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ABSTRACT

Within the abundant mammal fauna of Tiupampa (Early Paleocene, Bolivia), the pantodont
Alcidedorbignya inopinata Muizon & Marshall, 1987 is the eutherian represented by the largest
number of specimens. The sample recovered in this locality includes numerous isolated teeth
and jaws as well as six skulls, most of them being associated with complete or partial skeletons.
It is composed of a similar number (excluding isolated teeth) of adults (71) and juveniles (75),
which likely belong to the same population. The present study focusses on the dental eruption
sequence of juveniles, which spans ontogenetically from perinatal individuals to sub-adults.
Eight ontogenetic stages have been defined for juveniles (1, 2, 2+, 3, 3+, 4, 5, 6) and crite-
ria for their definition are proposed. Two more stages (7 & 8) are defined for adults. Stage 7
includes specimens with fully erupted and little worn dentition, and Stage 8 is composed of
a small number of specimens with worn dentition but not totally erasing the inner profile of
the tooth, even on M1/m1. Our stages have been correlated to the six “Individual Dental Age
Stages” (IDAS) proposed by others for fossil and extant placental mammals. Description of the
dental ontogenetic stages of Alcidedorbignya establishes the dental eruption sequence for this
taxon. Excluding incisors (for which we have almost no data), the upper eruption sequence is
as follows: dC-dP2-4 (probably erupted at birth, order unknown), M1, dP1, M2, 13, C, P4,
P3, P2-3, M3. The lower eruption sequence (excluding i1-2 for which we have no data) is as
follows: dil-3-dc-dp3-4 (probably erupted at birth, order unknown), dp2, m1, dp1, m2, i3, c,
p2, p4, p3, m3. This sequence is identical to that of Coryphodon, the most derived pantodont
genus. In Alcidedorbignya, as in Coryphodon Owen, 1845, the M3/m3 erupt last, which may
constitute a derived, although very convergent, character within placentals. The use of computed
tomography provided further information regarding tooth mineralisation. It indicates that on
lower cheek teeth the trigonid mineralises before the talonid and on the former the order of
mineralisation is protoconid, metaconid and paraconid. On the upper cheek teeth the para-
cone mineralises first. This mineralisation sequence for cusps fits well with the general pattern
described for placentals. The scrutiny of wear facets and eruption sequence of cheek teeth then
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enabled us to propose hypotheses regarding the timing of life history events such as weaning
and sexual maturity, using comparisons with extant placentals. Several measurements of the
skull and dentary also indicate that the juveniles of Alcidedorbignya with no more than 20%
of erupted permanent cheek teeth (p3 to m3, P3 to M3) are rather small compared to adults,
which may represent a plesiomorphic pattern. Finally, the study of the mortality profile of this
pantodont assemblage shows that the number of juveniles remains is similar to that of adults.
Among juveniles, the greater abundance of specimens is observed for unweaned individuals.
Alcidedorbignya inopinata is, by far, the Paleocene taxon represented by the greatest number
of juvenile individuals, which suggests that Tiupampa may have been a breeding locality for
this gregarious Paleocene placental. The remarkably well-documented collection of juvenile
and adult fossils of Alcidedorbignya offers an unprecedented glimpse into the craniodental
ontogeny of an early diverging placental mammal.

RESUME

Ontogénie dentaire chez le mammifére placentaire du Paléocéne inférieur Alcidedorbignya inopi-
nata (Pantodonta) de Tiupampa (Bolivie).

Au sein de la faune de mammiferes de Tiupampa (Paléocene inférieur, Bolivie), le pantodonte,
Alcidedorbignya inopinata Muizon & Marshall, 1987 est 'euthérien représenté par le plus grand
nombre de spécimens. L'échantillon récolté, comprend de nombreuses dents isolées et machoires
ainsi que six cranes pour la plupart, associés a des squelettes complets ou partiels. Il se compose
d’un nombre & peu prés similaire (en excluant les dents isolées) de spécimens adultes (71) et
juvéniles (75) qui appartiennent treés probablement a la méme population. La présente étude se
concentre sur 'éruption dentaire des juvéniles qui s’étend ontogénétiquement depuis des indi-
vidus a un stade périnatal jusqu'a des sub-adultes. Huit stades ontogénétiques ont été définis (1,
2,2+, 3, 3+, 4, 5, 6) et des critéres ont été proposés pour les définir. Deux autres stades (7 et 8)
ont été définis pour les adultes. Le stade 7 comprend des spécimens avec une dentition perma-
nente totalement fonctionnelle et peu usée. Le stade 8 se compose d’un petit nombre d’individus
dont la dentition définitive est usée mais sans atteindre une abrasion totale des structures des
molaires, méme sur les M1/m1. Nos stades ont été corrélés aux six « Individual Dental Age Stages »
(IDAS) proposés par d’autres auteurs pour les mammiferes actuels et fossiles. La description des
huit stades d’ontogénie dentaire chez Alcidedorbignya a permis d’établir la séquence d’éruption
dentaire pour ce taxon. A I'exclusion des incisives (pour lesquelles nous n’avons que trés peu de
données), la séquence d’éruption des dents supérieures est comme suit: dC-dP2-4 (probablement
fonctionnelles a la naissance, ordre inconnu), M1, dP1, M2, I3, C, P4, P2-3, M3. La séquence
d’éruption dentaire des dents inférieures (a I'exclusion des il et i2 pour lesquelles nous n’avons
pas de données) est comme suit: dil-3-dc-dp3-4 (probablement fonctionnelles 4 la naissance,
ordre inconnu), dp2, m1, dpl, m2, i3, ¢, p2, p4, p3, m3. Cette séquence est semblable a celle de
Coryphodon Owen, 1845 le genre de pantodonte le plus dérivé. En particulier, chez Alcidedorbi-
gnya, comme chez Coryphodon, les M3/m3 sortent les derniéres, ce qui constitue probablement
un caractere dérivé bien que trés convergeant parmi les placentaires. Lutilisation de la tomogra-
phie informatisée a fourni des données supplémentaires concernant la séquence de minéralisation
dentaire et a permis I'étude des germes dentaires. Celle-ci montre que, sur les dents inférieures le
trigonide se minéralise avant le talonide et, sur le premier, 'ordre de minéralisation des cuspides
est le suivant: protoconide, métaconide, paraconide. Aux molaires supérieures, le paracone est le
premier minéralisé. Cette séquence de minéralisation des cuspides correspond au patron général
décrit pour les placentaires. Uanalyse des facettes d’usure et de la séquence d’éruption dentaire
a permis de proposer des hypothéses sur 'apparition d’événement d’histoire de vie tels que le
sevrage et la maturité sexuelle par comparaison avec des données connues pour des placentaires
actuels. La comparaison de plusieurs mesures criniennes et mandibulaires indique que les indi-
vidus périnataux et juvéniles d’Alcidedorbignya avec 20% de dents jugales définitives fonction-
nelles (p3 A m3; P3 4 M3) sont relativement petit en comparaison aux adultes, ce qui pourrait
représenter un caractére plésiomorphe. Enfin, I'étude du profil de mortalité de cet ensemble de
fossiles d’Alcidedorbignya montre que le nombre de restes de juvéniles était semblable a celui des
adultes. Parmi les juvéniles, le plus grand nombre de spécimens est observé pour des individus
non sevrés. Alcidedorbignya inopinata est de loin le taxon de la faune représenté par le plus grand
nombre d’individus juvéniles, ce qui suggere que Tiupampa constituait probablement un lieu
de rassemblement de reproduction pour ce placentaire grégaire au Paléocéne. La collection de
fossiles de juvéniles et d’adultes &’ Alcidedorbignya inopinata, remarquablement bien documentée
(pour le Paléocene inférieur), procure une information unique et sans précédent pour comprendre
I'ontogénie cranio-dentaire d'un mammifere placentaire basal.
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INTRODUCTION

Dental eruption sequence is generally poorly known in stem
and early mammals because of the scarcity and the incomplete-
ness of fossils jaws of juvenile individuals, although valuable
exceptions exist (e.g., Martin 1997; Luo ez al. 2004; O’Meara &
Asher 2016; Mao ez al. 2019; Schultz ez al. 2019; Jager ez al.
2021). This scarce record and preservation are, in part, the
consequence of the poor ossification of juvenile bones and of
the extreme weakness of the cranial sutures, which, in very
early stages are still partly cartilaginous. As a consequence,
juvenile jaws preserving most of the teeth or, even, only most
of the cheek teeth, are uncommon in the Late Cretaceous or
Paleocene mammal faunas. While the discovery of a complete
juvenile jaw is already remarkable, it is insufficient, alone, to
elucidate the dental eruption sequence in a given fossil mam-
mal and is not comparable to what can be done with extant
mammals, for which all the stages can be available for upper
and lower dental series of the same species.

However, among early members of Placentalia, some excep-
tions are to be mentioned in the Paleocene and Eocene of
North America. West (1971) revised the deciduous dentition
of phenacodontids and studied 164 specimens referred to
Tetraclaenodon Scott, 1892, Phenacodus, and Ectocion Cope,
1882. Many of these specimens are partial jaws, which only
preserved (at best) dP3 and dP4. None of the more anterior
deciduous teeth of these genera are known. Furthermore, the
age of these specimens ranges through the middle Paleocene
(Torrejonian) to the late middle Eocene (late Bridgerian)
and are from a vast number of localities or regions (e.g., San
Juan Basin, New Mexico; Crazy Mountain field, Montana;
Bighorn Basin, Buckman hollow, Wind River Basin, and
Fossil Basin, Wyoming). Some isolated juvenile specimens
(a crushed skull and a partial mandible) of Hyopsodus pau-
lus Leidy, 1870 from Green River Basin (middle Eocene)
have also been described by West (1979). These specimens
only preserve dP3-dP4 and dp2-dp4 and, as mentioned by
West (1979: 27-28), “the paucity of juvenile jaws retaining
both deciduous and permanent teeth in various stages of
eruption makes the actual sequence of eruption difficult to
reconstruct”. More recently, a paleopopulation of the late
diverging pantodont Coryphodon lobatus Cope, 1877 including
many specimens of juvenile individuals, has been described
from Piceance Creek basin (earliest Eocene, Colorado) by
McGee & Turnbull (2010). An assemblage of at least 12
individuals of C. lobatus ranging from subadult to senescent
individuals are regarded by the authors as resulting from a
catastrophic or mass death accumulation, therefore likely
belonging to the same population. Among five juvenile
specimens none bears all deciduous teeth and the young-
est specimens have a fully erupted M1. Although highly
informative in term of eruption sequence, this sample lacks
very young, potentially pre-weaned individuals. Because of
the full eruption of their M1s, all the juvenile specimens of
this assemblage were probably weaned (Anders ez al. 2011)
and lack information on other, early stages of the deciduous
dentition of C. lobatus.

GEODIVERSITAS 2022 © 44 (32)

So far, only one fossil Paleocene mammal species, the
pantodont Alcidedorbignya inopinata Muizon & Marshall,
1987 (early Paleocene of Tiupampa, Bolivia; see just below
in section Material and Methods for comments on recent
statements on the age of the Tiupampa mammal fauna) is
represented by a rich collection of juvenile specimens includ-
ing very early stages of deciduous dentition from what are
likely perinatal (i.c., near term foetuses or new born) to sub-
adult individuals with erupted M 1s and M2s. This species is
also documented by many partial or sub-complete remains
of adults (Muizon & Marshall 1992; Muizon et al. 2015).
The sample includes skulls and jaws from the same locality
and probably from the same population, with the fossilisa-
tion of the most complete specimens likely resulting from
a catastrophic event (Marshall ez 2. 1995; Ladeveze ez al.
2011; Muizon & Ladeveze 2020; Muizon et al. in press). The
juvenile sample for this species includes 75 specimens and is
composed of three partial skulls with associated mandibles
and partial skeletons, 43 isolated sub-complete or partial
mandibles and 29 sub-complete or partial maxillae. This col-
lection of non-adult individuals is doubtlessly the oldest, most
abundant, and most exhaustive in terms of ontogenetic age
documented to date for an early placental. This exceptional
sample provides an unprecedented opportunity not only to
securely establish the dental eruption sequence but also to
compare it to cranial growth, and to suggest hypotheses on
the timing of weaning and acquisition of sexual maturity
and therefore of the palacobiology of an early eutherian. The
mortality profile of the sample for this placental species at
Tiupampa is also briefly addressed.

MATERIAL AND METHODS

In the present paper, we identify and describe dental ontoge-
netic stages documented by juvenile and adult specimens of
the species Alcidedorbignya inopinata, from the Paleocene
of Tiupampa, Bolivia (Muizon ef al. 2015). In order to get
a view as complete as possible on the formation of teeth
within crypts and on eruption stages, CT scanning of the
specimens MHNC 8279, 8298, 8373, 8416, 13859, was
performed using a GE Sensing and Inspection Technologies
phoenix|x-ray v|tome|x L240-180 CT scanner at the AST-RX
platform, Muséum national d’Histoire naturelle, Paris, France.
CT scanning of the specimens MHNC 1213, 8417, 8423,
13857, 13858, 13861, 13948, 13949 was performed using
an EasyTom 150 scanner at the MRI-platform, University of
Montpellier, France. Isotropic voxel size of scans is given in
figure captions. The Mimics Innovation Suite software (21.0
Research Edition, Materialise) was used to perform the 3D
reconstruction (segmentation and 3D rendering). Specimens
available for study are from the collections of the Cochabamba
Museum of Natural History (MHNC, Bolivia).
Quantification of cranial and mandibular growth was
tentatively characterized based on a few selected linear meas-
urements taken directly on the specimens using a calliper,
since the sample included non-scanned specimens. Selected
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Stages (this paper)
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IDAS of Anders et al. (2011) IDAS 0 IDAS 1

IDAS 2 IDAS 3 IDAS 4 IDAS 5

Fic. 1. — Correlation between the dental stage (1 to 8) defined here and the IDAS (Individual Dental Age Stages) of Anders et al. (2011).

measurements were those that could be measured on a larger
number of specimens preserving most or parts of the cranium
or mandible.

The photographs of Fig. 34 have been obtained using an
RTT (Reflectance Transforming Imaging) setting as indicated
by Decombeix et al. (2021) with some specifications, as fol-
lows: we used a Canon EOS 5DS digital camera equipped
with a Canon MP-E 65 mm macro lens (both Tokyo, Japan);
and LED:s of the two lower rings of the light dome were used
(i.e., 42 LEDs). Snapshots were extracted using the defaul?
mode (for A and B, light source coordinates X = —0.34, Y =
—0.34); for C and D, light source coordinates X = -0.31,Y =
0.44,). On Fig. 34A and B, the wear facet on the paraconule
and paracingulum, with the posterior edge of protocristid is
best observed with this light orientation, although the latter
darkens the distal cusps of the tooth (metacone, metaconule
and distal face of protocone). However, observation of these
cusps is not the purpose of this figure, which focusses on
visualizing the incipient wear facets on M1/m1.

Concerning the tooth wear terminology, we use the term
“wear facet” independently of the reason of the wear, without
distinguishing attrition (tooth against tooth) from abrasion
(tooth against food). In the following description and discus-
sion, we interpret the first premolar as dP1/dpl following
Luckett (1993: 186) who sates that “a successor for dP1 is
normally absent in most genera” of placentals (e.g., see condi-
tion in macroscelidids, Kindahl [1957]; McKay ez 4/. [2022]).
However, variation exists since the first premolar of Canis is
regarded as a permanent tooth with no precursor i.c., P1/
pl (Williams & Evans 1978; McKay et al. 2022). Therefore,
although the condition of the first premolars (permanent P1/
p1 with no precursor or retained dP1/dp1 with no successor)
is not identical in all placentals and although the condition of
Alcidedorbignya cannot be securely resolved (but see discus-
sion below), we designated these teeth as dP1/dp1, because
this condition seems to be the most common in placentals.

NOTE ON THE AGE OF THE TTUPAMPA MAMMAL FAUNA

Recently, Beck et al. (2022: 310) have stated that “while an
early Paleocene age for Tiupampa is plausible, we do not find
the evidence for correlating this fauna with chron 28t rather
than chron 261, to be overwhelming.” These authors took
a compromise position, and assign the Tiupampa mammal
fauna to an age range corresponding to the maximum age
of chron 28r (65.118 Ma; Sprain ez al. 2015) and the mini-
mum age of chron 261, which corresponds to the Selandian-
Thanethian boundary (59.2 Ma; Coccioni ez al. 2012; Cohen
et al. 2013). This compromise may be a wise solution to the
debate on the age of the Tiupampa mammal fauna between
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Zimicz et al. (2020), who supported a correlation with chron
26r and Muizon & Ladevéze (2020) who supported a cor-
relation with chron 28r.

The correlation of the Tiupampa mammal bearing beds with
chron 261 by Zimicz ez al. (2020: 8) has been supported mainly
on the basis of what they consider to be a “large amount of
recent geological evidence”. However, Muizon & Ladevéze
(2020: 600-609) have carefully discussed and rejected all the
recent geological assumed evidences of Zimicz ez al. (2020)
and presented numerous paleontological arguments and some
geological references, which, in our point of view, rather
favour a correlation of the Tiupampa beds with chron 28r.
Unfortunately, none of these arguments have been discussed
in detail by Beck er al. (2022), who only provided general
comments especially on the fact that comparisons are made
between fossil sites at very different paleolatitude (but see
Muizon & Ladevéze [2020: 604] for comments on this point).
In this context and on the basis of the arguments provided by
Muizon & Ladevéze (2020), we consider that correlation of
the Tiupampa beds to chron 28r is more defensible than to
chron 26r and favour an early Danian age for the Tiupampa
mammal fauna.

However, as stated by Muizon & Ladevéze (2020: 609),
“it is clear that only radiometric dating at Tiupampa would
provide a definitive answer to the question of the age of the
Tiupampa mammal-bearing beds. Unfortunately, so far,
numerous field seasons at Tiupampa seem to indicate that
no tuff or volcanic ashes are present in the Santa Lucia beds
on this site”.

DESCRIPTION

In the following description, the term juvenile applies to
all individuals that do not bear a complete, fully erupted,
permanent dentition. In the case of Alcidedorbignya inopi-
nata, the latter corresponds to adults that bear the following
dental formula: 11-3/i1-3; C/c dP1/dp1; P2-4/p2-4; M1-3/
m1-3 (Muizon & Marshall 1992; Muizon et 2/. 2015). We
have divided our juvenile sample into six stages identi-
fied according to their dental eruption. For each stage, an
interpretation of the life history condition (e.g., suckling,
weaned, sexually mature...) has been suggested in the dis-
cussion. We have correlated our stages of dental eruption
with the IDAS (Individual Dental Age Stages) defined by
Anders eral. (2011), although our large sample of juvenile
individuals of a single species allows a clearly more precise
subdivision than the IDAS, which consider juvenile as well
as adult individuals in all placentals. In order to facilitate
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Fig. 2. — Perinatal partial skull and mandibles (MHNC 8373) of Alcidedorbignya inopinata (stage 1): A, left lateral view of the skull and left mandible; B, right
lateral view of the skull and left mandible; C, dorsal view of the skull and left mandible; D, ventral view of the skull and left mandible; E, postcranial elements of
the same individual; F, slice no. 194 of the scan of the skull and left mandible; G, Lateral view of the right mandible; H, medial view of the right mandible (lateral
view); 1, slice no. 107 of the CT-scan of the right mandible; I’, enlargement showing the germ of p1 developing in the bottom of the crypt; J, slice no. 122 of
the CT-scan of the right mandible (slice 122 is medial to slice 107); J’, enlargement showing the germ of p1 developing in the bottom of the crypt; K, occlusal
view of the right mandible. The number for each illustrated slice refers to the position within the sequence of 771images (resolution binned images voxel size =
0.01857481 mm) for F and 246 images for | and J. Scale bars: 10 mm.

the understanding of the correlation of our stages to the  “stage X +” in addition to two of the six stages we recog-
IDAS in the description below, a comparative diagram is  nize in the series available for Alcidedorbignya inopinata.
presented on Fig. 1. In some cases, we have identified a  This designation indicates that the condition of dental
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TaBLE 1. — List of juvenile specimens (jaws, partial jaws, and skulls only) of Alcidedorbignya inopinata. Color code: pink, photographs available for study and original
specimen in MHNGC; green, original specimen on loan at the MNHN; orange, cast at the MNHN but original specimen not available for this study; Abbreviations:
alv, alveolus; ctip, cusp tip; cry, crypt (most of tooth in crypt, apex of cusps may be just emerging); er, erupting (at least one third of tooth emerged); 1, left; r, right;
rt, root; tal, talonid; trig, trigonid. Acronyms: MHNC, Museo de Historia Natural de Cochabamba (Bolivia); YPFB, Yacimientos petrolifieros fiscales de Bolivia.

