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M. & Billet G. 2023. — New remains of Neotropical bunodont litopterns and the systematics of Megadolodinae (Mam-
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ABSTRACT
Litopterna is one the most diverse and long–lived clades of South American native ungulates. Megado-
lodus and Neodolodus are bunodont litoptern genera recorded in the middle Miocene tropical faunistic 
assemblage of La Venta (Colombia). Both taxa were initially identified as didolodontid ‘condylarths’, 
but later reclassified into Proterotheriidae, within Litopterna. Previous studies proposed their inclu-
sion within Proterotheriidae, but possible affinities with early litopterns and didolodontids have not 
been properly tested in phylogenetic analyses. We report new material of Megadolodus and Neodolo-
dus from La Venta, which document new aspects of their upper and lower dentition, and we reassess 
their phylogenetic relationships with Litopterna and Didolodontidae. Using pre-existing matrices, 
we tested two alternative approaches of character construction for serial characters on the dentition 
in our phylogenetic analyses. Based on previously known and new fossil material, our analyses with 
both coding approaches support a close relationship between Megadolodus and Neodolodus, within 
Litopterna, and do not support a close relationship with Didolodontidae. At a less inclusive level, 
the relationships of Megadolodinae within Litopterna vary depending on the coding approach used. 
However, all of our analyses unambiguously support the monophyly of Megadolodinae as a clade 
of Neotropical bunodont litopterns. While the discovery of these new remains enlightens part of 
the litoptern phylogeny, the sensitivity of our analyses to coding approaches further highlights the 
importance of critical evaluation of character construction in morphological phylogenetics.

RÉSUMÉ
Nouveaux restes de litopternes bunodontes néotropicaux et la systématique des Megadolodinae (Mamma-
lia: Litopterna).
Les Litopterna constituent l’un des clades les plus diversifiés des ongulés natifs d’Amérique du Sud. 
Megadolodus et Neodolodus sont deux genres de litopternes bunodontes connus dans la faune tropicale 
du Miocène moyen de La Venta (Colombie). Les deux taxons ont été initialement identifiés comme 
des condylarthres didolodontidés, puis transférés parmi les Proterotheriidae, au sein des Litopterna. 
Cependant, leurs affinités possibles avec les plus anciens litopternes et didolodontidés n’ont jamais 
été testées dans les analyses phylogénétiques. Dans ce travail, nous rapportons du nouveau matériel 
attribué à Megadolodus et Neodolodus et réévaluons leurs relations phylogénétiques avec les Litop-
terna et les Didolodontidae. Dans nos analyses phylogénétiques, nous avons testé deux approches 
alternatives de construction de caractères pour les caractères sériels sur la dentition, en se fondant sur 
des matrices pré-existantes. Sur la base du matériel déjà connu et du nouveau matériel fossile, nos 
analyses avec l’une ou l’autre approche de codage soutiennent une relation étroite entre Megadolodus 
et Neodolodus, au sein des Litopterna, mais pas de relation étroite avec les Didolodontidae. À un 
niveau moins inclusif, les relations des Megadolodinae au sein des Litopterna varient selon l’approche 
de codage utilisée. Cependant, toutes nos analyses soutiennent sans ambiguïté la monophylie des 
Megadolodinae comme un clade de litopternes néotropicaux bunodontes. Si la découverte de ces 
nouveaux restes éclaire une partie de la phylogénie des litopternes, la sensibilité de nos analyses aux 
approches de codage souligne l’importance de l’évaluation critique de la construction des caractères 
morphologiques en amont des reconstructions phylogénétiques.

RESUMEN
Nuevos restos de litopternos bunodontes neotropicales y la sistemática de Megadolodinae (Mammalia: Litopterna).
Litopterna es uno de los clados más diversos de ungulados nativos sudamericanos. Megadolodus y Neodolo-
dus son géneros de litopternos bunodontes registrados en la fauna tropical de La Venta (Mioceno medio, 
Colombia). Ambos taxones fueron inicialmente identificados como didolodóntidos ‘condilártos’, pero 
posteriormente fueron reclasificados como Proterotheriidae, dentro de Litopterna. Estudios anteriores 
propusieron su inclusión dentro de Proterotheriidae, pero las posibles afinidades con litopternos basales 
y didolodóntidos no han sido debidamente evaluada a través de análisis filogenéticos. En este trabajo 
presentamos nuevo material de Megadolodus y Neodolodus y reevaluamos sus relaciones filogenéticas con 
Litopterna y Didolodontidae. En nuestros análisis filogenéticos, utilizamos dos enfoques alternativos de 
construcción de caracteres para el caso de caracteres seriados de la dentición. Basándonos en material an-
teriormente conocido y el nuevo material fósil, nuestros análisis con uno u otro enfoque de codificación 
apoyan una relación estrecha entre Megadolodus y Neodolodus, dentro de Litopterna, y no una relación 

http://zoobank.org/urn:lsid:zoobank.org:pub:B826F25C-33D7-4AEF-9FF8-8B1CBAC28823
https://doi.org/10.5252/geodiversitas2023v45a15
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INTRODUCTION

South American native ungulates (SANUs) represent an 
assemblage of hoofed placental mammals that radiated in 
South America (see Croft et al. 2020 and references therein) 
while this continent was isolated from other landmasses 
throughout most of the Cenozoic (Simpson 1980; Croft 2016; 
Defler 2019). Whether the SANUs, formerly classified into 
Meridiungulata (McKenna 1975; McKenna & Bell 1997), 
constitute a monophyletic group or not and what are their 
interrelationships remain unresolved fundamental questions 
in palaeomammalogy (Kramarz & MacPhee 2022).

Litopterna and Notoungulata were the most taxonomi-
cally diverse and long-lived SANU clades, with a fossil record 
extending until the late Pleistocene (Croft et al. 2020 and 
references therein). Data from alpha 1 and 2 collagen chains 
from Pleistocene representatives of Litopterna (Macrauchenia 
Owen, 1838) and Notoungulata (Toxodon Owen, 1837a) 
supports a close relationship between these two clades and 
extant Perissodactyla (Buckley 2015; Welker et al. 2015). 
Mitochondrial DNA data from Macrauchenia further sup-
ports that litopterns are closer to perissodactyls among extant 
mammals (Westbury et al. 2017). Although molecular data 
enabled major progress in understanding their position among 
placentals, the relationships of Litopterna with other extinct 
ungulate-like placentals are not fully resolved. Dental mor-
phology supports a close relationship between Litopterna, two 
groups of early South American ‘condylarths’ (Kollpaniinae 
and Didolodontidae), and the North American Mioclaeni-
dae (Muizon & Cifelli 2000; Gelfo 2004, 2007, 2010; but 
see Williamson & Carr 2007). The auditory and inner ear 
morphology does not unequivocally support nor contradict 
the affinities of Litopterna with North American ‘condylarths’ 
(e.g., Phenacodontidae, Billet et al. 2015; Kramarz et al. 2017). 
Phylogenetic analyses based on different morphological parti-
tions (cranial, dental and postcranial) and using a molecular 
constraint have suggested a close relationship of litopterns 
and other SANUs with North American ‘condylarths’ (Mui-
zon et al. 2015; Kramarz et al. 2017), of Notoungulata and 
Litopterna with ‘condylarths’ and Euungulata (i.e., Peris-
sodactyl and Artiodactyla) (Carrillo & Asher 2017), or of 
Litopterna with some ‘condylarths’ and Euungulata to the 
exclusion of other SANU clades (O’Leary et al. 2013), which 
conflicts with the close relationship between Litopterna and 
Notoungulata supported by molecular evidence (Buckley 
2015; Welker et al. 2015).

Litopterna includes nine families and 67 genera with records 
from the Paleocene (Peligran South American land mammal 
age [SALMA]; c. 63 Ma) to the late Pleistocene-Holocene 
(Lujanian SALMA; 0.13-0.01 Ma) (Bonaparte & Morales 
1997; Ubilla et al. 2011; Croft et al. 2020). Within Litopterna, 
Proterotheriidae and Macrauchenidae are the two most diverse 
sub-clades (Soria 2001; Villafañe et al. 2006; Schmidt & Fer-
rero 2014; Forasiepi et al. 2016; McGrath et al. 2018, 2020a). 
Proterotheriidae includes small-to-medium-sized cursorial taxa, 
characterized by a brachydont dentition. The clade shows a 
trend towards functional monodactyly, with the enlargement 
of digit III, the reduction of digits II and IV, and loss of dig-
its I and V (Soria 2001; McGrath et al. 2020a; Croft & López 
2020). Proterotheriidae (McGrath et al. 2020b) ranges from 
the Eocene (Itaboraian SALMA; c. 53 Ma) to late Pleistocene 
(Lujanian SALMA) (Cifelli 1983; Soria 2001; Villafañe et al. 
2006; Ubilla et al. 2011; McGrath et al. 2020a), and it includes 
c. 26 genera widely distributed across the continent (Croft 
et al. 2020). Proterotheriid diversity peaked in the Miocene 
and gradually decreased until the demise of the group in the 
Pleistocene (Villafañe et al. 2006; McGrath et al. 2020a, and 
references therein).

Phylogenetic analyses identified Megadolodus molariformis 
as the earliest-diverging proterotheriid (McGrath et al. 2020a, 
2020b). Megadolodus is only known from the middle Mio-
cene (Laventan SALMA; c. 11.8-13.5 Ma) assemblage of 
La Venta, Colombia (Kay et al. 1997). It was first described 
from a partial mandible with p4 and m1, and identified as a 
didolodontid ‘condylarth’ based on its bunodont dentition 
(McKenna 1956). However, additional craniodental and post-
cranial material supported the identification of Megadolodus 
as a proterotheriid, principally based on its tarsal and pedal 
morphology. Cifelli & Villarroel (1997) referred Megadolodus 
to its own subclade (Megadolodinae), within Proterotheriidae. 
Megadolodinae includes Megadolodus molariformis and Bouno-
dus enigmaticus (Carlini et al. 2006). The latter was collected 
in the late Miocene sediments of the Urumaco Formation 
in northwestern Venezuela, and it is known from a poorly 
preserved maxillary fragment (Carlini et al. 2006; Bond & 
Gelfo 2010). The peculiar morphology and distribution of 
Megadolodinae suggests that it represents a tropical lineage 
within Protherotheriidae (Carlini et al. 2006; McGrath et al. 
2020b).

Neodolodus colombianus is another litoptern recorded in 
La Venta that was initially described on the basis of a par-
tial mandible and identified as a didolodontid ‘condylarth’ 

PALABRAS CLAVE
La Venta,

Litopterna,
Mioceno,

South America. 

con Didolodontidae. A un nivel menos inclusivo, las relaciones de Megadolodinae dentro de Litopterna 
varían dependiendo del enfoque de codificación utilizado. Sin embargo, todos nuestros análisis apoyan 
inequívocamente la monofilia de Megadolodinae como un clado de litopternos Neotropicales buno-
dontes. Aunque el descubrimiento de estos nuevos restos aclara parte de la filogenia de los litopternos, la 
sensibilidad de nuestros análisis a los enfoques de codificación muestra la importancia de una evaluación 
crítica en la construcción de caracteres utilizados en filogenética morfológica.
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(Hoffstetter & Soria 1986). However, additional dental and 
postcranial material supported the inclusion of Neodolodus 
within Proterotheriidae (Cifelli & Guerrero Díaz 1989). 
Neodolodus cf. colombianus is also recorded in the middle 
Miocene sediments of the Castilletes Formation (c. 14.2-
16.7 Ma) in northern Colombia (Carrillo et al. 2018). N. 
colombianus was first transferred to Prothoatherium (Cifelli & 
Guerrero Díaz 1989), and then to Lambdaconus (Carrillo 
et al. 2018). Recent phylogenetic analyses supported the 
recognition of Neodolodus as a distinct genus, being closely 
related with Protheosodon within Proterotheriidae (McGrath 
et al. 2020a, 2020b). Despite some resemblance to Megado-
lodus, like its similar bunodonty, Neodolodus has never been 
included in Megadolodinae.

The Miocene assemblage of La Venta (Laventan SALMA) 
in Colombia is one of the best known extinct mammalian 
assemblages in tropical South America (Kay et al. 1997; 
Defler 2019). Paleoecological evidence indicates that La Venta 
assemblage inhabited a tropical forested environment, with 
an estimated annual rainfall of 1800-2500 mm and aver-
age temperatures > 25°C (Kay et al. 1997; Kay & Madden 
1997; Croft 2001; Spradley et al. 2019). The mammalian 
assemblage includes a high diversity of litopterns, with one 
macraucheniid taxon and five proterotheriid taxa (Table 1). 
Among the litopterns from La Venta, Megadolodus and 
Neodolodus are perhaps the most enigmatic, and they are 
important to elucidate the evolution and biogeography of 
Proterotheriidae (Cifelli & Villarroel 1997; McGrath et al. 
2020b). Here, we report new material of Megadolodus and 
Neodolodus, and we reassess their phylogenetic position in 
Proterotheriidae and Litopterna.

GEOLOGICAL SETTING

The specimens described in this work come from La Vic-
toria and Villavieja Formations that crop out in the Upper 
Magdalena valley, Colombia (Fig. 1) in an area locally 
known as La Tatacoa Desert but commonly known in 
scientific literature as “La Venta” (Kay et al. 1997). The 
Villavieja Formation, which lies stratigraphically above 
the La Victoria Formation, has traditionally been known 
for containing the richest fossiliferous levels, especially in 
its lower part (Guerrero 1997). Consequently, historically 
the collecting efforts have been concentrated in this upper 
formation. Recent field work has, however, focused on the 
exploration of the older La Victoria Formation, thereby 
considerably increasing the number of fossils collected from 
this unit. This is the case of three of the four new specimens 
reported here (VPPLT 183, 974, 1588 and 1696), which 

were collected from mudstone levels close to the top (bed 
set below Cerbatana Conglomerate; Mora-Rojas et al. 2023) 
and bottom (bed set below Cerro Gordo; Mora-Rojas et al. 
2023) of the La Victoria Formation. The fourth specimen 
comes from one of the most fossiliferous layers of the Vil-
lavieja Formation, the Monkey Beds (Mora-Rojas et al. 
2023) (Fig. 1; Table 2).

The fossiliferous sediments of the Honda Group (the 
sedimentary unit that comprise the La Victoria and the Vil-
lavieja formations) span from c. 10.5 Ma to 16 Ma (Flynn 
et al. 1997; Montes et al. 2021; Mora-Rojas et al. 2023), 
with most of the sediment accumulation occurring between 
c. 11.8 and c. 13.8 Ma (Laventan SALMA; Madden et al. 
1997; Mora-Rojas et al. 2023). The probabilistic age model 
of Mora-Rojas et al. (2023) estimate an age of c. 13.1 Ma 
for the upper levels of the bed set below Cerro Gordo, an 
age of c. 12.3 Ma for the bed set below Cerbatana Con-
glomerate, and an age of c. 12.0 Ma for the Monkey beds.

MATERIAL AND METHODS

The specimens described here were collected during dif-
ferent palaeontological expeditions in 2019 in partnership 
with a group of leaders of the local community (Vigías del 
Patrimonio Paleontológico La Tatacoa). They are housed in 
the Museo de Historia Natural La Tatacoa, in La Victoria 
(Villavieja, Huila, Colombia).

For metric comparisons, we took linear measurements 
of the dentition with a caliper to the nearest 0.1 mm. We 
follow Smith & Dodson (2003) for the orientation of the 
dentition, where the four cardinal directions are mesial, 
distal, lingual and labial. Dental terminology follows Soria 
(2001) and Muizon & Cifelli (2000). Three-dimensional 
surface models of the skull of the new described specimens 
of Neodolodus colombianus (VPPLT 1696) and Megadolodus 
molariformis (VPPLT 974) are available in MorphoMuseum 
(Carrillo et al. 2022). The surface scan of N. colombianus 
(VPPLT 1696) was made with a 3D structural light scanner 
HP Pro S3 with a resolution of 0.05 mm. The specimen of 
M. molariformis (VPPLT 974) was CT scanned using high 
resolution microtomography (CT) at the Montpellier Rio 
Imaging (MRI: Microtomograph RX EasyTom 150, X-ray 
source 40-150 kV) platform. Voxel size was 0.063 mm. 
Three-dimensional reconstruction of selected teeth of VPPLT 
974 and visualization of 3D models were done using a stack 
of digital CT images with AVIZO v.9.7.0 software (Visu-
alization Sciences Group, Burlington, MA, United States), 
and Biomedisa (Lösel et al. 2020). The scan is available in 
MorphoSource (https://www.morphosource.org/).

fig. 1. — Geographical and stratigraphic occurrence of the new specimens of Megadolodus molariformis McKenna, 1956 and Neodolodus colombianus Hoffstet-
ter & Soria, 1986: A, map of northern South America showing the location where other Neotropical bunodont litopterns have been found including La Venta (that 
records Megadolodus McKenna, 1956 and Neodolodus Hoffstetter & Soria, 1986), the Cocinetas basin (that records Neodolodus) and Urumaco (that records 
Bounodus enigmaticus (Carlini, Gelfo & Sánchez, 2006); B, geologic map of La Venta area (modified from Montes et al. 2021) showing the localities where the 
new specimens of Megadolodus and Neodolodus where found. The colors in the map correspond to the cartographic units shown in the stratigraphic scheme; 
C, stratigraphic scheme of the Honda Group (modified from Benites-Palomino et al. 2020) showing the cartographic units of Montes et al. (2021), the stratigraphic 
levels (StL) of (Mora-Rojas et al. 2023), and the stratigraphic position of the new Megadolodus and Neodolodus specimens. Bed abbreviations: StL 1, Bed set be-

https://www.morphosource.org/
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AbbreviAtions

Institutional abbreviations
FMNH Field Museum of Natural History, Chicago;
MACN Museo Argentino de Ciencias Naturales, Buenos Aires;
MLP Museo de La Plata, La Plata;
MNHN Muséum national d’Histoire naturelle, Paris;
UCMP  University of California Museum of Paleontology, 

Berkeley;
VPPLT  Vigías del Patrimonio Paleontológico, Museo de His-

toria Natural La Tatacoa, Villavieja;
YPM Yale Peabody Museum, New Haven.

