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Aspectos bioevolutivos de mamíferos mesozoicos: Descripción, 
relaciones filogenéticas y evolución de Gondwanatheria, 

(Cretácico Superior y Paleoceno de Gondwana). 
 

Resumen:  
 

Especímenes de restos dentales y dentarios de los gondwanaterios de 

Gondwana son descriptos y comparados con los Multituberculata y otros 

Allotheria.  

Los gondwanaterios son mamíferos del Cretácico Superior y Paleocene Inferior 

de la Argentina y también de Madagascar e India y consisten en Ferugliotherium, 

Gondwanatherium y Sudamerica. Los restos se estudian detalladamente y 

comparativamente con los de la India y Madagascar y con los multituberculados 

del Hemisferio Norte. 

Se presenta un análisis cladístico y se lo utiliza para interpretar relaciones 

filogenéticas entre los Gondwanatheria y otros grupos de mamíferos. Se 

determina que los Gondwanatheria forman parte del clado Multituberculata y que 

compartían características dentales con los multituberculados. 

Se presenta una interpretación del origen y evolución de la hipsodoncia basada 

en la dentición de los gondwanatherios en correlación con la dieta, habitat y 

clima como asi también sobre los aspectos fisiológicos y ontogenéticos 

relacionados con la hipsodoncia. 

Se presenta una discusión sobre el temprano desarrollo de la hipsoncia en 

Gondwana en los gondwanaterios. 

Se desarrolla una discusión actualizada sobre los mamíferos mesozoicos, 

incluyendo los conceptos interpretativos relacionados con la evolución de los 

mamíferos, más allá de los diversos paradigmas que han prevalecido hasta 

ahora. 

Se sumariza la información biológica relevante sobre la anatomía de marsupiales 

y monotremas. 

Finalmente, se incluye una discusión sobre las implicaciones biogeográficas, 

relacionadas con la distribución gondwánica de los gondwanaterios. 

 
Palabras Claves: Gondwanatheria, Mammalia, Mesozoico, Multituberculata 
hipsodoncia, Gondwana. 
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Bio-Evolutionary aspects of Mesozoic Mammals: Description, 
phylogenetic relationships and evolution of the Gondwanatheria, 

(Late Cretaceous and Paleocene of Gondwana). 
 

Abstract: 

Dental and fragmentary dentary remains of gondwanatherian mammals from 

Gondwana are described and compared with other early mammal groups such 

as Multituberculata and other Allotheria. 

The Gondwanatheria, are known from the Late Cretaceous of Argentina, 

Madagascar and India as well as the Early Paleocene of Argentina and include 

Sudamerica, Gondwanatherium, and Ferugliotherium. These taxa are studied in 

detail and compared with the gondwanatherians from India and Madagascar and 

with the multituberculates from the Northern Hemisphere.  

Cladistic methodology is applied and used to define and interpret phylogenetic 

relationships between Gondwanatheria and other mammal groups. 

Gondwanatheria are demonstrated to form part of the same clade as the 

Multituberculata and are shown to share dental characteristics with the 

multituberculates.  

A discussion is presented related to the early presence of hypsodonty in the 

gondwanatherians. 

Interpretations related to the origin of hypsodonty and its evolution in the 

gondwanatherian dentition in correlation to diet, habitat and climate is covered as 

well as the physiological and ontogenetic aspects related to hypsodonty. 

A current discussion on the varied Mesozoic mammals, including the 

interpretative concepts related to Mesozoic mammal evolution, the diverse 

paradigms that have predominated in past research and the relevant biological 

information on marsupial and monotreme anatomy is also examined here. 

Concluding, there is a discussion on biogeographical implications, involved with 

the southern distribution of the gondwanatherian mammals. 
 

 

 

Key Words: Gondwanatheria, Mammalia, Mesozoic, Multituberculata 
hypsodonty, Gondwana. 
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Chapter 1 Objectives of Thesis 

1 Chapter 1 Objectives of Thesis 

Title of thesis: Bioevolutionary aspects of Mesozoic Mammals: Description, 

phylogenetic relationships and evolution of the Gondwanatheria from the Late 

Cretaceous and Early Paleocene of Gondwana.  

The main objectives are to study and describe fossil dental and fragmentary dentary remains 

of gondwanatherian mammals from Gondwana and compare them with other early mammal 

groups such as Multituberculata and other Allotheria. 

Other topics presented here consist of a current discussion on the varied Mesozoic 

mammals, the interpretative concepts related to Mesozoic mammal evolution, the diverse 

paradigms that have predominated in past research and the relevant biological information 

on marsupial and monotreme anatomy.  

The Gondwanatheria, Sudamerica ameghinoi, Gondwanatherium patagonicum and Ferugliotherium 

windhauseni will be studied in detail and comparatively with gondwanatherians from India and 

Madagascar and with the Northern Hemisphere multituberculates, as part of a major 

assembly.  

For this purpose gondwanatherian dental terminology is revised and a systematic terminology 

is used to analyse morphological characters. The fossil specimens consist of undescribed and 

described material from Museo Argentino de Ciencias Naturales “Bernardino Rivadavia” and 

previously described material by other authors from other institutions.  

