
Tooth replacement in Manidens condorensis: a baseline 
study to address the replacement pattern in dentitions of 

early ornithischians. 

Journal: Palaeontology

Manuscript ID PALA-03-20-4724-OA.R1

Manuscript Type: Original Article

Date Submitted by the 
Author: 13-Jun-2020

Complete List of Authors: Becerra, Marcos; CONICET; Museo Paleontológico Egidio Feruglio
Pol, Diego; CONICET; Museo Paleontológico Egidio Feruglio
Whitlock, John; Mount Aloysius College, Biology; Carnegie Museum of 
Natural History, Section of Vertebrate Paleontology
Porro, Laura; University College London Division of Biosciences, Cell and 
Developmental Biology; University of Bristol School of Earth Sciences, 
 School of Earth Sciences

Key words: Ornithischia, Heterodontosauridae, tooth replacement, intraspecific 
dimorphism, dentition

 

Palaeontology

Palaeontology



1

Tooth replacement in Manidens condorensis: a baseline study to address the 

replacement pattern in dentitions of early ornithischians. 

MARCOS G. BECERRA*,1, DIEGO POL1, JOHN A. WHITLOCK 2,3 and LAURA B. 

PORRO 4

1 Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET) - Museo 

Paleontológico Egidio Feruglio, Fontana 140, Trelew, Chubut 9100, Argentina; e-mails: 

mbecerra@mef.org.ar, https://orcid.org/0000-0002-1123-7236, ; 

dpol@mef.org.ar, https://orcid.org/0000-0002-9690-7517
2 Biology Department, Mount Aloysius College, Admiral Peary Highway 7373, Cresson, 

16630 Pennsylvania, USA; e-mail: jwhitlock@mtaloy.edu, https://orcid.org/0000-0002-1118-

2925

3 Section of Vertebrate Paleontology, Carnegie Museum of Natural History, 4400 Forbes Ave. 

Pittsburgh, 15213 PA. 
4 Centre for Integrative Anatomy, Department of Cell and Developmental Biology, University 

College London, Gower Street, London, WC1E 6BT, UK; e-mail: l.porro@ucl.ac.uk, 

https://orcid.org/0000-0002-0546-2381

* Corresponding author

RH: DENTAL REPLACEMENT IN MANIDENSM. CONDORENSIS

Page 1 of 57

Palaeontology

Palaeontology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

mailto:mbecerra@mef.org.ar
mailto:mbecerra@mef.org.ar
mailto:dpol@mef.org.ar
https://orcid.org/0000-0002-9690-7517
mailto:jwhitlock@mtaloy.edu
mailto:l.porro@ucl.ac.uk


2

Abstract. 

Dental replacement in Heterodontosauridae has been debated over the last five decades 

primarily on indirect evidence, such as the development of wear facets and the position of 

erupted teeth. Direct observation of unerupted teeth provides unambiguous data for 

understanding tooth replacement but this has only been done for Heterodontosaurus and 

Fruitadens. This study addresses dental replacement in Manidens condorensis based on the 

positioning of functional and replacement teeth using microcomputed tomographic data, 

differential wear along the dentition and the differences in labiolingual/apicobasal level of 

functional teeth. Dental replacement in Manidens condorensis was continuous in an anterior-

to-posterior wave pattern, with asynchronous tooth eruption and the addition of new teeth 

posteriorly to the toothrow during ontogeny. Manidens shows the first evidence of dental 

replacement for the large dentary caniniform in Heterodontosauridae, which possibly had 

replacement timing distinct from the cheek dentition. Newly erupted teeth imbricate in a 

mesial cavity/distal crown base relationship during eruption, meaning so that imbrication of 

the mid-posterior dentition remains unaltered during tooth replacement. The presence/absence 

of a small caniniform tooth in the D3 position of several specimens suggests a possible 

intraspecific dimorphism in Manidens. Longitudinally sectioned isolated crowns allow 

observation of histological features as Howship’s lacunae and odontoclast spaces similar in 

size to extant reptiles. The differential wear decreasing posteriorly and hypothetic Z-spacing 

below 2.3 in Manidens are similar to basal ornithischians. Tooth replacement in 

Heterodontosauridae (and other early ornithischians) provides key information for 

understanding the dynamics of jaw function and craniomandibular specialization to herbivory. 

Key words: Ornithischia, Heterodontosauridae, tooth replacement, 3D reconstructions, 

intraspecific dimorphism, dentition.

Key words: Dental replacement, intraspecific dimorphism, microcomputed tomography, 3D 

reconstructions, Heterodontosauridae, Argentina.
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The development of precise occlusion and tooth wear is a recurrent trend that has improved 

chewing efficiency in different herbivorous lineages (Janis & Fortelius 1988; MacFadden 

2000; Kaiser et al. 2013; Madden 2014; Erickson et al. 2016). The consequences of extensive 

tooth wear can be overcome by the appearance of high-crowned (hypsodont) dentitions or 

high rates of tooth replacement (D’Emic et al. 2013; Erickson et al. 2016). High replacement 

rates have been inferred for many dinosaur clades, including polyphyodont dentitions (i.e. 

dentitions with continualcontinuous tooth replacement) with spaced teeth as in non-cerapodan 

ornithischians, non-hadrosaurid dryomorphs and early ceratopsians (Norman & Weishampel 

1985; Weishampel & Norman 1989; Sander 1997; Norman 2004; Tanoue et al. 2009; 

Strickson et al. 2016). High replacement rates alongside tightly packed dental batteries that 

form a continuous grinding surface is a derived stage of polyphyodonty that appeared 

independently in ceratopsids, hadrosaurids, and some neosauropods (Dodson et al. 2004; 

Horner et al. 2004; Sereno & Wilson 2005; Bell et al. 2009). Within Heterodontosauridae 

(and convergently shared with Therizinosauria; Button et al. 2017), more derived species had 

polyphyodont high-crowned and tightly packed dentitions with low replacement rates, mixing 

two different evolutionary stages that represent a novel adaptive path to increased herbivory 

in the Ornithischia (Norman et al. 2011; Sereno 2012). The above-mentioned cases indicate 

that different clades of herbivorous dinosaurs developed different adaptations to herbivory. 

However, there still is a lack of understanding of dental evolution in dinosaurs due to few 

studies of species representing early adaptive stages to herbivory (e.g. Sirton 1947; Erickson 

et al. 2016; Strickson et al. 2016; Button et al. 2017). Furthermore, studies on tooth 

replacement in early ornithischians are rare despite their importance for understanding the 

evolution of herbivory in this diverse and successful clade (e.g. Sciscio et al. 2017; Chen et 

al. 2018).

The middle–late Toarcian to Aalenian–Bajocian Cañadón Asfalto Formation (Cúneo et al. 

2013) has yielded one of the most important continental vertebrate faunas from the early 

Jurassic of the Southern Hemisphere (Bonaparte 1979; Rauhut et al. 2001; Escapa et al. 2008; 

Pol & Rauhut 2012). The record of ornithischians from this unit is so far limited to the 

heterodontosaurid Manidens condorensis (Pol et al. 2011), a second heterodontosaurid 

species lacking diagnostic features (Becerra et al. 2016) and an isolated ungual referred to 

Cerapoda (Rauhut & López-Arbarello 2008). Manidens is the most complete early Jurassic 

ornithischian from South America and one of the most complete heterodontosaurids. The 

holotype material MPEF-PV 3211 of the small-sized heterodontosaurid Manidens 

condorensis, which includes cranial and postcranial remains, preserves a posteriorly 
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incomplete right maxillary dentition and a nearly complete dentary dentition in both dentaries 

(Pol et al. 2011). Regardless of its preservation, the maxillary and dentary dentitions in 

known specimens ranges between 10-13 tooth positions, a low count that is characteristic for 

Heterodontosauridae (Pol et al. 2011; Becerra et al. 2014, 2018). The morphology of the 

maxillary dentition was characterized based on MPEF-PV 3211 and 3809 by Becerra et al. 

(2018) as symmetric diamond-shaped teeth with a low number of denticles, enlarged labial 

and lingual crests in their crown bases (cingular mesial and distal entolophs and ectolophs) 

with both entolophs in a V to Z shaped disposition and bearing denticles/serrations. The 

morphology of the dentary dentition as detailed by Pol et al. (2011) and Becerra et al. (2014), 

is based on MPEF-PV 3211 and isolated teeth and describes an enlarged caniniform in the 

first tooth position and symmetrical diamond-shaped (“hand-shaped”) postcaniniform teeth. 

Although these dentitions show a strongly contrasting morphology, their share a height-width 

proportion heterodonty along the toothrow, the presence of a mesial cavity in teeth from the 

mid-posterior toothrow that allows close-packing, thickened enamel in the cutting edges of 

denticles (although only dentary teeth bear crenulated edges), and the development of apical 

and basal wear facets that revealed a novel and complex pattern of tooth-tooth occlusion, 

making this taxon unique in terms of its adaptations to herbivory (Becerra et al. 2014, 2018). 

Recently discovered material revealed a novel and complex pattern of tooth-tooth occlusion 

placing this taxon as unique in terms of its adaptations to herbivory (Becerra et al. 2014, 

2018). Here we describe tooth replacement inferred for this taxon based on microcomputed 

tomographic (µCT) analyses of its dentition and interpret its significance for the early 

evolution of heterodontosaurids and ornithsichiansornithischians.

Institutional Abbreviations. BP, Bernard Price Institute for Palaeontological Research, 

Johannesburg, South Africa; IVPP, Institute of Vertebrate Paleontology and 

Paleonanthropology, Beijing, People's Republic of China; MPEF, Museo Paleontológico 

Egidio Feruglio, Trelew, Chubut, Argentina; NHMUK, The Natural History Museum 

London, United Kingdom; NM, Nazionale Museum, Bloemfontein, South Africa; SAM, Iziko 

South African Museum, Cape Town, South Africa; YPM, Peabody Museum of Natural 

History, Yale University, New Haven.

MATERIALS AND METHODS

Materials. 
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All the fossil materials used in this study are housed at the vertebrate paleontology collection 

of the Museo Paleontológico Egidio Feruglio in Trelew (Chubut), Argentina. All specimens 

included in this study were found in the Queso Rallado locality except for MPEF-PV 3808, 

which was found in the Frenguelli fossil site. Both localities belong to the lower levels of the 

Cañadón Asfalto Formation (Pol et al. 2011; Cúneo et al. 2013; Becerra et al. 2014, 2018, 

2020).

Specimen MPEF-PV 3211. The preserved elements on this specimen comprise at least 80% of 

the cranial bones, scattered vertebrae representing all axial regions (cervical, dorsal and 

caudal vertebrae, and the complete sacral region), the left scapula and coracoid, almost 

complete pelvic girdle, and rib fragments (Pol et al. 2011; Becerra et al. 2014). The specimen 

corresponds to the holotype material of Manidens condorensis, as defined by Pol et al. 

(2011).

Specimen MPEF-PV 3808. This new specimen comprises partially exposed fossil remains at 

the face and back of a lacustrine tuffaceous shale rock fragment, corresponding to a right 

dentary, at least five dorsal vertebrae, most of a scapula, and other unidentified elements 

inside the rock (see below). The poor preservation of the fossil prevents its mechanical 

separation from the rock. MPEF-PV 3808 was found at the Frenguelli fossil site, 15 km south 

of Cerro Cóndor village and stratigraphically located at the lower levels of the Cañadón 

Asfalto Formation (Escapa et al. 2008; Cúneo et al. 2013). This locality has produced 

abundant plant remains, and sediments sampled 10 meters above the fossiliferous horizon 

have been dated as middle–late Toarcian (178.766 ± 0.092 my; Cúneo et al. 2013). MPEF-PV 

3808 is here referred to the species Manidens condorensis based on the following shared 

autapomorphies of the dentary dentition: asymmetric arrangement of denticles and a mesial 

concavity or cavity in mid-posterior teeth (Pol et al. 2011); mesial denticulate margin 

approximately 60% of the length of the distal margin (Becerra et al. 2014); and denticles with 

crenulated edges (Pol et al. 2011). Additional features shared between teeth of this specimen 

and the dentary dentition of Manidens condorensis include: the presence of one to two 

denticles mesially and four to six distally in dentary teeth; and a notably heterodont dentition 

in terms of size and shape including the presence of a large caniniform in the first tooth 

position (Becerra et al. 2018, and references therein).

Specimen MPEF-PV 3809. The specimen comprises a complete left maxilla with ten tooth 

positions and eight teeth, part of the anterior process of the lacrimal and the distalmost portion 

of the posterodorsal process of the premaxilla, with the latter two fragmented bones 

contacting the ascending process of the maxilla. This specimen was associated to the species 
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Manidens condorensis by Becerra et al. (2018) and is based on the unique features of the 

maxillary dentition shared between this specimen and the holotype MPEF-PV 3211.

Isolated teeth. The sectioned specimens MPEF-PV 10862a and b (both from the same isolated 

dentary tooth) and MPEF-PV 10823 (isolated maxillary tooth) were associated with the 

species Manidens condorensis based on their shared dental features with those in the holotype 

and referred specimens by Becerra & Pol (2020). Other isolated dentary teeth (MPEF-PV 

3814, MPEF-PV 3816, MPEF-PV 3815, MPEF-PV 1719, MPEF-PV 3811, MPEF-PV 1786, 

MPEF-PV 3812, MPEF-PV 3813 and MPEF-PV 10866) mentioned elsewhere in the text 

were associated to Manidens condorensis by Becerra et al. (2014) and Becerra et al. (2018, 

online resource 1) based on shared dental morphologies. 

