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Abstract

The hornless rhinoceros genus Chilotherium is characterised by high taxonomic complexity, with more than 30 species having been 
included in the genus at some point. This frequently prevents the identification of incomplete material, which has historically limited 
understanding of the genus’s diversity and evolution. Although recent work has enhanced the comprehension of the systematics of 
hornless rhinoceroses, the ontogeny of the cranium and deciduous dentition of chilotheres is still poorly known. Herein, juvenile 
skulls and mandibles at different ontogenetic stages are investigated, along with the deciduous teeth of four Late Miocene chilothere 
species: Chilotherium persiae from Maragheh (Iran), Chilotherium habereri from Kutschwan (China), Chilotherium schlosseri 
from Samos (Greece), and Chilotherium anderssoni from Daijiagou (China). The results show that several dental characters in the 
deciduous premolars are informative for species discrimination. The eruption sequence of the deciduous teeth is broadly uniform 
within the genus. Only the relative eruption of D1 and D4 varies, with C. schlosseri showing delayed D1 eruption. Lastly, enamel 
hypoplasia is also documented in the deciduous teeth. Although d/D2 and d/D3 exhibit hypoplasias only sporadically, d/D4 consis-
tently bears prominent hypoplasias associated with the individual’s birth. The position of the latter hypoplasia is consistent across 
chilotheres, occurring in the middle of the tooth crown, except in C. schlosseri, where it is located at the base of the crown.
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Introduction

Mammals are generally characterised by highly special-
ised dentition that reflects ecological adaptations (Ungar 
2010). A major modification in the evolutionary history 
of mammals was diphyodonty: the existence of only two 
generations in dental replacement, initially the decid-
uous or milk teeth and then the permanent teeth (e.g. 
Jäger et al. 2019; Cabreira et al. 2022). Despite their 
potential systematic value (e.g. Fernández et al. 2021; 

Gomes Rodrigues et al. 2021; Kampouridis et al. 2023a), 
deciduous teeth are rarely studied in detail or used in 
phylogenetic and taxonomic analyses.

The significance of the deciduous dentition for the 
reconstruction of phylogenetic relationships was recently 
highlighted for Hippopotamoidea (Gomes Rodrigues et al. 
2021). Although many studies have addressed the phyloge-
netic relationships of rhinoceroses, in the past, most did not 
include any characters related to the deciduous teeth (e.g. 
Heissig 1981; Fortelius and Heissig 1989; Cerdeño 1995). 
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Antoine (2002) incorporated nearly 20 characters specifi-
cally related to deciduous dentition into his newly compiled 
comprehensive character matrix, which set the framework 
for subsequent rhinocerotid phylogenetic analyses. However, 
chilotheres are underrepresented in most phylogenetic anal-
yses, with only a few including any chilothere taxa (e.g. Deng 
2006a; Pandolfi 2016; Lu et al. 2023). The morphology of the 
deciduous dentition in chilotheres is also almost unknown 
for most taxa, as it is usually not explicitly described. A first 
step to resolving this is describing the morphology of the 
milk teeth of chilotheres and their variability.

The hornless rhinoceros genus Chilotherium Ringström, 
1924, was autochthonous to Eurasia and lived only during 
the Late Miocene (e.g. Deng and Downs 2002; Deng 2006b; 
Kampouridis et al. 2022b). Its biogeographical distribution 
ranged from eastern China to the Balkan Peninsula in the 
west (e.g. Deng 2006b; Geraads and Spassov 2009; Spassov 
et al. 2018). The genus was initially described by Ringström 
(1924), who revised several hornless rhinoceroses, most 
of which had been attributed to the genus Aceratherium 
Kaup, 1832, until then. The most characteristic features that 
connected these species were the depression in their fron-
tals, widely separated parietal crests, a wide mandibular 
symphysis with large tusk-like lower second incisors, and 
short limb bones (Ringström 1924). While the permanent 
dentition of chilotheres is well known and presents many 
diagnostic features differentiating the group from other 
rhinoceroses (e.g. Geraads and Spassov 2009; Kampouridis 
et al. 2023b; Țibuleac et al. 2023), little is known about the 
deciduous dentition of these animals.

The aim of the present study is to describe juvenile 
crania, mandibles, and teeth of the hornless rhinoceros 
Chilotherium. This allowed a better understanding of 
their tooth morphology, including potential variability, 
dental eruption, and skull development, to shed light on 
aspects of their systematics and ecology.

Abbreviations

AMNH, American Museum of Natural History, New 
York (USA); AMPG, Palaeontological and Geological 
Museum of the University of Athens (Greece); BSPG, 
Bayerische Staatssammlung für Paläontologie und 
Geologie (Germany); GMM, Geomuseum of the 
University of Münster (Germany); GPIH, Geologisch-
Paläontologisches Institut der Universität Hamburg 
(Germany); GPIT, Geologisch-Paläontologisches Institut 
der Universität Tübingen (Germany); MLU, Martin-
Luther Universität Halle-Wittenberg (Germany); MNHN, 
Muséum national d’Histoire naturelle, Paris (France); 
NHMUK, Natural History Museum, London (UK); 
NHMW, Naturhistorisches Museum in Wien (Austria); 
PMU, Museum of Evolution (Palaeontological Museum), 
Uppsala (Sweden); SMF, Senckenberg Museum in 
Frankfurt (Germany); SMNS, Staatliches Museum für 
Naturkunde Stuttgart (Germany); and SNSB, Staatliche 
Naturwissenschaftliche Sammlungen Bayerns (Germany).

Fossil sites

Samos

The island of Samos (Fig. 1) has been known to yield 
Late Miocene vertebrate fossils since the 19th century, 
with the first excavations taking place in the 1880s, 
led by C. I. Forsyth Major (Koufos 2009). Since then, 
numerous palaeontologists and fossil hunters have 
visited the island to collect fossils (Koufos 2009). This 
led to several impressive collections of Samos material 
in major natural history museums throughout the world, 
including the AMNH, the NHMW, and the SMNS. Most 
recently, the Aristotle University of Thessaloniki, led by 
Professor George Koufos, excavated on Samos Island, 
bringing to light a rich collection of mammalian remains 
(e.g. Kostopoulos et al. 2009; Koufos 2009). The mate-
rial was studied in detail, providing crucial information 
about the biostratigraphical context and the fauna itself 
(e.g. Kostopoulos et al. 2003, 2009; Koufos et al. 2009, 
2011). The rhinoceros material from Samos has been 
assigned to several different taxa over the years (for an 
overview, see Giaourtsakis 2022). Today, it is generally 
accepted that two large tandem-horned rhinoceroses are 
present, Ceratotherium neumayri (Osborn, 1900) and 
Dihoplus pikermiensis (Toula, 1906), along with two 
smaller, hornless rhinocerotids belonging to the chiloth-
eres. The taxonomy of chilotheres has experienced many 
difficulties in the past, with the variously suggested 
presence of five species – Chilotherium schlosseri 
(Weber, 1905), Eochilotherium samium (Weber, 1905), 
Chilotherium wegneri (Andree, 1921), Chilotherium 
angustifrons (Andree, 1921), and Chilotherium kowalev-
skii (Pavlow, 1913) – depending on the authors (Weber 
1905; Krokos 1917; Andree 1921; Giaourtsakis 2003, 
2009, 2022; Athanassiou et al. 2014). Recently, it was 
suggested that C. wegneri and C. angustifrons repre-
sent junior synonyms of C. schlosseri (e.g. Giaourtsakis 
2022; Kampouridis et al. 2023b). The identification 
of C. kowalevskii in Samos stems from the erroneous 
synonymisation of this species with C. angustifrons (see 
Kampouridis et al. 2022b). Therefore, C. schlosseri and 
E. samium are the two valid chilothere species present 
in Samos (Kampouridis et al. 2022b, 2023b, 2025; 
Giaourtsakis 2022; Svorligkou et al. 2025).

Maragheh

The locality of Maragheh is situated in northwestern 
Iran (Fig. 1). The Late Miocene fauna has been well 
known since the late 19th century (Rodler 1885; Pohlig 
1886; Mecquenem 1908b; Mirzaie Ataabadi et al. 2013, 
2016). Several fossil sites have been excavated over 
more than 100 years; recent studies have suggested the 
existence of three distinct fossiliferous levels and were 
able to associate the historical fossil sites with them 
(Campbell et al. 1980; Bernor 1986). Material from this 
locality is scattered throughout many collections, such 
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as the NHMW, MLU, MNHN, NHMUK, and SNSB-
BSPG. The rhinoceros assemblage in Maragheh is quite 
rich and includes the large single-horned Iranotherium 
morgani (Mecquenem, 1908a), the large tandem-horned 
Ceratotherium neumayri, and two small hornless 
rhinoceroses, Chilotherium persiae (Pohlig, 1885) and 
Persiatherium rodleri Pandolfi, 2016 (e.g. Pohlig 1885; 
Mecquenem 1924; Pandolfi 2016; Kampouridis et al. 
2025). Notably, Maragheh represents the type locality 
for all these rhinocerotid species. Chilotherium persiae is 
the most common and most characteristic representative 
of the family in the Maragheh fauna, and several juve-
nile dental elements have been found and studied in the 
context of the present study. These fossils were excavated 
at different fossil sites in the area around Maragheh that 
correspond to different stratigraphical sections, although 
exact information about the site is often not provided 
on the collection labels (e.g. Pohlig 1886; Mecquenem 
1908b; Kampouridis et al. 2024).

Daijiagou

The fossil site of Daijiagou (also spelled Taijiagou 
and Taichiakou or called Lok. 30) is found close to the 
Yellow River (Huang He), situated in the county of 
Baode in Shanxi Province, China (Fig. 1). This fossil 
site was discovered and excavated in the context of the 
Sino-Swedish expedition led by J. G. Andersson in the 
late 1910s and early 1920s, which created the Lagrelius 
Collection at the University of Uppsala. The excavation 
of this locality, which is referred to as “Lok. 30” in several 
publications, and many other localities in China between 
1921 and 1923 was undertaken by O. Zdansky and later by 
other palaeontologists such as B. Bohlin, who also studied 
part of the excavated material (e.g. Zdansky 1924, 1925a, 
1925b, 1927a, 1927b; Bohlin 1926, 1935). The Late 

Miocene faunal assemblages were mainly composed of 
horses, bovids, and rhinoceroses (Ringström 1923, 1924, 
1927; Sefve 1927; Bohlin 1935). Based on this material, 
Ringström (1924) erected the genus Chilotherium and 
its type species, Chilotherium anderssoni Ringström, 
1924. However, several other rhinoceroses, including 
further chilotheres, were erected by T. Ringström based 
on material from these excavations (Ringström 1923, 
1924). The locality of Daijiagou represented only a small 
portion of the overall excavated material during the Sino-
Swedish expedition; nonetheless, in addition to a large 
sample of C. anderssoni specimens, the elasmotheriine 
Sinotherium lagrelii Ringström, 1923, was also erected 
based on a left M3, and additional material was described 
later (Ringström 1923, 1924). The stratigraphy of these 
classical Upper Miocene localities in the Baode area 
was recently re-evaluated and the age of many localities 
was refined, dating Daijiagou to approximately 5.7 Ma 
(Kaakinen et al. 2013).

Kutschwan

The locality of Kutschwan is of Late Miocene age and 
was discovered by the German geographer Albert Tafel 
in Shanxi during his trip to China in 1905 (Killgus 1923). 
No information about the exact location of the fossil site 
is known, but the material was collected from horizontal 
red clay deposits close to the Yellow River (Huang He) 
in Shanxi Province, China (Fig. 1; Killgus 1923). The 
material excavated by Tafel included a large collection of 
mammalian remains, with many cranial and postcranial 
elements. The whole collection was initially prepared at 
the SMNS (Germany), then given to the GPIT (Germany), 
and is still housed there today. Hugo Killgus studied the 
whole collection for his Ph.D. dissertation (Killgus 1922) 
and recognised a quite rich mammalian fauna, based 

Figure 1. Geographical map. Fossil localities from which the material studied herein comes (Samos in Greece, Maragheh in Iran, 
Daijiagou, and Kutschwan in China) are shown. The map was generated using Generic Mapping Tools 6 (GMT6) (Wessel et al. 2019).



fr.pensoft.net

Panagiotis Kampouridis et al.: Deciduous dentition of Chilotherium376

on this limited material, including two rhinoceroses, 
Chilotherium habereri and Parelasmotherium schan-
siense Killgus, 1923, a hipparionine, Schansitherium 
tafeli Killgus, 1923, four bovids, and a hyaenid (Killgus 
1923). More recently, Kampouridis et al. (2022a) re-ex-
amined the holotype of Parelasmotherium schansiense 
using micro-computed tomography to reveal unknown 
features important for the taxonomy and phylogeny of 
this taxon, and Kampouridis et al. (2025) studied the 
postcranial material of C. habereri from Kutschwan in an 
overview of the postcranial anatomy of the genus.

Material and methods
Material

The material investigated herein includes four species 
of Chilotherium from different Upper Miocene localities 
across Eurasia (Fig. 1). The first species is C. persiae from 
the Upper Miocene of Maragheh (Iran). Most of the mate-
rial is housed at the MNHN and NHMW, and additional 
cranial, mandibular, and dental material is housed at the 
MLU and NHMUK. The second species is C. habereri 
from the Upper Miocene of Kutschwan (China). The 
material includes several partial skulls, mandibles, and 
isolated deciduous teeth housed in the GPIT. The third 
species is C. schlosseri from the Upper Miocene of Samos 
(Greece), with material of this species spread throughout 
different institutions, such as the AMPG, GMM, NHMW, 
SMF, and SMNS. The last species is C. anderssoni from 
the Upper Miocene site of Daijiagou (also referred to as 
“Lok. 30”) in Shanxi, China. The material includes four 
partial skulls from the historical fossiliferous site that 
are housed in the collections of the AMNH and SMF. 
These specimens, along with other chilothere material 
described by Ringström (1924), were collected during the 
Sino-Swedish expedition led by J. G. Andersson (Mateer 
and Lucas 1985) and were later donated by the PMU to 
the SMF between 1927 and 1929 (according to the cata-
logues of the SMF) and to the AMNH.

Anatomical nomenclature

The anatomical nomenclature of the skull and denti-
tion (Fig. 2) follows Guérin (1980), Peter (2002), and 
Antoine (2002). The ontogenetic age of the specimens 
was determined for more detailed comparisons between 
the species and the assessment of potential intraspecific 
ontogenetic changes in skull morphology. The ages 
were determined based on the wear stages of the teeth as 
described by Hillman-Smith et al. (1986) for the extant 
Ceratotherium simum and further elaborated for fossil 
rhinocerotid species by Hullot and Antoine (2020). The 
data concerning the wear stages of the teeth and the 
suggested age classes can be found in Suppl. material 
1: table S1.

Enamel hypoplasia

Enamel hypoplasia is a defect in tooth development, 
leading to the underdevelopment of enamel in part of a 
tooth, and represents a unique marker of high levels of 
stress in an individual (e.g. Goodman and Rose 1990; 
Guatelli-Steinberg 2001; Hullot et al. 2021; Hullot and 
Antoine 2022). Herein, enamel hypoplasia was studied in 
the deciduous teeth of four Chilotherium species. For this 
purpose, hypoplasia in the deciduous premolars, upper 
and lower second (d/D2), third (d/D3), and fourth (d/
D4) premolars was investigated. In total, 152 teeth were 
studied. If hypoplasia appeared on the same tooth posi-
tion on both sides, it was counted as a single occurrence. 
Teeth with damaged enamel or those that had not fully 
erupted were excluded from this study. Additionally, in 
cases where teeth from Kutschwan and Samos had not 
fully erupted, the respective specimens were CT-scanned, 
as proposed by Hullot and Antoine (2022), to investigate 
the occurrence of potential hypoplasia.