Teeth
C, c upper canine, lower canine;
I, i upper incisor, lower incisor;
P, p upper premolar, lower premolar;
M, m upper molar, lower molar;
dP, dp deciduous upper premolar, deciduous lower premolar.

PHYLOGENETIC ANALYSES

tAxonomic sAmpling

To test for the relationships of Megadolodus molariformis and 
Neodolodus colombianus within Litopterna and Didolotonti-
dae, we performed phylogenetic analyses using data matri-
ces published in previous studies (Cifelli 1993; Muizon & 
Cifelli 2000; Schmidt 2015; McGrath et al. 2020b). The 
taxonomic sampling (Appendix 1) reflects this aim. We did 
not include Bounodus, which is also referred to Megadolo-
dinae (Carlini et al. 2006), due to the fragmentary nature 
and poor preservation of the known material.

As our goal was not to solve intra-generic relationships 
within derived proterotheriids, we included in our analyses 
only the best-documented species (anatomically complete) 
for some derived proterotheriid genera (e.g., Tetramerorhi-
nus). Kollpaniinae were chosen as outgroups, represented 
by Simoclaenus sylvaticus and Tiuclaenus spp. (Muizon & 
Cifelli 2000; Muizon et al. 2019). We also included all 
the litoptern species from La Venta (Table 1), for which 
we used the new material described here and deposited in 

the collections of the VPPLT, as well as previous descrip-
tions (McKenna 1956; Hoffstetter & Soria 1986; Cifelli & 
Guerrero Díaz 1989; Cifelli & Guerrero 1997; Cifelli & 
Villarroel 1997; McGrath et al. 2020a, 2020b). Finally, we 
included several early litopterns and didolodontids; their 
scoring was based on published descriptions (Simpson 1948; 
Simpson & Minoprio 1949; Paula Couto 1952; Bond & 
Vucetich 1983; Cifelli 1983; Cifelli & Soria 1983; Soria 
2001; Dozo & Vera 2010; Zanesco et al. 2019), and obser-
vation of the specimens themselves, and casts of specimens 
in the collections of the MNHN. In total, 44 taxa were 
included in our phylogenetic analyses. Appendix 1 provides 
the list of taxa and the material available to us (original 
specimen, casts, photos, and references).

chArActer sAmpling And scoring

Our character list is based on Cifelli (1993), Muizon & 
Cifelli (2000), Schmidt (2015), and McGrath et al. (2020b). 
Some characters were excluded, and others were modi-
fied; the justification for these modifications is provided 
in the character lists (Appendices 2; 3). For Megadolodus, 
Neodolodus and Villarroelia, the scoring of some characters 
was modified according to the new material described in 
this work and to new specimens deposited in the VPPLT 
collection. Character scoring of Protolipterna ellipsodontoides 
was modified when pertinent following a recent redescrip-
tion of the species (Zanesco et al. 2019). For the remaining 
taxa, if a character score differs from the original character 
matrices, this is indicated and justified in the character lists 
(Appendices 2; 3). Scoring of the modified characters and 
new taxa was undertaken by JDC and GB.

The character list made from these previous studies con-
tains a wealth of characters repeated at successive dental loci. 
A recent study has demonstrated that such characters on 
serial variations may not be independent from each other 
and may thereby mislead phylogenetic analyses (Billet & 
Bardin 2019). To test the effects of alternative approaches 
of character construction on this issue within litopterns, 
we produced two matrices, an “extended matrix” with five 
continuous and 109 discrete characters (Appendix 2) and 
a “reduced matrix” with five continuous and 91 discrete 
characters (Appendix 3). The extended matrix favours the 
reductive coding approach, which assumes that the observed 
morphological variations (the characters) are independent 
and thus scores characters separately (Wilkinson 1995; 
Billet & Bardin 2019). The reduced matrix uses the com-
posite coding approach, which favours the construction of 
a single composite character when the observed variation is 
hypothesized to be biologically non-independent (Wilkin-
son 1995; Billet & Bardin 2019). Composite coding with 
constrained paths for transitions among character states 
might be a more appropriate approach to score variation in 
serially homologous structures (e.g., premolars and molars) 
(Billet & Bardin 2019). For example, in the extended 
matrix, the absence or presence of the metaconule is scored 
independently for the P3 and P4 (characters 28 and 29 in 
Appendix 2), whereas in the reduced matrix, it is scored in 

table 1. — Litopterna from La Venta faunal assemblage, Colombia.

Clade Taxon References

Proterotheriidae Megadolodus 
molariformis 
McKenna, 1956

McKenna (1956); 
Cifelli & Villarroel (1997); 

Neodolodus 
colombianus 
Hoffstetter & 
Soria, 1986

Hoffstetter & Soria (1986); 
Cifelli & Guerrero Díaz 
(1989); Cifelli & Guerrero 
(1997); McGrath et al. 
(2020a)

Mesolicaphrium 
sanalfonense

Cifelli & Guerrero (1997); 
McGrath et al. (2020a)

Villarroelia totoyoi Cifelli & Guerrero (1997)
Proterotheriidae 

gen. et sp. indet
Cifelli & Guerrero (1997)

Macraucheniidae Theosodon sp. Cifelli & Guerrero (1997)
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a single composite character for the two premolars (char-
acter 18 in Appendix 3).

We acknowledge that in some cases, our approach to 
construct the reduced matrix might represent an oversim-
plified solution to the problem of character correlations. 
For example, when merging characters scored separately 
in the extended matrix, some trait combinations were not 
observed in our taxonomic sampling and therefore are not 
represented in the character states. However, future stud-
ies with a larger taxonomic sampling may find that these 
trait combinations exist and may need to revise the number 
and definition of the character states proposed here and set 
another geometry for authorized transitions. In the present 
case, the alternative coding strategies were explored in order 
to address the potential effects of these strategies on the 
phylogenies recovered for litopterns. A more satisfactory 
treatment of character correlations would undoubtedly 
deserve a more thorough revision of the data matrices, more 
complex character construction and extensive testing (Bil-
let & Bardin 2019).

phylogenetic AnAlyses

The extended and reduced matrices were constructed in 
MorphoBank and analysed using TNT 1.5 (Goloboff & 
Catalano 2016) with maximum parsimony. The extended 
matrix (Appendix 2; Morphobank Project 3399) included 
44 taxa and 114 characters (five continuous and 107 dis-
crete), among which five multistate discrete characters 
were ordered. Simulations and empirical data suggest that 
parsimony analyses with ordered characters perform bet-
ter when using characters that form morphoclines (Grand 
et al. 2013). The reduced matrix (Appendix 3; Morphobank 
Project 3401) included 44 taxa and 96 characters (five con-
tinuous and 91 discrete); four multistate discrete characters 
were ordered. We used equally weighted characters, treated 
gaps as missing, and treated taxa with multiple states as 
polymorphic. Searches used 500 replicates of random addi-
tion sequences holding 20 trees per replication, using tree 
bisection reconnection (TBR) for branch swapping. For 
the reduced matrix, we used step matrices (Appendix 4) to 
set the costs and constrain the paths for transitions among 
character states for five characters (characters 12, 13, 48, 53 
and 60 in Appendix 3) that were scored using a composite 
coding approach. The step matrices were constructed in 
such a way that they allowed simultaneous changes on all 

teeth being included in the composite character, but also 
allowed changes along an anteroposterior gradient among 
these teeth (see Billet & Bardin 2019). Additional expla-
nations on the construction of step matrices are given in 
Appendix 3. To obtain the list of unambiguous synapo-
morphies common to all the most parsimonious trees, we 
use the “apo -[” command in TNT (Goloboff et al. 2008). 
Annotated TNT files with the character matrices and the 
commands used in all analyses are available in Morphobank 
(Projects 3399 and 3401).

In addition, in order to evaluate the phylogenetic relation-
ships of Megadolodus and Neodolodus and jointly estimate 
possible divergence dates for Megadolodinae, we conducted 
a Bayesian time-calibrated phylogenetic analysis on the 
discrete characters of the reduced matrix using BEAST 2 
(version 2.6.7; Bouckaert et al. 2019). The stratigraphic 
ranges of the taxa were compiled from the literature. The age 
ranges and corresponding references are in Appendix 5. For 
time calibration, we used the oldest (maximum age within 
the age range) of each taxon. We used the Fossilized Birth-
Death (FBD) model (Stadler 2010; Heath et al. 2014) that 
models diversification and fossil sampling. The FBD model 
estimates phylogenetic relationships and divergence times 
within a single framework.

We analysed the matrix with the Lewis Mk model (Lewis 
2001), which is a widely-used model for morphological 
data in Bayesian analytical software, although it most cer-
tainly needs to be improved to better model morphological 
evolution (Goloboff et al. 2019). For the Bayesian analysis 
we used the composite character coding (reduced matrix) 
allowing for all possible character transitions (MUL model 
of Billet & Bardin 2019), because it has been shown that 
it performs better than independent scoring of characters 
(reductive coding) on successive teeth of a same class (IND 
model of Billet & Bardin 2019). We used 10 000 000 itera-
tions, sampling every 5000 iterations. We used four chains 
(three heated one cold) with a delta temperature of 0.03 and 
the coupled Markov chain Monte Carlo (MCMC) algorithm 
(Müller & Bouckaert 2019). We used Tracer (version 1.7.1; 
Rambaut et al. 2018) for the visualization and diagnostics 
of the MCMC output. When summarizing the results, we 
discarded the first 10% of the samples as burn-in. For all 
the analyses tree annotation was done using the R packages 
Phytools (Revell 2012), Ggtree (Yu et al. 2017), and Deep-
time (Gearty 2022). 

table 2. — Stratigraphic and locality information of the specimens described in this work.

Species Specimen Locality Formation Stratigraphic level GPS

Megadolodus molariformis 
McKenna, 1956

VPPLT 974 Las Gaviotas 1 La Victoria Below the Cerbatana 
conglomerate 

3°18’41”N, 75°12’27”W

 VPPLT 1588 Cerro Pan de Azúcar La Victoria Below Cerro Gordo 3°21’26”N, 75°10’33”W

Neodolodus colombianus  
Hoffstetter & Soria, 1986 

VPPLT 183 Kilómetro 121 La Victoria Below the Cerbatana 
conglomerate 

3°19’29”N, 75°10’55”W

 VPPLT 1696 Piedra Gorda, San Nicolás Villavieja Monkey beds 3°16’45”N, 75°11’46”W

https://www.openstreetmap.org/?mlat=3.31138888888889&mlon=-75.2075#map=11/3.31138888888889/-75.2075
https://www.openstreetmap.org/?mlat=3.35722222222222&mlon=-75.1758333333333#map=11/3.35722222222222/-75.1758333333333
https://www.openstreetmap.org/?mlat=3.32472222222222&mlon=-75.1819444444444#map=11/3.32472222222222/-75.1819444444444
https://www.openstreetmap.org/?mlat=3.27916666666667&mlon=-75.1961111111111#map=11/3.27916666666667/-75.1961111111111
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SYSTEMATIC PALAEONTOLOGY

MAMMALIA Linnaeus, 1758 
PLACENTALIA Owen, 1837b 

LITOPTERNA Ameghino, 1889 
Family proterotheriidAe Ameghino, 1887

Subfamily megAdolodinAe Cifelli & Villarroel, 1997

emended diAgnosis. — Bunodont litopterns with two lower in-
cisors, the distal (lateral) being significantly larger (tusk-like) than 
the mesial (central). Metaconid absent on p2. Metaconule of P4 
isolated. Mesostyle absent on P3-4 but present on M1-3. Strong 
paracone and metacone folds on upper molars. M3 with well-
developed hypocone. Megadolodinae is supported by the following 
synapomorphies: bunodont cheek teeth; small parastyle on P3-4; 
and m1-3 without paralophid. 

Genus Megadolodus McKenna, 1956

emended diAgnosis. — The dental formula is I ?/2 C ?/1 P 4/4 
M 3/3. Large, brachydont and bunodont megadolodine litoptern. 
Robust mandible. It differs from non-megadolodine proterotheriids 
in having the following combination of characters: The distal-most 
lower incisor is tusk-like, and the lower canine is small. Paraconid 
absent on p3-m3. The p3-4 are molariform and lack a hypoconulid. 
P3-4 without hypocone and with paraconule and metaconule. Up-
per molars with hypocone. M2 larger than the M1 and M3. Limbs 
more robust and with shorter distal elements in comparison with 
other proterotheriids for which the skeleton is known (Cifelli & 
Villarroel 1997). Megadolodus differs from Neodolodus in its larger 
size, the position of the posterior-most point of symphysis at the 
level of p3, and the hypoconid of the p4 located directly distal to 
the protoconid. It differs from Bounodus in having a proportionally 
larger P4 and M1, the latter and having an a quadrangular outline 
(not elongated mesiodistally) (Carlini et al. 2006).

Megadolodus molariformis McKenna, 1956 
(Figs 1-4)

holotype. — UCMP 39270, partial left mandible bearing the 
labial portion of the crown of p4, the m1, and the alveoli of p3 
and m2 (Fig. 3B).

new referred mAteriAl. — VPPLT 974, partial mandible with 
the symphysis and left body, bearing the alveoli of ?i2, right and left 
?i3, alveolus of right c and p1, roots of left p1, and the left p2-m3 
(Fig. 3A, C-E). VPPLT 1588, isolated left P1 and P2, right P3/P4, 
left P3/P4, and partial left maxilla with M1, M2 and lingual part 
of M3 (Fig. 2).

type locAlity And horizons. — La Victoria Formation. VPPLT 
974 comes from Las Gaviotas 1 (3°18’41”N, 75°12’27”W) in the 
bed set below the Cerbatana conglomerate (StL 7; Mora-Rojas 
et al. 2023) and VPPLT 1588 comes from Cerro Pan de Azúcar 
(3°21’26”N, 75°10’33”W) in the bed set below Cerro Gordo (StL1; 
Mora-Rojas et al. 2023) (Fig. 1).

diAgnosis. — Same as for the genus due to monotypy.

remArks

The upper and lower incisors, canines and most rostral pre-
molars were only partially preserved in known specimens of 
Megadolodus molariformis. Previously known craniodental 

material included partial mandibles that preserved dp3-4, 
p1-p3, fragmentary p4, m1-m3. Fragments of maxilla and 
isolated upper teeth included the dP3-4, P2-M2 and frag-
mentary M3 (Table 3; Cifelli & Villarroel 1997). The known 
postcranial elements include an almost complete vertebral 
column, ribs, fragments of the humerus, radius and ulna, 
most of the manus, pelvis and almost all the elements of the 
hind limbs (Cifelli & Villarroel 1997).

Fragments of the rostral upper and lower dentition have 
been previously identified, but given that these were isolated 
and fragmentary elements there has been uncertainty regard-
ing the number and morphology of the upper and lower 
incisors, canines and most rostral premolars (p1-2 and P1-2) 
(Cifelli & Villarroel 1997). VPPLT 974 provides new evidence 
that clarifies for the first time the number of lower incisors 
and shows that the lower tusks are incisors (Fig. 3A, C), not 
lower canines as previously hypothesized (Cifelli & Villarroel 
1997). The dental formula of Proterotheriidae is characterized 
by having one upper incisor, which is enlarged and developed 
into a tusk, and two lower incisors, the most mesial one is 
small and the most distal one is tusk-like (Scott 1910; Soria 
2001). The homology of the upper and the two lower incisors 
is uncertain since it has not been established which loci were 
lost (Soria 2001). Scott (1910) hypothesized that the upper 
tusk corresponded to I2, whereas the mesial-most lower inci-
sor was the i2 and the distal one was the i3, as in toxodontid 
notoungulates. Although we acknowledge the uncertainty 
in the homology on the upper and lower incisors, we follow 
Scott (1910) and tentatively identify the upper incisor as ?I2, 
and the two lower incisors as ?i2 and ?i3.

description

VPPLT 1588 and VPPLT 974 have large bunodont dentitions 
(Table 4) with thick enamel characteristic of Megadolodus 
(McKenna 1956; Cifelli & Villarroel 1997). In addition, 
VPPLT 1588 is referred to Megadolodus based on the partly 
molariform P3/P4 (with a triangular arrangement of the meta-
cone with the protocone, paracone, the presence of paraconule 
and metaconule, but without a hypocone; Fig. 2C, E), and 
the presence of a hypocone in the upper molars (Fig. 2D, F) 
(Cifelli & Villarroel 1997). The referral of VPPLT 974 to 
Megadolodus is further supported by the robust mandible, the 
p4 fully molariform, and the absence of paraconid in p3-m3 
(Fig. 3A, D) (McKenna 1956; Cifelli & Villarroel 1997).

