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Zusammenfassung 
 
 Cyprinidae ist die zweitgrößte Fischfamilie der Welt und eine der am weitesten 

verbreiteten Fischgruppen im Süßwasser. Diese Fische zeigen einen hohen 

Endemismus für die Entwässerungssysteme in denen sie leben. Ihre geographische 

Verbreitung hängt von Süßwasseranschlüssen ab und spiegelt damit die 

Paläogeographie sowie die Geschichte der Wasserbecken dieses Gebietes wieder. 

Daher sind Süßwasserfische ein gut geeignetes Modell für paläo(bio)gegographische 

und evolutionäre Studien. Dies ist jedoch nur möglich, wenn fossile Cypriniden auf 

Artniveau bestimmt werden können. Allerdings sind das rezente Vergleichsmaterial und 

die verfügbaren Methoden zur Taxonomie isolierter Knochen und Zähne von 

Cypriniden beschränkt. Innerhalb dieser Studie habe ich erfolgreich eine Methodik zur 

Identifizierung von isolierten Schlundzähnen barbiner Cypriniden auf Artenebne unter 

Verwendung der 3D Morphologie etabliert. Die Anwendung dieser Methode auf isolierte 

Schlundzähne von Kratzbarben der Gattung Capoeta ergab folgenden Ergebnisse:  

- Die Morphologie von Schlundzähnen beinhaltet ein phylogenetisches 

Signal und erlaubt Schlussfolgerungen zur Evolution der Gattung zu 

ziehen; 

- Die Evolution von Capoeta erfolgte wahrscheinlich in einem Arten-

Schwarm während des Pliozän in See-Ökosystemen des Armenischen 

Hochlandes; 

- Diese entwickelte Methode hat großes Potenzial die 

Evolutionsgeschichte anderer Barbini zu entschlüsseln. 
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Summary 
 
  Cyprinidae is the largest fish family in the world and one of the most widespread in 

freshwater and shows high endemism to the drainage systems, which they inhabite. 

Their distribution in water basins depends on freshwater connections and, therewith, 

reflects the palaeogeographic development as well as the history of the drainage 

systems of this area. Thus, the freshwater fishes are considered as a proper model for 

palaeo(bio)geographic and evolutionary studies. These studies can be possible only if 

the fossil remains are identified at species level. However, the recent comparative 

material as well as the methods for species level taxonomy of isolated bones and teeth 

of cyprinid fishes are limited. Here, I successfully provide a tool/methodology for 

species level identification of isolated pharyngeal teeth of barbine fishes by applying 

the analysis of the 3D morphology.  

By applying this methodology to isolated pharyngeal teeth of extant ten Capoeta 

species as well as to the fossil record of Capoeta, I recorded: 

- phylogenetic significance of pharyngeal tooth morphology and its insight into 

evolutionary scenario of the genus; 

- the evolution of Capoeta was possibly represented by a species-flock model in 

a huge unrecognized palaeolake system in the present-day Armenian 

Highland at 4Ma;  

- This method has great potential to disentangle the evolutionary history for 

other Barbini groups. 



Abstract   PhD Thesis  
 
 

10 
 

Abstract 
  

 Capoeta is a monophyletic clade of Barbini, endemic to Western Asian and Ponto-

Caspian drainage basins. It serves as a valuable model for studying the history of the 

hydrographic system of this region, as well as provide the evolutionary model of this 

genus. This can be provided only in case of species level identification of the fossil 

remains of Capoeta, which are mainly represented by well-preserved isolated 

pharyngeal teeth. Until now, the specie level identification of teeth of any cyprinid is not 

recorded. 

For the first time within this study, the methodology based on the 3D approaches is 

established to study the detailed morphology of isolated pharyngeal teeth of ten extant 

Capoeta species, to understand its taxonomic and phylogenetic significance. For this 

purpose, two 3D stage characters (lateral outline and transverse cross section) are 

imported to describe and categorize the isolated pharyngeal teeth into 18 shape 

classes. Results show that the detailed morphology can provide species level 

identification and has phylogenetic significance. This methodology is applied to the 

fossil record of cyprinids from the early Pliocene locality Ҫevırme (Turkey), Miocene 

sites Jradzor (Armenia) and Kisatibi (Georgia), and latest Oligocene to middle Miocene 

Kargı 1, Kargı 2, Harami1, Hancılı, Keseköy (all from Turkey) localities. 

The isolated fossil pharyngeal teeth from Ҫevırme are identified at species level and four 

Capoeta species (C. cf. umbla, C. cf. baliki, C. cf. sieboldi and C. cf. capoeta/C. cf. 

sevangi) are recorded. This high local diversity of closely related four species I suggest 

to represent a species-flock model of the genus Capoeta in the Tekman palaeo-lake at 

4 Ma. I hypothesized that the genus Capoeta evolved in the huge late Miocene to 

Pliocene palaeo-lake system in the present-day Armenian Highland (in the Tekman 

palaeo-lake). Later in the Pliocene, this extensive palaeo-lake system was disrupted by 

tectonic activities and resulted the present biogeographic distribution of Capoeta in 

West Asian and Ponto-Caspian drainage systems. 

To get the complete view of the evolution of this genus as well as the history of the 

drainage systems of the Western Asian and Ponto-Caspian regions further studies of 

fossil sites from these regions are necessary. Within this thesis, two more fossil late 

Miocene sites (Jradzor and Kisatibi) and latest Oligocene to middle Miocene localities 

(Kargı 1, Kargı 2, Harami1, Hancılı, Keseköy) are included. The preliminary analyses 

of the fossil remains from these localities show the presence of the genus diagnostic 
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shape class "C" and, therewith, indicate that the studied material belongs to the genus 

Capoeta. 

The isolated fossil pharyngeal teeth from the Kargı 1, Kargı 2, Harami1, Hancılı, 

Keseköy localities (Turkey) are identified at generic level and belong to the genera 

Barbus and Luciobarbus. However, the species level identification was not possible due 

to the lack of the detailed morphological studies of this element in the extant barbin 

species. 
The 3D methodology applied within this study (on the example of the genus Capoeta) 

aimed to show that the detailed morphology of pharyngeal teeth provides significant 

taxonomic and phylogenetic information. Based on this example the similar 

methodology can be established for the other groups of cyprinid/barbin fishes as Barbus 

and Luciobarbus.  
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1. Introduction  
 

This section consists of two parts. First part includes a brief overview of present day 

geographic distribution of the cyprinid genus Capoeta, its fossil record and its 

importance to palaeobiogeographic analysis of the Western Asian and Ponto-Caspian 

regions. The second part is devoted to the 3D morphology of the pharyngeal teeth as a 

useful tool for taxonomic and phylogenetic studies, as well as its application to the fossil 

record.  

  
 Freshwater fishes, as well as their fossil remains, are very suitable for 

zoogeographic and palaeobiogeographic studies since their migration(s) from one to 

another water basin depends largely on connections of the drainage basins. Thus, only the 

species level identification of these fishes provides the possibility to study the history of the 

hydrographic system and palaeogeography of the studied area  (1).  

The family Cyprinidae is the most diverse freshwater fish family represented with around 

3000 species (2). The family includes several large clades (subfamilies), i.e. Cyprininae, 

Leuciscinae (3). Among cyprinins the genus Capoeta is not widely distributed. It inhabits 

only the water basins of Western Asia. This genus shows an endemism to this region, 

which makes it a valuable and interesting model to study palaeobiogegogrpahy as well 

as the history of the drainage system evolution of this area.  

Currently, more than 30 Capoeta species are described (4–6). The earlier taxonomical 

studies of the genus Capoeta are mainly based on morphometric and meristic 

characters (7, 8), whereas the recent studies mostly on genetic analyses (4, 9). The 

cyprinid genus Capoeta, as other cyprinids, is also characterised by the presence of 

pharyngeal jaw. The pharyngeal jaws carry pharyngeal teeth, which are arranged in 

three rows. The number of the pharyngeal tooth rows and tooth number in the each row 

are mentioned as one of the significant taxonomic characters for the genus Capoeta (7, 

8, 10, 11). Several studies have shown that the pharyngeal dentition, is an essential 

character complex at least at genus level, to study the evolution of cyprinids (12–16). 

Despite of this, the detailed morphological study of pharyngeal teeth of any cyprinid at 

species level is missing.  

For the first time Heckel (1843) described the pharyngeal teeth of cyprinid fishes based 

on single morphological character (shape of grinding surface) and distinguished four 
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main groups and 13 subgroups. According to him, the pharyngeal teeth of the genus 

Capoeta belong to the subgroup "shovel-shaped teeth" and are characterized by 4.3.2 

(outer, middle and last tooth rows) formula (17). Later studies recorded the presence of 

four or five teeth in the main, two to four in the second and two in the third rows (7, 8, 

11). 

Recent studies of the pharyngeal teeth are mainly concentrated on the number of the 

tooth rows, the tooth number in these rows, some measurements of teeth and 

pharyngeal bone as well as tooth shapes (11, 12, 14, 16, 18). However, the detailed 

morphological study of pharyngeal teeth and its significance for the taxonomy and 

phylogeny of any cyprinid, as well as the genus Capoeta, is missing. Besides this, the 

fossil remains of cyprinids are mainly represented by isolated pharyngeal teeth (19) 

therefore, the fossil record of many cyprinids, including the genus Capoeta, is still 

largely unknown. This is mainly caused by the problems with lower level 

(generic/specific levels) taxonomy of isolated pharyngeal teeth.  

This dissertation aims to: 1) establish a new methodology to identify isolated pharyngeal 

teeth at species level; 2) apply it to the suitable group of cyprinids; 3) give an evolutionary 

model of the genus Capoeta; and 4) study the history of drainage basins and 

palaeobiogeography of the Western Asian and Ponto-Caspian regions.  

 

1.1. The genus Capoeta and its biogeographical distribution 

 
The genus Capoeta Valenciennes in Cuvier & Valenciennes, 1842, distributed 

across western Asia from Anatolia to the Levant, Transcaucasia, the Tigris and 

Euphrates basins, most of Iran, Turkmenistan, Northern Afghanistan and the upper 

reaches of the Amu-Darya and Syr-Darya drainages (20) (Figs. 1, 2).  