Specimen Stage Bone Teeth

Stage undetermined

YPFB Pal 6375 ? r-maxillary dP3-4
YPFB Pal 6415 ? r-mandible dp3
YPFB Pal 6416 ? r-mandible dp4
YPFB Pal 6417 ? r-mandible dp4
YPFB Pal 6418 ? r-mandible dp4
YPFB Pal 6419 ? I-mandible dp4
YPFB Pal 6450 ? r-maxillary dp4
YPFB Pal 6451 ? I-maxillary dp4
Stage 1
YPFB Pal 6358 1 I-mandible dp4, m1 in cry
MHNC 8373 1 I-mandible di2, alvs of di3-c, ctip of dp1 in cry, dp2er, dp3-4, m1 in cry, ctips of m2 in cry
id 1 r-mandible alvs di1-3, dc, ctip of dp1 in cry, dp2er, dp3-4, m1 in cry, ctips of m2 in cry
id 1 I-maxillary dP3-4
MHNC 13859 1 r-mandible di1-c, ctip of dp1 in cry, dp2er, dp3-4, m1 in cry, ctips of m2 in cry
MHNC 13959 1 I-mandible alv of dp3-4, m1 in cry
MHNC 13966 1 I-mandible dp4
MHNC 1214 1? r-mandible dp3-4
Stage 2
YPFB Pal 6374 2 I-maxillary alv of dP2, dP3-4 (unworn)
YPFB Pal 6387 2 r-mandible (alv of dp1, dp2-3), mier
YPFB Pal 6399 2 I-mandible tal of dp4, mier
YPFB Pal 6449 2 I-maxillary dP4, cry of M1
MHNC 8423 2 I-mandible alv of di1, di2, alv of di3, dc, dp1 in cry, dp2-4, mier, m2 in cry
id 2 r-mandible alv of di1, di2-3, ¢, dp1 in cry, dp2-4, m1er, m2 in cry
id 2 I-maxillary alv of dC, ctip of C in cry, dP1er, dP2-4, Mier, M2 in cry
id 2 r-maxillary C, dP1er, dP2-4, M1er, M2 in cry
MHNC 13863 2 r-mandible dp3-4, cry of m1
MHNC 13865 2 r-mandible alv of dp4, mier, m2 in cry
MHNC 13866 2 I-mandible alv of di1, di2-3, rt of dc, dp1 in cry, rt of dp2, dp3, alv of dp4
MHNC 13948 2 r-maxillary dC, dP1 in cry, alv of dP2, dP3-4, M1er
MHNC 13949 2 I-maxillary dC, dP1 in cry, dP2-4, cry of M1
MHNC 13950 2 r-maxillary rt of dP3, dP4, M1ier
MHNC 13955 2 r-maxillary rt of dp3, dP4, cry of M1
MHNC 13961 2 I-mandible alv of dp4, mier
MHNC 13967 2 I-mandible dp3
MHNC 13968 2? I-mandible dp3
YPFB Pal 6380 2? r-maxillary cry of dP1, dP2-4,
Stage 2+
YPFB Pal 6352 2+ I-mandible rt of di1-3, dc, dp1 in cry, dp2-4, mier, m2?
MHNC 1213 2+ I-mandible alv of di1-2, di3, dc, dp1in cry, alv of dp2, rt of dp3, dp4, mier, m2 in cry
MHNC 13969 2+ r-maxillary Rt of dP4, M1er
Stage 3

YPFB Pal 6367
YPFB Pal 6370
YPFB Pal 6379
YPFB Pal 6457

[-maxillary dP4-M1, cry of M2

r-maxillary dP4-M1

I-mandible rt of dc, dpier, dp2-3
[-maxillary dP3 (wear facet on metacrista)

3
3
3
3
MHNC 1216 3 I-maxillary dP3-4, alv of M1
MHNC 1212 3 r-mandible rt of di1, alv of di2, di3, dp1ler, dp2-4, alv of m1
MHNC 8416 3 I-mandible di1-8, i3 in cry, dc, ¢ in cry, dpier, dp2-4, m1, m2 in cry
id 3 r-mandible di1-3, cry of i3, dc, dp1er, alv of dp2, dp3-4, m1, m2 in cry
id S |-maxillary dl1-2, alv of dI3, 13 in cry, dC, C in cry, dP1 in cry, dp2-4, M1, M2 in cry
id S r-maxillary dC, Cin cry, dP1 in cry, dP2-4, M1, cry of M2
MHNC 8418 3 I-mandible dp4, m1
MHNC 13864 2+ r-mandible cry of dp1, rt of dp2, dp3-4, cry of m1
MHNC 13952 3 I-maxillary cry of dP1, alv of dP2, dP3-4, alv of M1
MHNC 13953 3 r-maxillary rt of dP2, dP3-4, alv of M1
MHNC 13957 3? I-mandible m2 in cry
MHNC 13962 S r-mandible alv of m1, m2 in cry
Stage 3+
YPFB Pal 6353 3+ r-mandible tal of dp4, m1, m2 in cry
YPFB Pal 6385 3+ I-maxillary dc, dpier, dp2
YPFB Pal 6430 3+ r-mandible dpier, alv of dp2, dp3-4
MHNC 8279 3+ I-mandible rt di1, di2-3, dc, c in cry, dpier, dp2-4, ctip p4 in cry, m1, m2 in cry
MHNC 8298 3+ r-mandible di1-3, dc, c in cry, dpler, dp2-4, ctips p4 in cry, m1, m2 in cry
MHNC 13954 3+ r-maxillary alv of dC, dP1er, dP2-3,
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Table 1. — Continuation

Specimen Stage Bone Teeth
Stage 3+ (continuation)
MHNC 13956 3+ r-mandible alv of m1, m2 in cry
MHNC 13958 3+ I-mandible m2 in cry
MHNC 13965 3+ r-mandible alv of m1, m2 in cry
Stage 4
YPFB Pal 6369 4 r-maxillary dP1, dP2-4, P4?
YPFB Pal 6378 4 r-maxillary dP3-4, P4?, alv of M1
YPFB Pal 6373 4 r-maxillary dp1, dp2-4
YPFB Pal 6381 4 I-mandible dp1, dp2-3
YPFB Pal 6448 4 I-maxillary P4 in cry, dP4
MHNC 8417 4 r-mandible rt of dp2, dp3-4, m1
MHNC 8286 4 I-mandible dp4, p4 in cry, m1, m2er, ctip of m3 in cry
MHNC 13857 4 r-maxillary dC, Cin cry, dP1, dP2-3, ctip of P3 in cry, dP4, P4 in cry, M1, M2er
MHNC 13960 4 I-maxillary rt of dP4, cry of P4, M1, cry of M2
MHNC 13964 4 I-mandible tal of dp4, m1, cry of m2
MHNC 13861 4 r-maxillary alv of dC, C in cry, alv of dP1, alv of dP2, P2 in cry, dP3-4, P4 in cry, alv of M1, cry of M2
Stage 5
YPFB Pal 6351 5 I-mandible i3er, dc, c in cry, dp1, dp2-4, m1, trig of m2
YPFB Pal 6363 5 I-maxillary Cer, dP1, P2-3 in cry, dp4, P4 in cry, M1, alv of M2, cry of M3
YPFB Pal 6376 5 r-mandible rt of dp1, p2er, dp3, rt of dp4
YPFB Pal 6384 5 I-mandible alv of di1, rt of di2, alv of di3, alv of dc, c in cry, dp1, alv of dp2, rt of dp3
YPFB Pal 6386 5 r-mandible rt of dp1-p2, p3er, alv of p4
MHNC 13858 5 r-mandible dc, cer, dp1, p2 in cry, dp3-4, m1, alv of m2, m3 in cry
MHNC 13860 5 r-maxillary Cer, dP1, alv of P2, P3er, P4-M2, cry of M3
MHNC 13963 5 I-mandible dp4, p4 in cry
Stage 6
MHNC 13853 6 I-maxillary rt of P3, P4-M2, cry of M3

eruption is slightly more advanced than “stage X”, but not
enough to justify inclusion in a different stage. Among the
75 juvenile jaws, four are referred with doubt to a possible
stage and eight are too incomplete (or photographs did
not provide enough information) to be securely classified
in a specific stage (see Table 1).

STAGE 1
Dental ontogenetic criteria for this stage are 1) all deciduous
teeth are erupted (except dp2, which is only partly erupted
in the youngest individuals), 2) germ of m1 complete but
still in crypt, and 3) crypt of m2 in the process of forma-
tion with at least one cusp tip partly mineralised (Figs 2-6).
Six specimens are referred to this stage: MHNC 8373, a
partial skull missing the right maxilla, with the left maxilla
bearing dP3-4, posterior part of the frontals and most of
the braincase are preserved but distorted, left mandible
with di2 erupting (apex at the edge of the alveolar border),
posterior part of dp3, dp4 and m1 as a germ in crypt and
right mandible with dc, dp2 erupting, dp3-4 and m1still in
crypt; MHNC 1214, right mandible with dp3-4; MHNC
13859, a left mandible with di1-3, dc, dp2-4, m1 in crypt,
MHNC 13959, partial left mandible with alveoli of dp3-4
and trigonid of m1 in crypt (talonid missing); MHNC
13966, left mandible fragment with dp4, YPFB Pal 6358;
left mandible with dp4 and m1 in crypt. These specimens
correspond to a minimum of four different individuals
based on the presence of four specimens with a left dp4.
The upper dentition of this stage is known from unworn
left dP3 and dP4 in the only preserved maxillary of skull
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(MHNC 8373). No trace of P3 and P4 are visible above dP3
and dP4 and no crypt is observed in the maxilla (Fig. 2).
Furthermore, an isolated left dC and a left dP2 were found
during preparation very close to the left maxilla of the skull.
As preserved the root of the deciduous canine is as long as
the crown and, since its apex is broken, it was longer than
the crown. Therefore, it is likely that the upper deciduous
canines were erupted at birth. The root of dP2 is approxi-
mately as long as the crown and it is also probable that this
tooth was erupted or, at least, erupting at birth.

The lower dentition is more complete than the upper. The
anterior teeth are better preserved on MHNC 13859, in
which the three deciduous incisors and canine are preserved.
Their roots are open. There is no indication of a permanent
canine in crypt. On MHNC 8373, the dpl is present as
a small germ, with a widely open crown, at the bottom of
the alveolus (Fig. 21, J) (see Material and Method section
for the interpretation of the first premolars as non-replaced
deciduous teeth). The dp2 is not fully erupted and only the
apex of the crown is emerging from the dentary (Fig. 2K,
H). The root is short, open, and extends ventrally as far
as mid-height of the dentary. The dp3 and dp4 are fully
erupted, unworn, and feature well-developed roots, which
reach the ventral region of the dentary. The crown of m1 is
present in crypt and its trigonid is visible dorsally since the
anterior part of the bony roof of the crypt has disappeared.
The trigonid is likely to have been totally covered by gum
only and its largest cusps (protoconid and metaconid) are
unworn and unlikely to have pierced this gum. The m1 is
a germ; it has no root and the crown only has developed
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crypt of m2 in the
process of formation
with cusp tip

cusp tip of m2

crypt of m2 in the
process of formation
with cusp tip

Fic. 3. — Mandibles of the perinatal specimen (MHNC 8373) showing the crypt of
m2 in formation with a cusp tip: A, left mandible; B, right mandible. The number
for each illustrated slice refers to the position within the sequence of 772 images
(resolution binned images voxel size = 0.01857481 mm) for A and 247 images
(resolution binned images voxel size = 0.01857481 mm) for B. Scale bar: 2 mm.

(Fig. 2). Posterior to the crypt for m1, a much smaller cavity
is observed. It contains a small cusp tip and represents the
future crypt for m2 in the process of formation (Figs 3; 4).
Although incomplete this cusp is interpreted here as the
protoconid in the light of observations made on MHNC
13859, an individual in which the cusp is more recogniz-
able (Fig. 6). This interpretation follows Jernvall (1995:
26 and references therein) who states that the protoconid
is generally the first cusp to develop in the lower molars.
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In MHNC 13859 the development of dental eruption is
slightly more advanced than in MHNC 8373 (Fig. 4). The
germ of dpl is more developed and its apex is higher in the
alveolus. On dp2, the crown is almost fully erupted and the
root is slightly longer and extends below mid-height of the
dentary, up to the ventral third of bone. At the posterior end
of the dentary a small crypt for m2 is also present, in which a
very thin cusp tip can be observed and better preserved than
on MHNC 8373 (Figs 5; 6). Because of its shape (labial side
strongly convex without cristid and lingual side flat) and
because of the presence of a slight cingulid (precingulid) on its
anterior edge, we interpret this cusp as the protoconid. Because
of its position in the fossil, it is likely that this cusp has been
displaced lingually before filling of the crypt with sediment.
It is noteworthy that the differences noted above between the
two specimens are minor and may well be the result of some
individual variation. This stage in Alcidedorbignya probably cor-
responds to IDAS stage 0 (foetus) or early IDAS 1 (newborn)
of Anders ez al. (2011), since the m1 is still in crypt and does
not present any wear facet. One of the specimens in this stage
(MHNC 8373) being a possible near-term foetus (because of
its position between the limbs of MHNC 8372; Muizon et a/.,
2015) rather argues for IDAS 0. Furthermore, if this interpre-
tation is correct, then MHNC 13859, the dental eruption of
which is slightly more advanced, could be a newborn individual
and would correspond to early IDAS 1. Be that as it may, both
specimens are regarded as perinatal. In fact, because differences
of dental eruption between a near-term foetus and a newborn
individual are minimal, it makes more sense to include both in
asingle stage (our stage 1) including perinatal specimens. Stage
1 corresponds to late IDAS 0 and early phase of IDAS 1, buct
the difference with late IDAS 0 should be minimal (Fig. 1).

STAGE 2
Dental ontogenetic criteria for this stage are 1) M1 partly
erupted (apices of proto-, para- and metacone out of crypt,
but styles and stylar shelf still covered by the maxilla); 2)
trigonid of m1 partly erupted but talonid still in crypt; 3)
crypt of m2 much larger than on stage 1 (almost definitive
size) with trigonid of m2 formed and at least one tip of cusp
(hypocone) of talonid present; 4) dP1 and dp1 sdill in crypt
but with apex close to alveolar border; 5) dP2 and dp2 fully
erupted; 6) tip of permanent canine in crypt (Figs 7-10).
Sixteen specimens are included in this stage: MHNC 8423,
a partial skull and associated mandibles: the skull is missing
the premaxilla, most of the occipital, and part of the left
ear region, right maxilla bearing dC, dP1 starting to erupt,
dP2-4, M1 erupting, left maxilla bearing dP1 starting to
erupt, dP2-4, M1 erupting, ectotypanic and ear ossicles in
situ, left mandible with di2, dc, dpl in crypt, dp2-4, trigo-
nid of m1 erupting, right mandible with di2-3, dc, dp1 in
crypt, dp2-4, trigonid of m1 erupting (Figs 7-10); MHNC
13863, partial right mandible with dp3-4; MHNC 13865,
left partial mandible with m1 (trigonid erupting and talonid
in crypt; MHNC 13866, anterior part of left mandible with
roots of di2-3; dc, dp1 in crypt, root of dp2, dp3; MHNC
13948 left maxilla with dc, dp1 in crypt, dp3-4 (Fig. 11A);
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cusp of m2
(protoconid?)

posterior half of dp3

posterior half of dp3

hypoconid

cusp of m2 }
(protoconid?)

hypoconulid

protoconid

metaconid

entoconid

Fic. 4. — A, Transparent lateral view of left mandible (MHNC 8373) of juvenile Alcidedorbignya inopinata (stage 1) showing left m1 and the tip of a cusp of m2
in crypt (probably the protoconid); B, the same in occlusal view; C, occlusal view of left m1 in crypt and partial cusp tip of m2 (probably the protoconid). Scale

bars: A, B, 5 mm; C, 2 mm.

MHNC 13949, right maxilla with dC, dP1 in crypt, dP3-4,
M1 erupting (Fig. 11B); MHNC 13950, fragment of right
maxilla with roots of dP3, dP4, M1 just starting to erupt
from crypt; MHNC 13955, fragment of right maxilla with
unworn dP4 and crypt of M1 above posterior edge of dP4;
MHNC 13961; partial left mandible with alveoli of dp4 and
m1 erupting; MHNC 13967 (possibly), partial left mandible
with dp3; MHNC 13968 (possibly stage 2), partial left man-
dible with dp3; YPFB Pal 6374, left maxillary fragment with
alveolus of dP2, dP3-4 (unworn); YPFB Pal 6380 (possibly
stage 2), partial maxilla with crypt of dP1, dP2-4. YPFB Pal
6387, part of right mandible with erupting m1, YPFB Pal
6399, part of left mandible with talonid pf dp4 and erupting
m1; YPFB Pal 6449, fragment of a left maxilla with dP4 and
crypt of M1 above posterior edge of dP4. These specimens
correspond to a minimum of six different individuals based
on the presence of six specimens with a left dp3 and/or dp4.
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In MHNC 8423, the upper incisors are not preserved
(Fig. 7). The right dC is present; on the left side dC is not
preserved. Anteromedial to the alveolus of the left dC is the
crypt of the left permanent canine, in which is preserved the
apex of permanent C, which has been turned upside down
during fossilisation (i.e., the apex is facing dorsally; see Fig. 8A).
No trace of the permanent C is observed on the right side.
However, because the anterior part of right maxilla is broken,
the crypt of the right permanent canine is open anteriorly
and, if present, the germ of the tooth may have been lost.
The dP1 is erupting with only the tip of the crown visible,
being slightly ventral to the edges of the alveolus (Fig. 8B).

In MHNC 13948 and 13949, dP1 is emerging but the
apex of the crown s slightly dorsal to the edge of the alveolus
(Fig. 11), in contrast to the condition observed in the skull
of MHNC 8423. The dP2 is fully erupted in the two speci-
mens, in which it is preserved (MHNC 8423 and 13949).
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Fic. 5. — Left mandible (MHNC 13859) of juvenile Alcidedorbignya inopinata (stage 1): A, lateral view; B, C, slices no. 93 and 103 of the lateral CT-scan of the
specimen; (slice 93 is lateral to slice 103); D, medial view; E, occlusal view; F, slice no. 140 of the lateral CT-scan of the specimen (slice 140 is medial to slice 103).
The number for each illustrated slice refers to the position within the sequence of 213 images for A and D (resolution binned images voxel size = 0.02781842 mm).

Scale bar: 10 mm.

The root of dP2 is as long as the crown and almost closed
dorsally. The dP3 and dP4 are erupted and functional. At
the mesiolingual edge of dP3 and dP4 is a small pit in the
maxilla, through which will erupe, in later stages, the tip of
the protocone of P3 and P4 respectively (see below, stage 5
YPEB 6363). Dorsal to dP3 and dP4 there is no indication
that the tip of the cusps of P3 and P4 are present and no
crypt is developed yet. The M1 is still in crypt but erupting
and, even if its lateral edge (stylar shelf) is still covered by the
maxilla, the apex of protocone, paracone and metacone were
probably piercing (or were close to) the gum (also observed in
MHNC 13950). Behind M1, the maxilla is well preserved,
no breakage is observable. On both sides, just posterior to
the protocone of M1 the maxilla is slightly excavated, which
probably indicates that the crypt of M2 is starting to develop.
However, no cusp tip has been discovered posterior to M1
during preparation of the skull MHNC 8423. If they were
actually present in life, they may have been lost post-mortem.
However, the fact that the ectotypmanic and ear ossicles are
preserved in situ (with the right one in life position) indicates
that the individual has encompassed very little post-mortem
disturbance of its elements. It is therefore possible that no
cusp of the M2s had yet mineralised in this individual. On
the other hand, the fact that the anteromedial angle of the
crypt of M2 is starting to develop could also indicate that
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some cusp tips of m2 may have been already present. There-
fore, this point remains unelucidated.

