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Wear-dependent molar morphology in hypsodont rodents:
The case of the spalacine Pliospalax

Panagiotis Skandalos and Lars W. van den Hoek Ostende

ABSTRACT

Studying the dental pattern of micromammals has proven to be a valuable tool in
classifying and identifying extinct species, but problems may arise when dental mor-
phology changes with wear. This holds particularly true for the high-crowned rodents,
such as the Spalacinae. X-ray microtomography provides new opportunities to docu-
ment the changes in dental morphology of the species with wear. Combining this tech-
nology with visualization and analysis software enables the examination of virtual
occlusal surfaces of the molars mimicking the various wear stages. In this paper, we
apply this technology on Pliospalax macoveii from the locality of Calta in Turkey, P.
tourkobouniensis and P. sotirisi from the Greek localities of Tourkobounia-1 and Mar-
itsa, and the recent species Spalax microphthalmus from Hungary and Romania. This
method enables the effective comparison between the spalacine species. As a result,
we consider P, sotirisi as a junior synonym of P. macoveii.
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INTRODUCTION

Dental morphology plays an important role in
mammal paleontology and particularly in the study
of micromammals, based on which fossil species
are mostly defined. The morphology of molar is
very specific and in addition, molars have, in con-
trast to postcranial elements which may change

over ontogeny, a relatively fixed morphology from
the time they appear in juveniles. Thus, the combi-
nation of morphological and metrical data has been
at the basis of the description for thousands of spe-
cies of rodents, insectivores, lagomorphs and bats
throughout the Cenozoic.

Of course, the morphology of a molar will
change with wear. Generally, this is not a problem,
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as the wear pattern retains the original position of a
cusp or crest. Moreover, species descriptions are
often based on large assemblages that contain
both old and younger individuals, so that features
that disappear with wear can easily be identified.
However, there are some groups in which the
molar morphology changes dramatically with wear.
Examples of this type are found in the high-
crowned (hypsodont) molars of Castoridae (bea-
vers), Hystricidae (porcupines), Rhizomyidae
(bamboo rats) and Spalacinae (mole rats). Not all
hypsodont molars necessarily show major changes
with wear. The occlusal surfaces of voles, gerbils
or lagomorphs, for instance, are relatively constant
except for the very early stages of wear. But in
groups that have a changing morphology depend-
ing on the individual age, taxonomical problems
may arise (e.g., von Koenigswald, 1993; Lopatin,
2003; Van Weers, 2005).

This holds particularly true for the high
crowned Spalacinae, which are the subject of this
study. The fossil record of this subfamily is long
and fairly continuous, dating back to the Late
Eocene of southeastern Europe (De Bruijn et al.,
2013; De Bruijn et al., 2015, De Bruijn et al., 2023).
It comprises six genera: Vetusspalax De Bruijn et
al., 2013, Debruijnia Unay, 1996, Heramys Klein
Hofmeijer and De Bruijn, 1985, Sinapospalax
Sarica and Sen, 2003, Pliospalax Kormos, 1932
and Spalax Guldenstadt, 1770. Although the sub-
family appears in many rodent assemblages, it is
usually represented by a few elements per locality
only. Presumably, the "scarcity of fossils" is linked
to the fossorial lifestyle, which makes spalacines a
difficult target for birds of prey, one of the main
agents for the accumulation of fossil remains
(Andrews, 1990). Notably, the fossil range of the
subfamily very much mirrors its current distribution
(Unay, 1999; De Bruijn et al., 2015; He et al.,
2019).

The earliest genera of the Spalacinae already
have high crowns, but hypsodonty increases over
time towards the hyperhypsodont condition of the
extant species (Sarica and Sen 2003; Sen and
Sarica, 2011). Much of this increase in crown
height occurs in Pliospalax. Unay (1996, 1999)
suggests separating Spalax from the older Pliospa-
lax species using the different number of the reen-
trant folds in the lower first molars. Spalax has
three while Pliospalax four to five. In addition, she
cites De Bruijn and Van der Meulen (1975) who
added the relatively shorter m1 and m3 and the
posterior lophid of the latter not being isolated from
the anterior part of the molar as typical for Spalax.

