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Abstract

The Late Jurassic docodontan Haldanodon exspectatus from the Guimarota coal mine in Portugal provides important infor-
mation on the evolution of the dental replacement pattern in mammaliaforms. Haldanodon shows diphyodont replacement
of antemolars and non-replacement of molars. Lower incisors are replaced in alternating order with early replacement of i2
and i4, and late replacement of il and i3. Upper and lower premolars were replaced sequentially from front to back. In the
maxilla and mandible, four deciduous premolar positions are present (dP1-4, dp1-4), but only three permanent premolars
(P1/p1, P3/p3, P4/p4) erupt with loss of the dP2/dp2 position. The anterior deciduous premolars (dP1-2/dp1-2) are small
and peg-like, dP3-4/dp3-4 are much larger and molariform. The lower canine and dp4 are the last lower teeth to be replaced.
The permanent lower premolars are premolariform and consist mainly of large main cusp a. The ultimate permanent lower
premolar (p4) erupts at the same time as m4. After replacement of the antemolars, one or two more molars (m5-6) are added
at the posterior end of the tooth row of the mandible. Growth of the ramus occurs at the anterior and posterior ends as evident
from the much larger permanent canine and addition of m5-6. In the maxilla, all permanent premolars differ morphologically
clearly from the molars. The replacing P1 is small and consists mainly of labial cusps A, B, and C. The P3 and P4 are increas-
ingly larger and show a lingual extension with cusps X and Y which is shorter than in the molars. The adult dental formula
of Haldanodon is 61/4i, 1C/1c, 3P/3p, 5 M/5-6m, the deciduous dental formula is ?dl/4di, 1dC/1dc, 4dP/4dp. The tooth
eruption sequence in the mandible is m1 — pl4+m2 - i2+i4 - ?il + ?i13 - p34+m3 - c+p4+m4 - m5 — m6. Our
results corroborate the earlier suggestions that “Peraiocynodon inexpectatus” is based on deciduous lower premolars (dp1-
4) of Docodon victor, and that “Peraiocynodon major* and Cyrtlatherium canei are based on deciduous lower premolars.
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Introduction

Docodontans are Jurassic-Cretaceous non-mammalian mam-
maliaforms that play an important role for the understanding of
early mammalian evolution. They show a remarkable ecomor-
phological diversity both in dietary and locomotory adaptation
(e.g., Krusat 1991; Martin 2005; Ji et al. 2006; Luo et al. 2015;
Meng et al. 2015; Panciroli et al. 2022). Docodontans were
the first mammaliaforms to evolve a complex molar dentition
with a crushing and grinding function, similar to that of molars
of tribosphenidans (Jenkins 1969; Gingerich 1973; Butler
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1988; Pfretzschner et al. 2005; Brinkkotter 2018; Martin et al.
2020). Their dietary adaptations range from insectivory (e.g.,
Docodon, Haldanodon), faunivory-carnivory (e.g., Itato-
don), piscivory (e.g., Castorocauda) to omnivory-herbivory
(e.g., Simpsonodon, Dsungarodon) (Jenkins 1969; Gingerich
1973; Krusat 1980; Kermack et al. 1987; Lopatin and
Averianov 2005; Pfretzschner et al. 2005; Ji et al. 2006; Luo
and Martin 2007; Schultz et al. 2019; Martin et al. 2020).
Deciduous teeth of docodontans are poorly known and were
first recognized by Butler (1939) who suggested that the four
teeth preserved in the type mandible of “Peraiocynodon inex-
pectatus” Simpson, 1928 from the Berriasian of the British
Purbeck are deciduous premolars (dp1-4), a view that since
has been corroborated by subsequent workers (Krusat 1980;
Sigogneau-Russell 2003; Averianov 2004). Sigogneau-Russell
(2001) demonstrated the docodontan nature of Cyrtlatherium
canei Freeman, 1979 from the Bathonian of Kirtlington and
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suggested that the two isolated lower teeth which are known
for this taxon are deciduous premolars. Schultz et al. (2019)
re-studied dentaries and maxillae of Docodon victor from
the Tithonian of the Morrison Formation by uCT and found
three fragmentary mandibles to bear deciduous canines and
premolars.

A large growth series of juvenile mandibles and maxil-
lae of the docodontan Haldanodon exspectatus Kiihne and
Krusat, 1972 has been recovered from the Upper Jurassic
lignite of the Guimarota coal mine in Portugal, during more
than ten years of field work. After its discovery in 1959
and several short initial field campaigns in 1960-1963, a
more extensive year-round field program from 1973 to 1982
yielded a wealth of vertebrate fossils, among which are more
than 800 gnathic remains with teeth of mammaliaforms
and mammals including 152 mandibular and 67 maxillary
remains of Haldanodon exspectatus (see Krebs 2000 for
historic overview and Martin and Nowotny 2000). Among
the Haldanodon specimens, there are nine mandibles and
four maxillae of juvenile individuals of various ontogenetic
stages that provide detailed insight into mandibular growth
and mode of tooth replacement. Apart from Krusat (1980),
who has studied two fragmentary juvenile mandibles (MG
6800 [VJ 1004 — 155] and MG 6801 [V] 1005 — 155]) from
the early field campaigns, only short reports on the juvenile
Haldanodon exspectatus specimens have been published so
far (Martin and Nowotny 2000; Nowotny et al. 2001; Martin
et al. 2010). Here we provide a detailed description and
analysis of the juvenile maxillaries and mandibles of Haldan-
odon exspectatus from the Guimarota coal mine based on
UCT analysis and their implications for the evolution of
dental replacement and mandibular growth in early mam-
mals. Additionally, previous interpretations on deciduous
teeth of docodontans (“Peraiocynodon” and Cyrtlatherium)
are discussed in the light of the new data presented here.

Materials and methods

Most mandibles and maxillae were collected between
1973 and 1982. Fossiliferous coaly marl was mined under-
ground exclusively for paleontological purposes, brought
to the surface and subsequently split by local workers for
the detection of fossils (Krebs 2000). Fossils were marked,
hermetically sealed in plastic bags to prevent dehydration
and brought to the laboratory at Free University Berlin for
preparation. Some specimens derive from the field cam-
paigns of the early 1960s and were collected from coal
heaps of the then still active coal mine. Specimens were
hardened with cyanoacrylate after being completely freed
from the coal matrix (Drescher 2000). The specimens are
currently housed in the Institute for Geosciences, Sec-
tion Paleontology at the University of Bonn, Germany for
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scientific study. After completion of study, the Guimarota
specimens will be transferred to the Geological Museum of
the National Laboratory of Energy and Geology of Portugal
(MG/LNEG) in Lisbon, Portugal for permanent repository
under the MG specimen numbers provided (MG is the acro-
nym used for the Geological Museum [Museu Geoldgico]).
Formerly on various occasions the acronym “SGP” (for
Servicos Geoldgicos de Portugal) was used (e.g., in Lillegraven
and Krusat 1991), but this institution was merged into the
LNEG in 2003. The Guimarota collection specimen num-
bers VJ (Vertebrados Jurassicos) and Gui Mam (Guimarota
Mammalia) have been widely used in previous publications
since 1980 and will be retained with the permanent MG num-
bers after transferral of the specimens to Lisbon. We include
the Guimarota specimen number in brackets, following
the MG specimen number.

For molar cusp terminology, we follow the alphabetical
scheme as outlined by Butler (1997) and Luo and Martin
(2007) (Fig. 1). Upper case letters refer to upper teeth and
lower case letters to lower teeth: I/i, incisor; C/c, canine; P/p,
premolar; M/m, molar; deciduous teeth are denoted by the
prefix d (e.g., dP2).

As “deciduous” we consider teeth that are replaced by
successors (or that are shed without replacement) and that
differentiate earlier than their successors during ontogeny
(Luckett 1993). The developing tooth stages are defined as
follows in our study. The “germ” stage is a tiny mineralized
structure (in an initial stage of mineralization), detectable by
UCT. The “cap” stage is a tooth crown in an advanced stage
of mineralization that has not yet developed the full set of
crown structures (all cusps and crests). The “crown” stage
is a fully developed and mineralized unerupted tooth crown
which is ready to erupt but has the roots not yet formed.

labial

mesial

Fig.1 Cusp terminology of upper (a) and lower (b) molars of
Haldanodon used in this study. Modified from Luo and Martin
(2007: figs. 3 and 4). Cusp “df” stands for “docodont cusp f”, which
is not homologous to cusp f of morganucodontans, kuehneotheri-
ids, crown therians, and their near relatives (Luo and Martin 2007:
table 1). The lower molar is mirrored. Not to scale
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Fig.2 Haldanodon exspectatus

(MG 6834 [Gui Mam 44/81]).
Right maxilla in occlusal (a),
lateral (b), and medial (c-d)
views; tooth row without max-

illa (d). The deciduous canine is
highlighted in blue, and decidu-

ous premolars are highlighted
in red. 3D models based on

UCT-scan data. Scale bar equals

1 mm

The maxillae and mandibles were scanned with varying
resolution ranging between 3.5 and 11.0 um (see Table 1)
using the 180 x-ray tube of the vitomelx s pCT device (GE

Table 1 Scan data for the
Haldanodon specimens
examined. Asterisk (*)
indicates specimen preserved
in two fragments (anterior and
posterior) which were scanned
separately

dC dP1 dP2 dP3

Sensing & Inspection Technologies GmbH phoenixIx-ray)
housed in the Institute of Geosciences, Section Paleontol-
ogy, University of Bonn, Germany. Scan settings varied

Specimen Nr.