All the described specimens are housed at the vertebrate paleontology section of the Museo 

Paleontológico Egidio Feruglio, in Trelew (Chubut), Argentina. A new specimen (MPEF-PV 

3808) is here referred to Manidens condorensis, comprising a complete dentary, partial 

scapula and fragments of five dorsal vertebrae. MPEF-PV 3808 was found at the Frenguelli 

fossil site, 15 km south of Cerro Cóndor village and stratigraphically located at the lower 

levels of the Cañadón Asfalto Formation (Escapa et al. 2008; Cúneo et al. 2013). This locality 

has produced abundant plant remains, and sediments sampled 10 meters above the 

fossiliferous horizon have been dated as middle–late Toarcian (178.766 ± 0.092 my; Cúneo et 

al. 2013). All other specimens included in this study come from the Queso Rallado locality 

(also in the lower levels of this formation; see Cuneo et al. 2013).

Methods. 

Sectioning of isolated maxillary and dentary teeth was conducted following the standardized 

methodology of Sander (1999) (Becerra & Pol 2020). Images from the Scanning Electron 

Microscope (SEM) were taken using a Jeol JSM-6460 with backscattered electron detector. 

Computed tomographic scanning (CT scan) of MPEF-PV 3808 was conducted using a helical 

tomographic GE model CTe. Microcomputed tomographic scanning (μCT scan) of specimens 

MPEF-PV 3211 and MPEF-PV 3809 was conducted using a GE phoenix nanotom® m. 

Segmentation and 3D reconstructions were performed with theusing 3DSlicer software 

version 4.3.0 (Fedorov et al. 2012). 

The anatomical terminology used in the orientation and description of the teeth follows 

Becerra et al. (2018). Two models of dental replacement that adjust to thecorresponding to 

Zahnreihen theory are discussed for amniotes: (1) the wave-stimulus theory; and (2), the zone 

of inhibition theory (Whitlock & Richman 2013). Edmund (1960, 1962, 1969) explained 

Page 6 of 57

Palaeontology

Palaeontology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



7

tooth replacement as the result of successive extrinsic 'wave stimuli' of tooth-growing activity 

that originate in the anterior dental mesenchyme and are transmitted posteriorly, in which the 

time interval between successive stimuli define the rate of tooth replacement and determine 

the observed pattern (e.g. Berkovitz & Shellis 2016). The zone of inhibition theory suggests 

that a developing tooth emits a signal into the mesenchyme that inhibits the development of 

neighbouring teeth within a certain radius; once it erupts the dental lamina is no longer 

inhibited and starts developing adjacent replacement teeth radius, and once it erupted the 

dental lamina is no longer inhibited and starts again the development of replacement teeth 

(e.g. Osborn 1971; Whitlock & Richman 2013). Subsequent research supported that 

deviations of these models or more complex patterns of replacement may occur among 

reptiles (e.g. Whitlock & Richman 2013; Berkovitz & Shellis 2016; Greico & Richamn 2018). 

The replacement pattern of Manidens condorensis closely resembles that described under the 

wave-stimulus theory and is comparable to that in Heterodontosaurus (SAM-PK-K1334), in 

which the definition of replacement waves as series of teeth in decreasing stages of 

development was useful for resuming understanding the spatial arrangement of successive 

dental families in a toothrow (Norman et al. 2011). Thus, a similar assumption of succesive 

successive series of decreasing stages ordered in a wave pattern was assumed in this 

description of followed in this description for Manidens condorensis. Previous research in 

reptiles and basal ornithischians addressess the apparent direction of replacement waves 

externally and relates this inference with the Z-spacing (or the average of functional teeth per 

replacement series; Edmund 1960, 1969; DeMar 1972; Berkovitz 2000). In a toothrow with a 

Z-spacing higher than 2, the direction of the replacement wave appears to be anteriorly 

directed, whereas a value smaller than 2 leads to interpret a posteriorly-directed replacement 

wave (e.g. Edmund 1969). The ordering of functional teeth, Z-spacing and apparent direction 

of replacement are also discussed for Manidens. 

RESULTS

Maxillary dentition

Specimen MPEF-PV 3211. The holotype specimen of Manidens condorensis MPEF-PV 3211 

preserves only the right maxilla (Fig. 1), which bears the first eight functional tooth positions, 

a reduced tooth count due to the lack of preservation of the caudal region of the maxilla 

(Becerra et al. 2018). If considering the opposing dentary dentition (up to 11 functional teeth), 

the maxillary dentition of MPEF-PV 3211 possibly had at least 10-11 functional teeth. The 

3D reconstruction allows the identification of different stages of replacement in seven of the 
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eight tooth positions preserved (Fig. 2A–B). Specimen MPEF-PV 3211. The holotype 

specimen of Manidens condorensis MPEF-PV 3211 (Fig. 1) preserves eight functional teeth 

in its maxillary toothrow (Becerra et al. 2018), and different stages of replacement are 

represented in seven of its tooth positions (Fig. 2A–B). An empty small alveolus completely 

filled with spongy bone and a root fragment are the only evidence of a small M1 tooth, 

anterior to the beginning of the preserved toothrow, which would have been shed and was not 

replaced (Becerra et al. 2018; Fig. 2H). The absent M1 and the following four maxillary teeth  

that are laterally exposed (Fig. 1) have their roots associated with dental or tooth crypts (i.e. 

the bony space of either jaw containing a developing tooth, whereas the dental 

alveolus/alveoli are the cavities or sockets in which the roots of functional teeth are 

embedded)tooth crypts, while the presence of these in the mid-posterior toothrow is unknown 

due to the severely damaged condition of the maxilla (Becerra et al. 2018, online resource 1; 

Fig. 2). All the tooth crypts preserve tooth germs (Fig. 2C–G), except one close to the tip of 

the root of M2 that is empty (Fig. 2C–D). The relative position of all the tooth crypts with the 

functional teeth might be slightly affected by damage, but as preserved these are positioned 

affected by the damage of the maxilla, but these are positioned anterior to the first preserved 

maxillary tooth (possibly related to M1), dorsal to the root tip of M3, and dorsal and slightly 

lateral to the tips of the roots of M4 and M5 (Fig. 2). More posteriorly, a replacement tooth is 

located within a collapsed tooth crypt slightly posterolaterally to M7 and contacting the root 

of M8, which might be related to M7 but was diagenetically displaced (Fig. 2A–B). M8 

shows an extensive resorption area at the posteromedial half of its crown base and root, 

adjacent to the posteriormost replacement tooth preserved (Fig. 2A–B). For the anterior 

dentition, the differential development of wear as indicator of differences in lifespan of 

functional teeth adds additional information regarding tooth replacement (Table 1). The 

slightly concave and wide lingual wear facet of M2 and the lack of extensive wear at M3, 

although both feature polished marginal denticles and less extensive labial facets (M2–M4; 

Becerra et al. 2018, online resource 1), indicate that M2 was possibly older than M3, 

supporting an anterior-to-posterior wave replacement pattern. Wear facets cannot be identified 

at tooth positions M5-M8 with the available data. 

The positioning of replacement teeth and wear development in the maxillary dentition of 

MPEF-PV 3211 suggest a replacement pattern possibly including five different replacement 

waves (Fig. 2I). In an anteroposterior direction, the first three tooth crypts seem to pertain to 

the first replacement wave. The second series is formed by the absent M1 (as the last tooth 

changed), the tooth positions M2-M3 (evidenced by wear being more developed at 
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M2)(evidenced by their differential wear more developed at M2), and the remaining two tooth 

crypts (Fig. 2I). Two other replacement waves are identified in the mid-posterior dentition, 

and M8 as is the only representative of the fifth replacement series (Fig. 2I). The functional 

teeth of all the replacement series are arranged in a 2-3-1-1 sequence. Unfortunately, the 

taphonomic displacement of teeth and the possibility that the dentition is not complete 

complicate inferring the external direction of replacement waves considering odd and even 

tooth positions (see Discussion). 

Three additional resorption pits adjacent to the medial face of the tooth root at M2 position 

and the lateral face between the roots of M3-M4 were recognized (Fig. 2A–D, G–H). The 

resorption pits more dorsally placed only affect the bone adjacent to the roots, whereas both 

the bone and the root are affected by the more ventrally positioned pits. Their subcircular 

shape support a physiological origin, and their presence at the opposite side of the toothrow 

between the M3–M4 from where new replacement teeth are formed and near the base of the 

tooth lingually indicate that these were more likely related to a paleopathologic process of 

external resorption occurring at these tooth positions (Fig. 2A–B).

Two additional resorption pits adjacent to the lateral face and between the roots of M3-M4 

were recognized (Fig. 2A–D, G–H). The resorption pit more dorsally placed only affected the 

bone adjacent to the roots, whereas both the bone and the root were affected by the more 

ventrally positioned pit. Their subcircular shape support a physiological origin, and their 

presence between the M3–M4 but at the opposite side of the toothrow from where new 

replacement teeth are formed indicate that these were more likely related to a paleopathologic 

process of external resorption occurring at these tooth positions (Fig. 2A–B).

Specimen MPEF-PV 3809. Although some bones are incomplete or missing, this 

specimen preserves the complete maxillary toothrow (not damaged as occurs in specimen 

MPEF-PV 3211), which is composed of ten tooth positions (Fig. 3E–F), with two roots 

anteriorly (the smaller one partially reabsorbed) and eight teeth in excellent preservation 

(Becerra et al. 2018). The tooth count in MPEF-PV 3809 is closer in number to the assumed 

maxillary dentition and the known post-caniniform dentary dentition of MPEF-PV 3211, and 

shows only slight differences in size with the maxilla of the mentioned specimen that are 

mainly related to its damaged posterior region. The fossil remains represented by MPEF-PV 

3809 and MPEF-PV 3211 might correspond to similarly sized individuals. 
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Specimen MPEF-PV 3809. The specimen comprises a complete left maxilla, part of the 

anterior process of the lacrimal and the distalmost portion of the posterodorsal process of the 

premaxilla, with the later two fragmented bones contacting the ascending process of the 

maxilla (Fig. 3A–D). The tooth-bearing portion preserves ten tooth positions (Fig. 3E–F), 

with two roots anteriorly (the smaller one partially reabsorbed) and eight teeth in excellent 

preservation (Becerra et al. 2018). The tooth count in MPEF-PV 3809 is near in number to the 

cheek dentition of the dentaries of MPEF-PV 3211, but the clear differences in size between 

specimens indicate that the fossil remains of MPEF-PV 3809 were from a smaller individual 

than MPEF-PV 3211. 

Information from µCT allows identification of three empty spaces at the base of the 

premaxillary process, which are collapsed and confluent to each other anterior and dorsal to 

the first two tooth positions, and two replacement teeth posteriorly (Fig. 3E–F). The rounded 

shapes of these empty chambers indicate they likely correspond to tooth crypts that lack tooth 

germs, as occurring in the comparable dentition of MPEF-PV 3211 (Fig. 2A–B). The anterior 

position of the first two tooth crypts prevents relating correlating them with a tooth position, 

whereas the most posterior crypt may relate to the M1 position, as it is located dorsal to it. 

Although only two replacement teeth and another three tooth crypts are identified in MPEF-

PV 3809 (Fig. 3), other lines of evidence (differential development of wear, the alveolar 

retraction and the labiolingual offset of teeth in occlusal view) help elucidate the possible 

replacement pattern for MPEF-PV 3809. The expected differential wear tendency decreasing 

posteriorly in the context of replacement waves in an anterior-to-posterior direction is 

observed in tooth positions M5 to M7, whereas wear increases posteriorly from M3 to M5 and 

from M7 to M10 (Table 1, Becerra et al. 2018; Fig. 3D, F). The increase in wear area 

posteriorly (instead of anteriorly) in tooth positions M3–M5 could be influenced by the 

differences in height-width proportions and increased size of the teeth along the toothrow by 

the variation in height-width proportions and size increase of teeth along the toothrow (with 

mainly apical wear), and for tooth positions M8–M9 by the increase in prominence of the 

lingual cingular entolophs posteriorly (with wear mainly cingular) (Becerra et al. 2018). The 

alveolar level in medial view provides information about possible replacement pattern for the 

dentition in MPEF-PV 3809, inferring that more retracted alveoli belong to recently erupted 

teeth. The alveolus at position M5 is more retracted basally than in M6 (M5 may possibly be 

the last functional tooth of its replacement series). Similarly, the alveolar level of M7 is more 

retracted than M6 and M8, and similarly for M9 if compared with M8 and M10 (Becerra et al. 

2018, online resource 1; Fig 3A–B). It is likely that the ends of successive replacement waves 
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also occur at the M7 and M9. This observation is consistent with the offset of teeth in occlusal 

view (Becerra et al. 2018, online resource 1). The most anterior preserved teeth are medially 

deflected up to M5; between M5 and M7 the toothrow becomes laterally oriented up to M7, 

and finally it extends parasagittally from M8 to M10. This offset in occlusal view is similar to 

that in Lanasaurus described by Gow (1975). 