VPPLT 1588 preserves two isolated teeth, here interpreted 
as left P1 (Fig. 2A) and P2 (Fig. 2B), because the crowns are 
not molariform, as is the case in P3 and P4 (Cifelli & Vil-
larroel 1997). The crown of the putative P1 is simple and it 
has a single cusp with crests extending mesially and distally. 
It is triangular in labial view, with some wear on the lingual 
side (Fig. 2A). P2 is similar to P1, but with a more extended 
lingual edge. The crown of the putative P2 is also triangular 
in labial view, as it has one main cusp on the labial side of 
the crown with crests extending mesially and distally from 
it and an extended lingual edge. The latter is composed of 
a basin lingual to the main cusp and exhibits a low cusp on 
its lingual aspect, which resembles an incipiently developed 

https://www.openstreetmap.org/?mlat=3.31138888888889&mlon=-75.2075#map=11/3.31138888888889/-75.2075
https://www.openstreetmap.org/?mlat=3.35722222222222&mlon=-75.1758333333333#map=11/3.35722222222222/-75.1758333333333
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fig. 2. — Upper dentition of Megadolodus molariformis McKenna, 1956 (VPPLT 1588): A, left P1 in labial (top), occlusal (middle) and distal (bottom) views; B, left 
P2 in labial (top), occlusal (middle) and distal (bottom) views; C, left P3 or P4 in labial (top), occlusal (middle) and lingual (bottom) views; D, fragment of left 
maxilla with M1-3 in labial (top), occlusal (middle) and lingual (bottom) views; E, right P3 or P4 in labial (top), occlusal (middle) and lingual (bottom) views; the 
photos were digitally reversed to show the same orientation as the left dentition; F, detail of M1-3 in occlusal view; G, reconstruction of the left upper cheekteeth 
of M. molariformis based on VPPLT 1588. Scale bar: 1 cm.
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fig. 3. — Mandible and lower dentition of Megadolodus molariformis McKenna, 1956: A, VPPLT 974 in medial (top), occlusal (middle) and lateral (bottom) views; 
the lateral view was digitally reversed to show the same orientation as the lingual view; B, holotype of M. molariformis (UCMP 39270) in lingual (top), occlusal 
(middle) and labial (bottom) views; the labial view was digitally reversed to show the same orientation as the lingual view; C, VPPLT 974 in rostral view showing 
the alveoli of ?i2; D, detail of m3 (VPPLT 974) in occlusal view; E, detail of the p2-m3. Scale bars: 1 cm.
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protocone. A faint cingular crest extends from the low lingual 
cusp along the mesial and distal edges of the tooth (Fig. 2B).

In Megadolodus, the P3 and P4 have a very similar morphology 
and size, being partly molariform, but without an hypocone 
(Cifelli & Villarroel 1997). Therefore, we cannot establish 
if the isolated left and right upper premolars correspond to 
P3 or P4 (Fig. 2C, E; Table 4). Both have a well-developed 
protocone, paracone, metacone, and worn metaconule, the 
paraconule is only visible in the left tooth (Fig. 2C, E), as in 
other specimens of Megadolodus (Cifelli & Villarroel 1997). 
The P3/P4 have mesiolingual and labial cingula. The mesio-
lingual cingulum isolates a small basin and forms a small 
cuspule on its lingual end. The lingual face of the P3/P4 is 
rounded, in contrast to lingual face of the molars which is 
straight (Fig. 2C-E). There is no mesostyle in the P3/P4, the 
parastyle is present and the metastyle region of the crown is 
not well-preserved in both teeth.

The upper molars show a more quadrangular outline in 
occlusal view than P3/P4 due to the presence of the cingulum-
derived hypocone (Cifelli & Villarroel 1997). The crown of 
M1 is broken in the distolingual portion where the hypocone 
would be found, and the crown of M3 is broken, missing most 
of its labial and distal portions (Fig. 2D). We identified the 
M1 because of its more quadrangular outline in occlusal view 
and larger size in comparison with the P3 and P4 (Fig. 2D, 
F). It also shows more advanced occlusal wear than P3 and/
or P4, M2 and M3, as expected for the M1 given that is the 
first permanent tooth to erupt. All upper molars have a strong 
mesiolingual cingulum that isolates a small basin (narrower 
on M1-2), similar to what is seen on P3 and/or P4. M1 and 

M2 have a small mesostyle in addition to the faint parastyle 
and metastyle (Fig. 2F). There are two faint labial ridges, one 
on the paracone and one in the metacone on M1-2 (Fig. 2F). 
The paraconule and metaconule are well developed. On the 
M1 and M2 the paraconule is equidistant between the pro-
tocone and paracone, as in other specimens of Megadolodus 
(Cifelli & Villarroel 1997). The molars of VPPLT 1588 have a 
preprotocrista (connecting the protocone with the paraconule) 
and a preparaconular crista (connecting the paraconule with 
the parastyle). There is no postprotocrista that would connect 
the protocone and metaconule (Fig. 2F). The metaconule is 
isolated and closer to the metacone than the protocone, as 
seen in other specimens of Megadolodus (Cifelli & Villarroel 
1997). The hypocone is well-developed and isolated. The labial 
cingula, which can be seen on M1 and M2, are very thin and 
extending across the whole labial side (Fig. 2F). Although 
M1 and M3 are only partially preserved, it appears that M2 
is the largest molar, especially in the labiolingual dimension 
(i.e., width; Table 4).

The mandible of Megadolodus (VPPLT 974) is robust with 
a deep horizontal ramus that appears to reach its maximum 
depth at the level of p2-3 (Figs 3-4). No foramina are observed. 
The rostroventral portion of the left ascending ramus is pre-
served; it is wide and suggests that the masseteric fossa was 
large (Fig. 3A). The symphysis extends caudally up to the level 
of p3 (Fig. 3A). Only the alveoli of the of right and left ?i2 
were preserved (Fig. 3C). The ?i3 is tusk-like and extroverted 
(projecting anterolaterally). It is not ever-growing, and its root 
closes at the level of the distal edge of p2 (Fig. 4). The lingual 
face of ?i3 is flat, the labial face is convex, giving a nearly 

table 3. — Dental loci known for the bunodont litopterns from La Venta. Abbreviations: al, alveolus; T, tooth; pT, partial tooth. New data from the specimens 
described in this work are marked in red.

 I1/i1 I2/i2 I3/i3 C/c P1/p1 P2/p2 P3/p3 P4/p4 M1/m1 M2/m2 M3/m3

Megadolodus molariformis – – – – – – – – – – –
upper teeth – – – – T T T T T T pT
lower teeth – al T al T T T T T T T

Neodolodus colombianus – – – – – – – – – – –
upper teeth – T – – T T T T T T T
lower teeth – T T T T T T T T T T

m3 m1 p2

?i3

fig. 4. — Lateral view of the virtually reconstructed mandible of Megadolodus molariformis McKenna, 1956. Bone transparency shows the dentary, and the crowns 
and roots of m3, m1, p2 and ?i3 are shown in light blue. Scale bar: 1 cm.
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oval shape in cross-section. The anterior tip bears an oblique 
wear-facet marking the occlusion with the upper dentition 
(Fig. 3C). Only the alveoli of the right canine and of the p1 
are preserved (Fig. 3A). There is a short diastema (8.6 mm) 
between the right ?i3 and the alveolus of the canine, and a 
slightly longer diastema (13.5 mm) between the alveoli of the 
right canine and the p1 (Fig. 3A). The alveolus of  the canine 
indicates it was single rooted, and the p1 has two roots, as 
shown by the preserved part of the left p1 and alveolus of 
the right p1. The p2 has one main cuspid which is located 
approximately at the mid-length of the tooth. It is connected 
distally to a crest directed downwards and towards a small 

distal basin. This basin (incipient talonid) is bordered distally 
by a small cuspulid. A crest also connects the mesial edge of 
the crown with the main cuspid, and there is no mesial bulge, 
as described in other specimens of Megadolodus (Cifelli & 
Villarroel 1997). The p2 has two roots, one mesial and one 
distal, the latter divides in two smaller roots at the apical end, 
one labial and one lingual (Fig. 4).

The p3-4 are molariform and lack a hypoconulid (Fig. 3A, 
E), as in other specimens of Megadolodus (Cifelli & Villar-
roel 1997). There is an increase in size from the p3 to m1 
(Table 4). The p3 has three roots, a large distal one, and two 
mesial. It lacks a paraconid and the paracristid forms a small 

table 4. — Craniodental measurements (in mm) of specimens of Megadolodus molariformis from La Venta assemblage. Symbols: *, type specimen, taken from 
McKenna (1956) and Cifelli & Villarroel (1997); **, taken from Cifelli & Villarroel (1997); #, estimated due to specimen breakage. +, identified as P3 or P4.

UCMP 
39270*

IGM 
183282**

IGM 183544, 
183916**

IGM 
184019** TATAC 1** TATAC 2**

IGM 
250400**

VPPLT 974 VPPLT 
1588 left right

?i2 Antero-posterior 
length

– – – – – – – – 6.8 –

Transverse length – – – – – – – – 9.3 –

?i3 Antero-posterior 
length

– – – – – – – 15.3 15.7 –

Transverse length – – – – – – – 11.3 12.2 –

Diastema ?i3-c Length – – – – – – – – – –

c Length – – – – – – – 7.3# – –
Width – – – – – – – 7.1# – –

Diastema c-p1 Length – – – – – – – – – –

p1 Length – 13.0 13.4 – – – – – – –
Width – 7.5 6.8 – – – – – – –

p2 Length – – – – – 14.4 – 15.8 – –
Width – – – – – 9.4 – 10.4 – –

p3 Length – – – 13.6 – 12.8 – 15.4 – –
Width 9# – – 12.2 – 12.9# – 12.4 – –

p4 Length 15.3# – – – – 14.6 – 14.8 – –
Width 14# – – – – 15.7** – 14.2 – –

m1 Length 16.4 15.1 15.6 – – 14.8** – 15.1 – –
Width 15.5 16.4# 16.0 – – – – 15.7 – –

m2 Length 19# 16.8 17.8 – – 15.6 – 16.6 – –
Width 17# 17.7# 16.6 – – 15.9 – 16.7 – –

m3 Length – – – – – – 19.1 17.4 – –
Width 18# – – – – – 15.7 16.4 – –

Mandible Depth at m1 47 – – – – – – 46.7 – –
Maximum 

thickness at m3
23 – – – – – – 28.8 – –

P1 Length – – 6.0 – – – – – – 14.2
Width – – 4.9 – – – – – – 10.1

P2 Length – – – – – – – – – 14.1
Width – – – – – – – – – 13.6

P3 Length – 14.2 – – – – – – – 14.1+

Width – 17.5 – – – – – – – 17.1+

P4 Length – 14.5 – – 13.8 – – – – –
Width – 17.5 – – 18.6 – – – – –

M1 Length – – – – 14.4 – – – – 14.9
Width – – – – 19.9 – – – – 18.6

M2 Length – 17.2 – – 15.1 – – – – 15.2
Width – – – – – – – – – 19.0

M3 Length – – – – 13.7 – – – – NA
Width – – – – 18.6 – – – – NA
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bulge at the anterolingual border of tooth. The protoconid, 
metaconid, hypoconid and entoconid are similar in size. The 
p4 has four roots, two mesial and two distal.

The p4 and the lower molars of VPPLT 974 show an 
advanced state of wear, and no crest are visible. The trigonid 
and talonid of the molars are comparable in length and width 
(Cifelli & Villarroel 1997). The paraconid is absent in all the 
lower molars. The protoconid, metaconid, and hypoconid have 
similar size, while the entoconid and hypoconulid are smaller. 
Due to wear, the hypoconulid is only distinct in the m3, 
where it is located distal to the other talonid cusps (Fig. 3D). 
The hypoconulid is slightly closer to the hypoconid, whereas 
in other Megadolodus specimens it is closer to the entoconid 
(Cifelli & Villarroel 1997). Unlike upper molars (VPPLT 
1588) where M2 is bigger than M1 and M3, the lower molars 
(VPPLT 974) have a similar size (Table 4). The lower molars 
have four roots, two mesial and two distal (Fig. 4).

Genus Neodolodus Hoffstetter & Soria, 1986

emended diAgnosis. — The dental formula is I 1/2 C 0/1 P 4/4 
M 3/3. Small, brachydont and bunodont megadolodine litoptern. 
Neodolodus differs from Megadolodus in its smaller size and having 
labial and lingual cingulids on m1-3. Neodolodus differs from Bou-
nodus in its smaller size, the P4 being of similar size (not smaller) 
than M1, and the P4-M1 with a quadrangular outline (not elon-
gated mesiodistally).

remArks

In comparison with other Laventan litopterns, Neodolodus 
differs from Mesolicaphrium sanalfonense (Cifelli & Guerrero 
1997; McGrath et al. 2020a) in the absence of a connection 
between the protocone and metaconule, having well-developed 
styles on the upper molars, and the absence of a mesostyle 
on P3. It differs from Villarroelia totoyoi in that P3-4 are 
not fully molariform lacking an hypocone, the absence of a 
mesostyle on P3 and P4, and the presence of a hypocone on 
M3 (Cifelli & Guerrero 1997).

Neodolodus colombianus Hoffstetter & Soria, 1986 
(Figs 1; 5-8)

holotype. — Specimen MNHN.F.VIV9, partial right mandible 
bearing p3-m3 (Fig. 7C).

referred mAteriAl. — VPPLT 183, isolated right M1 (Fig. 6B). 
VPPLT 1696, almost complete skull with left and right ?I2 and 
P1-M3 (Figs 5-6A). Partial mandible with complete right and left 
dentition except for left ?i2 (Fig. 7A-B, D). Partial right scapula 
(Fig. 8A), partial right tibia (Fig. 8B), left metacarpal III (Fig. 8C), 
right metatarsal III (Fig. 8D), and fragments of undetermined (pos-
sibly for metapodials III) phalanx.

type locAlity And horizons. — VPPLT 183 comes from Kilómetro 
121 (3°19’29”N, 75°10’55”W), La Victoria Formation in the bed set 
below the Cerbatana conglomerate (StL 7; Mora-Rojas et al. 2023). 
VPPLT 1696 comes from Piedra Gorda, San Nicolás (3°16’45”N, 
75°11’46”W), Villavieja Formation, Monkey beds (StL 9; Mora-
Rojas et al. 2023) (Fig. 1).

diAgnosis. — Same as for the genus due to monotypy.

remArks

Previously known craniodental and postcranial material 
referred to Neodolodus colombianus included partial mandibles 
that preserved p2, p3, p4, m1, m2 and m3. Partial premaxilla 
with ?I2, and maxillae that preserved P2, P3, P4, M1, M2 and 
M3 (Table 3). The known postcranial elements include partial 
humerus, radii, metacarpal III and II or IV,  manual phalanx, 
partial pelvis, femur, tibia, astragalus, calcaneus, metatarsal III 
and pedal phalange (Cifelli & Guerrero Díaz 1989).

Previously known specimens referred to Neodolodus did not 
preserve the rostral portion of the cranium and mandible, 
and the new material clarifies the number and morphology 
of the upper and lower incisors, canines and anterior pre-
molars (Table 3).

description

VPPLT 1696 preserves most of the cranium although many 
parts are damaged with cracks and crushed fragments of bone. 
Parts of the maxilla, palatines, the left zygomatic arch, the 
nasal, frontal, squamosal, parietal, alisphenoid and occipital 
bones, and most of the mandible are preserved but, except 
for teeth, the bad state of preservation does not permit to 
describe subtle anatomical details (Figs 5; 6A; 7A, B, D). 
VPPLT 1696 is referred to Neodolodus based on its small size 
(Table 5), brachydont and bunodont dentition, the absence 
of a mesostyle on P3-4 (Figs 5B; 6A), a small paraconid pre-
sent on p3 but absent on p4-m3, and the isolated entoconid 
on m1-3 (Fig. 7B, D) (Hoffstetter & Soria 1986; Cifelli & 
Guerrero Díaz 1989; McGrath et al. 2020a).

The cranium measures c. 10.5 cm from the most caudal 
point of the sagittal crest to the most rostral point of the snout 
between the incisors. It is damaged, lacking portions of the 
prexamilla and maxilla. Due to the preservation, no sutures 
or synchondrosis are clearly visible. In ventral view, the pal-
ate looks narrow, but it is unclear whether this is due to a 
slight post-mortem mediolateral compression of the cranium 
or represents the unaltered morphology. The choanae open 
directly posteromedially to the distal edges of the M3, with 
a rounded rostral edge. From there, the basipharyngeal canal 
is bordered laterally by the sagittally-oriented ectopterygoid 
crests, up to the auditory region caudally. In lateral view, the 
rostrum is low and elongated (Fig. 5A). The orbit is large, with 
a large frontal postorbital process of the frontal posteriorly. 
The zygomatic arch does not extend much laterally but this 
might be due in part to postmortem deformation. In dorsal 
view, the temporal lines are concave caudally, extending from 
the caudal margin of the orbit and meeting on the roof of the 
cranium at the level of the rostral edge of the posterior root 
of the zygomatic arch (Fig. 5A). The union of these temporal 
lines forms a well-defined sagittal crest caudally.

The mesial-most pair of the upper teeth (?I2) are developed 
into tusks, which are triangular in cross-section and curved 
ventrally (Fig. 5A). The most apical portion of the tusks is 
not preserved, and is not possible to assess if the upper tusks 
touched with the lower ones, as it appears to be the case in 

http://coldb.mnhn.fr/catalognumber/mnhn/f/viv9
https://www.openstreetmap.org/?mlat=3.32472222222222&mlon=-75.1819444444444#map=11/3.32472222222222/-75.1819444444444
https://www.openstreetmap.org/?mlat=3.27916666666667&mlon=-75.1961111111111#map=11/3.27916666666667/-75.1961111111111
https://www.openstreetmap.org/?mlat=3.27916666666667&mlon=-75.1961111111111#map=11/3.27916666666667/-75.1961111111111
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A

B

C

?I2

Zygomatic arch

Temporal line

Temporal line

Orbit

?I2

P1

Sagittal crest

Sagittal crest

Choanae

Ectopterygoid crest

Zygomatic arch

fig. 5. — Skull and upper dentition of Neodolodus colombianus Hoffstetter & Soria, 1986: A, cranium (VPPLT 1696) in left lateral view; B, cranium in ventral view; 
C, cranium in dorsal view. Scale bar: 1 cm.
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Megadolodus (Fig. 3C). In Neodolodus, the crown of P1 is sim-
ple with a single centrally-located cusp with a crest extending 
mesially, as in Megadolodus. The distal portion of the crown 
has an oblique wear facet oriented distolingually (Figs 5B; 
6A). The P2 also has one cusp, located on the labial side 
and positioned mesial of the midline of the tooth. The tooth 
exhibits a lingual basin which is stretched distomesially and 
bordered by a distolingual cingulum (Figs 5B; 6A). A small 
cusp was also likely present on the distolingual edge of this 
basin, but the wear stage of the tooth precludes a definite 
statement on this morphology. On the distolabial border of 
the crown there is a metastyle.