 

 
 

 Figure 1. Capoeta damascina from the Homs (Qattinah) Lake, Orontes River 
drainage, Syria (SYR08/25, SMF). The scale bar equals to 1cm. 
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The molecular genetic data shows that the genus Capoeta is a monophyletic group, 

which is nested within the Luciobarbus lineage and a sister group of Luciobarbus 

subquincunciatus (Fig. 3) (4, 21, 22). According to the phylogenetic analyses three main 

groups/clades within the genus Capoeta are distinguished: Mesopotamian, Anatolian- 

 

 

 

Iranian and Aralo-Caspian clades. The Mesopotamian group contains species 

distributed in the Tigris-Euphrates drainage system and adjacent water basins: Capoeta 

trutta (Heckel, 1843), Capoeta turani Özulu & Freyhof, 2008 and Capoeta barroisi 

Lortet, 1894. The Anatolian-Iranian group includes species inhabiting the Black Sea 

Basin: Capoeta sieboldi Steindachner, 1864, Capoeta baliki Turan, Kottelat, Ekmekçi 

& Imamoglu, 2006, Capoeta banarescui Turan, Kottelat, Ekmekçi & Imamoglu, 2006. 

The Mediterranean drainage basins (Anatolian-Iranian clade) of southeastern Turkey, 

the Tigris–Euphrates river system, and small rivers, which drain into the gulfs of Persia 

and Oman, as well as inland water bodies in Iran contain the following species: Capoeta 

buhsei Kessler, 1877, Capoeta saadii (Heckel, 1847), Capoeta caelestis Schöter, Özulu 

& Freyhof, 2009, Capoeta damascina, Capoeta angorae (Hankό, 1925) and Capoeta 

kosswigi Karaman, 1969. Finally, the Aralo-Caspian group includes the species 

distributed in the Kura and Araxes rivers, as well as Aral and Caspian Sea drainages: 

Capoeta capoeta Güldenstädt, 1773, Capoeta sevangi De Filippi, 1865, Capoeta 

aculeata (Valenciennes, 1844) (4, 6, 21)  

Figure 2. Map showing the present day distibution of the genus Capoeta (highlited in red). © Google 
Earth Pro. 
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The detailed distribution of the 

studied extant Capoeta species see 

Table 1 Ayvazyan et al., 2018 (21).  

 

1.2. Cyprinid pharyngeal 
dentition 
 

Cyprinids are characterized 

by the toothless jaws (e.g. dentary, 

maxilla, premaxilla) and by presence 

of the pharyngeal bones. The 

pharyngeal jaws form as a result of 

ossification of the fifth left and right 

ceratobranchials. They are 

specialized for the food processing 

and are located in the posterior part 

of fish cranium (Fig. 4 A, B). The 

pharyngeal jaw carries pharyngeal 

teeth, which are arranged in up to 

three rows and can be represented 

by following formula: 4.3.2. - 2.3.4. – 

numbers indicate number of the teeth 

on the left and right jaws from the first 

to the third and the third to the first 

raw correspondingly (23, 24). As it is 

already mentioned, the numbers of 

the rows and the number of the teeth 

in these rows have a taxonomic 

significance for cyprinid fishes and 

they are considered as one of the 

criteria mentioned in identification keys.

Figure 3. Cladogram showng the location of the genus 
Capoeta on the phylogenetic tree based on the molecular 
genetic analysis. The phylogenetic tree is taken from  Yang 
et al. 2015. Clades of Luciobarbus, Cyprinion and 
Scaphiodonichthys are simplified. 
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1.3. The fossil 

record of Capoeta 

 
According to the 

molecular data, the genus 

Capoeta originated 

around the Langhian–

Serravallian boundary 

(13.9 Ma) and 

diversification within the 

genus occurred along the 

middle Miocene – late 

Pliocene (Levin et al., 

2012). 

The fossil record of 

Capoeta is scarce. So far, 

until my dissertation they 

are known only from four 

localities. Two of them 

from the late Miocene and 

other two from the Pleistocene localities. Miocene Capoeta fossils are known from 

Armenia and Georgia; both in the present-day Kura-Araxes drainage basin (Fig. 5).  

The first fossil remains of Capoeta (‘Varhicorinius’ nuntius) have been described by 

Bogachev (1927) from the late Miocene (early Pliocene at that time) locality in the 

Kisatibi, Samtskhe-Javakheti region, Georgia (Fig. 5). The material was represented by 

three more or less complete and a few strongly destroyed skeletons as well as more 

than 70 bone fragments. Vasilyan & Carnevale (2013) have mentioned skeletons of 

Capoeta sp. from the Jradzor locality (latest Miocene) in Armenia (25). 

The record of the genus Capoeta from the late Pliocene sediments of Ericek (Cameli 

Basin, SW Anatolia; Van den Hoek et al., 2015) is doubtful. The tooth morphologies 

(Fig. 4 a-d in Van den Hoek et al., 2015) are not found within pharyngeal teeth of the 

Capoeta species. Vasilyan et al. (2014) described two isolated pharyngeal teeth and 

two fragments of serrated dorsal fin rays referred to Capoeta sp. from the early 

Figure 4. Anatomical location of the pharyngeal bones in Capoeta 
sevangi, Sevan Lake, (A) posterior and (B) lateral views. The scale 
bars equal to 1cm. Modified from Ayvazyan et al., 2018. 
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Pleistocene locality Paşinler (Erzurum Province, north-eastern Turkey). Fossil remains 

of Capoeta damascina Valenciennes, 1842 have been recorded during the study of the 

fish community of the palaeolake Hula (26). The site is situated in the northern part of 

the Dead Sea Rift, Israel and has been dated to the middle Pleistocene (0.78 Ma). 

 

 
Figure 5. Geographical overview of the drainage systems of Western Asia and Ponto-Caspian regions 
(Euphrates-Tigris, Araxes-Kura). Red stars indicate the positions of the fossil localities of recorded fossil 
remains of the genus Capoeta.  
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1.4. What is "species flock"? 

 

A species flock is a monophyletic group of closely related sympatric species 

inhabiting the same or geographically restricted area. Among both vertebrate and 

invertebrate animals examples of species flocks are recorded. This phenomena is 

connected to the rapid adaptive radiation, morphological divergence and speciation 

(27–30). The species flock concept is known within both living and fossil fishes (31–36) 

(details see Ayvazyan et al., 2019). 

 

1.5. Ecology and trophic preferences of Capoeta 

 
The monophyletic genus Capoeta includes herbivorous scrapers, feeding mainly 

on algae and periphyton, which they scrap from the substrate by the horny sheath on 

their lower lip. These species generally inhabiting the lakes and streams with fast and 

slow-flowing waters (7, 20, 37).  

 

1.6. 3D morphology and its importance 

 
3D morphology considered as a morphological study based on the 3D models 

of studied material. 3D models are created through (micro)computed tomography. 

Microcomputed tomography is an X-ray transmission technique. X-rays are emitted 

from generator and travel/penetrate through a sample. They are recorded by a detector 

on the other side to produce projection image of the sample. The final data of scanning 

consist of two-dimensional (2D) trans-axial projections, or slices of a scanned 

specimen, which should be reconstructed in 3D software to get the 3D models (38). 

These models are used for further examinations and measurements.  
3D morphology is one of the modern methods widely applied to the different groups of 

organisms. The high demand of three-dimensional computed tomography has many 

reasons: 1) high-resolution images of the study objects are provided; 2) measurements 

of different morphological structures can be obtained; 3) the 3D image can be rotated 

easily by changing the rotational axis; 4) the inner structures can be observed by 

removing the outer surfaces; and 5) different effects or virtual experiments can be 
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applied (e.g. wearing process of teeth). 

The role of the 3D morphology is priceless for the fossil record. Especially if the fossil 

remain is partly or completely in the sediment. By applying this technique, it is 

possible to get the complete view of the fossil, without losing any information/material, 

which could be in the sediment and invisible for us.  

The disadvantage of this technique is that the possibility to scan the study material is 

limited and the costs are high. Besides this, the reconstruction and preparation of the 

material could be very time consuming.
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Objectives and expected outcome of doctoral 
research  

 
This research addresses to the questions regarding to the taxonomic and 

phylogenetic significance of the morphology of the isolated pharyngeal teeth of cyprinid 

fishes. I expected to establish a morphological methodology based on 3D methodology, 

which is applicable to identify the isolated pharyngeal teeth at species/generic level. For 

this purpose, the pharyngeal teeth of the monophyletic genus Capoeta are studied. This 

genus shows an endemism to the water basins of the Western Asia and Ponto-Caspian 

regions, therefore the low level taxonomic identification of the fossil remains (mainly 

represented by isolated pharyngeal teeth) can serve as a basis to track the evolution of 

this genus and to perform a palaeobiogeogrpahical analysis of the water drainages of 

these regions. 

 

Thus, the goals of the present study are: 

- to establish methodology by applying 3D approaches to species level identification 

of isolated pharyngeal teeth of 10 extant Capoeta species; 

- to check the interspecific and topologic variations of pharyngeal tooth mophology;  

- to test the possible phylogenetic signal embedded in the tooth morphology; 

- to apply the resulting methodology to the fossil record of Capoeta;  

- to determine species composition within the fossil sample;  

- to evaluate the history and coverage of lake system in Western Asia and Ponto-

Caspian regions; 

- to discuss evolutionary models for the genus Capoeta in respect to its biogeography; 

- to test the applicability of this methodology to other barbin fishes.
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2. Results and Discussion  

 
2.1. Results 
 
The results of this study are divided into three parts. The first part is devoted to the 3D 
morphology of the pharyngeal teeth of ten extant Capoeta species and its significance to the 
taxonomy and phylogeny. 
The second part concerns to the fossil record of the genus Capoeta and the studied main 
fossil sites where fossil remains of Capoeta are recorded. 
The third part includes the results of the applicability of the established methodology (within 
the first part of this study) to the fossil record of cyprinids. 
Supplementary material (figures, graphs and tables) is included in Appendix ⅠⅠⅠ. 
 
2.1.1. General aspects of the pharyngeal apparatus morphology of the 

genus Capoeta 

 
The pharyngeal bones of 

the genus Capoeta are relatively 

robust and wide compare to the 

pharyngeal bones of the genus 

Barbus (Fig. 6 A, B). They are 

characterized by relatively large 

tooth bearing area and well-

expressed anterior and curved 

posterior limbs. A well-developed 

pharyngeal bone is an evidence of 

the strong muscles attached to the 

bone (Fig. 6 C, D). 