At least four replacement waves were possibly active in MPEF-PV 3809 (Fig. 3G). The 

labiolingual mislocation offset of the dentition in occlusal view and retraction of the alveolar 

level support this inference, while the differential development of wear related to the lifespam 

lifespan of teeth and replacement waves only adjusts applies to tooth positions M6–M7 (wear 

area decreasing posteriorly). The anteriorly positioned tooth crypts, due to their location in the 

maxilla, surely relate to tooth position M1 (and possibly M2), although it is difficult to 

discern if M1 and M2 are from the same replacement series, if the tooth crypts correspond to 

the same or different replacement waves, and how these relate with the general pattern of 

replacement. The exact relationships of M1 and M2 and the anterior tooth crypts with the 

successive teeth relation of M1 and M2 and the anterior tooth crypts with the following teeth 

cannot be determined from the availalable available evidence and evidence, and is taken as 

inconclusive. The M3–M5 positions can be identified as the first well-defined replacement 

series, followed by M6-M7 in the second and M8–M9 in the third series, whereas the tooth in 

position M10 represents the last replacement series. The series of dental replacement imply a 

succession of ?-3-2-2-1 functional teeth per series, with the two replacement teeth in 

development within the maxilla related to the second and third series (Fig. 3G). 

Dentary dentition

Specimen MPEF-PV 3211. The preservation of the dentaries exposes different regions of the 

dentition, but µCT information confirms that the dentitions in both dentaries are complete 

(Pol et al. 2011; Becerra et al. 2014; Fig. 4). The unpreserved region anterior to the enlarged 

caniniform in both dentaries does not confirm or reject the existence of a pre-caniniform 

rudimentary tooth for Manidens, which is present in Fruitadens, possibly Echinodon and 

specimen NHMUK A100 in Heterodontosauridae (Butler et al. 2012; Sereno 2012). The right 

dentary, incomplete anterior to the caniniform and fractured in the middle, exposes the 

enlarged caniniform and six teeth at the mid-posterior dentition (Fig. 1), with three additional 

teeth hidden by the maxilla and the left dentary, and discovered through µCT covered by the 

maxilla and the left dentary and discovered through µCT (Fig. 4A–B). All functional teeth are 

exposed in the left dentary, with a root fragment of the enlarged caniniform and eight 
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postcaniniform teeth that are more damaged than in the right dentary (Fig. 4C–D). The 

enlarged caniniform (D1) in the right dentary showing a plane wear facet with polished limits 

at its apex was described by Pol et al. (2011) and Becerra et al. (2014). The µCT information 

shows that the root of the caniniform D1 is slightly longer than its crown and both are 

separated by a basal constriction (Fig. 4A–B). The roots of cheek teeth of Manidens are long 

and closed at their tips as in other Heterodontosauridae (Butler et al. 2012; Sereno 2012), 

indicating that the enlarged caniniform had limited growth and the longest root in the 

dentition, but proportionately longer roots relative to their crowns are present in D7–D8 tooth 

positions (Fig. 4A–B). In addition, a large cylindrical replacement tooth in a partially 

collapsed tooth crypt can be spotted anterolateral to the root of the right D6 tooth (Fig. 4A–B, 

G–H). The activity related to the development of this replacement tooth affected the 

neighbouring root of D6, which bears a laterally facing resorption region. The location of the 

root resorption for D6 (laterally instead of medially), the overall shape and the oblique 

orientation of the major axis of this replacement tooth to the ventral margin of the dentary 

(instead of perpendicularly as other replacement cheek teeth) indicate that this element 

corresponds to a replacement tooth for the caniniform D1. No other heterodontosaurid 

presents evidence of tooth replacement for the enlarged caniniform; thus, the replacement 

caniniform in the right (but not the left) dentary of MPEF-PV 3211 represents novel 

information for the lineage.

The tooth at the position D2 is exposed in the left dentary but is missing its crown on the 

right; both show similarly-sizedsimilarly sized roots in the 3D reconstructions (Fig. 4). There 

is a slight postcaniniform diastema between the caniniform tooth D1 and the first 

postcaniniform tooth D2 as wide as an alveolus in both dentaries and with compact bone at 

the alveolar region (Fig. 4A–D), a feature never described for Manidens but present in most 

heterodontosaurids with known dentary dentition (e.g. Sereno 2012). A similar empty space 

exists between D2 and the following postcaniniform tooth as wide as an alveolus in both 

dentaries (Fig. 4A–F). Such a space is also observed in Fruitadens where the D2 tooth 

position is surrounded anteriorly and posteriorly by compact bone (Butler et al. 2012, fig. 

4N). However, in MPEF-PV 3211, and contrasting with Fruitadens, the bone type filling the 

alveolar region between D2 and the next preserved tooth is spongy instead of compact in both 

dentaries, and the contact between compact and spongy bone forms a subcircular shape (as 

shaping a closed alveolus; Fig. 4E–F). However, there are no remnants of roots or 

replacement teeth at this region, showing a depressed lateral surface in anteroposterior 

direction on the dentary (as if there had never been a tooth). The presence of spongy bone 
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shaping an empty alveolus in both dentaries implies a hypothetical tooth position (D3) rather 

than a diastema (as in Fruitadens), which possibly fell out and was not replaced. On the other 

hand, the absence of any root fragment or replacement teeth (in either of the dentaries) may 

imply that this tooth position may have never been occupied. The evidence indicates that the 

D2 position is as closeThe evidences indicate that the D2 position is close to the rest of the 

postcaniniform dentition for Manidens as in other heterodontosaurids excluding Fruitadens 

(Zheng et al. 2009; Norman et al. 2011; Sereno 2012), but at least in MPEF-PV 3211, the D3 

position was not developed or never replaced (see MPEF-PV 3808). The right dentary has 

eleven functional tooth positions and the left dentary has ten, in both cases counting the 

absent D3 (Pol et al. 2011; Becerra et al. 2014; Fig. 4A–D). An additional unerupted eleventh 

tooth in the left toothrow and several replacement teeth at different stages of development in 

both dentaries can be 3D-reconstructed with the available µCT information (Fig. 4A–D). The 

tooth at the left D11 position has separated from its root and is slightly displaced 

posteroventrally towards the base of the coronoid process (Fig. 4C–D), but because it is below 

the alveolar level and lacks an open alveolus, we interpret this tooth as unerupted. This 

unerupted D11 tooth strongly suggests the incorporation of tooth positions posteriorly during 

the ontogeny of the species, as documented for Heterodontosaurus (e.g. Butler et al. 2008a) 

and other ornithischians (e.g. Hübner & Rauhut 2010).

Two lines of evidence support active tooth replacement in the dentaries of MPEF-PV 

3211: differential wear along the toothrow (Table 1), and the 3D-reconstructed replacement 

teeth. The teeth at positions D9–D11 in the right dentary are differentially worned worn in a 

pattern expected in fore-aft directed replacement waves (Fig. 5A–F). The presence of 

crenulated cutting edges in denticles, an autapomorphy of Manidens only observed in the 

right D9 tooth position of MPEF-PV 3211 (Pol et al. 2011), provides evidence that this is a 

freshly erupted crown (Fig. 5E–F). SEM images of the right D10–D11 tooth positions allow 

us to identify extensive wear on most of the labial face of the D10 (apical and basal wear 

components contacting to each other), and less extensive wear with separate apical and basal 

components in D11 (Table 1, Fig. 5A–D). Together with left positions D4–D5 (which show a 

posteriorly growing wear development, as in MPEF-PV 3809; Fig. 5G–J), the final positions 

in the right dentary are the only postcaniniform crowns with confirmed wear facets in MPEF-

PV 3211 (Fig. 5A–J). The differential development of wear in the posterior dentition (D9 

lacks wear, D10 is extensively worn, and D11 shows barely developed wear) marks the last 

functional tooth of a replacement series (youngest functional tooth) and the beginning of 

another (extensively worn tooth followed by a barely worn tooth). Similar interpretations of 
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different of times of eruption between functional teeth were made for Lanasaurus, 

Lycorhinus, and Heterodontosaurus, with more wornworned crowns presumed to be older 

(Gow 1975, 1990; Hopson 1980; Norman et al. 2011; Sereno 2012). The tooth at the left D9 

position, although slightly displaced, corresponds to a still erupting crown at the time of death 

(Fig 4C–D, 5L). This young tooth is the last of its replacement wave, signalling the beginning 

of another series, and slightly interrupting the continuity of the cutting margin of the toothrow 

(Fig. 5L). Unerupted replacement teeth associated to root resorption are identified at positions 

D6, D7 and D8 for the left dentary; and at D7, D8 and D10 for the right one (Fig. 4A–D, 5K–

L). Early stages of replacement teeth without having associated root resorption are identified 

in positions D2, D4 and D9 for the left dentary; and D4, D5 and D9 in the right dentary (Fig. 

4, 5K–L). The difference in number of functional teeth (with an unerupted D11 in the left 

dentary but erupted in the right dentary) and the variable ordering of different stages of 

replacement teeth between dentaries (including the enlarged caniniforms and the cheek 

dentitions) indicate an asynchronous tooth replacement between the left and right dentary 

dentitions. In fact, for each dentary tooth position we can observe a more advanced stage of 

tooth development between the left and right cheek teeth, characterizing an offset between 

replacement waves acting on the jaws (Fig. 5K–L). For instance, the right D6 position has a 

complete tooth with no signs of root resorption and lacks a replacement tooth, but the left D6 

tooth features advanced resorption on its root and a well-formed replacement crown (Fig. 4). 

Similarly, the right D9 is newly erupted (lacks wear) and fully functional with a replacement 

tooth germ in formation, but the left D9 is a still erupting tooth with an associated 

replacement tooth germ as well (Fig. 4). If considering a wave replacement pattern, the 

functional right D6 corresponds to the unerupted tooth at the left D6 (and the functional left 

D6 to an already replaced right D6), the functional right D9 corresponds to the erupting left 

D9, and the functional right D11 to the unerupted D11 in the left one (Fig. 5K–L). 

Considering these differences in stages between dentitions, the right dentary seems to be a 

step ahead of the left one. The arrangement of functional teeth of each replacement series 

follows a succession of 1-?-3-3-2 in the right dentary, and of 1-?-2-2-2-1 in the left dentary, 

with the left D9 tooth as a still emerging tooth (Fig. 5K–L). In both dentaries, the empty 

absence of a tooth in the D3 position difficults the inference of a replacement pattern for the 

anterior dentition and its relationship with the rest of the toothrow, as it could be part of the 

preceding or the succeeding replacement series in both dentaries (Fig. 5K–L). Each 

replacement series includes up to six teeth in different degrees of development in the right 

dentary, and up to four in the left dentary (considering the tooth germs, Fig. 5K–L). In 
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addition, it is highly likely that the replacement of the enlarged caniniform responds to a 

different process than that of the cheek dentition. Due to its large size, the times of 

development (if the replacement rate is similar to that on the cheek teeth) or the replacement 

rate (if the times of development are the same for the entire dentition) of this caniniform 

surely differ with that of the cheek dentition. In this case, seems likely a differentially slower 

replacement rate on the enlarged caniniforms that allows saving energy and resources 

(permiting the appearance of polished apical facets due to tooth-food interaction, Becerra et 

al. 2014), than a differentially faster tooth development framed in a similar replacement rate 

than cheek teeth, which involves higher energetic expenditure.In this case, seems likely a 

differentially slower replacement rate on the enlarged caniniforms with similar times of tooth 

development with the cheek dentition that allows saving energy and resources (permitting the 

appearance of polished apical facets due to tooth-food interaction, Becerra et al. 2014), than a 

differentially faster caniniform development framed in a similar replacement rate than cheek 

teeth, which involves higher energetic expenditure.

Specimen MPEF-PV 3808. The fossil remains are partially exposed at the face and back of a 

rock, these corresponding to a right dentary, at least five vertebrae, most of a scapula, and 

other unidentified elements that were 3D-reconstructed using CT-scan information (Fig. 6A–

C). The poor preservation of the fossil prevents its mechanical separation from the rock. 

Nevertheless, the apex of the tooth at the D7 position and the negative casts of many other 

denticles in the lacustrine tuffaceous shale bear crenulated edges, and the sediment between 

teeth casted a mesial cavity in the tooth positions D5–D7 that are absent in the anterior 

positions (Fig. 6D–J), both autapomorphies of Manidens condorensis (Pol et al. 2011). 