The upper premolars and molars of VPPLT 1696 increase 
in size from P3 to M2 (Table 5), and the M3 is similar in 
size to P4, as in Megadolodus (Cifelli & Villarroel 1997), 
Anisoplophus, Diadiaphorus, Megadolodus and Villarroelia, 
and unlike Tetramerorhinus where the M3 is larger or of 
similar size to M1-2. The P3-4 are partly molariform, they 
have a well-developed protocone, paracone and metacone, 
but they lack a fully individualized hypocone (an incipient 
cingulum-derived hypocone is visible on P4) (Figs 5B; 6A). 
As in Megadolodus (Fig. 2C, E), there is a parastyle and meta-
style on the ectoloph of the P3 and P4 of Neodolodus, but no 
mesostyle (Fig. 6A). Two faint labial ridges are visible on the 
labial wall of the paracone and metacone (Figs 5B; 6A). As 
seen in other specimens of Neodolodus (Cifelli & Guerrero 
Díaz 1989), the posterior premolars of VPPLT 1696 have a 
thick mesiolingual cingulum that defines a small basin directed 
labiolingually. The paraconule and metaconule are distinct, 
the former being connected to the protocone by the prepro-
tocrista, whereas the latter is isolated (Fig. 6A).

The upper molars exhibit a labially protruding mesostyle, 
especially on M1-2. The parastyle and metastyle are less 
developed than the mesostyle (Fig. 6A). A cingulum of vary-
ing thickness is present at both labial corners at the base of 

the crown, as described in other specimens of Neodolodus 
(Cifelli & Guerrero Díaz 1989). All the upper molars have 
a postcingulum-derived hypocone (Figs 5B; 6A). The para-
cone and metacone are well-defined and not connected to 
the paraconule or metaconule. As in Megadolodus, there are 
two ridges on the labial flank of the paracone and metacone, 
although in Neodolodus these ridges are more developed 
(Figs 2F; 6A). The upper molars of Neodolodus also exhibit a 
thick mesiolingual cingulum that forms a basin just like on 
P3-4 (Figs 5B; 6A) (Cifelli & Guerrero Díaz 1989). The para-
conule is connected by the preprotocrista to the protocone, as 
in Megadolodus, (Cifelli & Villarroel 1997). The metaconule 
is isolated from other cusps in all the molars. The hypocone 
is small and connected to the protocone on M3 by a small 
lingual crista (Fig. 6A), as in other specimens of Neodolodus 
(McGrath et al. 2020a).

The mandible of VPPLT 1696 preserves most of the right 
and left horizontal rami and part of the left ascending ramus 
(Fig. 7A). The mandibular symphysis extends caudally until 
the level of the p2 (Fig. 7B). Of the two mesial-most incisors, 
only the crown of the right ?i2 is preserved. It is spatulate 
with flat lingual and labial faces. The base of the crown of 
the right and left ?i3 are preserved (Fig. 7A, B). The ?i3 have 
flat lingual and convex labial faces, separated by medial and 
labial ridges. The ?i3 are considerably larger than the ?i2. As 
in Megadolodus, there are two short diastemata (Fig. 7B), one 
between the ?i3 and the canine (5.0 and 4.0 mm in right and 
left side respectively), and one between the canine and the 
p1 (4.0 and 3.0 mm in right and left side respectively). The 
canine is small and somewhat spatulate, with a flat lingual 
face and a convex labial one (Fig. 7A, B).

The p1-2 are simple with a single cuspid located slightly 
mesial to the centre of the tooth, which results in a nearly 
triangular shape in labial view. On both teeth, crests extend 
downward mesially and distally from the main cuspid 
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Metastyle

Mesostyle

Mesostyle

Mesostyle

Parastyle

Paracone

Preparaconular crista

Preprotocrista

Protocone

Hypocone

Mesiolingual
cingulum

Metacone

Paraconule

Metaconule

B

Mesial

Lingual

Mesial

Lingual

Mesial

Labial

fig. 6. — Detail of upper dentition of Neodolodus colombianus Hoffstetter & Soria, 1986: A, left upper cheekteeth in occlusal view (VPPLT 1696); B, right M1 
(VPPLT 183) in occlusal (top), lingual (middle) and distal (bottom) views. Scale bars: 1 cm.
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(Fig. 7B). On p2, the distal crest gently curves lingually 
and upwards at its distal end which resembles an incipient 
talonid (Cifelli & Guerrero Díaz 1989). The size of the pre-
molars increases from p1 to p4. The p3 is bicrescentic, with 
the trigonid being narrower than the talonid (Fig. 7D). A 
low cuspid is present at the mesial edge of p3, which may 
well represent an incipient paraconid; this cuspid is absent 
on p4 and lower molars, as already described for this spe-
cies (Hoffstetter & Soria 1986; Cifelli & Guerrero Díaz 
1989). The p4 is molariform, without paraconid (Fig. 7D). 
The lingual portion of the crown of the right p4 of VPPLT 

1696 is broken, but the left p4 is complete. In Neodolodus, 
the hypoconulid is absent on p3-4 (Fig. 7D). There is a low 
metaconid on p3, and the same cuspid is more developed 
on p4. The metaconid is separated from the protoconid by 
a sulcus on its mesial edge. The entoconid is isolated from 
other cuspids on both teeth (Fig. 7D).

The lower molars of Neodolodus are bicrescentic and 
increase in length from m1 to m3 (Cifelli & Guerrero Díaz 
1989). VPPLT 1696 has high wear on m1 and moderate 
wear on m2, whereas the m3 is only slightly worn (Fig. 7B, 
D). The less worn state of m3 allows the preservation of 
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fig. 7. — Mandible and lower dentition of Neodolodus colombianus Hoffstetter & Soria, 1986: A, partial mandible (VPPLT 1696) in left lateral view; B, partial 
mandible (VPPLT 1696) in dorsal view; C, holotype (MNHN.F.VIV9) in occlusal (top), labial (middle) and lingual (bottom) views; D, detail of the left lower dentition 
(c-m3) of VPPLT 1696 in occlusal view. Scale bars: 1 cm.

http://coldb.mnhn.fr/catalognumber/mnhn/f/viv9
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the protocristid, which connects the protoconid and the 
metaconid along their distal edges (Fig. 7D). There is a 
mesial crest extending from the protoconid. The absence 
of paraconid results in an ovate outline of the trigonid. The 
hypoconid is the largest cusp on the molar talonid. It is con-
nected to the base of the metaconid and trigonid through 
a low cristid obliqua and to the hypoconulid through a 
low distal cristid (hypocristid). The entoconid is isolated 

from other cusps on all the lower molars (Hoffstetter & 
Soria 1986) and located in a more lingual position than 
the hypoconulid (Cifelli & Guerrero 1997; McGrath et al. 
2020a). The hypoconulid is smaller than the entoconid on 
m1-2 (Fig. 7D). The hypoconulid on m3 is located distally 
from the hypoconid and entoconid and is connected to a 
cristid extending lingually from it, without reaching the 
entoconid (Fig. 7D).

table 5. — Craniodental measurements (in mm) of specimens of Neodolodus colombianus Hoffstetter & Soria, 1986 from La Venta assemblage. *, type specimen, 
taken from Hoffstetter & Soria (1986); **, taken from Cifelli & Guerrero Díaz (1989); #, estimated due to specimen breakage.

MNHN. 
F.VIV9*

Duke-ING UCMP 
37691**

Duke-ING 
88-332**

IGN 
182578**

UCMP 
38910**

IGN 
182568**

VPPLT 1696 VPPLT 
183left right86-093** 86-274** 86-288**

?i2 Antero-posterior 
length

– – – – – – – – – – – –

Transverse length – – – – – – – – – – – –

?i3 Antero-posterior 
length

– – – – – – – – – 4.1 4.2 –

Transverse length – – – – – – – – – 2.6 2.6 –

Diastema 
?i3-c

Length – – – – – – – – – 6.2 6.9 –

c Length – – – – – – – – – 3.2 3.0 –
Width – – – – – – – – – 2.0 2.2 –

Diastema 
c-p1

Length – – – – – – – – – 3.6 4.9 –

p1 Length – – – – – – – – – 4.8 4.9 –
Width – – – – – – – – – 2.9 2.6 –

p2 Length – – – – – – 7.3 – – 6.8 6.4 –
Width – – – – – – 3.6 – – 3.6 3.3 –

p3 Length 8.2 – – – – – – – – 7.1 6.7 –
Width 4.5 – – – – 4.6 – – – 4.5 4.6 –

p4 Length 7.5 – 7.3 – 7.5 7.4 – – – 6.6 6.8 –
Width 5.6 – 5.8 – 6.0 5.8 – – – 5.4 – –

m1 Length 6.5 6.7 6.7 – 6.9 6.6 – – – 6.3 6.1 –
Width 5.8 5.4 6.1 – 6.0 6.8# – – – 5.5 5.7 –

m2 Length 7.5 7.6 – 6.8 7.3 7.9 – – – 6.7 6.1 –
Width 6.5 5.9 6.0 5.6 6.7 6.2 – – – 5.8 6.1 –

m3 Length 8.0 9.2 – 8.7 9.3 8.0 – – – 7.4 7.9 –
Width 6.0 5.6 – 5.5 6.1 5.0 – – – 5.8 5.6 –

Mandible Depth at m1 – – – – – – – – – 6.2# – –
Maximum 

thickness at m3
– – – – – – – – – 7.5 7.5 –

C Maximum 
diameter

– – – – – – – – – 6.4 5.3 –

P1 Length – – – – – – – – – 6.7 5.8 –
Width – – – – – – – – – 3.5 3.5 –

P2 Length – – – – – – – – – 6.3 5.7 –
Width – – – – – – – – – 5.4 5.6 –

P3 Length – – – – – – – 6.8 7.0 6.1 5.8 –
Width – – – – – – – 8.2 8.3 7.5 7.2 –

P4 Length – – – – – – – 7.3 7.3 6.0 6.0 –
Width – – – – – – – 8.9 8.9 7.9 7.2 –

M1 Length – – – – – – – – 7.2 6.0 6.0 7.0
Width – – – – – – – – 9.0 7.9 7.2 9.4

M2 Length – – – – – – – 7.0 7.9 6.8 6.2 –
Width – – – – – – – 9.4 10.3 9.1 8.7 –

M3 Length – – – – – – – 7.0 – 5.9 5.4 –
Width – – – – – – – 8.2 – 7.4 8.0 –

http://coldb.mnhn.fr/catalognumber/mnhn/f/viv9
http://coldb.mnhn.fr/catalognumber/mnhn/f/viv9
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Associated postcranial elements of VPPLT 1696 include a 
partial scapula and limb bones. The right scapula preserves 
the glenoid fossa, part of the spine and the blade (Fig. 8A). 
The glenoid fossa is semi-circular, being rounded on the lat-

eral edge and straighter in the dorsal edge. The neck is short 
and wide. The spine is broken, it is narrow and located in 
the middle of the blade. Most of the blade is not preserved 
and the relative size and shape of the supraspinous and infras-
pinous fossae cannot be assessed. The right tibia preserves the 
shaft and the distal epiphysis (Fig. 8B). The medial malleolus 
extends further distally than the lateral malleolus, as in Dia-
diaphorus majusculus (Schmidt et al. 2019b). On the latero-
posterior part of the distal end of the tibia, there is a facet for 
the articulation with the fibula (Fig. 8B). The metapodials 
III (Fig. 8C-D) have a straight and long diaphyses, and the 
distal  a well-defined keels, as seen in other proterotheriids 
(Carrillo et al. 2018; Schmidt et al. 2019b). By comparison 
with the known metapodials III of Megadolodus (Cifelli & 
Villarroel 1997), we tentatively identify one element as left 
metacarpal III (Fig. 8C) because it is shorter and more robust 
than the other element, which we identify as the right meta-
tarsal III (Fig. 8D). The metacarpal III has a small facet for 
the articulation with the metacarpal II on the medial side, 
and the proximal epiphysis is not fused (Fig. 8C).

PHYLOGENETIC ANALYSES

extended mAtrix

The parsimony analysis of the extended matrix yielded 281 
trees, 405 steps long, with a consistency index of 0.344 and a 
retention index of 0.688. A strict consensus of these trees (Fig. 9) 
shows a polytomy at the base of the ingroup including mem-
bers of Didolodontidae, represented in our taxonomic sample 
by Didolodus, Ricardocifellia, and Lamegoia (Croft et al. 2020), 
and Protolipternidae (Cifelli 1983), represented by Miguelsoria, 
Protolipterna, and Asmithwoodwardia (Fig. 9). The polytomy 
includes Miguelsoria, a clade formed by Protolipterna + Didolo-
dontidae (Bremer support = 1), and a clade including all the 
remaining ingroup taxa (Bremer support = 1), with Asmith-
woodwardia as the earliest diverging taxon within this clade.

The Prolipterna + Didolodontidae clade is supported by one 
unambiguous synapomorphy (see characters [and states] in 
Appendix 2): metastyle absent on P4 (36[0]). Didolodontidae 
is recovered as monophyletic (Bremer support = 2), and it is 
supported by 14 unambiguous synapomorphies: presence of 
hypocone on M3 (66[1]), low astragalar body, without sharp 
crests (101[0]) , tibial trochlea of the astragalus restricted to 
the dorsal surface (102[0]), ovoid astragalar head (103[0]) , 
navicular facet of the astragalus restricted to the distoinferior 
part of the head (104[0]), presence of the cuboid facet on the 
astragalus (105[0]), presence of a medial collateral ligament 
facet on the astragalus(106[0]), a shallow astragalar ectal facet 
facing inferiorly (107[0]), medial malleolar facet of the astra-
galus restricted to medial side of the body (108[1]), medial 
side of the astragalus with a strong anterior flare (109[1]), the 
presence of a medial expansion of the astragalar head (110[1]), 
short calcaneal neck with the cuboid facet nearly perpendicular 
to the axis of the calcaneus (111[0]), subplanar sustentacular 
facet of calcaneus, facing dorsodistally (112[0]), and presence 
of a dorsal beak on the distal end of the calcaneus (113[1]).
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fig. 8. — Scapula and limb bones of Neodolodus colombianus (VPPLT 1606): 
A, partial right scapula in dorsolateral view (left) and proximal view (right); 
B, partial right tibia in anterior (left), posterior (middle) and distal (right) views; 
C, left metacarpal III in anterior (left), medial (middle) and posterior (right) 
views; D, right metatarsal III in anterior (left), medial (middle) and posterior 
(right) views. Scale bars: 1 cm.
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A large clade (node A1 in Fig. 9; Bremer support = 3) 
includes all the remaining ingroup taxa and is supported by 
11 synapomorphies: parastyle forming a strong projection 
in P3 (31[1]), and P4 (32[1]), cheek teeth bunoselenodont 
(37[1]), presence of metaconid on p2 (40[1]), presence of a 
labial cingulid on p3 (41[1]), and p4 (51[1]), lophate talo-
nid on p4 (49[2]), paralophid on m1-2 terminating near 
the midline (80[1]), lingual attachment of the lower molar 
cristid obliqua to the trigonid (90[1]), and presence of lingual 
cingulids on m1-2 (94[1]), and m3 (95[1]).

Adiantoides and Indalecia (classified as Indaleciidae, Cifelli & 
Soria 1983) form a politomy at the base of node A1, together 
with a clade formed by all the remaining litopterns (node B, 
Bremer support = 2) (Fig. 9). The node B is supported by 
seven unambiguous synapomorphies: posteriormost point of 
the mandibular symphysis at the level of p2 (11[1]), presence 
of metaconule on P4 (29[1]), paracone and metacone sub-
equal and well separated from each other (33[1]), presence 
of mesostyle in upper molars (59[1]), and mesiolingual cin-

gulum connected to protocone on M1 (73[1]), M2 (74[1]), 
and M3 (75[1]).

The adianthid Proectocion (Cifelli & Soria 1983) is recov-
ered as closely related to Polymorphis (Bremer support = 1), 
nested within Macraucheniidae (Bremer support = 1), which 
is represented by three taxa in our sample (Polymorphis, The-
osodon and Cramauchenia) (Fig. 9). The Macraucheniidae 
+ Proectocion clade diverges at the base of node B and is 
supported by three unambiguous synapomorphies: upper 
molar hypocone developed as crescent (64[1]), presence 
of hypocone on M3 (66[1]), and lower molar metaconid 
developed as a distinct column (82[1]). The close rela-
tionship between the more recent macraucheniids in our 
sample (Theosodon and Cramauchenia; Bremer support = 
2) is supported by three unambiguous synapomorphies: 
postcingulum in upper molars enlarged enclosing a basin 
(70[1]), anterior attachment of the lower molar entoconid 
to the hypolophid (86[1]), and the lower molar entoconid 
developed as an entolophid (87[1]).
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Anisolophus australis (Burmeister, 1879)
Lambdaconus suinus Ameghino, 1897

1

1

1
1

1

1
1

1

1

1

3

5

1

1

1

1

1

2

2

2

2

2

2

2

Paramacrauchenia scamnata (Ameghino, 1902)
Lambdaconus lacerum (Ameghino, 1902)

Victorlemoinea prototypica Paula Couto, 1952

Mesolicaphrium sanalfonense (Cifelli & Guerrero, 1997)
Picturotherium migueli Kramarz & Bond, 2005
Diplasiotherium robustum Rovereto, 1914

Proectocion Ameghino, 1904

Tiuclaenus Muizon & Marshall, 1987
Simoclaenus sylvaticus Muizon & Cifelli, 2000

Neodolodus colombianus Hoffstetter & Soria, 1986
Megadolodus molariformis McKenna, 1956

Anisolambda Ameghino, 1901 

Paranisolambda prodromus (Paula Couto, 1952)

Protheosodon coniferus Ameghino, 1897
Theosodon Ameghino, 1887

Polymorphis Roth, 1899
Indalecia grandensis Bond & Vucetich, 1983
Adiantoides leali Simpson & Minoprio, 1949
Asmithwoodwardia scotti Paula Couto, 1952
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fig. 9. — Hypothesis of phylogenetic relationships within Didolodontidae and Litopterna based on the analysis of the extended matrix. Strict consensus of the 
281 most parsimonious trees resulting from the analysis. The numbers at the nodes indicate the Bremer support. The nodes indicated with letters are discussed 
in the text.
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A less inclusive clade defined by node C (Bremer sup-
port = 1) includes proterotheriids and closer allies (Fig. 9). 
Anisolambdidae (represented in our sample by Paranisolambda, 
Anisolambda, and Protheosodon; Croft et al. 2020) is not 
recovered as a monophyletic group (Fig. 9). Protheosodon is 
the earliest taxon to diverge at the base of node C, whereas 
Paranisolambda and Anisolambda are nested within a less 
inclusive clade defined by node D (Bremer support = 1). 
Within this clade, Paranisolambda is recovered as the sister 
taxon of Victorlemoinea, and Anisolambda as the sister taxon 
of Lambdaconus suinus (Fig. 9).