μCT-scanning

To study the cranial and dental morphology in detail, 
micro-computed tomography (µCT) scans were acquired 
for some specimens with a Nikon XT H 320 μCT scanner 
operated by the 3D Imaging Lab Senckenberg Centre for 
Human Evolution and Palaeoenvironment and the Eberhard 
Karls University Tübingen, Germany. An X-ray tube 
containing a multi-metal reflection target with a maximum 
acceleration voltage of 225 kV was used. Specimen GPIT/
MA/04842 (partial skull of C. habereri) was scanned at 
215 kV and 210 μA with a voxel size of 0.05999687 mm, 
using a copper filter of 1.0 mm thickness. Specimen GPIT/
MA/04818 (mandible of C. habereri) was scanned at 165 
kV and 200 μA with a voxel size of 0.03678904 mm, using 
a copper filter of 0.25 mm thickness. Specimen GPIT/
MA/04820 (mandible of C. habereri) was scanned at 190 
kV and 130 μA with a voxel size of 0.04216668 mm, using 
a copper filter of 0.25 mm thickness. Specimen GPIT/
MA/04849 (mandible of C. habereri) was scanned at 
200 kV and 160 μA with a voxel size of 0.03750121 mm, 
using a copper filter of 0.5 mm thickness. Specimen GPIT/
MA/04817 (isolated D4 of C. habereri) was scanned at 
175 kV and 180 μA with a voxel size of 0.03139582 mm, 
using a copper filter of 0.1 mm thickness. Specimen SMNS 
47913 (partial skull of C. schlosseri) was scanned at 200 
kV and 205 μA with a voxel size of 0.06508365 mm, using 
a copper filter of 0.1 mm thickness. Specimen SMNS 
47914 (partial skull of C. schlosseri) was scanned at 225 
kV and 215 μA with a voxel size of 0.05487692 mm, using 
a copper filter of 2.5 mm thickness. Images were processed 
using VG Studio Max. The results are virtual orthoslices 
of the actual teeth, used for the detailed comparison of the 
hypoplasia observed in the deciduous teeth. The scans are 
available on MorphoSource (https://www.morphosource.
org/) under the Project ID 000840545.

https://www.morphosource.org/
https://www.morphosource.org/
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Systematic palaeontology

Class Mammalia Linnaeus, 1758
Order Perissodactyla Owen, 1848
Family Rhinocerotidae Gray, 1821
Subfamily Aceratheriinae Dollo, 1885
Subtribe Chilotheriina Qiu et al., 1987 (sensu 
Kampouridis et al. 2023b)

Genus Chilotherium Ringström, 1924

Type species. Chilotherium anderssoni Ringström, 1924 
from Daijiagou in Shanxi (China).

Included species. Chilotherium persiae (Pohlig, 1885), 
Chilotherium habereri (Schlosser, 1903), Chilotherium 
schlosseri (Weber, 1905), Chilotherium kowalevskii 
(Pavlow, 1913), ‘Chilotherium’ wimani Ringström, 

1924, Chilotherium sarmaticum Korotkevich, 1958, 
Chilotherium xijangensis (Ji et al., 1980), Chilotherium 
orlovi Bayshashov, 1982, ‘Chilotherium’ primigenium 
Deng, 2006a, Chilotherium licenti Sun et al., 2018.

Occurrence. Upper Miocene deposits of Eurasia.

Chilotherium persiae (Pohlig, 1885)
Figs 3–5

Type material. Pohlig (1885) originally erected this 
species based on a collection of four adult and one juve-
nile skull from Maragheh, but he did not mention where 
exactly these specimens are housed (Pohlig 1884a, 1884b, 
1885, 1886); therefore, the type material was never prop-
erly defined. He mentioned that the material he collected 
himself in Maragheh (Iran) was sent to Halle (Germany) 

Figure 2. Anatomical nomenclature used in this study. A. Juvenile skull (MNHN.F.MAR3053) of Chilotherium persiae (Pohlig, 
1885) from the Upper Miocene of Maragheh in Iran in lateral view; B. Juvenile skull (SMF M 3592) of Chilotherium anderssoni 
Ringström, 1924, from the Upper Miocene of Daijiagou in China in dorsal view; C. Upper molar; and D. Lower molar in occlusal 
view showing the anatomical nomenclature used in this study. Not to scale.
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(Pohlig 1886) and is now housed in the palaeontological 
collection of the MLU. However, Pohlig (1885, 1886) 
did not specify whether he collected the specimens he 
referred to as “Rhinoceros persiae” himself or saw them 
in another collection, such as the NHMW. Therefore, until 
further information becomes available, the type material 
cannot be determined with certainty, as already discussed 
by Kampouridis et al. (2025).

Type locality. Upper Miocene deposits of Maragheh 
(Iran); exact locality unknown

Material. An almost complete juvenile skull 
preserving D1–D4 with its associated mandible, 
preserving d2–d4 (MLU.GeoS.8030); a partial juve-
nile skull preserving part of the nasals and the frontals, 
and the maxillae, with D1–D4 (MNHN.F.MAR3053); 
a partial juvenile skull preserving the left D1–D4 and 
right D3–D4 (MNHN.F.MAR3078–3079); a partial 
juvenile skull preserving D2–D4 and M1, and its asso-
ciated mandible, preserving the right d2–d4 and the 
left d3 (NHMW-GEO-2020/0014/0093); a partial juve-
nile skull preserving D2–D4 (MLU.GeoS.8028); a 
right maxilla preserving D1–D4 (MLU.GeoS.8029); 
a left juvenile maxilla preserving D2–D4 and M1 
(NHMW-GEO-2020/0014/0034); a right maxilla 
preserving D1–D4 (NHMW-GEO-2020/0014/0030); 
a partial left maxilla preserving D1–D4 (MLU.

GeoS.8025); a partial subadult skull preserving, on 
both sides, P2, P3, D4, M1, and M2, in addition 
to the left D1 (NHMW-GEO-2020/0014/0099); a 
partial juvenile skull preserving D1–D4 on both sides 
(NHMW-GEO-2020/0014/0006); a left partial maxilla 
preserving D2–D3 (NHMUK M 2006); eight isolated 
D4s (MLU.GeoS.8027, MLU.GeoS.8031, NHMW-
GEO-2020/0014/0032, NHMW-GEO-2020/0014/0070, 
NHMW-GEO-2020/0014/0081, NHMW-GEO-2020
/0014/0056, and NHMW-GEO-2020/0014/0067); a 
partial juvenile mandible preserving the left d2–d4 and 
the right d1–d4, with erupting m1 (MNHN.F.MAR3859); 
a partial juvenile mandible preserving d2–d4 and 
erupting m1 on both sides (NHMUK M 3916); a 
partial mandible preserving d2–d4 on both sides 
(NHMW-GEO-2020/0014/0033); a partial mandible 
preserving d2–d3 on both sides (MLU.GeoS.8034); a 
partial mandible preserving d3–d4 and m1 on both sides, 
in addition to the left d2 (NHMW-GEO-2020/0014/0100); 
a partial juvenile mandible preserving the right d2–d3 
and m1, and the right d1 (MNHN.F.MAR3889); a left 
hemimandible preserving d4 and erupting m1 (MLU.
GeoS.8031); a left hemimandible preserving d2–d4 
(NHMUK M 3917); and a partial mandible preserving 
i2 and d1–d4 on both sides, in addition to the right i1 
(NHMW-GEO-2020/0014/0037).

Figure 3. Juvenile skulls of Chilotherium persiae (Pohlig, 1885) from the Upper Miocene of Maragheh (Iran). MNHN.F.MAR3053 
(A), MNHN.F.MAR3820 (B), MLU.GeoS.8030 (C), and NHMW-GEO-2020/0014/0093 (D) are juvenile skulls in dorsal (A1, B1, 
and C1), ventral (A2, B2, and D), and lateral (A3, B3–4, and C2) views. Scale bar: 10 cm.
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Description. One almost complete and several partial 
juvenile skulls of C. persiae from the Upper Miocene 
of Maragheh (Iran) were studied (Fig. 3). The premax-
illary bones are absent in all specimens. The nasals are 
thin, lack any pneumatisation, and share a long, central, 
prominent suture. In dorsal view, the suture between the 
nasals and the frontals is an almost straight mediolateral 
line. In lateral view, the suture between the nasals and the 
maxillary is relatively straight, starting from the nasal 
notch and ending at the lacrimal. The nasal notch is situ-
ated above the anterior portion of D3. In lateral view, the 
nasal and lacrimal also share a short suture, separating 
the maxillary from the frontal. The maxillary exhibits 
several infraorbital foramina on each side; their exact 
number cannot be assessed due to the state of preserva-
tion of the specimens. The maxillary is partially broken in 
most specimens, but the few preserved ones feature long, 
posteriorly projecting pockets for the unerupted molars 
(as seen in MLU.GeoS.8030, MNHN.F.MAR3078–3079, 
and NHMW-GEO-2020/0014/0099). The lacrimal is 
relatively small; it connects ventrally to the frontal 
and the nasal, anteriorly to the maxillary, and ventrally 
to the jugal. The jugal shares a wide suture with the 
maxillary. Immediately behind the orbit, it exhibits a 
well-developed postorbital process. In ventral view, the 
maxillary constitutes the largest portion of the palatine. 
Posteriorly, the maxillary is sutured to the palatinal; 
the latter reaches anteriorly to the level of the poste-
rior edge of D3. The palatine forms the largest part of 
the choana. Two symmetrical foramina are present 
at the level of the posterior portion of D4, near the 
maxillary-palatinal suture.

Concerning the upper dentition (Fig. 4), several specimens 
preserve at least some teeth, and some skulls or maxillae 
preserve the complete deciduous series at least on one side 
(MLU.GeoS.8029, MLU.GeoS.8030, MNHN.F.MAR3053, 
MNHN.F.MAR3079, MNHN.F.MAR3820, MNHN.F.
MAR3841, NHMW-GEO-2020/0014/0006, and NHMW-
GEO-2020/0014/0030). D2 to D4 are hypsodont and highly 
molarised. D1 has an almost continuous lingual cingulum. 
The most prominent enamel fold is the metaloph, which 
separates a comparably large postfossette. No other enamel 
folds are visible within the tooth. The parastyle and meta-
style are relatively well developed in comparison to the 
generally reduced D1. In specimen MNHN.F.MAR3820, 
D1 is barely starting to erupt, while D4 has already erupted, 
though it is not yet worn.

The morphology of D2 can be observed at different 
wear stages between the different specimens. D2 
features a protocone that is somewhat smaller than the 
hypocone and bears a posterior constriction, forming an 
antecrochet; the latter does not bend lingually in most 
specimens. A discontinuous lingual cingulum is present. 
At the entrance of the median valley, a small enamel 
pillar is present, but its size varies slightly among the 
different specimens. In MNHN.F.MAR3079, the ante-
crochet features a very weak connection to the enamel 
pillar at the entrance of the median valley. The median 
valley remains open until the tooth is almost completely 
worn (as seen in MLU.GeoS.8029). Relatively strong 
crochet and crista are present; when heavily worn, they 
can connect to close off the medifossette in some spec-
imens. Very strong anterior and posterior cingula are 
present, forming a small, closed-off prefossette and a 

Figure 4. Upper deciduous dentition of Chilotherium persiae (Pohlig, 1885) from the Upper Miocene of Maragheh (Iran). 
A. MNHN.F.MAR3053 (right D1-D4); B. MNHN.F.MAR3820 (left D1-D4); C. MNHN.F.MAR3840 (right D2-D3); D. 
MNHN.F.MAR3841 (right D1-D4); E. MNHN.F.MAR3841 (left D1-D3); F. NHMW-GEO-2020/0014/0030 (right D1-D4); and G. 
NHMW-GEO-2020/0014/0006 (left D1-D4) in occlusal view. Scale bar: 5 cm.
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wide postfossette. The parastyle and metastyle are wide, 
while the paracone and metacone folds are extremely 
weak and rounded.

In D3 and D4, the protocone is somewhat larger than 
the hypocone and bears strong anterior and posterior 
constrictions, forming an antecrochet that bends lingually 
in some specimens; the hypocone bears only an anterior 
constriction. The lingual cingulum is absent on both D3 
and D4. At the entrance of the median valley, a small 
enamel pillar is present in some D3 specimens, such as 
MNHN.F.MAR3053, while it is absent in D4. A crochet 
is always present on D3 and D4. A small crista can be 
present on D3, as seen in NHMW-GEO-2020/0014/0093, 
where it fuses with the crochet and closes off the medi-
fossette, but is absent in D4. Strong anterior and posterior 
cingula are present on both deciduous teeth, as well as a 
large postfossette. The parastyle and metastyle are well 
developed on both D3 and D4; the paracone fold is rather 
strong, while the mesostyle and metacone fold are weak. 
D4 is more hypsodont than D3. All D4s exhibit thin 
horizontal grooves on the lingual side at the base of the 
enamel and “ω”-shaped grooves on the buccal side in the 

middle of the enamel, which can be interpreted as hypo-
plasias (Mead 1999; Böhmer and Rössner 2018; Hullot 
and Antoine 2020).

Several juvenile mandibles of C. persiae from the 
Upper Miocene of Maragheh (Iran) are documented in 
the studied collections (Fig. 5). One specimen preserves 
the deciduous incisors on the right side of the symphysis 
(Fig. 5C3). The di1 is tiny, barely projecting from the 
bone, whereas di2 is much larger but still quite small, 
with a diameter of approximately 1 cm. Both di1 and 
di2 are elongated, with a round cross-section. In di1, 
no enamel is preserved, and in di2, the tooth crown is 
rounded and slightly asymmetrical. Some specimens 
preserve a very small, rudimentary d1, at least on one 
side (Fig. 5A2, A3, B3). When present, it is single-rooted 
and very short, and its crown has a single tip, without 
any distinct morphological features. The d2 is well 
formed; its paralophid is anteriorly oriented and bears a 
buccal constriction at the level of the anterior valley. The 
metalophid projects lingually, as does the hypolophid, 
and is relatively wide, with a lingual constriction. The 
anterior valley remains open until completely worn. The 

Figure 5. Juvenile mandibles of Chilotherium persiae (Pohlig, 1885) from the Upper Miocene of Maragheh (Iran). MNHN.F.MAR3859 
(A), MNHN.F.MAR3889 (B), MNHN.F.MAR3069 (C), and MNHN.F.MAR (D) are juvenile mandibles in dorsal (A1, B1, C1, and 
D1), lateral (A2–3, B2–3, and C2), and occlusal (A4, C4, and D4) views. Detailed views of the anterior part of the mandibular symphy-
sis in dorsal (C3) and ventral (D2) views are also given. Scale bar: 10 cm (A1–3, B1–3, C1–2, and D1); 5 cm (A4, C3–4, and D2–3).
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posterior valley may form an extremely small fossettid 
before being completely worn down. A shallow ectolo-
phid groove exists buccally. A relatively weak posterior 
cingulum is also visible. On the buccal and lingual 
sides, weak discontinuous cingula are present. In d3, the 
paralophid projects lingually, with its tip slightly curving 
posteriorly. A slight constriction in the metalophid can be 
observed. The ectolophid groove is relatively shallow but 
deeper than in d2. An anterior and a posterior cingulum 
are visible, with the anterior one extending towards the 
buccal side to some degree. In d4, the paralophid projects 
lingually and is smaller than the metalophid and hypol-
ophid, which are similarly well developed. The trigonid 
and talonid are not yet connected due to wear. The ectol-
ophid groove is deep and bears a small enamel pillar at 
its base. Anterior and posterior cingulids are present, and 
only the anterior one extends slightly to the buccal side. 
All d4s exhibit thin horizontal grooves in the enamel, 
clearly visible on the buccal side, which can be inter-
preted as hypoplasias (Mead 1999; Böhmer and Rössner 
2018; Hullot and Antoine 2020).

Chilotherium habereri (Schlosser, 1903)
Figs 6–8

Lectotype. A set of associated P3 and P4 (SNSB-BSPG 
1900 XII 622), described and illustrated by Schlosser 
(1903, pl. 5, fig. 18) and designated as the lectotype of 
the species by Kampouridis et al. (2025).

Type locality. Upper Miocene red clay deposits in 
Shanxi Province (China); exact locality unknown

Material. A partial juvenile skull preserving, on 
both sides, parts of D3, D4, and erupting M1 (GPIT/
MA/04830); an almost complete juvenile skull 
preserving, on the right side, D2–D4 and, on the left 
side, D1–D4 (GPIT/MA/04843); a partial juvenile skull 
preserving D1–D4 on both sides (GPIT/MA/04842); a 
partial subadult skull preserving the heavily worn D4s 
on both sides (GPIT/MA/04840); a subadult maxilla 
preserving the heavily worn D4 (GPIT/MA/04844); an 
almost unworn, complete D4 (GPIT/MA/04821); a D2 
(GPIT/MA/04821); a D3 (GPIT/MA/04821); an almost 
complete subadult mandible preserving the left d4 (GPIT/
MA/04826); a partial juvenile mandible preserving, 
on the right side, d1–d3 and erupting d4 and, on the 
left side, d2–d3 and erupting d4 (GPIT/MA/04849); a 
partial juvenile mandible preserving d2–d3 on both sides 
(GPIT/MA/04820); a partial right juvenile hemiman-
dible preserving d2–d4 (GPIT/MA/04818); and a partial 
left juvenile hemimandible preserving part of d2 and the 
unworn d3 (GPIT/MA/04821).

