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Abstract

A tegotheriid docodontan Sibirotherium rossicum from the Early Cretaceous of Western Siberia, Russia, was considered to
have six lower premolars, as in the tegotheriids Agilodocodon and Microdocodon from the Middle Jurassic of China. The
micro-computed tomography of two dentary specimens with a supposed submolariform ultimate deciduous premolar (dp6)
revealed absence of a replacing tooth germ in this locus. Also, the morphology of the roots of this tooth is more consistent
with that of molariform teeth. Based on the new data, we interpret Sibirotherium to possess five lower premolars rather than
six and that the supposed dp6 might in fact be better interpreted as the first molariform (m1). The results of our phylogenetic
analysis suggest that this is a plesiomorphic condition for Docodonta and, under slow character optimization, for Tegoth-
eriidae, with the number of premolars reduced to three to four in Docodontidae (Haldanodon, Docodon, and Docofossor).
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Introduction

Docodonta is an early-diverging branch of mammaliaforms
that achieved a considerable taxonomic and ecomorphological
diversity in the Middle Jurassic — Early Cretaceous of Laurasia
(Kielan-Jaworowska et al. 2004; Martin 2018) and possibly
persisted into the early Late Cretaceous of Gondwana (Martin
et al. 2022). The clade includes taxa with ecomorphological
specializations including for semiaquatic, fossorial, and
arboreal lifestyles (Martin 2005; Ji et al. 2006; Luo et al. 2015;
Meng et al. 2015). The molariform teeth of docodontans are
strikingly similar to those of tribosphenic mammals in having
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the enlarged lingual cusps on the upper teeth grinding against
the basins on the lower teeth. The docodontan molariform
teeth were capable of more complex shearing and crushing
functions compared with other contemporaneous Mesozoic
mammaliaforms, suggesting more efficient food processing
(Schultz et al. 2019). The middle ear bones in docodontans
were still attached to the dentary, as in other stem mammals
(Kielan-Jaworowska et al. 2004).

The decline of docodontans in the Early Cretaceous may
have been related to the emergence and dispersal of tribos-
phenic mammals, which have (among other features) similar
shearing and crushing dentition, but their middle ear bones
detached from the dentary, providing a wider range of hear-
ing capabilities. However, to date, the fossils of tribosphenic
mammals have not been found in the Early Cretaceous of
Siberia, and docodontans appear to have persisted. The
docodontans Khorotherium yakutense and Sibirotherium
rossicum are among the most commonly found mammals in
the Early Cretaceous faunas of Yakutia and Western Siberia,
respectively (Maschenko et al. 2003; Lopatin et al. 2009,
2020; Averianov et al. 2018).

Lopatin et al. (2009) suggested Sibirotherium rossicum
possessed six lower premolars, similar to other docodon-
tans such as Agilodocodon scansorius and Microdocodon
gracilis from the Middle Jurassic Tiaojishan Formation of
Inner Mongolia, China (Meng et al. 2015; Zhou et al. 2019).
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In Castorocauda lutrasimilis, also from the same formation
(Ji et al. 2006), and in Borealestes serendipitus from the
Middle Jurassic Kilmaluag Formation of Scotland, United
Kingdom (Waldman and Savage 1972; Panciroli et al. 2019,
2021), there are five lower premolars, and the remaining
docodontan taxa for which the tooth row is known, Doco-
don, Haldanodon, Dsungarodon, and Docofossor, have three
to four lower premolars (Kielan-Jaworowska et al. 2004;
Schultz et al. 2019). The dental formula count in S. rossicum
was based on the interpretation of the first lower molariform
tooth as a partially molarized ultimate deciduous premolar
(dp6). Here we present results of the micro-computed tomog-
raphy of two specimens of S. rossicum indicating absence of
the replacing permanent premolar in this locus, and discuss
implications of this discovery for the interpretation of dental
formula and phylogenetic affinities of this docodontan.

Institutional abbreviations LMCCE, Laboratory of
Mesozoic and Cenozoic Continental Ecosystems, Tomsk
State University, Tomsk, Russia; PM TGU, Paleontological
Museum of Tomsk State University, Tomsk, Russia.

Materials and methods

The cusp nomenclature of docodontan teeth follows that of
Averianov et al. (2010: fig. 1), which was modified from
Luo and Martin (2007). The nomenclature differs from Luo
and Martin (2007) in the addition of cusp bb on the lower
molariform teeth and that the cusp df on lower molariform
teeth is labelled as cusp dd.