Sarica and Sen (2003) separated the Middle
and early Late Miocene species of Pliospalax into a
genus of their own, Sinapospalax. Like Pliospalax,
these species have four re-entrant folds and mostly
differ from Pliospalax by their larger size and more
complex occlusal surfaces. De Bruijn et al. (2023)
did not recognize this genus, but here we follow the
classification of Sarica and $en (2003) and Sen
and Sarica (2011). So, in our classification the old-
est representatives of Pliospalax occurred at the
end of the Late Miocene of eastern Europe and
Anatolia (Sen and Sarica, 2011). Pliospalax is
present in Turkey with P. complicatus from Amasya
(MN 13) (Sen and Sarica, 2011) and P. macoveii
from Calta (MN 15) (Sen, 1977). It is also present
in Ukraine with P. compositodontus in the MN 13
locality of Andreevka (Topachevski, 1969), in
Romania with P. macoveii in the MN 15 locality of
Malusteni (Simionescu, 1930), and with the same
species in Bulgaria in the MN 15 locality of Muse-
lievo (Popov, 2004). In Greece, it is present in the
MN 12 locality of Samos and the MN14 locality of
Maritsa with P. sotirisi (De Bruijn et al.,, 1970;
Vasileiadou and Sylvestrou, 2009), in the MN13/14
locality of Silata with P. macoveii (Vasileiadou et
al., 2003), and in the MN 16 locality of Tourko-
bounia-1 with P. tourkobouniensis (De Bruijn and
Van der Meulen, 1975).

Despite the frequent appearance of the genus
in the fossil record, its relation with the extant Spa-
lax is unclear (De Bruijn, 1984; Nevo et al., 1995;
Sarica and Sen, 2003; Sen and Sarica, 2011)
Here, we include in that genus Nannospalax
Palmer, 1903 (Musser and Carleton, 2005),
although recent molecular studies seem to favor
keeping the two genera separate (e.g., Arslan et
al., 2016; He et al., 2019). In literature, Microspalax
[= Spalax] is mentioned from the Pliocene of
Ukraine (Topachevski, 1969) and the Early Plio-
cene (Ruscinian) of Greece with S. odessanus
(Topachevski 1969) (De Bruijn, 1984). The locali-
ties that Topachevski (1969) mentions for this spe-
cies, such as Kotlovina, Kryzhanivka, Kairy and
Nogaisk, are currently considered to be of an Early
Pleistocene age (Pushkina, personal. commun.,
May 2023). This is in line with the record of S.
odessanus in the late Early Pleistocene Ukrainian
localities of Tiligul Liman and Zhevakhova Gora 5
and 9 (Rekovets and Nadachowski, 1995). Accord-
ing to De Bruijn's (1984) illustrations, the Greek
Early Pliocene occurrence of S. odessanus is
mainly based on a senile specimen with heavily
worn molars, which in our opinion even puts doubt
on the generic classification.



Topachevski (1969, figure 60) and Sen (1977,
plates 8 and 9) illustrated ontogenetic variations of
molar pattern in Spalax odessanus from Odesa
and Pliospalax macoveii from Calta, respectively.
Both studies were limited by the sample size and
the available wear stages. However, X-ray microto-
mography allows us to study parts inside a molar
that are hidden to the naked eye. Van Dam et al.
(2011) used Micro computed tomography (Micro-
CT) on micromammals in order to measure the
enamel thickness of their molars and the hypsod-
onty based on volume indices. In this paper, we
combine this technology with visualization and
analysis softwares, in order to examine cross-cuts
of molars as virtual occlusal surfaces, mimicking
the various wear stages. In doing so, we aim to
address taxonomical issues that appear due to
wear and the shape of the molars, in order to
review the distinction between the different Plio-

spalax species.

MATERIAL AND METHODS

The dental elements studied here include the
lower first molars (m1) of Pliospalax macoveii
(Simionescu, 1930) from Calta in Turkey (Sen,
1977; ACA 858, ACA 859, ACA 881), stored in
Muséum national d’ Histoire naturelle in France
(MNHN), P. sofirisi (De Bruijn et al., 1970) from
Maritsa (MR 1286) and P. tourkobouniensis De
Bruijn and Van der Meulen, 1975 from Tourko-
bounia-1 in Greece (TB1 481, TB1-901), stored in
the Department of Earth Sciences at Utrecht Uni-
versity and Spalax microphthalmus Giildenstaedt,
1770 from Hungary (REG 22729) and Romania
(REG 22726), stored in Naturalis Biodiversity Cen-
ter. The generic classification and the nomencla-
ture of the molars follows Sarica and Sen (2003,
figure 6.1). In addition, the central transverse ridge
oriented towards the labial border of the m1, is
called the ectomesolophid following De Bruijn et al.
(2023, figure 1).

The molars were scanned using a ZEISS Xra-
dia 520 Versa equipment at Naturalis Biodiversity
Center in The Netherlands and the AST-RX plat-
form (Acces Scientifique a la Tomographie a Ray-
ons X) of the MNHN. Subsequently, high resolution
3D models were made using the segmentation edi-
tor of the Avizo 2020.3.1 software. In order to
explore the relationship between the morphological
change of the occlusal surface on the Pliospalax
species and wear, the ortho-slice module on the Z-
axes of the 3D models was used to create cross-
cuts of the molars. Since the wear surface of Spal-
acinae is flat, except for the very early stages of
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wear, these cross-cuts represent good representa-
tions of the wear surface at different heights. Thus,
this method provides a complete reconstruction of
the wear surface in subsequent slices, making it
possible to observe the pattern changes in the
enamel and dentine through the molar.