MPEF-PV 3808 preserves an enlarged caniniform and The autapomorphies of the species 

Manidens condorensis present in this specimen were identified mostly in the casts of the 

damaged teeth. This specimen preserves a buried enlarged caniniform in the D1 position and 

the typical asymmetric diamond-shaped teeth of Manidens condorensis. The apex of the tooth 

at the D7 position and the negative casts in the rock of many other denticles bear crenulated 

edges, and the sediment between teeth casted a mesial cavity in the tooth positions D5–D7 

that are absent in the anterior positions (Fig. 6 D–J). Fortunately, the preservation of the tooth 

positions D2-D7 provides new anatomical information about the first postcaniniform teeth, 

poorly preserved in MPEF-PV 3211. Posterior to the preserved toothrow, the mid-posterior 

cheek dentition is not preserved but six empty alveoli suggest up to 13 teeth for the right 

dentary, with the last two located over the base of the coronoid process (Fig. 6D). An isolated 
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dentary tooth lays near the dentary, which might correspond to the same specimen. The cast 

of the enlarged caniniform D1 exposes only its crown base but base, but can be completely 

3D-reconstructed as a curved and long element (Fig. 6C, F). The postcaniniform diastema 

identified in MPEF-PV 3211 is present in MPEF-PV 3808 (Fig. 6D–F). Posterior to this 

diastema, the low and sub-conical D2 position is preserved as a cast, being slightly 

compressed labiolingually and anteriorly inclined, with is base bulging above its root, its apex 

in the middle of the crown axis, and lacking carinae and serrations, information not preserved 

in MPEF-PV 3211. The following D3 tooth (absent in MPEF-PV 3211), is slender and 

apicobasally high, with a rounded profile on its mesial carina and a distal carina with a sharp 

edge, lacking denticles or serrations. The crown is slightly compressed lateromedially, basally 

bulbous, mesially flat in its portion facing the D2 tooth, and with a convex mesial and 

concave distal profile in lateral view characterizing a posterior curvature (Fig. 6D–F). The 

anatomy of this crown is completely different to all other known teeth for the species, 

resembling a reduced and slender caniniform as tall as the following tooth (D4) but more 

slenderslenderer. A low and conical tooth followed by a reduced caniniform as the first cheek 

tooth in the dentary dentition is similar to the condition of Abrictosaurus among 

heterodontosaurids (NHMUK RU B54), but the D3 in MPEF-PV 3808 has a similar height to 

the following crown rather than being higher than its neighbouring teeth as in Abrictosaurus 

(e.g. Sereno 2012). However, these small caniniforms are not homologous. Abrictosaurus 

lacks the enlarged caniniform, meaning that the reduced peg-like tooth and the following 

reduced caniniform correspond to the tooth positions D1–D2 in Abrictosaurus and D2–D3 in 

Manidens (Thulborn 1974; Norman et al. 2011; Sereno 2012). A reduced caniniform as a 

component of the cheek dentition also resembles the first maxillary tooth of Echinodon 

(NHMUK 48210 and 48209; Galton 1978; Sereno 2012), but as in Abrictosaurus, this crown 

exceeds the apicobasal height of following teeth. Thus, the combination of characters at the 

D1–D3 tooth positions is unique of Manidens within Heterodontosauridae and Ornithischia, 

represented by the specimen MPEF-PV 3808 but not in the holotype MPEF-PV 3211 (see 

Discussion). The tooth at the D4 position and successive teeth show the typical asymmetric 

diamond-shaped morphology of postcaniniform dentary cheek teeth of Manidens (Pol et al. 

2011; Becerra et al. 2014), although these features are less prominent for D4 (a larger apex 

and denticles proportionally smaller than in other dentary teeth). The remaining D5–D7 are as 

described by Pol et al. (2011) and Becerra et al. (2014) for dentary teeth (Fig. 6). 
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Regardless of being poorly preserved, MPEF-PV 3808 shows aspects of tooth replacement 

not identified in other specimens (Fig. 6E–F). The apex and base of the crown at the D6 

position are below the level of those in D5 and D7, with its base below the alveolar margin. 

The tooth at the D6 position was erupting at the time of death, signaling the last functional 

tooth of a replacement series (as the youngest tooth emerging) and the beginning of the next. 

However, the lack of information on other replacement teeth leaves open the possibility that 

all teeth anterior to D6 pertain to the same replacement wave or comprise the functional teeth 

of more than one series (Fig. 8K6K). This emerging D6 exposes its mesial (but not distal) 

denticles to shearing, implying a minor interruption of the continuity of the slicing margin 

between the tip of the D6 and the mesial margin of the D7. A wider interruption of the slicing 

margin of the toothrow may take place during the early stages of tooth replacement (as in the 

left D9 of MPEF-PV 3211), but the duration of this interruption may vary. In addition, 

although the tooth at the D6 position is still emerging, it already contains in its mesial cavity 

the distal region of the D5 tooth, and in turn it is distally included in the mesial cavity of tooth 

D7. Is highly important to note that the interlocking of neighbouring teeth in the preserved 

toothrow is maintained during the eruption of D6 regardless of whether it belongs to a 

different replacement wave than the adjacent functional teeth. The early stages of replacement 

develop medial to the tooth to be replaced in all reptiles (Edmund 1960), including Manidens. 

Possibly, the later stages of replacement prior to tooth eruption in the cheek dentition were in 

an apicobasal direction (which explains the interlocking of teeth during eruption), instead of 

both apicobasally and mediolaterally. This change in the direction of replacement allows 

maintenance of the close-packing of teeth while these are replaced, a process possibly 

occurring in the entire mid-posterior cheek dentition. The functional integration of a still 

emerging tooth without affecting the interlocking of the toothrow ensures the optimal 

functioning of the dentition, reduces the possibility of interdental malocclusion and increases 

the effectiveness of the jaw function, derived features related to an herbivorous dentition but 

present in a species with primitive craniomandibular morphology and functioning for such 

diet (Becerra & Pol 2020). 

The difference in tooth count between the specimens MPEF-PV 3211 and 3808 is possibly 

due to their size difference. The line parallel to the dentary axis from the posterior end of the 

alveolus of D1 to the posterior end of the coronoid process measures 36.25 mm in MPEF-PV 

3808 and 31.39 mm in MPEF-PV 3211, possibly representing different ontogenetic stages. 

The difference in tooth count between the specimens MPEF-PV 3211 and 3808 is possibly 

due to their size difference. The line parallel to the dentary axis from the posterior end of the 
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alveolus of the D1 to the posterior end of the coronoid process measures 36.25 mm in MPEF-

PV 3808 and 31.39 mm in MPEF-PV 3211, representing different ontogenetic stages. 

Increasing tooth count related to ontogeny occurs in Heterodontosaurus (Butler et al. 2008a; 

Norman et al. 2011; Porro et al. 2011), with seven teeth in the incomplete maxillary toothrow 

of a juvenile specimen (SAM-PK-K10487), 11-12 maxillary teeth and 11 dentary teeth in a 

larger specimen (SAM-PK-K1332), and 12 dentary teeth in an even larger one (NM QR 

1788).  Similar cases are also documented in Ornithischia (e.g. Sereno 1991; Hübner & 

Rauhut 2010). The posteriormost teeth in both dentaries of MPEF-PV 3211 are located near 

the base of the coronoid process, whereas in MPEF-PV 3808 two tooth positions emerge at 

the dorsal margin of the same region, forming a toothrow slightly curved posteriorly and 

supporting the increased tooth count by the addition of new teeth on the posterior end of the 

toothrow. Other heterodontosaurids including Heterodontosaurus (SAM-PK-K1332), 

Echinodon (NHMUK 48215a and 48215b), Lycorhinus (SAM-PK-K 3606) and Abrictosaurus 

(NHMUK RU B54) also have the posteriormost teeth over the base of the coronoid process 

and a slight concave profile of the toothrow in lateral view. 

Isolated maxillary and dentary teeth 

The explorative sectioning of isolated teeth referred to Manidens condorensis revealed new 

features associated with root resorption (Fig. 7Fig. 8). The activity of odontoclasts at the 

resorption region is evident in the longitudinal section of a dentary tooth (MPEF-PV 10862a 

and b, Fig. 7Fig. 8C–F) but less pronounced for the same section of a maxillary tooth (MPEF-

PV 1086310823, Fig. 7Fig. 8A–B). In MPEF-PV 10862, a single concavity is identified as the 

area of action of odontoclasts, reaching slightly further than the level of enamel layer 

externally, at the lingual face of the crown (Fig. 7Fig. 8C–F). At the resorption region, several 

eroded cavities forming tunnels with subcircular ends, and in some cases contacting laterally 

to each other (Fig. 7Fig. 8D, F), were identified as Howship’s lacunae (40-45 μm wide and up 

to 277.39 μm deep). The ends of few of these resorption channels featured subespheric and 

hollow structures (Fig. 7Fig. 8F). In current vertebrates, the attacking region (ruffled border) 

and within the endocytotic vacuoles of the odontoclasts remain with some loose apatite 

crystals released from the dentine digestion during their activity (e.g. Sasaki et al. 1988; 

Teitelbaum 2000; Väänänen et al. 2000; Saltel et al. 2004). The preservation of the siliceous 

replacement of loose apatite crystals within the odontoclasts possibly shaped these 

subespheric structures, thus representing fossilized “casts” ofodontoclasts odontoclasts. In 

MPEF-PV 10862a, two fossilized “casts” of odontoclasts odontoclasts are 33.4/41.3 μm wide 
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and 73.9/87.5 μm long respectively, similar in size to odontoclasts of extant reptiles (e.g. 

Liolaemus gravenhorsti, 51.8 μm wide and 74.9 μm long, measured from Fuenzalida et al. 

1999). Additionally, a more irregularNearby, a small irregular region is identified, about 

137.35 μm long and 79.75 μm wide, which is possibly the result of the activity of several 

odontoclasts, although no “casts” were preserved. Specimen MPEF-PV 1086310823 shows a 

lingually-placed attack front with signs of odontoclast activity (sectioned resorption tunnels 

and irregular external surface), and a more labially-placed attack front with a smoother 

surface (Fig. 7Fig. 8A–B). In all cases, the enamel is not affected by the root resorption, and 

the root is principally attacked in its lingual region. The longitudinal sections indicate that 

tooth replacement produces an apicolabially-oriented resorption process up to the level of the 

basal enamel boundary. Similar mechanisms of root resorption have been identified in other 

heterodontosaurids (Butler et al. 2012; Sereno 2012) and other ornithischians (Colbert 1981, 

fig. 9–10; Horner et al. 2004; Dodson et al. 2004; Tanoue et al. 2009; Thomas 2015; Porro et 

al. 2015, fig. 3; LeBlanc et al. 2016). A high proportion of isolated teeth referred to Manidens 

preserve a hollow base indicating they have been replaced: out of thirteen isolated dentary 

teeth referred to Manidens only two of them have preserved their roots (MPEF-PV 3814 and 

3816). Among the replaced teeth, there are some without signs of wear (i.e. preservation of 

marginal enamel crenulations on denticles as MPEF-PV 3815), teeth incipiently worn that do 

not expose the dentine (e.g. MPEF-PV 1719 and 3811), teeth with wear facets exposing worn 

enamel and dentine (e.g. MPEF-PV 1786, 3812 and 3813; see Becerra et al. 2014), and only 

one crown of an extensively worned isolated crown tooth (MPEF-PV 10866, Becerra et al. 

2018, online resource 1). Similarly, three of the four isolated maxillary teeth are slightly worn 

but show evidence of tooth replacement (Becerra et al. 2018, online resource 1). Thus, a high 

proportion of isolated teeth of Manidens (82.3% of the total known teeth) have traces of root 

resorption and wear facets but were still functional (i.e. denticles have sharp cutting edges and 

are not completely worn). The replaced isolated teeth with different wear stages suggest that 

replacement timing in Manidens was independent from the wear processes. Although changes 

in times of replacementthe replacement rate during ontogeny cannot be addressed with this 

information, differently developed wear in isolated teeth suggests a continuous replacement 

for Manidens, in most cases occurring prior to the end of the functional life of the tooth.

DISCUSSION

Intraspecific dimorphism in Manidens condorensis
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The dental formula in the dentary dentition of two specimens of Manidens condorensis is 

clearly different in the presence/absence of a small caniniform in the D3 position. The D3 

positions in both dentaries of MPEF-PV 3211 have an alveolar socket delimited but lack root 

fragments and are filled by spongy bone (Fig. 4E–F), implying that the space for a tooth 

exists. If cConsidering the asynchronous arrangement of replacement waves between 

dentaries and the similar times of replacement for all the teeth in the cheek dentition, then it is 

expected that at least one of the D3 positions would have a replacement tooth developing in 

MPEF-PV 3211. However, there are no replacement teeth at these positions in both neither of 

the dentaries. It is possible that paleobiological coincidences leaded led to the loss of the D3 

position in both jaws of MPEF-PV 3211 but not in 3808. Three other explanations can be 

proposed, which are related to the size difference between MPEF-PV 3211 and MPEF-PV 

3808: (1) The anterior dentition of Manidens was replaced at a different or slower rate than 

the mid-posterior dentition; (2) a tooth at the D3 position was completely absent in some 

individuals while in others developed as a small caniniform; or (3) the small caniniform at the 

D3 position was only developed when larger body sizes were reached. A differential 

replacement rate between the anterior and the mid-posterior dentition can occur if the 

replacement of the enlarged caniniform affected the formation of replacement teeth for the 

anterior region (which may occur under the zone of inhibition theory). In this case, the 

resorption process occurring at the right D6 position in MPEF-PV 3211 by the development 

of the D1 replacement shows that its presence affects the functioning of the surrounding bone, 

and possibly the development of replacement teeth for the anterior dentition. Several 

replacement teeth were spotted in this dentary for tooth positions D2 and D4 but not for D3 

that may contradict this idea. The other hypotheses, however, imply the consideration of 

intraspecific dimorphism, which was possibly related to sexual dimorphism (i.e. only one of 

the sexes developed the small tusks) or sexual maturity (i.e. one or both sexes developed the 

reduced tusks but in later stages of ontogeny). The presence of supernumerary teeth in a 

diastema recalls the caniniform (albeit derived from the premolar series) 'wolf teeth' 

occasionally observed in modern horses (Hole 2015). Size- and/or age-correlated addition of 

tooth positions is well documented in both mammalian (e.g. Miles 1963; Grant 1982) and 

reptilian (e.g. Westergaard & Ferguson 1987, 1990) ontogeny. Is important noting to note that 

all possibilities are equally likely, whereas two of the three explanations include the 

intraspecific (sexual or ontogenetic) dimorphism. 