Resolution (um)

Voltage [kV]

Current [uA]

Timing [ms]

MG 6834 [Gui Mam 44/81]
MG 6742 [Gui Mam 91/76]
MG 6757 [Gui Mam 128/76]
MG 6731 [Gui Mam 12/74]
MG 6729 [Gui Mam 116/77]
MG 6827 [Gui Mam 36/80]
MG 6828 [Gui Mam 33/80]
MG 6829 [Gui Mam 73/77]
MG 6794 [Gui Mam 115/74]
MG 6786 [Gui Mam 28/77]
MG 6830 [Gui Mam 2/79] ant.*
MG 6830 [Gui Mam 2/79] post.*
MG 6782 [Gui Mam 42/74]
MG 6801 [V] 1004 —155]

MG 6800 [V]I 1005 —155]

MG 6831 [Gui Mam 34/74]

4.23627
5.85892
4.15638
6.01854
7.65151
6.76549
6.88873
4.60386
5.01816
6.48025
6.38282
3.55904
11.0136
7.89535
6.52493
16.73804

90
90
90
85
90
90
80
90
85
85
85
82
90
80
85
100

140
170
160
170
140
160
180
170
170
160
170
170
180
160
160
130

1000
500
1000
1000
1000
500
1000
500
500
1000
1000
1000
500
1000
1000
500
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between the specimens from 82 to 90 kV and 140-180
pA, and exposure time of 500 or 1000 ms per capture.
The puCT device produces isotropic voxels (i.e., same
pixel size in each dimension) with a single image size of
2024 x 2024 pixels. Avizo 8 (Thermo Fisher Scientific)
was used for segmentation and reconstruction of maxillae,
dentaries, and dentitions. Institutional abbreviations: MG,
Geological Museum (Museu Geol6gico) of the National
Laboratory of Energy and Geology of Portugal, Lisbon;
NHMUK (formerly BMNH), Natural History Museum,
London; YPM VPPU, Princeton University Collection,
Yale Peabody Museum, New Haven, CT.

Results
Description of maxillae and upper teeth

MG 6834 [Gui Mam 44/81] The right maxilla fragment is
broken anterior to dC and represents the ontogenetically
youngest individual examined (Fig. 2). In the part of the
maxilla containing dP1-2 the maxilla is laterally con-
stricted, and bears a number of small foramina and pits
above dP1 and dC.

The double-rooted deciduous canine has a laterally com-
pressed acute triangular main cusp with a slightly recurved
tip which bears a small apical wear facet. On the lingual

Fig. 3 Haldanodon exspectatus

(MG 6742 [Gui Mam 91/76]).

Right maxilla in occlusal (a), a
lateral (b), and medial views
(¢). The deciduous canine is
highlighted in blue, and the
deciduous premolars are high-
lighted in red. 3D models based

dC

on pCT-scan data. Scale bar
equals 1 mm dPl RO 7 4
alveolus &&
broken~g
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side of the crown base a weak lingual cingulum is present
which is interrupted in the middle. At the crown base there
is a small distal accessory cuspule which sits on a heel, and
a tiny mesial cuspule. The roots of the dC diverge and are
of equal size. The dP1 and dP2 are small and are separated
from each other by a small gap.

The dP1 is single-rooted and peg-like, with a triangular, labio-
lingually slightly compressed crown tip. It bears a small apical
wear facet. The dP2 is slightly larger (mesio-distally longer) and
has a broad-triangular, labio-lingually compressed main cusp
with a distal wear facet. It possesses a single root which is labio-
lingually compressed with a vertical groove on the labial side
suggesting an incomplete separation. The dP3 is molarized but
less so than the dP4, and 25% smaller. The lingual portion is less
developed than in dP4 and cusp Y (Fig. 1a) is very small. The
dp3 is moderately worn on the main cusps. Above dP3 an empty
crypt for P3 was detected in the maxilla by pCT. The dP4 is
more strongly molarized with well-developed lingual portion and
distinct cusp Y besides cusp X; it is slightly worn at the apices
of the main cusps. Both dp3 and dp4 have one lingual and two
labial roots. Posteriorly to dP4 the maxilla is broken and missing.

MG 6742 [Gui Mam 91/76] The right maxilla fragment is
broken anterior to dC and posterior to dP4 (Fig. 3).

Of the dC, the crown base, distal root and part of the
mesial root are preserved. The distal root is diverging pos-
teriorly, and the preserved origin of the mesial root indicates

dP1
alveolus dP2
broken

dC
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that it was diverging anteriorly. Immediately behind dC a
single collapsed alveolus of single-rooted dP1 has been
detected. The dP2 has a triangular main cusp with an apical
wear facet and a well-developed mesial accessory cuspule at
the base. There are two roots of equal size which are spread.
Of the molariform dP3 only the labial portion with moder-
ately worn cusps A, B, and C is preserved. The labial crown
fragment of dP4 is somewhat displaced and unworn. The
maxillary bone is crushed, but a large maxillary foramen
is evident dorsal to dP2 and a smaller one dorsal to dP3.
Dorsal to the broken canine, about ten small foramina are
detectable.

MG 6757 [Gui Mam 128/76] The right maxilla fragment
(Fig. 4) preserves the dC which is somewhat lifted out of its
alveoli by the succeeding C and two premolar alveoli. The
dC is double-rooted with the mesial root slightly stronger
than the distal one. The roots diverge. The triangular crown
is labio-lingually compressed and corresponds in size and

Fig.4 Haldanodon exspec-
tatus (MG 6757 [Gui Mam
128/76]). Fragment of right
maxilla in occlusal (a), lateral
(b-¢), and medial (d) views.
The unerupted crown of the
upper canine is highlighted in
green, and in ¢, the maxilla is
transparent. 3D models based
on pCT-scan data. Scale bar
equals 1 mm

shape to the dC seen in MG 6834 [Gui Mam 44/81]. It has an
acute triangular and slightly recurved main cusp with small
apical wear facet and a tiny accessory cuspule on the distal
side of the crown base; the accessory cuspule is connected
by a faint crest to the main cusp. Lingual of the accessory
cuspule, there is a ledge-like heel. A second faint crest con-
nects the main cusp with the lingual end of the heel. The
triangular area between these two crests, oriented in disto-
lingual direction, is slightly concave. From the mesial side of
the crown base runs a tubercular cingulum in disto-cervical
direction that fades after two thirds of the crown length.
The crown of dC has about half the size of the permanent
C and is somewhat more obtuse angled. The acute angled
crown of the unerupted permanent C is situated between the
roots (mesial root partially resorbed) of dC and has shifted
the dC out of its original position. It has double the size of
the crown of the dC and is more acute; roots are not detect-
able because they are not mineralized yet. The exposed part
corresponds in size and shape to the C of adult specimens

maxillary
. foramen

P1
alveoli

16
alveolus
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such as MG 6732 [Gui Mam 60/76] (Luo and Martin 2007:
fig. 5D-F). Associated with MG 6757 [Gui Mam 128/76],
but preserved on a separate fragment of the maxillary with-
out direct contact, are two fully erupted molars with slight
wear on the main cusps, probably M1 and M2.

MG 6731 [Gui Mam 12/74] Anteriorly, the left maxilla
(Fig. 5) is broken but in front of the roots of dC an alveolus
for a single-rooted incisor (I16) is preserved. The crown of
dC is broken off. The large roots of dC diverge and deep in
the maxilla in between the roots of dC, the enamel cap of the
germ of the permanent canine was detected by uCT.

At the position of the first premolar an alveolus with part
of the single root of dP1 is visible. Above the root fragment
of dP1, the crown of P1 was detected. A small peg-like, uni-
cuspid dP2 is in place. It has a labio-lingually compressed
root with vertical grooves on both the lingual and labial sides
indicating incomplete separation; apically the roots are fully

Fig.5 Haldanodon exspectatus
(MG 6731 [Gui Mam 12/74]).
Left maxilla in occlusal (a),
lateral (b-¢), and medial (d)
views; in ¢, the maxilla is trans-
parent, with cap of C, unerupted
crowns of P1 and P3, and germ
of P4 highlighted in green; e.
tooth row without maxilla in
lingual view. The roots of the
deciduous canine are high-
lighted in blue, the deciduous
premolars in red, and the molars
in yellow. 3D models based on
uCT-scan data. Scale bar equals
1 mm
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separated (Fig. 5e). No trace of a developing P2 has been
detected inside the maxilla. The main cusp of dP2 bears an
apical wear facet that extends onto the lingual side. The dP3
is molarized, with three roots and exhibits strong apical wear
on the main cusps. Immediately below dP3, the crown of P3
—ready to erupt — was detected by uCT. The dp4 is in place
and is moderately worn. It is molarized but 25% smaller
than M1. The germ of P4 in its crypt was detected above
dP4 inside the maxilla. The M1 is fully erupted and exhibits
slight apical wear. The unworn M2 is almost completely
erupted. Behind M2 the macxilla is broken off.