Each pharyngeal jaw possesses 

nine to ten pharyngeal teeth, which 

are arranged at the pharyngeal 

bone in three rows (I, ll, lll). Each 

of them has different tooth 

number. 

Figure 6. Morphological differences of pharyngeal bones 
in dorsal (A, B) and ventral (C, D) views: (A, C) Barbus 
barbus; (B, D), Capoeta umbla. Black arrows point the 
main morphological characters and the circles marked the 
tooth bearing areas. Scale bars equal to 1mm. 
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The first or main row possesses four or five teeth (a1, a2, a3, a4, a5), the second row 

three (b1, b2, b3) and the third row two (c1, c2) teeth (Fig. 7, A). Each tooth consistes 

of a tooth foot, a crown, a foot-crown border, a grinding surface and an edge of the 

grinding surface (Fig. 7 B).  

 

 

 

Within the studied ten extant Capoeta species from different water basins, two main 

formulas of the pharyngeal teeth distribution into tooth rows, are recorded: 1) 4.3.2-

2.3.4 in C. capoeta, C. sevangi, C. sieboldi, C. trutta and Capoeta sp; or 2) 5.3.2-2.3.5 

in C. damascina, C. umbla, C. buhsei, C. saadii and C. baliki. The species with the 

second formula have a1 tooth or the tooth base, which indicates the possible presence 

of the a1. Capoeta shows a heterodont dentition based on recorded high morphological 

diversity among the studied ten species.  

The teeth of the main/first row are relatively larger (except a1) than those of the second 

and third rows. The first tooth of the main row (a1) is a small accessorial tooth and can 

be easily broken. It is absent (C. capoeta, C. sevangi, C. sieboldi, C. trutta and Capoeta 

sp.), strongly reduced (C. umbla) or less reduced (C. damascina). In case of C. saadii, 

C. buhsei and C. baliki it is broken and only the tooth basis is visible (Fig. 8). As a rule, 

the second tooth of the main row (a2) is usually easily distinguished from other teeth. It 

is robust, relatively large with a wide tooth base and grinding surface. The other teeth 

of the main row (a3, a4, a5), as well as the teeth of two other rows (b2, b3, c1, c2) are 

slender compared to the a2. They widen distally and bent laterally. These characters 

are more pronounced ventrodorsally along the main row and well expressed in the most 

dorsal tooth (a5). The first tooth of the second row (b2) is the second largest tooth after 

the a2. The other teeth of the second row are slender and bent laterally. Two teeth of 

Figure 7. Pharyngeal bone of C. damascina: (A) the distribution of pharyngeal teeth into first (a1, a2, a3, 
a4 and a5), second (b1, b2 and b3) and third teeth (c1 and c2) rows; (B) C. baliki, tooth morphology. 
Scale bars equal to 1mm. Modified from Ayvazyan et al., 2018. 
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the third row (c1, c2) are usually the smallest. The grinding surfaces in all three rows 

narrow ventradorsally. Among two control groups C. sevangi (n=9) and C. capoeta 

(n=13) intraspecific 

variation, as well as 

left-right asymmetry 

are not recorded. 

 

 

 

 

 

 

 

 

  

Figure 8. Images of 3D models of pharyngeal bones with teeth of the studied 
ten extant Capoeta species (A–J). (A) Capoeta buhsei; (B) Capoeta umbla 
(mirrored); (C) Capoeta saadii; (D) Capoeta baliki; (E) Capoeta damascina 
(mirrored); (F) Capoeta capoeta; (G) Capoeta sevangi; (H) Capoeta sp.; (I) 
Capoeta trutta; and (J) Capoeta sieboldi. The white arrows show a1 or 
presence of its bases. Scale bars equal to 1mm. From Ayvazyan et al., 2018. 
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2.1.2.  3D morphology of the pharyngeal tooth: recorded characters and 

characterization 

 
The morphology of pharyngeal teeth is examined based on 3D models of isolated 

pharyngeal teeth (n=84) of studied ten extant species. Each pharyngeal tooth is virtually 

separated from the pharyngeal bone as an apart 3D model and the teeth set for each 

studied species is established to characterise and categorize these teeth into shape 

classes (morphotypes) (Fig. 9). Other set of teeth, including extant comparative material 

of the genus Capoeta, are includied in Appendix, Figure S1. 

 

 
 Figure 9. Set of the isolated pharyngeal teeth of Capoeta trutta. (A-D)Teeth of 

the first (a2, a3, a4 and a5), (E-G) second (b1, b2 and b3) and third (H, I) (c1 
and c2) rows. Ayvazyan et al., 2018 (supplementary material). 
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The detailed examination of 3D models of isolated pharyngeal teeth is performed in the 

3D software Avizo (8.0, 9.0), as well as under the light microscopes Leica DVM5000 

digital- and M50 stereomicroscope (pharyngeal bones/teeth). To formulize better tooth 

morphology we introduced shape classes defined by character stages: lateral outline 

(α, the contour of the tooth body) and transverse cross-section (β, measured at the 

distal tooth crown) (Fig. 9 A, B). Within the studied pharyngeal teeth (n=84), we define 

14 character stages of lateral outline (α1-α14) (Fig. 10A). The most frequently lateral 

outline has a spatulate form. It occurs mainly in the a3-a5, b2-b3 and c1-c2 tooth 

positions. According to the transverse cross-section, we record in total eleven 

characters stages (β1-β11) (Fig. 10B). 

 

 

 

To check the robustness of the transverse cross-section the artificial (virtual) wear 

experiment is applied (for details see "Material and methods", Ayvazyan et al. 2018). In 

this experiment the different layers/slices from the top of the grinding surface were 

cutten to follow the variability, i.e. development of these characters during the wearing 

process. Thus, three different height sections from the top of the grinding surface 

(0.57mm, 0.87mm and 1.42mm) were processed. The results did not show any 

significant changes of transverse cross-section (β) and it stays stable during applied 

wearing process. 

This virtual experiment allows to test also the stability of other characters e.g. foldity 

Figure 10. Illustration of character stages: (A) lateral outlines (α1–α14) and (B) transverse cross 
sections (β1–β11) of isolated pharyngeal tooth within the studied extant Capoeta species. Modified from 
Ayvazyan et al., 2018. 
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and serrated posterior edge of the grinding surface, which were recorded but not 

applied to teeth description as these characters depend on degree of tooth wearing (S2 

Fig. A1-A3). 

Thus, two main groups of characters of the pharyngeal teeth can be identified: 1) 

applicable for the tooth description as the lateral outline (α) and transverse cross section 

(β); and 2) variable during the ontogeny as folded, serrated and sloped edge of the 

grinding surface. The first group of characters (α, β) can be applied to categorize the 

pharyngeal teeth of the studied ten Capoeta species into 18 shape classes. The 

detailed description of all the shape characters and classes can be found in the 

Appendix ⅠⅠⅠ (Fig. 11, Tables S1, S2). 

 

 
 

 

Figure 11. 3D images of the recorded shape classes of the pharyngeal tooth of 
the genus Capoeta. (A-R shape) classes proposed in the present work. The scales 
are not given in order to avoid scaling up of the figures (Ayvazyan et al., 2018). 
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2.1.3.  Recorded shape classes and distribution within studied species 

 
To test the potential taxonomic and phylogenetic signal of the pharyngeal tooth 

morphology a dendrogram is performed based on the distribution of recorded shape 

classes within studied ten extant Capoeta species. According to the dendrogram, the 

studied species are divided into four phenotypic clades: Clade I (C. saadii, C. buhsei, 

C. damascina, C. umbla and C. baliki), Clade II (C. sieboldi), Clade III (C. capoeta and 

C. sevangi) and Clade IV (C. trutta and Capoeta sp.) (Fig.12, Table S3). 

 

 

 

Based on the distribution of the recorded 18 shape classes within studied species 

(shown on the dendrogram) three main groups of the shape classes are distinguished: 

diagnostic for the genus, clade and species. The genus diagnostic shape class is 

the shape class "C", since it occurs in all studied species and is characteristic for the 

genus Capoeta. Thus, this shape class is the most frequent within all recoded shape 

classes (S3 Fig.). The clade diagnostic shape classes are characteristic for a group 

of species, which belong to the same clade, e.g. shape classes "B, E, F, H, I, K and M". 

Figure 12. Phenotypic dendrogram generated based on the pharyngeal tooth shape classes of the 
Capoeta species. The letters (A-N) indicate the characteristic shape classes for nodes or branches. 
Numbers indicate the bootstrap support (branch support). 1Distinguished clades of the genus Capoeta 
follows Levin et al. (2012). 2Eastern (E lineage) and Western (W lineage) lineages within the C. 
damascina complex established by Alwan et al., 2016. Modified from Ayvazyan et al., 2018.  
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The other shape classes are species diagnostic: "D, G, J, L, N, O, P, Q and R" are 

characteristic for certain species and can be used at species level identification of 

isolated pharyngeal teeth. They occur mainly at the tooth position a2 (S4 Fig). Based 

on the presence of the different level of shape classes (genus/species/clade diagnostic) 

and their distribution within ten extant species an identification key is established (S5 

Fig.). I found a correlation between tooth positions and shape classes, e.g. shape class 

"C" occurs in tooth positions a3-a5 in all studied species, whereas species diagnostic 

shape classes mainly characterise the teeth at the tooth position a2 (except b1 tooth of 

C. sieboldi) (S6 Fig.).  

 

2.1.4. Geological overview  

2.1.4.1. Euphrates-Tigris and Kura-Araxes: A brief overview 

 
Four main rivers of the northeast part of Western Asia are the Euphrates, Tigris, 

Kura and Araxes, which all originate in the Armenian Highland (Fig. 4). The Euphrates 

and Tigris with their tributaries are life arteries of the entire Mesopotamian area. Both 

rivers originate from numerous streams in the Armenian Highland (Turkish High Plateau 

according to Illies & Rzóska, 1980) near the Erzurum Province at an altitude of over 

2000 m above sea level (39).  

The Euphrates is about 2600 km long. It flows through Syria and Iraq to join the Tigris, 

form Shatt al-Arab and ends in the Persian Gulf. The Tigris is nearly 2000 km long. The 

river has five tributaries which drain the mountains (Khabur, Greater and Lesser Zab, 

Adheym and the Diyala) and carry their erosion products into the plain, where they join 

the Tigris. The water of the rivers is mainly supplied from the snowmelt and rain (39, 

40). 