Remarks. The Kutschwan material housed in the 
GPIT was studied more than a century ago by Hugo 
Killgus for his PhD (Killgus 1922). He attributed the 
chilothere material to Aceratherium habereri (Killgus 
1922, 1923). Soon after, Ringström (1924) erected the 
genus Chilotherium and included this species in it after 

he revised it. Ringström (1924) also agreed with Killgus 
(1922, 1923) in referring the Kutschwan chilothere to the 
species Chilotherium habereri. This identification was 
also supported by Kampouridis et al. (2025).

Description. Three partial juvenile skulls preserving 
most of the deciduous teeth (Fig. 6), along with one 
subadult skull and a partial subadult maxilla preserving 
the D4s with the permanent dentition of C. habereri, 
are present in the material from the Upper Miocene of 
Kutschwan (China) housed in the GPIT. The premax-
illary bones are absent in all specimens. In specimen 
GPIT/MA/04842, the suture between the premaxillary 
and maxillary bones seems to start approximately above 
D1. In one specimen (GPIT/MA/04830), the nasals are 
completely broken off, while, in the other two speci-
mens, part of the nasals is still preserved, showing that 
they are thin, lack any pneumatisation, and share a long, 
prominent suture. In dorsal view, the suture between the 
nasals and the frontals is an almost straight mediolateral 
line (Fig. 6B1, C1). The frontals are flat and seem quite 
porous in the younger two specimens (GPIT/MA/04843 
and GPIT/MA/04842), whereas, in the somewhat older 
skull (GPIT/MA/04830), they are massive and bear a 
slight depression, resembling those of adult individuals 
(Fig. 6A1, B1, C1). In specimen GPIT/MA/04830, the 
parietal crests are very weak but widely separated, with 
the minimum preserved distance being 55 mm.

In lateral view, the suture between the nasals and the 
maxillary is relatively straight, starting from the nasal 
notch and ending at the lacrimal (Fig. 6A3, B4, C4). The 
nasal notch is situated above the middle portion of D3 
in the younger specimens (GPIT/MA/04843 and GPIT/
MA/04842) and above the anterior portion of D4 in the 
slightly more mature individual (GPIT/MA/04830). 
In lateral view, the nasal and lacrimal also share a 
short suture, separating the maxillary from the frontal. 
Immediately behind the orbit, at the widest part of the 
dorsal side of the cranium, a well-developed postorbital 
process is present in the frontal. From there, the fron-
tal-parietal crests reach the nuchal crest. The maxillary 
exhibits several infraorbital foramina, which can vary 
significantly, even in the same individual, from three 
to up to six foramina of variable size. The intraspecific 
variability of this feature has also been mentioned in 
previous works (e.g. Ringström 1924, p. 29). Posteriorly, 
the maxillary features long pockets, which include the 
unerupted molars. The size and length of these pockets 
seem to depend strongly on the ontogenetic stage of the 
individual, as they vary in the three specimens: from more 
than 50 mm in the youngest individual (GPIT/MA/04842: 
unworn D4) to 85 mm in the slightly more mature indi-
vidual (GPIT/MA/04843: slightly worn D4) to 99 mm in 
the oldest individual (GPIT/MA/04830: moderately worn 
D4). The lacrimal is relatively small, and it connects 
ventrally to the frontal and the nasal, anteriorly to the 
maxillary, and ventrally to the jugal. The jugal shares 
a wide suture with the maxillary. Immediately behind 
the orbit, the jugal exhibits a less prominent postorbital 
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process compared to the slightly more posteriorly posi-
tioned postorbital process on the frontals. The squamosal 
shares a suture with the jugal, starting at the postorbital 
process. In specimen GPIT/MA/04830, the posterior 
portion of the squamosal is sutured to the parietal. The 
zygomatic arch, along with the post-tympanic and paroc-
cipital processes, is broken off.

In lateral view, one of the most prominent parts is 
the orbital cavity, which is placed very high dorsally, 
creating a thin dorsal orbital rim (Fig. 6A3, B4, C4). 
The anterior portion of the orbital cavity is formed by 
the frontal, lacrimal, and jugal bones. The lacrimal bone 
bears two small lacrimal foramina, although in specimen 
GPIT/MA/04843, only one lacrimal foramen is present 
on each side. A distinct lacrimal process is not present. 

The maxillary foramen is visible at the anteroventral 
portion of the lacrimal-maxillary suture. The sphenopal-
atine foramen is present at the ventral limit within the 
orbital cavity. The optic foramen is located posteriorly 
to the postorbital process, above the posterior edge of 
the maxillary pocket. In the more complete skull spec-
imen GPIT/MA/04830, the sphenorbital and rotundum 
foramina are fused and located posteroventrally to the 
optic foramen, immediately behind the posterior end 
of the maxillary pocket. In the same specimen, a well-
formed caudal alar foramen is visible on the lateral side 
of the sphenoid bone, immediately behind the large fused 
sphenorbital and rotundum foramen. Inside the orbital 
cavity, the sutures for the palatine and sphenoid are not 
distinguishable, even at this early ontogenetic stage.

Figure 6. Juvenile skulls of Chilotherium habereri (Schlosser, 1903) from the Upper Miocene of Kutschwan (China). GPIT/
MA/04830 (A), GPIT/MA/04843 (B), and GPIT/MA/04842 (C) are juvenile skulls in dorsal (A1, B1, and C1), ventral (A2, B2, and 
C2), lateral (A3, B3, and C3), and caudal (A4, B4, and C4) views. Scale bar: 10 cm.
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In ventral view, the maxillary constitutes the largest 
portion of the palate. The anterior edge of the maxil-
lary-palatine suture reaches the level of the posterior 
end of D3 (Fig. 6A2, B2, C2). The palatine forms the 
largest part of the choana. Two symmetrical foramina are 
present at the maxillary-palatine suture, at the level of the 
posterior portion of D4. In posterior view, all specimens 
are damaged and expose features of the endocranium. 
Specimens GPIT/MA/04843 and GPIT/MA/04842 are 
broken in the middle of the frontal bones, thus revealing 
several small cavities inside the skull, which are at least 
partially separated by thin bone layers. They represent 
the frontal sinuses, which have also been described for 
Chilotherium by Edinger (1937). In these specimens, 
there seem to be several rather small extensions of the 
frontal sinus. It is possible that, when complete, they 
were all connected, as also described by Edinger (1937) 
for C. anderssoni.

The upper dental material of C. habereri comprises 
the dentition of three partial juvenile skulls, two subadult 
skulls, and three isolated teeth (Fig. 7). In two partial 
skulls (GPIT/MA/04843 and GPIT/MA/04842), D1 
is preserved and almost unworn. In specimen GPIT/
MA/04842, D1 starts being worn before the eruption 
of D4. D2 to D4 are hypsodont and highly molarised. 
The morphology and dimensions of D1 are identical in 
both specimens. It has a single, large root and an almost 
continuous lingual cingulum. The most prominent enamel 
fold is the metaloph, which separates a comparably large 

postfossette. A relatively weak enamel fold in the middle 
of the tooth probably corresponds to the protocone. The 
parastyle and metastyle are relatively well developed 
compared to the generally reduced D1. The maximum 
height of the tooth crown is 18 mm.

D2 is preserved in the two younger skulls (GPIT/
MA/04843 and GPIT/MA/04842). Additionally, one 
isolated left D2 (GPIT/MA/04821) is present in the 
studied collection. In all teeth, the protocone is smaller 
than the hypocone and bears a posterior constriction 
forming a short antecrochet. A small anterior constriction 
is present in the hypocone in GPIT/MA/04843. A slightly 
variable, discontinuous lingual cingulum is present in all 
teeth, in addition to an enamel pillar at the entrance of the 
median valley. The protoloph and metaloph are relatively 
thin. In GPIT/MA/04842 and GPIT/MA/04821, D2 bears 
a relatively strong crochet and crista, whereas, in GPIT/
MA/04843, only a slight enamel bump is present instead 
of a crista. In GPIT/MA/04821, the crista connects to the 
protoloph, closing off a small fossette, and a secondary 
fold splits off from the crista. Strong anterior and posterior 
cingula are present, forming large pre- and postfossettes. 
Both cingula continue slightly onto the ectoloph. The 
parastyle and metastyle are very large. Weak paracone 
and metacone folds are present only in GPIT/MA/04821.

D3 is preserved in all three partial skulls, and an 
isolated lingual portion of a D3 (GPIT/MA/04821) is also 
present in the Kutschwan collection. In all specimens, 
the protocone is somewhat larger than the hypocone and 

Figure 7. Upper deciduous dentition of Chilotherium habereri (Schlosser, 1903) from the Upper Miocene of Kutschwan (China). 
A. GPIT/MA/04843 (left D1–D4); B. GPIT/MA/04842 (left D1–D4); C. GPIT/MA/04830 (left D3–D4, erupting M1); D. GPIT/
MA/04840 (left P3, D4, and M1); E. GPIT/MA/04844 (P3, D4, and M1); F. GPIT/MA/04821 (left D2); and G. GPIT/MA/04817 
(left D4) in occlusal view. Scale bar: 5 cm.
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bears a slight anterior and a strong posterior constriction, 
forming an antecrochet. The lingual cingulum is absent. 
At the entrance of the median valley, a small to promi-
nent enamel pillar is present in all specimens. A crochet 
is always present, though its size may vary. A small crista 
is present in two specimens (GPIT/MA/04821 and GPIT/
MA/04830). In GPIT/MA/04843, the crista is represented 
by a small enamel bump, whereas, in GPIT/MA/04842, 
it is completely missing. Strong anterior and posterior 
cingula are present, forming a short prefossette and a 
large postfossette. The parastyle and metastyle are well 
developed. The paracone fold is strong in the specimens 
where it is not broken off (GPIT/MA/04843 and GPIT/
MA/04842), whereas the metacone fold is weak.

D4 is preserved in all partial skulls, and an isolated 
D4 (GPIT/MA/04821) is also present in the Kutschwan 
collection. The morphology of D4 resembles that of D3, 
but it is more hypsodont, and the antecrochet is more 
prominent and bends lingually. A large crochet is always 
present, but no crista is visible in any of the specimens. A 
strong anterior cingulum is present, and a strong posterior 
cingulum forms a wide postfossette. The parastyle is well 
developed, and the metastyle is large. The paracone fold 
is present in all specimens, along with a weak metacone 
fold. All D4s exhibit thin horizontal grooves in the lower 

part of the enamel on the lingual side of the tooth and 
“ω”-shaped grooves in the middle of the ectoloph, which 
are interpreted as hypoplasias (Mead 1999; Böhmer and 
Rössner 2018; Hullot and Antoine 2020). Below these 
enamel defects, the enamel becomes rougher and more 
irregular. The D4 of GPIT/MA/04842 also exhibits small 
pits in the enamel, slightly above the groove, which can 
also be interpreted as hypoplasias, whereas the D4 of 
GPIT/MA/04843 bears such small pits directly on the 
horizontal groove. Interestingly, in both specimens, the 
pits are present only on the protocone. Additionally, the 
D4 of GPIT/MA/04843 also features a second hypoplasia 
in the middle of the enamel, approximately 8 mm above 
the first one.

Four partially preserved mandibles (GPIT/MA/04849, 
GPIT/MA/04818, GPIT/MA/04820, and GPIT/
MA/04821) are available in the Kutschwan collection of 
the GPIT (Fig. 8). Specimen GPIT/MA/04849 preserves 
an extremely small and short rudimentary d1 on its 
right hemimandible. It is single-rooted, and its crown 
is rounded, approximately 4 mm in diameter and only a 
few millimetres tall, without any morphological features. 
The d2 is well developed in all specimens. Its paralophid 
is anteriorly oriented and bears a buccal constriction, 
opposite to the anterior valley. The metalophid projects 

Figure 8. Juvenile mandibles of Chilotherium habereri (Schlosser, 1903) from the Upper Miocene of Kutschwan (China). GPIT/
MA/04849 (A), GPIT/MA/4820 (B), and GPIT/MA/4818 (C) are juvenile mandibles in dorsal, ventral, lateral, anterior, and occlusal 
views. Scale bar: 10 cm (A1–3, B1–3, C1, and C3–4); 5 cm (A4–5, B4–5, C2, and C5).
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lingually, as does the hypolophid, and is relatively wide, 
with a lingual constriction. Both the anterior and posterior 
valleys remain open until completely worn. A shallow 
ectolophid groove exists buccally. A relatively weak poste-
rior cingulum is visible. No anterior, lingual, or buccal 
cingula exist in any d2 studied. In d3, the paralophid proj-
ects lingually, and its tip is slightly posteriorly curved. 
The paralophid is less developed than the metalophid and 
hypolophid. A slight constriction in the metalophid can be 
observed in all specimens except GPIT/MA/04818 due to 
its more advanced wear stage. The hypolophid also bears 
a slight anterior constriction. Both the anterior and poste-
rior valleys remain open until completely worn. In only 
two specimens (GPIT/MA/04818 and GPIT/MA/04820), 
it is possible to observe an extremely small fossettid that 
might form immediately before being completely worn 
down. The ectolophid groove is relatively shallow but 
deeper than in d2. Anterior and posterior cingulids are 
visible, whereas lingual or buccal cingulids are absent. 
The d4 is preserved only in three specimens (GPIT/
MA/04818, GPIT-PV115054, and GPIT/MA/04826); in 
GPIT/MA/04826, d4 is the only remaining deciduous 
tooth, next to permanent teeth. The paralophid is larger 
than in d3 but still smaller than the metalophid and 
hypolophid, which are similarly well developed. Both 
the metalophid and hypolophid exhibit a weak anterior 
constriction. At the base of the posterior valley, a small 
enamel pillar is present. The ectolophid groove is deep. 
Anterior and posterior cingulids are present, but they 
do not continue on the buccal or lingual sides. All d4s 
exhibit thin horizontal grooves in the enamel, best visible 
on the buccal side, which can be interpreted as hypopla-
sias (Mead 1999; Böhmer and Rössner 2018; Hullot and 
Antoine 2020).

Chilotherium schlosseri (Weber, 1905)
Figs 9–11

Neotype. A well-preserved skull (GPIH 3015) with 
an associated mandible (GPIH 3015a), designated by 
Kampouridis et al. (2023b).

Type locality. Upper Miocene deposits of Samos 
Island (Greece); exact locality unknown.

Material. An almost complete juvenile skull 
preserving D1–D4 and M1 on both sides (NHMW-GEO-
2009z0088/0001); a partial juvenile skull preserving the 
maxillary with D1–D4 on both sides (SMNS 47913); a 
partial juvenile skull preserving only the maxillary, which 
bears D2–D4 on both sides (SMNS 47914); an isolated 
D1 (MGL 106691); two isolated D2s (GMM 570 and 
MGL 107103); a partial mandible preserving the right i2, 
p2, p3, d4, m1, and m2 and the left i2, p3, d4, m1, and 
m2 (NHMW-GEO-1911/0005/0033); a partial mandible 
preserving the right d1–d4, erupting m1, the left d2–
d4, and erupting m1 (SMF M 6814); a partial mandible 
preserving the right p2, d3–d4, erupting m1, the left p2, 
d3–d4, and erupting m1 (SMF M 6815); and a partial 

juvenile mandible preserving d2–m1 on both sides, while 
the i2s are erupting (GMM 593).

Description. One almost complete (NHMW-GEO-
2009z0088/0001) and one partial juvenile skull (SMNS 
47913), along with some partial maxillae of C. schlos-
seri, exist in the studied material from the Upper Miocene 
of Samos in Greece (Fig. 9). The premaxillary bones are 
broken off in all specimens. In dorsal view, the suture 
between the nasals and the frontals is a relatively straight 
mediolateral line at the level of the anterior edge of the 
orbit. The suture between the two frontals is a straight 
line, when present, and the bones seem quite porous in 
comparison to the more massive nasals. In the youngest 
partial skull (SMNS 47913), no frontal-parietal crests 
are visible. In the ontogenetically older NHMW-GEO-
2009z0088/0001, the frontal-parietal crests are well 
formed and already widely separated (minimum distance 
= 64 mm). The frontal-parietal suture forms a 50° angle 
to the frontal suture. Posteriorly, the frontal suture merges 
with the suture between the parietals.