Two specimens of Sibirotherium rossicum, the holo-
type PM TGU 16/5-22 and PM TGU 120/9-34, were CT
scanned at the Saint Petersburg State University Research
Centre for X-ray Diffraction Studies (Saint Petersburg, Rus-
sia) using the CT model SkyScan 1172. They were imaged at
100 kV and 0.1 mA, generating a resolution of 2.07 pm and
3.45 pm of isotropic voxel size and output of 3024 x 2436
and 1928 x 1928 pixels per slice. The CT scan data were
imported to the software Avizo Lite 2019.1 (FEI-VSG Com-
pany) for segmentation and reconstruction of three-dimen-
sional surface files.

For the phylogenetic analysis, we used a data matrix
focused on Docodonta presented by Zhou et al. (2019)
with some modifications. First, we excluded Tikitherium
and Gondtherium from the matrix because they are not
docodontans (Averianov et al. 2010; Zhou et al. 2019).
Second, we changed the scorings for Borealestes and Sibi-
rotherium on the number of premolar or premolar positions
(character 49) from unknown to five premolars (character
state 2) following Panciroli et al. (2019) and this study.
Third, we changed scorings for Haldanodon and Doco-
fossor for the same character (number of premolars or
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premolar positions) from four premolars (state 1) to three
premolars (state 0) following Krusat (1980), Martin and
Nowotny (2000), and Luo et al. (2015). All characters were
treated as unordered. The parsimony analysis was run on
the TNT software (v. 1.5) (Goloboff and Catalano 2016).
The implicit enumeration search produced six most parsi-
monious trees of 143 steps with a consistency index of 0.55
and a retention index of 0.83. The strict consensus tree, tree
statistics, and character distribution and optimization were
obtained using WinClada v. 1.00.08 (Nixon 2002). The fast
and slow character optimizations of Winclada correspond
to ACCTRAN and DELTRAN optimizations, respectively,
of PAUP (Swofford 2002).

Systematic paleontology

Mammaliaformes Rowe, 1988

Docodonta Kretzoi, 1946

Tegotheriidae Tatarinov, 1994

Sibirotherium rossicum Maschenko et al., 2003

Figures 1-4

Sibirotherium rossicus Maschenko et al., 2003: p. 77,
figs. 1-4 (original description).

Sibirotherium rossicus Maschenko et al., 2003: Averianov
2004: fig. 1D.

Sibirotherium rossicum Maschenko et al., 2003: Lopatin
et al. 2009: p. 454, figs. 2-6, pl. 12 (emended spelling).

Holotype. PM TGU 16/5-22, left dentary fragment with
pS, m1-2, and alveoli for p3-4.

Type locality and horizon. Shestakovo 1 locality
(55°54'36.4" N, 87° 56’ 53.6" E), Chebula raion, Kemerovo
oblast, Russia. Ilek Formation, Lower Cretaceous (Aptian).

Referred specimens. Maxillary and dentary fragments,
isolated upper and lower teeth; see Lopatin et al. (2009)
for the list of specimens. A lower molar LMCCE 005/127
from the Ilek Formation (Barremian?) at Bol’shoi Kemchug
3 locality, Krasnoyarsk krai, Russia may belong to a differ-
ent species and was identified as Sibirotherium sp. (Lopatin
et al. 2020).

Description. See Lopatin et al. (2009).

Results

The micro-computed tomography of the holotype of S.
rossicum and dentary fragment PM TGU 120/9-34 reveal
no tooth germs for replacing permanent teeth in these
specimens (Figs. 1a, 2a). This suggests that what Lopatin
et al. (2009) identified as an ultimate deciduous premolar
lacking the cusp g is more likely to be the first molari-
form tooth (m1), and the rest of the premolars represent
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Fig.1 PM TGU 16/5-22, holotype of Sibirotherium rossicum, left
dentary fragment with p5, m1-2, and alveoli for p3-4. a. Segmented
surface visualization of permanent teeth (blue) and dentary (trans-
lucent yellow), lingual view. b, ¢. Surface rendering based on high-
resolution X-ray computed tomography scans, lingual (b) and labial
(¢) views. Shestakovo 1, Kemerovo oblast, Russia; Ilek Formation,
Lower Cretaceous (Aptian). Abbreviations: m, molar; Mg, Meckelian
groove; p, premolar. Scale bar equals 1 mm

the permanent generation (Fig. 3). This re-interpreted m1
has long and robust roots similar to the rest of the molars,
in contrast with slightly shorter and slender roots of the
premolars (Fig. 2a), a feature also seen in the holotype PM
TGU 16/5-22 (Fig. 1a). We therefore reinterpret the lower
dental formula of S. rossicum as including five premolars
(Figs. 3 and 4).