Immediately behind the dC, the maxilla is laterally con-
stricted; the constriction is deepest at the dP2 position and
becomes shallower at the level of dP3. There are four large
maxillary foramina, two anterodorsal to dC and one dorsal
to dP4 and of dP3. In the part of the maxilla containing
dP2-dC, the maxillary bone is perforated by about ten tiny
foramina.

maxillary foramina

roots dpP4 M1

C
roots

P4 germ P1 crown

P3 crown Ccap
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MG 6729 [Gui Mam 116/77] The right maxilla (Fig. 6) is
from an adult individual. It holds the root of 16, roots and
parts of the crown base of C, P4, and M1-5. This specimen
is remarkable because P1 and P3 are completely reduced
or lost and their alveoli are plugged by bone, leaving a gap
between the distal canine root and P4. Anterolingual to the
mesial canine root a pit for the lower canine is present in the
maxillary bone (Fig. 6a). The P4 is almost unworn, M1 is
moderately worn (lingual portion with cusps X and Y dam-
aged), M2-4 exhibit an increasing wear gradient, and M5
exhibits moderate wear (distolabial portion broken).

Description of mandibles and lower teeth

MG 6827 [Gui Mam 36/80] The right mandible (Fig. 7) is
ontogenetically the youngest specimen available and its
erupted dentition is comprised only by deciduous teeth. The
dil appears fully erupted and is unworn. It projects about 45°
in anterior direction. It has a laterally slightly compressed
root with an oval cross section. Its crown is spatulate with a
pointed tip. A faint bulge separates the occlusal surface of
dil in two shallow concave lingual and labial portions. The
interpretation of this tooth being the dil is based on com-
parison with the il of adult mandible MG 6831 [Gui Mam
34/74] which is much larger (root diameter il of MG 6831
[Gui Mam 34/74]=0.93 mm; dil of MG 6827 [Gui Mam
36/80]=0.41 mm) and has a labio-lingually strongly com-
pressed root. Incisors di2 and di3 are lost due to breakage.
Anterior to the dc sits the tiny di4, in its original position
and separated by a small intact bony bar from it. It is inserted
almost vertically in the mandible, only slightly inclined 10°
in anterior direction. The root is rounded with a diameter of

Fig.6 Haldanodon exspectatus
(MG 6729 [Gui Mam 116/77]).
Right maxilla in occlusal (a),
lateral (b-c), and medial (d)
views; in ¢, the maxillary bone
is transparent, showing roots of
teeth. The 16 is broken and only
its root is preserved. The root
of 16 is highlighted in green, the
canine in blue, the P4 in orange,
and the molars in yellow. 3D
models based on uCT-scan data.
Scale bar equals 1 mm

.. pit for
‘ lower ¢

about 25% of that of i1. The crown is spatulate with a convex
mesial side and slightly concave distal side (oriented linguo-
distally); at the tip, the di4 bears an apical wear facet. Below
the di4, the cap of the i4 was detected which has more than
twice the diameter of the crown of the di4.

The dpl is broken, and mesioventral to its preserved
distal root the cap of pl is visible. The caps of i4 and p3
are hidden in the mandible below their deciduous prede-
cessors but have been detected by uCT analysis (Fig. 7c).
The early ontogenetic age of MG 6827 [Gui Mam 36/80]
is also evident from the cancellous bone surface of the
mandible.

The dc is large with a mesio-distally wide triangular main
cusp which bears a small distally oriented apical wear facet.
The main cusp has a convex labial flank and a shallow con-
cave lingual flank that is divided into a mesial and a distal
portion by a ridge that is running down from its tip. Mesially
and distally there are small cuspules near the crown base of
which the distal one is slightly more prominent. The distal
cusp sits on a heel and is slightly shifted labially; the heel
is concave on the lingual and labial sides. The mesial and
distal cuspules are connected by a shelf-like lingual cingulid.
The labial flank is smooth without a cingulid, but the labial
side of the heel bears some small enamel knots. The decidu-
ous canine has two roots of which the ventral portion of the
mesial root is broken off. The distal root is complete and
stronger than the mesial one as evident from the preserved
dorsal portion of the latter. According to the orientation of
the distal root and the dorsal part of the mesial one, the roots
were spread as is typical for deciduous teeth.

Of the dpl only the ventral part of the distal root is pre-
served, the mesial root and the crown are broken off. Deep

b maxillary
2 \ ; S foramina
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in the jaw the developing triangular crown of the unerupted
pl is visible. The crown of pl has a convex labial side, a
distally recurved tip and a small mesial cuspule at the base.

The dp2 is very small and single-rooted. Its crown con-
sists of a triangular main cusp with a mesial and a distal
small accessory cusp of equal size. The main cusp is coni-
cal and labio-lingually compressed; at the tip, it bears a
small rounded apical wear facet. The labial flank is smooth,
whereas on the lingual side a sharp cingulid connects the
mesial and distal cuspules.

The dp3 is much larger and has 2.5 times the length of
the dp2. The dp3 possesses two roots that diverge and on the
labial side a wide interradical notch is evident. Its mesio-
distally elongated crown with a large main cusp (=cusp a)
and well-developed distolingual cusp (=cusp c) appears
semi-molariform (for cusp terminology see Fig. 1). The
conical cusp a is labio-lingually compressed and bears a

Fig.7 Haldanodon exspectatus b
(MG 6827 [Gui Mam 36/80]).
Right mandible in occlusal (a),
lateral (b-c), and medial (d)
views; in ¢, the mandible is
transparent, with caps of i4 and
pl and germ of p3 highlighted
in green. 3D models based on
puCT-scan data. Scale bar equals
1 mm

angular
process

C
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symphysis

well-developed apical wear facet that continues onto the dis-
tal crest. Cusp c has also a large apical wear facet. Mesio-
labial cusp b and distolabial cusp d are of equal size and
smaller than cusp c; apically they bear small wear facets.
On the lingual side the crown bears a tubercular cingulid,
whereas the labial side is smooth. Cusps g, df, and e are not
developed. (Fig. 7b, d). The uCT images revealed a small
mineralized germ of p3 between the roots of dp3 (Fig. 7c).

The dp4 is larger and has 1.5 times the length of dp3. It
is molariform in shape, with main cusp a, large cusp ¢ and
well-developed labial cusps b and df. Lingual cuspules e
and f are small. Cusp g is not developed. A strong crest con-
nects the tip of cusp a to cusp ¢, and a much weaker crest is
running from cusp a in disto-labial direction. Cusp a bears
a well-developed apical wear facet that continues onto the
connecting crest to cusp c. In disto-labial direction, cusp ¢
is connected by a strong crest with cusp d; this crest is worn.

coronoid
process

ngular
postdenthary process

Meckel’s troug

sulcus
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A much weaker unworn crest connects cusp a with cusp b.
Cusps b and d bear small apical wear facets. Tiny cuspule
e is integrated into the lingual cingulid and is connected to
cusp b by a faint s-shaped crest. The lingual cingulid is inter-
rupted by cusp c; distal to cusp c it reappears under inclusion
of cupule df and wraps around the distal crown base, con-
necting to cusp d. The interradical notch is wide, and the two
roots are spread as is evident from the uCT image.

Posterior to dp4 there are two coal-filled alveoli of equal
size for m1 which apparently was already erupted but has
fallen out post mortem (Fig. 7d). In lingual aspect, below
the origin of the coronoid process, the mandible reveals a
collapsed large crypt for m2. The uCT analysis did not reveal
a germ of m2 within the collapsed crypt suggesting that a
mineralized structure was not yet developed.

Below and posterior to the collapsed crypt of m2, the
wide postdentary trough is visible with insertion scars of
the postdentary bones. A well-developed shelf with medial
ridge is preserved above the postdentary trough. From the

Fig.8 Haldanodon exspectatus

(MG 6828 [Gui Mam 33/80]).

Left mandible in occlusal (a),

lateral (b-c), and medial (d-e)

views; in ¢ and e, the mandible

is transparent, with caps of i2

and i4 highlighted in green,

and large alveolus for dil. 3D

models based on uCT-scan data.

Scale bar equals 1 mm a
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postdentary trough, the Meckel s sulcus is extending towards
the symphysis. Due to damage, the anterior end of Meckel s
sulcus is not discernible.

MG 6828 [Gui Mam 33/80] The left mandible (Fig. 8) rep-
resents a slightly older individual than MG 6827 [Gui Mam
36/80] but the coronoid process is broken.

The dil is lost, but its large alveolus is preserved and
indicates that it was procumbent (inclination 45°). The di2-4
are vertically oriented respectively slightly inclined distally
(di4) and are unnaturally crowded which is due to distortion
and post-mortem compression. The largest deciduous incisor
is di3, second-largest di2 and the smallest is di4. All incisors
are single-rooted and their crowns resemble morphologically
those of MG 6827 [Gui Mam 36/80] and bear small apical
wear facets. The uCT analysis revealed mineralized enamel
caps of both i2 and i4 beneath their deciduous predecessors
(Fig. 8c).

d|3 d|4 dc dpl dp3 dp4

di4
dp4 dp3 dplfd

Meckel’s
sulcus

i4 cap
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The dc corresponds in shape and size to that of MG 6827
[Gui Mam 36/80]. It bears a small, round, and distally ori-
ented wear facet on the tip of the main cusp. Both roots are
preserved and the distal root is stronger than the mesial one
and recurved in posterior direction (Fig. 8d, e).

There are four premolar positions present. The crowns of
both dpl and dp2 are broken and of dp3 only the distal por-
tion is preserved; dp4 is complete. The crown base of dpl1 is
preserved with the mesial root and the cervical portion of the
distal root. A lingual portion of the dp2 root as well as the alve-
olus are preserved; as in MG 6827 [Gui Mam 36/80], dp2 has
only a thin single root, whereas the other deciduous premolars
are double-rooted. A crown fragment of the dp3 with its distal
root and the mesial alveolus are present. The largest deciduous
premolar is dp4 which resembles that of MG 6827 [Gui Mam
36/80] but is slightly more worn, suggesting that MG 6828
[Gui Mam 33/80] represents a slightly older individual.

