc Lond B Biol Sci 357:
283-293.
[46] Burtt EHJ, Ichida JM (2004) Gloger's rule, feather-degrading bacteria, and color
variation among Song Sparrows. Condor 106: 681-686.
[47] Grant P, Grant R (1997) Mating patterns of Darwin's Finch hybrids determined by song
and morphology. Biological Journal of the Linnean Society 60: 317-343.
[48] Saetre GP, Borge T, Lindell J, Moum T, Primmer CR, et al. (2001) Speciation,
introgressive hybridization and nonlinear rate of molecular evolution in flycatchers.
Mol Ecol 10: 737-749.
[49] Erard C, Etchecopar R (1970) Contribution à l'étude des oiseaux d'Iran: résultats de la
mission etchecopar, 1967. Paris, France:
[50] Armani GC (1983) Guide des Passereaux Granivores. Paris:
[51] Arnaiz-Villena A, Ruiz-del-Valle V, Reguera R, Gomez-Prieto P, Serrano-Vela JI
(2008) What might have been the ancestor of New World siskins? Open Ornithology
Journal 1: 46-47.
[52] Filardi CE, Moyle RG (2005) Single origin of a pan-Pacific bird group and upstream
colonization of Australasia. Nature 438: 216-219.
[53] Arnaiz-Villena A, Ruiz-del-Valle V, Reguera R, Gomez-Prieto P, Serrano-Vela JI
(2008) What might have been the ancestors of New World siskins? Open Ornithology
Journal 1: 46-47.
[54] Pregill G, Olson S (1981) Zoogeography of West Indian Vertebrates in Relation to
Pleistocene Climatic Cycles. Annual Review of Ecology and Systematics 12: 75-98.
[55] Todd W (1926) A study of the neotropical finches of the genus Spinus. Annals of the
Carnegie Museum
[56] Hillis DM, Huelsenbeck JP, Cunningham CW (1994) Application and accuracy of
molecular phylogenies. Science 264: 671-677.
[57] Kocher TD, Thomas WK, Meyer A, Edwards SV, Paabo S, et al. (1989) Dynamics of
mitochondrial DNA evolution in animals: amplification and sequencing with conserved
primers. Proc Natl Acad Sci U S A 86: 6196-6200.
[58] Arnaiz-Villena A, Guillen J, Ruiz-del-Valle V, Lowy E, Zamora J, et al. (2001)
Phylogeography of crossbills, bullfinches, grosbeaks, and rosefinches. Cell Mol Life
Sci 58: 1159-1166.
[59] Vaurie C (1959) The birds of the palearctic fauna: a systematic reference (Order
Passeriformes). London (UK): H.F.and G.Witherby Ltd.
[60] Mayr E, Sort L, Club N (1970) Species taxa of North American birds: a contribution to
comparative systematics.
[61] Bond J (1948) Origin of the Bird Fauna of the West Indies. The Wilson Bulletin 60:
207-229.
[62] Lanyon W (1967) Revision and probable evolution of the Myarchus flycatchers of the
West Indies.
[63] Bond J (1963) Derivation of the Antillean Avifauna. Proceedings of the Academy of
Natural Sciences of Philadelphia 115: 79-98.