In lateral view, the suture between the nasals and the 
maxillary is relatively straight, starting from the nasal 
notch and ending at the lacrimal. The position of the nasal 
notch slightly varies in the three available C. schlosseri 
specimens. In the youngest specimen (SMNS 47914), 
the nasal notch reaches the level of the contact between 
D2 and D3, whereas, in the slightly more mature SMNS 
47913, it reaches the level of mid-D3. In the ontogenet-
ically oldest specimen (NHMW-GEO-2009z0088/0001), 
the nasal notch reaches the level of the contact with D3 
and D4. In lateral view, the nasal and lacrimal share a 
short suture, thus separating the maxillary from the 
frontal. Immediately behind the orbit, the beginning of 
the postorbital process on the frontal is visible in SMNS 
47914. The maxillary and lacrimal are positioned below 
the nasals and frontals. The maxillary exhibits several 
infraorbital foramina, which can vary significantly, even 
in the same individual, from three to up to four foramina 
of variable size. Posteriorly, the maxillae extend into 
pockets, which house the unerupted molars. The lacrimal 
is relatively small, and it connects dorsally to the frontal 
and nasal, anteriorly to the maxillary, and ventrally to 
the jugal. The jugal shares a wide suture with the maxil-
lary. The zygomatic arches are not preserved on any of 
the specimens. In lateral view, one of the most promi-
nent parts is the orbital cavity, which is placed very high 
dorsally and has a thin dorsal margin. In ventral view, the 
maxillary constitutes the largest portion of the palatine. 
Posteriorly, the maxilla is sutured to the palatine. The 
palatine forms the anterior part of the choana, and two 
symmetrical foramina are placed near the maxillary-pa-
latinal suture, at the posterior portion of D4.

The upper dental material of C. schlosseri can be 
studied based on a number of complete or partial 
deciduous tooth rows and some isolated teeth (Fig. 10). 
The D1s in SMNS 47913 are not fully erupted, as they 
are placed well below the occlusal level of the other 
teeth (Fig. 9B3, B4, 9C). Thus, D1 seems to finalise 
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its eruption and start being worn after D4. The root 
of the tooth in this specimen is not yet formed, also 
demonstrating the early developmental stage of D1 
in SMNS 47913. A continuous lingual cingulum is 
present, which continues on the posterior side of the 
tooth, becoming stronger and extremely high. The 
most prominent enamel fold is probably the metaloph, 
separating a large postfossette. Another weaker enamel 
fold in the middle of the tooth probably corresponds to 
the protoloph. The protocone and metacone seem to be 
connected to some degree lingually. The parastyle and 
metastyle are relatively well developed in comparison 
to the generally reduced D1.

Concerning the other deciduous premolars, D2 to D4 
are hypsodont and highly molarised. In D2, the protocone 
is slightly smaller than the hypocone and bears a poste-
rior and very weak anterior constriction, forming a short 
antecrochet. A small anterior constriction is present in the 
hypocone. An enamel pillar is present at the entrance of 
the median valley in all specimens. A very strong, contin-
uous lingual cingulum is also present in all specimens 

except SMF M 6805 and NHMW-GEO-2009z0088/0001. 
The protoloph and metaloph are relatively thin, and a 
closed medifossette is always present. In all specimens 
that are adequately worn, a secondary fold splits off the 
crista and connects to the protoloph, creating a prominent 
fossette anterior to the medifossette. Very strong anterior 
and posterior cingula are present, forming large pre- 
and postfossettes. Both cingula continue slightly onto 
the ectoloph, even forming an extremely weak buccal 
cingulum in SMNS 47913. The parastyle and metastyle 
are very large. Weak paracone and metacone folds are 
present. All three specimens bear some enamel plications 
in the median valley. They are most prominent in the 
medifossette of the left D2 of SMNS 47913, where five 
small plications are visible.

In D3, the protocone and hypocone are of comparable 
size. The protocone bears strong anterior and posterior 
constrictions, forming an antecrochet. The hypocone 
is weakly constricted anteriorly. An almost continuous 
lingual cingulum is present in many specimens, although 
it is very weak in NHMW-GEO-2009z0088/0001 and 

Figure 9. Juvenile skulls of Chilotherium schlosseri (Weber, 1905) from the Upper Miocene of Samos Island (Greece). NHMW-
GEO-2009z0088/0001 (A) and SMNS 47913 (B) in dorsal (A1 and B1), ventral (A2 and B2), and lateral (A3 and B3–4) views. 
Scale bar: 10 cm.
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absent in SMF M 6805. At the entrance of the median 
valley, a small enamel pillar is present in all specimens. A 
well-developed crochet is always present. A small crista 
is present in all specimens, varying in size and shape. 
Strong anterior and posterior cingula are present, forming 
a large postfossette. The parastyle and metastyle are well 
developed. The paracone fold is strong, the mesostyle is 
extremely weak, and the metacone fold is faintly visible.

D4 has a similar morphology to D3, although the 
protocone is somewhat larger than the hypocone. The 
protocone bears strong anterior and posterior constric-
tions, forming a prominent antecrochet. The hypocone 
bears only an anterior constriction. A slight, discontin-
uous lingual cingulum is present in some D4 specimens. 
A large crochet is always present, but the crista is lacking 
in all specimens, although a very weak enamel bump 
might be present instead. A strong anterior cingulum is 
present, and a strong posterior cingulum forms a wide 
postfossette. The parastyle is well developed and the 
metastyle large. The paracone fold is well developed, a 
slight mesostyle is present, and a weak metacone fold is 
faintly visible. All D4s exhibit thin horizontal grooves 
at the base of the crown on the lingual and buccal sides 
of the enamel, which can be interpreted as hypoplasias 
(Mead 1999; Böhmer and Rössner 2018; Hullot and 
Antoine 2020).

Branching furrows are visible on the teeth of three 
specimens (MGL 107103, SMNS 47913, and SMNS 
47914). The traces occur as a branched network of 
shallow, bleached furrows, covering large parts of the 
teeth of SMNS 47913 and SMNS 47914 (Fig. 10C, 
D) and almost the whole ectoloph of MGL 107103 
(Fig. 10B). The concentration of these furrows varies 
significantly. Some areas are only sporadically covered 
with a few furrows, while in other areas, the furrows 
cover the surface of the enamel so densely that a contin-
uous, bleached area is produced. These branching furrows 
represent root etching, which is commonly observed in 
extant and fossil bones and usually takes the form of 
irregular furrows, indicating that the bones were altered 
by plant growth (Behrensmeyer 1978; Andrews and Cook 
1985; Fisher 1995; Montalvo 2002; Bader et al. 2009). 
Humic acids – produced by the plant roots to extract 
nutrients from the substrate – cause shallow depressions 
and bleaching of the bone (Behrensmeyer 1978; Morlan 
1980), which can result in the pattern seen on the enamel 
of the studied teeth.

Four juvenile C. schlosseri mandibles from Samos 
in Greece (Fig. 11) were studied. One of them, GMM 
593, was published by Andree (1921, pl. 2, figs 4, 5) 
and originally referred to as Aceratherium wegneri?, 
a junior synonym of C. schlosseri (Kampouridis et 

Figure 10. Upper deciduous dentition of Chilotherium schlosseri (Weber, 1905) from the Upper Miocene of Samos Island (Greece). 
A. GMM 570 (left D2); B. MGL 107103 (right D2); C. SMNS 47913 (right D1–D4); D. SMNS 47913 (right D1–D4); E. SMF M 
6805 (right D2–D4); F. NHMW-GEO-2009z0088/0001 (left D1–D4, M1); and G. MGL 106691 (right D1) in occlusal view. Scale 
bar: 5 cm.
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al. 2022b; Svorligkou et al. 2025). Three additional 
mandibles are preserved in the studied collections 
(NHMW-GEO-1911/0005/0033, SMF M 6814, and SMF 
M 6815). Only one of these specimens, SMF M 6814, 
preserves the left d1. This tooth is extremely small and 
has a single, rounded tip that is approximately 6 mm in 
diameter and 10 mm in height. The d2 is preserved in 
only two specimens (GMM 593 and SMF M 6814) but 
is heavily worn in both, with the trigonid and talonid 
widely connected. The paralophid is constricted and 
anteriorly oriented. The metalophid projects lingually 
and slightly distally. The hypolophid projects lingually 
and is slightly wider than the metalophid. Both anterior 
and posterior valleys remain open until completely worn. 
A shallow ectolophid groove exists buccally. A slightly 
discontinuous buccal cingulum is visible, and it is prob-
ably connected to the anterior and posterior cingula, 
which are not preserved due to wear. The preserved 
d3s are quite worn down in all specimens, and a wide 
connection between the trigonid and talonid has been 
established. The paralophid is less developed than the 
metalophid and hypolophid. A weak constriction in the 
metalophid is visible in GMM 593, though only faintly, 
due to heavy wear. Both the anterior and posterior valleys 
remain open until completely worn in GMM 593; while 
in SMF M 6814, the anterior valley is already completely 
worn off, a small remnant of the posterior valley is still 
present. In SMF M 6815, both the anterior and posterior 
valleys are already worn off. The ectolophid groove is 
relatively shallow but deeper than in d2. A discontin-
uous cingulid is visible in buccal view, and a very small 
discontinuous cingulid is also visible lingually at the 
entrance of the anterior valley. The d4 is moderately to 

heavily worn in the studied specimens. A narrow connec-
tion between the trigonid and talonid is established in 
the ontogenetically youngest specimens, GMM 593 and 
SMF M 6814. In NHMW-GEO-1911/0005/0033 and 
SMF M 6815, the connection between the trigonid and 
talonid is somewhat wider. The paralophid is relatively 
short, whereas the metalophid and hypolophid are simi-
larly well developed. In GMM 593, the paralophid of 
the right d4 exhibits a small distal projection, which is 
not visible on any other d4. The hypolophid exhibits an 
anterior constriction in GMM 593 and SMF M 6814. 
The anterior valley is quite small, whereas the posterior 
one was probably larger. The anterior valley probably 
would close shortly before being completely worn due to 
a small cingulid being present at its entrance in most d4s. 
The ectolophid groove is deep, and a small enamel pillar 
is located at its base in all four specimens. High anterior 
and posterior cingulids are present; they continue faintly 
on the buccal side and less so on the lingual side.

Chilotherium anderssoni Ringström, 1924
Fig. 12

Type material. The species was erected based on a 
number of cranial and postcranial elements, without the 
designation of a holotype (Ringström 1924). Therefore, 
all material referred by Ringström (1924) to Chilotherium 
anderssoni represents the syntype, including the speci-
mens described herein.

Type locality. Upper Miocene deposits of Daijiagou 
in Shanxi Province (China), also referred to as “Lok. 30” 
(Ringström 1924) of the Lagrelius Collection.

Figure 11. Juvenile mandibles of Chilotherium schlosseri (Weber, 1905) from the Upper Miocene of Samos Island (Greece). GMM 
593 (A), SMF Μ 6814 (B), SMF Μ 6815 (C), and NHMW-GEO-1911/0005/0033 (D) in dorsal (A1, B1, C1, and D1), ventral (A2 
and C2), anterior (A3), lateral (A4, B2, and D2), and occlusal (A5, B3, and D3) views. Scale bar: 10 cm (A1–4, B1–2, C1–2, and 
D1–2); 5 cm (A5, B3, and D3).
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Material. Two almost complete juvenile skulls with 
their associated mandibles, both preserving all deciduous 
premolars (AMNH FM 26341 and SMF M 3598); an 
almost complete skull preserving D1–D4 on both sides 
(SMF M 3592); and a partial skull preserving D1–D4 on 
both sides (AMNH FM 26340).

Description. Four juvenile skulls of C. anderssoni 
from the Upper Miocene of Daijiagou or “Lok. 30” 

(China) are housed in the collections of the AMNH and 
SMF (Fig. 12) and were donated to these collections by 
the PMU, where they were originally housed. Specimens 
AMNH FM 26341 and SMF M 3598 are almost complete 
skulls with articulated mandibles. In both specimens, 
the skulls are slightly damaged, with parts of the nasals 
and zygomatic arches missing, and in SMF M 3598, 
the parietal and nuchal regions are heavily damaged. 

Figure 12. Juvenile skulls and upper dentition of Chilotherium anderssoni Ringström, 1924 from the Upper Miocene of Daijiagou 
(China). SMF M 3592 (A), SMF M 3598 (B), AMNH FM 26341 (C), and AMNH FM 26340 (D) in dorsal (A1, B1, and C1), 
ventral (A2), lateral (A3, B2, and C2), occlusal (A4, B3, and D), and anterior mandibular (B4) views. Scale bar: 10 cm (A1–3, 
B1–2, and C1-2); 5 cm (A4, B3-4, and C).
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The premaxillary bones are present only in AMNH FM 
26340 and are broken off in all other specimens. In dorsal 
view, the suture between the nasals and the frontals is 
an almost straight transverse line. The frontals are flat, 
already slightly showing the frontal depression known 
in chilotheres. The parietal crests are already visible in 
all specimens except AMNH FM 26340 and are clearly 
separated in AMNH FM 26341 and SMF M 3592.

In lateral view, the suture between the nasals and the 
maxillary is relatively straight, starting from the nasal 
notch and ending at the lacrimal. The nasal notch is 
situated above D3 in all specimens, at slightly different 
levels. The nasal and lacrimal share a very short suture, 
separating the maxillary from the frontal. Immediately 
behind the orbit, a well-developed postorbital process 
is present in the frontal, at the widest part of the dorsal 
side of the cranium, which is especially well visible 
in SMF M 3592. From this point, the frontal-parietal 
crests extend towards the nuchal crest. The maxillary 
exhibits several infraorbital foramina; three on each 
side are visible in SMF M 3592. Posteriorly, the maxil-
lary features long pockets, which include the unerupted 
molars. The lacrimal is relatively small; it connects 
dorsally to the frontal and nasal, anteriorly to the maxil-
lary, and ventrally to the jugal. The jugal shares a wide 
suture with the maxillary. Immediately behind the orbit, 
it exhibits a less prominent postorbital process compared 
to the slightly more posteriorly positioned postorbital 
process on the frontals. The squamosal shares a suture 
with the jugal, starting at the postorbital process. The 
squamosal is posteriorly sutured to the parietal.

In lateral view, one of the most prominent parts is the 
orbital cavity, which is placed very high dorsally, creating 
a thin dorsal orbital rim. The anterior portion of the orbital 
cavity is formed by the frontal, lacrimal, and jugal. Two 
small lacrimal foramina are visible in SMF M 3598; they 
are placed next to each other within a cavity, while in the 
other specimens, only one foramen is visible. However, it 
is possible that this is due to remaining sediment covering 
the distinct foramina. No distinct lacrimal process is 
visible in either specimen, though it is not certain whether 
this is the normal morphology or a preservational bias. 
Within the orbital cavity, no more detailed observations 
can be made because of the presence of sediment and, in 
part, due to preservation.

Only AMNH FM 26340 and SMF M 3592 can be 
studied directly in ventral view, due to the still-attached 
mandible in the other two specimens. Additionally, 
Ringström (1924, pl. 3, fig. 1) provided illustrations of 
another juvenile skull, which is housed in the collections 
of the PMU, in ventral view. The maxillary constitutes 
the largest portion of the palate. Posteriorly, the maxil-
lary is sutured to the palatine, which anteriorly reaches 
the level between D3 and D4. The palatine forms the 
largest part of the choana. In the palatine, close to the 
maxillary-palatinal suture, an asymmetrical number of 
foramina is present at the level of the unerupted M1; on 

the right side, three foramina are present, whereas on 
the left side, probably two are present, placed very close 
to each other.

In posterior view, three of the specimens are damaged. 
In AMNH FM 26340, the posterior portion is completely 
missing. In SMF M 3592, only the dorsal portion is 
preserved, including the nuchal crest, but the posterior 
side is almost completely covered by a layer of sediment. 
In SMF M 3598, only the ventral portion, including 
the foramen magnum, is preserved, while dorsally the 
brain cavity is exposed; the latter is filled with sedi-
ment. In AMNH FM 26341, most of the occipital region 
is preserved, with only slight damage and some parts 
partially covered by sediment. The outline of the skull is 
bell-shaped, and the central tubercle of the nuchal crest 
is rather weak. The occipital fossa seems fairly shallow, 
and the occipital crests are weak and fairly wide. The 
foramen magnum is large and shows a dorsal incision 
with a rounded end.

The upper deciduous dentition of C. anderssoni can 
be observed in all studied specimens, as well as in the 
specimen housed in the PMU illustrated by Ringström 
(1924, table 3, fig. 6). The occlusal surface of the upper 
dentition of SMF M 3598 is visible only for the left 
tooth row; however, even there, the lingual portion is 
still covered in sediment, and it is not possible to assess 
certain features, such as the lingual cingula and devel-
opment of the proto- and hypocone constrictions, along 
with the antecrochet. D2 to D4 are hypsodont and highly 
molarised. D1 is present in all three specimens and 
has already been worn. In SMF M 3598, D4 has also 
just started being worn, based on the continuous wear 
facet from the parastyle to the protoloph. In AMNH FM 
26340 and the specimen illustrated by Ringström (1924, 
table 3, fig. 6), D4 has barely started being worn, based 
on a tiny wear facet on the protoloph, while D1 exhibits a 
more extensive wear facet. Therefore, D1 erupts slightly 
before D4 in this species. A continuous lingual cingulum 
is present; it extends on the posterior side in both SMF 
M 3592 and the Ringström specimen. The hypocone 
is well formed in all specimens; in SMF M 3592, it is 
not directly connected to the metaloph, whereas, in the 
Ringström specimen, this connection is very weak. The 
metaloph separates a large postfossette. The protocone is 
smaller than the hypocone, and the protoloph is similar in 
size to the metaloph. The parastyle is well developed and 
anteriorly projecting. The metastyle is slightly shorter 
than the parastyle, but still relatively long.