Fig.9 Haldanodon exspectatus

(MG 6829 [Gui Mam 73/77]).

Fragment of left mandible in

occlusal (a), lateral (b-c), and

medial views (d); in ¢. the man-

dible is transparent, with tilted

cap of p3 highlighted in green.

3D models based on pCT-scan a
data. Scale bar equals 1 mm

m2 ..
alveoli
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The m1 is unworn except for tiny apical wear facets on
cusps a, ¢, and b which indicates that it had just erupted. The
crown closely resembles those of adult Haldanodon man-
dibles and is 25% larger than that of dp4. Besides its larger
size, m1 differs from dp4 by presence of small cusps g and d.
The small size of cusp g is typical for anterior (m1 and m2)
molars in Haldanodon; it is largest in m3 but still only 50%
of cusp c (e.g., MG 6832 [Gui Mam 6/82]). Immediately
behind m1 and below the origin of the coronoid process, the
crypt of m2 (open due to breakage) is visible.

The surface of the mandible exhibits a cancellous bone
structure. A wide postdentary trough with insertions scars
for the postdentary bones and a well-developed Meckel s
sulcus are visible on the medial side of the mandible. There
are three mental foramina present, below di2/di3, di4, and
dc/dpl.

posterior Cap
alveolus

m2
‘ alveoli

posterior
alveolus
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MG 6829 [Gui Mam 73/77] The left mandible fragment (Fig. 9)
is broken at the anterior end and the distal root of dc is present.
The first preserved tooth is unworn p1 which apparently was
freshly erupted. It has a large, slightly recurved main cusp and
a well-developed, shelf-like cingulid on the lingual side. The
semimolariform dp3 and molariform dp4 are strongly worn
(Fig. 9a) and have diverging roots (distal root of dp4 is broken).
Below dp3, deep in the mandible, the mineralized cap of p3
(turned 90° in posterior direction) was detected by uCT. A high-
oval resorption crypt (no mineralized germ of p4 detectable) is
present below dp4 (Fig. 9b, c). Immediately posterior to dp4
sits the fully erupted m1, which exhibits only small apical wear
facets on the main cusps. Posterior to m1, the alveoli for m2 are
preserved. They are filled with coaly matrix which indicates
that m2 was erupted and lost post-mortem before fossilization.

Fig. 10 Haldanodon exspec-
tatus (MG 6794 [Gui Mam
115/74]). Left mandible in
occlusal (a), lateral (b-c), and
medial views (d); in ¢, the
mandible is transparent, with
unerupted crown of p3 and
germ of p4 highlighted in green.
3D models based on pCT-scan
data. Scale bar equals 1 mm

alveolus

alveolus 3
A

MG 6794 [Gui Mam 115/74] The lingual side of the left
mandible (Fig. 10) is partially broken and exposes the
alveoli and roots of the teeth. The first preserved tooth is
dp3. Beneath the roots of dp3, slightly shifted lingually,
the crown of the p3 is preserved. Mesial to dp3 are two
alveoli, one of which is filled with coal matrix. The ante-
rior-most alveolus is lingually open due to breakage and is
empty. These two alveoli are interpreted as alveolus for the
single-rooted dp2 and distal alveolus for the double-rooted
dpl. Anterior to the distal alveolus for dpl there is a large
crypt deep in the mandible (open due to breakage of the
lingual side) which probably housed the germ of p1. Below
dp4, deep in the mandible a crypt with the germ of p4 was
detected by uCT. Both preserved deciduous premolars are
strongly worn.

dp2
? dp4d ml m2

of

<
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The m1 is about 20% smaller than m2 and exhibits moder-
ate wear on cusps a and c as well as small apical wear facets
on cusps b and g. The m2 is fully erupted and exhibits slight
apical wear on the main cusps. The large empty crypt poste-
rior to m2 suggests that m3 was in the process of eruption or
close to it. The posterior portion of the mandible is missing.

MG 6786 [Gui Mam 28/77] The crown of the unerupted p3 is
visible because the lateral side of the left mandible (Fig. 11)
is broken. The roots are not yet fully formed and it had not yet
penetrated the mandible surface. The dp4 is still in place and
well worn. Due to breakage of the lateral side of the mandible,
its diverging roots are exposed. The ventral portion of the dis-
tal root of dp4 appears partially resorbed by the putative germ
of p4; although the germ of p4 is lost, its resorption cavity is
clearly detectable in the pCT image (Fig. 11c).

Both m1 and m2 are fully erupted and have tiny apical wear
facets (slightly larger on m1). Posterior to m3 the lingual border

Fig. 11 Haldanodon exspec-
tatus (MG 6786 [Gui Mam
28/77]). Left mandible in
occlusal (a), lateral (b-c), and
medial (d) views; in ¢, the
mandible is transparent, with
unerupted crown of p3 high-
lighted in green, and resorption
pit of p4 germ. 3D models
based on pCT-scan data. Scale
bar equals 1 mm
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of the mandible is broken and gives view to a large crypt for an
unerupted m3 below the origin of the coronoid process. Poste-
rior to the large crypt there is a tiny crypt for the germ of m4.
The bone surface of the mandible is somewhat cancellous on
the lateral side and the posterior part of the lingual side.

MG 6830 [Gui Mam 2/79] The right mandible (Fig. 12) is
broken into two pieces which have no direct contact surface.
In the anterior fragment, i2 is the mesial-most preserved
tooth with an unworn crown and cervical part of the root
in place. The i2 is almost fully erupted and is vertically
implanted. The i3 has a fully formed crown but was not yet
erupted; the tip of its crown is exposed because the mandibu-
lar bone surface is damaged (Fig. 12b, d). The di3 is broken
off. Of i4 only a small coal filled alveolus is present; it was
lost post mortem. The dc is in place and resembles in shape
and size the dc of MG 6827 [Gui Mam 36/80] and MG 6828
[Gui Mam 33/80]. Below dc the large enamel cap of the




Journal of Mammalian Evolution (2023) 30:507-531

519

permanent canine was detected by uCT (Fig. 12c¢). It differs
from the deciduous canine by its acute triangular shape and
much larger size. Between dc and p1 there is a small gap of
0.4 mm length.

The pl is fully erupted and bears a tiny wear facet on
the tip of the main cusp. In terms of morphology and
size, it resembles pl of the adult specimens MG 6804 [V]
1001 —155] (holotype), MG 6833 [Gui Mam 95/75], and MG
6796 [Gui Mam 122/76] (Luo and Martin 2007: figs. 7 and
8). On the lingual side of the crown-base it bears a shelf-like
tubercular cingulid. The premolariform p3 follows immedi-
ately behind p1. The p3 is about 25% larger than the p1 and
morphologically similar including the large, slightly recurved

b coronoid

_ / process

. i4 4
i3 alveolus (¢ pl
crown

Fig. 12 Haldanodon exspectatus (MG 6830) [Gui Mam 2/79]. Right
mandible, preserved in two parts, in occlusal (a), lateral (b), and
medial (c-d) views; in ¢, the mandible is transparent, with cap of ¢

distal
root m1

main cusp and a mesial and a distal accessory cuspule. Like
pl, it bears a shelf-like tubercular cingulid on the lingual side
of the crown base. The p3 is not yet fully erupted, with the
lingual cingulid sitting on the rim of the mandibular bone
(Fig. 12d). The molariform dp4 is still in place and is strongly
worn on cusps a and ¢ with the latter almost completely worn
off. The distal root of dp4 is broken. Distal to dp4, the ante-
rior fragment of the mandible is broken.

In the posterior fragment, the crown and mesial root
of m1 are missing due to breakage. Based on the position
of the preserved distal root, we believe that m1 was fully
erupted. Posterior to the distal root of m1, a large crypt
(open due to breakage) for the m2 is present. Behind the

i4

coronoid

J /€ process

postdentary
trough

Meckel’s
sulcus

and unerupted crown of i3 highlighted in green. 3D models based on
uCT-scan data. Scale bar equals 1 mm
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crypt of m2, below the origin of the coronoid process, a
very small crypt for the germ of m3 is visible (Fig. 12d).
Both crypts sit closely to the lingual side of the mandi-
ble and apparently were covered only by thin layers of
bone which are now missing. A lingual position of the
molar crypts has also been observed in the other mandi-
bles examined.

The mandibular body exhibits a cancellous bone surface
of the preserved part of the ventral side, in the wide post-
dentary trough and immediately above the medial ridge of
the postdentary trough. The surface of the preserved part
of the coronoid process is smooth. The Meckel s sulcus
is well-developed but broken off anterior to dp4. There
are three mental foramina present on the labial side of the
maxilla, below pl (large), the anterior root of dc (large),
and the posterior root of dc (small) (Fig. 12a).

Fig. 13 Haldanodon exspec- b

tatus MG 6782 [Gui Mam
42/74]). Right mandible in

occlusal (a), lateral (b), and 3 m cu l ar
medial (c-d) views; in ¢, the d I
mandible is transparent, with con yie

erupting p4 and unerupted
crown of m4 highlighted in
green. 3D models based on
uCT-scan data. Scale bar equals
1 mm

angular
process

MG 6782 [Gui Mam 42/74] The right mandible (Fig. 13)
is anteriorly broken, the first tooth preserved is p4. Ante-
rior to p4, both alveoli of p3 (distal alveolus containing
ventral portion of root) and the distal root of pl are pre-
served. The p4 is in the process of eruption; the upper
half of the main cusp is already emerged above the man-
dibular border.