Phylogeography of Finches and Sparrows

49

[64] James F (1983) Environmental Component of Morphological-Differentiation in Birds.
Science 221: 184-186.
[65] Ball S (1988) Evolution, explanation, and the fact/value distinction. Biology and
Philosophy 3: 317-348.
[66] Bryant H (1866) A list of birds from Porto Rico presented to the Smithsonian
Institution by Messrs. Proceedings of the Boston Society Academy of Science 11: 9398.
[67] Wilson A (1810) The Natural History of the Birds of the United States: Illustrated with
Plates Engraved and Colored from Original Drawings taken from Nature. In: 133.
[68] van Rossem A (1938) Description of new birds from Mexico and Central America. Bull
Brit Ornithol 58: 134.
[69] Howell S, Webb S (1995) A guide to the birds of Mexico and Northern Central
America. Oxford (UK): Oxford University Press.
[70]
Salvin O (1863) Descriptions of thirteen new species of birds from Central America.
Proceedings of the Scientific Meetings of the Zoological Society of London 31: 186.
[71] Cox R, Lowe D (1995) A conceptual review of regional-scale controls on the
composition of clastic sediment and the co-evolution of continental blocks and their
sedimentary cover. Journal of Sedimentary Research 65: 1-12.
[72] Marten JA, Johnson NK (1986) Genetic relationships of North American cardueline
finches. Condor 88: 409-420.
[73] Fehrer J (1993) Interspecies-Kreuzungen bei cardueliden Finken und Prachtfinken. In:
Typen des lebens. Berlin: Pascal. pp. 197-216.
[74] Brooke M, Birkhead T (1991) The Cambridge Encyclopaedia of Ornithology.
Cambridge, England: Cambridge University Press. 86 p.
[75] Chiappe LM (1995) The first 85 million years of avian evolution. Nature 378: 349-355.
[76] Feduccia A (1995) Explosive Evolution in Tertiary Birds and Mammals. Science 267:
[77] Hackett SJ (1996) Molecular phylogenetics and biogeography of tanagers in the genus
Ramphocelus (Aves). Mol Phylogenet Evol 5: 368-382.
[78] Hedges SB, Parker PH, Sibley CG, Kumar S (1996) Continental breakup and the
ordinal diversification of birds and mammals. Nature 381: 226-229.
[79] Nei M (1987) Molecular Evolutionary Genetics. New York, NY (USA): Columbia
University Press.
[80] Wittzell H, von Schantz T, Zoorob R, Auffray C (1994) Molecular characterization of
three Mhc class II B haplotypes in the ring-necked pheasant. Immunogenetics 39: 395403.
[81] Kroemer G, Zoorob R, Auffray C (1990) Structure and expression of a chicken MHC
class I gene. Immunogenetics 31: 405-409.
[82] Van den Elzen R, Nemeschkal H (1991) Radiation in African canaries (Carduelidae): a
comparison of different classificatory approaches. Acta Congr Int Ornithol 20: 459-467.
[83] Baseggio G (1995) Ibridologia (I). Mondo degli Ucceli. Bologna, Italy:
[84] Kutzbach J, Bonan G, Foley J, Harrison SP (1996) Vegetation and soil feedbacks on the
response of the African monsoon to orbital forcing in the early to middle Holocene.
Nature 384: 623-626.
[85] Arnaiz-Villena A, Gomez-Prieto P, Reguera R, Parga-Lozano C (2009) Estrildinae
Finches from Africa, South Asia and Australia... Open Ornithology Journal 2:

50

Antonio Arnaiz-Villena, Pablo Gomez-Prieto and Valentin Ruiz-del-Valle

[86] Ottaviani M (2009) Monographie des fringilles (Fringillinae - Carduelini). In: Histoire
naturel et photographies. Ingre (France): Editions Prin. pp.
[87] Chung SL, Lo CH, Zhang Y, Xie Y, Li X, et al. (1998) Diachronous uplift of the
Tibetan plateau starting 40Myr ago. Nature 394: 769-773.
[88] Moritz C (1994) Defining 'evolutionary significant units' for conservation. Trends Ecol
Evol 9: 373-375.
[89] Takezaki N, Rzhetsky A, Nei M (1995) Phylogenetic test of the molecular clock and
linearized trees. Mol Biol Evol 12: 823-833.
[90] Swofford D, inventors; 1996) PAUP (phylogenetic analysis using parsimony), Version
4.0b2. United States patent application
[91] Kumar S, Tamura K, Nei M (2004) MEGA3: Integrated software for Molecular
Evolutionary Genetics Analysis and sequence alignment. Brief Bioinform 5: 150-163.
[92] Felsenstein J (2004) Inferring phylogenies. Sunderland.
[93] Felsenstein J (1985) Confidence limits of phylogenies: an approach using the bootstrap.
Evolution 39: 783-795.
[94] Edwards AW (1995) Assessing molecular phylogenies. Science 267: 253-256.
[95] Felsenstein J (1981) Evolutionary trees from DNA sequences: a maximum likelihood
approach. J Mol Evol 17: 368-376.
[96] Yang Z (1994) Estimating the pattern of nucleotide substitution. J Mol Evol 39: 105111.
[97] Thorne JL, Kishino H, Painter IS (1998) Estimating the rate of evolution of the rate of
molecular evolution. Mol Biol Evol 15: 1647-1657.
[98] Hasegawa M, Thorne JL, Kishino H (2003) Time scale of eutherian evolution estimated
without assuming a constant rate of molecular evolution. Genes Genet Syst 78: 267283.
[99] Huelsenbeck JP, Ronquist F (2001) MRBAYES: Bayesian inference of phylogeny.
Bioinformatics 17: 754-755.
[100] Ronquist F, Huelsenbeck JP (2003) MRBAYES 3: Bayesian phylogenetic inference
under mixed models. Bioinformatics 19: 1572-1574.
[101] (2009) Bioinformatics and Molecular Evolution. http://darwin.uvigo.es/.
[102] Posada D, Crandall KA (1998) MODELTEST: testing the model of DNA substitution.
Bioinformatics 14: 817-818.
[103] Fleischer RC, McIntosh C, Tarr CL (1998) Evolution on a volcanic conveyor belt:
using phylogeographic reconstructions and K-A-based ages of the Hawaiian Islands to
estimate molecular evolutionary rates. Mol Ecol 7: 533-545.
[104] Desjardins P, Morais R (1990) Sequence and gene organization of the chicken
mitochondrial genome. A novel gene order in higher vertebrates. J Mol Biol 212: 599634.
[105] Kornegay JR, Kocher TD, Williams LA, Wilson AC (1993) Pathways of lysozyme
evolution inferred from the sequences of cytochrome b in birds. J Mol Evol 37: 367379.