Cladistics analysis has been attempted and used to define and interpret phylogenetic 

relationships between Gondwanatheria and other mammal groups.  

An attempt to interpret hypsodonty origin and evolution in the gondwanatherian dentition in 

correlation to diet, habitat and climate is presented as well as the physiological and 

ontogenetic aspects related to hypsodonty. 

Concluding, there is a discussion on biogeographical implications, involved with the southern 

distribution of the gondwanatherian mammals. 
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Chapter 1 Objectives of Thesis 

 

1.1 Structure of thesis 

This thesis consists of a series of eleven chapters and two appendices, with references 

included. 

CHAPTER 1 OBJECTIVES OF THESIS 

Structure and aims of thesis. 

CHAPTER 2 INTRODUCTION 

Brief introduction to Mesozoic mammal paleontology and Argentinean Mesozoic 

mammals with emphasis on the Gondwanatheria. 

CHAPTER 3 MESOZOIC MAMMALS 

Brief account of the past and present history of the study of Mammal classification.  

Brief synthesis of the different groups of Mesozoic mammals.  

A discussion of the ancestry of mammals and sister-group of Mammalia. 

A summary of the different phylogenetic interpretations concerning the Mesozoic 

mammals currently in use and a summary of recent Mesozoic mammals discoveries 

in Gondwana with emphasis on Argentinean Mesozoic mammals. 

CHAPTER 4 MULTITUBERCULATA 

Introduction to Multituberculata, including a historical review and multituberculate 

systematics and origin. Brief summary of multituberculate anatomy, together with the 

anatomical characters currently accepted in multituberculate phylogeny. 

CHAPTER 5 GONDWANATHERIA 

Introduction to Gondwanatheria, including geographical and geological provenience 

of the available gondwanatherian material under study and a summary of other 

available material discovered outside of Argentina. 

Historical review of Gondwanatheria classification. Current revision of 

gondwanatherian systematics and current issues related to this systematics. 

CHAPTER 6 MATERIALS AND METHODS 

 Methods undertaken including cladisitic methodology and terminology used in 

mammalian dentition.  

CHAPTER 7 ANALYSIS AND INTERPRETATIONS OF GONDWANATHERIA 

FROM ARGENTINA 

Descriptions of Gondwanatheria material (undescribed housed at the MACN).  

Tentative identification of gondwanatherian fossil material.  

 2



Chapter 1 Objectives of Thesis 

Re-assessment of cheek-teeth belonging to Sudamerica and Gondwanatherium including 

the identification of molars and premolars of Ferugliotherium. 

Comparison and identification of gondwanatherian genera. 

Discussion of gondwanatherian relationships with other allotherian early mammals. 

CHAPTER 8 GONDWANATHERIA: A CLADISTICS STUDY BASED ON 

MORPHOLOGY 

A cladistic analysis on gondwanatherians and other Mesozoic mammals.  

Identification of morphological dental and dentary characters to be used in cladistic 

analysis. 

An interpretation of the phylogenetic relationships of the three genera of 

gondwanatherians from Argentina followed by a discussion on phylogenetic 

relationships.  

CHAPTER 9 HYPSODONTY, DIET AND ECOLOGY OF GONDWANATHERIANS 

Evolution of hypsodonty in gondwanatherians in the Cretaceous of South America.  

Discussion of the factors that may have been involved in the evolution of 

hypsodonty in the gondwanatherian, particularly in Gondwana. 

An interpretation of gondwanatherian diet and ecology. 

CHAPTER 10 BIOGEOGRAPHIC IMPLICATIONS OF GONDWANATHERIANS 

Discussion of the biogeographic implications related to the evolution of 

gondwanatherians in Gondwana. 

CHAPTER 11 CONCLUSIONS 

Presentation of conclusions.  

Possible directions for future research.  

APPENDIX A 

Tables of measurements of Gondwanatheria teeth. 

APPENDIX B 

Drawings of Gondwanatheria teeth containing 80 teeth in different views. 
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Chapter 2 Introduction 

2 Chapter 2 Introduction 

2.1 General introduction to Mesozoic Mammalian Paleontology 

During the last three decades there have been many prominent discoveries worldwide in the 

field of mammalian fossil research. One such discovery was of an unexpected group of 

mammals from the Late Cretaceous of Argentina, Madagascar and India, with very derived 

and specialized dentition. This group was named the Gondwanatheria.  

The combination of new discoveries, more detailed knowledge of Mesozoic mammals, 

innovative techniques in the study of fossil and extant mammals and conceptual changes in 

the interpretation of mammalian classification has resulted in a major paradigm shift in 

mammalian phylogeny (e.g. Cifelli, 2001). 

The understanding of mammalian evolution has advanced, to such an extent that, archaic 

mammalian systematics models of the past, which were prevalent in the early to mid 20th 

century, have recently given way to new interpretations based on new methodologies.  

This new approach in mammalian systematics is based on cladistic applications, where 

reconstructed genealogies are established by common ancestry rather than by simple 

anatomical similarities and therefore reveal phylogenetic relationships (e.g. Hennig, 1966). 