The Kura-Araxes (Araxes also known as Aras and Araks) River Basin is located in the 

Southern Caucasus. The Kura River is the longest river in the Caucasus (around 1,364 

km). It encompasses Turkey, Iran, Armenia (does not pass Armenia but its tributaries), 

Georgia and Azerbaijan. It starts in the Armenian Highland at the Kizil-Giadik Mountain, 

and flows southeast through Georgia into Azerbaijan. The main tributary of the Kura is 

the Araxes River (USAID, 2002) (41, 42). The Araxes River originates in the Bingöl Dağ 

region, Erzurum Province, where it is separated from headwaters of Euphrates River 
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through low divide. The total length of the Araxes is 1072 km. It flows through Turkey, 

Armenia, Azerbaijan and Iran (Kura-Aras River Basin Transboundary Diagnostic 

Analysis; Campana et al, 2012) (43). 

 

2.1.4.2. Late Neogene lacustrine sedimentation in the Armenian 
Highland 

 
Present-day Armenian Highland (Eastern Anatolia, Armenia, Iranian Azerbaijan, 

Samtskhe-Javakheti region of Georgia) is composed of the high mountainous 

landscapes of the Eastern Taurides and Lesser Caucasus with elevations between 

1.700 to over 5.000 meters above sea level. Because of the dominant arid climate 

during the later Holocene, lakes are rare in this region. Two endorheic saline lakes, 

Lake Van and Lake Urmia, as well as Lake Sevan are notable exceptions (Fig. 13). 

However, geologic mapping revealed, that during the pre-Quaternary lacustrine, 

sedimentation was widespread and long lasting in this region. According to Altınlı 

Figure 13. Map of the Armenian Highland. Three main lakes of the region: two endorheic saline 
lakes Van and Urmia, freshwater Lake Sevan. Figure is redrawn from Vasilyan et al., 2014,   
background data from © OpenStreetMap contributors, CC BY-SA. Modified from Ayvazyan et al., 
2019.  
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(1966) during the Late Miocene and Pliocene (11.6-2.6 Ma) lacustrine sedimentation 

dominates Eastern Anatolia with regional thicknesses of over 1.000 m. These 

sediments contain a rich freshwater fauna (e.g. diatoms, gastropods, mussels, 

ostracods, fishes) and have been variously attributed to the Horasan Formation, 

Gelinkaya Formation, Işıklar Formation (all in the Erzurum Province), Zırnak Formation 

(Bitlis Province), Ҫaybaği Formation (Elazığ Province), or to the Parҫikan Formation 

(Malatya Province) (44–49). Despite extensive syn-sedimentary volcanism, none of 

these formations is fully radiometrically dated. However, few available K-Ar data (50) 

and rare rodent fossils (51, 52) suggest that the main lacustrine phase in Eastern 

Anatolia centred between 6 and 3 Ma, probably coeval with the supposed uplift of this 

region.  

Late Miocene to Pliocene lacustrine sediments in Armenia are described from the 500 

m thick Voghjaberd Suite (53). Index ostracods of the Caspian Productive Series (dated 

to between ~5.3 and 2.7 Ma, (54) and small mammals (55) a point to Pliocene age of 

this formation, and recently discovered rodents from the Capoeta bearing site Jradzor 

have a latest Miocene age (25). 

An older lacustrine period is documented in Iranian Azerbaijan, where fish bearing 

(Atherinidae, Cyprinodontidae, Leuciscinae, but no Barbinae) lake sediments from the 

Tabriz Basin (‘lignite beds’, ‘fish beds’) have been dated to between 12 and 7.5 Ma (56). 

These late Neogene lacustrine sediments have a tectonically fragmented exposure 

over a huge area in the Eastern Taurides stretching several hundreds of kilometres, 

notably including the upper reaches of present-day Euphrates, Tigris, Kura and Araxes 

rivers (Fig. 13). 

 

2.1.4.3. Fossil locality Ҫevırme 

 
The fossil site Ҫevırme (Erzurum Province, Tekman district) (Tekman palaeo-

lake) is located 12 km west of the Haciömer village on the road from Haciömer to 

Tekman, 500 m after the bridge over the Araxes River (coordinates: N 39° 37´ 37̋´; E 

41° 38´; Figs. 5, 13 and 14).  
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The locality belongs to the Tekman Basin (East-Anatolian Taurides; Irrlitz, 1972), 

approximately 40 km south from the Pasinler Basin and 120 km north-northwest of Lake 

Van. Late Neogene sediments in the Tekman Basin laying discordantly over early 

Miocene marine limestones (57). The sedimentary facies of the basin infill change from 

fluvial-alluvial to lacustrine. The late Miocene sedimentary formation (Hacıömer 

Formation) is composed of an approximately 300 m thick reddish-brown sequence of 

conglomerates, sandstone and silts with minor intercalation of marls. In the south of the 

basin, the alteration with vulcanites appear. These terrestrial-fluvial fossils free layers 

intercalate in their upper parts with nearly 200 m thick lacustrine sediments of the Işıklar 

Formation, which mainly consist of light gray, as well as slightly reddish freshwater 

carbonates (see fig. 4 in Ayvzayan et al., 2019). Layers of marl, organic rich clay and 

tufa are also present. The section is covered by Pleistocene basalts from the Bingöl Dag 

area (57). 

The fossil site Ҫevırme, discovered and first described by Sickenberg et al. (1975: 95), 

belongs to the lacustrine upper part of the Işıklar Formation (58). The 65 m thick 

stratigraphic section is subdivided based on lithological and sedimentological 

characters. The fossil remains of fishes, molluscs and mammals are found at 18 m of 

the section (see fig. 4 in Ayvzayan et al., 2018).  

Earlier palynological studies at Ҫevırme section indicate an early Pliocene pollen 

Figure 14. High resolution map (from Google Earth Pro) showing the fossil locality Ҫevırme marked by 
red contoured circle. The whitish sediment north of the Araxes River represent the lacustrine Işιklar 
Formation. Modified from Ayvazyan et al., 2019. 
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spectrum in accordance to the small mammal fauna (57, 58). A recent preliminary 

taxonomic update of the rodent association revealed among others the genera Mimomys 

and Occitanomys. This suggests correlation to MN15a mammal zone, roughly of about 

4 Ma in the middle part of the Pliocene (51). 

 

2.1.4.4. Fossil locality Jradzor, Armenia 

 
The fossil locality Jradzor is located in the Yeranos mountainous range at the 

present-day elevation of the 1920 m asl (Central Armenia) (Figs. 5, 15). The fossil site 

is represented mainly by pure and porous diatomite rock with extremely low clay and 

sand content. It has thickness of about 8 m and lateral extension in the outcrop of ca. 

150 m.  

 

The presence of two black sandstones in the lower part of the section, indicating erosion 

of the lake surrounding volcanic rocks and their fluvial transport. The upper 7m tick 

diatomite bed shows red to yellow colouring and fine lamination. Several 2-10 cm tick 

layers rich of clay occur, indicating phases with terrestrial input during the lake 

development. Grey-brown clayey diatomite and overlying grey-bluish sandstone are 

compose in the uppermost 60 cm of the section. The diatomite is covered by 

conglomerate, showing sharp erosive contact with underlying beds. Laterally the upper 

bed is eroded and conglomerates lie directly on upper part of the 7 m thick diatomite 

pocket. The following stratigraphic markers are recorder: pennatic diatoms Cymbella 

elongata and Pinnularia meisteri f. armenica.  

Figure 15. Fossil locality Jradzor, Central Armenia. The red arrow shows the diatomit sediment section 
from where the fossil remains of Capoeta were recoded. 
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The diatomite deposit of the fossil site Jradzor provides well preserved fossil diatom 

algae, remains of fishes (Leuciscus cf. souffia, Leuciscus sp., Garra sp., Capoeta sp.), 

an amphibian (Pelophylax cf. ridibundus), a reptile (Geoemydae indet.) and mammals 

(? Hypolagus sp.). Both complete and incomplete skeletons of fishes are found. The 

taphonomy of the fish remains allow to conclude about their resident lacustrine 

populations in the lake, at least in earlier staged of the lake sedimentation. The overlying 

river and palaeosol deposits contain small mammal species characteristic for latest 

Miocene assemblages (25). 

 

2.1.4.5.  Fossil locality Kisatibi, Georgia 

 
The fossil locality Kisatibi is a part of a large Goderdzskaya Formation (900-1100 

m). Kisatibi is located in the Samtskhe-Javakheti region (southern Georgia), in the 

middle of the extended gorges of the Kura and Potskhovi rivers (Fig. 5) (59). Skhirtladze 

(1958) provides the sedimentary succession of the Goderdzskaya Formation at the fossil 

site Kisatibi (nearly 150 m) (59).  

Palaeoflora of Kisatibi is represented by 22 species (59). The fossil remains of 

vertebrates are almost absent in Goderdzskaya Formation. Only the diatomite layers 

have relatively rich fossil fauna, which is mainly represented by fossil remains of 

freshwater fishes. The records of fossil mammals are rare. 

Bogachev (1938) described all fish remains from Kisatibi as one genus Varicorhinus and 

as a new species Varicorhinus nuntius. Based on palaeontological and palaeobotanical 

data, he dated the fossil site Kisatibi to Pliocene (Late Miocene now days) (Gabelaja, 

1976).  

Later, Gabelaja (1976) studied the fossil remains of fishes from Kisatibi and record the 

presence of two genera Barbus and Capoeta. Wherein, the main part of the recorded 

fossil fish material belong to Caepota nuntius and relatively few specimens to Barbus 

orientalis. 
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2.1.4.6. Latest Oligocene to the middle Miocene localities from Tukey 

 
Fossil locality Kargı is located in a coal quarry near the village of Dodurga. The 

sediments are represented by white limestones and dark green clays. The 

biostratigraphic correlations suggest that Kargi 2 lies at the Oligocene–Miocene 

transition (local zone A, MP 30–MN 1), and Kargi 3 is of Early Miocene age (local zone 

B, MN1). The fossil remains from Kargi are recovered from bioturbated, blackish, solid 

clay. Karg1 2 sediments, darkly coloured and bioturbated, indicate a typical lacustrine 

bottom. Karg1 3 sediments are grey clays, rich in diatomite (60, 61). 