Phylogeography of Finches and Sparrows

51

APPENDIX. METHODOLOGY
A. Field Work
Photographs were taken with a Nikon N-90 camera equipped with a Nikon 80-200 zoom
objective and automatic flash by A. Arnaiz-Villena.

B. Sampling and Sequencing
Blood from living birds was drawn after photographing by cutting the nail of legs locally
anaesthetized with lidocaine ointment. Blood was collected in EDTA at 4 °C and frozen until
use [10].

Figure 33. Cytochrome b gene.

DNA was obtained, and 924 bp of the mtDNA Cyt b gene was amplified with primers
L14841 and H15767 as detailed in ref. 15. The BLAST program was used for sequence
alignment (http://www.ncbi.nlm.nih.gov/BLAST).
The following calculations were carried out: number of substitutions (synonymous and
non-synonymous), number of variable and phylogenetically informative sites, and the base
composition according to codon position. Saturation plots were drawn to compare pairwise
percent sequence divergence to pairwise transversion and pairwise transition divergence at
first, second, and third codon positions [17].

C. Cyt-b
Phenotypic, behavioral and molecular evolution are not concordant [3]. At smaller
divergences, mtDNA has been cited as a ‘molecular clock’, calibrated for vertebrates at an
approximate divergence rate of 2% per MY [6,88]; however, an experimentally found mixed
molecular / geological clock has been used here [10,17].
Since Kocher et al. [57], the mitochondrial cytochrome b gene (Figure 33) has been a
popular source of DNA sequences for phylogenetic reconstruction, though few studies have
considered the evolutionary dynamics of this gene and its encoded protein.
The power of DNA sequencing of Cyt b (or other orthologous genes) for solving
taxonomy problems may be fully shown by analyzing as many as possible of the closest
extant species, as was done in the present chapter. Relationships among very close species
may, however, not be fully solved, as is observed in the case of South American siskins.
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924 bp are sufficient to obtain an accurate phylogenetic tree (parsimony, NJ and
UPGMA) in most cases [56] and overcome the uncertainties found in other songbird
phylogenies by using only 307 bases of mt-Cyt b [9].

D. Phylogenetic Methods
Usually, several methods were combined. Two different estimates of percent divergence
were used that serve as approximations of time since divergence: Kimura’s (1980) twoparameter genetic distance and uncorrected pairwise divergence (p = Nd/n, where p is the
percent sequence divergence, Nd is the number of nucleotides that differ between two
sequences, and n is the total number of nucleotides compared [77,79]). The statistical
significance of a particular sequence cluster was also evaluated by the confidence probability
(CP) (CP = 1 – type [89]); this complements the bootstrap values.
Maximum parsimony (MP), NJ with maximum-likelihood distances, linearized NJ with
Kimura biparametric distances and UPGMA with biparametric distance matrices were
obtained with the PAUP*4.0b2 program, kindly provided by [90] and with the MEGA
package program in the case of the linearized tree [91].
The trees were rooted with Fringilla coelebs or Emberiza impetuani. Sometimes,
pheasant and chicken were used as a tree root [10,17].