The mesial two thirds of the crown of m1 are broken.
Judging by the preserved mesial root and the distal portion
of the crown base, it was fully erupted. The crown of the
fully erupted m?2 is intact; cusps a, b, ¢, and g bear small
apical wear facets. The m3 is broken and lost. Judging by the
alveoli with remaining root fragments it was fully erupted
or in an advanced eruption stage. Behind m3, on the lingual
side of the mandible the opened crypt with the fully devel-
oped crown of m4 (ready to erupt) is visible. Behind and
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<< medial
~ ~ ridge
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Fig. 14 Haldanodon exspecta-
tus (MG 6801 [V] 1005 —155]).
Right mandible in occlusal (a),
lateral (b-¢), and medial (d)
views; in ¢, the mandible is
transparent, with unerupted
crowns of pl and m2 and germ
of p3 highlighted in green. 3D
models based on uCT-scan data.
Scale bar equals 1 mm

slightly above the crypt of m4, a depression is present at the
origin of the coronoid process (Fig. 13d) which is the crypt
for the germ of m5.

The bony surface of the mandible is only slightly cancel-
lous; the medial side of the coronoid process is smooth. The
postdentary trough is wide and exhibits scars for the attach-
ment of the splenial and other accessory bones. Meckel s
sulcus is well-developed and extends anteriorly up to the
symphyseal region where it fades.

MG 6801 [VJ 1005—-155] The right mandible is preserved in
two parts which are partially transferred to an artificial plas-
tic matrix and which were virtually reassembled after uCT
scanning (Fig. 14). The crown of p1 (split between both frag-
ments), the dp3, germ of p3, dp4, m1, and the crown of m2
(split between both fragments) are preserved. Between crowns
of pl and dp3 is a small space for the tiny single-rooted dp2
which is not preserved. The crown of pl is just piercing the
mandibular surface. The dp3 is still in place and its crown is
corroded. Below dp3, somewhat shifted towards the anterior
root, the germ of p3 was detected. Below well-worn dp4 no
mineralized germ of p4 was found. The m1 is fully erupted

and almost unworn. The m2 is in the process of eruption and
its main cusp a has just emerged above the bony surface of
the mandible.

Krusat (1980: Fig. 23) interpreted the teeth preserved in
MG 6801 [VJ 1005 —155] as p1, dp2, dp3, m1, and m2 which
is here emended based on puCT analysis as outlined above.

MG 6800 [VJ 1004 —155] The right mandible (Fig. 15) is pre-
served in two parts of which the tooth-bearing anterior portion
is embedded in an artificial matrix. Both fragments have been
virtually repositioned. The anterior-most preserved tooth is
the fragmentary dc; below the distal crown portion and root
of dc is the cap of the canine (Fig. 15b, d). The p1 was lost
post mortem but its two alveoli are present. The crown of p3
is unerupted and just about to pierce the dentary surface. A
moderately worn dp4 is still in place without a germ of p4
below. Both m1 and m?2 are fully erupted; m1 is slightly worn
and m2 is almost unworn. The m3 has fallen out post-mortally
and is represented by its two alveoli. The large crypt of m4
is lingually broken and empty, and its shape demonstrates
that both roots were already developed. On the slope of the
ascending ramus sits a small crypt with a tiny enamel cap of
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Fig. 15 Haldanodon exspecta-
tus (MG 6800 [V] 1004 — 155]). b
Right mandible in occlusal

(a), lateral (b), and medial

(c-d) views; in d, the mandible
is transparent, with unerupted
cap of ¢, unerupted crown of

p3 and germ of m5 in crypt
highlighted in green. 3D models
based on pCT-scan data. Scale
bar equals 1 mm

articular
condyle

mS5. The mandible has a well-developed postdentary trough.
The anterior extension of Meckel s sulcus is unclear because
the anterior mandibular body is somewhat distorted and par-
tially preserved as a plastic cast of the natural mould, therefore
we are unsure of its original position.

Krusat (1980: Fig. 24) interpreted the teeth preserved in
MG 6800 [V] 1004 — 155] as root of pl, p2, dp3, m1, and
m2 which is here emended based on the pCT analysis.

MG 6830 [Gui Mam 2/79] The adult left mandible fragment
(Fig. 16) is the only specimen from the entire Guimarota
sample that preserves the complete tooth row with i1-4,
pl, p3, p4, and m1-6 in place. The il (tip broken) is labio-
lingually strongly compressed and is procumbent (inclina-
tion 20°). The more posterior incisors are increasingly more
steeply inclined (i2: 45°; 13: 65°; 14: 85°) and the size gradi-
ent from largest to smallest is i1 >3 >i2>i4. All incisors
are single-rooted, and the roots of i2-4 are slightly com-
pressed labio-lingually; their crowns bear small apical wear
facets. The double-rooted canine is the tallest tooth and bears
a large apical wear facet but is otherwise unworn. Premolars
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pl, p3, and p4 are all double-rooted and moderately worn,
and increase in size from front to back (pl <p3 <p4). The
molars are double-rooted (m1-5) and strongly worn (espe-
cially m3 and m4). In m4 and m5 the roots are fused on the
labial side and in m6 the roots are fully fused with vertical
grooves on the lingual and labial side. The m6 is the small-
est molar with a simplified crown morphology, a typical
character of the ultimate molar which has the tendency to
become vestigial.

Sequence of tooth replacement in the maxilla

Deciduous upper incisors are not preserved in any of the
studied specimens (Fig. 17; Table 2). In MG 6834 [Gui Mam
44/81] dC and dP1-4 are still in place when M1 is fully
erupted. In MG 6732 [Gui Mam 12/74], with fully erupted
M1-2 and nearly fully erupted M3, dC is still in place and
deep in the maxilla a small enamel cap of the permanent C
is present. The dP1-4 are still in place, with crowns of both
P1 and P3 just about to break through the mandibular sur-
face. Above dP4 a crypt with tiny mineralized germ of P4
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Fig. 16 Haldanodon exspec-
tatus (MG 6831 [Gui Mam
34/74)). Left mandible in
occlusal (a), lateral (b), and
medial (d) views; c. complete
permanent tooth row in labial
view. The i1 is weakly inclined
and procumbent (tip broken),
i2-4 are increasingly more
steeply inserted. The molars

are strongly worn (except for
small m6). The incisors are
highlighted in green, the canine
in blue, the premolars in orange,
and the molars in yellow. 3D
models based on uCT-scan data.
Scale bar equals 5 mm

is present. None of the maxillae preserved a germ or crypt
of a permanent successor above dP2 which suggests that
the second deciduous premolar position (dP2) is lost in the
permanent dentition, as for the mandible. The dP2 can have a
single root (MG 6834 [Gui Mam 44/81]), incompletely sepa-
rated roots (MG 6731 [Gui Mam 12/74]), or two roots (MG
6742 [Gui Mam 91/76]), whereas the slightly smaller dP1
is single-rooted in all studied specimens. In MG 6757 [Gui
Mam 128/76] the crown of the permanent C has lifted the dC
slightly out of its alveoli and is ready to erupt, when at least
M1 and M2 are in place. Because M1 and M2 (both with
slight apical wear) are preserved on a separate maxilla frag-
ment without direct contact to the piece containing dC and
C, possibly one or two more molars were erupted or were
in the process of eruption in MG 6757 [Gui Mam 128/76].

Sequence of tooth replacement in the mandible

Haldanodon exspectatus has four lower permanent incisors
(Martin and Nowotny 2000) (Fig. 15; Table 3). In most of
the juvenile mandibles the anterior portion of the jaw with
the incisors in place is damaged, but in MG 6827 [Gui Mam
36/80] and MG 6828 [Gui Mam 33/80] it is largely intact.
In MG 6828 [Gui Mam 33/80], di2, di3, and di4 are present
(anterior-most incisor position damaged). In MG 6827 [Gui
Mam 36/80], dil and di4 are still in place, both i2 and i3 and
their roots/alveoli are lost due to breakage. The deciduous

mental
foramina

Meckel’s sulcus ’ symphysis

incisors can be distinguished from the permanent incisors by
their much smaller size (44% of the dil root diameter). The
combination of information from juvenile mandibles (MG
6827 [Gui Mam 36/80], MG 6828 [Gui Mam 33/80], and
MG 6830 [Gui Mam 6830]) suggests an alternating incisor
replacement, with early replacement of the i2 and i4 posi-
tions and late replacement of the il and i3 positions. The
space between dil and di4 in MG 6827 [Gui Mam 36/80]
appears wide enough to have accommodated di2 and di3.
The dc is replaced relatively late in ontogeny. In MG 6830
[Gui Mam 2/79], a mineralized enamel cap (without roots) of
the permanent canine is below dc; dp1-3 are already shed and
pl and p3 are erupted, but dp4 is still in place and lacks a germ
of p4 below. This suggests that the deciduous canine is replaced
after dp3 and simultaneously with or shortly before dp4.
Haldanodon has three permanent lower premolar posi-
tions but four deciduous premolars, as is evident from MG
6827 [Gui Mam 36/80] and MG 6828 [Gui Mam 33/80]
(Figs. 7 and 8). The dp2 is single-rooted and the small-
est deciduous premolar; all other deciduous lower pre-
molars are double-rooted. In MG 6827 [Gui Mam 36/80]
the cap of pl and germ of p3 were detected below both
dp1 and dp3, but no successor is present below dp2. Both
dp3 (semimolariform) and dp4 (molariform) resemble the
molars in shape, but are smaller and lack cusp g. The dp3
has half the size of m1 and lacks both cuspules df and e;
dp4 is more molarized with tiny cuspules df and e (for
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Fig. 17 Haldanodon exspectatus. Studied juvenile maxillae from the
Guimarota coal mine in ontogenetic order from top to bottom. Shaded
pencil drawings in medial view. The dashed lines indicate the posi-
tion of the deciduous canine. Scale bar equals 2 mm

cusp terminology, see Fig. 1), and is 25% smaller than m1.
Both dp3 and dp4 are replaced by premolariform perma-
nent successors. The suppression of the second premolar
position in the permanent dentition suggests that the lower
premolar formula in Haldanodon is pl, p3, p4. The pre-
molars are replaced sequentially from front to back. In the
ontogenetically youngest mandible MG 6827 [Gui Mam