Megadolodus and Neodolodus are recovered as sister taxa 
(Bremer support = 5; Fig. 9), supporting the inclusion of 
Neodolodus in Megadolodinae (Cifelli & Villarroel 1997). 
Megadolodinae is nested within the clade defined by node 
D, and it is supported by 10 unambiguous synapomorphies: 
P4 metaconule isolated (30[2]), small parastyle on P3 (31[0]) 
and P4 (32[0]), bunodont cheek teeth (37[0]), absence of 
metaconid on p2 (40[0]), parastyle of upper molars not 
forming a labial projection (58[0]), presence of hypocone 
on M3 (66[1]), absence of paralophid on m1-2 (80[0]) and 
m3 (81[0]), and a median attachment of the cristid obliqua 
to the trigonid (90[0]).

In the analysis of the extended matrix, the other litopterns 
reported from La Venta (Table 1) also branch within the 
clade that includes protherotheriids and close allies (node C 
in Fig. 9). Mesolicaphrium sanalfonense is recovered forming 
a politomy at base of the clade together with Diaplasotherium 
robustum, Picturotherium migueli, the clade defined by node 
D, and a a large proterotheriid clade (node E, Bremer sup-
port =1) (Fig. 9). At the base of the clade defined by node E 
is a polytomy that includes Anisolophus floweri, Anisolophus 
australis, Prolicaphrium specillatum and a less inclusive clade 
of proterotheriids (node F1, Bremer support =1). Villarroelia 
totoyoi is the earliest taxon to diverge within this clade, which 
also includes the more derived proterotheriids (Fig. 9).

Overall, the Bremer support for the nodes of the phylogenetic 
hypothesis obtained with the extended matrix is low (Fig. 9), 
with most nodes having a Bremer support of one or two. 
Only two nodes show relatively high Bremer support values: 
the node defining the Megadolodinae clade with a support 
of five, and the node that includes the advanced litopterns 
(node A1) with a support of three (Fig. 9).

reduced mAtrix

The parsimony analysis of the reduced matrix yielded 580 
trees, 367 steps long, with a consistency index of 0.365 and 
a retention index of 0.675. The strict consensus of these trees 
(Fig. 10) is poorly resolved and shows a basal polytomy includ-
ing the representatives of Didolodontidae and Protolipternidae, 
and a larger clade (node A2 in Fig. 10; Bremer support = 2) 
formed by all the remaining ingroup taxa (Fig. 10). Didolo-
dontidae is not recovered as monophyletic, but Lamegoia and 
Ricardocifellia are recovered as sister taxa (Bremer support = 1). 
All the representatives of Protolipternidae (Miguelsoria, Pro-
tolipterna, and Asmithwoodwardia) are recovered as part of 
the polytomy (Fig. 10).

The clade A2 issued from the analysis of the reduced matrix 
(Fig. 10) is similar in its taxonomical content, but not in 
its topology, to the clade A1 obtained with the extended 
matrix (Fig. 9). In the analysis of the reduced matrix, there is 
indeed a large polytomy at base of node A2, which includes 
representatives of Indaleciidae and Anisolambdidae, Victor-
lemoinea, Paramacrauchenia, Anisolophus, Diplasiotherium, 
Lambdaconus, Picturotherium, Mesolicaphrium, Prolicaphrium, 
Megadolodinae, a clade including macraucheniids, Proecto-
cion and Protheosodon (node G), and a clade including later 
diverging proterotheriids (node F2) (Fig. 10). The clade 
defined by node A2 is supported by three unambiguous 
synapomorphies: bunoselenodont cheek teeth (30[1]; also a 
synapomorphy for node A1 in the extended matrix analysis), 
M3 larger or of similar size than M1-2 (61[1]), and lingual 
attachment of the lower molar cristid obliqua to the trigonid 
(74[1]; also a synapomorphy for node A1 in the extended 
matrix analysis).

The Anisolambdidae (Paranisolambda, Anisolambda, and 
Protheosodon) is not recovered as monophyletic, with Pro-
theosodon appearing within the clade defined by node G 
(Bremer support = 1), as the sister taxon to macraucheniids 
and Proectocion (Fig. 10). As in the analysis of the extended 
matrix (Fig. 9), the adianthid Proectocion is recovered as 
closely related to Polymorphis, nested within Macraucheniidae 
(Polymorphis, Theosodon and Cramauchenia) (Fig. 10). The 
Macraucheniidae + Proectocion clade (Bremer support = 1) 
is supported by five unambiguous synapomorphies: reduced 
talonid on p3 (35[1]), p3 trigonid mesiodistally longer than 
talonid (36[0]), p3 hypoconid positioned lingual of proto-
conid (37[1]), presence of hypocone in all the upper molars 
(55[2]), and lower molar metaconid developed as a distinct 
column (67[1]; a synapomorphy also indicated in the extended 
matrix analysis). The close relationship between the more 
derived macraucheniids (Theosodon and Cramauchenia) is 
supported by two unambiguous synapomorphies: anterior 
attachment of the lower molar entoconid to the hypolophid 
(71[1]; a synapomorphy also indicated in the extended matrix 
analysis), and the lower molar entoconid developed as an 
entolophid 72([1]; a synapomorphy also indicated in the 
extended matrix analysis).

The analysis of the reduced matrix also recovered Megadolodus 
and Neodolodus as sister taxa, forming the clade Megadolodi-
nae (Bremer support = 2; Fig. 10). This clade is supported by 
six unambiguous synapomorphies: absence of mesostyle and 
paracone and metacone broadly space on P3 (19[1]), small 
parastyle on P3-P4 (25[0]; a synapomorphy also indicated 
in the extended matrix analysis), absence of mesostyle on P4 
(28[0]), bunodont cheek teeth (30[0]; a synapomorphy also 
indicated in the extended matrix analysis), and absence of 
paralophid on m1-2 (65[0]), and m3 (66[0]; synapomorphies 
also indicated in the extended matrix analysis).

One litoptern taxa from La Venta, Villarroelia totoyoi, is 
found within in a large clade that includes the more derived 
protherotheriids (node F2 in Fig. 10; Bremer support =1), 
whereas the other Laventan litoptern, Mesolicaphrium sanal-
fonense, is recovered at the polytomy at the base of node A2 
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(Fig. 10). The Bremer support of the nodes within the clade 
defined by the node F2 are low, with all the nodes having a 
value of 1.

The Bayesian phylogenetic analysis of the reduced matrix 
(Fig. 11)  recovers two basal clades. One clade (node H in 
Fig. 11; posterior support = 0.8) includes the Didolodontidae 
(posterior support = 1) and Protolipternidae (posterior sup-
port = 0.8), each one recovered as monophyletic and being 
sister clades (Fig. 11). The second clade (node A3 in Fig. 11; 
posterior support = 0.9) includes all the remaining ingroup 
taxa, and is similar in its content to the clades recovered in 
the analyses using parsimony (nodes A1 [Fig. 9] and A2 
[Fig. 10]). In the Bayesian analysis, the clade defined by node 
A3 contains two main clades. In one clade (node I in Fig. 11), 
Paranisolambda is the earliest taxon to diverge, followed by 
Adiantoides, Proectocion and Macraucheniidae (composed by 
Polymorphis, Cramauchenia and Theosodon), which is recovered 
as monophyletic, although with a low posterior support (< 
0.5). The second main clade in A3 (node J in Fig. 11) includes 

Indalecia, Victorlemoinea, the anisolambdis Anisolambda and 
Protheosodon and most of the taxa recognized as proterotheriids 
in previous studies (e.g., McGrath et al. 2020b).

The Bayesian analysis also strongly supports a monophyletic 
Megadolodinae (represented by Megadolodus and Neodolo-
dus; posterior support = 1), with an estimated time of origin 
of 14 Ma (95% credible interval = 12.9-15.8 Ma; Fig. 11). 
Megadolodinae is recovered within the clade defined by node 
J, and, within it, in a less inclusive clade that also includes 
the two other Laventan protherotheriids (Villarroelia and 
Mesolicaphrium). The latter clade (node K in Fig. 11; posterior 
support < 0.5) was not recovered by any of the two analyses 
using maximum parsimony (Figs 9-10). Within it, Picturoth-
erium is the earliest taxon to diverge, and it is sister to a clade 
defined by node L, which has two subclades. One includes 
Megadolodinae as the sister group of Anisolophus australis. In 
the second subclade, Anisolophus floweri is the earliest taxon 
to diverge, followed by Villarroelia. Mesolicaphrium appears 
as the sister taxon of Diaplasiotherium (Fig. 11).
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fig. 10. — Hypothesis of phylogenetic relationships within Didolodontidae and Litopterna based on the analysis of the reduced matrix and using maximum par-
simony. Strict consensus of the 580 most parsimonious trees resulting from the analysis. The numbers at the nodes indicate the Bremer support. The numbers 
at the nodes indicate the Bremer support. The nodes indicated with letters are discussed in the text.
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DISCUSSION

systemAtics of megAdolodinAe And proterotheriidAe

Megadolodus and Neodolodus are enigmatic bunodont native 
ungulates found in Miocene faunal assemblages of tropical 
South America (Cifelli & Guerrero Díaz 1989; Cifelli & Vil-
larroel 1997; Carrillo et al. 2018). Both taxa were initially 
identified as didolodontid ‘condylarths’ (McKenna 1956; 
Hoffstetter & Soria 1986). If affinities with didolodontids 
were accepted, it would imply the survival into the middle 
Miocene of a clade that is otherwise only known from the 
Palaeocene and Eocene (McKenna 1956; Gelfo et al. 2020). 
Megadolodus and Neodolodus were later classified into Proter-
otheriidae, within Litopterna (Cifelli & Guerrero Díaz 1989; 
Cifelli & Villarroel 1997; McGrath et al. 2020b). However, 
the possible affinities of these bunodont taxa with early 
litopterns and didolodontids had not been properly tested 
in phylogenetic analyses. This work presents such an analysis.

The new material described here substantially increased 
the information on the craniodental anatomy of Megadolo-
dus and Neodolodus (Figs 2-8; Table 3), enabling us to better 
test the phylogenetic relationships of these taxa. We found 

no support of affinities of Megadolodus and Neodolodus with 
Didolondontidae. Instead, our results strongly support a close 
relationship between Megadolodus and Neodolodus. Based on 
the results of our phylogenetic analyses, we propose to include 
Neodolodus within Megadolodinae (Figs 9-11).

Megadolodinae is a clade of bunodont litopterns recorded in 
Neogene sediments of tropical South America (Cifelli & Vil-
larroel 1997; Carlini et al. 2006; Carrillo et al. 2018). Studies 
on the palaeobiology of megadolodines indicate they inhabited 
tropical forests. Dental and postcranial evidence suggest that 
Megadolodus had a body size of 40-65 kg (Cifelli & Villarroel 
1997; Croft 2016). The bunodont morphology suggests an 
omnivorous diet, including hard fruits (Cifelli & Villarroel 
1997), which was also probably true for Bonoudus (Carlini 
et al. 2006). Megadolodus shows some similarities to living suids 
such as having large cheek teeth, protruding lower incisors, 
robust femora and short distal limb elements (Cifelli & Vil-
larroel 1997). The small size, dental and postcranial anatomy 
of Neodolodus indicate cursorial adaptations and a browsing or 
frugivorous diet, similar to small cursorial and forest-dwelling 
living ungulates (e.g., tragulids) and rodents (e.g., agutis and 
pacas) (Cifelli & Guerrero Díaz 1989).
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Given the uncertainties of the phylogenetic relationships of 
Megadolodinae within Litopterna (Figs 9-11), it is not pos-
sible to establish if the bunodont condition of megadolodines 
is the result of a reversal from a lophodont condition, or the 
retention of the plesiomorphic condition. Megadolodus and 
Bounodus (recorded in the late Miocene assemblage of Urumaco, 
Venezuela; Carlini et al. 2006; Bond & Gelfo 2010) had been 
previously included within Megadolodinae. Unfortunately, 
the fragmentary nature and poor preservation of the known 
material of Bounodus (Carlini et al. 2006) made it difficult 
to include it in phylogenetic analyses. Previous analyses sup-
ported a close relationship of Neodolodus with Protheosodon 
(McGrath et al. 2020a; McGrath et al. 2020b).

McGrath et al. (2020b) proposed a stem-based definition 
of Proterotheriidae: “Proterotheriidae is defined as the clade 
composed of Tetramerorhinus lucarius Ameghino, 1894, (sensu 
Soria 2001) and all litopterns more closely related to it than to 
Macrauchenia patachonica Owen, 1838, Tricoelodus bicuspida-
tus Ameghino, 1897, or Protolipterna ellipsodontoides Cifelli, 
1983.” The phylogenetic analysis of McGrath et al. (2020b) 
did not include macraucheniids (the clade to which M. pata-
chonica belongs), whereas our taxon sampling includes three 
macraucheniids (Polymorphis, Cramauchenia and Theosodon).

Following the Protherotheriidae definition of McGrath et al. 
(2020b), it is unclear which node could represent Protheroth-
eriidae in our phylogenetic analyses. The nodes A1, A2 and A3 
(in Figs 9-11) include the advanced litopterns (all litopterns 
included in our analyses except protolipternids). The clades 
defined by these nodes include the macraucheniids Polymorphis, 
Cramauchenia and Theosodon and therefore do not correspond 
to Protheroriidae sensu McGrath et al. (2020b). The analysis of 
the extended matrix recovered a clade that includes Megado-
lodinae and the more derived proterotheriids to the exclusion 
of Macraucheniidae (node C, Fig. 9). However, this clade was 
not recovered in the analysis of the reduced matrix (Fig. 10). 
In fact, clades potentially corresponding to the definition of 
Proterotheriidae of McGrath et al. (2020b) strongly differ 
among our three analyses (node C in analysis with reduced 
matrix; node F2 in the parsimony analysis of extended matrix 
and node J in the Bayesian analysis of reduced matrix). Future 
studies that include a larger sample of macraucheniids may 
help to clarify the definition of Protherotheriidae, and whether 
Megadolodinae belongs to this clade.

Besides, we notice other major differences between the 
analyses using the extended (Fig. 9) and reduced (Fig. 10) 
matrices. Many of the subclades recovered within the clade 
including litopterns and close allies in the analysis of the 
extended matrix (node A1, Fig. 9), were not recovered in 
the analysis using the reduced matrix (node A2, Fig. 10). 
Only one subclade including the more derived proteroth-
eriids was recovered in both parsimony analyses, but not in 
the Bayesian analysis, (nodes F1 [Fig. 9] and F2 [Fig. 10]), 
although their topologies differed. This indicates that most 
interrelationships within Litopterna are highly sensitive to 
coding strategies and character correlations. The three phy-
logenetic analyses are consistent in: 1) the recognition of a 
large clade that includes advanced litopterns to the exclusion 

of protolipternids (nodes A1 [Fig. 9] , A2 [Fig. 10] and A3 
[Fig. 11]); 2) a clade formed by Macraucheniidae and Proe-
ctocion; and 3) a Megadolodinae clade.

McGrath et al. (2020b) recovered Megadolodus as the earli-
est diverging protherotheriid and Adiantoides as the second 
diverging taxon, a topology that requires a long ghost lineage 
for Megadolodus (Barrancan-Laventan SALMAs; c. 26 Ma; 
Appendix 4). Neodolodus was found more nested within Pro-
therotheriidae, as sister taxa to Protheosodon coniferus (McGrath 
et al. 2020b: fig. 6). In contrast, most of our results support 
a later diverging position of Megadolodinae nested within 
a clade including most proterotheriids (Figs 9; 11), with an 
estimated time of origin of c. 14 Ma for the divergence time 
between Megadolodus and Neodolodus, as indicated by the 
Bayesian analysis (Fig. 11).

systemAtics of didolodontidAe And litopternA

Our phylogenetic analyses present several insights on the 
interrelationships of litopterns and some closely related 
SANU clades. The analyses using maximum parsimony 
(with the extended and reduced matrices) and the Bayesian 
analysis suggest varying affinities between Didolodontidae 
and Protolipternidae (Figs 9-11). Only the Bayesian analysis 
recovered Didolodontidae and Protolipternidae as sister clades 
(posterior support = 0.8).

Traditionally, Litopterna does not include Didolodonti-
dae, but includes Protolipternidae and several other groups 
(Croft et al. 2020, and references therein). Our analyses failed 
to recover a monophyletic Litopterna, as we found that at 
least some members of Protolipternidae are closely related to 
Didolodontidae to the exclusion of other litopterns (Figs 9-11). 
As previously underlined by other authors (Billet et al. 2015), 
the monophyly of Litopterna remains to be properly tested 
with cladistic analyses using characters from different anatomi-
cal partitions and a large taxonomic sample. Although our 
character matrices include some postcranial characters (Cifelli 
1993), most of the characters are from the dentition. Dental 
characters may show high levels of homoplasy (Sansom et al. 
2016; Brocklehurst & Benevento 2020), and homoplasy in our 
analyses here is high (retention index is 0.688 in the extended 
matrix and 0.675 in the reduced matrix), which highlights the 
need for future analyses to include characters from different 
anatomical partitions (Billet et al. 2015).

