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and almost uninterrupted rows with possible distortions 
(Text-fig. 12c).

In Equus hydruntinus and its upper incisors (Text-
fig. 13), the enamel of the incisors, as in other comparative 
forms, has an HSB-like structure with pronounced alternate 
rows of prism at the height of the teeth, which eventually 
resembles a  ladder structure of enamel (Text-fig.  13a). 
Prisms are placed vertically or horizontally, which makes 
the differences between the individual rows and forms the 
structure of the enamel ladder (Text-fig. 13b).

Although the transition between rows is gradual, it also 
shows clear boundaries between vertical and horizontal 
rows, which are always inclined towards the EDJ boundary. 
Near this boundary, they lose that row structure and form 
a  special layer of radial enamel, the prisms of which are 
arranged linearly (Text-fig.  13a) or slightly wavy and 
inclined towards the root of the tooth. The enamel prisms of 
this layer are grouped into oval or elongated beams between 
which there are no structures of the IPM type.

At the boundary of the OES of prisms of the HSB type, 
the ladder structures do  not form any special layer (Text-
fig.  13a). In the upper (cutting) part of the incisor rows, 
the HSB are relatively narrow and delicate. At the same 
time, closer to the top of the root, they become thicker and 
rarer. This structure of the enamel has its own peculiarities 
associated with the function of cutting (grazing) plants. The 
exception to the enamel structure of the incisors of this type 
is the presence of unstructured PLEX type enamel on the 
inner (lingual) part of the incisors, which is relatively rare 
(Text-fig. 13). As a rule, the enamel of the lingual and labial 
surface of the incisors does not differ in structure.

Comparison and discussion

Currently, the morphology of teeth and the structure of 
their enamel in horses is relatively well known, thanks to the 
research of previous authors (Kilic et al. 1997a, Muylle et. al. 
2001, Dixon and Dacre 2005, Du Toit et al. 2008, Ramzan et al. 
2010). Their work has concerned the morphology of various 
types of radial enamel, its taxonomic specificity, principles 
of functioning, pathology and treatment options, chemical 
composition, isotopes, etc. Our study complements this 
information with results of comparative analyses on several 
forms not yet properly investigated. The characteristics of 
tooth enamel morphology in small horses of the “tarpan” 

group allow us to identify common features characteristic 
of tarpans from Myrne, Kamiana Mohyla and Hirzhevo, as 
well as the konik polski from Roztocze NP and Przewalski’s 
horse from the CEZ. Materials of the morphologically close 
but phylogenetically somewhat distant species of European 
ass were used as a  point of comparison. These types of 
comparative forms are characterized by three types of 
radial enamel (I, II, III according to Kilic et al. 1997a), and 
a similar percentage in the formation of enamel stripes on the 
periphery and on the conids of the teeth (Tab. 1). Enamel of 
the first type (up to 50 %) predominates, slightly less of the 
second is found, and the third type does not exceed 5–7 % 
in enamel structure, or may even be absent as, for example, 
in Equus hydruntinus. For the first time, the presence of 
a  transition zone (interzone  – TZ) between the first and 
second types of enamel, which is located in the middle part 
of the enamel row between the boundaries of EDJ and OES, 
was isolated and described. This and similar features of the 
enamel structure were also noted in other article (Du Toit et 
al. 2008), but without the enamel of the transition zone.

In the evolution of the enamel of the root teeth of the 
forms studied, there is a general trend visible, in which the 
proportion of the first type of enamel increases from 35 % to 
75 % alongside a  corresponding decrease in the proportion 
of the second type of enamel. This conclusion is confirmed 
by the data on the relative thickness (roughness) of the 
IPM series and the prism of hydroxyapatite PE collected 
in bundles. The ratio of their thickness indicates a  gradual 
(over time) decrease in the thickness of the rows of the IPM 
matrix and an increase in the weight (width) of the beams of 
hydroxyapatite prisms (Tab. 1). This is especially evident in 
the second type of enamel. Closer to the OES boundary, the 
rows of the IPM matrix become quite thin and make up only 
10 % of the total thickness of the prisms and IPM. The beams 
of PE hydroxyapatite crystals predominate here, with these 
always being placed at a certain angle near the OES boundary.