The Harami section constitutes the sedimentary overburden of the main coal level of 

the Harami mine near the town of Ilgin. It contains Eumyarion and 

Spano/Democricetodon dominated assemblages attributed to zone MN 1 or 2. 

Greenbrown laminated or homogeneous clays comprise the main part of the section. 

At several levels small coal layers (1- 10 cm) are present (62). 

Hancılı locality is a former lake. Its sediments are finely laminated, coalbearing and 

mildy bioturbated. It considered as a MN 4 locality (61). 

Keseköy locality is a coal quarry near the town of Kizilcahamam. The section 

predominantly consists of green-brown, partly laminated clays, intercalated with several 

coal layers. It contains an assemblage of small mammals that is attributed to the local 

zone D, being correlated to MN 3 (60, 61). 

 

2.1.5. Application of the established methodology to the fossil record of 
cyprinids 

 
The established methodology is applied to the fossil material represented by isolated fossil 
pharyngeal teeth as well as to the teeth founded within the skull or complete fish skeleton 
samples. 
 
2.1.5.1.  Isolated fossil pharyngeal teeth from Çevirme 
 

Isolated fossil pharyngeal teeth (n=247) (Depository numbers and other details see 

Table 1, Ayvazyan et al., 2019) collected from the Pliocene age locality Çevirme 

(Erzurum Province, Tekman district) (BGR Ҫevırme 1-247) are studied based on 

already established methodology within the first part of this research. Distinguished two 

characters stages lateral outline and transverse cross section (αβ), recorded shape 
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classes and identification key are applied correspondingly to describe, categorise and 

identify these fossil isolated pharyngeal teeth. Each fossil tooth is characterises by 

lateral outline (α) and transverse cross section (β) (details see 2.1.2) (Fig. 16). 

 

 

Within studied fossil material eight shape classes are recorded (Fig. 17). They 

represent genus, species and clade diagnostic shape classes, therefore, the studied 

fossil material is identified as pharyngeal teeth of the genus Capoeta. These three level 

of shape classes are illustrated on Figure 12. The most frequent shape class among 

fossil material is the genus diagnostic shape class "C" and relatively rare ones are the 

species diagnostic shape classes. Expectedly, the same pattern can be found through 

the study of the extant pharyngeal teeth (S3, S7 Figs.). In some cases due to the 

presence of three species diagnostic shape classes ("A", "J" and "R"), species level 

identification of isolated pharyngeal teeth was possible. Thus, three fossil Capoeta 

species are identified: C. umbla, C. baliki and C. sieboldi. The presence of the clade 

diagnostic shape class "M" indicates the presence of C. capoeta/C. sevangi, which 

compose the Ararlo-Caspian clade. 

Figure 16. Methodology to describe the isolated pharyngeal teeth based on the character stages 
and shape classes. (A) shape class "M", b2 tooth of extant C. capoeta. (B) shape character α5 
(lateral outline). (C) shape character β4 (transverse cross-section). Shape class "M" is 
characterised by shape characters α5 and β4. (D) shape class "D", a2 tooth of extant C. sieboldi. 
α4, shape character (lateral outline). β7, shape character (transverse cross-section). Shape class 
"D" is characterised by shape characters α4 and β7. The scales are not given to avoid scaling up 
of the figures. Avyazyan et al., 2019. 
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The clades recorded within the fossil material, based on the species/clade diagnostic 

shape classes are plotted on the phylogenetic tree based on the molecular genetic 

Figure 17. Isolated fossil pharyngeal teeth from the early Pliocene locality Ҫevırme (Erzurum Province, 
Tekman district). (A-E) species/clade diagnostic shape classes: (A) shape class "A" characteristic of C. 
umbla (BGR Ҫevırme 1). (B) shape class "R", characteristic of C. sieboldi (BGR Ҫevırme 3). (C-D) shape 
class "J", characteristic of C. baliki (BGR Ҫevırme 4, 5). (E), clade diagnostic shape class "M", characteristic 
of Aralo-Caspian clade of genus Capoeta (C. sevangi and C. capoeta) BGR Ҫevırme 23). (F-K) genus 
diagnostic shape class "C" (BGR Ҫevırme 24, 25, 26, 27, 28, 29). (L-S) common shape classes shared by 
different species. (L-N) shape class "B" (BGR Ҫevırme 155, 156, 157). (O-Q) shape class "F" (BGR  Ҫevırme 
195, 196, 197). (R-S) shape class "H" (BGR Ҫevırme 226, 227). (T) not identified, possibly tooth pathology 
(BGR Ҫevırme 237). (U) not identified (BGR Ҫevırme 238). Ayvazyan et al., 2019. 
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analyses, which shows that the recorded shape classes belong to one monophyletic 

clade (Fig. 18).  

 

 
 

 

 
 
 
2.1.5.2.  Fossil remains of Capoeta sp. from Jradzor (Armenia) 
 

The fossil material from Jradzor is stored at the Institute of Geological Sciences, 

NASRA (IGS). Four fossil samples (excavations are continuing) are scanned and 

reconstructed at the University of Fribourg and YXLON International GmbH, Heilbronn. 

The main steps of the application of the X-ray computed tomography (μCT) to the fossil 

material in the sediment is shown on the Figure 19. The material included in this work 

is represented by a complete fish skeleton and three skulls. The settings applied to 

scan the fossil material given in Table S4. The preliminary study of the 3D models of 

the isolated fossil pharyngeal teeth shows the presence of the shape class ''C'' (Fig. 

19D), which is a species diagnostic for the genus Capoeta and indicates that the fossil 

specimens belong to the genus Capoeta. This material is not yet complete 

reconstructed, further studies are necessary for low-level taxonomic identification. 

Besides teeth, the skeletons of the fins and vertebra can give additional information 

Figure 18. Phylogeny of the genus Capoeta: distinguished clades within the genus 
Capoeta (Luciobarbus suquincunciatus is the sister clade) (Levin et al., 2012). The 
clade diagnostic shape classes (capital letters) and respectively the 3Dimages of teeth 
of Capoeta as well as a2 tooth of L. subquincunciatus are mapped on the tree. The 
monophyletic Anatolia-Iranian/Aralo-Caspian/sieboldi clade, for which we propose a 
species flock model of evolution marked with red colour. Ayvazyan et al., 2019. 
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about these specimens and their taxonomy.  

 

 

 
2.1.5.3.  Fossil remains of Capoeta from Kisatibi (Georgia) 
 

The fossil material from the late Miocene locality Ksatibi is stored at the Georgian 

National Museum (GNM). This material was described by Bogachev, 1927 as a species 

Capoeta nuntius. There are more than 30 specimens in the collection of GNM. Four 

specimens (for now) are borrowed to restudy these samples by applying X-ray 

computed tomography and the methodology established by Ayvazyan et al., 2018 

(Table 1).  

 

Figure 19. (A) Capoeta sp. (JRD-17/07); (B) a slice showing the teeth before reconstruction (teeth are 
marked by red arrows); (C) part of reconstructed isolated pharyngeal teeth; (D) recorded shape class "C".. 
The red quadrat shows the approximate locality of shown reconstruction in the sediment. Scale bar (A) = 
1 cm, scale bar (C, D) = 1 mm.  
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Four specimens are scanned and some of them are reconstructed (Fig.20). The 

preliminary results show the presence of a complete pharyngeal bone with the teeth 

(Fig. 21, GNM 10-1) as well as nearly 30 isolated teeth are reconstructed so far. The 

examination of the 3D models of the reconstructed fossil pharyngeal teeth the shape 
class ''C'' is recorded (Fig. 21C). Thus, the fossil material belongs to the genus 

Capoeta. Fortunately, one of the so far studied samples (GNM 8-2) contains a complete 

pharyngeal bone with the pharyngeal teeth on it (Fig. 21D). Interestingly, this sample 
possess an a1 tooth (Fig. 22), within studied extant Capoeta species only the species 

belong to Anatolia-Iranian or damascina clade have a1 tooth. The further research will 

allow to understand if the presence of a1 tooth is plesiomorphic character (reduction of 

a1) or homoplasy for the genus Capoeta. The settings applied to scan the fossil material 

given in Table S4.  

 

Figure 20. Capoeta nuntius (GNM 13-4) from the late Miocene localty Kisatbi, Georgia.  
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Figure 21. Capoeta nuntius (GNM 10-1): (A, B) reconstruction of the skull, (C) part of the 
reconstructed isolated pharyngeal teeth, (D) reconstructed pharyngeal bone with teeth. The 
red rectables shows the position of shown reconstruction in the sediment. The arrows show 
the teeth of shape class ''C''. Scale bar (A, B) = 1 cm, scale bars (C, D) = 1 mm. 
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2.1.5.4.  Isolated pharyngeal teeth from Turkey 
 

The fossil pharyngeal teeth (isolated or attached to the bone) (n=279) from latest 

Oligocene to middle Miocene localities Kargı 1, Kargı 2, Harami1, Hancılı, Keseköy 

(Turkey) are studied. The material is stored in the palaeontological collection of the 

University Utrecht (UU). The fossil material is compared to the extant material stored at 

the osteological collection of National Museum of Natural Sciences of Madrid (MNCN) 

and at the Bavarian State Collection for Anthropology and Palaeoanatomy, Munich 

(SNSB) (Depository numbers and other details see Table 2, Ayvazyan et al., 2019). The 

pharyngeal bones of the extant comparison material (Barbus and Luciobarbus species) 

are scanned using the microtomography systems NIKON XT H 160 at the Scanning 

electron microscopy at the analytic laboratory of MNCN (Fig. 23). 

Figure 22. Surface view of the part of the pharyngeal bone with the teeth of Capoeta nuntius (GNM 
8-1). a1, a2, a3 and a5 show respectively the teeth positions in the first tooth row. 
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The settings of the scanned pharyngeal bones are introduced in Table S6. The 

tomographic reconstruction was performed using Avizo 9.0 software at the Tübingen 

University. 

Within the fossil material eight morphotypes of the pharyngeal teeth are distinguished 

(d1-d8). Morphological comparison with the 3D models of the extant Barbus and 

Luciobarbus species shows that seven from distinguished eight morphotypes (d1-d7) 

belongs to these two genera. This is additionally supported by the presence of the fossil 

remains of serrated rays of the dorsal fin (Fig. 24). The last d8 morphotype (Fig. 24 V, 

W) reminds the morphology of the pharyngeal teeth of the genus Capoeta, but this 

morphology is so far not recorded within the morphotypes of the extant Capoeta species 

distinguished by Ayvazyan et al., 2018. 