SYSTEMATIC PALEONTOLOGY

Order RODENTIA Bowdich, 1821
Family MURIDAE llliger, 1811
Subfamily SPALACINAE Thomas, 1896
Genus PLIOSPALAX Kormos, 1932

Type Species. Pliospalax macoveii (Simionescu,
1930)

Sarica and Sen (2003) were the last to revise
the Spalacinae. According to them, the medium-
sized genus Pliospalax is characterized by four
reentrant folds; two in the labial and two in the lin-
gual side of the m1. In addition, the molar has a
rounded anterior part and a weak mesolophid. The
protosinusids of the m1 and m2 are shallow and
form enamel islands, even in younger specimens.
The m2 mesolophid is weak or absent. The proto-
cone of the M1 is entirely incorporated into the
anteroloph and a weak mesoloph may be present.
The M2 anterocone is also fused with the anterol-
oph and the mesoloph is completely fused with the
paracone, surrounding the mesosinus as an
enamel island. The species included in Pliospalax
are P. macoveii (Simionescu, 1930); P. composit-
odontus Topachevski, 1969; P. sotirisi (De Bruijn et
al., 1970), P. tourkobounensis De Bruijn and Van
der Meulen, 1975, and Pliospalax complicatus Sen
and Sarica, 2011.

Pliospalax macoveii (Simionescu, 1930)

This species was described from the Roma-
nian Pliocene locality of Malusteni. Originally
assigned to Prospalax by Simionescu (1930), it
was selected as type species of Pliospalax by Kor-
mos (1932). Topachevski (1969), in his research
on the fauna from the USSR, considered Pliospa-
lax synonymous to Microspalax, thus listing the
species as M. macoveii. According to Topachevski
(1969), the species lacks the mesoloph on the M1
and M2. The m1 of younger specimens have a free
mesolophid that fuses with the metaconid in a later
wear stage. In addition, the entoconid fuses with
the posteroloph.

Pliospalax compositodontus (Topachevski,
1969)

The species was first described from the type
locality of Andreevka (MN 13), in Ukraine
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(Topachevski, 1969). The Ukrainian spalacine was
originally assigned to the genus Microspalax. Sen
(1977) assigned the species to Pliospalax. How-
ever, later examination by the same author deter-
mined that some molars from Calta had been
mistakenly determined as P. compositodontus and
they were in fact unworn m2 of P. macoveii. Finally,
De Bruijn (1984), Sarica and Sen (2003) and Sen
and Sarica (2011), assigned the species to Plio-
spalax.

Examining the occlusal surface of the molars,
Topachevski (1969) distinguishes the species
based on the well-developed mesoloph of the M1
which does not disappear throughout the different
stages of wear. The mesolophid of the m1 is well
developed, separated from the metaconid. The
entoconid is not incorporated into the posterolophid
(Topachevski, 1969).

Pliospalax sotirisi (De Bruijn et al., 1970)

The species was first described from the
Greek locality of Maritsa (MN 14), on Rhodes
island. De Bruijn et al. (1970) originally assigned
the species to Spalax. However, five years after the
first publication of the species, De Bruijn and Van
der Meulen (1975) assigned the species to Plio-
spalax. The species is also known from the Greek
locality of Samos (Vasileiadou and Sylvestrou,
2009). However, the latter assemblage is poor,
comprising only three upper molars. In addition,
Black et al. (1980) referred to P. cf. sotirisi an m2
and an m3 from the island of Samos. The mesosi-
nusid of the m2 reaches the anterior border of the
molar, and the anterosinus and the mesosinus of
the M1 become enamel islands in a similar wear
stage (De Bruijn et al., 1970).

Pliospalax tourkobouniensis De Bruijn and Van
der Meulen, 1975

De Bruijn and Van der Meulen (1975)
described Pliospalax tourkobouniensis from the
Greek locality of Tourkobounia-1 (MN 16). The
youngest of the Pliospalax species is characterized
by the presence of a mesoloph on the M1 molar
and traces of the posteroloph. In addition, in
advanced wear stages of the m1, the protosinusid
disappears and the mesosinusid becomes shallow.
The sinusid does not reach the crown basis.