Our analyses recovered Proectocion, traditionally classified 
within Adianthidae (Cifelli & Soria 1983; Croft et al. 2020), as 
a close relative to Macraucheniidae. Our taxonomic sampling 
reflects our goal to evaluate the relationships of Megadolodi-
nae with didolodontids and other early diverging litopterns, 
as well as with proterotheriids. The taxonomic sampling and 
character scoring in our analyses were not suited to evalu-
ate the relationships of Adianthidae within Litopterna, and 
the inclusion of additional adianthid taxa (e.g., Adianthus, 
Proadianthus) may confirm or refute their monophyly and 
potential affinities with macraucheniids. 

Previous studies have evaluated the interrelationships within 
Macraucheniidae (Forasiepi et al. 2016; McGrath et al. 2018), 
but to our knowledge, only the work of Cifelli (1993) attempted 
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to evaluate the origins and relationships of Macraucheniidae 
within Litopterna. In this regard, our work is a preliminary 
contribution towards elucidating the interrelationships of 
litopterns and closely related SANUs (Kollpaniinae, Didolo-
dontidae). Future studies might include more macraucheniids, 
but also modify and expand the character scoring to evaluate 
further the monophyly of Macraucheniidae and its relation-
ships within Litopterna.

Anisolambidae and Indaleciidae were not recovered as 
monophyletic in any of the three analyses (Figs 9-11). As 
in previous studies (McGrath et al. 2020a; McGrath et al. 
2020b), the three ‘anisolambdid’ taxa (Paranisolambda, Ani-
solambda and Protheosodon) were resolved in different branches 
(Figs 9-11). Therefore, our work shows that many aspects of the 
phylogenetic relationships and systematics within Litopterna 
deserve further analysis and call for more efforts in increasing 
anatomical and taxonomical sampling to make more progress 
regarding these long-standing issues.

AlternAtive ApproAches to chArActer construction 
in litopternA systemAtics

In our phylogenetic analyses, we tested two alternative 
approaches of character construction for serial characters 
on the dentition, since among-characters correlations in this 
anatomical partition may hinder phylogenetic constructions 
(Billet & Bardin 2019). The reductive coding approach scores 
characters separately assuming the observed morphological 
variations are independent, whereas the composite coding 
approach favours the construction of a single character when 
the observed variation is hypothesized to be biologically 
non-independent (Wilkinson 1995; Billet & Bardin 2019). 
Our analyses using the reductive and the composite cod-
ing approaches are congruent in the composition of nodes 
A1 and A2 (Figs 9-10) and a very limited number of other 
nodes (see above). However, the interrelationships within 
these clades varied substantially depending on the coding 
strategy, urging caution with regard to the phylogeny of this 
group. The sensitivity of our analyses to coding approaches 
highlights the importance of critical evaluation of character 
construction in morphological phylogenetics in general, and 
for litopterns in particular for which data matrices contain a 
wealth of serially repeated dental characters. Further research 
is also needed in that regard.

CONCLUSION

We report new material of Megadolodus and Neodolodus from 
La Venta, which clarifies the number of lower incisors in these 
taxa, and shows that the lower tusks are not lower canines 
as previously hypothesized. The relative low degree of dental 
wear undergone by the new specimens provided new infor-
mation on their upper and lower dentition to reassess their 
phylogenetic relationships. The new fossil material described 
here supports a close relationship between Megadolodus and 
Neodolodus within Litopterna and no affinities with Didolo-
dontidae. Our analyses unambiguously support the mono-

phyly of Megadolodinae as a clade of bunodont Neotropical 
litopterns. While the discovery of the new remains enlight-
ens part of the litoptern phylogeny, there are still significant 
uncertainties regarding many aspects of the phylogenetic 
interrelationships within Litopterna.
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Photos of casts of specimens previously described from La 
Venta (Cifelli & Guerrero 1997) were kindly provided by 
A. McGrath. Unless otherwise state it in Appendices 2 and 
3, we maintained the character scores for protherotheriid taxa 
of McGrath et al. (2020b).

Adiantoides leali
Pictures of MCNAM-PV 3004, kindly provided by Esperanza 
Cerdeño and Guillermo Campos, director of the Museo de 
Ciencias Naturales y Antropológicas J.C. Moyano (Simpson & 
Minoprio 1949; Cifelli & Soria 1983).

Anisolophus australis
Descriptions and figures of Scott (1910) and Soria (2001), 
and the revision of the following specimens: YPM PU 15368, 
YPM PU 15996, and MNHN.F.SCZ208.

Anisolophus floweri
Descriptions and figures of Scott (1910) and Soria (2001).

Asmithwoodwardia scotti
Photos and casts of DGM 358M (holotype) (Paula Couto 
1952).

Brachytherium cuspidatum
Photos of MLP 70-I-10-3, and descriptions and figures of 
Soria (2001).

Cramauchenia normalis
Description, illustrations and photographs of MPEF-PV 2524, 
MACN A-52-219 (lectotype), MACN A-52-220 (paralecto-
type), MACN A-52-221, MACN A-52-233, MACN A-52-
235, FMNH P13292 , FMNH P13293, FMNH P13301, 
FMNH P13586 (Soria 1981; Cifelli 1983; Dozo & Vera 2010).

Diadiaphorus majusculus
Descriptions and figures of Scott (1910) and Soria (2001), and 
the revision of the following specimens: MNHN.F.SCZ207, 
MNHN-1900-18 (uncatalogued MNHN.F.SCZ fossil), MLP 
12-296, MLP 12-299, MLP 12-304.

Didolodus multicuspis
Cast of MACN A 10689 and MACN A 10690.

Indalecia grandensis
Description of PVL 4186, and PVL S-12 (Bond & Vucetich 1983).

Lambdaconus lacerum
MNHN.F.COL109, and description and illustrations of 
MACN A-52-246 (holotype), MACN A-52-247 (paratype), 
and MACN 18785 (cast of FMNH P 13432) (Gaudry 1904; 
Soria 2001).

Lambdaconus suinus
MNHN.F.DES159 and description and illustrations of MACN 
A-52-159, MACN A-12198, MACN A-12655, AMNH 
29554 (Soria 2001; Schmidt et al. 2019a).

Lamegoia conodonta
Casts of MNRJ 1463-V (holotype), 1464V, and 1465V 
(paratypes). (Paula Couto 1952; Cifelli 1983).

Miguelsoria parayirunhor
Photos and casts of DGM 330M, DGM 397 M, DGM 402 
M, DGM 966M, (Paula Couto 1952; Cifelli 1983). All the 
specimens have a cream and yellowish color indicating they 
come from the ‘white fossil fissures’of Itaborai, and its referral 
to Miguelsoria is further supported by size and taxon abun-
dance (Billet et al. 2015).

Megadolodus molariformis
VPPLT 974, VPPLT 1588. Photos of UCMP 39270 (holo-
type) kindly provided by D. Croft. Photos of casts of IGM 
183282, IGM 183544, IGM 184019, TATAC 1, and TATAC 
2 (McKenna 1956; Cifelli & Villarroel 1997).

Mesolicaphrium sanalfonense
VPPLT 1697, MNHN.F.VIV5. Photos of casts of IGM 
182852, IGM 183246, IGM 183620, IGM 184499, IGM 
250873, and UCMP 39254 (Cifelli & Guerrero 1997; 
McGrath et al. 2020a).

Neobrachytherium morenoi
MACN 8428 (holotype), MACN 8431 as described and 
figured by Soria (2001) and Rovereto (1914).

Neodolodus colombianus
MNHN.F.VIV9 (holotype), VPPLT 183, VPPLT 184, VPPLT 
1696. Photos of casts of Duke-ING 86093, Duke ING 86288, 
ING 182568, and UCMP 38910 (Hoffstetter & Soria 1986; 
Cifelli & Guerrero Díaz 1989; McGrath et al. 2020a).

Neolicaphrium recens
MLP 34-V-22-12 (holotype) and additional specimens as 
figured and described by Bond et al. (2001).

Paranisolambda prodromus
Photos of DGM 262M (holotype), DGM 304M (paratype), 
DGM 307M, DGM 310M, and DGM 1421M (Paula Couto 
1952; Cifelli 1983).

Protolipterna ellipsodontoides
Casts of DNPM LE444E, 1392M. Photos of MCT 1392a-M 
(Cifelli 1983; Zanesco et al. 2019).

APPENDICES

appenDix 1. — Taxon list, specimens, and references.

http://coldb.mnhn.fr/catalognumber/mnhn/f/scz208
http://coldb.mnhn.fr/catalognumber/mnhn/f/scz207
http://coldb.mnhn.fr/catalognumber/mnhn/f/viv9
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Ricardocifellia protocenica
Casts of MNRJ 1432V, 1434V, 1438V, 1439V, 1451V, 1452V, 
1453V. Photos of 698M and 2150M (Cifelli 1983; Cifelli & 
Ortiz-Jaureguizar 2014; Mones 2015).

Tetramerorhinus cingulatum
Descriptions and figures of Scott (1910) and Soria (2001).

Tetramerorhinus lucarius
Descriptions and figures of Scott (1910) and Soria (2001), 
and the revision of the following specimens: YPM PU 15722, 
MLP 12-323.

Tetramerorhinus mixtum
Descriptions and figures of Scott (1910) and Soria (2001), 
and the revision of the following specimens: YPM PU 15107, 
MLP 26 IV-15-17, MLP 12-297.

Theosodon spp.
Descriptions and figures of Scott (1910) and the revision of the 
following specimens: Theosodon lydekkeri (MNHN.F.1902-6; 
YPM PU 15717); Theosodon garrrettorum (YPM PU 15164); 
Theoson lallemanti (YPM PU 15359; YPM PU 16003); The-
osodon sp (YPM PU 16041).

Thoatherium minusculum
Descriptions and figures of Scott (1910) and Soria (2001), 
and AMNH 9167 as illustrated by Cifelli & Guerrero (1989). 

Villarroelia totoyoi
VPPLT 729. Photos of casts of 8638, 86028, 85471, 86539, 
IGM 183407, IGM 184501, IGM 250965, and UCMP 39970.

Appendix 1. — Continuation.

http://coldb.mnhn.fr/catalognumber/mnhn/f/1902-6
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The character list below is largely based on the data matrices 
from Cifelli (1993) and McGrath et al. (2020b). We also 
selected relevant characters from Muizon & Cifelli (2000). The 
original numbers of characters in those works are indicated 
with a “C”, “M-C” and “MG”, respectively: for example, 
character 1 of Cifelli (1993) is noted “1C”, and character 1 
of McGrath et al. (2020b) is noted “1MG”. If a character 
was modified from its original definition, it is indicated. For 
example, the modified character of McGrath et al. (2020b) 
“36MG”, is listed as “36MG modified”. When two characters 
were equal, we merged them as one. For example, character 
“31C” and “30MG” are listed as one character and noted “31C 
+ 30MG”. If a character is treated as an ordered character in 
the analysis, this is indicated in parenthesis.

In addition, some characters were excluded for the follow-
ing reasons:

1MG and 2MG: are likely allometric, as has been shown in 
several mammal clades (Cardini & Polly 2013; Cardini 2019).

8MG: reflects size variation, which may not be phyloge-
netically informative to resolve the interrelationships of early 
litopterns. 

12C, 26C, 33C, 34C, 42MG, 60MG: not informative in 
our data matrix.

27C: redundant with 66MG.
39C: redundant with character 15MG.
30C: redundant with characters 27MG and 28MG.
4M-C: redundant with character 15C.
5M-C: redundant with all the other P4 characters.
6M-C, 7M-C, 28C, 41C: redundant with 43MG, 53MG, 

54MG, and 61MG.
24C, 38MG: the observed variation is difficult to score 

with confidence.
44MG: redundant with 13C and 14C.
25C, 45MG, 46MG: the criteria to separate the states is 

not clear to us and we could not reproduce the scoring of 
Cifelli (1993) and McGrath et al. (2020b).

47MG: redundant with 32C.
21M-C: redundant with 22C, 23C, and 48C.
18C: redundant with 77MG.
80MG: redundant with 17C.
57MG, 76MG: likely allometric (Billet & Bardin 2021) 

and they are redundant with character 49C. We decided to 
keep character 49C because it does not follow the allometric 
model and the largest M2 might be a synapomorphy of some 
SANUs (Muizon et al. 2019: fig. 15).

Note from Cifelli (1993): “Characters scored 0 indicate the 
presumed ancestral condition”

Note from McGrath et al. (2020b): “Characters involving 
cranial or mandibular dimensions were only recorded on 
adult specimens (i.e., M3/m3 fully erupted). Continuous 
characters rescaled to exhibit a range of 0-1 (see McGrath 
et al. 2020b; Table S2). All linear measurements taken to 
nearest 0.1 mm. *-continuous character. †-character adapted 
from Schmidt (2015).”

In the character list below, the comments and justifications 
on modifications of the character definitions and character 
scorings are in italics.

continuous chArActers

Skull
(3MG)  Dorsoventral height of orbit/M1 mesiodistal length.*
(4MG)  Width of palate between right and left M1/M1 mesio-

distal length.*

Mandible
(5MG)  Mandibular height (measured perpendicular to ventral 

edge of mandible) at posterior edge of m1/m1 length.*
(6MG)  Mandibular height (measured perpendicular to ventral 

edge of mandible) at distal edge of m3/height at distal 
edge of p2.*

Upper incisors
(7MG)  Length of upper incisor-P1 diastema/M1 mesiodistal 

length.*

discrete chArActers

Skull
(9MG) Orbit: open (0); closed (1).
(10MG modified – Ordered)  Anterior edge of orbit directly over: 

P4 (0); M1 (1); M2 or M2-M3 (2).

We modified the definition of character state 2, to reflect the fact that in 
Cramauchenia normalis the anterior edge of the orbit is at the bound-
ary of M2-M3 (Dozo & Vera 2010).

(11MG)  Posterior edge of infraorbital foramen directly dorsal 
of: P4 (0); P3 (1).

(12MG)  Lateral edges of premaxillae: convergent (0); parallel (1).

Mandible
(23M-C) Mandibular symphysis: unfused (0); ankylosed (1).
(13MG – Ordered)   Posterior most point of symphysis at 

level of: p3 (0); p2 (1); p1 (2).

Upper incisors
(14MG) Number of upper incisors: three (0); one (1).
(15MG)  Upper incisor(s): small and incisiform (0); hypertro-

phied and tusk-like (1).

We scored this character as “?” for Megadolodus considering that only 
fragments of the anterior dentition are known, and the morphology of 
the upper incisors is uncertain (Cifelli & Villarroel 1997). Our scoring 
differs from McGrath et al. (2020b), which scored the character state 
as “small and incisiform”.

Lower incisors
(16MG) Number of lower incisors: three (0); two (1).
(17MG)  External (distal-most) lower incisor relative to other 

incisors: subequal (0); significantly larger than internal 
(mesial) incisor(s) (1).

appenDix 2. — Character list extended matrix.
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Lower premolars
(62MG – Ordered)   Ratio of p2/p1 mesiodistal length: 

p2/p1 < or = 1.25 (0); 1.25 < p2/p1 
< 1.45 (1); p2/p1 > or = 1.45 (2). 

(63MG)  p1-2 implantation: no diastema (0); diastema between 
teeth (1); imbricated (2).

(64MG) p2 metaconid: absent (0); present (1).

In Cramauchenia normalis the metaconid was scored as absent (0) 
following Soria (1981).

(65MG) p3 labial cingulid: absent (0); present (1).
(66MG modified)  p3 talonid: absent (0); reduced talonid (1); 

large talonid with crescentic lophid (2).

We modified the definition of character states 1 and 2 because we 
observed that the presence of talonid basin was not clear in several taxa. 

(67MG)  p3 trigonid basin: mesiodistally longer than talonid 
basin (0); same length as talonid basin (1).

(68MG)  p3 hypoconid: absent (0); lingual of protoconid (1); 
directly distal of protoconid (2); labial of protoconid (3).

(69MG) p3 hypoconulid: absent (0); present (1).
(70MG modified) p3 metaconid: absent (0); present (1).

We modified the character definition to exclude the scoring of presence/ 
absence of the paraconid, because it is often reduced (Jernvall 1995), 
and small cusps likely do not have a reliable phylogenetic signal (Jernvall 
2000; Billet & Bardin 2019)

(71MG) p3 entoconid: absent or weak (0); well-developed (1).

We modified the character scoring of McGrath et al. (2020b) for Adi-
antoides leali from “well-developed” to “absent or weak”.

(72MG) p4 entoconid: absent or weak (0); well-developed (1).
(20C)  p4 talonid: small heel with cuspids indistinct (0); 

talonid fully developed with at least two cuspids (1); 
lophate (cuspids embedded in loph) (2).

(51C) p4 paraconid: present (0); reduced to absent (1).
(73MG) p4 labial cingulid: absent (0); present (1).
(74MG modified)  p4 relative length of trigonid and talonid: trigonid 

mesiodistally longer than talonid (0); trigonid 
with same length as talonid (1).

We modified the character definition and character states because we 
observed that the presence of talonid basin was not clear in several taxa.

(75MG)  p4 hypoconid: lingual of protoconid (0); directly 
distal of protoconid (1); labial of protoconid (2).

Upper molars
(43MG modified)  M1-2 metaconule connections: joined to pro-

tocone (0); joined to hypocone (1); joined to 
crest uniting hypo- and protocone (2); joined to 
metacone (3); isolated (4); joined to hypoconoe 
on M1 and metaconule absent on M2 (5).†

We modified the character scoring of McGrath et al. (2020b) for Neo-
brachytherium morenoi which has a metaconule joined to the hypocone 
(Soria 2001). We also modified the character definition to reflect the 
condition of Lambdaconus suinus where the metaconule is absent on 
the M2 (Soria 2001; Schmidt et al. 2019a).

(61MG)  M3 metaconule: connected to protocone by crest (0); 
absent (1); not connected to protocone (2).

(53MG)  M1 metaconule position: closer to hypocone (0); 
equidistant (1); closer to protocone (2).