On the mandible of MHNC 8423, di2-3 are preserved on
the right side and di2 on the left side, which suggests that
the upper incisors were also deciduous. The crown of dp2
is fully erupted and its root is two to three times as long as
the crown. It is moderately open ventrally. The condition
of the other deciduous teeth is similar to that observed on
the skull and no cusps of p3-4 nor crypt are observed. In
contrast to the condition of the dP1, the apex of dp1 is not
emerging being slightly ventral to the edges of the alveolus
(Fig. 9). The m1 is partly erupted; the cusps of the trigo-
nid are slightly more erupted than the proto-, para-, and
metacone and were probably emerging through the gums.
In contrast, the talonid is still embedded in the crypt and
its cusps were likely covered by gum during life. The roots
are not formed yet and the pulp cavity is still widely open
ventrally. The crypt of m2 is present and features a small
dorsal circular opening, through which can be observed
the first elements of the trigonid cusp in process of miner-
alisation. The CT scan slices on Fig. 9 and the transparent
view of Fig. 10, reveal that the trigonid and talonid of m2
were in early stage of mineralisation. The three cusps of the
trigonid are formed but are incompletely fused in the centre
of the trigonid basin and posterior to the trigonid, a single
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Fic. 6. — A, Transparent lateral view of left mandible (MVHNC 13859) of juvenile Alcidedorbignya inopinata (stage 1) showing left m1 and the tip of a cusp of m2 in
crypt (probably the protoconid); B, the same in occlusal view; C, occlusal view of left m1 in crypt and cusp tip of m2 interpreted here as the protoconid (the cusp
has been slightly displaced and rotated clockwise c. 45°); D, occlusal view of the protoconid of m2 in its probable natural position. Scale bars: A, B, 5 mm; C, 2 mm.

cusp is present, referred here to the hypoconid. On MHNC
13865, a partial mandible with erupting m1, the crypt is
observed through a small breakage on the medial aspect of
the dentary just anterior to the mandibular foramen. Peer-
ing through this opening some poorly mineralised cusps
of m2 are visible. No dorsal opening of the crypt of m2 is
observed posterior to erupting m1 and anterior to the base
of the coronoid process, as in MHNC 8423. If our interpre-
tation of the absence of crypt and cusps of M2 on the skull
is correct, then the formation of m2s slightly predates that
of M2s. On upper and lower deciduous premolars (dP/dp

2-4), wear facets, when observed, are extremely faint and we
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suggest that they are rather attrition (tooth to tooth) than
abrasion (tooth to food) facets. Stage 2 corresponds to early
IDAS 1 but later in IDAS 1 than our stage 1 (see Fig. 1).

STAGE 2 +

Dental ontogenetic criteria for this stage are 1) eruption of
M1 and m1 more advanced than on stage 2; 2) M1 with
parastyle still covered by the maxilla and alveolar border of
maxilla almost reaching the labial cingulum of stylar shelf;
3) m1 with trigonid almost fully erupted and talonid erupt-
ing; 4) wear facet on deciduous premolars, when present, are
extremely faint.
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FiG. 7A-E. — Partial skull and mandibles (MHNC 8423) of juvenile Alcidedorbignya inopinata (stage 2): A, dorsal view of skull; B, ventral view of skull; C, enlarge-
ment of part of right palate; D, right lateral view of skull; E, left lateral view of skull. Scale bars: A-D, 5 mm; E, 2 mm.

Three specimens are referred to this stage: MHNC 1213 left
mandible with di2, dc, dp1 in crypt, dp4, m1 almost fully erupted
(Fig. 12); MHNC 13969, partial maxilla with roots of dP4 and
almost fully erupted M1, but less than in stage 3, since parastyle
is clearly above metastyle of dP4; YPFB Pal 6352, left almost
complete mandible with d¢; dp1 in crypt, d2-4, m1 almost fully
erupted. These specimens correspond to at least two different indi-
viduals based on the presence of two specimens with the left m1.

This stage differs from the preceding one in the more advanced
eruption of m1. The trigonid cusps are at the occlusal level of
those of dp4 and the three talonid cusps are out of the crypt and
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distinctly overhanging the alveolar border. Therefore, the tooth is
almost fully erupted, whereas it was only partly erupted in stage
2. Roots of m1 are barely present and the pulp cavity is widely
open ventrally. Therefore, the ventral edge of the crown (i.e.,
the cemento-enamel junction) is still below the alveolar border.
However, the difference with stage 2 is not major since dpl is
not more erupted with its apex still slightly below alveolar edge.
When observed, wear facets on dP/dp 3-4 are very small. One
is present on the oblique cristid of the dp4 of YPEB Pal 6352.

Stage 2+ also corresponds to early IDAS 1 but slightly later
in IDAS 1 than our stage 2 (see Fig. 1).
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m1 erupting

m1 erupting

opening in roof
of crypt for m2

Fic. 7F-K. — Partial skull and mandibles (MHNC 8423) of juvenile Alcidedorbignya inopinata (stage 2): F, lateral view of left mandible; G, occlusal view of left
mandible; H, medial view of left mandible; I, Lateral view of right mandible; J, occlusal view of right mandible; K, medial view of right mandible. Scale bar: 5 mm.

STAGE 3
Dental ontogenetic criteria for this stage are 1) M1 and m1
fully erupted (or almost), but without wear facet; 2) crypts
of M2 and m2 almost totally formed with the major cusps
of M2 and m2 already mineralised and connected; 3) M2
and m?2 still totally in crypt; 4) dP1 and dp1 sdill in crypt
but apex close the alveolar border; 5) tips of crown of I3 and
i3 present in crypt, at least on one side; 6) conspicuous wear
facets present on deciduous premolars (Figs 13-19).
Thirteen specimens are referred to this stage: MHNC 8416,
a partial skull with braincase distorted, missing the right pre-
maxilla, exoccipitals and supraoccipital, with associated man-
dible; on the left side dI1-2, dC, dP1 in crypt, dP2-4, M1,
protocone of M2 in crypt, on the right side dC, dP2-4, M1,
crypt of M2 above posterior half of M1, on the left mandible,
dil-3, dc, dpl starting to erupt, dp2-4, M1 fully erupted;
M2 in crypt, right mandible as for the left but missing dp2
(Figs 13-19); MHNC 8418 left mandible fragment with dp4,
m1; MHNC 1212, anterior part of right mandible with root
of dil, di3, root of dc, dp1 erupting, dp2-4, anterior alveoli
of m1; MHNC 13864 right mandible fragment with root of
dp2, dp3-4; MHNC 13953 (possibly stage 3), fragment of
right maxilla with dP3-4 and medial and mesiolabial alveoli
of M1; MHNC 13957, fragment of left mandible with m2
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in crypt; MHNC 13962, fragment of right mandible with
alveoli of m1 and trigonid of m2 in crypt; MHNC 13965,
fragment of right mandible with distal alveolus of dp4, alveoli
of m1 and trigonid of m2 in crypt; YPFB Pal 6353, part of
right mandible with m1 and unerupted m2 (this specimen
could also be referred to stage 3 + since the degree of eruption
ofits dp1 is unknown — see below) ; YPFB Pal 6367, part of
left maxillary with dp4 and m1; YPFB Pal 6370, fragment of
right maxillary with dP4-M1; YPFB Pal 6379, left mandible
with root of d¢, dp1 erupting, and dp2-3; YPEB Pal 6457,
left maxillary fragment with dP3, with a distinct wear facet
on posterior edge of metacrista. These specimens correspond
to a minimum of five different individuals based on the pres-
ence of five specimens with a left dP3

As seen on the skull and mandible MHNC 8416, all decidu-
ous teeth are present and functional at this stage. Conspicu-
ous wear facets are observed on dP/dp 3-4, in contrast to the
condition observed on stages 2 and 2+. As seen on CT data
of the skull and mandible, the germs of permanentI1, 12, i1,
and i2 are not present. However, the germ of permanent 13
and i3 is present (Fig. 15A, D). I3 is observed on the left side
only since right premaxilla is not preserved on the specimen.
On the mandible, the germ of i3 is present only on the right
side and the crypt of the left deciduous i3 bears no tooth germ
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Fic. 8. — Slices of CT-scan of skull (MHNC 8423) of juvenile Alcidedorbignya inopinata (stage 2): A-D, slices (70, 121, 297, 529) of the frontal CT-scan (slice 70
is anterior and slice 529 is posterior); E, slice 593 of the coronal CT-scan. The number for each illustrated slice refers to the position within the sequence of 1630
images for A-D and 922 images for E (resolution binned images voxel size = 0.0159858 mm). Scale bar: 5 mm.

(which has probably not developed yet) (Fig. 16C). On the  is widely open dorsally. It is barely larger than the decidu-
skull, anterodorsomedial to dC, is the germ of the permanent  ous canine. A similar condition is present on the mandible
canine in crypt (Figs 15A; 16A). It has no root and its crown  (Fig. 16B, E). The dP1 and dp1 are unerupted. However, the
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apex of dP1 is slightly dorsal to the alveolar edge (Fig. 17A,
B), being internal to the alveolus, whereas, on the mandible,
the apex of dp1 is slightly dorsal to alveolar edge (Fig. 17C,
D), emerging from the alveolar border. The dP1 has no root
in this specimen, whereas, on the mandible, a distinct root of
dpl is present and extends below mid-height of the dentary
(Fig. 17A). Therefore, the eruption of dp1s slightly precedes
that of dP1s. This condition of dP1 in MHNC 8416 is reversed
from that observed on the skull of stage 2 (MHNC 8423),
in which the apex of dP1 is emerging whereas that of dp1 is
still within the crypt thus indicating that the eruption of dP1
precedes that of dp1. This condition indicates that some vari-
ation exist in the relative timing of eruption of dP1 and dp1.

On the palate, pits for eruption of the protocones of P3
and P4 are present in the maxilla at the mesiolingual edge
of the alveoli of dP3 and dP4 (Fig. 14A). The M1 and ml
are almost fully erupted and may have been functional but
no wear facet is observed. They have well-developed roots,
which almost reach the mandibular canal on the left man-
dible. The germ of M2 and m2 are present in their crypts
(Figs 17-19). The M2 shows two post-mortem ¢. 90° rota-
tions: a clockwise rotation in right lateral view of the skull
and another clockwise rotation in anterior view of the skull.
As a result of these turns, the protocone is facing more or less
dorsally, the paracone dorso-posteriorly and the metacone
ventro-posteriorly (Fig. 19). The upper crypt is observed on
the right side of the skull; its anterior edge is located above
the level of the ectoflexus of M1. The germ of M2 is missing
on the right crypt. It is only partially complete on left crypt,
since the stylar shelf is apparently missing, but all major cusps
are mineralised (paracone, metacone, protocone, paraconule,
metaconule) and connected at their base. Only the protocone
and conules are observed in the floor of the left orbit (the tooth
has been displaced post-mortem and is not in anatomical posi-
tion) and the rest of the tooth (i.e., paracone and metacone)
is still in matrix and has been reconstructed from CT data
(Fig. 19). On the mandible, a small opening is observed on
the anterior roof of the crypt only above the trigonid of m2
but no cusp of the tooth is emerging; the tooth is in its crypt
and slightly crushed (Figs 14; 17D). All cusps are mineralised
on the m2, with no part of the crown missing (Fig. 19). Roots
are not formed in either M2 or m2 on this specimen. Stage
3 corresponds to late phase of IDAS 1 (Fig. 1).

STAGE 3+
Dental ontogenetic criteria for this stage are 1) dpl partly
erupted and 2) m2 starting to erupt with tips of protoconid
visible out of the crypt (Figs 20-23).

Nine specimens are referred to this stage: MHNC 8279,
a complete left mandible with dil broken at base, di2-3, dc,
permanent ¢ in crypt, dpl erupting (one third to one half
of the crown), dp2-4, m1 fully erupted, tip of protoconid
of m2 visible (but not emerging) through a small opening
in the roof of the crypt (Fig. 20); MHNC 8298, an almost
complete right mandible with dil-3, dc, permanent c in crype,
dp1 erupting (c. one third of the crown is erupted), dp2-4,
tip of protoconid (?) in crypt below dp4, m1 fully erupted,
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Fic. 9. — Slices of the lateral CT-scan of the mandibles (VHNC 8423) of juvenile
Alcidedorbignya inopinata (stage 2): A, B, slices (128, 109) of the left mandible
(slice 109 is lateral to slice 128); C, slice 360 of the right mandible. The number
for each illustrated slice refers to the position within the sequence of 699 im-
ages for A and B and 720 images for C (resolution binned images voxel size =
0.0159849 mm). Scale bar: 5 mm.

roof of the crypt of m2 open dorsally but no cusp emerging
(Figs 215 22); MHNC 13952 (possibly stage 3+), fragment of
left maxilla with dP3-4 (with distinct wear facets) and medial
and mesiolabial alveoli of M1; MHNC 13954, fragment of
right maxilla with dp1 erupting (apex well below alveolar edge)
(Fig. 23), dp2-3; MNHN 13956, right mandible fragment
with alveoli of m1 and m2 in cryp; MNHC 13958, ramus
of left mandible with m2 in crypt; YPFB Pal 6379, part of
left mandible with root of dc, dp1 erupting dp2-3; YPFB Pal
6385, part of left maxillary with dc, dp1 erupting, dp2 and
anterior roots of dp3; YPFB Pal 6430, right mandible with
dpl erupting alveolus of dp2, and dp3-4. These specimens
correspond to a minimum of four different individuals based
on the presence of four specimens with a right m1 or m2 and
morphological differences between their dentaries.

This stage essentially differs from stage 3 in the greater
degree of eruption of dp1, which is erupted on one third to
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Fic. 10. — A, Transparent lateral view of left mandible (MHNC 8423) of juvenile Alcidedorbignya inopinata (stage 2) showing left m1 erupting and m2 in formation
in crypt; B, the same in occlusal view; C, occlusal view of left m2 in crypt showing the trigonid with its three cusps partially formed but not completely fused in
the centre of the trigonid basin and, posterior to the protoconid, the tip of a cusp interpreted as the hypoconid. Scale bars: A, B, 5 mm; C, 2 mm.

one half of the height of its crown (Figs 20-22), whereas its
apex remains at the edge of the alveolus on stage 3 (Fig. 17).
Furthermore, as seen in MHNC 8298 and 8279 (Figs 20;
22), the roots of m1 are more developed than in MHNC
8416 (stage 3). Furthermore, m2 is also starting to erupt in
MHNC 8279: the roof of the crypt bears two openings (dor-
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sal to trigonid and talonid) and the tip of the protoconid is
emerging from a third small opening in the roof of the crypt
labially to the large one above the lingual cusps of trigonid
(Fig. 20). In MHNC 8298 only one opening is present in
the roof of the crypt above the trigonid of m2 indicating a
slightly less advanced condition in the eruption of m2 (Fig. 17).
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alveolus of dP2

dP1in crypt

M1 erupting

dP1 in crypt

Fig. 12. — Left mandible (MHNC 1213) of juvenile Alcidedorbignya inopinata (stage 2+): A, lateral view; B, C, slices 98 and 143 of the lateral CTscan (slice 98 is
medial to slice 143); D, medial view; E, occlusal view. The number for each illustrated slice refers to the position within the sequence of 258 images for B and C

(resolution binned images voxel size = 0.02781842 mm). Scale bar: 10 mm.

No indication of crypts and mineralised cusps of p3-4 is
observed in MHNC 8279 (stage 3+), a condition similar
to that of MHNC 8416 (stage 3), (Fig. 20). However, in
MHNC 8298 a tiny tip of a cusp is present below dp4 lin-
gually (Fig. 22), but no mineralised cusp of p3 is observed
below dp3. The cusp below dp4 is referred to the protoconid
because it bears a flat lingual side, oblique relative to the axis
of the tooth row (with a distolingual-mesiolabial orientation)
and a strongly convex labial side (Fig. 21C). This condi-
tion clearly corresponds to the morphology and orientation
observed for the protoconid of the p4 and departs from that
of the para- and metaconid. In contrast to what is observed
above concerning the eruption of m2, MHNC 8298 would
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be slightly more advanced than MHNC 8279 as far as the
p4 is concerned. As in MHNC 8416, the permanent canines
are present in their crypts.

A partial maxilla with erupting dP3, dP2 and dP1 erupting
(with dP1 apex distinctly below the alveolar border), has been
referred to stage 3+ because the degree of eruption of its dP1
is more advanced than in MHNC 8416 (stage 3+) and less
than in MHNC 13857 (stage 4) (Fig. 23). No wear facet is
observed on m1, but substantial facets are present mainly on
the protoconid of dp3 and protoconid and hypoconid of dp4.
These facets are clearly more developed than on the skull and
mandible of MHNC 8416 (stage 3). Similar to Stage 3, Stage
3+ corresponds to late phase of IDAS 1 (Fig. 1).
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Fig. 13. — Partial skull and mandibles (MHNC 8416) of juvenile Alcidedorbignya inopinata (stage 3): A, dorsal view of skull; B, ventral view of skull and associated
mandibles; C, right lateral view of the skull and mandible; D, left lateral views of the skull and mandible. Scale bar: 5 mm.

STAGE 4

Dental ontogenetic criteria for this stage are 1) Wear facet on
M1 and m1; 2) M2 in crypt but starting to erupt (protocone
probably piercing the gums); 3) proto-, para-, and metacone
and conules of M2 fully mineralised but mineralisation of
stylar shelf not completed; 4) trigonid of m2 erupting but
talonid still in crypt; 5) germ of P4 in crype, totally mineral-
ised; 6) trigonid of p4 partially mineralised (protoconid and
metaconid); 7) paracone of P3 in crypt in some specimens
but absent (not formed yet) in others (i.e., this criterion is
diagnostic when the cusp is present); 8) P2 (single cusped)
in crypt in some specimens but absent (not formed yet) in
others (i.e., this criterion is diagnostic when the cusp is pre-
sent) (Figs 24-34).
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Eleven specimens are referred to this stage: MHNC 13857,
right maxilla with C (well-developed but with apex slightly
above the alveolar border), dC, dP1 erupting, dP2-4, paracone
of P3 in crypt, complete P4 in crypt, M1, M2 erupting with
mesial, lingual and labial part of tooth still covered by the
floor of the crypt (Figs 24-27); MHNC 13861, right maxilla
fragment with C erupting (apex slightly below alveolar bor-
der), alveoli of dP1 and dP2, dP3-4, anterior edge of medial
and mesiolateral alveoli of M1 (Figs 24; 28); MHNC 8286,
left partial mandible with dp4, m1, m2 with trigonid partly
erupted and talonid still in the alveolus (Figs 29-31); MHNC
8417, fragment of right mandible with dp3-4, m1 fully
erupted (Figs 32; 33) ; MHNC 13964, partial left mandible
with talonid of dp4 and m1 and anterior region of crypt of
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Fic. 14. — Digital rendering of the skull and mandibles (MHNC 8416) of juvenile Alcidedorbignya inopinata (stage 3): A, ventral view of the skull; B, enlargement
of part of the left palate; C, dorsal view of the mandible; D, enlargement of the posterior region of the mandible, showing the opening in the roof of crypts of M2.

Scale bars: A, C, 5 mm; B, D, 2 mm.

m2; MHNC 13960, partial left maxillary with roots of dP4,
M1 almost fully erupted, and anterior part of crypt of M2
located above posterior edge of M1, indicating an erupting
tooth; YPFB Pal 6369, partial right maxilla with dP1 erupting
(more than half of the crown), dP2-4; YPFB Pal 6373, right
maxillary with dP1, dP2-4; YPFB pal 6381, left mandible
with dp1, dp2-3; YPFB Pal 6378 (possibly stage 4) fragment
of a right maxilla with dP3-4; YPFB Pal 6448, maxillary frag-
ment with dP4 and P4 in crypt. These specimens correspond
to a to a minimum of five different individuals based on the
presence of five specimens with a right dP4.