Pliospalax complicatus $Sen and Sarica, 2011

The latest described Pliospalax species, P.
complicatus, comes from Amasya (MN 13), in Tur-
key (Sen and Sarica, 2011). It is characterized by
the fusion of the m1 anteroconid into the anterolo-

phid. The metaconid is not part of the anterolophid
and it connects with the anteroconid. The anterosi-
nusid is present, the metalophulid is double and
the protoconid does not have a posterior arm. The
m1 has a well-developed mesolophid and M1 lacks
the mesoloph. P. complicatus differs from all the
species of Pliospalax by the presence of an
anterosinusid on the m1 (Sen and Sarica, 2011).

RESULTS

The m1 provides the highest number of char-
acters in order to distinguish the different Pliospa-
lax species (Sen and Sarica, 2011, appendix 2).
Therefore, we digitally mimicked the various wear
stages of this element in order to recognize mor-
phological differences and variations between the
species above. Figures 1-12 give these digital
wear stages, in which each subsequent stage is
determined based on the depth where the different
reentrant folds are closed, forming enamel islands,
and where these islands disappear altogether.

The first lower molars of Pliospalax macoveii
from the locality of Calta have four reentrant folds
(Figures 1, 2, 3, 4, representing ACA 858, ACA
859, ACA 881 right, and ACA 881 left, respectively)
as Topachevski (1969) also described from the
Romanian localities Malusteni (type locality) and
Beresti. The anterior part of the P. macoveii molars
varies in different individuals; the anterosinusid is
absent in all of the specimens, but the left molar
from ACA 881, has an anteriorly oriented opening
between the metaconid and the anteroconid (Fig-
ure 4.1-4.3). The posterior metalophulid is either
connected to anterolophulid (Figure 1.1-1.6) creat-
ing an enamel island, or it lacks this connection
(Figures 2.1-2.3, 3, 4) leaving the anterior valley
connected to protosinusid. The anterior arm of the
protoconid is well developed and in a later wear
stage it connects to the labial anterolophid isolating
the protosinusid. The mesolophid is short and
either recognisable as a short ridge (Figure 1.1-
1.3) or as a bulge on the hypolophulid (Figures 2.1-
2.4,3.1-3.5, 4.1-4.4). In both cases, with increased
wear it fuses with the posterior metalophulid. In two
out of the four molars (ACA 858, ACA 859), the
posterosinusid is the first of the four reentrant folds
to close. However, the number of enamel islands it
creates varies. It has either a single, larger island
(Figure 1.5-1.12) or two smaller ones (Figure 2.3-
2.5). In the latter case, the lingual island is the
smallest and the shallowest of the two. It disap-
pears in later wear stages, before the labial island
(Figure 2.6). The protosinusid is the second of the
reentrant folds that closes (Figures 1.10, 2.5). It
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FIGURE 1. Three-dimensional model visualizing the sequence of the wear stages (1.1-1.15) for the m1 of Pliospalax
macoveii (ACA 858), from the locality of Calta in Turkey (Sen, 1977). Labial and occlusal view. The scale bars apply to
all panels of the figure.
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FIGURE 2. Three-dimensional model visualizing the sequence of the wear stages (2.1-2.12) for the m1 of Pliospalax
macoveii (ACA 859) from the locality of Calta in Turkey (Sen, 1977). Labial and occlusal view. Inverted figure of the
specimen. The scale bars apply to all panels of the figure.

becomes an enamel island and in a later wear first followed by the posterosinusid (Figures 3.3-
stage it fades away. Two of the molars (ACA 881 3.4, 4.3-4.4). The closing of the deep mesosinusid
right, ACA 881 left) have the protosinusid closing follows after, persisting in later wear stages as an
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FIGURE 3. Three-dimensional model visualizing the sequence of the wear stages (3.1-3.12) for the right m1 of Plio-
spalax macoveii (ACA 881) from the locality of Calta in Turkey ($en, 1977). Labial and occlusal view. Inverted figure of
the specimen. The scale bars apply to all panels of the figure.

enamel island. The deepest of the reentrant folds is base of the molar (Figures 1.14-1.15, 2.11-2.12,

the sinusid. It closes in a very late wear stage form-  3.11-3.12, 4.11-4.12).

ing an enamel island that reaches almost to the The m1 of Pliospalax tourkobouniensis is
characterized by four reentrant folds (De Bruijn and
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FIGURE 4. Three-dimensional model visualizing the sequence of the wear stages (4.1-4.12) for the left m1 of Pliospa-
lax macoveii (ACA 881) from the locality of Calta in Turkey (Sen, 1977). Labial and occlusal view. The scale bars apply

to all panels of the figure.