36/80] all four deciduous premolars are present. The dp1
is broken but its distal root still sits in its alveolus with a
cap of pl visible deep in the mandible. Below dp3 is a tiny
germ of p3, clearly in a much earlier stage than the cap of
pl. Below dp4 no trace of a mineralized germ is seen in
the uCT scan. In the mandible MG 6830 [Gui Mam 2/79],
pl is fully erupted, p3 is not yet fully erupted and unworn,
whereas a strongly worn dp4 is still in place. In MG 6794
[Gui Mam 115/74], both dp3 and dp4 are in place with the
crown of p3 and crypt with germ of p4 inside the mandi-
ble; m1-2 are fully erupted and m3 (lost) was still in crypt.
In MG 6782 [Gui Mam 42/74], p4 is erupting, with the
upper third of the main cusp above the mandibular border;
m1-2 are erupted, m3 (broken) was in the process of erup-
tion or fully erupted, and fully developed crown of m4 is
seen in its crypt at the base of the ascending ramus. This
suggests that the p4 erupts shortly before m4.

The m1 erupts before the deciduous premolars are
replaced as is evident from MG 6828 [Gui Mam 33/80].
The m2 is ready to erupt at the time when pl is present
and p3 is in a late eruption stage (MG 6830 [Gui Mam
2/79]). The m3 is in the process of eruption and m4 is
fully developed but has not yet started to erupt when p4
is in the process of eruption. Antemolar replacement is
completed when four molars are in place (Table 3). Suc-
cessively, one or two (m5-6) molar positions are added dur-
ing later ontogeny. The mandible has determinate growth,
reaching its final (adult) length of about 30 mm when five
molars are erupted. The molars erupt at the origin (slope)
of the ascending ramus which successively is shifting back-
wards, which has also been observed in Docodon victor
(Schultz et al. 2019). In MG 6782 [Gui Mam 42/74], the
still shallow crypt of m5 is evident on the medial side of
the mandible, posterodorsal to m4 which is still sitting in
its large crypt, ready to erupt. The erupting molars and the
molar germs are forming close to the lingual surface of the
mandible and are covered by a thin bony layer only. Small
(vestigial) m6 erupts somewhat shifted lingually immedi-
ately at the base of the ascending ramus, filling the space
posteriorly of m5. Based on combined information from
the mandibles described above, the tooth eruption sequence
is reconstructed as m1 — pl +m2 — i2+i4 — %1 + ?i3
—p3+m3 - c+pd4+m4d - m5 - mb6.

Table2 Summary of teeth represented Haldanodon exspectatus juvenile maxilla specimens showing dental replacement. Color code: green =
deciduous teeth; yellow = permanent teeth. Abbreviations: a, alveolus; b, broken; ca, cap; c¢n, crown; g, germ; -, region not preserved

specimen [11[12]13]1a]15[16 [C P1 P2 [P3 P4 M1 [ M2 [ M3 [ M4 | M5 | M6
mMGe742 |- [- [- [- |- |- dc dP1 (b) dr2 [ dr3 drPa - - - e T
MG6826 |- |- |- |- |- |- dc dp1 dr2 | dr3 dr4 - - e T
MG6731 |- |- |- |- |- |16(a) | dC(b)/C(ca) | dP1 (b)/P1 (cn) | dP2 | dP3/P3 (cn) | dP4/Pa(g) (M1 [Mm2 |- |- |- |-
mMG6757 |- [- |- |- |- |- dc/C(cn) | Pi(a) - |- - - - e T
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Table 3 Summary of sequence of lower teeth replacement in Haldano-
don exspectatus. Mandibles are arranged in ontogentic order with young-
est on top and oldest (adult) at the bottom. Color code: green=deciduous
teeth, yellow=permanent teeth. Asterisk (*) indicates deciduous tooth

shed without replacement. Abbreviations: a, alveolus; b, broken; ca, cap;
cn, crown; cr, crypt; e, erupting; g, germ; -, region not preserved

Specimen il i2 i3 i4 [ pl p3 p4 ml m2 m3 m4 m5 mé6
MG 6827 | dil - - di4 dc dpi(b)/p1 dp2 dp3 dp4 ml m2
(ca) (@) (cr)
MG 6828 | - | di2fi di3 did/i4 dc dp1 (b) dp2 dp3 dp4 ml | m2
2 (ca) (ca) (b) (cr)
MG 6829 - - dc (a) pl dp3/p3 dp4 ml m2
(ca) (a)
MG 6794 pl(a) dp3/p3 dp4/ps ml m2 m3
(cn) (8) (cr)
MG 6830 - i2 di3 i4 (a) | dc/c(ca) pl dp3/p3 dp4 ml m2 m3
(b)/i3 () (b) | f(en) | f(cr)
(cn)
MG 6801 pl (cn) dp3/p3 dp4 ml m2
(g) (cn)
MG 6786 p3 (cn) dp4/ps ml m2 m3 m4
(g?) (cn) | (er)
MG 6800 dc (b)/c pl(a) p3 (cn) dp4 ml m2 m3 m4 m5
(ca) (a) (a) (cr)
MG 6782 - pl (b) p3 (b) p4 (e) ml m2 m3 m4 m5
(b) (@) | (cn) (cr)
MG 6831 il i2 i3 i4 c pl p3 p4 ml m2 m3 m4 m5 m6

Ontogenetic changes of the mandible

During ontogeny, the Haldanodon mandible experiences
considerable allometric changes. There is an elongation of
the horizontal ramus and a backwards shift of the coronoid
process during ontogeny (Fig. 18). These are weaker than in
Docodon, however, because Haldanodon possesses only six
lower molars, whereas Docodon has eight (Simpson 1929;
Schultz et al. 2019). An elongation occurs also at the ante-
rior end of the dentary, because the replacing permanent
canine is about 50% larger than its deciduous predecessor.
The anterior-most incisor (dil) is 45° inclined anteriorly
(procumbent) in the ontogenetically youngest specimen
MG 6827 [Gui Mam 36/80]. The di4 of the same specimen
is implanted much steeper, at 80°. The vertical to distally
inclined orientation of di2, di3, and di4 in the slightly older
individual MG 6828 [Gui Mam 33/80] is caused by post-
mortal compression. A similar phenomenon of diagenetic
compression, resulting in unnatural steep inclination of the
incisors, occurred in the adult mandible MG 6769 [Gui Mam
35/75] (Martin 2018: Fig. 6.12B). Mandible MG 6831 [Gui
Mam 34/74] shows the undistorted orientation of the inci-
sors with a procumbent il and increasingly more steeply
inclined i2-4 (Fig. 16).

In the juvenile specimens, the Meckel s sulcus extends
on the medial side of the mandible from the postdentary
trough to the symphysis in anterior direction (e.g., MG 6827
[Gui Mam 36/80] and MG 6828 [Gui Mam 33/80]). In adult
specimens, it fades before reaching the symphysis (Martin
2018: fig. 6.12) which is related to the anterior elongation
of the mandible caused by the larger permanent canine and

the larger permanent incisors. The same observation was
made by Schultz et al. (2019) on the mandible of Docodon.

The bone structure of most juvenile specimens is can-
cellous with longitudinally oriented canaliculi which are
most expressed on the lateral side of the posterior end of
the mandible, the anterior medial side, and within the post-
dentary trough. The postdentary trough is relatively larger
in the juveniles than in the adults. There are three mental
foramina present which show some variation in position,
largely independent from ontogenetic age. In the youngest
specimen (MG 6828 [Gui Mam 33/80]), the mental foramina
are below di2, di4, and between dc and dpl positions. In
the somewhat older specimen MG 6830 [Gui Mam 2/79],
the mental foramina are below dc, immediately behind dc,
and below pl. In two adult specimens, the positions of the
mental foramina vary. They lie below i2, ¢, and between ¢
and pl in MG 6769 [Gui Mam 35/75], and below i4, anterior
root of ¢, and pl in MG 6777 [Gui Mam 81/79] (Martin and
Nowotny 2000: fig. 14.4).