1. Cladistic methods
• Maximum parsimony tree
The general idea of parsimony methods was given in their first mention in the scientific
literature: Edwards and Cavalli-Sforza's (1963) declaration that the evolutionary tree is to be
preferred that involves "the minimum net amount of evolution". We seek that phylogeny on
which, when we reconstruct the evolutionary events leading to our data, there are as few
events as possible. This raises two issues. First, we must be able to make a reconstruction of
events, involving as few events as possible, for any proposed phylogeny. Second, we must be
able to search among all possible phylogenies for the one or ones that minimize the number of
events [92].
There are two methods of rooting a tree: the outgroup criterion and the use of a molecular
clock.
For high change rates, we used weighed parsimony, which assigns a particular “weight”,
or phylogenetic importance, to each variable site.

2. Quantitative methods
• Unweighted pair group with arithmetic mean (UPGMA)
A Kimura biparametric distance matrix was used [10,89]. UPGMA methodology tends to
perform poorly if the assumption of equal rate of Cyt b evolution among species does not
reflect their actual evolution [56]. However, it seems to perform correctly in the closely
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related bird species used for this work since groups of taxa are similar to those obtained in NJ
and parsimony dendrograms.

• Neighbor joining (NJ)
The UPGMA tree is not an exact method to infer phylogenies among species if a constant
evolutionary rate does not occur, so we used other types of trees to validate the UPGMA tree
topology [56]. Bootstrap values are calculated as a method of testing the topological
robustness of trees calculated by parsimony and NJ methods [93], and low bootstrap branches
are shown because the same tree branch is obtained by at least two different tree construction
methods [94]. Also, the number of variable sites, including chicken, pheasant and chaffinch
sequences (327 out of 924 Cyt b DNA bases) and phylogenetically informative sites (230) is
sufficient to establish sound phylogenetic comparisons [56].

• Maximum likelihood (ML)
With this method, base composition and number of synonymous (dS) and nonsynonymous (dN) distances are taken into account. For the ML analysis [95] we consider the
following settings: two substitutions types; estimated transition / transversion ratio via ML;
HKY85 model; empirical nucleotide frequencies; none assumed proportion of invariable sites
and gamma distribution of rates at variable sites, divided in four categories as done by Yang
[96] for mitochondrial DNA sequences.
Bearing in mind that variation of evolutionary rate among lineages may exist, we
estimated the branch lengths by ML allowing rates to continuously change over time,
according to the molecular clock model of Thorne et al. [97]. This model was successfully
applied to several biological issues [98].

• Bayesian inference
For Bayesian tree analysis [99], program MrBayes 3.1.2 [100] is used. The model of
evolution chosen is the one that most likely fit for the data set, according to program
ModelTest 3.1 [101,102]; in this case, it was GTR+I+G, a general time reversible model that
considers up to six different nucleotide substitution types, the proportion of invariable sites,
and a gamma distribution of rates at variable sites, with the associated shape parameter
‘alpha’. Two independent runs, with one cold chain and a number of heated chains depending
on number of species, are performed along several million generations, sampling every 100
generations. The first 25% of samples are discarded. After that, both runs converge to a
stationary distribution and the average standard deviation of split frequencies approaches
zero. We only consider values under 0.01.

3. Linearized trees
Linearized ML trees were constructed by assuming that evolutionary rates between
lineages may be different [97]. PARAMCLOCK PAUP command was used for tree building.
Divergence times were estimated assuming evolutionary rates of substitutions per site per
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MY, found by us and others [10,17,103]. These rates were based on the cyt b sequence
divergence of goldfinches, canaries, and Hawaiian honeycreepers, and external geological
calibration points [44].
The time scale for the UPGMA tree was obtained by comparing mt cyt b of chicken [104]
and pheasant [105], two species that diverged 20 MYA [6] according to combined fossil and
molecular comparison calculations. The comparison yields a value of 4% average amount of
nucleotide substitution per lineage between the most distant Carduelis species arose in about
10 MY (Figure 9).
Times of species divergence are only a rough estimate. Standard error of the pheasant–
chicken distance indicates that the calibration inaccuracy is about 10%. The chaffinch
divergence time is closer to that inferred for chicken and pheasant than to divergence times
inferred for Carduelis.