On the strict consensus tree obtained in the TNT
analysis (Fig. 5), the family Docodontidae (Haldanodon,
Docodon, and Docofossor) is the basalmost clade of Doc-
odonta. The most deeply nested clade is the family Tegoth-
eriidae, including Krusatodon, Agilodocodon, Sibiroth-
erium, Tegotherium, Microdocodon, and Hutegotherium.
Tegotheriidae is defined here as a stem clade including
all docodontans more closely related to Tegotherium than
Docodon or Simpsonodon. This analysis does not support
Simpsonodontidae sensu Averianov et al. (2010) (including
Simpsonodon and Dsungarodon). Simpsonodon is a sister

taxon to the Tegotheriidae and Dsungarodon is clustered
with Tashkumyrodon and Castorocauda.

The resulting consensus tree differs in a number of details
from the single most parsimonious tree produced by the
PAUP analysis in Zhou et al. (2019). Tashkumyrodon, Dsun-
garodon, and Borealestes are not included in the Docodonti-
dae but are more deeply nested within the cladogram and a
position closer to Tegotheriidae. Castorocauda is not the
basalmost docodontan but clusters with Tashkumyrodon and
Dsungarodon outside of Docodontidae. Within the Tegoth-
eriidae, Microdocodon is the sister taxon to Hutegotherium
rather than to Tegotherium.

Discussion

The holotype of S. rossicum was interpreted as having two
deciduous premolars (dp3-4?) and first molariform tooth
(m1) in the original description (Maschenko et al. 2003).
The alveoli of two more anterior teeth were attributed to the
anterior deciduous teeth (dp1-2?). The dental formula of S.
rossicum was estimated as including four lower premolars
and at least six lower molariforms. The interpretation of the
anterior teeth in this specimen as deciduous was based on
their similarity with the teeth on the single known speci-
men of Peraiocynodon inexpectatus Simpson, 1928 from the
Lower Cretaceous (Berriasian) Purbeck Limestone Group of
England (Simpson 1928), proposed to be deciduous teeth by
Butler (1939) and synonymized with Docodon (later sup-
ported by Kielan-Jaworowska et al. 2004, though maintained
as a distinct taxon by Sigoneau-Russell 2003). The latter is
certainly a juvenile specimen, with a tooth erupting poste-
rior to the fourth preserved tooth. The presumed ultimate
deciduous premolar in P. inexpectatus and S. rossicum has
only one lingual cusp (c), while molariform teeth have two
lingual cusps (¢ and g). According to Averianov (2004), all
known deciduous lower premolars of docodontans lack the
cusp g. Butler’s interpretation of the teeth on the holotype
of P. inexpectatus was accepted by a number of authors (see
review in Averianov 2004), but alternatively, these teeth
have been interpreted as m1-4 (Simpson 1928) or p1, dp2-3,
and m1 (Krusat 1980). According to Sigogneau-Russell and
Kielan-Jaworowska (2002) and Sigogneau-Russell (2003),
the last preserved molariform tooth on the holotype of P.
inexpectatus is m1 whereas as some of the anterior teeth
could be deciduous premolars.

Our tomographic data reveal that in PM TGU 120/9-34,
there are five premolars with simple crowns between the
large two-rooted canine and a molariform tooth with a single
lingual cusp (c) (Figs. 2 and 3). The latter tooth was consid-
ered a deciduous premolar (dp6) by analogy with the holo-
type, while all the anterior premolars are permanent. Thus,
the dental formula of S. rossicum was estimated as including
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Fig.2 PM TGU 120/9-34,
Sibirotherium rossicum, right
dentary fragment with c,

pl-5, m1-3, and root of ix. a.
Segmented surface visualization
of permanent teeth (blue) and
dentary (translucent yellow),
lingual view. b, c. Surface ren-
dering based on high-resolution
X-ray computed tomography
scans, lingual (b) and labial (c)
views. Shestakovo 1, Kemerovo
oblast, Russia; Ilek Formation,
Lower Cretaceous (Aptian).
Abbreviations: ¢, canine; i, inci-
sor; m, molar; Mg, Meckelian
groove; p, premolar. Scale bar
equals 1 mm