(54MG)  M2 metaconule position: closer to hypocone (0); 
equidistant (1); closer to protocone (2).

Upper canines
(18MG) Upper canine: present (0); absent (1).

We modified the score for Megadolodus from “present (0)” to “?”, 
since the recognition of an isolated tooth as being a canine was very 
uncertain (Cifelli & Villarroel 1997), and might in fact represent the 
upper tusk (I2).

(19MG)  Diastema between P1 and next-most mesial tooth: 
absent (0); present (1).

We modified the score for Villarroelia from “present (1)” to “?”, as we 
found no mention of the diastema in the description (Cifelli & Guer-
rero 1997), and observation of the cast of the specimen IGM 250965 
shows no evidence of a diastema.

Lower canines
(20MG modified) Lower canine: incisiform (0); tusk-like (1).
We excluded character state 2 (absent), because no taxa in our sample 
was scored with that state. 

(21MG) Diastema between c and p1: absent (0); present (1).

Upper premolars
(23MG) P2 protocone: absent (0); present (1).†
(3M-C)  Postprotocrista of P3: P3 with an incipient or small 

protocone and a posterior edge not expanded poste-
riorly (0); small or medium-sized protocone present 
and postprotocrista expanded posteriorly (1).

(31C + 30MG) P3 mesostyle: absent (0); present (1).
(24MG)  P3 paracone and metacone: incipient on each other 

(0); broadly spaced (1).
(26MG) P3 hypocone: absent (0); present (1).†
(32MG) P4 hypocone: absent (0); present (1).†
(25MG)  P3 mesiolingual cingulum: not connected to protocone 

and not forming basin (0); connected to protocone form-
ing basin (1); extends past protocone (2); absent (3).

(27MG) P3 paraconule: absent (0); present (1).
(28MG) P3 metaconule: absent (0); present (1).†
(29C) P4 metaconule: absent (0); present (1).

We followed Cifelli (1993) and scored the P4 metaconule as “absent” for 
Protolipterna and Didolodus. This scoring differs from the McGrath 
et al. (2020b).

(36MG modified)  P4 metaconule connection: joined to protocone 
by crest (0); joined to hypocone by crest (1); 
isolated (2).

We modified the character definition to reflect the connection of meta-
conule, which is scored independently of its presence/absence. 

(29MG modified)  P3 parastyle: small (0); forming strong projec-
tion (1).

We modified the definition of character states to be consistent with 
character 27 (see below).

(40C + 33MG modified)  P4 parastyle: small (0); forming strong 
projection (1).

(15C)  P4 metacone: absent or closely appressed to paracone 
(0); subequal to paracone and well separated from it (1).

(31MG)  P4 mesiolingual cingulum: not connected to protocone 
and not forming basin (0); connected to protocone form-
ing basin (1); extends past protocone (2); absent (3).

(16C + 34MG) P4 mesostyle: absent (0); present (1).
(35MG) P4 metastyle: absent (0); present (1).
(22MG) Cheek teeth: bunodont (0); bunoselenodont (1). 

Appendix 2. — Continuation.
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We modified the scoring of McGrath et al. (2020b) for Paranisolambda 
from character state 1 to 0, after the observations of specimen DGM 
1421M 

(14C modified)  Upper molars parastyle: not forming distinct 
pillar (0); forming a distinct pillar (1).

(13C + 9M-C) Upper molar mesostyle: absent (0); present (1).
(59MG)  M3 metastyle: absent (0); present (1).
(32C)   Union of upper molar hypocone to protocone: 

distinct cusps (0); joined by a crest (1).
(40MG – Ordered)  M1-2 paracone and metacone ‘folds’ (ridges 

between labial styles): absent (0); weak (1); 
strong (2).†

(41MG)    M1-2 paracone and metacone concavities: both 
weak (0); paracone concavity well-developed (1); 
both well-developed (2).

(23C)   Form of upper molar hypocone: cuspate (0); 
developed as a crescent (1).

(48C + 39MG) M1-2 hypocone: absent (0); present (1).

The character state for Lambdaconus lacerum differs from McGrath 
et al. (2020b). The scoring was done following the specimens illustrated 
in Soria (2001: figs 3-9).

(22C + 58MG) M3 hypocone: absent (0); present (1).
(55MG)   M1 hypocone: directly distal of protocone (0); 

positioned more labially than protocone (1).
(56MG)   M2 hypocone: directly distal of protocone (0); 

positioned more labially than protocone (1).
(22M-C + 50C)  Cusp on precingulum anterior to paraconule: 

absent (0); present (1).

We modified the character states for Protolipterna, Miguelsoria and 
Ricardocifellia after direct observations of the cast from Itaborai.

(42C)  Upper molar postcingulum: small (0); enlarged enclos-
ing basin (1).

(48MG)  M1-2 labial cingula: present (0); absent (1). †
(49MG) M3 labial cingulum: present (0); absent (1). †
(50MG modified)  M1 mesiolingual cingulum: not connected to 

protocone and not forming basin (0); connected 
to protocone (1).

(51MG modified)  M2 mesiolingual cingulum: not connected to 
protocone and not forming basin (0); connected 
to protocone (1).

(52MG modified)  M3 mesiolingual cingulum: not connected to 
protocone and not forming basin (0); connected 
to protocone (1).

For characters 50MG, 51MG, and 52MG, we deleted the character 
state (2) “reaches lingual sulcus” as defined by McGrath et al. (2020b) 
because it was only present in one taxon (Diadiaphorus). Therefore, 
we decided to exclude this character state and scored Diadiaphorus as 
(1) “connected to protocone”.

(49C modified)  Molar size: M2 largest, M1 and M3 subequal 
(0); M3 largest or all molars subequal (1).

We modified the character definition to avoid the allometry (Billet & 
Bardin 2021).

(37MG)  M1/P4 linguolabial width: subequal (ratio < or = 
1.15) (0); M1 wider (> 1.15) (1).

Lower molars
(77MG modified)  Position of paraconid on m1-2: directly lingual 

of protoconid (0); mesiolingual of protoconid 
(1); absent (2).

We modified the character state 1 of 77MG to “mesio-lingual of pro-
toconid” instead of “mesial of protoconid” to better reflect the observed 
variation in the position of the protoconid.

(86MG) m3 paraconid: present (0); absent (1).
(78MG)  Paralophid on m1-2: absent (0); terminates near 

midline (1); developed and reaching lingual edge of 
tooth (2).†

(90MG)  m3 paralophid: absent (0); terminates near midline 
(1); reaches lingual edge of tooth (2).

(21C)  Lower molar metaconid: is not developed as a distinct 
column (0); is developed as a distinct column (1).

(91MG)  m3 metaconid: conical (0); mesiodistally extended (1).
(79MG)  Entoconid on m1-2: as large as hypoconulid (0); larger 

than hypoconulid (1); smaller than hypoconulid (2); 
absent (3).†

(87MG modified)  m3 entoconid: isolated (0); connected by crest 
to hypoconulid or to hypolophulid (1); absent 
(2).

We removed the character state 1 defined by McGrath et al. (2020b) 
because it was not scored in any taxa of our sampling. We merged the 
character states 2 and 3 defined by McGrath et al. (2020b), as just one 
character state, because we did not observed enough variation to clearly 
scored them as different states in our taxonomic sample.

(35C)  Lower molar entoconid attachment to hypolophid: 
(0) posterior; (1) anterior.

(36C)  Lower molar entoconid condition: (0) distinct cuspate; 
(1) developed as entolophid.

(88MG)  m1-2 hypoconulid position: not on lingual border of 
tooth (0); on lingual border of tooth (1).

(89MG)  m3 hypoconulid position: not on lingual border of 
tooth (0); on lingual border of tooth (1).

(17C modified)  Lower molar cristid obliqua attachment to trigonid: 
median (0); lingual (at base of metaconid) (1).

We modified the wording of character state 1, to better describe the 
observed variation.

(37C)  Lower molar talonid cusps: distinct (0); merged into 
crescent (1).

(81MG) m1-2 labial cingulids: absent (0); present (1).
(82MG) m3 labial cingulid: absent (0); present (1).
(83MG) m1-2 lingual cingulids: absent (0); present (1).
(84MG) m3 lingual cingulid: absent (0); present (1).
(85MG – Ordered)  Hypsodonty index: HI < 0.85 (0); 0.85 < HI 

< 1.00 (1); HI > 1.00 (2).†

Note from McGrath et al. (2020b): “Hypsodonty Index was measured 
only on m3s that were unworn enough so that the lophids were distin-
guishable from (i.e. thinner than) the cuspids”.

Digits
(1C) Digits in manus: five (0); reduced to three (1).
(2C) Digits in pes: five (0); reduced to three (1).
(38C)  Lateral digits: subequal to or somewhat smaller than 

median digit (0); greatly reduced (1).
(92MG)  Manus/pes: Functionally tridactyl (0); functionally or 

truly monodactyl, as shown by reduced second and/
or fourth metapodials (1).

Astragalus
(3C)  Astragalar body: low, without sharp crests (0); spool-

like, with salient, subequal tibial and fibular crests (1).
(4C)  Tibial trochlea of astragalus: restricted to dorsal surface 

(0); extending far posteroinferiorly (1).

Appendix 2. — Continuation.
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(5C)  Astragalar head: ovoid (0); semicylindrical, with major 
axis subparallel to that of tibial trochlea (1).

(6C)  Navicular facet of astragalus: restricted to distoinfe-
rior part of head (0); well onto superior and inferior 
surfaces of head (1).

(7C) Cuboid facet on astragalus: present (0); lacking (1).
(8C)  Medial collateral ligament facet on astragalus: present 

(0); lacking (1).
(9C)  Astragalar ectal facet: shallow, facing inferiorly (0); 

deeply concave, facing outward (1).
(43C)  Medial malleolar facet of astragalus: restricted to 

medial side of body (0); extending onto neck (1).
(46C)  Medial side of astragalus: sublinear (0); with strong 

anterior flare (1).
(47C)  Medial expansion of astragalar head: absent (0); pre-

sent (1).

Calcaneus
(10C)  Calcaneal neck: short, with cuboid facet subnormal 

to axis of element (0); long, with strongly oblique 
cuboid facet (1).

(11C)  Sustentacular facet of calcaneus: subplanar, facing 
dorsodistally (0); anteroposteriorly concave, following 
same curvature as anterior part of ectal facet (1).

(44C)  Dorsal beak on distal end of calcaneus: absent (0); 
present (1).

(45C)  Peroneal tubercle of calcaneus: lateral (0); dorsal (1).

Appendix 2. — Continuation.
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To produce the reduced matrix, we merged characters from 
the extended matrix that coded independently adjacent teeth 
or cusps and showed redundant scoring. If a step matrix was 
used to constraint the character transitions in a character, 
this is indicated and the step matrices are described in the 
Appendix 4. In the character list below, the comments and 
justifications on modifications of the character definitions 
and character scorings with respect the extended matrix are 
in italics. If a character is treated as an ordered character in 
the analysis, this is indicated in parenthesis.

Note from Cifelli (1993): “Characters scored 0 indicate the 
presumed ancestral condition”

Note from McGrath et al. (2020b): “Characters involving 
cranial or mandibular dimensions were only recorded on 
adult specimens (i.e., M3/m3 fully erupted). Continuous 
characters rescaled to exhibit a range of 0-1 (see McGrath 
et al. 2020b, Table S2). All linear measurements taken to 
nearest 0.1 mm. *-continuous character. †-character adapted 
from Schmidt (2015).” 

continuous chArActers

Skull
(3MG) Dorsoventral height of orbit/M1 mesiodistal length.*
(4MG)  Width of palate between right and left M1/M1 mesio-

distal length.*

Mandible
(5MG)  Mandibular height (measured perpendicular to ventral 

edge of mandible) at posterior edge of m1/m1 length. *
(6MG)  Mandibular height (measured perpendicular to ventral 

edge of mandible) at distal edge of m3/height at distal 
edge of p2.*

Upper incisors
(7MG)  Length of upper incisor-P1 diastema/M1 mesiodistal 

length.*

discrete chArActers

Skull
(9MG) Orbit: open (0); closed (1).
(10MG modified – Ordered)  Anterior edge of orbit directly over: 

P4 (0); M1 (1); M2 or M2-M3 (2).
(11MG)  Posterior edge of infraorbital foramen directly dorsal 

of: P4 (0); P3 (1).
(12MG) Lateral edges of premaxillae: convergent (0); parallel (1).

Mandible
(23M-C) Mandibular symphysis: unfused (0); ankylosed (1).
(13MG – Ordered)  Posterior most point of symphysis at level 

of: p3 (0); p2 (1); p1 (2).

Upper incisors
(14MG + 15MG modified)  Number of upper incisors: three, small 

and incisiform (0); three, hypertro-
phied and tusk-like (1); one, small 
and incisiform (2); one, hypertrophied 
and tusk-like (3).

We merged characters 12 and 13 of the extended matrix (Appendix 2), 
as we noted they were extremely redundant and perfectly compatible. In 
this modified character definition, we assume that the number of inci-
sors may be correlated with their shape in this taxonomic sample (i.e., 
if a taxon has three incisors, these are likely to be small and incisiform, 
whereas if a taxon has one incisor, it is likely to be hypertrophied and 
tusk-like). We used the step matrix A (Appendix 4).

Lower incisors
(16MG + 17MG modified)  Number and relative size of lower 

incisors: three incisors, subequal (0); 
three incisors with the external being 
significantly larger than the internal (1); 
two incisors, subequal (2); two incisors 
with the external being significantly 
larger than the internal (3).

We used the step matrix A (Appendix 4).

Upper canines
(18MG + 19MG modified)  Upper canine and diastema between 

P1 and next-most mesial tooth: canine 
present, diastema absent (0); canine 
absent, diastema present (1).

We merged characters 16 and 17 of the extended matrix (Appendix 2) 
because we assume that it is the absence of the canine that creates the 
diastema. Indeed, after the revision of Megadolodus and Villarroelia, 
there were only two combinations (character states) represented in the 
datamatrix: canine present, diastema absent (character state 0), and 
canine absent, diastema present (character state 1).

Lower canines
(20MG) Lower canine: incisiform (0); tusk-like (1).
(21MG) Diastema between c and p1: absent (0); present (1).

Upper premolars
(23MG) P2 protocone: absent (0); present (1).†
(3M-C)  Postprotocrista of P3: P3 with an incipient or small 

protocone and a posterior edge not expanded poste-
riorly (0); small or medium-sized protocone present 
and postprotocrista expanded posteriorly (1).

(24MG + 31C+ 30MG modified)  P3 mesostyle, paracone and 
metacone: mesostyle absent, 
paracone & metacone incipient 
on each other (or only paracone 
present) (0); mesostyle absent, 
paracone & metacone broadly 
spaced (1); mesostyle present, 
paracone & metacone broadly 
spaced (2).

We merge characters 22 and 23 of the extended matrix (Appendix 2). 
Based on the patterning cascade model of cusps (Jernvall 2000; Skinner & 
Gunz 2010), we hypothesize that the location and size of paracone and 
metacone is linked with the development of a mesostyle.

(26MG + 32 MG modified)  P3-P4 hypocone: absent in P3-P4 (0); 
absent in P3 and present in P4 (1); 
present in P3-P4 (2).

We merged characters 24 and 25 of the extended matrix (Appendix 2). 
Taxa that were coded as “?” and “0” respectively in the extended matrix 
were scored here as “0” because none of the taxa showed a condition 
where the hypocone was absent in P4 and present in P3.

appenDix 3. — Character list reduced matrix.
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(25MG)  P3 mesiolingual cingulum: not connected to protocone 
and not forming basin (0); connected to protocone form-
ing basin (1); extends past protocone (2); absent (3).

(27MG) P3 paraconule: absent (0); present (1).
(28MG + 29C modified)  P3-4 metaconule: absent in P3-4 (0); 

absent in P3 and present in P4 (1); 
present in P3-4 (2).

We merged characters 28 and 29 of the extended matrix (Appendix 2). 
Taxa that were coded as “?” and “0” respectively in the extended matrix 
were scored here as “0” because none of the taxa showed a condition 
where the metaconule was absent in P4 and present in P3.

(36MG modified)  P4 metaconule connection: joined to protocone 
by crest (0); joined to hypocone by crest (1); 
isolated (2).

(29MG + 40C + 33MG modified)  P3-4 parastyle: small (0); form-
ing strong projection (1).

We merged characters 31 and 32 of the extended matrix (Appendix 2). 
None of the taxa showed a condition where the parastyle was small in 
P3 and forming a strong projection in P4, or viceversa. Therefore, for 
taxa in which the parastyle condition is known for only one of the teeth 
(P3 or P4), we assume that this condition is the same in the other tooth. 

(15C)  P4 metacone: (0) absent or closely appressed to para-
cone; (1) subequal to paracone and well separated 
from it.

(31MG)  P4 mesiolingual cingulum: not connected to protocone 
and not forming basin (0); connected to protocone form-
ing basin (1); extends past protocone (2); absent (3).

(16C + 34MG) P4 mesostyle: absent (0); present (1).
(35MG) P4 metastyle: absent (0); present (1).
(22MG) Cheek teeth: bunodont (0); bunoselenodont (1). 

Lower premolars
(62MG – Ordered)  Ratio of p2/p1 mesiodistal length: p2/p1 

< or = 1.25 (0); 1.25 < p2/p1 < 1.45 (1); 
p2/p1 > or = 1.45 (2). 

(63MG)  p1-2 implantation: no diastema (0); diastema between 
teeth (1); imbricated (2).

(64MG)  p2 metaconid: absent (0); present (1).
(65MG) p3 labial cingulid: absent (0); present (1).
(66MG modified)  p3 talonid: absent (0); reduced talonid (1); large 

talonid with crescentic loph (2).
(67MG)   p3 trigonid basin: mesiodistally longer than talonid 

basin (0); same length as talonid basin (1).
(68MG)  p3 hypoconid: absent (0); lingual of protoconid (1); 

directly distal of protoconid (2); labial of protoconid (3).
(69MG) p3 hypoconulid: absent (0); present (1).
(70MG modified)  p3 metaconid: absent (0); present (1).
(71MG + 72 MG modified)  p3-4 entoconid: absent or weak in p3-p4 

(0); absent or weak in p3 and well-
developed in p4 (1); well-developed 
in p3-4 (2).