Van der Meulen,1975; TB1-481 (holotype), Figure
5). However, one young specimen of P. tourkobou-
niensis (TB1-901; Figure 6) indicates the presence
of a shallow anterosinusid (Figure 6.1), which sep-

8

arates the metaconid from the anterolophid. This
additional sinusid increases the total number of
reentrant folds to five. Following the wear stages of
the molar, the posterosinusid forms either one (Fig-
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FIGURE 5. Three-dimensional model visualizing the sequence of the wear stages (5.1-5.9) for the holotype (m1) of
Pliospalax tourkobouniensis (TB1 481), from the locality of Tourkobounia-1 in Greece (De Bruijn and Van der Meulen,
1975). Labial and occlusal view. The scale bars apply to all panels of the figure.

ure 5.3-5.6) or two enamel islands (Figure 6.6-6.7);
the latter configuration resulting from the connec-
tion between the hypolophulid and the posterolo-
phid. The anterosinusid is the first of the enamel
folds to close with wear. The second fold to close,
however, varies. The holotype of the species
closes the posterosinusid and then, in a later stage
of wear, the protosinusid (Figure 5.3), whereas in
the second m1 the protosinusid closes first (Figure
6.1-6.4). The last and the deepest of the folds is
the sinusid that stays open the longest (Figures
5.9, 6.12). Between the hypolophulid and the pos-
terior metalophulid we distinguish an additional fold
of the enamel, indicating the presence of a short
mesolophid that disappears quickly with wear (Fig-
ure 6.1-6.3). This character is not observed on the
holotype.

The m1 of Pliospalax sotirisi (Figure 7) has a
distinct and short ridge that starts from the hypol-
ophulid and meets the posterior metalophulid.
Using the micro-CT photos, we distinguish the bor-
der between the enamel layers of the two crests
(Figure 7.3-7.6). The ridge is similar to the hypolo-
phid folds, present in older spalacine species like
Debruijnia tintinnabulus (De Bruijn et al. 2023, fig-
ure 1). The longitudinal ridge in P. sotirisi is not a
mesolophid but rather an anterior extension of the
hypolophulid. In a later wear stage, it connects to
the posterior metalophulid. The posterosinusid of
the m1 is already closed on the only specimen
available (Figure 7.1). The micro-CT pictures
clearly show the connection between the enamel
wall of the hypolophulid and posterolophid (Figure
7.2-7.6). This contact forms two enamel islands
that will disappear in later wear stages. A similar

9
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FIGURE 6. Three-dimensional model visualizing the sequence of the wear stages (6.1-6.12) for the m1 of Pliospalax
tourkobouniensis (TB1-901), from the locality of Tourkobounia-1 in Greece (De Bruijn and Van der Meulen, 1975).
Labial and occlusal view. The scale bars apply to all panels of the figure.

morphology can be seen in P. tourkobouniensis
(Figure 6.6). The closure of the posterosinusid is
followed by that of the protosinusid (Figure 7.7-
7.8). The mesosinusid comes next (Figure 7.10),
with the sinusid, as the deepest of the folds, being
the last that closes in a later stage of wear (Figure
7.14). However, since this specimen is the only m1

10

in the fossil record, it is not possible to distinguish
whether these characters varied, like in Tourko-
bounia-1, or whether they are the rule.

The m1s of an extant Spalax microphthalmus
from Romania (REG 22726) belong to the same
individual (Figures 8-9). For our analyses, we used
both the right and the left m1. Both of them have a
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FIGURE 7. Three-dimensional model visualizing the sequence of the wear stages (7.1-7.12) for holotype (m1) of Plio-
spalax sotirisi (MR 1286) from Maritsa, in Greece (De Bruijn et al., 1970). Inverted figure of the specimen. The scale
bars apply to all panels of the figure.
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— 1 mm

FIGURE 8. Three-dimensional model visualizing the sequence of the wear stages (8.1-8.9) for the right m1 of Spalax
microphthalmus (REG 22726) from Romania. Labial and occlusal view. Inverted figure of the specimen. The scale

bars apply to all panels of the figure.

short posterior metalophulid ending freely in the
mesosinusid. The mesolophid connects to the
entoconid creating an enamel island between them
(Figures 8.1-8.3, 9.1-9.6). On the right m1, the lat-
ter disappears rapidly with wear, but it persists on
the left one, almost to the base of the molar. Both
m1s have two reentrant folds. The mesosinusid
closes first (Figures 8.2, 9.2-9.3). Towards the
base of the molar, it is subdivided into two enamel
islands (Figures 8.6, 9.5). The sinusid is the deep-
est of the folds and it closes last (Figures 8.5, 9.5).