No specimen preserving the incisors is known for this stage.
The upper canine is starting to (or about to) erupt since its
tip has reached the level of the alveolar border or is slightly
above (i.e., most of the tooth is still within the alveolus).
The alveolus of the permanent upper canine is mesiolingual
to that of the deciduous canine. The deciduous canine has
been shed (or lost post mortem) on MHNC 13861, but its
alveolus is still visible on the distolabial edge of the alveolus
of the permanent canine (Fig. 24B, C). The deciduous canine
is present on MHNC 13857, in which the eruption of the
permanent canine is slightly less advanced than in MHNC
13861. The dP1 is about three-quarters erupted in MHNC
13857; it is not preserved in MHNC 13861 (Fig. 24). The
dP3 and dP4 are still functional and, as observed on stages
2 and 3, small pits are observed in the maxilla, at their
mesiolingual edges for eruption of the protocone of P3 and
P4 respectively (Fig. 24). The development of P2, P3, and
P4 varies on the two relatively complete maxillae available
for this study. On the CT slices of MHNC 13857 (Figs 25;
26), the germ of P4 is clearly formed and almost complete
in the crypt, whereas P3 has only the paracone starting to
mineralize in crypt (we interpret this cusp as the paracone
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because it is labio-lingually more flattened than the protocone
as compared to the condition on P4 of the same specimen)
(Fig. 27). The dP2 of MHNC 13857 is clearly functional but
there is no indication that the crypt of P2 has even started to
develop in this individual. On MHNC 13861, the germ of
P4 is also completely mineralised in crypt, but the crypt of
P3 is empty. In contrast, P2 is well developed in crypt and
dP2 has, either been shed or has been lost post mortem; P2
is visible externally peering into the alveolus of dP2 on its
distolingual edge (Fig. 24C). The degree of eruption of P2
is almost comparable to that observed on YPFB Pal 6363, a
specimen that has been referred to stage 5 below. Therefore,
if P4 is probably the first upper premolar to erupt, the rela-
tive timing of eruption of P3 and P2 may have been variable.

The M1 of MHNC 13857 is fully erupted and functional.
It shows discrete but clear wear facets on the conules, on
the preparaconular crista and on the preparacrista. On this
specimen, M2 (the only one available for this stage) is just
starting to erupt. It is still in an “open crypt” (transitional to
alveolus) and is positioned well above M 1. The paracone and
paraconule are covered by the anterior roof of the crypt. The
protocone is slightly emerging below the lingual edge of the
cavity, but is likely to have still been covered by gums dur-
ing life. That tooth is a germ and has no roots. In MHNC
13960, the M1 is preserved and bears a distinct wear facet on
the mesial edge of the paraconule and on the preparaconular
crista (Fig. 33A, B). On this specimen, the crown of dP4 has
been lost post-mortem but the roots are still present in the
maxilla (i.e., the tooth has not been shed). Above the root is
a large crypt for P4 open anteriorly because of the breakage
of the specimen. Therefore, the P4 was unerupted and still
in crypt but the germ is likely to have been complete because
of the large size of the crypt.
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Fic. 15. — Slices of the coronal CT-scan of the anterior part of the skull (MHNC 8416) of juvenile Alcidedorbignya inopinata (stage 3): A-D, slices 469, 497, 543,
592 (slice 469 is the most dorsal and slice 592 is the most ventral). The number for each illustrated slice refers to the position within the sequence of 1165 images

(resolution binned images voxel size 0.01900180). Scale bar: 5 mm.

In MHNC 8286, the anterior part of the mandible is missing.
The specimen bears dp4, m1 and m2 erupting (Figs 29-31).
The partially mineralised trigonid of p4 is observed below
dp4 at the broken anterior end of the specimen (Fig. 30B-D).
The protoconid has a characteristic triangular section and the
metaconid is attached distolingually to it. At the mesiolingual
angle of the protoconid, a small element of enamel could
represent the paraconid, just starting to mineralize. No talo-
nid cusp of p4 is observed. The m1 is functional and bears a
weak wear facet on the posterior edge of the protocristid and
on the anterior edge of the protoconid. The m2 is starting
to erupt and the three cusps of the trigonid are dorsal to the
edge of the alveolus, but well below those of m1 and slightly
below the cusps of the talonid of m1. The talonid of m2 is
still embedded in the alveolus with the tip of the hypoconid
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at the level of (but not above) the alveolar edge. Posterior to
the crypt of m2 is the crypt of m3 in which two small cusps
can be observed. The larger cusp resembles the protoconid in
its triangular morphology, but, if this interpretation is correct,
it has been displaced medially and rotated in the crypt post-
mortem. Because this is a frequent condition in our juvenile
sample, we refer this cusp to the protoconid. Furthermore,
a tiny cusp is present posteroventrally to the protoconid and
is referred here to the metaconid. This cusp is upside down
and, as for the protoconid, has been displaced before filling
of the crypt with sediment (Fig. 31).

On MHNC 8417 no cusp of p3 is observed below dp3.
Below dp4 a partially mineralised trigonid of p4 is present
but has been rotated counter clockwise in anterior view of
the mandible during fossilization. This trigonid includes two
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Fic. 16. — Slices of the CT-scan of the anterior part of the skull and mandible (MVHNC 8416) of juvenile Alcidedorbignya inopinata (stage 3): A, slice 310 of frontal
CT-scan of rostrum; B, slice 180 of frontal CT-scan of symphyseal region of mandible; C-E, slices of coronal views anterior region of mandible (slice 815 is dorsal
and slice 898 is ventral). The number for each illustrated slice refers to the position within the sequence of 1644 images for A and B, and 1165 images for C-E

(resolution binned images voxel size = 0.02781842 mm). Scale bar: 5 mm.

cusps, the larger with a distinct triangular section is referred
to the protoconid. If one rotates the trigonid to its original
position, the other cusp places itself disto-lingually to the
protoconid and is therefore referred to the metaconid. This
cusp is much smaller in volume than the protoconid and
has a drop-like section, which corresponds to that of the
metaconid (Fig. 32; 33). Furthermore, at the anterior part
of the crypt is a tiny cusp, which we regard as the paraco-
nid, appressed against the posterior edge of the anterior root
of dp4 and well separated from the proto-metaconid. This
condition indicates that the paraconid is the last cusp of the
trigonid to mineralize.

Weak wear facets are observed on the posterior edge of the
protocristid of the m1 of MHNC 8417 (Fig. 34C, D) and
13964. On MHNC 8417 a small circular facet is also present
at the apex of the hypoconid.

This stage corresponds to an early phase of IDAS 2, which
starts with the first wear facets on the first molars and often
corresponds, according to Anders ez al. (2011), to recently
weaned juvenile individuals (Fig. 1).
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STAGE 5

Dental ontogenetic criteria for this stage are 1) M2/m2 fully
erupted; P2/p2 well mineralised, still in crypt, but about to
erupt or partly erupted; 3) P4 starting to erupt or almost
erupted; 4) p4 still in crypt but fully formed; 5) P3 starting
to erupt; 6) p3 in crypt and incompletely formed (only one
cusp observable); 7) permanent upper canine erupting; 8)
permanent lower canine still in crypt. (Figs 35-39).

Eight specimens are referred to this stage. MHNC 13860
right maxilla with C partially erupted (apex below the apex
of dP1), dP1 fully erupted, alveolus of dP2, P3 just starting
to erupt, P4 almost fully erupted, M1, M2, and anterior part
of crypt of M3 above posterior half of M2 (Fig. 35); YPFB
Pal 6363, left partial maxilla with C erupting (apex above the
apex of dP1), P2 in alveolus (apex above alveolar edge), apex
of protocone of P3 visible in the alveolus but not emerging
yet, dP4, apex of protocone of P4 erupted (visible above pro-
tocone of dP4), M1, alveoli of M2, and anterior part of crypt
of M3 above posterior half of M2 (Fig. 36); MHNC 13858,
left mandible with ¢ erupting (but with apex below alveolar
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with root
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opening in the roof
of crypt for m2

Fig. 17. — Slices of the CT-scans (lateral and frontal) of the skull (MHNC 8416) of juvenile Alcidedorbignya inopinata (stage 3): A, slices of the original lateral CT-
scan (slice 596 is in the right maxilla of the skull and slice 293 is in the left mandible); B, slice 375 (in the skull) of the frontal CT-scan (right side of the figure is left
side of the skull); C, slice 260 (in the mandible) of the frontal CT-scan (right side of the figure is left side of the skull); D, slice 490 of the resliced lateral CT-scan
in the left side of the skull. The number for each illustrated slice refers to the position within the sequence of 974 images for A and D and 1644 images for B and
C (resolution binned images voxel size = 0.02781842 mm). Scale bar: 5 mm.

edge) dc, dpl fully erupted, apex of p2 just emerging at the  crypt (apices of trigonid cusps well below the roof) (Figs 37;

level of the alveolar edge, dp3-4, protoconid of p3 in crypt, p4  38); MHNC 13963, left mandible fragment with dp3 and
in crypt, m1, alveoli of m2 (which was fully erupted), m3 in  p3 in crypt; YPFB Pal 6351, left mandible with i3 erupting,
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protocone
of M2 paracone
crypt of right M2

protocone paracone
of M2 of M2

Fic. 18. — Slices of the frontal CT-scans of the skull (MHNC 8416) of juvenile Alcidedorbignya inopinata (stage 3): A-F slices 876, 892, 903, 918, 925, 946 (A, slice
876, is anterior and F, slice 946 is posterior; the left side of the skull is the right side on the figure). The number for each illustrated slice refers to the position
within the sequence of 1644 images (resolution binned images voxel size = 0.02781842 mm). Scale bar: 5 mm.

c still in the alveolus, dp1 almost fully erupted, dc, dp2-4,  alveoli of i1-3, alveolus of dc, tip of c visible in alveolus (below
ml, trigonid of m2 erupting (but at the level of the talonid  alveolar edge) but not erupting yet, dp1, and anterior root
of m1), (Fig. 39); YPFB Pal 6384, part of left mandible with  of dp3; YPFB Pal 6386, part of right mandible with roots of
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Fic. 19. — A, Transparent anterolateral view of the skull and mandible (MHNC 8416) of juvenile Alcidedorbignya inopinata (stage 3) showing left M2 and m2 in
their respective crypt; B, left M2 and m2 in their relative position as preserved in the specimen (i.e., M2 has suffered two 90° rotations, one in an anteroposterior
axis and the other in a transverse axis); C, left M2 in occlusal view; D, left m2 in occlusal view. Scale bars: A, 5 mm; B-D, 2 mm.

dpl, p2, p3 erupting, alveoli of P4; YPFB Pal 6376, partial
right mandible with root of dp1, p2 erupting dp3, and root
of dp4. It is noteworthy that YPFB Pal 6351 and 6363 were
not available for CT scanning during this study; observations
were made through casts and photographs as published by
Muizon & Marshall (1992). These specimens correspond to
a minimum of three different individuals based on the pres-
ence of three specimens with a right dp1 or p2.

We have included in this stage all specimens in which M2/
m?2 are at or close to full eruption but which have not reached
the full adult dentition with all permanent teeth (i.e., includ-
ing M3/m3) fully erupted. As compared to the condition
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in stage 4, this stage is mainly characterised by the degree
of eruption of M2 and m2. In three specimens M2 or m2
is cither fully erupted (MHNC 13860) or its fully formed
alveolus indicates that the tooth was so (MHNC 13858, YPFB
Pal 6363). In one mandible specimen (YPFB Pal 6351), m2
is incomplete and only the paraconid and protoconid are
preserved. These cusps are not considerably overhanging the
talonid of m1 and the paraconid is only very slightly dorsal
to the entoconid of m1, whereas it greatly overhangs it in
full adults. However, the eruption of m2 in this specimen is
conspicuously more advanced than in stage 4 (MHNC 8280),
in which the trigonid of m2 is ventral to the talonid of m1.
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Fic. 20. — Left mandible
(MHNC 8279) of juvenile
Alcidedorbignya inopinata
(stage 3+): A, lateral view;
B, slice 117 of the Lateral
CT-scan, C, slice 491 of the
coronal CT-scan; D, occlusal
view; E, medial view. The
number for each illustrated
slice refers to the position
within the sequence of 262
images for B and 742 images
for C (resolution binned im-
ages voxel size =0.02781842
mm). Scale bar: 5 mm.
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dp3  gp2

opening in roof
of crypt for m2

Fic. 21. — Right mandible (MHNC 8298) of juvenile Alcidedorbignya inopinata (stage 3+): A, lateral view; B, occlusal view; C, medial view. Scale bar: 5 mm.

In stage 5, the M3 and m3 are still in their crypts and  the dentary through the crypt of m3 (Figs 37; 38). On this
not even close to eruption. This condition is observed in  specimen, the m3 exhibits a section of the protoconid and
MHNC 13858, a mandible that presents a vertical break of ~ metaconid; it is poorly mineralised and is deeply embedded
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Fig. 22. — Slices of the CT-scans (lateral and coronal) of the mandible (MHNC 8298) of juvenile Alcidedorbignya inopinata (stage 3+): A, B, slices 111 and 127
of the lateral CT-scan; (slice 127 is lateral to slice 111); C, slice 570 of the coronal CT scan. The number for each illustrated slice refers to the position within the
sequence of 260 images for A and B and 804 images for C (resolution binned images voxel size = 0.02781842 mm). Scale bar: 5 mm.

in the crypt. Nevertheless, in dorsal view, on the lingual edge
of the dentary, a distinct opening is observed in the anterolin-
gual region of the roof of the crypt, thus indicating that m3
was close to eruption. Furthermore, on the maxilla MHNC
13860, the anterior part of the crypt of M3 is located above
the paracone, thus indicating that the last molar is not close
to eruption (Fig. 35). Therefore, stage 5 is characterized by a

GEODIVERSITAS 2022 © 44 (32)

fully erupted M2/m2 and an unerupted M3/m3 . However,
in our sample two specimens are clearly more advanced than
the others. In the two maxillae (MHNC 13860 and YPFB
Pal 6363) the canine and P3-4 have started to erupt (Figs 35;
36). In both specimens, dC has been shed and its alveolus
resorbed, in contrast to the condition observed in MHNC
13861 (stage 4 [Figs 24; 28]), in which the permanent canine
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alveolus of dC

dP1 erupting

Fic. 23. — Occlusal view of a right maxilla (MHNC 13954) of juvenile Alcide-
dorbignya inopinata (stage 3+). Scale bar: 5 mm.

has started to erupt but which still retains the alveolus of dC.
The process is more advanced in MHNC 13860 (Fig. 35), in
which the apex of the canine is ventral to that of dP1, P4 is
erupted and P3 erupting (dP3-4 have been shed), whereas in
YPEB Pal 6363 (Fig. 36), the apex of the canine is dorsal to
that of dP1, P4 is erupting (above dP4) and P3 is still in its
alveolus but dP3 has been shed. In YPFB Pal 6363, dP2 has
been shed and P2 is clearly visible in its alveolus although its
apex remains dorsal to the alveolar edge (Fig. 36). In MHNC
13860, an alveolus is observed posterior to dP1 and anterolin-
gual to erupting P3; because no tooth germ is observed above
this alveolus (as seen on the CT scan; Fig. 34D) it is likely to
be that of a fully erupted P2, a tooth that has been lost post-
mortem (Fig. 35). In the two mandibles (MHNC 13858 and
YPFB 6151) the canine has not started to erupt but is close
to its alveolar border and dc is still present (Figs 37-39). The
timing of eruption of M3 relative to premolars is clear for P4
only, since in MHNC 13860 P4 is fully erupted whereas the
position of the crypt of M3 indicates that the last molar was
clearly not close to eruption (Fig. 36). P3 of MHNC 13860
is distinctly erupting and apices of protocone and paracone
were probably piercing the gums. Therefore, it is reasonable
to hypothesize that P3 was erupting slightly before M3.

On the mandible MHNC 13858, below dp4, a fully min-
eralised germ of p4 is present and a single cusp is observed
below dp3. This cusp has been rotated (post-mortem) upside
down and its shape (oblique crest) is identical to the protoco-
nid of p4, a cusp to which it is referred (Fig. 38D). On this
specimen, on the lingual edge of dp3-4 between the roots, the
dentary bears a small elongated foramen through which will
start the eruption of the permanent premolars (probably with
the metaconid), resembling the condition observed on the
maxilla at the mesiolingual edge of dP3-4 on MHNC 8423,
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8416, 13857, and 13861. This condition was also apparently
present, but less pronounced, in other mandibles of stages 2-5.
This stage also corresponds to IDAS 2, since the permanent
dentition is not fully erupted (Anders ez 2/ 2011) (Fig. 1).

STAGE 6
The ontogenetic criteria for this stage is 1) P3-M2 fully erupted
and 2) M3 erupting.

Only one specimen represents this stage: MHNC 13853
left maxilla with roots and base of protocone of P3, P4-M1,
M2 missing the metacone and anterolingual part of crypt of
M3. Although the M3 is not preserved the anterior border
of the crypt, which is almost vertical and located above the
posterior edge of M2, indicates that this tooth had prob-
ably started to erupt. It is therefore more advanced than the
maxillary MHNC 13860 of stage 5, in which the anterior
part of the crypt is more anterior, above the postparacrista of
M2. Furthermore, on the stage 6, P3 is fully erupted whereas
it is still erupting in stage 5 (Fig. 40). On MHNC 13853,
although P4 is fully erupted, this tooth is in a pathological
position since it is rotated 45° clockwise in occusal view. Its
metastyle is located approximately dorsomesial to the para-
cone of M 1. Therefore, this specimen of stage 6 confirms the
hypothesis made from stage 5 (e.g., MHNC 13860) that M3
was the last permanent upper cheek tooth to erupt. This stage
corresponds to a late phase of IDAS 2 (Fig. 1).

STAGE 7

Stage 7 corresponds to the fully erupted adult dentition as
illustrated by Muizon & Marshall (1992) and Muizon et al.
(2015). In our sample collected at the quarry (the site where
almost all the Alcidedorbignya specimens were collected)
most of the adult specimens are either almost unworn or
very slightly worn (Fig. 41). The adult specimens of stage 7
(i.e., excluding those of stage 8, see below) correspond to a
minimum of 20 different individuals based on the presence
of 20 maxillaries with a left M2. This stage corresponds to
an early phase of IDAS 3 (Fig. 1).

STAGE 8

Six specimens feature a significant wear of the proto- para-,
and metacone, which are abraded approximately on half of
their height, which justifies the definition of this stage. On
the maxillaries MHNC 8400 and 8401, the enamel of the
floor of the trigon and stylar shelf basins is still preserved
on all molars (Fig. 42). On the maxillary fragment figured
by Muizon & Marshall (1992: fig. 6 [7]) (YPFB Pal 6364),
M2 features a wear slightly more advanced than on the two
aforementioned specimens. The M1 of this specimen is not
preserved; however, it is unlikely that it was completely worn
out. Three mandible fragments feature a similar wear. On
MHNC 13975 the trigonid and talonid of m2 are deeply
excavated by wear; on MHNC 13873, molars are not pre-
served but the significant wear of p4 indicates that it was
probably more advanced on m1, whose eruption precedes
that of p4; on MHNC 8413 m1 is not preserved but the
conspicuous wear of the hypoconid of m2, suggest that m1
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Fic. 24. — Maxillae of juvenile Alcidedorbignya inopinata (stage 4): A, MHNC 13857 right maxilla in occlusal view; B, MHNC 13861, right maxilla in occlusal view;
C, anteromedial view showing the germ of P2 close to eruption. Scale bars: A, B, 5 mm; C, 2 mm.

was also strongly worn. Pronounced wear (although less than
in MHNC 8400) is also observed on the partial skull and
mandible (MHNC 13931) figured by Muizon ez al. (2015:
591), which is therefore also included in stage 8.

This stage corresponds to a late phase of IDAS 3, within
which there is a minimum of three individuals represented by
maxillae. Our sample does not include specimens with worn
out M1/m1 or M2/m2; thus, no later stage is documented.
These specimens, although not from the same side (two right
and one left) have significant differences in the tooth row
length (C-M3): 33.17 mm in MHNC 13931, 29.05 mm in
MHNC 8401, and 27.10 mm in MHNC 8400. Furthermore,
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the two specimens, in which the size difference is the smallest
(8400 and 8401), show notable morphological differences in
molar proportions and morphology.

Therefore, our jaw sample of adult specimens corresponds
to a total minimum number of 23 adult individuals (stages
7 + 8). In comparison, the minimum number of juvenile
individuals is 30 when adding the minimal number of indi-
viduals of stages 1 to 6.