The layering prisms of hydroxyapatite PE in bundles 
also carries these features, and is directed from beams that 
are almost equilateral or round to beams that are rectangular 
and extended (Text-fig.  3). This trend persists not only in 
geological time, but also in the direction of transition from 
the first type of enamel to the second in the TZ, i.e., from the 
EDJ boundary to the OES boundary. This is associated with 
a gradual increase in the angle of the prisms from an almost 
vertical to almost horizontal position, which is especially 
evident in Przewalski’s horse and the European wild ass. This 
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Text-fig. 13. Enamel ultrastructure of I1, Equus hydruntinus (Kabazi 2). a: vertical sections, scale bar = 100 μm; b: horizontal and 
vertical arrangement of prisms in the HSB structure, scale bar = 10 μm; c: unstructured PLEX enamel at the end of the root, scale 
bar = 100 μm.
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allows us to estimate with certain assumptions that in the 
forms studied, this angle is approximately 20°, except for the 
form from the Kamiana Mohyla where it is almost 45°, where 
the prisms are very inclined and placed almost horizontally. 
(Text-figs 8f, 9b). The angle of inclination of the prism beams 
relative to the vertical axis of the tooth is somewhat dependent 
on the height of the tooth, and characterizes the shape of the 
prism beams in cross-section. In the first type of enamel, this 
shape is usually rectangular and slightly elongated, and in the 
second type it is hoof-like or elongated (more than twice the 
length), which is observed from the middle of the transition 
zone (TZ) to the OES boundary.

One indicator of particular importance is the mutual 
conclusion of the prisms and IPM in the TZ, which is 
generally wavy in nature. This zone of vortex or decussation 
distinguishes the studied representatives from each other. 
For example, in the konik polski, the type of prism is dotted 
(Text-fig. 7d), in Myrne it is X-shaped or interlaced (Text-
fig. 4a), in the Kamiana Mohyla and Hirzhevo forms it is 
wavy (Text-fig.  6c), and in Przewalski’s horse it is HSB-
shaped and wedge-shaped (Text-fig. 8b, g, h). In European 
wild ass, this transition of the first and second types of 
enamel has a  rather weak and slightly wavy character of 
IPM and PE (Text-fig. 9b).

In the enamel of the first type, there are the widest rows 
of IPM structures, which are thicker than the rows of prisms, 
and these are observed in the tarpan from Myrne. An almost 
equal width of IPM and prisms can be discerned in the 
tarpan from Kamiana Mohyla. In the form of the tarpan from 
Hirzhevo and in konik polski, IPM is clearly thinner than 
the rows of prisms. In Przewalski’s horse, the IPM rows are 
usually thinner, but in rare cases there are parallel IPM rows 
and PE prisms. For comparison, we note that in the form 
of Equus hydruntinus from Kabazi 2, rows of IPM prisms 
are quite thick, which is typical for the first type of enamel 
of older forms, such as tarpan from Myrne, and the rows of 
hydroxyapatite prisms are noticeably thinner.

These data (along with others) can be a good indicator 
of the geological age of remains and sites, ranging from 
Kabazi  2 (Late Pleistocene) to modern forms. According 
to these indicators of geological age, the forms studied 

can be placed in the following sequence: Kabazi 2 – Late 
Pleistocene, Myrne – Kamiana Mohyla – Hirzhevo as 
successive stages of the early Holocene and modern forms 
– konik polski and Przewalski’s horse. Moreover, tarpan, 
especially from the locality of Hirzhevo, and konik polski 
show the greatest morphological similarity in the structure 
of the enamel of the first type (Tab.1, Text-figs 2, 3). The 
shape of the prism bundles (PE) is rectangular and slightly 
elongated, which indicates a slight angle of inclination (up 
to 20°) to the vertical axis of the tooth.

The second type of enamel (Myrne and Kamiana 
Mohyla forms) has a  relatively elongated horseshoe-like 
shape in the groups of PE prisms, which means that they 
are significantly inclined towards the plane of the chewing 
surface of the tooth. In the forms from Hirzhevo and the 
konik polski, these clusters are short and horseshoe-like, 
i.e., arranged more perpendicularly along the tooth height. 
The second type of enamel indicates the similarity of the 
structure in the konik polski and the Przewalski’s horse, 
especially in the morphology of IPM. On this basis, the 
separation of the European wild ass from the comparison 
groups is obvious, as is confirmed by other data (Bennett 
et al. 2017). The tarpan has low PE and IPM values, which 
brings it somewhat closer to the ass.