The current research includes two m1 molars
of Spalax microphthalmus from Hungary (REG
22729), which belong to the same individual (Fig-
ures 10, 11). The short posterior metalophulid is
preserved better on the left m1 (Figure 11.1-11.4).
The right m1 has a short mesolophid (Figure 10.1-
10.3) and an even shorter ectomesolophid (sensu
De Bruijn et al. 2023, figure 1; Figure 10.1-10.2).
The left m1 lacks both characters. The molars have

12

two open reentrant folds, the mesosinusid and the
sinusid. However, the wide posterior enamel island
indicates the presence of an additional crest, the
posterolophid (Figures 10.1-10.5, 11.1-11.3). When
the mesosinusid is closed, the enamel island sepa-
rates into two that disappear in a later wear stage
(Figures 10.9, 11.6-11.7). The sinusid closes last
and it continues almost to the base of the molar.
Studying the morphological changes on the
occlusal surface of the m1 in different Spalacinae
species, we distinguish four wear stages for Plio-
spalax (Figure 12, Table 1). The unworn stage is
where the m1 is characterized by four to five
enamel folds (Figure 12A). These are the anterosi-
nusid (missing in some species), the protosinusid,
the mesosinusid, the sinusid and the posterosi-
nusid. In case an anterosinusid is present, it is the
first fold to close with wear (Figure 12B). The next
stage varies with species closing the protosinusid
as the second and the posterosinusid as third fold
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FIGURE 9. Three-dimensional model visualizing the sequence of the wear stages (9.1-9.9) for the left m1 of Spalax
microphthalmus (REG 22726) from Romania. Labial and occlusal view. The scale bars apply to all panels of the figure.

or vice versa (Figure 12C). As we noted, both
sequences can be found within one species.
During this stage, the posterosinusid forms one or
two enamel islands, depending on the connection
between the hypolophulid and the posterolophid of
the molar. The mesosinusid is the fourth fold that
closes in a later wear stage (Figure 12D) with the
sinusid, as the deepest of the five, being the last,
closing near the base of the molar (Figure 12E).
The studied Spalax species suggests that this
genus follows the same wear stages but starting
from an unworn stage (A) lacking the anterosinusid
and protosinusid.

Applying X-ray microtomography on left and
right molars from the same individuals allowed us
to distinguish additional morphological variations
other than those between species. Throughout the
different wear stages, the development of the
mesolophid varies between different species as
well as between individual molars (e.g., Figures 1,
2, 11, 12). In Spalax microphthalmus we even

noted the absence of a mesolophid and ectomesol-
ophid on the left molar. Notably, this mirrors the
pattern of more advanced wear in the right m1 of
the same individual.

DISCUSSION

According to von Koenigswald (1993), there
are five ontogenetic phases in the development of
the molar. The first two (A and B) create the occlu-
sal surface (primary and secondary occlusal sur-
face), the third one (C) the side walls, the fourth (D)
the base of the crown, and the last one (E) the
roots of the molar. However, the timing of each
phase varies. Different heterochronies are
observed between the low-crowned and hypsodont
molars. The latter develop an extended C phase
with shorter A and B phases. As a result, with wear,
many morphological characters formed in the first
two phases will rapidly disappear. The results of
the current research largely confirm the observa-
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FIGURE 10. Three-dimensional model visualizing the sequence of the wear stages (10.1-10.12) for the right m1 of
Spalax microphthalmus (REG 22729) from Hungary. Labial and occlusal view. Inverted figure of the specimen. The
scale bars apply to all panels of the figure.

tions of von Koenigswald (1993) on the hypsodont
molars. Both the A and B phases of Pliospalax,
form the occlusal surface of its molars. However,
unlike the rest of the hypsodont species where the
A and B phases are accelerated, in Pliospalax only
the first is shortened. The B phase, responsible for
the formation of the secondary occlusal surface of
the molar, is prolonged, over a similar period or in
some cases longer (e.g., P. sofirisi) than the C
phase. The deep sinus in the m1s signifies the pro-
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longation of the B phase. Thanks to these heter-
ochronies the morphology of the occlusal surface
of Pliospalax changes rapidly with wear. Different
characters are affiliated to the different ontogenetic
phases. The anterosinusid in the m1, when it is
present, is the first of the enamel folds to disappear
(Figure 12B) due to wear. This indicates that the
character is related to the first ontogenetic phase
(A), which rapidly gives its place to the more pro-
longed second phase (B) (von Koenigswald, 1993,
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FIGURE 11. Three-dimensional model visualizing the sequence of the wear stages (11.1-11.9) for the left m1 of Spa-
lax microphthalmus (REG 22729) from Hungary. Labial and occlusal view. The scale bars apply to all panels of the fig-
ure.

figure 2). During the B phase, the protosinusid and
the posterosinusid close first, although the order
may vary (Figure 12C). The mesosinusid closes in
a later wear stage with the sinusid, as the deepest
of the five, closing last, signaling the end of the B
phase (Figure 12D, 12E).