On D2, the protocone is smaller than the hypocone 
and bears a posterior and weak anterior constriction, 
forming a short antecrochet. A weak anterior constriction 
is present in the hypocone. A moderate, discontinuous 
lingual cingulum is present, along with an enamel pillar 
at the entrance of the median valley. In SMF M 3592, 
there seems to be an enamel pillar next to the base of 
the antecrochet in the right D2. The protoloph is thinner 
than the metaloph. A strong crochet is present, along 
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with a crista; these folds are fused in the Ringström spec-
imen and may also fuse in the other two specimens with 
further wear, forming a closed medifossette. In AMNH 
FM 26340 and SMF M 3592, a secondary fold splits 
off the crista and connects to the protoloph, closing off 
a prominent fossette anterior to the still-open medifos-
sette. In SMF M 3598, a small secondary enamel fold 
branches off from the protoloph and nearly connects to 
the crista; with slightly more wear, it would likely fuse, 
creating the same fossette. In the Ringström specimen, 
the medifossette is already closed, and with further wear, 
it is possible that a similar fossette may form anterior 
to it. Very strong anterior and posterior cingula are 
present, forming large pre- and postfossettes. The poste-
rior cingulum extends slightly onto the ectoloph. The 
parastyle and metastyle are very strong, whereas the 
paracone and metacone folds are weak.

In D3, the protocone and hypocone are of comparable 
size. The protocone bears strong anterior and posterior 
constrictions, forming an antecrochet, whereas the hypo-
cone is only weakly constricted anteriorly. No lingual 
cingulum is present, but a small enamel pillar occurs 
in all specimens at the entrance of the median valley. A 
well-developed crochet is always present. A long crista 
is present in the Ringström specimen, while only a small 
enamel bump is visible in the other specimens. Strong 
anterior and posterior cingula are present, with the latter 
forming a large postfossette. The parastyle and metastyle 
are well developed. The paracone fold is strong, and an 
extremely weak mesostyle is present.

In D4, the protocone is somewhat larger than the hypo-
cone. The protocone bears strong anterior and posterior 
constrictions that form a prominent antecrochet, and the 
hypocone bears an anterior constriction. An enamel pillar 
is present at the entrance of the median valley in SMF M 
3592 but is absent in AMNH FM 26340. A large crochet 
is always present, and an enamel bump in place of a 
crista appears to be present. A strong anterior cingulum 
is present, and a strong posterior cingulum forms a wide 
postfossette. The parastyle is well developed, and the 
metastyle is wide. The paracone fold is well developed, 
the mesostyle is weak, and the metacone fold is faintly 
visible. D4 shows thin horizontal grooves at the base of the 
crown on the lingual side, as well as “ω”-shaped grooves 
in the middle of the ectoloph, which can be interpreted 
as enamel hypoplasias (Mead 1999; Böhmer and Rössner 
2018; Hullot and Antoine 2020). In AMNH FM 26340, 
the hypoplasia is visible only on the lingual side because 
the D4s are not fully erupted. In AMNH FM 26341, the 
presence of hypoplasia cannot be assessed because the 
D4s are largely unerupted and the skull is still attached 
to the mandible, preventing evaluation of the lingual side.

Only one juvenile mandible of C. anderssoni from the 
Upper Miocene of Daijiagou (China) housed at the SMF 
and a specimen figured by Ringström (1924, table 3, figs 
2, 5) can be studied. Specimen SMF M 3898 is articu-
lated to the previously described skull (Fig. 12B2, B3), 

and the occlusal surfaces of the teeth are observable only 
on the right tooth row. Specimen AMNH FM 26341 also 
includes a skull and mandible that are attached, but the 
dentition cannot be observed in this specimen. In all three 
specimens, the anterior portion can be studied to some 
extent. In Ringström’s specimen, two deciduous incisors, 
di1 and di2, are preserved, including the crowns of the 
teeth, which are very short, small, and rounded; di1 is 
less than half the size of di2. In SMF M 3898, only the 
roots of these teeth are visible, but both deciduous inci-
sors are present (Fig. 12B4). The roots have a rounded 
cross-section and are small, with di1 being smaller than 
di2, though the size difference is less pronounced than in 
Ringström’s specimen. In AMNH FM 26341, the ante-
rior part is broken and covered by sediment, preventing 
observation of the incisor roots. SMF M 3898 preserves 
d1 on both tooth rows, whereas in Ringström’s spec-
imen, it is visible only on the right side. In AMNH FM 
26341, d1 is not present on either side. Ringström (1924) 
noted that the presence of this tooth varies among spec-
imens and may even differ between the right and left 
sides within the same individual, as in the specimen he 
illustrated (Ringström 1924, table 3, fig. 2). This tooth 
is extremely small and bears a single, rounded cusp. 
The d2 is moderately worn in both specimens, and the 
trigonid and talonid are connected. The paralophid is 
anteriorly oriented and constricted. The metalophid proj-
ects lingually and distally, and the hypolophid is slightly 
wider and also projects lingually. Both the anterior and 
posterior valleys seem to remain open until completely 
worn. An ectolophid groove exists buccally and appears 
deeper in Ringström’s specimen than in SMF M 3898. No 
cingulids are visible. The d3 is likewise moderately worn 
in both specimens, with the trigonid and talonid already 
connected. The paralophid is less developed than the 
metalophid and hypolophid. A slight constriction of the 
metalophid is visible in Ringström’s specimen. Both the 
anterior and posterior valleys probably remain open until 
completely worn, although, in Ringström’s specimen, 
a weak lingual cingulid may be present in the anterior 
portion of the tooth. The ectolophid groove is relatively 
deep. No discontinuous cingulid is visible in buccal 
view in SMF M 3598. The morphology of d4 cannot 
be properly assessed, neither in SMF M 3598, because 
the tooth is embedded in sediment, nor in Ringström’s 
specimen, because it is not fully erupted and properly 
worn. In Ringström’s specimen, the paralophid is rela-
tively short, whereas the metalophid and hypolophid are 
similarly well developed. A weak and most likely discon-
tinuous cingulid seems to be present at the entrance of 
the anterior valley in d4 of Ringström’s specimen. The 
ectolophid groove is deep, and a weak enamel bump is 
located at its base in SMF M 3598. In the latter specimen, 
an “ω”-shaped groove is visible approximately at the 
middle of the d4 crown in buccal view, which represents 
enamel hypoplasia (Mead 1999; Böhmer and Rössner 
2018; Hullot and Antoine 2020).
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Comparison
Late Miocene horned rhinoceroses

During the Late Miocene, several different Rhinocerotidae 
species occurred in Eurasia. Along with the hornless 
rhinocerotids or aceratheriines, horned rhinocerotines 
(e.g. Geraads and Koufos 1990; Antoine and Saraç 2005; 
Deng 2006b; Geraads and Spassov 2009; Antoine and 
Sen 2016; Hullot et al. 2023) and elasmotheriines were 
widespread on the continent (e.g. Chow 1958; Deng 
2005b, 2006b, 2008; Kampouridis et al. 2022a; Antoine 
et al. 2025).

The differentiation of the studied material from elas-
motheriines is very easy, as elasmotheriines are much 
larger in size, their teeth are highly hypsodont, and 
their enamel pattern is very complex, usually involving 
very long crochets, cristae, antecrochets, and, in the 
more derived elasmotheriines, enamel plications as a 
prominent feature (see Antoine 2002, 2003; Antoine et 
al. 2002; Deng 2007, 2008; Geraads and Zouhri 2021; 
Kampouridis et al. 2022a). For instance, the height of 
an almost unworn D4 of C. habereri (GPIT/MA/04830) 
from the Upper Miocene locality of Kutschwan (China) is 
48 mm, whereas the height of a heavily worn D4, which 
is close to being shed, of Parelasmotherium schansiense 
(GPIT-PV-86051) from the same locality is 41 mm. 
Additionally, the teeth of elasmotheriines, including the 
deciduous ones, display more strongly developed cristae, 
crochets, antecrochets, and sometimes also strong enamel 
plications compared to chilotheres (e.g. Antoine 2002; 
Lu et al. 2023). In the case of P. schansiense (GPIT-
PV-86051), D4 has a branched crochet and antecrochet 
(Kampouridis et al. 2022a, fig. 1A), along with multiple 
enamel plications, which are more pronounced when 
heavily worn (Kampouridis et al. 2022a, fig. 2A1).

The distinction of the studied material from rhinoc-
erotines is more difficult and needs a more detailed 
comparison of the upper tooth morphology (Fig. 13; 
Table 1). For many species, the morphology of the decid-
uous teeth is not known at all or only poorly known, 
except for some well-sampled species. There are signifi-
cant morphological differences in the deciduous dentition 
of horned rhinoceroses, such as Dihoplus pikermiensis 
and Ceratotherium neumayri (Fig. 13I, J) from the Upper 
Miocene of the Balkan-Iranian zoogeographical province 
(e.g. Geraads 1988; Giaourtsakis et al. 2006; Geraads and 
Spassov 2009; Giaourtsakis 2009); Pliorhinus megar-
hinus (de Christol, 1835) from the Upper Miocene to 
Early Pliocene of Europe (e.g. Dawkins 1865; Fukuchi 
et al. 2009; Pandolfi et al. 2021); Pliorhinus ringstromi 
(Arambourg, 1959) (Ringström 1924; Li et al. 2024) from 
the Upper Miocene of China; as well as Lartetotherium 
sansaniense (Lartet in Laurillard, 1848) from the Middle 
Miocene of Europe and Lartetotherium cixianensis (Chen 
& Wu, 1976) from the Middle Miocene of China (Cerdeño 
1996; Heissig 2012; Li and Deng 2023), compared to the 
studied chilotheres (Fig. 13, Table 1).

For instance, D1 is generally smaller in chiloth-
eres than in these horned species, and the morphology 
is not as well developed; it bears weaker and shorter 
proto- and metalophs, and the cusps are generally much 
smaller or even absent in chilotheres. In a sample of 35 
studied Chilotherium D1s, the width is between 12.8 and 
20.3 mm, whereas in Ceratotherium neumayri, it is at 
least 20.6 mm (Giaourtsakis et al. 2006, table 2; Geraads 
and Spassov 2009, table 5, n = 8; Alifieri 2019, table 2); 
in D. pikermiensis, it is at least 21.8 mm (Giaourtsakis et 
al. 2006, table 2; Geraads and Spassov 2009, table 5, n = 
15; Alifieri 2019, table 2); in Dihoplus schleiermacheri 
(Kaup, 1832), D1 width is at least 24 mm (n = 2; Guérin 
1980); and in P. megarhinus, it is at least 22 mm (n = 2; 
Guérin 1980). The only rhinocerotine species that bears a 
narrower D1 is Lartetotherium, where the width is between 
16 mm and 23 mm (Guérin 1980; Cerdeño 1996; Heissig 
2012; Li and Deng 2023), thereby somewhat overlapping 
with the value range of chilotheres. In D2, a prefossette is 
always present and relatively large, whereas in rhinocer-
otines, the prefossette is usually absent. The postfossette 
is larger and the paracone rib much weaker in chilotheres 
than in the mentioned horned rhinoceros species (Fig. 13). 
Additionally, the protocone constriction is more prominent 
in chilotheres than in any of the compared horned rhinoc-
eroses; notably, the protocone is not at all constricted in 
Ceratotherium neumayri (Fig. 13) or Lartetotherium 
spp. Additionally, chilotheres have a much longer para-
style in D2 compared to the horned species (Fig. 13). In 
D3 and D4, the protocone bears strong mesial and distal 
constrictions, creating a strong antecrochet, whereas in 
Ceratotherium neumayri, the protocone is not constricted, 
and in Lartetotherium sansaniense, D. pikermiensis, P. 
ringstromi, and P. megarhinus, it is only slightly constricted, 
creating either no antecrochet or only a faint one (Fig. 13). 
Additionally, the hypocone is always constricted, moder-
ately in D3 and strongly in D4 of chilotheres, whereas in 
Ceratotherium neumayri, it is not constricted at all, and 
in Lartetotherium sansaniense, D. pikermiensis, P. ring-
stromi, and P. megarhinus, it is only slightly constricted. 
Based on these features, a maxilla from Samos that was 
assigned to Rhinoceros schleiermacheri by Weber (1904, 
pl. 16, fig. 1) belongs to a chilothere, as previously 
suggested (Giaourtsakis et al. 2006). Based on the specific 
features that can be observed in this specimen, such as the 
protocone constriction, along with the strong and contin-
uous lingual cingulum in D2 and a discontinuous lingual 
cingulum in D3, an assignment to C. schlosseri seems 
plausible. This specimen was housed in the collections of 
the SNSB-BSPG and was destroyed during the Second 
World War, along with a large part of the palaeontolog-
ical collection (Nothdurft and Smith 2002; Kampouridis 
et al. 2023b). Concerning cranial morphology, when fairly 
complete skulls are available, it is very easy to distinguish 
chilotheres from any horned rhinoceros, including elas-
motheriines, as the former are characterised by shorter 
and dorsally flattened crania that lack any nasal horn boss, 
which is documented in juvenile rhinocerotines (Figs 3A1, 
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2C1, 8A1, 11B). This morphology is well exemplified by 
the beautifully preserved juvenile C. schlosseri skull housed 
in the NHMW (NHMW-GEO-2009z0088/0001) and 
well-preserved skulls of C. persiae (MNHN.F.MAR3053 
and MLU.GeoS.8030) and C. anderssoni (AMNH FM 
26341 and SMF M 3598), in contrast to the morphology 
observed in Ceratotherium neumayri (Giaourtsakis 
et al. 2006, fig. 2a; Giaourtsakis 2009, pl. 2, fig. 2), 
Lartetotherium spp. (Cerdeño 1996, pl. 1, figs 1–2; Li and 
Deng 2023, fig. 1A–B), P. ringstromi (Li et al. 2024, fig. 
5a), and D. pikermiensis (NHMW-GEO-1863/0001/0018).

In the mandible, there are also several features that can 
distinguish the studied chilothere material from horned 
rhinoceroses. For instance, chilotheres have a very wide 
mandibular symphysis, even in very young individuals, 
that fuses at a very early ontogenetic stage. In GPIT/
MA/4820 of C. habereri, which is the ontogenetically 
youngest chilothere individual studied here, d2 and d3 are 
barely worn, and yet the symphysis is already fully fused. 
In GPIT/MA/04849, the anterior portion of the mandib-
ular symphysis is broken off, but the root of the right di2 is 
visible, and its cross-section is round and approximately 
10 mm in diameter. In MNHN.F.MAR3069 of C. persiae, 
all deciduous premolars have erupted and are moder-
ately worn, and the symphysis is already rather wide and 
features a very long diastema between d2 and di2, with 
a crest running along it; this mandible also preserves 
a tiny di1. Two mandibles of C. anderssoni – SMF M 
3598 and the specimen figured by Ringström (1924, 

pl. 3, figs 2, 5) – preserve both deciduous incisors, as 
also specifically mentioned by Ringström (1924). The 
condition concerning the incisors in horned rhinoceroses 
such as Ceratotherium neumayri, Lartetotherium spp., 
D. pikermiensis, P. ringstromi, and P. megarhinus differs 
from that observed in chilotheres. In the juvenile mandi-
bles HLMD-Sam.77 and GPIH 3017 of Ceratotherium 
neumayri, there are no deciduous incisors, but it is 
possible that very small, diminutive incisors were present 
and are lacking in the specimens studied due to their state 
of preservation. In D. pikermiensis, D. ringstromi, and 
D. megarhinus, both deciduous incisors may be present 
(Ringström 1924, pl. 1, fig. 4; Giaourtsakis et al. 2006; 
Alifieri 2019, fig. 12; Pandolfi et al. 2021). However, the 
size and form of the symphysis differ significantly, as the 
symphysis in Dihoplus and Pliorhinus species is narrow 
compared to that in chilotheres and does not feature a 
prominent crest on the diastema (see Ringström 1924, 
pl. 1, fig. 4; Giaourtsakis et al. 2006). Another striking 
difference between chilotheres and rhinocerotines is 
the development of d1, which in chilotheres is either 
absent or, when present, extremely reduced and small, 
having a small, rounded tip with a diameter of 5 mm. In 
Lartetotherium sansaniense, Ceratotherium neumayri, 
D. pikermiensis, D. ringstromi, and D. megarhinus, d1 
is always present and is not reduced; its length is usually 
more than 15 mm, and it has distinct morphological 
features (Dawkins 1865, figs 6, 7; Ringström 1924, pl. 1, 
fig. 4; Giaourtsakis 2009, pl. 7, figs 7–9; Heissig 2012), 

Table 1. Morphological differences in the upper deciduous dentition of Late Miocene chilotheres and rhinocerotines. The latter are 
exemplified by Ceratotherium neumayri and Dihoplus pikermiensis (modified after Giaourtsakis et al. 2006, table 3).