Discussion
Mode of tooth replacement

The analysis of the mandibles and maxillae available for
study corroborated that Haldanodon exspectatus has a
diphyodont replacement of the antemolar dentition, a derived
mammalian character. This is in accordance with the obser-
vation by Schultz et al. (2019) who suggested a diphyo-
dont premolar replacement for Docodon victor. Multiple
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MG 6829

Ontogeny

o MG 6830

Fig. 18 Haldanodon exspectatus. Mandibular growth and dental
replacement pattern in the studied mandibles from the Guimarota
coal mine. Specimens MG 6828, 6829, 6794, and 6786 mirrored for
easier comparison. Shaded pencil drawings of medial aspect. Dashed
lines indicate the position of the dp4/p4. Scale bar equals 2 mm

replacements of the upper canine as suggested earlier for
Haldanodon (Martin and Nowotny 2000; Nowotny et al.
2001; Martin et al. 2010) were not endorsed. Replacement of
molars does not occur in Haldanodon, or in Docodon victor

@ Springer

Schultz et al. (2019). Haldanodon, Docodon and the other
docodontans so far known differ from Sinoconodon where
one replacement of the posterior “molars” (M3-5) did occur,
and the anterior molars (M1-2) were lost during ontogeny
(Zhang et al. 1998; Luo et al. 2004: fig. 2). Sinoconodon
shows a single replacement of premolars (Zhang et al. 1998,
Luo et al. 2004), as seen in Haldanodon and Docodon, which
is a derived feature of crown mammals. Similar to Sinocono-
don, the lower incisors (information on uppers is lacking) of
Haldanodon are replaced in alternating mode. The upper and
lower canines of Haldanodon show a single replacement,
whereas for Sinoconodon multiple replacements for the upper
canine have been reported (Crompton and Luo 1993; Zhang
et al. 1998; Luo et al. 2004). Sinoconodon shows a loss of
anterior postcanines (premolars and anterior molars) during
ontogeny (Zhang et al. 1998). The two deciduous premolar
positions are replaced once and then are lost, as are the two
anterior molar positions (M1-2/m1-2) which results in an
increasing larger diastema and a posterior shift of the func-
tional tooth row in the jaw by successive addition of newly
erupting molariforms; this is plesiomorphic for mammals
and is seen also in mammaliamorph synapsids (Zhang et al.
1998). A loss of anterior postcanines occurs, less strongly
expressed, in other non-mammalian mammaliaforms such as
Morganucodon, Hadrocodium, and possibly Kuehneotherium
(Kermack et al. 1968; Parrington 1971; Mills 1971, 1984;
Luo et al. 2001, 2004). Both the non-replacement and loss
of the P2/p2 position in Haldanodon (“P2” diastema; Butler
1939; Rougier et al. 2015) correspond to these observations.
Simpson (1929: p. 89) observed a lack of the p2 in the man-
dible of Ennacodon crassus” (synonymized with Docodon
victor by Schultz et al. 2019) and attributed this feature to its
young ontogenetic age. According to our observations, it is
more likely that this is due to the fact that p2 is lost, as evi-
dent from Haldanodon. In the adult Haldanodon maxilla MG
6729 [Gui Mam 116/77] premolar reduction is even more
advanced as P1 and P3 are lost and their alveoli are plugged
by bone, whereas P4 is in place (Fig. 16). In Sinoconodon,
small deciduous postcanines are replaced by larger and more
molariform successors, which resembles the pattern seen in
diademodontids (Luo et al. 2004). Haldanodon differs from
that pattern by showing molarized dP3-4 and dp3-4 which are
replaced by premolariform permanent premolars with mor-
phologically simpler crowns. In the maxilla, the small and
peglike dP1 is replaced by a somewhat larger premolariform
successor whereas the dP2 position is lost. Premolar replace-
ment in the mandible corresponds to this pattern: dp1-2 are
small and peglike, and dp1 is replaced by a somewhat larger
premolariform successor, whereas the dp2 position is lost.
This corresponds to the pattern seen in Sinoconodon but
differs from that of crown mammals where the replacing
premolars generally are morphologically less complex than
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their predecessors. An exception among crown mammals
is Gobiconodon where the successor tooth is similar to its
deciduous predecessor in the complexity of molariform shape
(Luo et al. 2004).

In contrast to Sinoconodon (Crompton and Sun 1985),
the complex molars of Haldanodon (and of other doco-
dontans) show a precise occlusal fit with well-defined and
precisely fitting wear facets (Jenkins 1969; Gingerich 1973;
Brinkkotter 2018; Schultz et al. 2019; Martin et al. 2020).
This precise occlusal fit and mastication coincide with the
non-replacement of molars in Haldanodon (and other doco-
dontans). After replacement of the incisors, canine, and pre-
molars which was completed around the time when m4 was
erupting (Table 3), one or two supplementary (m5-6) molars
were added to the tooth row, coinciding with an elongation of
the posterior portion of the mandible. The number of lower
molars in Haldanodon appears reduced compared to Doco-
don victor, where up to eight molar positions are present
(Simpson 1929; Schultz et al. 2019). The non-replacement
of molars and their limited number (5-6, with m6 small and
often vestigial) suggest that Haldanodon had a determinate
growth of its skull, although the lack of epiphyses in the
humeri and femora indicate an extremely extended or even
lifelong growth of the postcranium (Martin 2005). Luo et al.
(2004) suggested for Sinoconodon an indeterminate growth
of the skull, together with continual tooth replacement as in
non-mammalian cynodonts (Crompton 1963; Hopson 1971;
Osborn and Crompton 1973; Osborn 1974).

A molariform (“molar”) replacement has been suggested
for morganucodontans (Luo et al. 2004), but there is no
direct evidence so far. In Megazostrodon the replacement
of m2 has been postulated based on less wear in this tooth
as compared to m1 and m3 (Gow 1986), but no successor
has been detected. It is generally accepted that there was
no replacement of molars in Morganucodon watsoni (Mills
1971; Crompton 1972; Parrington 1973; Crompton and
Parker 1978; Clemens and Lillegraven 1986; Luo 1994).
According to Kielan-Jaworowska et al. (2004: p. 152), Mor-
ganucodon had developed a diphyodont replacement pattern
in all of its antemolars, but molars were not replaced. The
mode of premolar replacement is sequential from front to
back, similar to Sinoconodon (Luo et al. 2004). Haldano-
don and Docodon correspond to this replacement pattern.
According to Luo et al. (2004), there is little evidence for
replacement of ultimate molars from the growth series of
complete mandibles of Morganucodon oehleri (Yang 1982;
Crompton and Luo 1993) and Dinnetherium (Jenkins et al.
1983; Crompton and Luo 1993). According to Z.-X. Luo
(personal communication February 7, 2022) the statement
that dental replacement occurred in the anterior molars of
Morganucodon (Luo et al. 2004: p. 165) is no longer con-
sidered to be valid. An X-ray of two Morganucodon oehleri
skulls provided no evidence for replacement successors to

the ultimate and penultimate functional molars (Luo et al.
2004). The non-replacement of molars as seen in Haldan-
odon and Docodon was apparently established in morga-
nucodontans. O"Meara and Asher (2016) found evidence
for determinate growth in a large sample of Morganuco-
don mandibles, supporting the hypothesis that determinate
growth enabled diphyodont antemolar replacement and non-
replacement of molars with precise occlusion (Crompton
and Jenkins 1973; Crompton 1995).

Position of the canine

Haldanodon possesses six upper incisors, of which I5 and
I6 are implanted in the maxilla (Lillegraven and Krusat
1991; Martin and Nowotny 2000). In therian mammals,
according to the criterion of Lage [position] (Remane
1952) the first tooth implanted in the maxilla is considered
to be the canine. However, the occurrence of maxillary
incisors is not uncommon in mammaliaforms and stem the-
rians (Kermack et al. 1981: p. 11; Lillegraven and Krusat
1991; Martin 1997, 1999) and probably represents the ple-
siomorphic mammalian condition. A maxillary incisor (14)
is also found in the docodontan Borealestes cuillinensis
(Panciroli et al. 2021: fig. 15). As a general rule, the lower
canine occludes anterior to the upper canine in mammals,
and therefore the occlusal relationships can be used for
determining the respective tooth category. Haldanodon
maxillae exhibit a large pit mesiolingual of the upper can-
iniform tooth (Fig. 6a) for accommodation of the occluding
lower caniniform tooth (a feature also seen in B. cuillinen-
sis; Panciroli et al. 2021). This is evidence that the upper
and lower caniniform teeth of Haldanodon are indeed
canines, although the upper is not the anterior-most tooth
in the maxilla. The lower deciduous premolars are sequen-
tially shed and replaced (dp2 is not replaced) from front to
back (dpl — dp2 — dp3 — dp4, and the deciduous lower
canine is replaced about at the same time as dp4. This is
evident from MG 6830 [Gui Mam 2/79] where dc is still in
place when pl and p3 are already replaced and dp4 is still
present. The large cap of the permanent canine below dc of
MG 6830 [Gui Mam 2/79] suggests that deciduous canine
replacement occurred simultaneously with or shortly
before replacement of dp4. The late replacement of the
lower canine which does not follow the sequential replace-
ment of the lower premolars supports the interpretation
that it belongs to a different tooth category than the pre-
molars. Because of the occlusal relationship of upper and
lower caniniform tooth, we consider the upper caniniform
tooth as the canine, even if it is not the anterior-most tooth
implanted in the maxilla. A late replacement of the decid-
uous canine is also observed in Docodon. Schultz et al.
(2019) reported the presence of deciduous canines in juve-
nile mandibles YPM VPPU 10649 and YPM VPPU 13735.
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According to our observations, the deciduous premolars
are already replaced by their permanent successors in
these mandibles, contra Schultz et al. (2019) who inter-
preted the third and fourth premolar position as still hav-
ing the deciduous premolars in place. The interpretation by
Schultz et al. (2019) was based on the shape of the roots,
but no germs of permanent premolars had been detected
below the teeth in question. The crown morphology of the
supposed dp4 in YPM VPPU 13735 is premolariform and
clearly differs from molariform dp4 of YPM VPPU 23748.
The supposed dp3 of YPM VPPU 10649 is also premo-
lariform, and both teeth closely resemble p3 and p4 of the
adult mandibles YPM VPPU 11826 and YPM VPPU 11823
(Schultz et al. 2019: fig. 7), and are interpreted as permanent
premolars here.