Dental eruption sequence (Fig. 43)

The upper tooth eruption sequence (excluding dI1-3,11-2, for
which we have almost no data) for Alcidedorbignya is as follows:
dC-dP2-4 (probably erupted at birth, order unknown), M1,
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Fic. 25. — Slices of the coronal CT scan of the maxilla (MHNC 13857) of juvenile Alcidedorbignya inopinata (stage 4): A-D, slices 644, 582, 557, 518 (slice 644
is the most dorsal and slice 518 is the most ventral). The number for each illustrated slice refers to the position within the sequence of 1021 images (resolution
binned images voxel size = 0.0186471 mm). Scale bar: 5 mm.

dP1, M2, I3, C, P4, P2-P3, M3. The sequence of eruption of
P2 and P3 seems to be variable. As observed, eruption timing
may be, either both teeth together, or P3 before P2, or P2 before
P3. In MHNC 13857 (stage 4), P3 has started to mineralize
in crypt but there is no indication of P2 in crypt (Figs 25; 26).
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This would be an indication that P3 could erupt before P2. In
MHNC 13861 (stage 4) the germ of P2 is clearly developed in
crypt, whereas the crypt of P3 is empty (Fig. 28), which would
indicate that P2 erupts before P3. In YPFB Pal 6363, P2 and

P3 appear to be at a similar degree of eruption, an indication
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Fic. 26. — Slices of the frontal CT-scan of the maxilla (MHNC 13857) of juvenile Alcidedorbignya inopinata (stage 4): A-H, slices 226, 479, 570, 610, 645, 698,
860, 1008 (slice 226 is the most anterior and slice 1008 is the most posterior). The number for each illustrated slice refers to the position within the sequence of
1168 images (resolution binned images voxel size = 0.0186471 mm). Scale bar: 5 mm.

that both teeth probably erupt jointly (Fig. 36). Finally, in
MHNC 13860, P2 is probably fully erupted (although lost
post-mortem) and P3 just starting to erupt (Fig. 35). Another
interpretation could be that P3 starts to mineralize before P2 but
that P2 mineralises and erupts faster than P3, therefore being
functional earlier. Be that as it may, our observations indicate
that eruption of P2 and P3 of Alcidedorbignya are probably
very close in time and that their order of eruption may vary.
The lower tooth eruption sequence (excluding i1-2 for which
we have no data) for Alcidedorbignya is as follows: dil-3-dc-dp3-4
(probably erupted at birth, order unknown), dp2, m1, dp1, m2,
i3, ¢, p2, p4, p3, m3. In the case of the lower teeth, our sample
only includes one specimen that provides information on the
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relative sequence of eruption of p2-p4. On MHNC 13858,
p2 is erupting (its apex is at the edge of the alveolar border),
whereas the germ of p4 is well formed buc still in crypt below
dp4 and one single cusp (protoconid?) of p3 is visible in crypt
below dp3 (Fig. 38). As for their upper counterparts, it is pos-
sible that the eruption of p2-4 happens in a very short period
and thus with some variation in their sequence.

Whatever the relative eruption sequence of P2-P4/p2-p4,
according to our sample, it is highly probable that M3 and m3
are the last permanent cheek teeth to erupt. This hypothesis is
confirmed by the wear facets observed on several adult indi-
viduals, in which M3 is un- or barely-worn and the P4 and
P3 bear distinct to large wear facets thus indicating an earlier
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C paracone of P3

Fic. 27. — A, transparent anterolateral view of the maxilla (MHNC 13857) of juvenile Alcidedorbignya inopinata (stage 4) showing unerupted right P3 and P4 in
their respective crypt; B, occlusal view of P4 (the missing part in posterior edge of the tooth is due to the breakage of the maxilla at that level, with loss of some
fragments of P4); C, paracone of P3 in occlusolingual view; D, paracone of P3 in occlusal view. Scale bars: A, 5 mm; B-D, 1 mm.

eruption (e.g., MHNC 8372, 8399, 8402, 8404) than the
last molar. A similar condition is observed on the lower jaws
(MHNC 8372, 8399; 8402; 8403). Furthermore, in some
of these specimens, wear facets are slightly more pronounced
on P4 than on P3 (MHNC 8399, 8402, 8403).

Moreover, as in the great majority of eutherians, the first
premolar of Alcidedorbignya is characterised by a single dental
generation, (i.e., with no replacement or no deciduous tooth)
(Luckett 1993). As mentioned in the Material and Methods
section above, we hypothesized that the first premolars of
Alcidedorbignya are retained dP1/dp1 following the statement
of Luckett (1993) that a successor of dP1/dp1 is normally
absent in most genera of eutherians. However, as mentioned
above, this condition is not constant within placentals, since,
in the dog, in which the primary dental lamina lacks a tooth
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bud of the dP1, the first premolar has been interpreted as a
permanent premolar with no precursor (Williamson & Evans
1978; McKay et al. 2022: fig. 6). Furthermore, according
to Luckett (1993: 186 and references therein), in the genus
Tapirus there is a clear evidence for normal replacement of dP1
by P1. A dP1 replaced by P1 is also observed in dorudontine
basilosaurids (Uhen 2000) and in hyracoids (Gheerbrant
et al. 2007; Asher er al. 2017 Gomes-Rodrigues ez al. 2020).
This condition, with two generations of the first premolars,
is clearly absent in Alcidedorbignya.

The dental eruption sequence observed here in Alcidedorbig-
nya is almost identical to that postulated by Lucas & Schoch
(1990) for the pantodont Coryphodon, which was confirmed
by McGee & Turnbull (2010). Among others, our interpreta-
tion of the first premolars of Alcidedorbignya follows that of
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Fic. 28. — Slices of the coronal CT-scan of the maxilla (MHNC 13861) of juvenile Alcidedorbignya inopinata (stage 4): A-D slice 272, 296, 317, 327 (slice 272
is the most ventral and slice 327 is the most dorsal). The number for each illustrated slice refers to the position within the sequence of 783 images (resolution

binned images voxel size = 0.0186471 mm). Scale bar: 5 mm.

McGee & Turnbull (2010), who regard these teeth in Corypho-
don as dP1/dpl. Furthermore, the M3 of Coryphodon is the
last cheek tooth to erupt and P4 erupts before P3 (McGee &
Turnbull 2010). The specimen described by these authors (PM
39385, class 3, young adult), which bears an erupting M3,
whereas the other cheek teeth are full erupted perfectly fits
our stage 6 represented by MHNC 13853 (Fig. 40).

In several Paleocene eutherians, (e.g., Phenacodus Cope, 1873
[West 1971], Hyopsodus Leidy, 1870 [West 19791, Meniscoth-
erium Cope, 1874 [Williamson & Lucas 1992], and Leprictis
[West 1972]), the M3 is not the last cheek tooth to erupt
since it is fully erupted when dP4 is still functional (see also
Gomes-Rodrigues er /. 2019: fig. 2). This condition is also
present in “the vast majority of Paleogene families of cetar-
tiodactyls” (Gomes-Rodrigues ez /. 2019) and is regarded by
these authors as the plesiomorphic condition for cetartiodactyls.
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It is present in the four taxa (“Hyracotherium” Owen, 1840,
Phenacodus, Meniscotherium, and Leptictis Leidy, 1869) they
retained as outgroup (Gomes-Rodrigues ez /. 2019: fig. 2).

In the Late Cretaceous Kennalestes, M3 and P3 are just start-
ing to erupt when P4 and P2 are functional. In a slightly later
stage, M3 is fully erupted and P3 is still erupting (Luo ez 4/.
2004: fig. 4D). In contrast, in Ukchudukodon Archibald &
Averianov, 2006 (Daulestes Trofimov & Nesov, 1979 in
Luo ez al. 2004), m3 is still in its crypt, whereas dp4 is still
functional and p3 and p2 are erupting (Luo er a/. 2004).
Therefore, the condition of Kennalestes Kielan-Jaworowska,
1968 resembles that of Alcidedorbignya in the slightly delayed
eruption of P3 (as compared to P4), but differs from it in the
M3 not being the last tooth to fully erupt, thus resembling
the condition in Leptictis, Phenacodus, and Meniscotherium.
The condition of Ukchudukodon appears inconclusive as far
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as the relative eruption of m3 is concerned, but it differs from
Alcidedorbignya in p3 erupting before p4, a condition which
is reversed in Alcidedorbignya.

Among extant mammals, Asher & Olbricht (2009) observed
that the last molars of Macroscelides A.Smith, 1829 (M2/
m?2) and Erinaceus Linnaeus, 1758 (M3/m3) are not the last
cheek teeth to erupt. Slaughter ez al. (1974: table 1) observed
a similar condition in several taxa of Tenrecidae, Leptictidae,
Erinaceidae, and Macroscelididae. These authors also observed
a similar condition in most of the carnivorans considered (46
species), in which the last molar (M3/m3 or M2/m2, or M1/
ml) is not the last cheek tooth to erupt, with some excep-
tion however (Mephitis Geoffroy Saint-Hilaire & Cuvier,
1795, Coneparus Gray, 1837, Dusicyon C.E.H.Smith, 1839,
Selenarctos Heude, 1901, Arctogalidia Merriam, 1897, Para-
doxurus F.Cuvier, 1821, and possibly Paguma Gray, 1831).
Moreover, Monson & Hlusko (2018a) observed that, within
primates, the third molars erupt before one or more of the
premolars in the early diverging primates such as strepsirhines
and tarsiiforms.

Similarly, in most ruminants (for example) the M3/m3 erupt
before the premolars (Smith 2000; Veitschegger & Sinchez-
Villagra 2016; Monson & Hlusko 2018b; Gomes-Rodrigues
etal. 2019). However, variation exists. For instance, in cervids,
several authors have also observed that M3/m3 are the last
cheek teeth to fully erupt (or erupt jointly with the premolars)
in Cervus elaphus Linnaeus, 1758 (Lowe 1967: 151; Azorit
et al. 2002); Cervus canadensis Erxleben, 1777 (Quinby &
Gab 1957: table 4); Dama dama (Linnaeus, 1758) (Chap-
lin & White 1969: 128, table 1, and personal observations
in the MNHN collections); Muntjacus reevsi (Ogilby, 1839)
(Chapman ez al. 1985: 213); Odocoileus virginianus (Zim-
mermann, 1780) (Severinghaus 1949: Table 1). In Rangifer
tarandus (Linnaeus, 1758), although eruption of M3/m3 starts
slightly before that of premolars, it is apparently slower and
full eruption is either simultaneous or slightly later than that
of premolars (Miller 1972: table 2).

In contrast, in hyracoids, most anthropoid primates, early
diverging notoungulates, astrapotheres and suoids (for exam-
ple), M3/m3 erupt last, after P4/p4 (Smith 2000; Billet &
Martin 2011; Kramarz & Bond 2013; Asher et al. 2017;
Monson & Hlusko 2018a; Gomes-Rodrigues ez al. 2017,
2019). It therefore appears that M3/m3 erupting last may
be a derived condition, which evolved many times within
several groups of eutherians (e.g., primates, cetartiodactyls,
perissodactyls, notoungulates, astrapotheres) as suggested
by several authors (Smith 2000; Veitschegger & Sdnchez-
Villagra 2016; Monson & Hlusko 2018a; Gomes-Rodrigues
et al. 2019). The occurrence of this character state in one of
the earliest pantodonts (Alcidedorbignya) and in one of the
latest (Coryphodon) would indicate that it likely represents a
synapomorphy of this order (Muizon ez al. 2015).

The late eruption of molars compared with permanent pre-
molars (i.e., M3/m3 after P2-4/p2-4) was reportedly associated
with a slow pace of growth in some mammals (e.g., humans,
hippos, rhinos) (Smith 2000) but this relationship, generally
known as the Schultz’s rule, cannot be generalized to all mam-
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mals (Godfrey ez al. 2005; Veitschegger & Sdnchez-Villagra
2016). Therefore, it is uncertain whether the delayed eruption
of the third molars in comparison to permanent premolars in
Alcidedorbignya can be indicative of a slow life history.

TOOTH MINERALISATION TIMING IN CRYPT

Interesting observations can also be made on the degree of
mineralisation of the tooth germs or cusps before eruption
(i.e., in crypt) (Fig. 43). At Stage 1, we have no indication on
the permanent upper cheek teeth development but, on the
dentary dpl is starting to mineralize in the bottom of crypt,
the crown (no root present) of m1 is fully mineralised (germ)
in crypt and a single cusp of m2 only is observed in crypt
posterior to m1 (Figs 2-6). This cusp is strongly convex labi-
ally (but with no crest), almost flat lingually, and feature an
anterior cingulid (precingulid), a morphology that resembles
that of the protoconid, to which it is referred.

At Stage 2, on the skull, the tip of C is mineralised and M1,
although not fully erupted, is completely mineralised (with
no roots), but we have not observed any cusp of M2 (which
may have been lost post-mortem). On the dentary, dp1 fills
its crypt but is not erupting. The m1 is erupting and trigo-
nid and talonid of m2 are formed in crypt but still separated
(Figs 8-10). As seen on Fig. 10, the three cusps of the trigonid
are well formed but incompletely fused; a single cusp of the
talonid is present referred to the hypoconid because of its
shape and labial position in the crypt.

At stage 3, the apex of I3 and crown of C and dP1 are min-
eralised (Figs 15; 16); three main cusps of M2 are formed but
apparently imperfectly mineralised since the enamel is very
white (see McGee & Turnbull 2010: 5) and thin (as seen on
MHNC 8416); furthermore, the stylar self is absent (Figs 15;
17-19). On the dentary, the apex of i3 is present and crowns
of permanent canines are well mineralised (Fig. 16). The m2
crown is a fully mineralised germ with fused trigonid and
talonid (Fig. 19). On one specimen of Stage 3+ the tip of
protoconid of p4 is mineralised in crypt (Fig. 22).

At stage 4, only the paracone of P3 is mineralised and P4
is almost fully mineralised except the labial edge of the stylar
shelf (Figs 26-28); on one specimen the crown of P2 is pre-
sent and well mineralised (Figs 24; 28). On the dentary only
the trigonid of p4 is mineralised (protoconid [clearly more
developed than in stage 3+], paraconid, and metaconid), and
tips of protoconid and metaconid of m3 are present in crypt
(Figs 30-33).

At stage 5, we have no indication of the mineralisation of
M3 which has not been preserved in the crypt of the maxilla
MHNC 13860 (Fig. 35). On the dentary (MHNC 13858)
a single cusp (protoconid) of p3 is present below dp3 and
p4 is fully mineralised in crypt; the trigonid of m3 is well
mineralised and the talonid was not observed because of the
breakage of the posterior part of the specimen. However,
given the degree of mineralisation of the trigonid, it is likely
that the talonid was also present (Fig. 37).

At stage 6 all deciduous cheek teeth have been shed, P4 is
almost fully erupted and M3 is erupting (Fig. 40). At stage
7, all permanent teeth are present (fully erupted), (Fig. 41).

GEODIVERSITAS © 2022 ¢ 44 (32)



Dental ontogeny in Alcidedorbignya inopinata (Pantodonta) from Tiupampa (Bolivia) 4

trigonid of
m2 erupting

opening in roof
of crypt for m3

Fic. 29. — Left mandible (MHNC 8286) of juvenile Alcidedorbignya inopinata (stage 4): A, lateral view; B, occlusal view; C, medial view. Scale bar: 5 mm.

The formation of p4 anterior to that of p3 has also been observed
in Phenacodus (West 1971: 30, fig. 23). However as mentioned
by West (1971) in phenacodontids, the tooth eruption does not
follow the sequence of tooth mineralisation and the sequence of
eruption of the last three lower premolars is p2, p3, p4, whereas
the sequence of calcification is p4, p3, p2. Comparison of the
premolar eruption sequence in Alcidedorbignya with that of
phenacodontids is difficult because the studies of West (1971)
are based on lower dentition and our observations are based
on the upper dentition (MNHC 13860 and YPEB Pal 6363).

In Alcidedorbignya, considering that the tooth just posterior
to the canine is a retained dP1, not a P1 (see comment in
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Material and methods section above), the first premolar to
erupt is P4 followed by the two anterior premolars (P2-3)
with the variation observed above. Furthermore, on MHNC
13858, a stage 5 mandible, the p4 is fully mineralised,
whereas a single cusp of p3 is present in crypt. Therefore,
we hypothesize that, in Alcidedorbignya, the sequence of
mineralisation of p4 vs p3 is probably similar to the eruption
sequence of the upper premolars, although data indicating
full eruption of p3-p4 at stage 6 are missing. However, it
is noteworthy that the eruption sequence does not always
strictly follow the mineralisation sequence (West 1971; van

Nievelt & Smith 2005).
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Fic. 30A-D. — Slices of lateral and coronal CT-scans of the mandible (MVHNC 8286) of juvenile Alcidedorbignya inopinata (stage 4): A, B, slices 93 and 119 of
the lateral CT scan; (Slice 93 is lateral to slice 119); C, slice 644 of the coronal CTscan; D, slice 685 of the coronal Ctscan (slice 685 is ventral to slice 644). The
number for each illustrated slice refers to the position within the sequence of 223 images for A, B and D and 823 images for C and E (resolution binned images

voxel size = 0.02781842 mm). Scale bar: 5 mm.

RELATIVE TIMING OF CUSP MINERALISATION

Considering the timing of cusp mineralisation relative to
others in the same tooth, it is noteworthy that, in the six
cases in which a single cusp of a tooth is present in crypt,
this cusp is a labial one: paracone of P3 in MHNC 13857;
protoconid of m2 in MHNC 8373 and 13859; hypoconid
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of m2 in MHNC 8423; protoconid of p3 in MHNC 13858
protoconid of m3 in MHNC 8286. Furthermore, as observed
on MHNC 8423, on lower molars, the trigonid develops
before the talonid (Fig. 6).

Our observations are congruent with previous statements
in many eutherian mammals (Butler 1956 and literature
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Fic. 30E-G. — Slices of lateral and coronal CT-scans of the mandible (MHNC 8286) of juvenile Alcidedorbignya inopinata (stage 4): E, slice 133 of the lateral CT-
scan; F, slice 154 of the lateral CT-scan; G, slice 553 of the coronal CT scan (slice 553 is dorsal to slice 644). The number for each illustrated slice refers to the
position within the sequence of 223 images for A, B and D and 823 images for C and E (resolution binned images voxel size = 0.02781842 mm). Scale bar: 5 mm.

therein; Hershkovitz 1971; Luckett 1993; Jernvall 1995) that
the paracone and protoconid are the first cusps to develop.
As stated by Jernvall (1995: 26), the cusps develop from “tip
to down” and “the order of initiation of cusp development is
the main determinant of relative cusp size”. In Alcidedorbig-
nya, the early-mineralizing labial cusps mentioned above are
among the highest cusp(s) on their respective upper tooth
(paracone) or lower tooth trigonid (protoconid) or talonid
(hypoconid). However, although most authors regard the
hypoconid as the first talonid cusp to develop, variations
exist (e.g., Erinaceus and Cynocephalus Boddaert, 1768; see
Butler 1956: 51).

RELATIVE SYNCHRONY OF TOOTH ERUPTION: UPPER VS LOWER
Relative eruption of mandibular teeth as compared to maxil-
lary teeth is variable among mammals. The former can erupt
slightly earlier than the latter as for instance in some cervids
(Chapman ez al. 1985, Severinghaus 1949), in the didelphid
marsupial Monodelphis Burnett, 1830 (van Nievelt & Smith
2005) or later as in Giraffa Brisson, 1762 (Singer & Boné
1960: 384; Hall-Martin 1976: 270) and Diceros Gray, 1821
(Goddard 1970).
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In Alcidedorbignya, relative eruption of dP1 and dpl is
reversed in MHNC 8423 as compared to MHNC 8416.
In the former, dP1 starts to erupt before dpl, whereas the
contrary is observed in the latter. Furthermore, the degree
of eruption is similar in these specimens (although reversed)
when MHNC 8423 is a stage 2 individual, in which M1 is
barely erupting, whereas in MHNC 8416, a stage 3 individual,
M1 is almost fully erupted. These conditions indicate that,
in Alcidedorbignya, variation exists as regard to the relative
eruption of upper and lower teeth.

COMPARISON AND DISCUSSION

CORRELATION WITH IDAS OF Anders et 2/ (2011)
In our sample of juvenile individuals of Alcidedorbignya,
we identified six stages (1-6) according to the degree of
dental eruption for juvenile individuals and two stages (7
and 8) for adult individuals with fully erupted permanent
dentition.