 Feature Ceratotherium neumayri Dihoplus pikermiensis Chilotheres
D1 Relative size Slightly reduced Normal Very reduced

Protoloph Very long, bends 
posterolingually, blocking the 

entrance of medisinus

Normal, vertical, does not bend Reduced, very short and narrow, 
if present

Metaloph Reduced, very short Normal, long Reduced, very short
D2 Lingual cingular pillar Present in front of the entrance 

of medisinus
Absent Usually present in front of the 

entrance of medisinus
Protocone constriction Unconstricted Slightly constricted Constricted

Prefossette Absent Absent Present, large
Size of postfossete Very small and narrow, if 

present
Large, wide Very large, wide

Hypostyle Not developed or distinct from 
posterior cingulum

Present, distinct from posterior 
cingulum

Not developed or distinct from 
posterior cingulum

Paracone rib Very strong, usually double Strong, always single Weak
Metacone rib Absent or faint, only at the top 

of the crown
Present, clearly marked and continuous 

down to the base of the crown
Absent or faint only at the top of 

the crown
Parastyle Moderate Moderate Long

D3 and 
D4

Lingual cingular pillar Present in front of the entrance 
of medisinus

Absent Present in front of the entrance of 
medisinus (not always in D4)

Protocone constriction Unconstricted Slightly constricted Strongly constricted
Hypocone constriction Unconstricted Slightly constricted Moderately in D3, strongly in D4

Antecrochet Absent Weak Strong
Crista Always present Always absent Sometimes present but weak

Medifossete Usually present Always absent Sometimes present
Metacone rib Absent or faint, only at the top 

of the crown
Present, clearly marked and continuous 

down to the base of the crown
Weak, only at the top of the 

crown
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unlike in chilotheres. Additionally, the morphology of 
the other deciduous lower premolars differs between 
chilotheres and rhinocerotines. In d2 of the rhinocerotines 
Lartetotherium sansaniense, Ceratotherium neumayri, 
D. pikermiensis, P. ringstromi, and P. megarhinus, after 
moderate wear, a closed-off fossettid forms in the talonid 
(Dawkins 1865; Ringström 1924, pl. 1, fig. 4; Lehmann 
1984, pl. 1, fig. 4; Giaourtsakis 2009, pl. 4, figs 8, 9; 
Heissig 2012, figs 59, 60; Alifieri 2019, fig. 12). Lastly, 
in d2, and in some cases in d3 as well, the paralophid 
splits into two lobes in these species, which may connect 
to form a small fossettid, as observed in some d3s of 
Ceratotherium neumayri, such as in GPIH 3017 and 
Giaourtsakis (2009, pl. 4, fig. 8).

Late Miocene aceratheriines

The distinction of the chilothere material studied herein 
from other hornless rhinocerotids that lived during the 
Late Miocene in Eurasia is even more difficult than their 
separation from horned rhinoceroses. One of the issues 
that makes their distinction so difficult is that, for many 
species, no deciduous dentition has been described so 
far. Juvenile specimens are available for some species: 
a juvenile skull of Acerorhinus yuanmouensis Zong, 
1998 was recently described from the Yuanmou Basin 
(China) (Lu 2013); the species Persiatherium rodleri 
is based on a subadult skull from Maragheh (Iran) that 
still bears D4 (Pandolfi 2016); a juvenile skull with its 

Figure 13. Comparative figure with upper dentition (left D1-D4) of the studied Late Miocene chilothere species and rhinocerotines. 
A, B. Chilotherium persiae from Maragheh in Iran (A. MNHN.F.MAR3820 and B. MNHN.F.MAR3053, mirrored); C, D. Chilothe-
rium habereri from Kutschwan in China (C. GPIT/MA/04842 and D. GPIT/MA/04843); E, F. Chilotherium schlosseri from Samos 
in Greece (E. SMNS 47914, mirrored, and F. NHMW-GEO-2009z0088/0001); G, H. Chilotherium anderssoni from Daijiagou in 
China (G. AMNH FM 26341 and H. SMF M 3598); I. Ceratotherium neumayri (HLMD-Sam.231); and J. Dihoplus pikermiensis 
(NHMW-GEO-1911/0005/0030) from Samos (Greece). Scale bar: 5 cm.
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associated mandible of Acerorhinus neleus Athanassiou 
et al., 2014 was recently reported from the Upper 
Miocene locality of Pikermi (Greece) (Giaourtsakis et 
al. 2018); and Alicornops complanatum (Heissig, 1972), 
sensu Antoine et al. (2003), was reported from Upper 
Miocene beds of the Siwaliks (Heissig 1972, table 7, 
fig. 13). Additionally, a few characters on the deciduous 
dentition of Aceratherium incisivum Kaup, 1832 can be 
partially extrapolated from Guérin (1980). The compar-
ison with these specimens shows that A. neleus has a 
much narrower mandibular symphysis, even in juvenile 
specimens. This is especially evident when the mandible 
of A. neleus and the mandible GMM 593 of C. schlosseri 
from Samos are compared, which are of similar ontoge-
netic age – the d4s are moderately worn, representing 
wear stage 6 or 7 (Hillman-Smith et al. 1986; Hullot 
and Antoine 2020). In GMM 593 of C. schlosseri, the 
symphysis is already very wide and massive, showing a 
long diastema between d2 and the (d)i2 alveolus, with a 
crest running along the diastema, whereas the symphysis 
of A. neleus is much narrower. Also, in all four of these 
non-chilothere aceratheriines, as well as in Aceratherium 
incisivum, the protocone in D3 and D4 is not as strongly 
constricted as in chilotheres, which also display a prom-
inent and lingually projecting antecrochet. In Alicornops 
complanatum, the paracone fold is much stronger than 
in chilotheres; this difference is especially evident in D2, 
which in chilotheres bears a very weak paracone fold, 
whereas in Alicornops, it is very strong (Heissig 1972, 
table 7, fig. 13). In contrast to the other aceratheriines, 
some of the studied chilothere specimens preserve a thin 
layer of cement coating on the ectoloph – although this 
feature can vary significantly, and the cement layer can 
often be removed during the preparation of the specimens.

Chilotheriina

The material of the different studied Chilotherium species 
is rather similar, and any specific identification is very 
difficult (Fig. 13). There are several characters that show 
some degree of variation; however, it is often very difficult 
to assess whether this represents intraspecific variation 
or interspecific variation of taxonomic significance. For 
instance, the distance between the orbit and the nasal 
notch (nasal-orbital bar) and the relative position of the 
nasal notch seem to vary between the considered species. 
The length of the nasal-orbital bar depends significantly 
on the ontogenetic age of the individual but exhibits an 
approximately linear increase with age (Fig. 14). The 
comparison of the studied chilothere species shows that 
the values of C. persiae, C. habereri, and C. anders-
soni are close and overlap to some degree. Especially C. 
persiae and C. habereri present incredibly similar values 
with almost perfectly overlapping trendlines (Fig. 14). In 
contrast to these three species, the values of C. schlosseri 
are consistently lower (Fig. 14). It must be noted here that, 
in adult skulls, the nasal-orbital bar seems to be of similar 

size at least in C. persiae (79 mm, n = 1), C. habereri 
(79–85 mm, n = 2), and C. schlosseri (72–80 mm, n = 2). 
This would suggest different ontogenetic development 
in C. schlosseri, corresponding either to a somewhat 
longer period of development or accelerated development 
towards the later juvenile/subadult life of the individual.

The size of D1 varies amongst chilotheres, with C. 
habereri exhibiting the lowest values within the group, 
separating this species from all other chilotheres (Fig. 15), 
whereas C. persiae exhibits the greatest length values and 
Shansirhinus ringstromi Kretzoi, 1942 from the Upper 
Miocene of China the greatest width values in D1 (Fig. 15). 
In the same diagram (Fig. 15), C. schlosseri overlaps with 
C. persiae, Shansirhinus ringstromi, and C. anderssoni, 
while Shansirhinus ringstromi and C. persiae only margin-
ally overlap. More specifically, in C. habereri, both the 
length and width of D1 are lower than those of C. persiae 
and C. schlosseri. The few values of C. anderssoni overlap 
with Shansirhinus ringstromi and C. schlosseri; Ringström 
(1924) provided value ranges for D1 of the C. anderssoni 
specimens that he studied (L = 18–21 and W = 15–17), which 
do not fully agree with the measured values. Nonetheless, 
they show that C. anderssoni overlapped little with the 
other species and mainly filled the gap between the small 
D1 of C. habereri and the larger D1s of C. persiae and C. 
schlosseri. This suggests that the size of D1 can be used 
to some extent for taxonomic purposes within the genus 
Chilotherium and Chilotheriina in general, with C. habereri 
exhibiting the lowest values in general and Shansirhinus 
ringstromi the greatest width. When other chilotheres are 
also compared, the picture becomes even more compli-
cated and diverse, with D1 of E. samium having almost the 
same dimensions (L = 20 mm and W = 18.2 mm, based on 
the adult neotype SMF M 3601) as C. anderssoni, the type 
species of the genus (Ringström 1924). The dimensions for 
D1 of ‘Chilotherium’ wimani from the Upper Miocene of 
Beihougou in China, based on measurements of the type 
material provided by Ringström (1924, pp. 50–51), are 
also rather close to those values, with one specimen having 
exactly the same dimensions as two C. anderssoni D1s, 
while another specimen has slightly smaller dimensions (L 
= 18 mm and W = 18 mm). Deng (2001, table 3) provided 
measurements of a D1 of ‘C.’ wimani (L = 15 mm and 
W = 18 mm) with a significantly lower length value; it is 
possible that the intraspecific variation in the size of D1 
is relatively broad in this species, possibly similar to the 
value range provided by Ringström (1924) for C. anders-
soni. Deng (2005a) and Lu et al. (2015) described cranial 
and dental material of Shansirhinus ringstromi, providing 
measurements for six D1s, in addition to a D1 of the 
same species that was measured on a skull housed at the 
SNSB-BSPG (SNSB-BSPG-2002-I-1). The value range is 
very broad and seems to vary more significantly than in 
the studied Chilotherium species (L = 17.7–22.4 mm and 
W = 14.9–21.9), but D1 is generally larger than in most 
chilotheres that were measured, with the greatest overlap 
with C. schlosseri (Fig. 15), which is one of the largest 
Chilotherium species (Kampouridis et al. 2025).
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The morphology of D1 is extremely uniform 
throughout aceratheriines and shows some degree of 
intraspecific variability, as also reported by Ringström 
(1924, p. 31) for C. anderssoni. Within chilotheres, it 
seems that a few characters differ between the considered 
species (Fig. 13). For instance, while all species exhibit 
a lingual cingulum, it is discontinuous in C. persiae and 
C. habereri, whereas it is continuous in C. schlosseri and 
C. anderssoni. In C. schlosseri, this cingulum continues 
into a strong and very high distal cingulum that closes 
off a postfossette at an early wear stage. In C. persiae 
and C. habereri, the postfossette is similarly large but 
closes off at a later wear stage, whereas in C. anders-
soni, the metaloph is either absent or very thin, with a 
weak distal cingulum – possibly leaving an open post-
fossette. The protoloph and protocone are represented 
by a small enamel fold in most specimens. In C. persiae 
and C. anderssoni, this fold is more pronounced and 
reaches higher up; in C. habereri, this fold is very small 
and is found almost at the base of the crown, whereas in 
C. schlosseri, this fold is quite strong and closes off the 
median valley after moderate wear.

In D2, C. schlosseri seems to have a consistently 
closed medifossette, and at least in some specimens, 
some enamel plications are present in the median valley 
and medifossette (Fig. 13E, F). The D2 described by 
Weber (1905, pl. 8, fig. 4) as C. schlosseri and D2 of 
the maxilla described by Weber (1904, pl. 16, fig. 1) 
as Rhinoceros schleiermacheri (assigned herein to C. 
schlosseri) also feature a closed medifossette, though no 

enamel plications are visible in the published drawings. 
In other Chilotherium species, the closure of the medifos-
sette seems variable. Ringström (1924) figured a D2 of C. 
anderssoni (Ringström 1924, pl. 3, fig. 6) and a D2 of ‘C.’ 
wimani (Ringström 1924, pl. 7, fig. 4), both with a closed 
medifossette, but mentioned the variability of this feature 
(Ringström 1924, p. 32). In C. habereri from Kutschwan, 
none of the D2s feature a closed medifossette (Fig. 13C, 
D). Similarly, in D2 of C. persiae (MNHN.F.MAR3053), 
the medifossette remains open, though the crista is well 
developed and almost reaches the crochet (Fig. 13A, B). 
The D2 of C. ‘habereri var. laticeps’ Ringström, 1924 
(synonymised with C. anderssoni by Heissig 1975, 
table 6), illustrated by Ringström (1924, table 5, fig. 2), 
also exhibits an open medifossette, despite its advanced 
wear stage. Also, none of these three species features 
any enamel plications. In C. kowalevskii, the medifos-
sette seems to, at least occasionally, close, and enamel 
plications also seem to be present at least in some cases 
(Pavlow 1913, pl. 17, figs 2, 3). The D2 of E. samium 
(Weber 1905, pl. 9, fig. 4) also features a completely 
closed medifossette and a small enamel plication below 
the lingual wall of the medifossette. Additionally, the 
lingual cingulum differs among the studied chilotheres. 
In C. schlosseri, it is usually more pronounced than in 
C. anderssoni, C. habereri, C. wimani, C. persiae, and 
C. kowalevskii (Fig. 13). A very strong lingual cingulum 
is also clearly visible in D2 of C. schlosseri, described 
by Weber (1905, pl. 8, fig. 4), whereas that of E. samium 
(Weber 1905, pl. 9, fig. 4) features a discontinuous 

Figure 14. Ontogenetic development of the nasal-orbital bar. Scatter diagram of the distance between the orbit and nasal notch 
(nasal-orbital bar) and the age class of the respective specimen, along with the trendline showing the ontogenetic development of 
the length of the nasal-orbital bar in each of the studied Late Miocene chilotheres: Chilotherium persiae from Maragheh (Iran), 
Chilotherium habereri from Kutschwan (China), Chilotherium schlosseri from Samos (Greece), and Chilotherium anderssoni from 
Daijiagou (China). For detailed data, see Suppl. material 1: table S1.
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cingulum. While in most studied chilothere specimens 
D2 features both closed-off pre- and postfossettes, in 
C. persiae, the prefossette is not always closed. In D2 of 
‘C.’ wimani (Ringström 1924, pl. 7, fig. 4), the parastyle 
is shorter compared to the other chilotheres.

D3 seems to have a very conservative morphology 
throughout chilotheres. Ringström (1924) described D3 
of C. anderssoni as usually lacking an enamel pillar at 
the entrance of the median valley and a lingual cingulum 
and having an ‘insignificant’ crista, but he illustrated a 
D3 (Ringström 1924, table 3, fig. 6) with both an enamel 
pillar and a long crista that closes the medifossette 
when slightly more worn. In one C. anderssoni spec-
imen (SMF M 3592), an enamel pillar is present at the 
entrance of the median valley, whereas the other studied 
specimens do not exhibit an enamel pillar. Instead of a 
crista, the three C. anderssoni specimens only exhibit a 
weak enamel bump in D3 (Fig. 13G, H). In C. ‘habereri 
var. laticeps’ (Ringström 1924, table 5, fig. 2) and ‘C.’ 
wimani (Ringström 1924, table 7, fig. 4), neither a crista 
nor a continuous lingual cingulum is visible, though an 
enamel pillar exists at the entrance of the median valley. 
Similarly, in C. habereri from Kutschwan, the size of the 
crochet and crista vary within the three studied specimens 
(Fig. 13C, D). In GPIT/MA/04843, D3 has a very small 
crochet and a small enamel bump in place of the crista, 
whereas the other two specimens have longer crochets, 
and in GPIT/MA/04830, a small but distinct crista is 
also present. In C. persiae from Maragheh, all studied 
specimens feature a well-developed crochet, whereas a 
crista is present only in some specimens, closing off the 
medifossette (i.e. NHMW-GEO-2020/0014/0093). In C. 
kowalevskii, the crista seems to be small or absent and 

the crochet large (Pavlow 1913, table 17, figs 1–3). In C. 
schlosseri, a crista is present in all D3s studied herein and 
may close off the medifossette after moderate wear. In 
the illustration of a D3 of C. schlosseri by Weber (1905, 
table 8, fig. 4), a crista is not visible. Another feature in 
C. schlosseri that seems to differ from other chilotheres 
is the existence of a continuous or slightly discontinuous 
lingual cingulum on D3, which is present in all three 
specimens studied herein and in the C. schlosseri D3 
depicted by Weber (1905, table 8, fig. 4). Moreover, the 
C. schlosseri specimens also feature some small enamel 
plications, as seen in SMNS 47913 and SMNS 47914. 
Overall, the presence and development of the crista and 
enamel plications also seem to vary within C. schlosseri 
but might be most commonly present.