Intraspecific dimorphism within Heterodontosauridae is not a novel idea (e.g. Sereno 

2012). There are unsolved discussions related to the absence of enlarged caniniforms as the 
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last premaxillary and the first dentary teeth in Abrictosaurus (NHMUK RU B54) as evidence 

of sexual dimorphism, with this specimen being a female of its own species or female for 

Heterodontosaurus (Thulborn 1974; Hopson 1975; Norman et al. 2011; Sereno 2012). 

Contrary to Abrictosaurus in Heterodontosauridae and Diictodon among synapsids (Sullivan 

et al. 2003), the existence of the enlarged dentary caniniform D1 as a dimorphic feature in 

Manidens cannot be discussed as it is recognized in both MPEF-PV 3211 and 3808 (Fig. 4, 

6). However, differences in shape or proportional size in the caniniform between 3211 and 

3808, as the size contrast of canines occurring between sexes of primates and camelids (e.g. 

Leutenegger & Kelly 1977; Harvey et al. 1978; Plavcan 2001; Plavcan & Van Schaik 2005), 

cannot be confirmed with the available data. On the other hand, ontogenetic or sex-related 

differences in the dental formula within the same species, as that possibly represented by 

MPEF-PV 3211 and MPEF-PV 3808 for Manidens, occur in several lineages of mammals 

(e.g. McPherson & Chenoweth 2012). For instance, although the phylogenetic history of 

horses demonstrates the presence of canines in both sexes (e.g. Gingerich 1981; Vollmerhaus 

et al. 2003), in extant species only male horses develop this tooth position, commonly used to 

assist in male-male combat and defensive behavior (e.g. Bennett & Hoffman 1999). In a 

similar way, the differences between MPEF-PV 3211 and 3808 regarding the 

presence/absence of the small caniniform D3, if representing intraspecific variation in dental 

formula related to sex or ontogeny, might possibly represent a response to sexual selection 

pressure. The small caniniform at the D3 position possibly assisted the enlarged dentary 

caniniform (and the hypothetical premaxillary dentition) in male-male combat or defensive 

behavior (as frequently assumed for other heterodontosaurids, Thulborn 1974; Hopson 1975; 

Molnar 1977; Butler et al. 2008a; Norman et al. 2011; Sereno 2012). Under this hypothesis, 

the enlarged dentary caniniform could be functionally similar to the fighting teeth of South 

American camelids, being present in one (if related to sexual dimorphism) or both sexes (if 

related to ontogeny) for defense and intraspecific combat. In addition, intraspecific 

dimorphism between sexes is identified in the craniomandibular apparatus and dentition of 

several extant species of Squamata (e.g. Shine 1989; Camillieri & Shine 1990). In Squamata, 

the dimorphic features affect the number and size of teeth (e.g. Edmund 1969; Thorpe 1989; 

Greer 1991), but also the craniomandibular proportions and jaw articulation (e.g. Anderson & 

Vitt 1990; Shine 1991; Herrel et al. 1995), being frequently related to intraspecific niche 

divergence between sexes (e.g. Shine 1989; also occurring in birds; e.g. Temeles et al. 2000, 

2010). For Manidens, is possible that the presence of this D3 caniniform tooth in later stages 

or different sexes is related to dietary intraspecific differences, making it possible to access a 
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different a food resource and enabling at least a slight niche divergence between sexes or 

ontogenetic stages. As in Heterodontosaurus (Butler et al. 2008a), Manidens features an 

isolated cheek tooth (MPEF-PV 10823) that is smaller in size than all other isolated teeth 

including those from MPEF-PV 3211 (Becerra & Pol 2020), indirectly implying that tooth 

replacement in Manidens allowed increasing tooth size (MGB, pers. obs.). The size difference 

between the smaller MPEF-PV 3211 (lacks the D3 position) and the larger MPEF-PV 3808 

(has the D3 position), and the structural differences in enamel between an isolated cheek tooth 

from a smaller individual (thinner and simpler enamel) and other sectioned larger crowns 

(thicker and more complex enamel) support the possibility of a changing diet during the 

ontogeny of Manidens (Becerra & Pol 2020), as occurs in several reptiles (Berkovitz & 

Shellis 2016).

Proposed behavioral differences due to sexual dimorphism, or varying diets due to sex or 

ontogeny are weakly supported by differences in the dental formula, but these ideas could be 

strengthened if body size difference between MPEF-PV 3808 and MPEF-PV 3211 was linked 

to sex. Additionally, a better understanding of this possible intraspecific variation in 

Manidens could be achieved if MPEF-PV 3808 had two dentaries showing a reduced D3 

caniniform (as the absence of D3 in MPEF-PV 3211), and if the premaxillary dentition was 

known for the two specimens. Future new specimens will allow a better understanding of the 

paleobiology of Manidens, including this possible intraspecific dimorphism.

Tooth replacement in Manidens condorensis

Two dissident hypotheses were first Two discident hypotheses were the first presented for 

tooth replacement in Heterodontosauridae: Charig & Crompton (1974) proposed the lack of 

tooth replacement in Heterodontosaurus, and Gow (1975) and Hopson (1975) who supported 

tooth replacement in the species. Gow (1975) inferred a wave-like replacement pattern based 

on differential wear facets in Lanasaurus (BP/1/4244), in which younger teeth were added 

posteriorly for each set of teeth (i.e. functional teeth of each replacement wave). This pattern 

of tooth replacement, involving a Z-spacing of 3.0, led the author to infer an external direction 

of the replacement wave from back to front (Gow 1975). A similar suggestion was made for 

Lesothosaurus (Thulborn 1971). Thulborn (1971) also considered limited replacement cycles 

and a similar style of tooth replacement for the rest of the heterodontosaurids. Hopson (1975), 

examining differential wear and tooth lifespan, reached similar conclusions for replacement of 

the dentary dentition of Lycorhinus SAM-PK-K3606 (fourth and seventh postcaniniform teeth 

being more extensively worn than the following teeth at the same series). The author inferred 
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three replacement series (Zahnreihen) occurring in SAM-PK-K3606, a probable continuous 

dental replacement for immature individuals (as in Lanasaurus, Gow 1975), and an active 

tooth replacement in more advanced ages than those represented by the size of SAM-PK-

K1332 in Heterodontosaurus (Crompton & Charig 1974). These hypotheses of dental 

replacement in Lanasaurus and Lycorhinus (Gow 1975; Hopson 1975) as a succession of 

replacement series in waves directed posteriorly, is similar to that inferred here for Manidens.

Thulborn (1978), when proposing wear development in the cheek teeth of 

Heterodontosaurus as a single, continuous facet along the entire tooth row and fore-aft food-

grinding jaw movements, rejected the hypotheses of dental replacement presented by Hopson 

(1975) and Gow (1975). Instead, Thulborn proposed aestivation periods with a complete and 

rapid replacement of the cheek dentition rather than a wave-like pattern of anterior-to-

posterior replacement and a cessation of replacement at maturity. The author linked the 

aestivation hypothesis to fore-aft food-grinding behavior, thus avoiding the problematic gaps 

in the toothrow and preserving the entire grinding surface. Additionally, Thulborn (1978) 

justified the absence of isolated heterodontosaurid teeth at the Red Beds Formation referred 

with the aestivation hypothesis, as these were all completely lost at specifically selected 

places rather than in a scattered manner. The author inferred a similar grinding behavior and 

aestivation periods with fast tooth replacement for Lycorhinus (SAM-PK-K3606) but not for 

Lanasaurus (BP/1/4244), in which more loosely developed wear facets were attributed to an 

orthal food-chopping jaw mechanism with a modified wave-replacement pattern, more similar 

to Lesothosaurus than to heterodontosaurids. The aestivation hypothesis was rejected by 

Hopson (1980), who recognized differential tooth wear in the dentitions of 

Heterodontosaurus, Lycorhinus and Lanasaurus, and inferred an orthal jaw motion with a 

possible lateral-medial component, a continuous wave-like replacement with recognized 

replacement series, a Z-spacing of 3.0 and a cessation of replacement in mature individuals. 

Recently, new evidence of tooth replacement was identified in most heterodontosaurids, 

recognizing erupting teeth in Echinodon (Sereno 2012, fig. 13–14, 18), Tianyulong (Sereno 

2012, fig. 22–23), the heterodontosaurid material from the Kayenta Formation (Sereno 2012, 

fig. 9b), Abrictosaurus (Sereno 2012, fig. 33), Pegomastax (Sereno 2012, fig. 86) and 

Fruitadens (Butler et al. 2010, 2012, fig. 2–7; Sereno 2012, fig. 41, 45–52). Similarly, Sciscio 

et al. (2017) inferred continuous, low rate and asynchronous replacement in mature specimens 

of Lesothosaurus diagnosticus (BP/1/7853 and SAM PK K00426), although the pattern 

remains unclear (contrary to Thulborn 1978). Although unambiguous evidence of dental 

replacement organized in waves were confirmed in specimen SAM-PK-K1334 of 
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Heterodontosaurus, indirect evidence for replacement (differential wear in teeth of SAM-PK-

K337 and SAM-PK-K1332; smaller teeth in the juvenile specimen SAM-PK-K10487) has 

also been described (Hopson 1975, 1980; Butler et al. 2008a; Norman et al. 2011; Sereno 

2012). Most authors agree on dental replacement in Heterodontosaurus with a possible 

cessation of tooth replacement in mature individuals (Hopson 1975, 1980; Norman et al. 

2011; Sereno 2012), whereas its episodic (Norman et al. 2011) or continuous (Sereno 2012) 

replacement is still discussed. Butler et al. (2010) mentions active replacement in Fruitadens 

but with unclear pattern, although later work (Butler et al. 2012, fig. 4) shows a possible 

wave-like pattern. Although the functional dentition is broken in most specimens of 

Fruitadens, the dentary of the holotype LACM 115747 shows a D6 that might be newly 

erupted, a D7 that is slightly older (with its root visible below the crown), a D8 with a small 

replacing crown in formation, and a D9 with a large replacing crown developed (JAW, pers. 

obs.), thus potentially representing an additional species in Heterodontosauridae that might 

feature a wave-like replacement pattern. 

Thus, although evidence of tooth replacement exists in Heterodontosauridae, the type 

(alternate or wave-like) and timing (continuous, episodic, ceasing cessation during maturity) 

of replacement seems to depend on the species and specimen, and it is possible that there is no 

single model for replacement in this clade. However, most authors describing tooth 

replacement in heterodontosaurids discard the aestivation hypothesis (Hopson 1980; Butler et 

al. 2008a, 2012; Norman et al. 2011; Porro et al. 2011; Sereno 2012). This approach study 

demonstrates several lines of evidence of active, continuous and asynchronous replacement in 

Manidens condorensis, including both indirect (root resorption, differential wear, labiolingual 

offset of functional teeth pertaining to different replacement series) and direct (tooth crypts 

and replacement teeth) evidence from isolated evidences in isolated teeth and specimens with 

complete dentition. In Manidens, replacement teeth develop in tooth crypts lingually and 

basally from the functional tooth row. During their development, these migrate firstly in an 

apical and lingual direction (forming a resorption pit lingually in the root of the tooth to be 

replaced), and latter only apically to allow the close-packing with functional teeth while still 

emerging (at least for the mid-posterior cheek teeth). For anterior maxillary teeth (MPEF-PV 

3211 and 3809, Fig. 2–3), the presence of tooth crypts anterior to the first tooth positions 

allow considering for a possible anterior-to-posterior direction of migration of developing 

teeth togrether together with the apical and labial direction. The ordering of the toothrow as 

successive replacement series and a wave-like replacement pattern in a fore-aft direction 
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previously discussed in heterodontosaurids (Gow 1975; Hopson 1980; Norman et al. 2011; 

Sereno 2012) also appears to pertain to Manidens. 

The first descriptions of the dental replacement in heterodontosaurid specimens addressed 

the external direction of replacement waves (e.g. Gow 1975; Hopson 1975). This practice 

allows inferring if these are oriented in a fore-to-aft or aft-to-front direction in a naked eye 

observation based on the Z-spacing (Edmund 1969). An approximation can be made with the 

available data for Manidens, however this cannot be ensured due to heterodonty, low tooth 

count, taphonomic biases, the possible dimorphic tooth in position D3, and the inconclusive 

relationship of the anterior teeth with the hypothetic replacement series of the mid-posterior 

dentitions. The average Z-spacing functional teeth per replacement wave of 2.3 for the 

maxilla of MPEF-PV 3211, 2.25 for the right dentary and 1.6 for the left dentary; 2 for the 

maxillary dentition of MPEF-PV 3809; and unknown for MPEF-PV 3808. With this, a fore-

to-aft replacement is identified in odd and even tooth positions of both dentaries of MPEF-PV 

3211 (counting from the D4 to the last tooth), while an aft-to-front direction is inferred if 

evaluating the even positions of MPEF-PV 3809 and a fore-to-aft direction if considering the 

odd tooth positions (counting from the M3 to the last tooth). No hypothesis can be tested on 

regarding the replacement direction of teeth for the fragmentary dentitions of the maxillary 

toothrow in MPEF-PV 3211 and the dentary toothrow in MPEF-PV 3808. Further work 

addressing tooth replacement in reptiles show that its pattern is more complicated than 

previously thoughthought: the replacement waves may not be constant in direction and 

rhythm in the tooth line or during ontogeny (e.g. DeMar 1972; Osborn 1975; Whitlock & 

Richman 2013). The variation in number of the Z-spacing and the variable external 

replacement direction in different specimens of Manidens indicates that replacement was 

complex in the species, complicated by: (1) the preserved replacement picture at the time of 

death; (2) whether the maxillary or dentary dentition is being evaluated; (3) the maintenance 

of the same replacement rhythm along the entire toothrow (replacement of the enlarged 

caniniform may affect the replacement rate in the anterior dentition); (4) and ontogeny 

(involving the increase in size and number of teeth in the toothrow and the possible cessation 

of replacement at maturity). The practice of inferring the external direction of replacement 

based on z-spacing is problematic and can lead to confusion when describing dental 

replacement in species with a low tooth count (as occurring with Manidens and others in 

Heterodontosauridae), depends on many factors and is poorly descriptive when tomographic 

information and 3D-reconstructed replacement teeth at different stages of development are 

available. The practice of inferring the external direction of replacement based on z-spacing is 

Page 25 of 57

Palaeontology

Palaeontology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



26

problematic, depends on many factors, and can lead to confusion when describing dental 

replacement in species with a low tooth count (as occurring with Manidens and others in 

Heterodontosauridae), while is purely descriptive when tomographic information and 3D-

reconstructed replacement teeth at different stages of development are available.