Stage 1 includes one specimen (MHNC 8373, likely a near

term foetus or a new born individual), which is tentatively
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Fic. 31. —A, transparent lateral view of the left mandible MHNC 8286 of juvenile Alcidedorbignya inopinata (stage 4) showing the trigonid of p4 and protoconid
and probable metaconid of m3 in process of mineralisation in their respective crypts; B, enlarged view of the trigonid of p4 in the same position as in its crypt;
C, enlarged view of the protoconid and metaconid of m3 in the same position as in its crypt (the cusps of the trigonid of m3 are not in their natural position since
they have been displaced and rotated before filling of the crypt with sediment); D, occlusal view of the trigonid of p4; E, occlusal view of the protoconid and
metaconid of m3, which have been restored in their original positions. Scale bars: A, 5 mm; B-E, 1 mm.
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Fic. 32. — Left mandible (MHNC 8417) of juvenile Alcidedorbignya inopinata (stage 4): A, lateral view; B, medial view; C, occlusal view; D, slice 124 of the lateral
CT scan showing the paraconid of p4 in natural position and the metaconid rocked (approximately 130°) posteriorly; E, slice 179 of the lateral CT scan, showing
section of the protoconid rocked (approximately 130°) posteriorly; F, slice 255 of coronal CT Scan showing section of paraconid of p4 mesially and metaconid
distally; G, slice 299 of coronal CT Scan showing section of fused protoconid and metaconid of p4. Scale bar: 5 mm.

referred to IDAS 0 of Anders et al (2011). In fact, because
some specimens of stage 1 are slightly more advanced than this
probable near term foetus, our stage 1 (perinatal stage) likely

corresponds to late IDAS 0 (MHNC 8373) and very early

GEODIVERSITAS ¢ 2022 » 44 (32)

IDAS 1 (the other specimens referred to stage 1). Neverthe-
less, it is noteworthy that the difference in dental eruption
was probably almost identical between a near term foetus and
a newborn individual.
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Fic. 33. — A, Transparent lateral view of the left mandible MHNC 8417 of juvenile Alcidedorbignya inopinata (stage 4) showing unerupted partial trigonid (para-
conid anteriorly and fused protoconid and metaconid posteriorly) of p4 in crypt; B, view of the partial trigonid of p4 as preserved in crypt (the paraconid is ap-
proximately in its natural position but the fused protoconid and metaconid have been rotated along a vertical axis, which has placed the protoconid lingually
and the metaconid labially, and along a transverse axis which has rocked the two cusps approximately 130° posteriorly; C, occlusal view of partial trigonid of p4

restored in its natural position. Scale bars: A, 5 mm; B, C, 1 mm.

Stage 2, 2+ 3, and 3+, are included in IDAS 1. Anders
et al (2011: 4) marked the end of IDAS 1 “with the first
attritional facet on the first molar”, which is generally
related to the end of the lactation period (weaning). In our
ontogenetic series, the first wear facet, which is probably
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attritional, appears on stage 4, when M1 is fully erupted
and M2 just starting to erupt. According to Anders ez al.
(2011) P2, P3, P4, M2, and M3 erupt during IDAS 2.
Therefore, our stages 4, 5 and 6 are included in the IDAS
2 (Fig. 1).
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Fic. 34. — Wear facets on the first molars of Alcidedorbignya inopinata: A, partial left maxillary (MHNC 13960) of juvenile (stage 4) with M1 featuring a small wear
facet on the on the mesial edge of the paraconule and on the preparaconular crista; B, the same with wear facet outlined with a red line; C, partial left mandible
(MHNC 13964) of juvenile (stage 4) with m1 showing wear facet on the posterior edge of the protocristid; D, the same with wear facet outlined with a red line.
The photographs of this figure have been obtained using an RTI (Reflectance Transforming Imaging) setting as indicated by Decombeix et al. (2021) with some
specifications, as follows: we used a Canon EOS 5DS digital camera equipped with a Canon MP-E 65 mm macro lens (both Tokyo, Japan); and LEDs of the two
lower rings of the light dome were used (i.e., 42 LEDs). Snapshots were extracted using the default’ mode (for A and B, light source coordinates X =-0.34, Y =
-0.34); for C and D, light source coordinates X = -0.31, Y = 0.44). Scale bar: 2 mm.

IDAS 3 is characterised by the use of full permanentdentition  surface and internal enamel structure. Our stage 7 corresponds

(Anders eral. 2011) and the shedding of all deciduous teeth. It to early IDAS 3 and is represented by the vast majority of the
ends with the strong wear of M1, when it loses its internal occlusal  adult individuals of our sample in which the dental wear is very
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Fic. 35. — Right maxilla (MHNC 13860) of juvenile Alcidedorbignya inopinata (Stage 5): A, occlusal view; B, posterodorsal view, C, posterior view showing crypt
for M3; D, slice 680 of a lateral CT-scan of MHNC 13860, showing the relative position of the crypt for M3 and the paracone of M2. The number for the illustrated
slice refers to the position within the sequence of 1004 images (resolution binned images voxel size = 0.0159859 mm). Scale bars: 5 mm.

weak. However, the six specimens mentioned above, included ~ molars would correspond to a middle to late phase of IDAS 3.
in stage 8 (YPFB Pal 6364, MHNC 8400, 8401, 8413, 13873, Wk have no specimen that indicate a fully worn M1/m1, and
and 13975), which show a significant wear of premolars and  therefore no specimen attributable to a later IDAS.
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IDAS 4 is characterised by the wear of M2/m2, which
becomes worn out at the end of the IDAS. Similarly, the
end of IDAS 5 is defined by the total wear of the tooth row
including M3/m3. In our sample, we have no specimens with
worn out M2 and M3. Therefore, the two last IDAS, 4 and 5
are not present in our Alcidedorbignya population. This does
not mean that these phases did not exist in Alcidedorbignya
(see below). The matching between the stages defined here
and the IDAS of Anders ez al. (2011) is presented on Fig. 1.

CORRELATION WITH MAJOR LIFE HISTORY EVENTS

Below we intend to explore two major life history events of
the early life of an ecarly placental mammal (Alcidedorbignya)
based on its sequence of dental eruption: weaning and sexual
maturity. For that matter, we have selected models among
Recent mammals in which the age of weaning, changes in feed-
ing (from strict suckling to solid food feeder), and acquisition
of sexual maturity is relatively easy to obtain. These selected
models present a pattern of development of deciduous and
permanent cheek teeth at birth and a dental eruption sequence
approaching that observed in Alcidedorbignya.

Gingerich ez al. (2009: table 4) provided an overview
of the development and mineralisation of deciduous and
permanent teeth at birth compared to the developmental
maturity categories of Langer (2008) in several Recent mam-
mals. Gingerich identified four categories of developmental
maturity from the most altricial (Category I: e.g., Ursus Lin-
naeus, 1758, Herpestes llliger, 1811, Canis Linnaeus, 1758)
to the most precocial (Category IV: e.g., Tapirus Brisson,
1762, Maiacetus Gingerich, Dama Frisch, 1775, Giraffa).
Some of the most precocial mammals (Category IV: eyes
open, haired, nidifugous at birth) such as Dama, Muntiacus
Rafinesque, 1815, Giraffa have all deciduous teeth erupted
at birth and the crown of M1 half or fully mineralised but
still in its crypt. In regard to their dental development at
birth (all deciduous teeth erupted), they are probably more
comparable to our pantodont specimens than mammals of
the other precocial categories Il and I1I, respectively suids and
primates, which have no erupted teeth at birth. As a matter of
fact, the condition of dental eruption at birth in category IV
matches the dental development stage 1 described above in
MHNC 8373. This specimen was found between the limbs of
the adult skeleton MHNC 8372, which has been interpreted
as a female individual on the basis of the proportions of the
upper canine and height of the snout at the level of anterior
edge of M1 (Muizon et al. 2015). Besides partial skull and
mandibles, MHNC 8373 also includes some postcranial
elements (humerus, radius) (Fig. 2E). Therefore, the partial
juvenile skull and skeleton MHNC 8373 could be that of a
newborn individual. Alternatively, it could also be a near-term
foetus since such a well preserved (for instance, the skull still
preserves the ectotympanics and ear ossicles articulated), but
poorly ossified skeleton might be better explained if it was
protected within the uterus of the female. In this context,
MHNC 8373 is considered here to belong to a perinatal stage,
most likely close before birth, as hypothesised by Muizon ez al.
(2015). According to this hypothesis, Alcidedorbignya would
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Fic. 36. — Left maxilla (cast of YPFB Pal 6363), of juvenile Alcidedorbignya
inopinata (stage 5) showing P4 erupting above dP4, which has not shed yet
and complete germ of P3 still in crypt: A, occlusal view; B, mesiolingual view.
Scale bar: 5 mm.

then belong to category IV (precocial) of Gingerich e al.
(2009: table 4) as many Recent ungulates and we prioritize
comparisons with these recent taxa of this category. A very
detailed comparison of early dental eruption sequence relative
to age has been provided in the Reeves’ muntjac (Muntiacus
reevesi (Ogilby, 1839)) and fallow deer (Dama dama) (Chap-
man & Chapman 1970; Chapman ez al. 1985; Brown &
Chapman 1991). These species are the only precocial taxa of
category IV of Gingerich ez al. (2009), for which we found
such data in the literature and for that reason we retained
them for comparison with Alcidedorbignya, in spite of their
great phylogenetic distance to pantodonts. Interestingly, these
studies indicate similarities between Reeves’ muntjac, fallow
deer, and Alcidedorbignya, although the former two differ
from the latter in lacking upper incisors and first premolars
(Chapman & Chapman 1970; Chapman ez /. 1985; Brown &
Chapman 1991) and in the fact that M3/m3 are not always
the last cheek teeth to erupt. At birth, the two cervids have
all their deciduous teeth erupted or erupting and M1/ml
in their crypts, as observed in the perinatal Alcidedorbignya
specimen MHNC 8373 described above.
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Fic. 37. — Right mandible (MHNC 13858) of juvenile Alcidedorbignya inopinata (stage 5): A, labial view; B, Occlusal view; C, lingual view. Scale bar: 5 mm.

‘WEANING VS DENTAL ERUPTION

Anders ez al. (2011), have pointed out that, generally, weaning
of eutherians takes place when the first molar becomes func-
tional and, therefore, when the first wear facets appear on that
tooth (but see below for comparison with dental eruption in
extant cervids). They also mentioned that several exceptions
are to be taken into account as, for instance, the case of some
afrotheres, in which replacement of the deciduous dentition is
delayed relative to acquisition of adult size (Asher & Lehmann
2008). In the selected cervids, weaning occurs when M1/m1
are erupting in Muntiacus reevesi (at eight weeks, only anterior
part of tooth above bone) (Yahner 1978; Chapman ezal. 1985)
or are barely starting to erupt in Dama dama (at 11 weeks, tip
of molars just showing, but most of the tooth still in crypt)
(Pélabon et al. 1998; Brown & Chapman 1991).

Asa consequence, M1/m1 do not bear wear facets in Mun-
tiacus reevesi and Dama dama at the age of weaning (personal
observations on MNHN collections), (see also Chapman et
al 1985: plate I and Brown & Chapman 1991: pl. I). Anders
etal. (2011: 324) state that “weaning young shortly before or
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after the emergence of the first permanent molar appears to
be widespread in ungulates as well”. This statement therefore
probably includes cases such as those observed in Muntiacus
and Dama.

Below, in the discussion of the ontogeny of feeding in
Alcidedorbignya, we consider the appearance of wear facets
on dP4/dp4 and dP3/dp3 as compared to those on M1/m1.

We hypothesize that three different ontogenetic phases of
feeding in Alcidedorbignya are evident in the four first dental
stages defined above: stage 1 (perinatal suckling individuals),
stages 2-3 (suckling and partly suckling individuals), stage 4
(solid feeders, weaned individuals).

Stage 1 — The best-preserved specimen is MHNC 8373,
a partial skeleton including the partial skull with associated
mandibles mentioned above and some elements of the post-
cranial skeleton including a tiny, poorly ossified humerus and
partial radius. As mentioned above, this specimen is regarded
as perinatal and if newly born, it was certainly suckling only.
This individual may correspond to the Individual Dental
Age Stage 0 (IDAS 0) of Anders ez al. (2011) (see above).
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Fic. 38. — Slices of the lateral, coronal, and frontal CT-scans of the mandible (MHNC 13858) of juvenile Alcidedorbignya inopinata (stage 5): A, slice 230 of lat-
eral CT-scan; B-D, slices 408, 576, and 631 of coronal CT-scan (slice 230 is the most dorsal and slice 631 is the most central); E-H, slices of frontal CT-scan,
1439, 1242 1070, 336 of CT scan (slice 1439 is the most anterior and slice 336 is the most posterior). The number for each illustrated slice refers to the position
within the sequence of 604 images for A, 1003 images for B-D and 1864 images for E-H (resolution binned images voxel size = 0.0159859 mm). Scale bar: 5 mm.
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Fic. 39. — Left mandible (cast of YPFB Pal 6351), of juvenile Alcidedorbignya inopinata (stage 5) showing trigonid of m2 almost erupted. A, occlusal view; B, lin-
gual view; C, labial view. Scale bar: 5 mm.

A B

roots of P3

anterior part of crypt of M3 located
above posterior edge of M2

Fic. 40. — Left maxillary (MHNC 13853) of sub-adult Alcidedorbignya inopinata (stage 6) with roots of P3 and P4-M2 erupted. M3 is missing but the crypt is
present with its anterior border located above the posterior edge of M2 thus indicating that the tooth was erupting. The position of P4 (turned clockwise c. 45°
and with the metastyle embedded) above the paracingulum of M1 is pathological: A, occlusal view; B, posterior view showing the anterior part of the crypt of
M3. Scale bar: 5 mm.

Individuals of stage 1 and IDAS 0 are regarded here as part In Muntiacus, stage 1 may correspond to week 1 to 3 in
(at least) of the “milk-only period” of Langer (2008). Asa  terms of degree of eruption of m1 (Chapman ez al. 1985:
matter of fact, distinct wear facets are absent on the decidu-  appendix, 211). As in Muntiacus, dp2 of perinatal Alcide-
ous premolars of MHNC 8373. dorbignya is still erupting; however, in contrast to Muntiacus,
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Fic. 41. — Permanent right dentition of Alcidedorbignya inopinata (MHNC 8372) in occlusal view (stage 7): A, upper dentition; B, lower dentition. Scale bar: 10 mm.

dp3-4 are fully erupted whereas, in the cervid, these teeth are  functional (it is fully erupted at the end of IDAS 1, which
not fully erupted yet (Chapman ez /. 1985: 211, appendix).  corresponds to our stage 3). At our stages 2 and 2+, we

Stage 2 (and stage 2+) may approximately correspond to  hypothesize that suckling was still the main feeding resource
the beginning of IDAS 1 of Anders ez al. (2011), in which  of the juvenile Alcidedorbignya since in this stage the decidu-
the first permanent molar has just started to erupt and is not  ous premolars show almost no wear facets, therefore indicat-
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FiG. 42. — Permanent right dentition of Alcidedorbignya inopinata with moderate wear in occlusal view (stage 8). A, left maxilla with canine and cheek teeth (MHNC

8400); B, right mandible fragment with m1 (MHNC 13975). Scale bar: 10 mm.
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FiG. 43. — Dental ontogeny in Alcidedorbignya inopinata. Graphic representation of dental development (mineralisation and eruption) showing on the y-axis the
dental stages 1-7 defined in this study. Tooth positions are represented on the x-axis. The teeth are listed from left to right following a possible developmental

sequence; this order is only tentative (dotted line indicates missing data).

ing that no (or very little) solid food was ingested. Stages 2
and 2+ probably also correspond to the milk-only period of
Langer (2008) or close to the end of this period. In the munt-
jac, an eruption dental stage similar to our stages 2 and 2+ is
reached at approximately 9-12 weeks (Chapman ez a/. 1985:
211, appendix), an age posterior to weaning (which occurs
at ¢. eight weeks; Yahner 1978). As a matter of fact, at this
stage, dp2-dp4 of muntjac feature pronounced wear facets,
thus indicating ingestion of solid food (personal observations
on MNHN collections).

A question arises now regarding the precise timing of wean-
ing in Alcidedorbignya and whether it could be reflected in
its dental ontogeny. First, it is worth noting that, in extant
ungulates weaning is progressive since a milk-only period
at the very beginning of life (stages 1 and 2) is followed by
a mixed feeding period, during which the offspring feeds
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on both maternal milk and solid food. This is the weaning
period, at the end of which the juvenile acquires nutritional
independence (Langer 2008). In Muntiacus reevesi wean-
ing occurs around eight weeks (Yahner 1978) and in Dama
dama approximately by 11 weeks (Gauthier & Barrette 1985;
Pélabon ez al. 1998). A that age, in both species, the M1/m1
are just starting to erupt (Chapman er /. 1985; Brown &
Chapman 1991), as in stage 2 of Alcidedorbignya. However,
as mentioned by Yahner (1978), Muntiacus starts to graze
at three weeks, i.e., entering the mixed-feeding period of
Langer (2008). These observations concord with those of
Smith (1991) on primates who states that “primates tend to
nurse their offspring [...] until the beginning of emergence
of the permanent dentition (commencing with M/1)” (see
also Smith [1992] and Kelley & Smith [2003]). Therefore,

if one follows observations on the recent cervids mentioned

GEODIVERSITAS © 2022 ¢ 44 (32)



Dental ontogeny in Alcidedorbignya inopinata (Pantodonta) from Tiupampa (Bolivia) 4

dP4 B

A dP3

wear facets

wear facets

wear facets

Fic. 44. — Wear facets on deciduous premolars of Alcidedorbignya inopinata indicating solid food ingestion: A, right dP4 of MHNC 8416 (stage 3); B, left dp4 of

MHNC 8279 (stage 3+); C, right dp4 of MHNC 8298 (stage 3+). Scale bar: 5 mm.

above, in Alcidedorbignya, the mixed-feeding period (i.e.,
the beginning of the weaning period) should start during
stage 2 and the juveniles should be weaned at the end of our
stage 2+, in which M1/m1 are almost fully erupted. However,
this is contradicted by the absence of wear facets not only on
the erupting M1/m1 but also on the deciduous premolars
of the specimens of Alcidedorbignya referred to these stages,
which is an indication that solid food was not (or very little)
ingested and that stage 2 and 2+ correspond to milk-only
period (although probably the end of it). Therefore, it seems
that weaning in Alcidedorbignya is delayed as compared to
that observed in Muntiacus and Dama.

Stage 3 and stage 3+ correspond to the end of IDAS 1. In stage
3, M1 are only almost fully erupted since the metacingulum
and postcingulum are still covered by the maxilla (MHNC
8416), but M2 and m2 are still in crypt (no M1 is known
for stage 3+). Stage 3+ is slightly more advanced than stage 3
since in the latter dP1 is barely below the alveolar border and
dpl isstill clearly below the border. In stage 3+ approximately
one third of the crown of dp1 is above the alveolar border (no
dP1 is known for this stage). No wear facet, even very weak
is observed on the first molars of specimens of stages 3/3+.
Therefore, if one follows Anders ez a/. (2011), weaning should
occur after stage 3/3+. Because they have the adequate dental
apparatus to do so, we hypothesize that stage 3/3+ juvenile
Alcidedorbignya probably started to develop mixed feeding,
ingesting more solid food than maternal milk. This is cor-
roborated by the fact that distinct wear facets are present on
the deciduous premolars, being more developed in stage 3+
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than in stage 3. Facets are observed on the preparacrista of
dP4 and on the protocristid of dp4 of MHNC 8416 (stage
3) and on most of the cristids and cuspids of dp4 of MHNC
8279 and 8298 (stage 3+) (Fig. 44). The presence of strong
wear facets on deciduous premolars is regarded as resulting
at least partly from mastication by solid food ingestion (i.e.,
abrasion), rather than resulting exclusively from tooth against
tooth contact by occlusion (i.c., attrition). Therefore, this stage
clearly corresponds to the mixed feeding period of Langer
(2008), in which the offspring is still suckling but also ingest
solid food. According to this author, they enter the transi-
tion or weaning period. If individuals of stage 3 and 3+ were
still substantially suckling (they have no wear facets on M1/
m1) then, weaning in Alcidedorbignya would have occurred
later, as compared to dental eruption, than in Muntiacus and
Dama, in which it occurs before full eruption of M1/m1 (i.e.,
at stage 2/2+). Interestingly, in cervids, when M1/m1 are just
starting to erupt, the deciduous premolars feature heavy wear,
whereas, in the case of Alcidedorbignya, at this stage (stage 2),
no facet is observed on the deciduous premolars. Therefore,
the lesser wear gradient between deciduous premolars and M1/
ml in Alcidedorbignya may indicate that maternal care may
be more extended relative to dental eruption as compared to
Muntiacus and Dama.