Enamel of the third type possesses some special 
characteristics. It is always located near the EDJ border. 
This is a small row (5–7 % of the total width of the enamel), 
mostly chaotically stacked prisms of PE, which may appear 
sporadically, not in a continuous series and are separated, as 
a rule, by rather thin rows of IPM (Dixon 2002, Englisch et 
al. 2017). This type is differently represented in the forms 
studied except Equus hydruntinus, where this type of enamel 
is almost absent. The morphology and functional role of the 
third type of enamel is not as significant in relation to the 
other types.

The European wild ass differs most clearly from the 
comparative forms by rather thick rows of the IPM matrix, 
weak wavy enamel of the first and second type in the 
transition zone (TZ), and the absence of the third type of 
enamel on the root teeth. On this basis, the tarpan, the konik 
polski and the Przewalski’s horse form one group (cluster), 
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Text-fig. 14. Dendrograms of studied taxa based on enamel ultrastructure characters. a: dendrogram based on all three enamel 
types; b: dendrogram based on enamel type I.
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and are clearly distinguished from the European wild ass 
(Text-fig.  14). Przewalski’s horse has a  slightly different 
structure of enamel, which has a  rather poorly developed 
enamel of the third type. In addition, they have a  fairly 
pronounced wedge-shaped decussation of prisms and IPM 
in the TZ and a larger angle of inclination of the prisms near 
the OES boundary.

Based on the experiments conducted and analyses, it 
has been established that the basic trends in the evolution 
of enamel in small forms of the “tarpan” group are the 
strengthening of the first and second types of enamel 
due to the progressive geological time of increasing the 
thickness of PE prism bundles and reducing the thickness 
of IPM. Another direction is the increasingly complicated 
(up to decussation) nature of the wavelength of the prisms 
in the TZ. An important functional tendency is seen in 
the strengthening of the HSB type enamel structure in the 
incisors. The incisor enamel accepts a significant functional 
load with the function of grazing on mostly dry grasses 
with phytoliths and sand grains, which causes an increased 
effect of abrasion of their enamel, while strengthening its 
structure behind the HSB type. This lamellar type enamel 
is evolutionarily the most advanced structure and one that 
has been relatively well studied in rodents performing 
similar functions (Kalthoff 2000, Koenigswald et al. 2011). 
In contrast to the incisors, the functional role of enamel in 
chewing/molar teeth is more diverse and complicated by 
the mechanical movements of the chewing process itself 
(Jordana et al. 2014). This causes some differences in the 
structure of the enamel in the various taxa examined, to 
some extent also dependent on the nature of the food. For 
example, the tarpan steppe form and the European wild ass 
as representatives of consumers of dry food have a  well-
developed HSB structure, and the PE prisms are arranged 
in well-formed bundles. On the other hand, konik polski 
and Przewalski’s horse are adapted to softer plant food 
with possibly less structurally reinforced enamel. The outer 
border of tooth enamel, OES, is important because it must 
protect the enamel (along with the cement) on the side of the 
teeth as opposed to the EDJ border on the dentin side.

Conclusions

Based on the morphology of the enamel that has been 
characterized here, it can be concluded that among the forms 
of the tarpan group, the forms from Myrne and Kamiana 
Mohyla are the most morphologically close to each other. 
Another similarity is seen in the forms from Hirzhevo and 
the konik polski. Przewalski’s horse is somewhat separate. 
The morphology of their tooth enamel is similar to other 
forms, but differs in the clinker structure of the enamel in the 
TZ, medium prisms, and rows of prisms and IPMs that are 
almost equal in width. The Equus hydruntinus species turned 
out to be the most distinctive among the forms examined, 
with thick rows of IPM, the almost total absence of the third 
enamel type and, a very poor wavy structure of the transition 
zone (Text-fig. 14).

The peculiarities of the enamel structure in the forms 
examined are expressed in the table and the relevant statistical 
calculation diagram, which indicate the similarities and 

morphological difference. The species Equus hydruntinus 
is quite remote from other comparable forms. Przewalski’s 
horse together with konik polski and tarpans form one 
cluster, and at the same time it differs morphologically 
from them (Text-fig.  14). On the other hand, the species 
Equus hydruntinus as presented by Orlando et al. (2006, 
2008) showed that it is a more monolithic group of equines 
hydruntinus-hemionus and at the same time differs from 
the “caballus” group and the “quagga” group. Similar 
results are also presented in the work of Vilstrup (Vilstrup 
et. al. 2013) where the “hemionus-hydruntinus” group also 
constitutes a separate clade.
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