Furthermore, it is interesting to note that there appears to be a general dichotomy 

concerning patterns of tooth replacement in dinosaurs that generally matches the traditional 

division of Dinosauria into the clades Ornithischia and Saurischia. Saurischians 

characteristically display patterns of replacement consistent with an 'every other' or 

'alternating' pattern (e.g. D’Emic et al. 2013; Schwarz et al. 2015). Ornithischians, on the 

other hand, appear to replace their teeth primarily in a 'wave' type pattern (e.g. Ostrom 1966; 

Gow 1975, 1990; Dalla Vecchia 2009; Butler et al. 2012; Tanoue et al. 2012; Mallon & 

Anderson 2014). However, some ankylosaurids replaced their teeth in an ‘alternating’ pattern 

(Panoplosaurus; Mallon & Anderson 2014), as was also the case in the dental batteries of 

Ceratopsidae and Hadrosauridae (and possibly basal iguanodontians), while comparatively 

little is known about patterns of replacement in the basal members of either clades. No studies 

have been done on replacement patterns in basal saurischians, and the two studies on basal 

ornithischians (both on Lesothosaurus) are equivocal with regard to the pattern (Crompton & 

Attridge 1987; Sciscio et al. 2017). Nonetheless, alternating or wave-like pattern of tooth 

replacement in Dinosauria were never addressed in its relation to different body sizes, jaw 

mechanisms, the degree to which ornithischians and saurischians are thought to have used 

oral vs. gastric processing, and its relationship with the appearance relation with the appearing 

of other craniomandibular states in the phylogeny that describe the evolutionary specialization 

of a cetain certain diet. This is potentially an interesting avenue for further study, given the 

different developmental mechanics and evolutionary history apparently underlying these two 

different patterns of replacement.

Functional and evolutionary implications of tooth replacement in Manidens

Tooth replacement in polyphyodont dentitions (including non-mammalian amniotes) is 

related to growth, changing diet during ontogeny, and wear development (Berkovitz & Shellis 

2016). Manidens shows evidence to support the addition of new teeth in the posterior part of 

the toothrow, increasing tooth size during ontogeny, changes in enamel micromorphology that 

potentially suggest dietary shifts during ontogeny, and the development of wear in teeth 

independent from the slow and continuous tooth replacement (Becerra et al. 2020). During 

the evolution of herbivorous dinosaur lineages, intensive herbivory was enhanced by the 
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appearance of high-crowned teeth in polyphyodont dentitions with an increase in the 

replacement rate, overcoming the disadvantage of losing the functionality of teeth due to 

increased wear (Erickson 1996; D´Emic et al. 2013). Although Manidens shows a unique 

combination of features that enhance intraoral food processing such as its closely-packed 

toothrow with double occlusion and high crowns at the mid toothrow, it also exhibits a low 

rate of both dental replacement and wear development consistent with other primitive 

craniomandibular features and jaw movements, common other early ornithischians (Becerra et 

al. 2014, 2018, 2020).

The evolution of herbivory requires the appearance of numerous physiological, 

anatomical, and behavioral adaptations, a transition made in all dinosaur lineages through a 

hypothetical omnivorous ancestor (Barrett & Rayfield 2006; Barrett 2014). These include 

innovative craniomandibular modifications to gather and efficiently process food (tooth 

morphology, jaw musculature), postcranial modifications to assist food collection with 

decreased energy expenditure (e.g. long necks), and modifications to the gastrointestinal tract 

to help digestion (gizzards, fermentative digestion, gastroliths) (Farlow 1987, Kobayashi et al. 

1999; Mackie 2002; Sereno & Wilson 2005; Wings & Sander 2007; Cerda 2008; Fritz et al. 

2011; Hummel & Claus 2011; Barrett 2014; Wings 2014; Erickson et al. 2016; Nabavizadeh 

2020). When dental evolution is considered in herbivorous lineages of amniotes, high rates of 

oral processing and food ingestion are linked with the appearance of high-crowned dentitions, 

where precise dental occlusion is enabled by extensive wear and hardened dental tissues 

increase resistance (Janis & Fortelius 1988; Sander 1999; Kaiser et al. 2013; Erickson et al. 

2016; Bramble et al. 2017; Becerra et al. 2020). Dental types within this definition can be 

divided in three subgroups: (1) packed dentitions with limited growth, polyphyodont with low 

replacement rate for Heterodontosaurus and low to average replacement rates for non-

hadrosaurid Dryomorpha, early ceratopsians, and Neosauropoda (Norman & Weishampel 

1985; Weishampel & Norman 1989; Norman 2004; Sereno & Wilson 2005; Tanoue et al. 

2009; Tanoue et al. 2012; Norman et al. 2011; Sereno 2012; Strickson et al. 2016), and 

diphyodont for some ungulates and most rodents (Damuth & Janis 2011; Erickson 2014); (2) 

tightly-packed dental batteries comprising teeth with limited growth but a continuous grinding 

surface, in an apicobasally replaced polyphyodonty in ceratopsids, hadrosaurids and 

rebbachisaurids (Dodson et al. 2004; Horner et al. 2004; Sereno & Wilson 2005; Bell et al. 

2009), distomesially replaced for manatees and some rodents (polyphyodonty), and 

elephantimorph proboscideans (delayed diphyodonty) (Asher & Lehmann 2008; Beatty et al. 

2012; Rodrigues et al. 2012; Sanders 2018); and (3) partial or complete elodonty (ever-
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growing teeth) as in several mammalian groups (Ferigolo 1985; Madden 2014). Reaching a 

detailed understanding of the evolution of highly specialized dentitions necessitates the 

evaluation of early stages of dental anatomy in basal species less well-adapted to herbivory 

and the possible sequence of craniomandibular transformations related to herbivory in a 

phylogenetic context (e.g. Sirton 1947; Erickson et al. 2016; Strickson et al. 2016). In this 

matter, it is worth noting that, for dinosaur lineages except Heterodontosauridae, packed 

polyphyodont dentitions with low-mid rate of replacement correspond to the previous stage to 

the development of dental batteries with a high rate of replacement.

Although a low rate of tooth replacement characterizes Heterodontosauridae (Norman et 

al. 2011; Butler et al. 2012; Sereno 2012), the stage of packed polyphyodont dentition with a 

slow but continuous replacement represented by Manidens contrasts to that of more basal 

(Fruitadens, Tianyulong, Echinodon) and more derived (Lycorhinus, Abrictosaurus, 

Heterodontosaurus) species of the clade Heterodontosauridae (Butler et al. 2012; Zheng et al. 

2011; Sereno 2012; Becerra et al. 2014). While primitive species in Heterodontosauridae 

show a well-spaced postcaniniform dentition with low crowns subequal in height (low degree 

of height-width heterodonty) and poorly developed vertical wear (no intraoral processing), 

more derived species show packed dentitions with higher crowns in the middle of the 

postcaniniform dentition (higher degree of height-width heterodonty) and more developed 

oblique wear (intraoral food processing). The most advanced stage for oral processing in 

Heterodontosauridae, represented by Heterodontosaurus (Norman et al. 2011), shows the 

highest degree in height-width heterodonty (only a small first crown and a low and wide last 

crown, while the rest postcaninifom teeth are extremely high) and a systematic wear that 

provides sharp edges and a grinding surface for chewing. At least for Heterodontosauridae, 

the evolutionary pattern explaining the appearance of hypsodonty is related to the increase of 

the height-width postcaniniform heterodonty with a differential increase in height. This is 

supported by the low height-width postcaniniform heterodonty in early species as Fruitadens, 

the high crowns occupying only the middle region in Manidens, and even higher crowns 

occupying most of the dentition in Heterodontosaurus and Lycorhinus (Norman et al. 2011; 

Sereno 2012; Becerra et al. 2014). This study strongly indicates that the adaptation to 

herbivory in Heterodontosauridae occurred by the increase in hypsodonty and the close-

packing of dentition together with the appearing of intraoral food processing (extensive wear 

development) but without reaching a high rate of dental replacement and/or the development 

of a longer toothrow (Becerra et al. 2018), contrasting with the dental evolution of Ceratopsia 

and Ornithopoda. Comparing the occurrence and order of morphological and functional 
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transformations between unrelated lineages allows us to identify common mechanisms for 

adapting to major evoutionary transitions; in this case, adapting to herbivory, one of the most 

important and recurring transformations among terrestrial vertebrates (e.g. Madden 2014). 

Tooth replacement, however, is an important but poorly explored aspect in studies that tackle 

the evolution of herbivory in Ornithischia. This topic, however, bears great importance as 

shown by the repeated cases of modification of the plesiomorphic replacement pattern in 

different ways but ultimately resultig in similar rapid and uninterrupted replacement present 

in different ornithischian lineages.

CONCLUSIONS

New information from the µCT imaging and 3D reconstructions not only allows elucidating 

the most likely replacement pattern for Manidens, but also provides evidence of asynchronous 

replacement, the first evidence ever for a replacement tooth for the enlarged caniniform, and 

possible intraspecific dimorphism, significatively increasing our knowledge of the dentition 

of the species and Heterodontosauridae more generally.a replacement tooth for the enlarged 

caniniform, and possible intraspecific dimorphism, significatively increasing the knowledge 

on the species and Heterodontosauridae. We have also gained new insight into the dentary 

dentition based on features of MPEF-PV 3211 and 3808: it begins with the enlarged 

caniniform and is followed posteriorly by: a slight postcaniniform diastema; a small conical 

tooth with no carinae; a possibly dimorphic small caniniform tooth; a D4 with intermediate 

features between a caniniform tooth and the mid-posterior dentary dentition (with small 

denticles and a large apex); and the asymmetric diamond-shaped succeeding toothrow with 

height-width heterodonty. Together with previous works studies (Becerra et al. 2014, 2018), 

the anatomy of the maxillary and dentary dentitions of Manidens are now completely 

described. Only few anatomical (i.e. existence of a small precaniniform dentary tooth, 

morphology of the premaxillary dentition) and paleobiologic paleobiological uncertainties 

(i.e. concrete evidence supporting intraspecific dimorphism) in the dentition of Manidens are 

yet to be resolved. However, it is apparent that the species Manidens condorensis shows a 

unique dentition in Ornithischia, even compared with its relatives in Heterodontosauridae. 

The arrangement of the different stages of replacement teeth and the differential wear of 

functional teeth demonstrate that Manidens possesses a polyphyodont dentition with 

continuous and wave-like replacement, in which several replacement waves take place at the 

same time, a Z-spacing likely ranging between 2-3 teeth, a pattern congruent across the mid-
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posterior dentition of the three specimens here described. Asynchronous replacement was 

recently described for Lesothosaurus diagnosticus (Sciscio et al. 2017) and is widely 

identified in reptiles (e.g. Edmund 1960), but has never previously been noted among 

heterodontosaurids, making Manidens the first species in this lineage showing this feature. 

The asynchronous eruption sequences between replacement waves acting in right and left 

toothrows in MPEF-PV 3211, and the incorporation of new teeth to the toothrow posteriorly 

during ontogeny are strongly supported in Manidens. In addition, Manidens shows the first 

evidence in Heterodontosauridae supporting an active and asynchronous tooth replacement 

for the enlarged caniniform, and although is likely a slower replacement rate for this 

caniniform than the cheek dentition, further research is needed to support this hypothesis and 

if whether the replacement of this tooth affects the replacement rate of the anterior cheek 

dentition. The dental replacement in the mid-posterior cheek dentition adapts to the concave-

convex relationship of successive crowns through the mesial cavity, which permits an 

accurate and tight eruption between neighbouring teeth without affecting the close packing of 

the toothrow. Although two of the three specimens show clear size differences, they cannot be 

compared in terms of replacement rate due to poor preservation. The sectioning of isolated 

maxillary and dentary teeth demonstrate features (i.e. the presence of a basal concavity related 

to root resorption) supporting tooth replacement (i.e. signs of activity of odontoclasts), and 

more importantly, that dental replacement is independent to wear development for Manidens. 