Stage 4 differs from stage 3/3+ in the presence of weak
wear facets on M1/m1 (MHNC 8286, 8417, and 13857).
A small facet is observed on the preparacrista, the paraconule
and part of the paracingulum of MHNC 13857 and 13960,
on the postcingulid and on the posterior edge of protocristid
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Fic. 45. — Wear facets on deciduous premolars of Alcidedorbignya inopinata indicating solid food ingestion: A, right dP3-4 of MHNC 13961 (stage 4); B, right
dP3-4 of MHNC 13957 (stage 4); C, right dp4 of MHNC 8417 (stage 4). Scale bar: 5 mm.

on MHNC 8286, at the apex of the hypoconid and on the
posterior edge of the protocristid of MHNC 8417, and at the
posterior edge of the protocristid of MHNC 13964 (Fig. 34).
On the deciduous premolars of stage 4 all crest, cusps, cristids,
and cuspids feature distinct and large wear facets (Fig. 45).
Therefore, following the definition of Anders ez al. (2011),
and because the M1/m1 of Alcidedorbignya are functional,
weaning probably occurred at some time of the end of stage
3+ or beginning of stage 4 and it is highly probable that
individuals of stage 4 and older were strict solid food feeders.

On stage 5 conspicuous M1/m1 wear facets are observed
on the paraconule and paracingulum and on the apex of

1038

hypoconid and posterior edge of protocristid. M2/m2 are fully
erupted but no wear facets are observed. M3 and m3 are well
formed and present in crypt. Stage 6 is more advanced in den-
tal eruption, since, M2 is fully erupted and bears wear facets,
M3 is erupting and all other permanent teeth are functional.
These two stages were fully weaned and, therefore, obviously
strictly feeding on solid food.

To conclude, based on all this evidence, we hypothesize that
stages 1 and 2 represent almost strictly suckling individuals,
even if some mixed feeding might have started in stage 2
and 2+. Stage 3 and 3+ individuals probably represent mixed
feeders, which have entered the transitional weaning period.
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Fic. 46. — Correlation of the evolution of feeding and maternal investment in the juvenile eutherian mammals as illustrated by Langer (2008: fig. 2) with the dental

stages (1 to 8) defined here and the IDAS of Anders et al. (2011).

Weaning would thus have occurred between stages 3+ and
stage 4 and stages 4, 5 and 6 would include fully weaned indi-
viduals. Fig. 46 presents a juxtaposition of the distribution
of our juvenile sample into the eight stages defined here, the
IDAS of Anders et al. (2011), and the ontogeny of feeding
and maternal investment in the juvenile eutherian mammals

as exemplified by Langer (2008: fig. 2).

SEXUAL MATURITY VS DENTAL ERUPTION
After weaning another important life history event in develop-
ment of juvenile mammals is the acquisition of sexual maturity.
Of course, we have no direct indication concerning sexual
maturity of Alcidedorbignya but a comparison with data from
Reeve’s muntjac may allow interesting approximation. Sexual
maturity in this small cervid varies according to the gender.
Females generally reach maturity around 7 to 8 months, but
sexual maturity is delayed in males and is acquired between
9 and 14 months (Chapman & Harris 1997; Bottiau 2018).
In Muntiacus, m2 starts to erupt at 8 months, is fully erupted
at 11 months (Chapman ez a/. 1985). Therefore, females of
Muntiacus are sexually mature when m2 starts to erupt (Chap-
man et al. 1985: pl. I, d), whereas sexual maturity occurs in
males when m2 is fully erupted (Chapman ez a/. 1985: pl. L, ¢).

In the fallow deer (Dama dama), females become sexually
mature at approximately 16 months and males are capable of
breeding at the age of 18 months but do not generally breed
until the age of 4-6 years because they are prevented from
doing so by older, dominant males. (Shackleton 2019). In
Dama, m2 starts to erupt at approximately 11 months and
is fully erupted at 22 months (Chapman & Chapman 1970:
fig. 2A; Brown & Chapman 1991: pl. 1, d and ). Therefore,
sexual maturity occurs in Dama dama during eruption of m2,
i.e., when m2 is half erupted (c. 16-18 months) but before its
full eruption. Therefore, in both, Muntiacus and Dama, all
individuals, males or females, are sexually mature when m2
is erupting or fully erupted.

Extrapolation of these observations in Alcidedorbignya,
would indicate that sexual maturity could occur as early as at
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stage 4 and would be acquired at stage 5 in both sexes i.e., in
a middle phase of IDAS 2. In Muntiacus and Dama, sexual
maturity occurs slightly earlier in females than in males. In
Alcidedorbignya, sexual dimorphism has been brought to light
on the basis of the elevation of the maxilla and the size of the
upper canine (Muizon ez a/. 2015). However, differentiation of
sexual dimorphism is not possible on the fragmentary mate-
rial available of stages 4 and 5 and, in any case, it would not
probably be observable, even on complete skulls of sub-adult
individuals because of possible allometry in the growth of the
maxilla as related to skull size. Therefore, our sample does not
provide indication on an eventual precocious sexual maturity
in females as compared to males.

SKULL LENGTH AND SIZE VARIATION IN JUVENILES.

None of the three juvenile skulls of our sample are well-pre-
served enough to calculate proportions (cranial length/width)
and provide indications on the actual size of the individual.
However, some almost complete mandibles can give a reason-
able approximation of the size of the individuals.

As can be noted on Table 2, the length of the mandible varies
significantly within the same eruptional stage. In stage 1, the
length of the dentary of MHNC 13859 is approximately 9%
larger than that of MHNC 8373 (considering the length of
the dentary, LCdSy). This size difference can be compared to
that existing between MHNC 8372 (the inferred mother of
MHNC 8373) and another adult female individual MHNC
8399 (cf. Muizon ez al. 2015): MHNC 8399 is approximately
8% larger than MHNC 8372, which is very close to the size
difference of the dentaries of the juvenile individual of stage
1. Therefore, the size variation observed between the juveniles
of stage 1 is comparable to the individual size variation of the
dentaries of adult females.

Another strong size difference (of the length of the den-
tary, LCdSy) is observed in our sample of stage 3+, between
MHNC 8279 and 8298. In this case, the size difference is
larger than that observed for stage 1. However, size variation
of Alcidedorbignya is also depending upon sexual dimorphism,
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TaBLE 2. — Measurements of the mandible length in our sample of juvenile and
adult Alcidedorbignya. Abbreviations: LAgSYy, length from angular process to
anterior end of dentary at symphysis; LCdSy, length from condylar process to
anterior end of dentary at symphysis; Hd4, medial height of dentary at level of
d4; Hm1, medial height of dentary at level of m1. Symbol: *, for MHNC 8416
indicates that measurement is biased because of some distortion of the ventral
edge of the right dentary.

LAgSy LCdSy Hd4 Hm1

Stage 1

MHNC 8373 (R) 21.4 - 3.1 3.2

MHNC 8373 (L) 21.2 214 3.08 3.22

MHNC 13859 24 23.4 3.54 3.96
Stage 2

MHNC 8423 (R) 23.5e 22.6e 3.77 4.84

MHNC 8423 (L) - 21.5 4.26 5.08
Stage 2+

MHNC 1213 - 27.4e 417 414

YPFB Pal 6352 23.6 225 4 4.6
Stage 3

MHNC 8416 (R) 27.56 25.92 5* 5.6*

MHNC 8416 (L) 27.6 25.3 5.8 6.2
Stage 3+

MHNC 8279 30.6 28.96 4.35 4.7

MHNC 8298 - 25.8 4.84 4.95
Adult females

MHNC 8372 (R) 47.53 45.47 - 8.61

MHNC 8399 (R) 53.50 49.12 - 9.51
Adult male

MHNC 13931 68.3 64.1 -

TaBLE 3. — Interindividual variation of skull length as compared to M1 labiolin-
gual width in the two adult female skulls known of Alcidedorbignya inopinata.

Skull Width
length M1
MHNC 8372 55.3 7.55
MHNC 8399 59.75 6.44
% size difference of MHNC 8399
as related to MHNC 8373 + 8% -14%

as is observed on the adult male individual MHNC 13931
described by Muizon et al. (2015: 589-591). These authors
calculated that the male skull MHNC 13931 was ¢. 20%
larger than the female MHNC 8399 and 31% larger than the
other female, MHNC 8372. Comparison based on LCdSy,
indicates a size difference of respectively 38% and 41%. There-
fore, the size difference observed between the specimens of
our sample of Stage 3 could also be in part related to sexual
dimorphism. Besides sexual dimorphism, a conspicuous
interindividual variation is also observed in our cranial and
dental sample as shown on fig. 7A of Muizon ez al. (2015).
Moreover, obvious interindividual variation of proportions
results from comparison of the skull length to labiolingual
width of M1 in the two well preserved female skulls described
by Muizon e al. (2015) as underlined on Table 3. MHNC
8399, the skull of which is 8% longer than that of MHNC
8373, has 14% smaller M1s.

The comparison above indicates that the relative size of the
juvenile specimens analysed here is not exclusively related to
the dental eruption sequence, on which our stages are based.
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TaBLE 4. — Comparison of cranial measurements (in mm) in our sample of ju-
veniles and adults of Alcidedorbignya inopinata. Abbreviations: MO, distance
between the posterior edge of the external auditory meatus to the anterior edge
of the orbit; MC, distance between the posterior edge of the external auditory
meatus to the posterior edge of the choanae; CS, distance between the posterior
edge of the choanae and the anterior edge of the Mx-Pmx suture anterior to
the canine; OS, distance between the anterior edge of the orbit to the anterior
edge of the Mx-Pmx suture anterior to the canine; IS, distance between the
posterior edge of the infraorbital foramen to the anterior edge of the Mx-Pmx
suture anterior to the canine.

MO MC CS oS IS

Stage 2

MHNC 8423 16.5 12.3 11.2 8.1 6.25

MHNC 13948 - - - - 5.4e

MHNC 13949 - - - - 6.4
Stage 3

MHNC 8416 18.6 12.3 13.8 8.7 6.7
Stage 4

MHNC 13857 - - - - 8.28

MHNC 13861 - - - - 7.54
Stage 5

MHNC 13860 - - - - 11.05

YPFB Pal 6363 - - - - 8.9e
Adult females

MHNC 8372 (R)  30.5 21.6 241 17.6 11.9

MHNC 8399 (R) 33e 23 25.8 18.2e 125

MHNC 8403 - - - - 12.3e
Adult male

MHNC 8400 - - - - 14.5e

MHNC 8401 - - - - 15.9e

MHNC 8405 - - - - 13.2¢

MHNC 13931 45.5 344e 329e 229 16.17

Sexual dimorphism and interindividual variation are also
regarded as probable major factors of size difference in our
juvenile sample.

Even if skull proportions cannot be calculated from our
juvenile sample, some craniometric data can be obtained.
Table 4 provides some measurements, which are analysed below.

Comparative analysis of these craniometric data with the
dental ontogenetic stages and the proportion of erupted per-
manent cheek teeth (p3-m3 or P3-M3; following the same
approach as Asher & Lehmann 2008) reveals further informa-
tion on the craniodental ontogeny and growth dynamics in
this species, although it was not possible to determine whether
Alcidedorbignya had a delayed dental eruption of permanent
cheek teeth relative to cranial growth (such as seen in many
afrotherians; Asher & Lehmann 2008) or not (such as in many
non-afrotherian mammals; Asher & Lehmann 2008; Asher &
Olbricht 2009; Billet & Martin 2011). Although the lack of
data on cranial proportions at intermediate stages of dental
eruption (e.g., stages 6; see Table 4) prevented reaching con-
clusive results on this aspect, some observations can be made.

Our data show that juveniles prior to stage 4, with no
more than 20% of permanent lower cheek teeth being fully
erupted, were far from reaching the adult median length of
the mandible (Fig. 47; Table 5). In addition, most juveniles
pertaining to stages prior to stage 6, with no more than 40%
of permanent upper cheek teeth being fully erupted, had a
much shorter length of the anterior portion of their maxilla
(IS measurement, Table 4) in comparison to adults (Fig. 47;
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Fic. 47. — Proportion of adult craniomandibular measurements (y-axis, median adult value = 1.0) in relation to the proportion of erupted permanent cheek teeth
(x-axis, all p3-m3 or P3-M3 erupted = 100). Areas within the grey rectangles represent the range of craniomandibular measurements in specimens with all per-
manent cheek teeth erupted. Data are based on Tables 5, 6 and 7.

TaBLE 5. — Data on dental ontogenetic stages, erupted permanent cheek teeth and mandibular length (in mm) in Alcidedorbignya inopinata. Abbreviations:
LCdSy, length from condylar process to anterior end of dentary at symphysis.

Number of
permanent cheek % permanent Md length Specimen/ Specimen/

Specimens Stage teeth (p3-m3) erupted (LCdSy) Adult mean Adult median
MHNC 8373 (L) 1 0 0.00 21.4 0.40 0.44
MHNC 13859 1 0 0.00 23.4 0.44 0.48
MHNC 8423 2 0 0.00 21.5 0.41 0.44
YPFB Pal 6352 2+ 0 0.00 22.5 0.43 0.46
MHNC 8416 (L) 3 1 20.00 25.3 0.48 0.52
MHNC 8279 3+ 1 20.00 28.96 0.55 0.59
MHNC 8298 3+ 1 20.00 25.8 0.49 0.53
MHNC 8372 (R) adult 5 100.00 45.47 0.86 0.93
MHNC 8399 (R) adult 5 100.00 49.12 0.93 1.00
MHNC 13931 adult 5 100.00 64.1 1.21 1.30
Mean adult - - - 52.90 - -
Median adult - - - 49.12 - -
Standard deviation adult - - - 14.83 - -
Coeff variation adult - - - 28.03 - -
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TaBLE 6. — Data on dental ontogenetic stages, erupted permanent cheek teeth and length of the anterior portion of the maxilla (in mm) in Alcidedorbignya in-
opinata. Abbreviations: IS, distance between the posterior edge of the infraorbital foramen to the anterior edge of the Mx-Pmx suture anterior to the canine.

Number of permanent

% permanent

Specimen/ Adult Specimen/Adult

Specimens Stage cheek teeth (P3-M3) erupted IS mean median
MHNC 8423 2 0 0.00 6.25 0.45 0.47
MHNC 13948 2 0 0.00 5.4 0.39 0.41
MHNC 13949 2 0 0.00 6.4 0.46 0.48
MHNC 8416 3 1 20.00 6.7 0.49 0.51
MHNC 13857 4 1 20.00 8.28 0.60 0.63
MHNC 13861 4 1 20.00 7.54 0.55 0.57
MHNC 13860 5 2 40.00 11.05 0.80 0.84
YPFB Pal 6363 5 2 40.00 8.9 0.65 0.67
MHNC 8372 (R) adult 5 100.00 11.9 0.86 0.90
MHNC 8399 (R) adult 5 100.00 12.5 0.91 0.95
MHNC 8403 adult 5 100.00 12.3 0.89 0.93181818
MHNC 8400 adult 5 100.00 14.5 1.05 1.09848485
MHNC 8401 adult 5 100.00 15.9 1.15 1.20454545
MHNC 8405 adult 5 100.00 13.2 0.96 1
MHNC 13931 adult 5 100.00 16.17 1.17 1.225
Mean adult 13.78
Median adult 13.20
Standard deviation 1.75
adult
Coeff. variation adult 12.72

TaBLE 7. — Data on dental ontogenetic stages, erupted permanent cheek teeth and cranial measurements (in mm) in Alcidedorbignya inopinata (Fig. 47). Abbre-
viations: MO, distance between the posterior edge of the external auditory meatus to the anterior edge of the orbit; CS, distance between the posterior edge of

the choanae and the anterior edge of the Mx-Pmx suture anterior to the canine.

Number MO MO CSs CS
permanent % MO Juvenile Juvenile CSs Juvenile Juvenile
cheek teeth permanent (cranial specimen/  specimen/ (facial specimen/  specimen/

Specimens Stage (P2-M3) erupted length) Adult mean Adult median length) Adult mean Adult median
MHNC 8423 2 0 0.00 16.5 0.45 0.50 11.2 0.41 0.43
MHNC 8416 3 1 20.00 18.6 0.51 0.56 13.8 0.50 0.53
MHNC 8372 adult 5 100.00 30.5 0.84 0.92 241 0.87 0.93
MHNC 8399 adult 5 100.00 33 0.91 1.00 25.8 0.93 1.00
MHNC 13931 adult 5 100.00 45.5 1.25 1.38 32.9 1.19 1.28
Mean adult - - - 36.33 - - 27.60 - -
Median adult - - - 33.00 - - 25.80 - -
Standard deviation - - - 8.04 - - 4.67 - -
adult
Coeff variation adult - - - 22.12 - - 16.91 - -

Table 6). One juvenile of stage 5, with 40% of permanent
upper cheek teeth fully erupted (M1-2, Fig. 35), almost
reached the lowest values found in adults (Fig. 47; Table 6).
As already discussed above, sexual dimorphism (see Muizon
etal. 2015: 408, 409) and further interindividual variation may
cause some of the differences observed among individuals of
a same stage but also among stages. It is therefore difficult to
extract a clear signal from these data since sex determination is
only tentative in adult specimens and impossible in juveniles.

Another aspect of their cranial growth may be less impacted
by those issues. For both measurements on the upper and
lower jaws (mandible length and length of the anterior
portion of maxilla), juveniles with no erupted permanent
cheek teeth (stages 1 and 2), exhibit a markedly reduced
size in comparison to adults, being less than half of the
adult median size (Fig. 47; Tables 5, 6). This is also true for
other cranial measurements (see MO and CS in Table 7).
Specimens at later stages 3 and 4, with 20% or less of their
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permanent cheek teeth fully erupted, remain very small as
compared to adult median size for most measurements (<0.6
for the mandible length, Table 5; < 0.65 for the anterior
portion of the maxilla, Table 6; Fig. 47). In other placentals
documented for this trait, the size of individuals (mandible
or palate length) with no erupted permanent cheek teeth
(p3-m3 or P3-M3) is most often more than 0.5 that of
the median adult size (Asher & Lehmann 2008: fig. 2 and
appendix 2; Billet & Martin 2011; Kramarz & Bond 2013),
with exceptions in the afrotherian tenrecoid Zenrec ecaudarus
(Schreber, 1778) and the astrapothere Astrapotherium mag-
num (Owen, 1853). Of course, this might be influenced by
differential sampling among species, since specimens with
no erupted permanent cheek teeth may represent very dif-
ferent stages of early development. Therefore, this aspect
would need further scrutiny with subdivision in various
comparable stages of the category “no erupted permanent
cheek teeth”, if possible.
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Fic. 48. — Histograms showing the relative proportions of adult and juvenile specimens of Alcidedorbignya inopinata and in the eight stages defined here:
A, relative number of minimum number of individuals of adults and juveniles; B, relative number of adult and juvenile jaws; C, distribution of the number of jaw
specimens within the juvenile stages; D, distribution of the number of jaw specimens within the adults and juveniles stages defined in text; E, distribution of the
minimum number of individuals within the juvenile stages; F, distribution of minimum number of individuals within the adults and juveniles stages defined in text;
G, distribution of jaw specimens of the adults and juveniles stages defined in text (stages 1-8) according to their inclusion in IDAS 0-5; H, distribution minimum
number of individuals of the adults and juveniles stages defined in text (stages 1-8) according to their inclusion in IDAS 0-5.

Similarly, the size of individuals (mandible or palate length) ~ the median adult size in other placentals documented, except
with only few erupted cheek teeth (20% of their erupted  for the afrotherian tenrecoid Zenrec ecaudatus, the astrapoth-
permanent cheek teeth) is most often more than 0.6 that of  ere Astrapotherium magnum and the notoungulate Nesodon
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TaBLE 8. — comparison of the labial height of the dentary below m1 in adults
and in juveniles just after eruption of that tooth (stages 3-5).

TaBLE 9. — Number of jaw specimens of juveniles (stages 1-6) and adults (stages
7-8) of Alcidedorbignya inopinata classified by categories of preserved elements.