 

Figure 23. Images of the 3D models of the pharyngeal bones with teeth of the Luciobarbus 
and Barbus species. (A) Luciobarbus comizo (MNCN 69304), (B) Luciobarbus longiceps 
(MNCN E 54), (C) Luciobarbus sclateri (MNCN 69331), (D) Barbus barbus (SNSB SPAM-PI-
00608), (E) Barbus sacratus (MNCN GUI 17), (F) Barbus meridonalis (MNCN 19933). The 
letters a, b, c correspond to the first (main), second and third row, the numbers (1-5) the tooth 
positions in those rows. The scale bars equal 1 mm.Vasilyan et al., unpublished. 
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The species level identification of the fossil material is not possible due to the 

absence of the detailed morphological report of the extant comparative material. 

The establishment of the identification key for these genera, which can be applied 

Figure 24. Cyprinid remains from the studied localities. Luciobarbus sp., Morphotype 
d7 – from Hancılı, UU HAN 5315 (A); UU HAN 5316 (B); Morphotype d5 – UU HAN 
5333 (C), UU HAR1 5300, loc. Hancılı (D); Morphotype d3 – UU HAN 5334, loc. 
Hancılı (E); UU HAN 5305, loc. Hancılı (F). Barbus sp., Morphotype d6 from the loc. 
Harami 1, UU HAR1 5301 (G), loc. Hancılı, UU HAN 5321 (H), UU HAN 5311 (I– J), 
UU HAN 5335 (K), Morphotype d4 - UU HAN 5308 (L), UU HAN 5309 (M). Lucioarbus 
vel Barbus sp., Morphotype d1 from loc. Hancıl ı, UU HAN 5300 (N – O), Morphotype 
d2, UU HAN 5303 (P), UU HAN 5306 (Q); Morphotype s1, UU HAN 5324 (R); 
Morphotype s2, UU HAN 5325 (S), UU HAN 5326 (T); Morphotype s3, UU HAN 5329 
(U). aff. Capoeta sp. from the loc. Hancılı, UU HAN 5317 (V, W). Barbini indet. (Y – 
DD), UU KAR1 1304, loc. Kargi 1 (X), UU KAR1 1301, loc. Kargi 1 (Y), UU KAR2 
1301, loc. Kargi 2 (AA), UU KAR2 1306, loc. Kargi 2 (DD), UU KAR2 1303, loc. Kargi 
2 (EE), UU KE 5307, loc. Keseköy (BB), UU KE 5305, loc. Keseköy (CC). Leuciscus 
sp. from loc. Hancılı, UU HAN 5318 (FF). Vasilyan et al., in review. 
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for the identification of the isolated fossil pharyngeal teeth at low taxonomic level 

(species), is planned in my further research project.  

 

2.2. Discussion 
 

2.2.1. Pharyngeal tooth morphology as a key for species level 

identification 

 
The detailed morphological study, based on the 3D approaches of the isolated 

pharyngeal teeth of ten extant Capoeta species, shows that the tooth morphology can 

serve as a key character for the species level identification. However, the species level 

identification is possible only based on the tooth morphology in the tooth position a2. 

Besides, the pharyngeal tooth morphology provides also an identification at the generic 

level based on the presence of the genus diagnostic shape class "C" (as the preliminary 

studies of the fossil material from Jradzor and Kisatibi show). More details see 

Ayvazyan et al., 2018. 

 

2.2.2. Phylogenetic significance of pharyngeal tooth morphology 

 
To test the possible phylogenetic signal embedded in the pharyngeal tooth 

morphology, the performed phenotypic dendrogram (based on the tooth morphology, 

respectively on the distribution of the recorded shape classes within studied species) is 

compared with three different phylogenetic trees based on the molecular genetic 

analyses of the genus Capoeta. This comparison shows a significant similarity of the 

results based on morphological and genetic data. The genetic data supports our results 

regarding to the recorded three main clades: Anatolian-Iranian or Capoeta damascina 

complex group, Aralo-Caspian or Capoeta capoeta complex group and Mesopotamian 

Capoeta or Capoeta trutta group (for details see Ayvazyan et al., 2018) (Fig. 25). 
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2.2.3. Taxonomy of the isolated fossil pharyngeal teeth from Çevirme 

 

Within the isolated fossil pharyngeal teeth from Çevirme (Erzurum Province, 

Tekman District) eight shape classes are recorded where the shape class “C” is dominat 

in the assemblage (53%) (S6 Fig.) This indicates that the fossil material belongs to the 

genus Capoeta. Besides this, the presence of three species (A, J, R) and a clade 

diagnostic (M) shape classes suggests the presence of four palaeo-species (C. cf. 

umbla, C. cf. baliki, C. cf. sieboldi and C. cf. capoeta/C. cf. sevangi). In our days, the 

extant relatives of these species are distributed in three different water basins (Black 

Figure 25. Simplified phylogenetic trees show the distribution of the studied Capoeta 
species within phylogenetic trees, based on genetic analyses of (A) Levin et al. 2012, (B) 
Bektas et al. 2017, (C) Zareian et al. 2016, (D) this study. Ayvazyan et al., 2018. 
 

 



Discussion  PhD Thesis  
 
 

46 
 

and Caspian Seas and Persian Gulf basins) (Fig. 5). According to the genetic and 

morphological (our data) data, they belong to different clades (Fig. 25). Whereas, the 

recorded palaeo-species (C. cf. umbla, C. cf. baliki, C. cf. sieboldi and C. cf. capoeta/C. 

cf. sevangi) belong to one monophyletic clade as it is shown on the Figure 18. Thus, 

the main questions are: 1) does the fossil assemblage represent one species 

characterised by high heterodonty, which was the ancestor of the genus Capoeta or it 

represents closely related four species; 2) is this high morphological diversity 

conditioned by plasticity or allometry; and 3) how does the present-day distribution of 

these species within the different water basins formed. 

The recent Capoeta species are characterized by different degree of heterodonty, 

which varies between three and six shape classes per species. As it has been already 

mentioned, within fossil assemblage, eight shape classes are documented and it is 

unprecedented among extant species. It is also highly unlikely that a fossil species 

shows this degree of heterodonty, given the ten tooth positions at pharyngeal bones. 

Therefore, we consider the ‘single species’ interpretation as unlikely. 

Based on the recoded four species/clade diagnostic shape classes the Çevırme 

assemblage is constituted by four species, which belong to three different clades 

(Anatolian-Iranian, Aralo-Caspian, and sieboldi clades) of the genus Capoeta. 

According to all molecular studies (5, 21, 63), these three clades are monophyletic and 

sister to the Mesopotamian clade (see Fig.) (more details see Ayvazyan et al., 2019). 

 

2.2.4.  Possible influence of plasticity and allometry on high diversity of 

recorded shape classes 

 
The literature provides examples of the potential effects of plasticity on the dentary bone 

and tooth morphology mainly in cichlid fish cultures by applying contrasting diets (soft 

and hard) (64–66). These studies recorded some degree of phenotypic plasticity of 

dentary bone morphology and in some cases tooth size. The influence of these two 

diets on the development of the cyprinid pharyngeal dentition is also tested in the 

benthophagous cyprinid black carp. Dietary did not change the tooth morphology, but, 

instead, it has been found that broad diet may influence the frequency of tooth 
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replacement and size patterns (67). These studies are mainly based on aquarium 

experiments in benthophagous species where two extreme diets (commercial fish as a 

soft and snails as hard food) are tested. Under natural conditions, fishes are not forced 

to feed on only one type of food. Thus, it is data can be applied to, in the present paper 

studied algae-scrapping species Capoeta, which are recorded from single geological 

layer and are sympatric individuals in a uniform environment. Considering this, the 

effect of feeding on different food should not be considered biasing on the carp 

pharyngeal tooth morphology, and, thus, we exclude the effect of plasticity on the 

studied fossil material. 

Allometric shifts in pharyngeal tooth morphology cannot explain the high diversity of 

recorded shape classes in the studied fossil samples. Morphological shape remodeling 

in cyprinids happens in very early stages of their ontogeny. Juveniles (standard size of 

a few mm) have different tooth morphology than the adult samples, but the significant 

morphological changes are finalized in this early stage. Thus, the adult dentition in 

cyprinid fishes is completed by at the later larvae or juvenile stages (68). Our fossil 

material is represented by adult individulas, as the studied fossil pharyngeal teeth sizes 

vary between 0.8 – 3 mm (it is a sampling artifact introduced by mesh size limitation 

washing collection technique). Therefore, our fossil samples is composed of isolated 

pharyngeal teeth of adult individuals. 

 

2.2.5. Species flock scenario of evolution of the genus Capoeta: 

palaeogeographical interpretation of the fossil site Çevirme 

(palaeolake Tekman)  

 

We interpret this high local diversity of closely related species from the fossil site 
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Çevirme, as a species-flock model. Five main criteria are recorded to distinguish the 

group of animals as a species flock: 1) monophyly, 2) high species diversity (speciosity), 

3) high level of endemism, 4) morphological and ecological diversity and 5) habitat 

dominance in terms of biomass (30, 69). A later study (70) suggests to concentrate on 

the three robust, easier to determine criteria such as monophyly, endemism and 

speciosity. The studied fossil Capoeta samples correspond to all five criteria sensu 

Eastman and McCune (2000) and can be regarded as a species flock (69) (details see 

Ayvazyan et. al., 2018). Thus, the species flock of the genus Capoeta, represented by 

four near related species, inhabited Tekman Basin 4 Ma years ago. This study 

hypothesizes, that the Tekman palaeo-lake (part of Armenian Highland) was the 

"center" of the speciation of Capoeta species related to the three recent clades of the 

genus (Anatolian-Iranian, Aralo-Caspian and sieboldi). It is already known, that the lake 

system of Armenian Highland was formed during the late Miocene and represents the 

source of all major rivers in Western Asia to which Capoeta is endemic (58). Thus, it 

could represent the center of origin of Capoeta. 

According to the recent geologic work the tectonic reorganization in the region, starting 

about the Miocene-Pliocene transition (ca. 5.5 Myr) along the East and North Anatolian 

faults (71, 72), resulted in substantial surface uplift and probably caused the gradual 

reshaping of the hydrological network in the area. This could contribute to dispersal and 

speciation of the members of the species flock into their nowadays distribution areas. 