Although the occurrence of omnivory-herbivory corresponds to the most probable 

ancestral state, the specialization of the masticatory apparatus to herbivory occurs 

independently and possibly several times in each major group of Ornithischia (Barrett 2000; 

Barrett et al. 2010). In fact, the homoplastic occurrence of dental batteries with alternate 

replacement in Ceratopsidae and Hadrosauridae are frequently cited evolutionary adaptations 

to highly specialized herbivory in aAmniotes (e.g. Sander 1997; Bell et al. 2009). However, 

the evolutionary transition from a plesiomorphic wave-like replacement pattern with a lower 

replacement rate to an alternating, higher replacement rate, along with other dental features 

(i.e. enamel asymmetry, close packing of successive dental families, elimination of the 

alveolar space between functional teeth, enlargement of the toothrow) were poorly explored in 

most generalized phylogenies (e.g. Sereno 1999; Xu et al. 2002, 2006; Butler et al. 2008b; 

Tanoue et al. 2012; Boyd 2015; Strickson et al. 2016). The assessment of tooth replacement is 

only briefly addressed in basal species of major ornithischian lineages, but its inclusion in a 

phylogenetic scenario would allow increased understanding of craniomandibular 

specialization to herbivory within each group, and comparing the order of appearance of this 
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specialization between different lineages within and outside of Ornithischia. At least for 

Heterodontosauridae, a complete revision and descriptive update with the use of new 

methodologies (i.e. µCT scanning) is needed to assess the evolution of tooth replacement 

together with other dental and cranial features in related to herbivory.
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Figure captions

Fig. 1. Manidens condorensis specimen MPEF-PV 3211, craniomandibular remains with 

preserved dentition (modified from Becerra et al. 2018). A–F, Specimen and 3D 

reconstruction based on µCT information in right (A, C, E) and left (B, D, F) views. C–F, 3D 

reconstructions highlight the maxilla (pink), the right (sky blue) and left (golden) dentaries, 

the functional (orange) and replacement teeth (yellow), the replacement caniniform (dark 

blue), maxillary and dentary tooth crypts (different transparent blue), and the unerupted left 

D11 tooth (green). Abbreviations: ?, unknown element; a, angular; ar, articular; co, coronoid 

process of the dentary; d, dentary; m, maxilla; pa, prearticular; q, quadrate; rp, retroarticular 

process; sa, surangular; v, vertebra. Scale bar represents 1 cm.

Fig. 1. Manidens condorensis, craniomandibular remains of specimen MPEF-PV 3211 

preserving the known dentition in the holotype (modified from Becerra et al. 2018). Specimen 

and 3D reconstruction based on µCT information in lateral right (A, C) and left (B, D) views, 

highlighting the functional (orange) and replacement teeth (yellow). Abbreviations: a, 

angular; ar, articular; co, coronoid process of the dentary; d, dentary; m, maxilla; pa, 

prearticular; q, quadrate; rp, retroarticular process; sa, surangular; v, vertebra. Scale equals to 

1 cm.

Fig. 2. Manidens condorensis specimen MPEF-PV 3211, right maxillary dentition (modified 

from Becerra et al. 2018). A–B, 3D-reconstructed dentition based on the µCT information in 

lateral (A) and medial (B) views, functional (orange) and replacement (yellow) teeth, the 

missing M1 is in dot lines over its fragmented crown base (A–B, I), tooth crypts (transparent 

lighter and darker blue) show a color difference to represent a different replacement series, 

and the pathological resorptions (transparent green). C–F, successive sagittal µCT sections of 

the maxilla showing the positioning of tooth crypts (with their corresponding tooth germs) 

and the pathologic resorption processes. I, diagram of hypothetic replacement series (thick dot 

lines) acting in the maxillary dentition (tooth positions in the X axis, functional teeth in the 

gray area), anterior was standardized at right, the tooth crypts are drawn as blue circles (with 

and without tooth germs), segmented yellow lines indicate root resorption, early and latter 
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tooth germs are drawn with different sizes and shapes, hypothetic posterior dentition in dot 

lines. Abbreviations: M1–M8, functional tooth positions in order from the first to the eighth 

tooth; rM7–rM8, replacement teeth for tooth positions M7 and M8; rpp, resorption pathologic 

process; tcrM1–tcrM5, tooth crypts associated to positions M1–M5. Scale bars represent: 5 

mm (A, B); 1 mm (C, D, E, F; G, H).

Fig. 2. Manidens condorensis, right maxillary dentition of specimen MPEF-PV 3211 

(modified from Becerra et al. 2018). Dentition 3D-reconstructed based on the µCT 

information in lateral (A) and medial (B) views, supported by successive sagittal µCT 

sections of the maxilla showing the positioning of tooth crypts (with their corresponding tooth 

germs) and the pathologic resorption processes (C–F). The hypothetic replacement series 

acting in this tooth row are presented in I as thick dot lines, with each tooth position in the X 

axis. In I, the gray area includes the functional teeth; tooth crypts in blue (with and without 

tooth germs), segmented yellow lines indicate root resorption, early and latter tooth germs are 

drawed with different sizes and shapes, the missing M1 is drawed with thin dot lines over a 

fragmented crown base, as the possibly missing posterior dentition (up to eleven teeth as in 

the opposing tooth row). The color difference between tooth crypts in A–B resembles their 

association to different replacement series. Abbreviations: M1–M8, functional tooth positions 

in order from the first to the eighth tooth; rM7–rM8, replacement teeth for tooth positions M7 

and M8; rpp, resorption pathologic process; tcrM1–tcrM5, tooth crypts associated to positions 

M1–M5. Scales equal to 5 mm in A–B and 1 mm in C–H.

Fig. 3. Manidens condorensis specimen MPEF-PV 3809, left maxilla with fragments of other 

rostral elements and most of its dentition preserved (modified from Becerra et al. 2018). A–F, 

specimen and 3D-reconstructions in lateral (A, C, E) and medial (B, D, F) views. C–F, the 

preserved functional (orange) and replacement (yellow) teeth, and tooth crypts (transparent 

blue). E–F, dot lines signal the alveolar level. G, diagram of hypothetic replacement series 

(thick dot lines) acting in the maxillary dentition (tooth positions in the X axis, functional 

teeth in the gray area), anterior was standardized at right, tooth crypts as blue circles, root 

resorption as segmented yellow lines, the missing M1–M2 crowns drawn with thin dot lines 

over a fragmented crown base. Abbreviations: aaf, accessory antorbital fenestra; af, antorbital 

fenestra; l, lacrimal bone fragment; m, maxilla; M1–M10, first to tenth functional tooth 

positions; ppm, maxillary anterior process for the premaxilla; pmx, premaxillary bone 

fragment; rM8 and rM10, replacement teeth for tooth positions M8 and M10; snf, subnarial 
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foramen; tcrM?, tooth crypt with unknown association to the tooth row; tcrM1 tooth crypt 

associated to position M1. Scale bars represent: 1 cm (A, B, C, D); 5 mm (E, F).

Fig. 3. Manidens condorensis, MPEF-PV 3809, left maxilla with fragmentary articulated 

rostral elements and most of its dentition preserved (modified from Becerra et al. 2018). 

Specimen and 3D reconstructions of the fossil remains and the preserved functional (orange) 

and replacement teeth (yellow), and tooth crypts (blue) in lateral (A, C, E) and medial (B, D, 

F) views. The hypothetic replacement series acting in this tooth row are presented in G as 

thick dot lines, with each tooth position in the X axis, the gray area includes the functional 

teeth, tooth crypts in blue, segmented yellow lines indicate root resorption, the missing M1–

M2 crowns drawed with thin dot lines over a fragmented crown base. Abbreviations: aaf, 

accessory antorbital fenestra; af, antorbital fenestra; l, lacrimal bone fragment; m, maxilla; 

M1–M10, first to tenth functional tooth positions; ppm, maxillary anterior process for the 

premaxilla; pmx, premaxillary bone fragment; rM8 and rM10, replacement teeth for tooth 

positions M8 and M10; snf, subnarial foramen; tcrM?, tooth crypt with unknown association 

to the tooth row; tcrM1 tooth crypt associated to position M1. Dot lines in E–F signal the 

alveolar level. Scales equal to 1 cm in A–D and 5 mm in E–F.

Fig. 4. Manidens condorensis, dentary dentition of specimen MPEF-PV 3211 3D-

reconstructed based on the µCT information (A–D), supported by successive sagittal µCT 

sections of the dentary (E–H). Right dentary dentition in lateral (A) and medial (B) views. 

Left dentary dentition in lateral (C) and medial (D) views. Functional teeth in orange, 

replacement teeth in yellow, tooth replacement for the enlarged caniniform in blue (with its 

corresponding tooth crypt in sky blue), unerupted left D11 tooth position in green. Sagittal (E) 

and horizontal (F) µCT sections at the anterior dentition region around the left D3 tooth 

position; and µCT coronal (G) and sagittal (H) sections at the left D6 tooth position detailing 

on the replacement tooth D1 and its tooth crypt. Abbreviations: D1, enlarged caniniform 

positioned as the first dentary tooth position; D2–D11, second to eleventh functional tooth 

positions; rD1, tooth replacement for the enlarged caniniform; rD2, rD4–rD10, replacement 

teeth of tooth positions D2 and D4 to D10; tcrD1, tooth crypt of the replacement for the D1 

position. Dot lines in A–D signal the alveolar level. Scales equal to 5 mm in A–D and G–H, 

and 2.5 mm in E–F.

Fig. 4. Manidens condorensis specimen MPEF-PV 3211, 3D-reconstructions of the 

dentary dentition and successive sagittal µCT sections of the dentary. A–B, right dentary 
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dentition in lateral (A) and medial (B) views. C–D, left dentary dentition in lateral (C) and 

medial (D) views. E–F, sagittal (E) and horizontal (F) µCT sections at the anterior dentition 

region around the left D3 tooth position. G–H, coronal (G) and sagittal (H) sections at the left 

D6 tooth position detailing on the replacement tooth D1 and its tooth crypt. A–D, functional 

teeth in orange, replacement teeth in yellow, tooth replacement for the enlarged caniniform in 

blue (its tooth crypt in sky blue), unerupted left D11 tooth position in green, dot lines signal 

the alveolar level. Abbreviations: D1, enlarged caniniform positioned as the first dentary tooth 

position; D2–D11, second to eleventh functional tooth positions; rD1, tooth replacement for 

the enlarged caniniform; rD2, rD4–rD10, replacement teeth of tooth positions D2 and D4 to 

D10; tcrD1, tooth crypt of the replacement for the D1 position. Scale bars represent: 5 mm 

(A, B, C, D, G, H); 2.5 mm (E, F).

Fig. 5. Manidens condorensis specimen MPEF-PV 3211, worn dentary teeth and 

hypothetic replacement series acting in the dentary tooth rows. A–B, tooth position right D11. 

C–D, tooth position right D10. E–F, tooth position right D9. G–J, tooth positions left D4–D5. 

A, C, E, SEM images. G, I, pictures. B, D, F, H, J, drawings. A–F, G–H, teeth in labial view. 

I–J, teeth in lingual view, evidencing the presence of wear facets in the non-functional 

(lingual) face of the crowns. K–L, right (F) and left (L) dentitions with hypothetic 

replacement series (thick dot lines, tooth positions in the X axis, functional teeth in the gray 

area), anterior was standardized at right, the missing right D2 and the half of the left 

caniniform are drawn with thin dot lines, caniniform tooth crypt is in blue, the segmented 

yellow lines indicate root resorption, early and latter tooth germs are drawn with different 

sizes and shapes. Abbreviations: ?, missing D3; awf, apical wear facet; bwf, basal wear facet; 

D4–D5, functional tooth positions D4–D5; nwf, wear facet developed at the non-functional 

face of the crowns. Scale bars represent 1 mm.

Fig. 5. Manidens condorensis, worn dentary teeth in the dentition of specimen MPEF-PV 

3211 (A–J), and the hypothetic replacement series acting in the right (K) and left (L) dentary 

tooth rows. SEM images (A, C, E), pictures (G, I) and drawings (B, D, F, H, J) of tooth 

positions right D11 (A–B), D10 (C–D), D9 (E–F), and left D4– D5 (G–J). Right D9–D11 

teeth are in labial view; D4–D5 are in labial (G–H) and lingual (I–J) views, evidencing the 

presence of wear facets in the non-functional (lingual) face of the crowns. In K–L, each 

replacement series is presented as a thick dot line, with each tooth position in the X axis, and 

the missing D2 is drawed with thin dot lines over a fragmented crown base as the and the half 
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of the left caniniform. In K–L, the gray area includes the functional teeth (D11 is outside this 

area), the caniniform tooth crypt is in blue, the segmented yellow lines indicate root 

resorption, early and latter tooth germs are drawed with different sizes and shapes, and the D3 

is symbolized as a ?. Abbreviations: awf, apical wear facet; bwf, basal wear facet; D4–D5, 

functional tooth positions D4–D5; nwf, wear facet developed at the non-functional face of the 

crowns. Scale equals to 1 mm.

Fig. 6. Manidens condorensis, fossil remains and dentary dentition of specimen 

MPEF-PV 3808 (A–J) and the hypothetic replacement series acting in the tooth row (K). 

General view of the specimen in its bearing rock and 3D reconstruction of all identified 

fossil remains (A–B). Detail of the right dentary 3D-reconstructed in C, and how is 

exposed in the rock in D. In E–F, details of the preserved dentition and close-up of some 

denticles showing autapomorphic crenulated denticles characterizing the species (G–J). 