Specimen Md lingual height below m1 juveniles  adults
Adults Skulls with mandibles 3 3
MHNC 8399 8.5 Associated maxillaries with mandibles - 3
MHNC 8409 8.3 Maxillaries 29 32
MHNC 8414 8.2 Mandibles 43 33
MHNC 8363 8.32 Total per category 75 71
MHNC 8402 8.2 .
MHNG 8403 83 Total number of specimens 146
MHNC 8372 7.2
Mean 8.14
Juveniles (stages 3-5) stem mammals, early mamr'nals and placental t.axa and is
MHNC 8416 4.9 thought to be correlated with patterns of cranial growth
MHNC 8398 4.82 (Luo et al. 2004; O’Meara & Asher 2016), with indetermi-
MHNC 8279 4.39 . . .
MHNG 8286 450 nate growth accompanying multiple and alternating dental
MHNC 8417 5 replacements in stem mammals. Although this makes the
MHNC 13969 4.2 craniodental patterns of growth hardly comparable across
L\(AIL_'F’\IIBCPL?%?S; igs these groups, a markedly reduced size of juveniles, especially
Mean 4.77 perinates, in comparison to adults may still represent the
Juvenile mean/adult mean 0586 plesiomorphic pattern at the root of the mammalian clade

imbricatus Owen, 1846 (Asher & Lehmann 2008: fig. 2 &
appendix 2; Billet & Martin 2011; Kramarz & Bond 2013).

A comparison of the labial height of the dentary below
ml in adults of Alcidedorbignya and in juveniles just after
eruption of that tooth (stage 3-5) also provides insights
in this regard (see Gomes-Rodrigues ez al. [2019: fig. 4]).
The ratio of mandible height after eruption of m1/adult
mandible height (Table 8) is 0.586, which further denotes
a large difference in size between juveniles with freshly
erupted m1 and adults in this species. This difference, which
approaches that measured in the anthracothere Lybicosaurus
Bonnarelli, 1947, is larger than in most documented artio-
dactyls (Gomes-Rodrigues ez /. 2019: fig. 4). Interestingly,
the result obtained for this measurement is roughly similar
to thart retrieved with the other mandibular and cranial
measurements above for the stage with M1/m1 erupted
(i.e., stages 3-5).

These comparisons suggest that Alcidedorbignya may
be characterized by a reduced size of juveniles with no or
few erupted permanent cheek teeth relative to adults, in
comparison to modern placental species documented for
these aspects. More comparative data on extant species
are of course needed to test this possibility further since
many groups are insufficiently documented in this regard.
Further analyses of these traits in other well-documented
extinct species, such as the larger pantodont Coryphodon
(McGee & Turnbull 2010) is also necessary. The pattern
found in the early Paleocene pantodont Alcidedorbignya in
any case raises questions regarding the evolution of cranio-
mandibular growth in mammals. Juveniles in stem mammals
such as perinatal individuals of the Jurassic Kayentatherium
Kermack, 1982 were very tiny in comparison to adults
(Hoffman & Rowe 2018; see also Hopson 1971 for a series
in the cynodont Diademodon Seeley, 1895). The rate and
pattern of dental replacement drastically differ between
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as in stem mammals. This pattern was possibly retained,
but to a much lower extent, in early placental taxa such as
Alcidedorbignya. This remains however speculative and calls
for further research in that direction.

MORTALITY PROFILE OF THE PANTODONT ASSEMBLAGE

In this section we will consider only the number of jaws
and skulls, since isolated permanent teeth are not always
easily referable to an adult or a juvenile individual. Our jaw
sample of juvenile individuals (stages 1-6) is relatively large
since it includes 75 specimens composed of 43 sub-complete
or partial mandibles, 29 sub-complete or partial maxillaries,
and three skulls with associated mandible. This juvenile jaw
sample is slightly superior to that of our adult jaw sample
(stage 7-8) which includes 71 specimens composed of 33
sub-complete or partial mandibles, 32 sub-complete or partial
maxillaries, three specimens with associated sub-complete
mandible and maxillary, and three sub-complete to partial
skulls with associated mandible. (Table 9).

Therefore, juvenile jaws comprise 51% of our sample
(Fig. 48A). Obviously, the number of specimens is probably an
overestimation of the number of individuals. However, since
this comparison considers relative values, it may represent
a reasonable approximation, which shows that the juvenile
members of the population of Alcidedorbignya inopinata
preserved at Tiupampa were probably as numerous as the
adults (or close). As a matter of fact, if one considers the
minimum number of individuals (MNI) (i.e., 30 for juve-
niles and 23 for adults) the proportion is relatively similar
although the number of juveniles (57%) is then slightly
superior to that of adults (43%), (Table 10 and Fig. 48B).

Comparison of the distribution of specimens between
stages requires to remove the eight juvenile jaws not complete
enough to be referred to a given stage (Table 1). Table 11
provides the number of jaws and skulls referred to each
stage. Therefore, 75 (total number) — 8 (undetermined
stage) = 67 jaws and skull of juveniles will be considered.
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TaBLE 10. — Minimum number of individuals (MNI) per stages.

Stage MNI
Juveniles
Stage 1 4
Stage 2 6
Stage 2+ 2
Stage 3 5
Stage 3+ 4
Stage 4 5
Stage 5 3
Stage 6 1
Total MNI of juveniles 30
Adults
Stage 7 20
Stage 8 3
Total MNI of adult + juveniles 53

Fig. 48C, D shows the distribution of the juvenile jaw
specimens. Stage 2 (and 2+) and stage 3 (and 3+) are the
most represented stages of juveniles. Furthermore, it is
noteworthy that the juvenile specimens included in stages
1 to 3+ and which correspond to non-weaned individuals
(45 specimens) represents 69% of our juvenile sample.
Therefore, as compared to the whole jaw sample (adults +
identifiable juveniles = 138 specimens) this category rep-
resents 31% of the sample that is still requiring maternal
investment. The dependence of these juveniles, which were
therefore more vulnerable, may explain the greater mortal-
ity of this category (non-weaned individuals, stages 1-3+).
Distribution of MNI (minimum number of individuals) is
presented on Fig. 38E, F and, noticably, this distribution
is not significantly different from that of jaw specimens.

On Fig. 48G, H and Table 12, our stages 1 to 8 have
been integrated in their corresponding IDAS (see above)
and the distribution of the newly defined Alcidedorbignya
inopinata IDAS are presented. Concerning stage 1, we have
tentatively included in IDAS 0 the specimen MHNC 8373,
which has been regarded as a possible near-term foetus. The
remaining specimens of stage 1, which are slightly more
advanced than the aforementioned specimen, have been
included in IDAS 1. As mentioned above, according to our
sample, IDAS 4 and 5 are lacking. In this case again, the
distribution considering the minimum number of individu-
als is very similar to that considering the jaws number. Not
surprisingly IDAS 3 is the most abundantly represented but
to a lesser extent than in most populations considered by
Anders et al. (2011: fig. 8). In this latter paper, one IDAS
distribution (Cainotherium huerzeleri Heizmann, 1983)
is ecologically biased (Anders er a/. 2011: 329) and the
distribution of IDAS of Cainotherium sp. features a repre-
sentation of IDAS 3 identical to that of our sample. If one
excludes the biased distribution of Cainotherium huerzeleri,
our number of specimens included in IDAS 1 is far supe-
rior to that in the examples from Anders ez a/. (2011: fig.
8). Interestingly, the number of our specimens included
in IDAS 2 is lesser than that in IDAS 1 especially because
of the underrepresentation of the weaned subadults (see
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TasLE 11. — Number of jaws and skulls of juvenile and adult individuals of Al-
cidedorbignya inopinata and proportion to the total number of specimens of
identifiable juveniles and adults.

% of the
% of the total total number
Number number of of adults +
of jaw + identifiable identifiable
Skull juvenile jaws juvenile jaws
specimens (67) (138)
Stage 1 6 8.9 4.34
Stage 2 16 23.8 11.6
Stage 2+ 3 4.4 217
Stage 3 13 19.4 9.4
Stage 3+ 9 13.4 6.5
Stage 4 11 16.4 7.97
Stage 5 8 11.9 5.8
Stage 6 1 15 0.72
Unidentified 8 - -
juveniles jaws
Total juveniles 75 - -
jaws and skulls
Total identifiable 67 - -
juveniles jaws
Stage 7 65 - 471
Stage 8 6 - 4.34
Total adults + 138 - -

identifiable
Juveniles jaws

above; especially stage 6 with one specimen only), whereas
the contrary is true in examples from Anders ez al. (2011:
fig. 8). This may be the result of some taphonomical bias,
or may result from some ecological behaviour such as the
departure (or exclusion) of the sexually mature subadult
individuals from the community. This distribution may also
indicate that our sample may include individuals resulting
from several breeding seasons, if breeding of Alcidedorbignya
was seasonal (see below). It could also indicate a greater
vulnerability of the juveniles within stages 2 to 5 (as men-
tioned above concerning stages 1 to 3+) and that most of
the individuals of stage 6 (sub-adults) had reached stage
7 (full adult) because they were more resistant to health
problems, had more experience, and/or were more vigor-
ous to resist predators and to avoid the dangers of life in
a rainforest. Similarly, the total absence in our sample of
individual referable to IDAS 4 and 5 is noteworthy. Given
the number of specimens available, it probably does not
represent a taphonomical bias. It is therefore possible that
the absence of old individuals in the pantodont population
of Tiupampa represents a specific selection. As for the sub-
adults of stage 6, these individuals may have left (or have
been excluded from) the community. Another alternative
could be that the food ingested by Alcidedorbignya inopi-
nata was soft enough to have a slow effect on tooth wear
and that the longevity of that species was shorter than the
time needed to reach full abrasion of molars as observed
in IDAS 4 and 5.

To conclude, even if the number of specimens does
not indicate the number of individuals, it suggests that
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TaBLE 12. — Number of specimens jaws and skulls of juvenile and adult individu-
als of Alcidedorbignya inopinata included in the IDAS of Anders et al. (2011).

Specimens in

Stage 1 2 2+3 3+4 5 6 7 8 IDAS
IDASO 1 1
IDAS1 5 16 3 13 9 46
IDAS 2 11 8 1 20
IDAS 3 65 6 71
IDAS 4 0
IDAS 5 0

juvenile individuals were very abundant and probably
approached the number of adult individuals. This is
confirmed by the estimations of the minimal number of
individuals per stage and per IDAS, for which juveniles
may even slightly outnumber the adults (Fig. 48A, E).
Therefore, the Alcidedorbignya population of Tiupampa
may represent that of a breeding season if the ecology of
this species was characterised by reproductive seasonality.
However, the fact that specimens of juveniles of almost all
stages of dental eruption are present associated with adults
specimens, could be an indication of limited seasonality
with a reproduction not time-regulated over the year.
Another alternative would be that our juvenile sample
includes individuals from different breeding seasons. In
this case, the mortality profile of our population could be
biased as it would correspond to a pluriannual time span.

This hypothesis requires some comments on the taphon-
omy of the site called the “Quarry” (Marshall ez 2. 1995).
These authors and others (Ladevéze ez 2/ 2011) have
suggested that the Quarry mammal fauna was the result
of a catastrophic event such as a flood of the river on the
banks of which the fauna was living. The occurrence at
the Quarry of abundant complete skeletons of small and
fragile vertebrates (frogs, lizards, snakes, new-born croco-
diles ) added to the discovery of a crocodile nest (includ-
ing at least a dozen eggs), complete to partial (in some
cases intermingled) metatherian skeletons (at least 20 of
Pucadelphys Marshall & Muizon, 1988, six of Andinodel-
phys Marshall & Muizon, 1988, three of Mizquedelphys
Marshall & Muizon, 1988) and two pantodont skeletons
(one partial of juvenile and one complete adult) strongly
suggests that this fauna has not suffered any transpor-
tation and that it has been trapped by a sudden event
like a catastrophic flood. In particular the intermingled
skeletons of metatherians could indicate that they were
surprised in their burrows. In contrast, the great amount
of isolated pantodont jaws suggests that these individuals
probably died and were disarticulated before the event
and that their disarticulated remains have suffered the
catastrophic event, being trapped in the same sediment
as the living metatherians and pantodonts. Most of the
remains for Alcidedorbignya are indeed fragmentary jaws,
isolated teeth, and a moderate number of isolated post-
cranial elements (Muizon & Marshall 1992, 2015). The

latter count among the earliest skeletal elements to be
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transported by fluvial currents (Voorhies, 1969),. Cranial
and mandibular remnants rather count as lag elements,
which resist transport for a much longer time. Therefore,
the anatomical composition of the total sample of fos-
sils found of Alcidedorbignya at the Quarry suggests that
these do not represent victims of a catastrophic event,
in contrast to marsupials, but are rather lagged elements
belonging to individuals that probably did not die at the
same time. This could agree with the mortality profile of
the pantodont assemblage at this locality, which may not
reflect the typical age profile of a pantodont population
and thus not result from a catastrophic event. In ungulates,
the expected profile in a catastrophic event would show
successively older age classes containing progressively fewer
individuals (Klein & Cruz-Uribe 1983). Although it is
uncertain whether the structure of pantodont populations
was comparable to that of ungulates, such a pattern was
not observed for Alcidedorbignya (Fig. 48).

Both the anatomical composition and mortality profile
thus suggest that the remains of the pantodont individu-
als preserved at Tiupampa may be slightly diachronic,
although they were probably buried all at once by the
same catastrophic flooding event that trapped metatherian,
pantodont, reptile and frog skeletons at the Quarry. The
rather fresh look of bones for the preserved pantodont
specimens, with a low amount of cracks and flaking of
surface bone, indicates reduced weathering, probably less
than one year under the then tropical climate at Tiupampa
(see Behrensmeyer & Miller 2012: fig. 5.3, for a compari-
son under a tropical, climate). Therefore, the diachronism
within the pantodont assemblage is probably rather limited.

Be that as it may, such a great amount of Alcidedorbignya
specimens (juveniles being as numerous as the adults) in
the Quarry fauna indicates that this site may have been
at or near a breeding place for this taxon. Interestingly,
Alcidedorbignya is the only mammal taxon at Tiupampa
for which so many juvenile specimens (as compared to
adults) have been found. Concerning metatherians, only
four sub-adult specimens (one isolated mandible and three
skulls and associated mandibles) of Pucadelphys (out of 35
complete or partial skulls and skeletons) (Ladeveze ez al.
2011), and only one jaw of a juvenile kollpaniine “condy-
larth” (Molinodus) and a few isolated deciduous teeth of
other “condylarths” are known (Muizon & Cifelli 2000;
Muizon et al. 2019). Therefore, at Tiupampa, the ratio
of juvenile to adult specimens in mammals other than
Alcidedorbignya is drastically smaller. An overrepresentation
of young individuals may match with a profile of mortal-
ity, called attritional, where vulnerable age categories are
more represented (Klein & Cruz-Uribe 1983). However,
the underrepresentation of old individuals (stage 8 poorly
represented; IDAS 4-5 absent) does not match with this
profile. This reinforces the hypothesis that the Quarry was
at or near a breeding site for the Tiupampa pantodont,
whether or not our sample represents individuals of the
same breeding season or of different breeding season or
of a non-seasonal reproductive behaviour.
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CONCLUSION

The Tiupampa mammal fauna includes more than 25 spe-
cies of metatherians and eutherians (Muizon e 2/. 2015,
Muizon & Ladevéze 2020). Some of them are abundantly
represented, such as the metatherians Pucadelphys, Mizque-
delphys, and Andinodelphys and the eutherians Alcidedorbignya
and kollpaniine “condylarths”. However, Alcidedorbignya
is the only taxon known from very abundant mandibu-
lar and cranial remains of juvenile specimens, which are
roughly as abundant as the adult specimens, which suggests
that the Quarry at Tiupampa was at or near a breeding
site for this early pantodont. The abundance of juveniles
enabled us to describe in detail the dental ontogeny in
this pantodont species. The numerous juvenile and adult
dental remains are attributed to eight different stages and
provide new information on the eruption sequence, the
sequence of cusp mineralisation and the cranial growth in
this species and on the mortality profile of this assemblage
at Tiupampa. Based on comparative data in extant pla-
centals, possible timings for weaning and sexual maturity
relative to the sequence of dental eruption are proposed
for this species. Altogether, this offers an unprecedented
amount of craniodental ontogenetic data in a Paleocene
placental mammal, which thus paves the way towards a
better understanding of development and growth patterns
in the early history of placentals. The main findings and
hypotheses are summarized below.

Our sample of juvenile fossil remains in Alcidedorbignya
includes 75 specimens of skulls and jaws and 30 isolated
teeth, to which must be added several tenths of uncata-
logued isolated deciduous teeth in the collections of the
Cochabamba Museum (Bolivia). This sample can be distrib-
uted into six ontogenetic stages from perinatal individuals
(stage 1) to sub adults (stage 6). This very complete set has
allowed reconstruction of the eruption sequence (excluding
incisors) of Alcidedorbignya inopinata, as follows:

Uppers: dC-dP2-4 (probably erupted at birth, order
unknown), M1, dP1, M2, 13, C, P4, P2-3, M3.

Lowers: dil-3-dc-dp3-4, dp2 (probably erupted at birth,
order unknown), m1, dpl, m2, i3, ¢, p2, p4, p3, m3.

As in the later diverging pantodont Coryphodon (McGee &
Turnbull 2010), the M3/m3 of Alcidedorbignya erupt last.
This condition is likely an apomorphic character, which
evolved several times in different extinct and extant euthe-
rians: for example, in cetartiodactyls (Gomes-Rodrigues
et al. 2019), primates (Monson & Hlusko 2018a), and
perissodactyls (Domingo ez al. 2018 and references therein).

Eight stages of dental eruption have been defined, which
correspond to IDAS 0 to 3 of Anders ez /. (2011). Stages
1 to 2+ are strict to almost strict suckling individuals since
no conspicuous wear facets are observed on the deciduous
cheek teeth, which indicates that little or no solid food
was ingested. Distinct wear facets are present on decidu-
ous cheek teeth of stages 3 and 3+, which indicates that
mixed feeding had started. At stage 4, the first wear fac-
ets are observed on the M1/ml, indicating that weaning
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probably occurred at late stage 3+ or early stage 4 (IDAS
2 of Anders ez al. 2011).

The study of the tooth germs contained within crypts
by computed microtomography indicates that on lower
cheek teeth the trigonid mineralises before the talonid and
on the former the order of mineralisation is protoconid,
metaconid and paraconid. On the upper cheek teeth,
the paracone mineralises first. The early mineralisation
of these labial cusps on cheek teeth is similar to what is
known in many placentals and viewed as a widespread
pattern (Butler 1956 and literature therein; Hershkovitz
1971; Jernvall 1995).

Comparative analysis of craniometric data with the
dental ontogenetic stages and the proportion of erupted
permanent cheek teeth revealed that juvenile individuals
of Alcidedorbignya with no more than 20% of erupted per-
manent cheek teeth (p3-m3 or P3-M3) showed a markedly
small size relative to adults when compared to most other
documented placental species. Although more comparative
data are needed, this suggests that this Paleocene placental
species may have partly retained a plesiomorphic pattern,
in which juveniles are much smaller than adults, as seen
for instance, but with a much greater magnitude, in stem
mammals (Hoffman & Rowe 2018).

The mortality profile of the Alcidedorbignya assemblage
at Tiupampa indicates that, among the juvenile specimens,
the great majority of remains are unweaned juvenile indi-
viduals (stages 1 to 3+) corresponding mostly to IDAS 1.
An overrepresentation of young individuals may match
with an actritional profile of mortality, where vulnerable
age categories are more represented (Klein & Cruz-Uribe
1983), but the underrepresentation of old individuals is
not congruent with it. Overall, the observed profile may
suggest that in the early Paleocene, Tiupampa was a breed-
ing area for this early pantodont.

Furthermore, the mortality profile of Alcidedorbignya is
in fact largely bimodal when categorised with IDAS stages
(overrepresentation of IDAS 1 and 3). In particular, old
individuals featuring very worn teeth (i.e. IDAS 4 and 5
of Anders ez al. 2011) are absent in our Alcidedorbignya
sample at Tiupampa. As discussed above, given our rela-
tively large sample, this absence is probably not related
to a taphonomic bias, but rather concerns some ethologi-
cal behaviour, for which we have no interpretation other
than speculations, or an overall wear of cheek teeth dur-
ing the life of pantodont individuals that never or rarely
erase completely the internal enamel profile (wear stages
of IDAS 4 and 5 never reached).

Finally, both the anatomical composition (mostly jaws and
isolated teeth) and the mortality profile of the assemblage
at Tiupampa suggest that the mostly disarticulated panto-
dont remains are slightly diachronic. They therefore do not
match a catastrophic mortality profile. This marks a clear
difference to the numerous complete marsupial skeletons,
the two pantodont skeletons, and the non-mammalian
tetrapods, which were trapped in situ at the Quarry (e.g.,
Ladeveéze er al. 2011), although both the latter and the
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disarticulated pantodont remains (which correspond to
individuals, that may have died slightly before the event)
were probably buried all at once by the same catastrophic
flooding event eventually.
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