D4 is morphologically very similar to D3 but is the 
most molarised tooth among the deciduous premolars, 
often being confused with M1 or M2. A long crochet, 
a strongly constricted protocone, and a well-developed 
antecrochet are present in all the considered species 
(Fig. 13). Also, no crista is present in any of the studied 
specimens, although a small enamel bump might at least 
be present. The only features that seem to be somewhat 
common in C. schlosseri but lacking or less developed 
in the other species are the presence of enamel plica-
tions and a discontinuous lingual cingulum. Neither C. 
persiae, C. habereri, nor C. anderssoni exhibits any 
lingual cingulum in D4. Interestingly, in both deciduous 
dentitions for C. schlosseri and E. samium illustrated by 
Weber (1905), a lingual cingulum seems to be present 
in D4. The D4 that was assigned to E. samium (Weber 
1905, table 9, fig. 4) even features several enamel plica-
tions on the crochet. The deciduous tooth row assigned 

Figure 15. Size differences in D1 of chilotheres. Scatter diagram of the length and width of D1 in the Late Miocene chilotheres 
Chilotherium persiae from Maragheh (Iran), Chilotherium habereri from Kutschwan (China), Chilotherium schlosseri from Samos 
(Greece), Chilotherium anderssoni from Daijiagou (China), and Shansirhinus ringstromi from China. For detailed data, see Suppl. 
material 1: table S1.
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to E. samium by Weber (1905, table 9, fig. 4) exhibits 
several features that are otherwise characteristic of C. 
schlosseri, such as the closed medifossette in D2 and D3 
and the multiple enamel plications in D4, suggesting that 
this specimen belongs to C. schlosseri.

Discussion
Taxonomy

The taxonomy of chilotheres is a complicated and often 
debated topic. There are many controversies about the 
validity of species and their potential synonymy (e.g. 
Kiernik 1913; Krokos 1917; Heissig 1975; Deng 2006a; 
Țibuleac 2014; Kampouridis et al. 2022b, 2023b). 
Originally, Ringström (1924) suggested that the cranial 
morphology of most species is too similar to be used for 
their distinction, and he used dental morphology, including 
that of deciduous teeth, to separate the different species. 
However, it is now known that dental morphology is 
often interspecifically very uniform and can vary greatly 
depending on the wear stage (see Țibuleac 2014; Antoine 
and Sen 2016). Cranial morphology, instead, is more diag-
nostic than initially expected (Kampouridis et al. 2023b), 
and many species can be distinguished based on the 
morphology of their skulls. For instance, C. sarmaticum 
differs from C. kowalevskii in having shorter nasal bones 
and more widely separated parietal crests. Chilotherium 
schlosseri has more widely separated parietal crests than 
any other chilothere (Svorligkou et al. 2025). These three 
species, along with C. persiae, C. habereri, C. anders-
soni, C. orlovi, C. xijangensis, and C. licenti, represent 
Chilotherium sensu stricto and bear a prominent depres-
sion in the frontal region, which is lacking in Shansirhinus 
spp., E. samium, ‘C.’ wimani, and ‘C.’ primigenium. For 
this reason, the latter three species have been proposed to 
be removed from the genus Chilotherium (Kampouridis 
et al. 2023b). Few studies have also attempted to use post-
cranial morphology for the taxonomic identification of 
chilotheres (Korotkevich 1970; Deng 2002; Kampouridis 
et al. 2025), which showed that at least some features 
in the postcranium present diagnostic characters. For 
instance, a recent study suggested that the morphology 
of the articular facets of the astragalus for the calcaneum 
can be used to separate some species, and the patella and 
tibia are helpful for species identification, though more 
material is needed to confirm these hypotheses and refine 
these diagnostic characters (Kampouridis et al. 2025).

The deciduous dentition of chilotheres is often over-
looked, and little is known about its potential taxonomic 
value. It is known that, in some rhinoceros groups, decid-
uous teeth can be used to identify the genus or even the 
species (e.g. Guérin 1980; Heissig 1984; Giaourtsakis 
et al. 2006; Becker et al. 2009; Böhme et al. 2021a; 
Kampouridis et al. 2022a). Nonetheless, Ringström 
(1924, p. 41) suggested that the deciduous dentition of 
C. habereri and C. anderssoni varies intraspecifically to 

a degree that does not allow their specific separation. 
The results of the comparisons suggest that, although 
the morphology of the deciduous dentition is rather 
uniform, some characters can be used to help with the 
identification of the abovementioned species (Fig. 13). 
The size and morphology of D1 vary between the 
species, with C. habereri from Kutschwan (China) 
exhibiting the smallest dimensions for D1 (Fig. 15) and 
also featuring a shorter protoloph and weaker protocone 
than the other species. Chilotherium schlosseri from 
Samos (Greece) often includes some enamel plications 
in the deciduous premolars, which are much rarer in the 
other studied chilothere species, C. persiae, C. habereri, 
and C. anderssoni. This has also been observed in the 
permanent dentition of the species (Kampouridis et 
al. 2023b). Additionally, C. schlosseri exhibits more 
pronounced enamel folds in the deciduous teeth than 
other chilotheres, such as a mesial and distal protocone 
constriction in D2, a crista in D3, a closed-off medifos-
sette in both D2 and D3, and commonly strong lingual 
cingula. Lastly, the prefossette in D2 is always present 
in C. habereri and C. schlosseri, whereas it is absent in 
some specimens of C. persiae (Fig. 13).

Tooth eruption in Chilotherium

Tooth eruption in rhinoceroses is usually conserva-
tive, without much variation between different species 
(Koenigswald et al. 2007). For this reason, it has been 
studied in only a few taxa (e.g. Goddard 1970; Hillman-
Smith et al. 1986; Koenigswald et al. 2007; Böhmer et al. 
2016), and consequently, it has never been described for 
chilotheres. Herein, the eruption sequence of the decid-
uous and permanent dentition of the four studied species 
of chilotheres is evaluated, also taking into account the 
literature for other chilothere species (Pavlow 1913; 
Ringström 1924; Deng 2005a). In all chilothere species, 
d/D2 and d/D3 are the first teeth to erupt, which must 
start immediately after birth, since there is no single 
specimen where these teeth are still unerupted. The 
ontogenetically youngest specimen is the mandible 
GPIT/MA/04820 of C. habereri from Kutschwan, in 
which d2 and d3 have erupted but exhibit only very 
weak wear, with very small wear facets in the posterior 
part of the talonid of d2 and the trigonid of d3 (Fig. 8B). 
In this specimen, there are no signs of a distal wear facet 
on d3 for d4; therefore, d4 had not erupted yet. The d1 
is not always present, and it is not possible to assess its 
eruption compared to the other lower teeth. D1 and d/
D4 erupt later, and some disparity is observed. In most 
studied specimens of chilotheres, such as C. habereri, 
C. persiae, and C. kowalevskii (Pavlow 1913, pl. 17, 
figs 1, 2; Ringström 1924, pl. 3, figs 1, 6), D1 erupts 
before or simultaneously with D4. In C. schlosseri, only 
one specimen preserves both teeth, allowing assess-
ment of the relative eruption time (SMNS 47913): D4 
is already fully erupted, though unworn, whereas D1 is 
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only beginning to erupt, with its tip barely reaching the 
level of the tooth crown base of the D2 crown, thereby 
deviating from the pattern observed in other chilotheres. 
In a specimen of C. persiae (MNHN.F.MAR3820), a 
similar condition can be observed: D4 is at the same 
eruption stage as in SMNS 47913 of C. schlosseri, and 
D1 is not fully erupted yet, though the tip of D1 reaches 
the middle of D2, thereby being at a more advanced 
eruption stage than in SMNS 47913. It is difficult to 
determine the exact eruption sequence of these two teeth 
with certainty because they erupt at approximately the 
same time, and their relative eruption timing appears 
to vary at least in C. persiae. D1 is the only deciduous 
tooth that is not replaced and is retained into adult-
hood, being retained even in ontogenetically very old 
specimens such as NHMW-GEO-1911/0005/0128 (see 
Svorligkou et al. 2025, fig. 6a).

Enamel hypoplasia in Chilotherium

Enamel hypoplasia is a deficiency in enamel thickness 
resulting from stress when a certain threshold is met 
(Goodman and Rose 1990, fig. 14) during the secretory 
phase of amelogenesis (Goodman and Rose 1990). Linear 
enamel hypoplasia (LEH) is the most common form of 
these defects (Goodman and Rose 1990). Though well 
studied in some mammalian groups such as humans, 
enamel hypoplasia is a topic that, until recently, had 
received little attention in rhinoceroses (e.g. Bratlund 
1999; Mead 1999; Roohi et al. 2015; Böhmer and 
Rössner 2018). However, in recent years, several studies 
have dealt with the topic, trying to standardise the study 
of hypoplasias in rhinoceroses based on work in other 
groups (e.g. Hullot et al. 2021, 2023, 2024a, 2024b, 
2024c; Hullot and Antoine 2022).

The aetiology of enamel hypoplasias in general is a very 
complex and controversial topic, but it has been exten-
sively discussed in primates (Skinner 1986; Eckhardt 
and Protsch von Zieten 1993; Hillson and Bond 1997; 
Guatelli-Steinberg and Lukacs 1998; Guatelli-Steinberg 
and Skinner 2000; Guatelli-Steinberg 2001; Hannibal 
and Guatelli-Steinberg 2005; Chollet and Teaford 2009; 
Skinner et al. 2014). Their taxonomic distribution in 
primates seems to be somewhat dichotomous because 
they are very rare in monkeys (Guatelli-Steinberg and 
Lukacs 1998; Guatelli-Steinberg 2000, 2001; Chollet 
and Teaford 2009) but very common in great apes, often 
having multiple defects in one tooth (Skinner 1986; 
Eckhardt and Protsch von Zieten 1993; Hannibal and 
Guatelli-Steinberg 2005). The reason for this taxonomic 
discrepancy in the distribution of linear enamel hypo-
plasias has been discussed by many authors and includes 
the length of tooth maturation (Guatelli-Steinberg 2000; 
Newell et al. 2006; Chollet and Teaford 2009), crown 
morphology (Guatelli-Steinberg 2000), differences in the 
spacing of perikymata (Hannibal and Guatelli-Steinberg 
2005), and differences in enamel thickness (Lukacs 

1999), though it seems to overlap in some taxa (Shellis 
et al. 1998) and probably does not relate to the occur-
rence of hypoplasias (Hannibal and Guatelli-Steinberg 
2005; Chollet and Teaford 2009). However, Hannibal 
and Guatelli-Steinberg (2005) demonstrated that, 
within the great apes, gorillas exhibit a low frequency 
of enamel hypoplasias compared to chimpanzees and 
orangutans, which they correlate with their somewhat 
different diet and the perikymata spacing. They also 
observed that, within the same taxon group, chimpan-
zees and gorillas, the hypoplasia frequency varies by 
location but were unable to correlate it with any kind 
of food availability or pathogens that differ between the 
two regions (Hannibal and Guatelli-Steinberg 2005). 
Chollet and Teaford (2009) investigated the presence 
of enamel hypoplasias in Cebus canines from Brazil 
in relation to some environmental factors. They found 
that hypoplasias were more prevalent in semi-deciduous 
forests and lower average temperatures than in coastal 
regions or tropical rainforests and high temperatures 
and were unable to trace any correlation with precipita-
tion (Chollet and Teaford 2009).

Concerning the presently studied material, numerous 
deciduous teeth were found featuring hypoplasia 
(Fig. 16). More specifically, hypoplasias in d/D2 and 
d/D3 are rather rare, whereas hypoplasia in d/D4 was 
observed in all available specimens in all four studied 
species (Figs 16–18, Table 2). In the studied sample of 
C. persiae from Maragheh (Iran), only two teeth of the 
33 d/D3s show hypoplasia, whereas none of the 29 d/D2s 
exhibit hypoplasia. In contrast, in the 34 d/D4 speci-
mens, every single one exhibits hypoplasia, always in 
the same position. In the studied sample of C. habereri 
from Kutschwan (China), of the six d/D2s and eight d/
D3s, only one specimen (GPIT/MA/04849) shows hypo-
plasias. In this specimen, both d2 and d3 present multiple 
weakly developed hypoplasias in the lower part of the 
respective teeth on both sides. The hypoplasias in d2–3 
are almost at the same level in the tooth crowns in both 
teeth and were most probably caused by the same event(s), 
which further indicates that these teeth developed at the 
same time. Another specimen (GPIT/MA/04820) exhibits 
more subtle hypoplasias in d2 and d3 that are represented 
by small pits (Fig. 17A, B), as described by Hullot et al. 
(2021), in the lower half of the tooth crown. Concerning 
the d/D4s of C. habereri, all seven specimens feature 
hypoplasia, all located in the middle of the tooth crown. 
In the mandible GPIT/MA/04849, the d4s have not 
erupted yet, with only the tip of the tooth crown visible. 
The CT scan of the specimen revealed the d4 hypoplasia, 
which was well pronounced (Fig. 17C, D). In the studied 
sample of C. schlosseri from Samos (Greece), not a 
single hypoplasia was found among the 17 d/D2s and d/
D3s, whereas among the nine examined d/D4s (Table 2), 
all exhibit hypoplasia (see Fig. 17I–O). This hypoplasia 
differs from the hypoplasias found in d/D4 in the other 
three studied species.
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In the upper D4 of C. persiae, C. habereri, and C. 
anderssoni, the hypoplasia is represented by a horizontal 
groove close to the base of the crown on the lingual side 
of the tooth and an “ω”-shaped groove in the middle of the 
ectoloph (Figs 16A, B, 17G, H). In D4 of C. schlosseri, 
it has a different form and is found at a different posi-
tion (Figs 16C, 17I–O) in all specimens. The hypoplasia 
is found at the base of the crown on both the lingual and 
buccal sides, and on the ectoloph (Fig. 17J, N), it takes 
the shape of an almost straight horizontal line (Fig. 16C) 
instead of an “ω”, which is seen in the other chilotheres. 
The position and “ω”-shaped form of the enamel defect 
on the buccal side of d/D4 are consistent with what has 
been observed in other rhinoceroses. It is comparable 
to the hypoplasia reported in Prosantorhinus german-
icus (Wang, 1928) from the Miocene of Sandelzhausen 
(Germany) (Böhmer and Rössner 2018) and Teleoceras 
from the Miocene of North America (Mead 1999; 
Gajewski 2026). Bratlund (1999) studied a large collec-
tion of Stephanorhinus kirchbergensis (Jäger, 1839) 
specimens (368 teeth), of which only nine featured 
some kind of enamel hypoplasia. Hullot et al. (2021) 
investigated the ecology of different Miocene rhinoc-
eros species from France with a multiproxy approach 
consisting of micro- and mesowear and an investigation 
of enamel hypoplasias. Hullot et al. (2023) studied the 
ecology of the rhinoceros assemblage that inhabited the 
Balkan-Iranian zoogeographical province during the Late 
Miocene, also investigating hypoplasias in these animals, 
including some chilothere species such as C. persiae 
from Maragheh (Iran), C. schlosseri from Samos, and 
E. samium from Pentalophos (Greece).

Although in the d/D4s of chilotheres, hypoplasia 
is always present, when the other deciduous teeth are 
concerned, hypoplasias are rather rare, with only 4% and 
8% of d/D2s and d/D3s, respectively, exhibiting hypo-
plasia (Fig. 18, Table 2). The presence of hypoplasias on 
deciduous teeth can vary from species to species and from 
locality to locality but is usually not very frequent (Hullot 
et al. 2023, 2024a, 2024c). In a comparative sample of 
D. pikermiensis specimens from Pikermi and Samos 
(Greece), one of eight studied d/D2s (12.5%) and two of 
eight d/D3s (25%) have hypoplasia. Hullot et al. (2023) 
studied hypoplasias in the same species, mainly based 
on material from Bulgarian Late Miocene localities, and 

Table 2. Prevalence of hypoplasia in the deciduous teeth of the 
studied chilotheres by species and tooth.