six lower premolars. Such a high number of lower premo-
lars is known for Agilodocodon and Microdocodon (Meng
et al. 2015; Zhou et al. 2019), as well as stem mammal
Kuehneotherium and australosphenidan Bishops (Kermack
et al. 1968; Rich et al. 2001; Martin 2018). Therefore, a
dental formula with six premolars of Sibirotherium did not
seem unusual. Nevertheless, the micro-computed analysis
of the relevant specimens of Sibirotherium presented herein
suggests that this taxon had only five lower premolars based
on the absence of any developing replacement teeth. Among
docodontans, five lower premolars are also present in Borea-
lestes and Castorocauda (Fig. 5). Under fast (ACCTRAN)
optimization, having five premolars is plesiomorphic for
docodontans (Fig. 5a). In this model the number of premo-
lars would be reduced to three-four in Docodontidae and
increased to six in the clade Simpsonodon + Tegotheriidae
with a reversal to five in Sibirotherium. Under slow opti-
mization (DELTRAN), having five premolars is also ple-
siomorphic for docodontans, with a parallel increase in the
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number of premolars to six in Agilodocodon and Microdoco-
don (Fig. 5b).

There is some morphological variation between the ulti-
mate permanent lower premolars (p5) in the holotype of S.
rossicum and PM TGU 120/9-34 (Figs. 1, 2, 3 and 4). On
the holotype, the p5 has more pronounced mesial and distal
accessory cusps and complete lingual cingulid in contrast
with PM TGU 120/9-34 where the accessory cusps are
smaller and the lingual cingulid is incomplete. In absence
of a larger sample, we do not know the significance of this
variation. The deciduous premolars are currently unknown
for S. rossicum. In Haldanodon expectatus from the Upper
Jurassic (Kimmeridgian) Guimarota Beds of Portugal, the
ultimate deciduous premolar (dp4) is submolariform with a
lingual cusp ¢ and without a lingual cusp g, and is replaced
by a p3 with a simple crown (Krusat 1980; Martin and
Schultz 2023). A similar pattern is observed in the last pre-
molar locus (p4) in Docodon spp. from the Upper Jurassic
(Kimmeridgian-Tithonian) of the USA (Schultz et al. 2019:
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Fig.3 PM TGU 120/9-34, Sibirotherium rossicum, right dentary
fragment with ¢, p1-5, m1-3, and alveolus for ix. Surface rendering
based on high-resolution X-ray computed tomography scans, occlusal
view (stereopair). Shestakovo 1, Kemerovo oblast, Russia; Ilek For-
mation, Lower Cretaceous (Aptian). Abbreviations: ¢, canine; i, inci-
sor; m, molar; Mg, Meckelian groove; p, premolar. Cusps designated
on m1-2. Scale bar equals 1 mm

fig. 8). Schultz et al. (2019) interpreted the anterior cusp in
the ultimate deciduous premolar in Docodon as a cusp g,
which would not fit the pattern suggested for molariform
ultimate premolars in docodontans, so we reinterpret this
as variation in the development of the lingual cusp c. In
Agilodocodon the ultimate lower permanent premolar (p6)
has a submolariform crown, with lingual cusp c and lacking
acusp g (Meng et al. 2015: figs. 2F, J and S3), which is con-
gruent with the ultimate deciduous premolar of Haldanodon
and our interpretation of Docodon (above), or in the first
molariform of Sibirotherium (ml). The similarity of the
first molariform tooth of Sibirotherium with the ultimate

Fig.4 PM TGU 16/5-22, holotype of Sibirotherium rossicum, left
dentary fragment with p5, m1-2, and alveoli for p3-4. Surface ren-
dering based on high-resolution X-ray computed tomography scans,
occlusal view (stereopair). Shestakovo 1, Kemerovo oblast, Russia;
Tlek Formation, Lower Cretaceous (Aptian). Abbreviations: m, molar;
P, premolar. Cusps designated on m1-2. Scale bar equals 1 mm

deciduous premolar in some docodontans in lacking the
cusp g could be explained by loss of replacement at the
distal premolar position. This implies an ancestral condition
with six premolars for Sibirotherium, which is postulated
under the accelerated character transformation on our phy-
logenetic tree (Fig. 5a). However, this hypothesis is weak-
ened by the fact that the first molariform tooth lacks cusp
g in Agilodocodon, which have six lower premolars (Meng
et al. 2015). Applying the same mechanism to Agilodoco-
don suggests that its ancestors had seven lower premolars,
which is unknown for any of the docodontans. More data
is needed to reconstruct the dental replacement pattern and
tooth homology in Docodonta.

@ Springer
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Fig.5 Strict consensus of
six most parsimonious trees
produced by TNT implicit
enumeration search showing
distribution of character 49

Sinoconodon

Hadrocodium

Morganucodon
Dinnetherium
Megazostrodon

(premolars number) among
Docodonta and outgroup taxa.
a. fast optimization; b. slow
optimization. Abbreviations: D,
Docodontidae; T, Tegotheriidae
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Hadrocodium

premolars number:
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