In K, each replacement series is presented as a thick dot line, with each tooth position in 

the X axis, the gray area includes the functional teeth, the missing D8–D13 are drawed 

with thin dot lines, and the unknown ordering of replacement series are symbolized as a 

?. Abbreviations: ?, unknown fossil remains; alv, empty alveoli filled with sediment; cnf, 

3D-reconstructed enlarged caniniform; cp, coronoid process of the dentary; d, dentary; 

D1–D13, functional tooth positions in order from the enlarged caniniform to the 

thirteenth tooth; dia, postcaniniform diastema; imf, internal mandibular fossa; pc, 

preserved postcaniniform dentition; sc, scapula; v, vertebrae. Scale equal to 3 cm in A–

B, 1 cm in C–D, 5 mm in E–F, and 1 mm in G–J.

Fig. 6. Manidens condorensis specimen MPEF-PV 3808, fossil remains and dentary 

dentition. A, general view of the specimen in its bearing rock (both faces). B, 3D 

reconstruction with low detail of all fossil remains, the elements exposed in A are recognized 

(area within the silhouette), but those still inside the rock are unknown, and the recognized 

scapula in A is not identified due to the low detail. C, close up of the right dentary 3D-

reconstructed with low detail, and a silhouette of its shape as seen in D (including a 

reconstruction of the D1). D–F, details of the preserved dentition. G–J, close-up of the 

crenulated margins of denticles, autapomorphic of Manidens. K, hypothetic replacement 

series (thick dot lines) acting in the dentition (tooth positions in the X axis, functional teeth in 

the gray area), anterior was standardized at right, the missing D8–D13 are drawn with thin dot 

lines, the unknown ordering of replacement series are symbolized as ?. Abbreviations: ?, 

unknown fossil remains; alv, empty alveoli filled with sediment; cp, coronoid process of the 

Page 46 of 57

Palaeontology

Palaeontology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



47

dentary; d, dentary; D1–D13, functional tooth positions in order from the enlarged caniniform 

to the thirteenth tooth; dia, postcaniniform diastema; imf, internal mandibular fossa; pc, 

preserved postcaniniform dentition; sc, scapula; v, vertebrae. Scale bars represent: 3 cm (A, 

B); 1 cm (C,D); 5 mm (E, F); 1 mm (G, H, I, J).

Fig. 7. Manidens condorensis, SEM images of longitudinal sections isolated teeth 

referred to the species. Maxillary tooth MPEF-PV 10823 (A–B) and the dentary tooth 

MPEF-PV 10862 in its sides a (E–F) and b (C–D). Abbreviations: Hlc, Howship´s 

lacuna/lacunae; Hlcr, region with Howship´s lacunae; ocl, odontoclast. Scales equal to 

500 μm in A–B and E–F, 1 mm in C, and 100 μm in D.

Fig. 7. Manidens condorensis, size comparison between dentaries of specimens MPEF-PV 

3211 (A–B) and MPEF-PV 3808 (C–D). A, 3D reconstruction of the left dentary in medial 

view of MPEF-PV 3211 positioned to achieve a continuous view of the alveolar margin 

disregarding the crack at the D5-D6 tooth positions. C, dentary of MPEF-PV 3808 as exposed 

in the rock. B and D, line drawings showing the measured lengths of the dentaries. Scale bar 

represents 1 cm. 

Fig. 8. Manidens condorensis, SEM images of longitudinal sections from isolated teeth 

referred to the species (modified from Becerra et al. 2020). A–B, maxillary tooth MPEF-PV 

10823. C–F, dentary tooth MPEF-PV 10862: C–D, MPEF-PV 10862b; E–F, MPEF-PV 

10862a. Abbreviations: cod, “cast” of odontoclast; Hlc, Howship´s lacuna/lacunae; Hlcr, 

region with Howship´s lacunae; ir, irregular region. Scale bars represent: 500 μm (A, B, E, F); 

1 mm (C); 100 μm (D).
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Fig. 1. Manidens condorensis specimen MPEF-PV 3211, craniomandibular remains with preserved dentition 
(modified from Becerra et al. 2018). A–F, Specimen and 3D reconstruction based on µCT information in right 
(A, C, E) and left (B, D, F) views. C–F, 3D reconstructions highlight the maxilla (pink), the right (sky blue) 

and left (golden) dentaries, the functional (orange) and replacement teeth (yellow), the replacement 
caniniform (dark blue), maxillary and dentary tooth crypts (different transparent blue), and the unerupted 

left D11 tooth (green). Abbreviations: ?, unknown element; a, angular; ar, articular; co, coronoid process of 
the dentary; d, dentary; m, maxilla; pa, prearticular; q, quadrate; rp, retroarticular process; sa, surangular; 

v, vertebra. Scale bar represents 1 cm. 

165x165mm (300 x 300 DPI) 
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Fig. 2. Manidens condorensis specimen MPEF-PV 3211, right maxillary dentition (modified from Becerra et 
al. 2018). A–B, 3D-reconstructed dentition based on the µCT information in lateral (A) and medial (B) views, 
functional (orange) and replacement (yellow) teeth, the missing M1 is in dot lines over its fragmented crown 

base (A–B, I), tooth crypts (transparent lighter and darker blue) show a color difference to represent a 
different replacement series, and the pathological resorptions (transparent green). C–F, successive sagittal 
µCT sections of the maxilla showing the positioning of tooth crypts (with their corresponding tooth germs) 

and the pathologic resorption processes. I, diagram of hypothetic replacement series (thick dot lines) acting 
in the maxillary dentition (tooth positions in the X axis, functional teeth in the gray area), anterior was 

standardized at right, the tooth crypts are drawn as blue circles (with and without tooth germs), segmented 
yellow lines indicate root resorption, early and latter tooth germs are drawn with different sizes and shapes, 
hypothetic posterior dentition in dot lines. Abbreviations: M1–M8, functional tooth positions in order from 
the first to the eighth tooth; rM7–rM8, replacement teeth for tooth positions M7 and M8; rpp, resorption 

pathologic process; tcrM1–tcrM5, tooth crypts associated to positions M1–M5. Scale bars represent: 5 mm 
(A, B); 1 mm (C, D, E, F; G, H). 
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Fig. 3. Manidens condorensis specimen MPEF-PV 3809, left maxilla with fragments of other rostral elements 
and most of its dentition preserved (modified from Becerra et al. 2018). A–F, specimen and 3D-

reconstructions in lateral (A, C, E) and medial (B, D, F) views. C–F, the preserved functional (orange) and 
replacement (yellow) teeth, and tooth crypts (transparent blue). E–F, dot lines signal the alveolar level. G, 
diagram of hypothetic replacement series (thick dot lines) acting in the maxillary dentition (tooth positions 

in the X axis, functional teeth in the gray area), anterior was standardized at right, tooth crypts as blue 
circles, root resorption as segmented yellow lines, the missing M1–M2 crowns drawn with thin dot lines over 

a fragmented crown base. Abbreviations: aaf, accessory antorbital fenestra; af, antorbital fenestra; l, 
lacrimal bone fragment; m, maxilla; M1–M10, first to tenth functional tooth positions; ppm, maxillary 

anterior process for the premaxilla; pmx, premaxillary bone fragment; rM8 and rM10, replacement teeth for 
tooth positions M8 and M10; snf, subnarial foramen; tcrM?, tooth crypt with unknown association to the 

tooth row; tcrM1 tooth crypt associated to position M1. Scale bars represent: 1 cm (A, B, C, D); 5 mm (E, 
F). 
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Fig. 4. Manidens condorensis specimen MPEF-PV 3211, 3D-reconstructions of the dentary dentition and 
successive sagittal µCT sections of the dentary. A–B, right dentary dentition in lateral (A) and medial (B) 
views. C–D, left dentary dentition in lateral (C) and medial (D) views. E–F, sagittal (E) and horizontal (F) 

µCT sections at the anterior dentition region around the left D3 tooth position. G–H, coronal (G) and sagittal 
(H) sections at the left D6 tooth position detailing on the replacement tooth D1 and its tooth crypt. A–D, 
functional teeth in orange, replacement teeth in yellow, tooth replacement for the enlarged caniniform in 
blue (its tooth crypt in sky blue), unerupted left D11 tooth position in green, dot lines signal the alveolar 

level. Abbreviations: D1, enlarged caniniform positioned as the first dentary tooth position; D2–D11, second 
to eleventh functional tooth positions; rD1, tooth replacement for the enlarged caniniform; rD2, rD4–rD10, 
replacement teeth of tooth positions D2 and D4 to D10; tcrD1, tooth crypt of the replacement for the D1 

position. Scale bars represent: 5 mm (A, B, C, D, G, H); 2.5 mm (E, F). 

165x213mm (300 x 300 DPI) 
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Fig. 5. Manidens condorensis specimen MPEF-PV 3211, worn dentary teeth and hypothetic replacement 
series acting in the dentary tooth rows. A–B, tooth position right D11. C–D, tooth position right D10. E–F, 
tooth position right D9. G–J, tooth positions left D4–D5. A, C, E, SEM images. G, I, pictures. B, D, F, H, J, 

drawings. A–F, G–H, teeth in labial view. I–J, teeth in lingual view, evidencing the presence of wear facets in 
the non-functional (lingual) face of the crowns. K–L, right (F) and left (L) dentitions with hypothetic 

replacement series (thick dot lines, tooth positions in the X axis, functional teeth in the gray area), anterior 
was standardized at right, the missing right D2 and the half of the left caniniform are drawn with thin dot 

lines, caniniform tooth crypt is in blue, the segmented yellow lines indicate root resorption, early and latter 
tooth germs are drawn with different sizes and shapes. Abbreviations: ?, missing D3; awf, apical wear facet; 

bwf, basal wear facet; D4–D5, functional tooth positions D4–D5; nwf, wear facet developed at the non-
functional face of the crowns. Scale bars represent 1 mm. 

165x199mm (300 x 300 DPI) 
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Fig. 6. Manidens condorensis specimen MPEF-PV 3808, fossil remains and dentary dentition. A, general view 
of the specimen in its bearing rock (both faces). B, 3D reconstruction with low detail of all fossil remains, the 

elements exposed in A are recognized (area within the silhouette), but those still inside the rock are 
unknown, and the recognized scapula in A is not identified due to the low detail. C, close up of the right 

dentary 3D-reconstructed with low detail, and a silhouette of its shape as seen in D (including a 
reconstruction of the D1). D–F, details of the preserved dentition. G–J, close-up of the crenulated margins of 

denticles, autapomorphic of Manidens. K, hypothetic replacement series (thick dot lines) acting in the 
dentition (tooth positions in the X axis, functional teeth in the gray area), anterior was standardized at right, 

the missing D8–D13 are drawn with thin dot lines, the unknown ordering of replacement series are 
symbolized as ?. Abbreviations: ?, unknown fossil remains; alv, empty alveoli filled with sediment; cp, 

coronoid process of the dentary; d, dentary; D1–D13, functional tooth positions in order from the enlarged 
caniniform to the thirteenth tooth; dia, postcaniniform diastema; imf, internal mandibular fossa; pc, 

preserved postcaniniform dentition; sc, scapula; v, vertebrae. Scale bars represent: 3 cm (A, B); 1 cm 
(C,D); 5 mm (E, F); 1 mm (G, H, I, J). 
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Fig. 7. Manidens condorensis, size comparison between dentaries of specimens MPEF-PV 3211 (A–B) and 
MPEF-PV 3808 (C–D). A, 3D reconstruction of the left dentary in medial view of MPEF-PV 3211 positioned to 

achieve a continuous view of the alveolar margin disregarding the crack at the D5-D6 tooth positions. C, 
dentary of MPEF-PV 3808 as exposed in the rock. B and D, line drawings showing the measured lengths of 

the dentaries. Scale bar represents 1 cm. 

165x83mm (300 x 300 DPI) 
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Fig. 8. Manidens condorensis, SEM images of longitudinal sections from isolated teeth referred to the species 
(modified from Becerra et al. 2020). A–B, maxillary tooth MPEF-PV 10823. C–F, dentary tooth MPEF-PV 
10862: C–D, MPEF-PV 10862b; E–F, MPEF-PV 10862a. Abbreviations: cod, “cast” of odontoclast; Hlc, 

Howship´s lacuna/lacunae; Hlcr, region with Howship´s lacunae; ir, irregular region. Scale bars represent: 
500 μm (A, B, E, F); 1 mm (C); 100 μm (D). 

165x145mm (300 x 300 DPI) 

Page 60 of 57

Palaeontology

Palaeontology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Table 1.- Wear development in teeth of the tooth-bearing bones preserved of Manidens condorensis
TP 1 TP 2 TP 3 TP 4 TP 5 TP 6

MPEF-PV 3211 maxilla ? moderate mild ? ? ?
MPEF-PV 3808 maxilla ? ? moderate extensive extensive extensive
MPEF-PV 3211 right dentary mild ? - ? ? ?
MPEF-PV 3211 left dentary ? ? - mild moderate ?mild
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TP 7 TP 8 TP 9 TP 10 TP 11
? ? - - -

mild mild moderate moderate/extensive
? ? without wear extensive mild
? ? without wear ? -

Table 1.- Wear development in teeth of the tooth-bearing bones preserved of Manidens condorensis
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