Species Hypoplasia d/D2 d/D3 d/D4
C. persiae - Maragheh 
(Iran)

present 0 2 33
absent 28 30 0

Prevalence (%) 0 6 100
C. habereri - Kutschwan 
(China)

present 2 2 7
absent 4 6 0

Prevalence (%) 33 25 100
C. schlosseri - Samos 
(Greece)

present 0 0 9
absent 8 9 0

Prevalence (%) 0 0 100
C. anderssoni - Daijiagou 
(China)

present 0 0 4
absent 4 4 0

Prevalence (%) 0 0 100
Chilotherium spp. present 2 4 53

absent 44 49 0
Prevalence (%) 4 8 100

Figure 16. Hypoplasias in d4 and D4 of the studied Late Miocene chilotheres. Chilotherium habereri from Kutschwan in China 
(A. GPIT/MA/04817, D4; and D–E. GPIT/MA/04818, d4 in buccal and lingual views), Chilotherium anderssoni from Daijiagou 
in China (B. SMF M 3598, D4), and Chilotherium schlosseri from Samos in Greece (C. SMNS 47914, D4 and E. GMM 593, d4). 
Black arrows indicate enamel hypoplasias. Scale bar: 5 cm.
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found a similar prevalence in these tooth positions. This 
defect in chilotheres shows a lower frequency in these 
deciduous premolars, though it also varies between 
localities and species, as seen in the relatively high prev-
alence in the rather limited sample of C. habereri from 
Kutschwan (33% for d/D2 and 25% for d/D3, Table 2).

As already mentioned, hypoplasia in d/D4 is constantly 
present in all chilothere specimens studied here, contrary 

to the contemporaneous horned rhinoceros D. piker-
miensis from Pikermi and Samos (Greece), for which 
only two (22.2%) of the nine studied d/D4s exhibited 
hypoplasia. In a sample of 14 d/D4s of another horned 
rhinoceros, Ceratotherium neumayri, seven (50%) spec-
imens exhibit hypoplasia, demonstrating a much higher 
prevalence. In a relatively small sample of five juvenile 
crania of the extant black rhinoceros from the Kunene 

Figure 17. Hypoplasias in the deciduous dentition of the studied Late Miocene chilotheres through μCT scans. Virtual cross-sec-
tions of μCT scans of: A–D. Chilotherium habereri from Kutschwan in China (A. GPIT/MA/04820, d2; B. GPIT/MA/04849, d4; 
C. GPIT/MA/044817, D4; and D. GPIT/MA/04820, D4); and E–F. Chilotherium schlosseri from Samos in Greece (E. SMNS 
47914, D4s; and F. SMNS 47913, D4). Black arrows indicate pit-shaped hypoplasias in d2, and white arrows indicate linear enamel 
hypoplasias in d/D4. Scale bar: 5 cm for A1, B1, C1, D1, E2, and F2, and 1 cm for the magnified images A2, B2, C2, D2, E1, E3–4, 
F1, and F3, indicated with “5x”.
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Region (Namibia) studied at the facilities of the Save the 
Rhino Trust, all specimens exhibit hypoplasia in d/D4. It 
is not known how the presence of this defect may vary 
in these species or to what degree its presence is affected 
by environmental conditions or other external pressures.

The main causes of enamel hypoplasias include: 1. 
localised trauma, 2. genetic defects, and 3. physiological 
and systemic stress (nutritional). Enamel hypoplasia as a 
result of localised trauma appears only in a few teeth on the 
side of injury (Goodman and Rose 1990). This contrasts 
with the hypoplasias present in the studied material of 
Chilotherium, where the defects are present on both sides 
of the same maxilla or mandible and, in the case of d/D2 
and d/D3, can affect multiple teeth if they were formed at 
the same time. Enamel hypoplasia as a result of a genetic 
defect typically occurs in all teeth and often occurs with 
other congenital anomalies (Goodman and Rose 1990). 
On the contrary, in the Chilotherium material, no other 
anomalies can be observed in the studied material, and 
hypoplasia is usually present only in one single tooth 
position, as in the case of d/D4. Lastly, enamel hypo-
plasia resulting from systemic stress, whether nutritional 
or disease-related, appears in all teeth that were devel-
oping at the time of the stress (Goodman and Rose 1990), 
thereby presenting the only fitting explanation.

The fact that enamel hypoplasias in the studied sample 
are primarily found in d/D4 in both the mandible and 
maxilla requires further clarification. In the extant white 
rhinoceros, d4 can start erupting as early as the second 
month (Hillman-Smith et al. 1986). Based on a radio-
graphical image provided by Goddard (1970, pl. 2a), in 
the extant black rhinoceros, d4, which starts erupting 
a few months after birth, is already fully formed in a 
5.5-month-old calf. Thus, Mead (1999) correlated the 
hypoplasias in d/D4 of Teleoceras with the timing of 
birth of the individuals. Enamel hypoplasias in different 
mammalian groups have been linked to high-stress situa-
tions, such as birth (e.g. Goodman and Rose 1990; Upex 
and Dobney 2012), and a study concerning hypoplasias 
in extant white-tailed deer correlated linear enamel hypo-
plasias in d4 with the timing of birth or the first week 
following birth (Davis and Mead 2013).

The hypoplasias reported herein in d/D4 of 
Chilotherium are consistent throughout several individ-
uals of three distinct species, being situated in the same 
portion of the tooth crown, and while, in C. schlosseri, 
the position of the d/D4 hypoplasia differs, it is intraspe-
cifically extremely consistent being always at the base of 
the crown, without any variation. Other enamel defects 
were extremely rare or absent. Consequently, a random 

Figure 18. Prevalence of hypoplasias in the deciduous teeth of the studied Late Miocene chilotheres. Detailed diagrams for Chilothe-
rium persiae from Maragheh (Iran), Chilotherium habereri from Kutschwan (China), Chilotherium schlosseri from Samos (Greece), 
and data from all three species, along with Chilotherium anderssoni from Daijiagou (China), merged. For detailed data, see Table 2.



Fossil Record 29 (1) 2026, 373–410

fr.pensoft.net

403

event that caused hypoplasia at the same exact position in 
all d/D4s can be excluded. An event that could cause such 
a defect in amelogenesis and is normal and undeviating 
in the life of all individuals and at a common ontogenetic 
stage, during the formation of d/D4, must be looked for as 
a cause. The only such event that could cause a stressful 
situation during the formation of d/D4 is the birth of the 
animal. Therefore, Mead (1999) and Hullot et al. (2021) 
are followed in supporting that this enamel hypoplasia is 
the result of birth-related stress.

In the present case, the prevalence of hypoplasias in 
d/D2 and d/D3 is rather similar and remarkably low in 
C. schlosseri, C. anderssoni, and C. persiae, with only 
d/D3 of C. persiae exhibiting any hypoplasias (6%, n = 
32, Fig. 18, Table 2). Hullot et al. (2023) provided the 
first results on hypoplasias in chilothere teeth, with none 
found in 12 d/D2s and d/D3s of E. samium (referred to as 
C. kiliasi in their study) from Pentalophos-1 in Greece. 
This is the only other chilothere present during the Late 
Miocene in Greece, and even though Pentalophos-1 is of 
Vallesian age (late MN9) and Samos is Turolian (MN11–
13, depending on the horizon), it does not present any 
hypoplasia in these teeth, as in C. schlosseri from Samos. 
On the contrary, C. habereri from Kutschwan (China) 
exhibits a comparably very high prevalence of hypopla-
sias in d/D2 (33%, n = 6) and d/D3 (25%, n = 8) in a 
rather limited specimen sample (Fig. 18, Table 2).

Regarding d/D4, the results of the present study show that 
there is no taxonomic disparity in the prevalence of hypopla-
sias because hypoplasia is found in all specimens. However, 
there is an important discrepancy between the present results 
and those of Hullot et al. (2023) in the prevalence of hypo-
plasias in the studied chilotheres. Most importantly, Hullot 
et al. (2023) studied the C. persiae material housed in the 
NHMW, which is also the subject of the current study, and 
listed several d/D4s that do not exhibit hypoplasia. They 
mentioned that, in 22 d/D4s, only 15 (68.2%) feature hypo-
plasia. However, the deviating results seem to stem from the 
exclusion in our study of worn-down and damaged speci-
mens, in which the portion of the tooth where the hypoplasia 
would be visible is not preserved, along with teeth that are 
at least partially covered by cement, which complicates the 
observation of potential hypoplasia.

While hypoplasia was found to always be present in d/
D4 of chilotheres, a significant disparity was observed in 
the position of the hypoplasia in C. schlosseri from Samos. 
As mentioned above, in this species, the hypoplasia is an 
almost straight line and is placed at the base of the tooth 
crown, whereas, in C. persiae, C. habereri, and C. anders-
soni, the hypoplasia is placed in the middle of the tooth 
and has an “ω” shape on the buccal side of D4. In both 
cases, the creation of hypoplasia can be correlated with the 
birth of the individual, as the only constant event that could 
cause that much stress in so many individuals, as also 
discussed above. The observed deviation of the position of 
the hypoplasia might be related to some external environ-
mental factor or interspecific differences, or a combination 
of both may affect the timing of birth to some degree.

The four studied chilothere species come from different 
localities across Eurasia, with C. schlosseri representing 
the westernmost species, found in Samos in Greece, C. 
anderssoni and C. habereri representing the easternmost 
species, both coming from Shanxi Province, China, and 
C. persiae having an intermediate position in Maragheh 
in Iran (Fig. 1). While all four localities are placed in 
the Upper Miocene, they differ in age, with Maragheh 
preserving the oldest record, spanning from 9 to 7.4 Ma 
(Mirzaie Ataabadi et al. 2013, 2016), and Daijiagou, 
the type locality of C. anderssoni, being the youngest 
locality, having been dated to 5.7 Ma (Kaakinen et al. 
2013). The fossiliferous horizons on Samos Island strati-
graphically overlap to a large degree with the Maragheh 
levels, having been dated to 8–6.7 Ma (Kostopoulos et 
al. 2003; Koufos et al. 2011), whereas Kutschwan is the 
only fossil site for which no information about the exact 
location and age is available (Kampouridis et al. 2022a; 
Kargopoulos et al. 2023). Overall, the Late Miocene was 
a time of changing environments, with the expansion of 
more open habitats and grasslands (Böhme et al. 2017, 
2021b; Denk et al. 2018; Kaya et al. 2018; Fortelius et al. 
2019; Li et al. 2020). In northeastern China, the palaeo-
environment was a C3 steppe with mild seasonality that 
was most probably affected by summer monsoons during 
the Late Miocene (Ciner et al. 2015; Li et al. 2020) but 
was subject to significant environmental changes, with 
the expansion of C4 plants and climatic changes resulting 
from the uplift of the Tibetan Plateau (Li et al. 2014; Liu 
et al. 2016). In western Asia, the climate was mainly char-
acterised by winter rainfall and differed significantly from 
the climatic conditions in Europe (Böhme et al. 2021b). 
This could have led to different environmental condi-
tions to which each chilothere was adapted, depending 
on the area in which it lived, thus resulting in subtle or 
more pronounced changes in their ecology, especially 
between the European (C. schlosseri) and eastern Asian 
(C. anderssoni and C. habereri) species. Nonetheless, 
even with these potential environmental differences, it 
is unlikely that, by themselves, they would have led to 
a significant change in the position of d/D4 hypoplasia. 
Nevertheless, in combination with additional factors, 
they may have contributed to the observed displacement 
of the hypoplasia.

Interspecific differences may have affected this 
divergence of the hypoplasia placement in d/D4 of 
C. schlosseri from Samos. They could reflect some 
change in the physiology of this species, such as a devi-
ating tooth height, earlier development of d/D4 or all 
deciduous teeth, a longer pregnancy length, or a different 
breeding season. Comparing the complete heights of D4 
is very difficult because only few isolated, complete, and 
unworn specimens were investigated. In the few speci-
mens that were studied, C. schlosseri did, in fact, exhibit 
the shortest tooth crown (39–41 mm, n = 2), though only 
marginally shorter than C. anderssoni (42 mm, n = 1). 
Most importantly, while C. persiae (45–47 mm, n = 2) 
and C. habereri (49 mm, n = 1) did exhibit higher tooth 
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crowns, the hypoplasias were found closer to the crown 
tip, which is the starting point during tooth development. 
In C. schlosseri, the hypoplasia exhibits the greatest 
distance from the crown tip (~36 mm, n = 2), compared 
to the other three studied chilothere species (22–26 mm). 
Therefore, tooth height by itself does not explain the 
observed differences in the position of the hypoplasia. 
Earlier development of d/D4 would probably also result in 
earlier eruption of this tooth, which would mean that the 
already erupted deciduous teeth, d/D2 and d/D3, would 
be comparably less worn in C. schlosseri. However, the 
comparison of the wear stages of D2 and D3 in SMNS 
47913 of C. schlosseri (Fig. 10C) and GPIT/MA/04842 
of C. habereri (Fig. 7B) suggests that D4 erupts almost 
at the exact same time in these two species, based on the 
extremely similar wear stages, with the teeth of C. habereri 
being even slightly less worn than those of C. schlosseri. 
Therefore, a hypothesis about earlier development of d/
D4 in C. schlosseri cannot be supported. Differences 
in breeding season or gestation period cannot be tested 
for the studied extinct taxa, but it is known that extant 
rhinoceroses present some variability. For instance, it is 
generally accepted that rhinoceroses today are non-sea-
sonal breeders, but African rhinoceroses have preferred 
breeding seasons, in contrast to Asian rhinoceroses, 
which do not (Kretzschmar et al. 2004; Schwarzenberger 
and Hermes 2023). Further, a slight intraspecific variation 
in gestation length has also been observed that is associ-
ated with the season of breeding and climatic conditions 
(Schwarzenberger and Hermes 2023).

Therefore, a combination of different climatic condi-
tions that may affect breeding and gestation time and 
some interspecific differences, such as slight differences 
in crown height, would be a plausible explanation for the 
lower placement of hypoplasia in d/D4 of C. schlosseri. 
Nonetheless, proving the existence of such differences in 
fossil taxa is very difficult. A potential difference in the 
gestation of the animal could only be investigated using Ca 
isotopes that may expose differences in the isotope compo-
sition before and after birth (e.g. Hassler et al. 2021). Based 
solely on external morphology, it is impossible to confirm 
such differences. However, the morphology and position 
of the D4 hypoplasia differ significantly from those of the 
other chilotheres, and it is possible that this could even 
represent a distinguishing feature for the species.

Concluding remarks

Deciduous dentition is commonly overlooked in many 
groups, including rhinoceroses. This is particularly true 
for chilotheres, which have long been affected by taxo-
nomic uncertainty. A careful examination of the deciduous 
dentition of four chilothere species – Chilotherium 
persiae from Maragheh (Iran), Chilotherium habereri 
from Kutschwan (China), Chilotherium schlosseri from 
Samos (Greece), and Chilotherium anderssoni from 
Daijiagou (China) – shows that deciduous teeth can be 

a unique source of taxonomic information. Chilotheres 
have generally rather molarised deciduous premolars. In 
particular, the presence and development of the lingual 
cingulum and enamel plications can be used for the 
identification of C. schlosseri, whereas the dimensions 
and morphology of D1 seem to differ in C. habereri. 
Additionally, the ontogenetic development of the nasal-or-
bital bar varies among the studied species, with C. persiae 
and C. habereri showing broadly similar trends, slightly 
differing from C. anderssoni, and C. schlosseri exhib-
iting the greatest deviation. It was possible to determine 
the eruption sequence of the deciduous dentition and the 
order in which the teeth are shed and replaced. The d/D2 
and d/D3 erupt first, very early in ontogeny, followed by 
D1 and d/D4. The relative eruption timing of D1 and D4 
seems to vary. Replacement of the deciduous teeth by the 
permanent dentition begins with d/D2, followed by d/D3 
and lastly d/D4, whereas D1 is retained into adulthood. 
Finally, it was detected that d/D2 and d/D3 rarely exhibit 
enamel hypoplasia (4% and 8%, respectively), whereas 
d/D4 consistently shows hypoplasia at nearly the same 
position on the crown in C. persiae, C. habereri, and 
C. anderssoni. In these three species, the defect shows an 
“ω” shape near the middle of the tooth crown, whereas in 
C. schlosseri, it is a straight line near the base of the crown. 
The constant presence of hypoplasia in d/D4 suggests that 
its aetiology is linked to birth. Overall, these results show 
that chilothere deciduous dentition potentially preserves 
consistent, taxonomically and phylogenetically informa-
tive characters and should be incorporated into future 
systematic and developmental studies.
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