The other possible explanation of my results could be the concept of secondary contact. 

This scenario (speciation of hybrids) is very similar to the above suggested species 

flock model, however, without any genetic information, we cannot be confident about 

this hypothesis. More studies and more fossil sites inside and outside of the distribution 

area of Capoeta are needed to test these hypotheses. However, according to the 

current available data, the fossil species flock interpretation is the most plausible. 

 

2.2.6. Taxonomy of the isolated fossil pharyngeal teeth from Jradzor, 

Kisatibi, Kargı 1, Kargı 2, Harami1, Hancılı and Keseköy 

 
The studies on the fossil material from Jradzor and Kisatibi are still ongoing. The 

preliminary results show, however, that the both fossil material possibly belong to the 



Discussion  PhD Thesis  
 
 

49 
 

genus Capoeta, as the genus diagnostic shape class "C" is present. Species level 

identification is not completed, as the reconstruction of the scanned material is not yet 

finalized. The fossil remains of these both sites will be studied in more details in my 

further research project, including also the fossil remains of fin rays skeletons and 

vertebra. The fossil material from early Miocene (to middle Miocene) localities Kargı 1, 

Kargı 2, Harami1, Hancılı and Keseköy (Turkey) belongs to the family Cyprinidae. 

Above-mentioned localities provide fossil remains of barbin fishes, the remains of 

leuciscin are found only from Hancılı locality (Table S7). The studied oldest localities 

(Kargı 1, Kargı 2, Keseköy,latest Oligocene to early Miocene) can be assigned to a 

small-sized barbin.  

The recorded tooth morphology from these localities cannot be referred to any fossil 

form known from Eurasia. Probably, they represent an ancient extinct barbin group. The 

fossil material from Harami 1 and Hancılı, based on the isolated fossil pharyngeal teeth, 

is identified as two widely distributed barbin genera Luciobarbus and Barbus. Besides 

the isolated pharyngeal teeth, the fossil remains of the three different morphotypes of 

serrated rays of the dorsal fin from Hancılı could indicate the presence of three barbin 

taxa in this locality. However, this cannot be stated with confidence due to the lack of 

comparative osteological studies of this element in the extant barbin species.  

The record of the Harami 1 locality can be considered as the oldest known remains of 

Barbus and Luciobarbus genera (details see Vasilyan et al., in review). So far the oldest 

record of the genus Luciobarbus was known from the earliest late Miocene of Austria 

(loc. Mataschen, 73). Böhme & llg (74) mentioned oldest Luciobarbus from 

contemporaneous to Mataschen sites in Turkey, however, this material stays unfigured. 

We suggest that Barbus sp. Harami 1 and Hancılı should be considered as the oldest 

representatives of this genus, since earlier publications describing Barbus sp. do not 

represent the genus Barbus sensu Yang et al. (2015) (3). The results of this study would 

provide important information also for the calibration of the molecular trees, which 

estimates the divergence time and origination of different barbin clade.
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3. Conclusion 

 

For the first time, the methodology is applied to identify isolated pharyngeal teeth 

at species level (on the example of the cyprinid genus Capoeta and is applicable to the 

fossil record.  

The results of my study show that the detailed 3D morphology is very promising tool 

applicable to the low level taxonomic identification of the isolated pharyngeal teeth. This 

pattern is very important not only for the taxonomy, but also for the fossil record of 

cyprinids, as the fossil remains of these fishes are mainly represented by isolated fossil 

pharyngeal teeth. Despite this, until now, the species level identification of isolated teeth 

is not recorded due to the lack of the comprehensive studies and comparative material 

of the pharyngeal dentition of the recent cyprinids. Within the palaeontological studies, 

the isolated teeth are generally identified only at the generic level. This study aimed to 

fill this gap by applying modern methodology to get maximum information about the 

morphological structures of the pharyngeal teeth, which can be the base for species 

level identification. 

The species level identification of the fish fauna will allow to trace back the evolution of 

cyprinids, to investigate the history of the drainage basins evolution and provide details 

for the palaeobiogeogrphical analyses of the studied regions.  

Besides its significance for taxonomy and the fossil record, the results of this study 

show that the 3D detailed morphology of the pharyngeal dentitions provides also 

phylogenetic signal, which is in accordance with the molecular genetic data. This 

additionally supports the study of the cyprinids evolution. 

However, the applied methodology is quite time consuming, but as I already show, on 

an example of the genus Capoeta, it is feasible and very informative. This methodology 

can serve as a basis to establish the identifications keys (based on the detailed 

morphology of the pharyngeal teeth) of the isolated pharyngeal teeth of the other groups 

of cyprinids. 

Summing up the results of this study, I conclude that: 

- the detailed morphology using the 3D microtomography of pharyngeal teeth is a 

useful tool for the species and generic level identification of the isolated 

pharyngeal teeth, as well as in certain cases the tooth positon in tooth rows etc.; 
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- the morphology of the pharyngeal teeth provides an obvious phylogenetic signal 

and highly supported by results derived from molecular genetic analyses;  

- both these patterns are important for the taxonomy and can be also applied to 

the fossil record; 

- the established methodology is applicable to the fossil record of the genus 

Capoeta and provides species level identification of the isolated fossil 

pharyngeal teeth; 

- within fossil material from the Pliocene age locality Çevirme, eight shape classes 

are distinguished, four of them are species or clade diagnostic and indicate the 

presence of the four sympatric Capoeta species (C. cf. sieboldi, C. cf. umbla, C. 

cf. baliki and C. cf. capoeta/sevangi); 

- this high local diversity of closely related four species is interpreted in terms of 

the species-flock model of Capoeta in the Tekman palaeo-lake at 4 Ma; 

- I hypothesized that the genus Capoeta occurred in the huge late Miocene to 

Pliocene palaeo-lake system in the present-day Armenian Highland, more 

specifically in the Tekman palaeo-lake, which was a part of that huge palaeo-

lake system; 

- present-day distribution of the genus Capoeta in different water basins has been 

caused by Pliocene tectonic activities which disrupted this lake system and 

resulted in the very characteristic biogeographic distribution of Capoeta in 

Western Asian and Ponto-Caspian drainage systems; 

- further studies of the fossil remains of the genus Capoeta from Jradzor (Armenia 

and Kisatibi (Georgia) can give a complete view of the evolution of this genus as 

well as trace back the history of the drainage systems of this region; 

- so far the preliminary results show that the recorded fossil remains belong to the 

genus Capoeta, as the genus diagnostic shape class "C" is recorded within both 

samples (ongoing project);  

- the isolated fossil pharyngeal teeth from latest Oligocene to early Miocene 

localities Kargı 1, Kargı 2, Harami1, Hancılı and Keseköy are identified at generic 

level and belong to barbin genera Luciobarbus and Barbus; 

- the species level identification of isolated fossil pharyngeal teeth from above 

mentioned localities is not possible, due to the lack of the comparative 

osteological studies of this element in the extant barbin species. The established 
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- methodology for the genus Capoeta can serve as a base for the similar study on 

the other barbin generas as Barbus and Luciobarbus. 

 

4. Outlook 

 
3D detailed morphology is useful tool to study the pharyngeal teeth morphology. 

This methodology is time consuming regarding to the material collection, 

microcomputed tomography, reconstruction of 3D models and further analyses. 

However, it worths, and there is a necessarily to apply this methodology and establish 

identification key of other groups of cyprinid fishes. 

Besides the isolated teeth, it will be also very interesting to apply this methodology to 

study the morphology of the pharyngeal bones. I am inclined to think, that the 

morphology of the pharyngeal bones also embed important information. These patterns 

are included in my further research projects and would be studied.
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6. Appendix Ⅰ: Published and Accepted 
Manuscripts  

 
3D morphology of pharyngeal dentition of the genus Capoeta (Cyprinidae): 
Implications for taxonomy and phylogeny  
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Possible species-flock scenario for the evolution of the cyprinid genus Capoeta 
(Cypriniformes: Cyprinidae) within late Neogene lake systems of the Armenian 
Highland 
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7. Appendix ⅠⅠ: Submitted Manuscript  
 
Fish, amphibian and reptilian faunas from the latest Oligocene o middle Miocene 
localities from Central Turkey 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

101 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

102 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

103 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

104 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

105 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

106 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

107 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

108 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

109 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

110 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

111 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

112 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

113 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

114 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

115 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

116 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

117 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

118 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

119 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

120 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

121 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

122 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

123 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

124 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

125 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

126 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

127 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

128 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

129 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

130 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

131 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

132 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

133 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

134 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

135 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

136 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

137 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

138 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

139 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

140 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

141 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

142 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

143 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

144 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

145 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

146 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

147 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

148 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

149 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

150 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

151 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

152 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

153 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

154 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

155 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

156 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

157 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

158 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

159 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

160 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

161 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

162 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

163 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

164 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

165 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

166 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

167 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

168 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

169 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

170 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

171 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

172 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

173 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

174 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

175 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

176 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

177 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

178 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

179 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

180 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

181 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

182 
 



Appendix ⅠⅠ  PhD Thesis  
 
 

183 
 

 
 

  



Appendix ⅠⅠⅠ  PhD Thesis  
 

184 
 

8. Appendix ⅠⅠⅠ: Supplementary material  
 
This section includes supporting information in the cited order in the main text.  
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S1 Figure. Isolated pharyngeal teeth sets of the extant comparative material of Capoeta. Ayvazyan 
et al., 2018. 
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S2 Figure. Recorded variable morphologic characters of the grinding surface. (A) pharyngeal dentition 
of C. sieboldi, A1, A2, A3 correspond to the transverse cross-section of teeth at 0.57 mm, 0.87 mm and 
1.42 mm below the top of the grinding surface. (B) C. buhsei, a4 tooth; C1, C2, C3, C4 correspond to 
0,42 mm, 0,78 mm,1.31 mm and 1.87 mm below the top of the grinding surface of the a4 tooth of C. 
buhsei; (D) Capoeat sp., b3 tooth; (E) C. trutta, a5 tooth. The scale bars equal to 1mm. Ayvazyan et al., 
2018. 
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Table S1 Description of the shape characters. * molariform tooth morphology indicates/includes well-
distinguished foot-crown border; spatulate - not well distinguished foot-crown border, margins widen 
distally and bent ventrally/laterally; oblong-longer than broad and with nearly parallel sides; reniform- 
kidney shape, concave dorsally/posteriorly and deeply convex ventrally/anteriorly. 
 