Different researchers studying the Spalacinae
specified the number of the m1’s reentrant folds
(e.g., De Bruijn and Van der Meulen, 1975; Kuss
and Storch, 1978; Unay 1996; Sen and Sarica,
2011). Pliospalax is characterized by four of them
(Sarica and Sen, 2003). This character separates it
from the genus Spalax, which has only three (Unay
1996; 1999; Sarica and Sen, 2003). However, a
young specimen of Spalax nehringi Satunin, 1898
from the Greek island of Kalymnos was found to
have four folds, including the protosinusid (Kuss

and Storch, 1978). Similar divergences are
observed in Pliospalax. One of the characters that
distinguish Pliospalax complicatus from all the spe-
cies of Pliospalax is the presence of the anterosi-
nusid on the m1 (Sen and Sarica, 2011). However,
based on the current research, it is also present on
the young representatives of P. tourkobouniensis.
This character is present in older genera like
Vetusspalax De Bruijn, Markovic and Wessels,
2013, Debruijnia Unay, 1996 and Heramys Klein
Hofmeijer and De Bruijn, 1985. Sinapospalax spe-
cies lack the anterosinusid in the m1. However,
Sen and Sarica (2011) mention the presence of a
notch between the m1 anteroconid and metaconid
in S. canakkalensis (Unay, 1981, plate 2, figure 2).
The major evolutionary lineage begins with species
having five m1 reentrant folds with Vetusspalax,

15
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The m1 of Pliospalax is characterized by four to five
reentrant folds.

When the anterosinusid is present, it is the first of the
enamel folds that closes with wear.

The second fold to close varies between the protosi-
nusid and the posterosinusid.

The number of enamel islands that the posterosinusid
forms after its closure varies between one and two.

The mesosinusid closes in a later wear stage.

E

3t

The sinusid, as the deepest of the five reentrant folds,
is the last to close with wear.

FIGURE 12. Three-dimensional models visualizing the sequence of the wear stages (A-E) for the m1 of Pliospalax.
Occlusal view. (1) anterosinusid, (2) protosinusid, (3) sinusid, (4) posterosinusid, (5) mesosinusid.

Debruijnia and Heramys, then four with Sinapospa-
lax and Pliospalax, and lastly three with Spalax.
However, wear dependency seems to even influ-
ence the genus characters, with young specimens
showing apparent atavisms like the reappearance
of the m1’s anterosinusid and the ectomesolophid
in the young individuals of Pliospalax and Spalax
species. Alternatively, very worn specimens may
lose a sinus on their wear surface which could lead
to misidentifications. We believe this is illustrated
by the presumed presence of Spalax in the Early
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Pliocene of Greece indicated by De Bruijn (1984).
Spalax odessanus is known from the late Early
Pleistocene of Ukraine (Rekovets and Nad-
achowski, 1995), but was originally dated to the
Pliocene of Ukraine (Topachevski, 1969). De Bruijn
(1984) placed his specimens from Karaburun in
this species, extending its range to Late Ruscinian.
However, this identification was based on worn
specimens. The Greek locality includes two m1s.
Based on their illustrations (De Bruijn, 1984, figure
1) we recognize a late phase C, of the wear stages,



TABLE 1. Classification of the Wear stages (A-E) defined
by the enamel folds.

Wear

stage Enamel fold stage

Stage A Al five folds are visible
Stage B The anterosinusid is sealed off

Stage C The protosinusid and/or the posterosinusid are sealed
off

Stage D The mesosinusid is sealed off

Stage E  The sinusid is sealed off

on the m1 from figure 1a and phase D for figure 1d.
As we have seen, the protosinusid of Pliospalax
has already disappeared at these stages. The late
wear stage of the available m1s is insufficient to
safely determine the species of the locality, even at
the genus level. Taking into account the depen-
dency of the dental morphology from the wear
stage and the age of the locality, it seems likely that
the Karaburun fossils belong to Pliospalax,
although the species cannot be determined on the
basis of the material.

The taxonomic problems of the genus Plio-
spalax begin from its type species, P. macoveii.
From the drawings of Simionescu, it is obvious that
the molars are in an advanced stage of wear (Simi-
onescu, 1930, figure 31). Simionescu did not pro-
vide any diagnosis of the species, but limited
himself to a comparison between the holotype and
Prospalax rumanus Simionescu, 1930 from the
same locality. Recently, Crespo et al. (2023)
reviewed the Pliospalax specimens from Malusteni
and Beresti. All the material belongs to a single
species, Pliopalax macoveii and thus, Prospalax
rumanus is considered a junior synonym of P,
macoveii (Crespo et al., 2023).

Topachevski (1969) provided a detailed
description of P. macoveii, but based in part on
specimens from the localities of Beresti in Romania
and a mandible from Novopetrovka of Odesa in
Ukraine, next to the material from the type locality
of Malusteni ($en and De Bruijn, 1977). Given the
taxonomic problems of the group, mixing material
from localities far apart for a description is a risky
enterprise. A complicating factor is the generally
small size of spalacine assemblages, which implies
that previous authors had to make identifications
based on whatever wear stages were available in a
particular locality.