We merged characters 47 and 48 of the extended matrix (Appendix 2). 
Taxa that were coded as “?” and “0” respectively in the extended matrix 
were scored here as “0” because none of the taxa showed a condition 
where the entoconid was absent or weak in p4 and well-developed in p3.

(20C)  p4 talonid: (0) small heel with cuspids indistinct; (1) 
talonid fully developed with at least two cuspids; (2) 
lophate.

(51C) p4 paraconid: (0) present; (1) reduced to absent.
(73MG) p4 labial cingulid: absent (0); present (1).
(74MG modified)  p4 relative length of trigonid and talonid: trigonid 

mesiodistally longer than talonid (0); trigonid 
with same length as talonid (1).

(75MG)  p4 hypoconid: lingual of protoconid (0); directly 
distal of protoconid (1); labial of protoconid (2).

Upper molars
(43MG modified)  M1-2 metaconule connections: joined to pro-

tocone (0); joined to hypocone (1); joined to 
crest uniting hypo- and protocone (2); joined to 
metacone (3); isolated (4); joined to hypocone 
on M1 and metaconule absent on M2 (5).†

(61MG)  M3 metaconule: connected to protocone by crest (0); 
absent (1); not connected to protocone (2).

(53MG + 54MG modified)  M1-2 metaconule position: closer to 
hypocone on M1-2 (0); equidistant 
on M1-2 (1); closer to protocone on 
M1-2 (2); equidistant on M1, closer 
to protocone on M2 (3).

We used the step matrix B (Appendix 4).

(14C modified)  Upper molar parastyle: not forming distinct 
pillar projecting labially (0); forming a distinct 
pillar projecting labially (1).

(13C + 9M-C) Upper molar mesostyle: absent (0); present (1).
(59MG)  M3 metastyle: absent (0); present (1).
(32C)  Union of upper molar hypocone to protocone: (0) 

distinct cusps; (1) joined by a crest.
(40MG + 41 MG modified)  M1-2 paracone and metacone concavi-

ties and folds (ridges): no fold, well-
developed concavities (0); weak fold, 
well-developed concavities (1); strong 
fold, weak concavities (2); strong fold, 
well-developed concavities (3).

In the model of character transitions, we allowed the direct transition 
from the state “no fold and well-developed concavities” to the state “strong 
fold, weak concavities” assuming a possible joint evolution of these struc-
tures. Anisolambda was the only taxon scored as strong metacone and 
paracone folds and only the paracone concavity well-developed (character 
states 2 and 1 for characters 63 and 64 respectively in the extended 
matrix). We decided to score it as polymorphic (states 2 and 3 here), 
having strong folds, and both weak and well-developed concavities for 
the paracone and metacone. We used the step matrix B (Appendix 4).

(23C)  Form of upper molar hypocone: cuspate (0); developed 
as a crescent (1).

(48C + 39MG + 22C + 58MG modified)  M1-3 hypocone: absent 
in all molars (0); pre-
sent on M1-2, absent 
on M3 (1); present in 
all molars (2).

(55MG + 56MG modified)  M1-2 hypocone: directly distal of 
protocone in M1-2 (0); directly distal 
of protocone in M1 and positioned 
more labially than protocone in M2 
(1); positioned more labially than 
protocone in M1-2 (2).

Prolicaphrium specillatum was the only taxon scored as (0/1, 0) for 
characters 68 and 69 in the extended matrix (Appendix 2). We decided 
to score it here as having the hypocone directly distal of protocone in both, 
M1 and M2 (character state 0). Taxa scored as (?, 0) in the extended 
matrix were also scored here as character state 0.

(22M-C + 50C)  Cusp on precingulum anterior to paraconule: 
absent (0); present (1).

(42C)  Upper molar postcingulum: small (0); enlarged enclos-
ing basin (1).
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(48MG + 49MG modified)  M1-3 labial cingula: present in M1-3 
(0); present in M1-2 and absent in 
M3 (1); absent in M1-3 (2).

We merged characters 72 and 73 of the extended matrix (Appendix 2). 
Taxa that were coded as “1” and “?” respectively in the extended matrix 
were scored here as “2” because none of the taxa showed a condition where 
the labial cingulum was present in M3 and absent in M1-2. We assume 
that if the labial cingulum is absent on M1-2 it is also absent on M3.

(50MG + 51 MG + 52MG modified)  M1-3 mesiolingual cingulum: 
not connected to protocone 
and not forming a basin in 
M1-3 (0); not connected to 
protocone and not forming a 
basin in M1-2 and connected 
to protocone in M3 (1); not 
connected to protocone and 
not forming a basin in M1 
and connected to protocone 
in M2-3 (2); connected to pro-
tocone in M1-3 (3).

Prolicaphrium specillatum was the only taxon scored as (1, 0/1, 1) 
for characters 74, 75 and 76 in the extended matrix (Appendix 2). 
We decided to score it here as having mesiolingual cingulum connected 
to protocone in M1-3 (character state 3). Taxa scored in the extended 
matrix as (?, 0, 0) were scored here as having a mesiolingual cingulum 
not connected to protocone and not forming a basin in all the upper 
molars (character state 0). Taxa scored as (1, ?, ?) were scored as having 
a mesiolingual cingulum connected to protocone in all upper molars 
(character state 3). We used the step matrix C (Appendix 4). 

(49C modified)  Molar size: M2 largest, M1 and M3 subequal 
(0); M3 largest or all molars subequal (1).

(37MG)  M1/P4 linguolabial width: subequal (ratio < or = 
1.15) (0); M1 wider (> 1.15) (1).

Lower molars
(77MG modified)  Position of paraconid on m1-2: directly lingual 

of protoconid (0); mesiolingual of protoconid 
(1); absent (2).

(86MG) m3 paraconid: present (0); absent (1).
(78MG)  Paralophid on m1-2: absent (0); terminates near 

midline (1); developed and reaching lingual edge of 
tooth (2).†

(90MG)  m3 paralophid: absent (0); terminates near midline 
(1); reaches lingual edge of tooth (2).

(21C)  Lower molar metaconid: (0) is not developed as a 
distinct column; (1) is developed as a distinct column.

(91MG)  m3 metaconid: conical (0); mesiodistally extended (1).
(79MG)  Entoconid on m1-2: as large as hypoconulid (0); larger 

than hypoconulid (1); smaller than hypoconulid (2); 
absent (3). †

(87MG modified)  m3 entoconid: isolated (0); connected by crest to 
hypoconulid or to hypolophulid (1); absent (2).

(35C)  Lower molar entoconid attachment to hypolophid: 
(0) posterior; (1) anterior.

(36C)  Lower molar entoconid condition: (0) distinct cuspate; 
(1) developed as entolophid.

(88MG + 89MG modified)  m1-3 hypoconulid position: not on 
lingual border of tooth in m1-3 (0); 
on lingual border of tooth in m1-2 
and not on lingual border of tooth in 
m3 (1); on lingual border of tooth in 
m1-3 (2).

Brachytherium cuspidatum was the only taxon scored as (0/1, 0) for 
characters 89 and 90 in the extended matrix (Appendix 2). We decided 
to score it here as having the hypoconulid on the lingual border of tooth 
in m1-3 (character state 2). Taxa scored as (0, ?) in the extended matrix 
were scored here as character state 0 because all the taxa on which the 
hypoconulid is not on the lingual border on m1-2, show the same con-
dition on m3. Taxa scored as (?, 1) in the extended matrix were scored 
here as character state 2 because all the taxa on which the hypoconulid 
is on the lingual border on m3, show the same condition on m1-2.

(17C modified)  Lower molar cristid obliqua attachment to trigonid: 
median (0); lingual (at base of metaconid) (1).

(37C)  Lower molar talonid cusps: distinct (0); merged into 
crescent (1).

(81MG + 82MG modified)  m1-3 labial cingulids: absent in m1-3 
(0); absent in m1-2 and present in m3 
(1); present in m1-2 and absent in m3 
(2); present in m1-3 (3).

(83MG + 84MG modified)  m1-3 lingual cingulids: absent (0); 
present (1).

We merged characters 95 and 96 of the extended matrix (Appendix 2). 
Taxa that were coded as (0, ?) or (1, ?) in the extended matrix were 
scored here as “0” and “1” respectively because none of the taxa showed 
a condition where the lingual cingulid was absent in m1-2 and present 
in m3 or viceversa. 

(85MG – Ordered)  Hypsodonty index: HI < 0.85 (0); 0.85 < 
HI < 1.00 (1); HI > 1.00 (2).†

Digits
(1C) Digits in manus: five (0); reduced to three (1).
(2C) Digits in pes: five (0); reduced to three (1).
(38C)  Lateral digits: subequal to or somewhat smaller than 

median digit (0); greatly reduced (1).
(92MG)  Manus/pes: Functionally tridactyl (0); functionally or 

truly monodactyl, as shown by reduced second and/
or fourth metapodials (1).

Astragalus
(3C)  Astragalar body: low, without sharp crests (0); spool-

like, with salient, subequal tibial and fibular crests (1).
(4C)  Tibial trochlea of astragalus: restricted to dorsal surface 

(0); extending far posteroinferiorly (1).
(5C)  Astragalar head: ovoid (0); semicylindrical, with major 

axis subparallel to that of tibial trochlea (1).
(6C)  Navicular facet of astragalus: restricted to distoinfe-

rior part of head (0); well onto superior and inferior 
surfaces of head (1).

(7C) Cuboid facet on astragalus: present (0); lacking (1).
(8C)  Medial collateral ligament facet on astragalus: present 

(0); lacking (1).
(9C)  Astragalar ectal facet: shallow, facing inferiorly (0); 

deeply concave, facing outward (1).
(43C)  Medial malleolar facet of astragalus: restricted to 

medial side of body (0); extending onto neck (1).
(46C)  Medial side of astragalus: sublinear (0); with strong 

anterior flare (1).
(47C)  Medial expansion of astragalar head: absent (0); pre-

sent (1).
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Calcaneus
(10C)  Calcaneal neck: short, with cuboid facet subnormal 

to axis of element (0); long, with strongly oblique 
cuboid facet (1).

(11C)  Sustentacular facet of calcaneus: subplanar, facing 
dorsodistally (0); anteroposteriorly concave, following 
same curvature as anterior part of ectal facet (1).

(44C)  Dorsal beak on distal end of calcaneus: absent (0); 
present (1).

(45C) Peroneal tubercle of calcaneus: lateral (0); dorsal (1).

Appendix 3. — Continuation.

step mAtrix A
0 1 2 3

0 0 1 1 1

1 1 0 2 1

2 1 2 0 1

3 1 1 1 0

step mAtrix b
0 1 2 3

0 0 1 2 2

1 1 0 1 1

2 2 1 0 1

3 2 1 1 0

step mAtrix c
0 1 2 3

0 0 1 2 1

1 1 0 1 2

2 2 1 0 1

3 1 2 1 0

appenDix 4. — Step matrices used in the maximum parsimony analysis of the reduced matrix to set the costs and constrain the paths for transition among char-
acter states (see Appendix 3).
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appenDix 5. — Age ranges (in Ma) of the taxa included in the phylogenetic analyses. Abbreviation: SALMA, South American Land Mammal Age.

Taxon Max Age Min Age Epoch/SALMAs References

Simoclaenus sylvaticus Muizon & Cifelli, 2000 65.6 64 Tiupampan (Muizon & Cifelli 2000; Woodburne et al. 
2014)

Tiuclaenus Muizon & Marshall, 1987 65.6 64 Tiupampan (Woodburne et al. 2014; Croft et al. 2020)
Miguelsoria parayirunhor (Paula Couto, 1952) 53 49.5 Itaboraian (Cifelli 1983; Woodburne et al. 2014)

Protolipterna ellipsodontoides Cifelli, 1983 53 49.5 Itaboraian
(Woodburne et al. 2014; Zanesco et al. 

2019)
Asmithwoodwardia scotti Paula Couto, 1952 53 49.5 Itaboraian (Paula Couto 1952; Woodburne et al. 2014)
Paranisolambda prodromus (Paula Couto, 1952) 53 49.5 Itaboraian (Cifelli 1983; Woodburne et al. 2014)
Ricardocifellia protocenica (Paula Couto, 1952) 53 49.5 Itaboraian (Cifelli 1983; Woodburne et al. 2014)
Victorlemoinea prototypica Paula Couto, 1952 53 49.5 Itaboraian (Paula Couto 1952; Woodburne et al. 2014)
Lamegoia conodonta Paula Couto, 1952 53 49.5 Itaboraian (Paula Couto 1952; Woodburne et al. 2014)

Didolodus multicuspis Ameghino, 1897 46 39 Vacan-Barrancan
(Dunn et al. 2013; Woodburne et al. 2014; 

Croft et al. 2020)

Adiantoides leali Simpson & Minoprio, 1949 46 39 Vacan-Barrancan
(Cifelli & Soria 1983; Dunn et al. 2013; 

Woodburne et al. 2014; Croft et al. 2020)

Indalecia grandensis Bond & Vucetich, 1983 46 39 Vacan-Barrancan
(Cifelli & Soria 1983; Dunn et al. 2013; 

Woodburne et al. 2014; Croft et al. 2020)
Polymorphis Roth, 1899 38.2 38 Mustersan (Dunn et al. 2013; Croft et al. 2020)

Cramauchenia normalis Ameghino, 1902
Theosodon Ameghino, 1887

29.4
21

20.1
11.8

Deseadan-
Colhuehuapian 

Colhuehuapian-
Laventan

(Dozo & Vera 2010; Dunn et al. 2013)
(Cifelli & Guerrero 1997; Dunn et al. 2013; 

Croft et al. 2020)
Paramacrauchenia scamnata (Ameghino, 1902) 21 20.1 Colhuehuapian (Soria 2001; Dunn et al. 2013)

Anisolambda Ameghino, 1901 53 38 Itaboraian-Mustersan
(Cifelli 1983; Dunn et al. 2013; Croft et al. 

2020)
Megadolodus molariformis McKenna, 1956 13.5 11.8 Laventan (Cifelli & Villarroel 1997)
Neodolodus colombianus Hoffstetter & Soria, 1986 13.5 11.8 Laventan (Cifelli & Guerrero Díaz 1989)
Anisolophus australis (Burmeister, 1879) 18 15.6 Santacrucian (Soria 2001; Cuitiño et al. 2016)
Anisolophus floweri (Ameghino, 1887) 18 15.6 Santacrucian (Soria 2001; Cuitiño et al. 2016)
Brachytherium cuspidatum Ameghino, 1883 11.6 5.3 Late Miocene (Schmidt 2015)

Diadiaphorus majusculus Ameghino, 1887 18 15.6 Santacrucian
(Soria 2001; Schmidt 2015; Cuitiño et al. 

2016)
Diplasiotherium robustum Rovereto, 1914 4.7 3.7 Montehermosan (Soria 2001; Prevosti et al. 2021)
Eoauchenia primitiva Ameghino, 1887 4.7 3.7 Montehermosan (Soria 2001; Prevosti et al. 2021)
Epitherium laternarium Ameghino, 1888 4.7 3.7 Montehermosan (Soria 2001; Prevosti et al. 2021)
Lambdaconus lacerum (Ameghino, 1902) 21 17.5 Colhuehuapian-Pinturan (Soria 2001; Dunn et al. 2013)
Lambdaconus suinus Ameghino, 1897 29.4 24.2 Deseadan (Soria 2001; Dunn et al. 2013)
Neobrachytherium intermedium (Moreno & 

Mercerat, 1891) 8.5 3.7
Huayquerian-

Montehermosan
(McGrath et al. 2020a, 2020b; Prevosti 

et al. 2021)

Neobrachytherium morenoi (Rovereto, 1914) 8.5 3.7
Huayquerian-

Montehermosan
(McGrath et al. 2020a, 2020b; Prevosti 

et al. 2021)
Neolicaphrium recens Frenguelli, 1921 2 0.78 Ensenadan (Cione & Tonni 1995; Bond et al. 2001)
Picturotherium migueli Kramarz & Bond, 2005 19.04 17.5 Pinturan (Kramarz & Bond 2005; Dunn et al. 2013)
Proectocion Ameghino, 1904 41.7 39 Barrancan (Dunn et al. 2013; Croft et al. 2020)
Mesolicaphrium sanalfonense (Cifelli & Guerrero, 1997) 13.5 11.8 Laventan (Cifelli & Guerrero 1997)
Prolicaphrium specillatum Ameghino, 1902 21 20.1 Colhuehapian (Soria 2001; Dunn et al. 2013)
Proterotherium cervioides Ameghino, 1883 11.6 5.3 Late Miocene (Schmidt 2015)
Protheosodon coniferus Ameghino, 1897 29.4 24.2 Deseadan (Dunn et al. 2013; Croft et al. 2020)
Tetramerorhinus cingulatum (Ameghino, 1891) 18 15.6 Santacrucian (Soria 2001; Cuitiño et al. 2016)
Tetramerorhinus lucarius Ameghino, 1894 18 15.6 Santacrucian (Soria 2001; Cuitiño et al. 2016)
Tetramerorhinus mixtum (Ameghino, 1894) 18 15.6 Santacrucian (Soria 2001; Cuitiño et al. 2016)
Thoatheriopsis mendocensis Soria, 2001 15.9 11.6 Middle Miocene (Villafañe et al. 2012)
Thoatherium minusculum Ameghino, 1887 18 15.6 Santacrucian (Soria 2001; Cuitiño et al. 2016)
Uruguayodon alius Corona, Perea & Ubilla, 2019 0.78 0.12 Middle Pleistocene (Corona et al. 2019)
Villarroelia totoyoi Cifelli & Guerrero, 1997 13.5 11.8 Laventan (Cifelli & Guerrero 1997)
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