Shape characters 

Lateral outline (α) 
α1 is molariform*. Foot is longer than crown. The crown is convex ventrally. The width at foot and 

crown section is nearly the same.   
α2 is spatulate* in shape.  
α3 is similar to α2, but widen rapidly and the foot section is nearly two times narrower than the 

crown section. 
α4 is molariform but flower bud in shape and compressed on foot-crown border.  
α5 is linear. The foot-crown border is differentiated, where the crown bents laterally. The foot is shorter 

than the crown, but the width of tooth is equal/constant along the body. 
α6 is ablong*. 
α7 is molariform, but bents ventrally. The foot and crown section are nearly same in length and width. 

α8 is ablong, but unlike to α6 it bents dorsally and slightly widen distally. 
α9 is molariform, but the foot-crown border is not well differentiated and it bents slightly 

dorsally/anteriorly. The crown is wider than the foot. 
α10 is similar to α1, but it widen distally and bents dorsally.  
α11 is similar to α1, but bents dorsally and unlike to other molariforms slightly narrows distally. 
α12 is molariform, but is widen rapidly, foot is shorter and narrower than the crown.  
α13 is similar to α11, but foot is shorter than the crown. 
α14 is narrow ablong but the foot-crown border is slightly differentiated.   

Transverse cross-section (β) 
β1 is more or less rounded in shape. 
β2 is slightly triangular in shape. 
β3 is bean-shaped (concave dorsally and convex ventrally). 
β4 is reniform. 
β5 is comma-shaped and narrows laterodistally. 
β6 is unciform (shaped like a hook).  
β7 is reniform but gibbous (extremely convex ventrally) with the irregular folds on the dorsal edge of the 

grinding surface. 
β8 is isosceles triangular, slightly convex ventrally with a cavity/fold on the dorsal edge of the grinding 

surface. 
β9 is similar to β3 but gibbous and slightly convex dorsally. 
β10 is more or less ellipsoid and slightly narrows laterodistally. 
β11 is ovate, oblong but broader at one side (more or less oval in shape). 
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Table S2 Tooth shape classes in the studied recent Capoeta species.  

  Teeth shape 
classes 

Tooth 
position 

Shape 
characters 

Species 

A a2  α8β1 Capoeta umbla 
B a3 α2β5 Capoeta umbla 

a3, a4 Capoeta baliki 
a3 Capoeta buhsei 
a3 Capoeta damascina 

C a4, a5  α3β6 Capoeta umbla 
a5 Capoeta baliki 
a3,a4,a5 Capoeta sp. 
a3,a4,a5 Capoeta trutta 
a3,a4,a5 Capoeta sevangi 
a3,a4,a5 Capoeta capoeta  
a3,a4,a5 Capoeta sieboldii 
a4, a5 Capoeta buhsei 
a4 Capoeta saadii 
a4, a5 Capoeta damascina 

D a2 α4β7 Capoeta sieboldii 
E  b1 α7β8 

 
Capoeta sp. 

a2,b1 Capoeta trutta 
F b2,b3, 

c1,c2  
α2β4 Capoeta sieboldii 

b2,b3, c1, 
c2 

Capoeta trutta 

b2,b3, c1, 
c2 

Capoeta sp. 

b3, c1,c2  Capoeta capoeta 
b2,b3,c2  Capoeta sevangi 

G a2 α12β10 Capoeta sp. 
H 
 

b1,c1  α1β2 Capoeta umbla 
b1,c1 Capoeta baliki 
b1,c1 Capoeta damascina 

I 
 
 
 
 

b2, b3, c2 α2β3 Capoeta baliki 
b2, b3 Capoeta saadii  
b2,b3,c2 Capoeta damascina 
b2, b3, c2 Capoeta umbla 
b3 Capoeta buhsei 

J a2 α11β9 Capoeta baliki 
K b1 α1β11 Capoeta saadii 

a2,b1 Capoeta buhsei 
L a2 α6β11 Capoeta saadii 
M b1,b2 α5β4 Capoeta capoeta 

b1,c1 Capoeta sevangi 
N a2 α9 β10 Capoeta sevangi 
O a2 α10 β11 Capoeta capoeta 
P a1 α14 β1 Capoeta damascina 
Q a2 α13 β1 Capoeta damascina 
R b1 α7 β7 Capoeta sieboldii 
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Table S3 The presence/absence of shape classes in the studied Capoeta species. 
 

  Shape classes 
Species 

A B C D E F G H I J K L M N O P Q R 

Capoeta umbla 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 
Capoeta baliki 0 1 1 0 0 0 0 1 1 1 0 0 0 0 0 0 0 0 
Capoeta trutta 0 0 1 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 
Capoeta sp. 0 0 1 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 
Capoeta capoeta 0 0 1 0 0 1 0 0 0 0 0 0 1 0 1 0 0 0 
Capoeta sevangi 0 0 1 0 0 1 0 0 0 0 0 0 1 1 0 0 0 0 
Capoeta sieboldii 0 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 1 
Capoeta saadii 0 0 1 0 0 0 0 0 1 0 1 1 0 0 0 0 0 0 
Capoeta buhsei 0 1 1 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 
Capoeta damascina 0 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1 1 0 

 

 
 

S3 Figure. The frequency (in % of all studied teeth, n=84) of the pharyngeal tooth shape classes in 10 
studied species of the genus Capoeta. Ayvazyan et al., 2018. 
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S4 Figure. The commonness of occurrences (Y axis) of the shape classes (X axis) 
in the studied Capoeta species, shows that most shape classes occur in one or two 
species only, whereas certain shape classes appear commonly in several species 
(e.g. shape classes F and I), or characteristic to all species as shape class C (except 
C.buhsei, as the teeth are broken). Ayvazyan et al., 2018. 

S5 Figure. Identification key of the pharyngeal teeth for the genus 
Capoeta, according to the studied species, which all are provided by 
teeth of the shape class "C".Capoeta. Ayvazyan et al., 2018. 
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Table S4 The scan settings of the scanned fossil material.  
 
Speciemns Fossil 

locality/horizon 
Depository Resolution 

mm* 
Tube voltage  
kV** 

Electrical current 
of tube 
mA*** 

Capoeta sp. JZ-1 JRD-15/01 0.028 58 355 
Capoeta sp. JZ-1 JRD-17/07 0.001 180 150 
Capoeta sp. JZ-1 JRD-17/08 0.046 89 181 
Capoeta sp. JZ-1 JRD-17/09 0.046 89 181 
Capoeta nuntius Kisatibi GNM 8-1 0.035 71 228 
Capoeta nuntius Kisatibi GNM 10-1 0.037 94 162 
Capoeta nuntius Kisatibi GNM 11-1 0.040 89 662 
Capoeta nuntius Kisatibi GNM 13-4 0.035 67 288 

*mm resolution 
**kV (the voltage or electrical potential applied to the tube) 
***mA (the electrical current that flows through the tube) 
 
 
 
Table S6 Scan settings of the pharyngeal bones of barbins. 

Species Coll. 
Numbers 

Resolution 
(mm) 

Tube 
voltage 
(kV) 

Electrical current  
of tube (mA) 

Luciobarbus comizo MNCN 69304 0.038 150 64 
Luciobarbus MNCN E 54 0.026 83 99 

S6 Figure. Frequency of shape classes in relation to the tooth positions. Note that 
certain tooth positions can be characterized by few shape classes (e.g. at the tooth 
position a4 the shape class C occurs in nine species and the shape class B in one 
species), whereby other positions are quite heteromorphic among species (e.g. at the 
position a2, seven shape classes can occur). Similar to this, certain shape classes 
appear in only one species at one tooth position (e.g. shape classes G, J, and L), others 
appear in four or all species at many tooth positions (e.g. shape classes C and F). 
Ayvazyan et al., 2018. 
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Table S7 Fossil material from latest Oligocene to middle Miocene localities Kargı 1, Kargı 2, Harami1, 
Hancılı and Keseköy (Turkey). 
 

 
Speciemens 

Fossil 
locality 

Number 
(n) 

Morphotype Depository 

pharyngeal teeth 
Luciobarbus sp. 

 

Hancılı 8 d3 UU HAN 5304, 
5305, 5334 

Luciobarbus sp. 

 

Hancılı 4 d5 UU HAN 5332–5333 

Luciobarbus sp. 

 

Hancılı 1 d5 HAR1 5300 

longiceps 
Luciobarbus sclateri MNCN 69331 0.03 64 150 
Barbus barbus SNSB SPAM-

PI-00608 
0.028 10 10 

Barbus meridonalis MNCN 19933 0.038 150 64 
Barbus sacratus MNCN GUI 

17 
0.026 83 99 

S7 Figure. Frequency distribution of recorded shape classes in the Ҫevırme sample 
(n=247). Ayvazyan et al., 2019. 
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Luciobarbus sp. Hancılı 21 d7 UU HAN 5313–5316 

Barbus sp.  Hancılı 23 d4 UU HAN 5307, 
5307-1, 5308, 5309 

Barbus sp. Hancılı 28 d6 UU HAN 5310-5312, 
5321, 5335 

Barbus sp. Harami 1 1 d6 UU HAR1 5301 
Luciobarbus vel 
Barbus sp 

Hancılı 15 d1 UU HAN 5300, 
5301, 5321 

Luciobarbus vel 
Barbus sp 

Hancılı 27 d2 UU HAN 5302, 
5303, 5306 

aff. Capoeta sp. Hancılı 1 d8 UU HAN 5317  

Barbini indet. Kargı 1 15  UU KAR1 1300 – 
1305 

Barbini indet. Kargı 2 19  UU KAR2 1301 – 
1302, 1304-1306 

Barbini indet. Keseköy 116  UU KE 5305 – 5310 

dorsal fin spine 
Luciobarbus vel 
Barbus sp 

Hancılı  s1 (7 unbranched last spine of the 
dorsal fin) 

UU HAN 5322 – 
5324 

Luciobarbus vel 
Barbus sp 

Hancılı  s2 (5 unbranched last spine of the 
dorsal fin) 

UU HAN 5325 – 
5328 

Luciobarbus vel 
Barbus sp 

Hancılı  s3 (2 unbranched last spine of the 
dorsal fin) 

UU HAN 5329 – 
5330 

Barbini indet. Kargı 2  one unbranched dorsal fin ray UU KAR2 1303 
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