Pliospalax macoveii was also described from
the Pliocene locality of Calta in Turkey (Sen, 1977).
This well-defined assemblage became, given the
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problems with the type material, the main source of
comparison between the different species and P.
macoveii (e.g., Popov, 2004; Sarica and S$en,
2003; Sen and Sarica, 2011). In the character state
matrix of $en and Sarica (2011), P. macoveii from
the type locality of Malusteni and that from Calta
have overall similar character states (Sen and
Sarica, 2011, appendix 2-3). Notably, these char-
acter states are also found in P. sotirisi from Mar-
itsa. These similarities include the labial position of
the anteroconid on m1 that connects through a
lophid to the metaconid, as well as their relative
size, with the metaconid being slightly bigger than
the anteroconid (Sen and Sarica, 2011, appendix
3, n. 1-4). In addition, in all these assemblages the
mesolophid of the m1 is absent or weakly devel-
oped, the anterolophulid is complete, and the pro-
tosinusid present (Sen and Sarica, 2011, appendix
3, n. 6-7, 9 and 13). The only morphological char-
acters that differ are observed in the connection
between the protoconid and the anteroconid, and
the independence of the anterolophid, on the m1,
the occurrence of the posterosinusid on the m2,
the presence of the protosinusid and the occur-
rence of the anterosinusid on the m3 (Sen and
Sarica, 2011, appendix 3, n. 5, 8, 25, 27, 30). In
Maritsa, the protoconid of the m1 connects to the
anteroconid only through the anterolophulid, com-
pared to the other two localities where it connects
by the anterolophid or the labial anterolophid. Fur-
thermore, in Calta the anterolophid is either distinct
or fused to the protoconid, while in Malusteni and
Maritsa it is distinct. However, the results from the
current research from P. macoveii from Calta, show
that the morphology of the anterior part of the m1
varies between the different individuals. The pos-
terosinusid of the m2 is open in all three localities,
but in Calta, it can likewise be an enamel island.
Even though our research is focused on the first
lower molars of the different Pliospalax species,
the wear dependency of characters is the same for
all elements. Thus, the posterosinusid, like every
reentrant fold, transforms into an enamel island in
later wear stages. Furthermore, the protosinusid
and the anterosinusid on the m3 are absent in
Malusteni but present in Calta. Unfortunately, these
characters are not possible to be observed in Mar-
itsa’s material, since no m3 has been recovered.
De Bruijn and Van der Meulen (1975) stated that
“two species of Pliospalax are known: P. macoveii
and P. sofirisi. These species are closely related
and may be synonymous”. Based on the work of
Sen and Sarica (2011) and the current research,
which underline the morphological change of the
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occlusal surface with wear, and the importance of
the morphological variation in the Pliospalax
genus, we consider P. softirisi as a younger syn-
onym of P. macoveii. Observing its wear stage, the
m1 from Maritsa belongs to an early C phase that
does not provide a safe determination of the spe-
cies. Its sinus is deeper than P. macoveii; which
indicates a longer ontogenetic B phase. However,
these observations do not warrant separating the
Maritsa assemblage as an independent species.

CONCLUSION

Using micro-CT, wear stages can be recon-
structed in hypsodont molars, as is shown for the
spalacine species Pliospalax macoveii, P. sotirisi,
P. tourkobouniensis, and Spalax microphthalmus.
The different wear stages can in part be correlated
to the ontogenetic phases in hypsodont molars
proposed by von Koenigswald (1993), except for
the B phase. The formation of sinuses and sinusids
can be interpreted as a continuation of the B
phase, while in other parts of the molar the side
walls (C phase) are formed.

Comparison of the different wear stages
shows a difference in the timing of the different
sinuses in different species. Overall, this leads to a
reduction of the number of sinusids over time, from
five in the older genera to four in Sinapospalax and
Pliospalax and three in the extant Spalax (s.l.).
Young specimens can show apparent atavisms,

showing traces of a sinusid that disappear quickly
with wear. This was noted for the presence of an
anterosinusid in a relatively unworn specimen of P,
tourkobouniensis and the presence of four folds in
a Spalax nehringi from Kalymnos.

Using virtual wear stages provides important
data for taxonomy. This holds especially true for
spalacines, which, with a few exceptions, are found
in very limited numbers in fossil assemblages. Vir-
tual reconstruction can give a better impression of
the variation and allows us to compare material in
similar wear stages. Based on our results, we con-
sider P. sotirisi as a younger synonym of P. macov-
eii.
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