“Peraiocynodon” and Cyrtlatherium

“Peraiocynodon inexpectatus” was established by Simpson
(1928) based on a left ramus fragment with four teeth (NHMUK
PV OR48248, formerly BMNH 48248) which is the only known
specimen for this taxon. Simpson (1928) interpreted the teeth
as m1-4 and germ of m5. Later Butler (1939) reinterpreted the
teeth in the mandibular fragment as deciduous premolars (dp1-4).
When Butler (1939: p. 332) compared the dp4 of “Peraiocyno-
don” (“m4” of Simpson 1928) with the m1 of Docodon, he noted
clear differences: “...the paraconid [=cusp b] is lower and close
to the anterior cusp; the metaconid [=cusp c] and the adjacent
cusps are less distinct; the outline is narrower relatively to its
breadth; the protoconid [=cusp a] is placed more nearly in the
centre of the crown. .. The other teeth are progressively simpler,
and the most anterior one bears the protoconid [=cusp a] and a
marginal ledge. It therefore seems very probable that they are the
milk molars of a form related to Docodon” (additions in [ ] by
the present authors). The characters listed by Butler (1939) are
exactly the same that we have observed in dp4 of Haldanodon.
Sigogneau-Russell (2003) described isolated lower docodontan
molariform teeth from the Bathonian of Kirtlington that she
attributed to a new species of “Peraiocynodon” (“P. major”).
The teeth assigned to “Peraiocynodon major” are not only much
larger (170%) than those of “Peraiocynodon inexpectatus”, but
also differ strongly by morphology. Furthermore, “Peraiocyno-
don major” is of Middle Jurassic (Bathonian) age, whereas ‘Per-
aiocynodon inexpectatus” comes from the Lower Cretaceous
(Purbeckian), and is approximately 25 million years younger.
When describing the two molariform teeth from Kirtlington,
Sigogneau-Russell (2003: p. 361) noted: “The two teeth [holo-
type NHMUK PV M46693 and specimen M46679] here referred
to as Peraiocynodon major sp. nov. (Fig. 3d) have a very unusual
configuration in that they possess no mesio-lingual cusp; in that
the mesio-labial cusp does not send a crest lingually (= antero-
basal crest)...” The absence of a mesiolabial cusp (=cusp g)
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is a character seen in dp3 and dp4 of Haldanodon, which sug-
gests that the teeth attributed to “Peraiocynodon major” could
be docodontan posterior deciduous premolars (dp3, dp4). In any
case, by morphology and stratigraphic age difference, it is highly
improbable that the Kirtlington teeth (attributed to “Peraiocy-
nodon major” by Sigogneau-Russell 2003) belong to the same
genus as the holotype mandible of “Peraiocynodon inexpecta-
tus”. The perceived superficial similarities between “Pereiocyno-
don inexpectatus” and “Peraiocynodon maior” may be explained
by them both being deciduous premolars. Sigogneau-Russell
(2003) described eight additional lower teeth and tooth fragments
from the British Purbeck and attributed them to *“Peraiocynodon
inexpectatus”’; six of them exhibit possible deciduous premolar
characters such as more elongated trigonid, lower cusp b, and
absence of cusp g. Two of the eight teeth (fragmentary) are larger
than the others. According to Sigogneau-Russell (2003: p. 370)
“...it seems unlikely that we would have here six deciduous teeth
[the smaller teeth] for two permanent molars [the larger fragmen-
tary teeth] of one single taxon. Given that argument ... I would
interpret the six teeth as permanent molars of Peraiocynodon
and the two fragments [of the larger teeth] as the remains of a
Docodon species...” (additions in [ ] by the present authors).
Averianov (2004) confirmed Butler’s (1939) interpretation of
the “Peraiocynodon inexpectatus” holotype dentition as dp1-4.
He suggested that the absence of cusp g in the teeth of the two
species of “Peraiocynodon” (and in Cyrtlatherium) indicates that
these are milk teeth. According to Averianov (2004), Sigogneau-
Russell’s (2003) argument against interpreting six out of the eight
lower teeth as deciduous premolars does not apply, because the
sample size is too small, and in some environments and localities
deciduous teeth may be quite abundant (see Cifelli 1999). Schultz
etal. (2019: p. 31) observed major differences in the deciduous
teeth (premolars) of “Peraiocynodon inexpectatus” and Doco-
don based on UCT study. However, the dp4 of mandible YPM
VPPU 23748 (Schultz et al. 2019: fig. 7a) is very similar to dp4 of
the “Peraiocynodon inexpectatus” holotype mandible NHMUK
PV OR48248. YPM VPPU 23748 is the only specimen studied
by Schultz et al. (2019) where an unerupted germ of a premolar
(p3) has been detected. The dp4 of YPM VPPU 23748 exhibits
the same characteristics as dp4 of Haldanodon and ““Peraiocyno-
don inexpectatus” (e.g., absence of cusp g) and is without doubt
a deciduous premolar. The teeth in two other anterior mandibular
fragments (YPM VPPU 10649 and YPM VPPU 13735), which
were interpreted as dp3 and dp4 by Schultz et al. (2019), differ
in crown morphology from the dp4 of YPM VPPU 23748. Their
assignment as deciduous premolars is based on the shape of the
roots, but no germs of permanent p3 and p4 have been detected
(Schultz et al. 2019: Fig. 7). The crowns of the premolars in ques-
tion of YPM VPPU 10649 and YPM VPPU 13735 are partly
broken; the crowns of the preserved teeth (p3 of YPM VPPU
10649 and p4 of YPM VPPU 13735) differ clearly from the dp3
and dp4 of Haldanodon (and from dp4 of YPM VPPU 23748)



Journal of Mammalian Evolution (2023) 30:507-531

529

which are all molarized. We consider these teeth as permanent
premolars, and the observed differences to “Peraiocynodon”
account for their permanent premolar nature. Based on our obser-
vations of the deciduous premolars of Haldanodon, we concur
with Averianov (2004) that *“Peraiocynodon inexpectatus” is an
objective junior synonym of Docodon, based on milk teeth.
Cyrtlatherium canei had been erected based on two right
lower molars by Freeman (1979) who considered it as a “sym-
metrodontan” kuehneotheriid. Sigogneau-Russell (2001)
recognized the docodontan nature of Cyrtlatherium and sug-
gested that this taxon is based on two milk teeth. Averianov
(2004) corroborated the deciduous nature of the Cyrtlath-
erium premolars. He suggested that they are milk teeth of
Simpsonodon oxfordensis, which would make Simpsonodon
oxfordensis Kermack et al. 1987 a junior synonym of Cyrt-
latherium canei. This suggestion is probable, but currently
cannot be proven with certainty on the limited material base.
Even if Simpsonodon will turn out to be a junior synonym of
Cyrtlatherium, it appears reasonable to maintain Simpsono-
don, because this name is widely introduced into the literature
and Cyrtlatherium is rarely used, and a formal case needs
to be placed at the International Commission of Zoological
Nomenclature if the synonymy is corroborated. Based on
our observations of the deciduous dentition of Haldanodon
exspectatus, we confirm that “Peraiocynodon inexpectatus”
and Cyrtlatherium canei are based on milk teeth as suggested
by Butler (1939) and Averianov (2004) for the former and by
Sigogneau-Russell (2001) and Averianov (2004) for the latter.

Conclusion

Haldanodon exspectatus exhibits the diphyodont replacement
of the antemolar dentition as seen in crown mammals. The
non-replacement of molars is probably linked to the com-
plex molar crown pattern with precise occlusion, because
the chewing apparatus would have lost its functionality with
replacing molars. The mandible exhibits determinate growth
which is attained when mS5 is erupted; subsequently vestigial
mb6 fills the space between m5 and base of the ascending
ramus. The sequential replacement of premolars from front
to back is a derived mammalian character, the alternating
replacement of the incisors is plesiomorphic and seen on the
non-mammalian synapsid stem lineage (Parrington 1936;
Osborn and Crompton 1973). The upper canine is not the
anterior-most tooth implanted in the maxilla (small peg-like
maxillary incisors i5 and i6 are present), but occlusal rela-
tionship with the lower caniniform demonstrates its canine
nature. During ontogeny, the Haldanodon mandible expe-
riences considerable changes in shape with growth in the
anterior region for accommodation of the larger permanent

incisors and canine and additional growth at the origin of
the ascending ramus for accommodation of m5-6. The adult
dental formula of Haldanodon is 61/4i, 1C/1c, 3P/3p, 5 M/5-
6m, and that of the deciduous dentition ?dl/4di, 1dC/1dc,
4dP/4dp. Upper and lower second premolar positions are
present in the deciduous dentition, but are not replaced after
shedding (lost in the permanent dentition). The lower per-
manent tooth eruption sequence of Haldanodon is m1 —
pl4+m2 - i2+i4 — ?il + 713 - p3+m3 - c+p4+mé
— m5 — m6. The series of juvenile Haldanodon mandibles
corroborates the earlier suggestions (Butler 1939; Averianov
2004) that “Peraiocynodon” and Cyrtlatherium are likely to
be based on docodontan milk dentitions.
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