This approach is also aided by the used of quantitative methods and evolutionary synthesis. 

These reconstructed evolutionary relationships are achieved by using the fossil record 

(anatomical data) and molecular studies (extant mammals) and are essential in the 

interpretation of mammalian phylogenies. 

Scientists are much closer to learning the actual sequence of evolution as more data becomes 

available to test relationship hypotheses. However, true evolutionary relationships may never 

be accurately determined, neither by using fossils nor molecular data. 

The term “Mesozoic mammals” is a widely used term to denote all mammals that lived and 

evolved over a 155 million year history during the Mesozoic. This term is used to denote 

those mammals that evolved and diversified into different groups many which have become 

extinct and many which have diverged into modern groups “alive” today in all parts of the 

world and in all environments. 

Even though Mesozoic mammalian evolution has a long and ancient history, the first 

Mesozoic mammal was discovered over a little more than 180 years ago, when Professor 

Buckland formally announced the discovery of Amphitherium (Buckland, 1824) as the first 

mammal to occur in the Mesozoic or “Secondary”, contemporary with dinosaurs. Since the 

discovery of Amphitherium, many new lineages of Mesozoic mammals have been found (see 

review in Kielan-Jaworowska et al., 2004). 
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The traditional classification of early mammal fossils and Mesozoic mammals was primarily 

based on diagnostic features particularly related to the masticatory system.  

The presence of a dentary-squamosal joint was a principal defining character of the 

mammalian condition (Hopson, 1994) together with features related to the masticatory 

function (e.g. Crompton and Jenkins, 1973, 1979; Crompton, 1995). Tooth morphology, 

tooth replacement and occlusal relationships were also significant (Owen, 1868). 

During this time the majority of Mesozoic mammal fossils consisted only of isolated and 

fragmented dental remains. These remains had been discovered in Europe and North 

America thus the fossil record was limited to the countries in the Northern Hemisphere (see 

Kielan-Jaworowska et al., 2004). 

Now with the discovery in the last 30 years of a great number of Mesozoic mammals some 

of them complete (cranial and postcranial skeleton), as well as recent discoveries in the 

Jurassic and Cretaceous of Gondwana (Southern Hemisphere), our knowledge of 

mammalian evolution has increased significantly (see review in Kielan-Jaworowska et al., 

2004).  
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2.2 General introduction to Mesozoic mammals from Gondwana 

During the twentieth century the knowledge of Mesozoic mammal evolution was based 

solely on the extensive but limited Laurasian mammal fossil record (e.g. Lillegraven et al., 

1979).  

The only Mesozoic mammal remains known in South America at that time, were footprints 

from the Jurassic mammal Ameghinichnus patagonicus (Casamiquela, 1961, 1964) from the Late 

Jurassic of Santa Cruz Province Argentina. As well as these prints, other fossil mammals 

from South America, from the Vilquechico Formation of Laguna Umayo, Peru (Grambast et 

al., 1967; Sigé, 1968) and Tiupampa, Bolivia (Muizon et al., 1983) were also previously 

thought to be Mesozoic in age but are now attributed to the Early Paleocene (Bonaparte, 

1990a; Muizon and Cifelli, 2000). 

An important cornerstone was reached when diverse groups of Mesozoic mammals were 

unearthed in different parts of Gondwana particularly from Patagonia, Argentina but also 

from Australia, India, Africa and Madagascar.  

These discoveries made in the last two decades in Gondwana contributed enormously to the 

mammal fossil record and include a varied Mesozoic mammal fauna, among them, the 

enigmatic Gondwanatheria from the Late Cretaceous of Argentina and a diversity of other 

mammals such as dryolestoids, symmetrodonts, triconodonts and multituberculates (e.g. 

Bonaparte and Soria, 1985; Bonaparte, 1986a, 1990a; 2002). They all represent the only 

known assemblage of mammals from the Late Cretaceous of Gondwana (e.g. Bonaparte, 

1990a).  

Other discoveries from Gondwana include Vincelestes, a nearly complete therian mammal 

from the Early Cretaceous of Argentina (Bonaparte, 1986a, 1996; Bonaparte and Rougier, 

1987), Asfaltomylos, the oldest mammal of South America from the Middle to Late Jurassic of 

Argentina (Rauhut et al., 2002) and from the Middle Jurassic of Madagascar, Ambondro, a 

tribosphenic mammal (Flynn et al., 1999). 

From the Early Cretaceous of Australia, the discoveries include toothed monotremes such as 

Steropodon (Archer et al., 1985), Teinolophos (Rich et al., 1999; Rich et al., 2001a; Rich et al., 

2001b) and the bizarre Kollikodon ritchei (Flannery et al., 1995), as well as the possible 

tribosphenic mammals Ausktribosphenos and Bishops (Rich et al., 1997; Rich et al., 1999; Rich et 

al., 2001a). From the Late Cretaceous, Lavanify, a hypsodont gondwanatherian from 

Madagascar and  an unnamed one from India (Krause et al., 1997) were discovered, along 

with Mesozoic mammals from the Late Triassic, Early Jurassic and Late Cretaceous deposits 

from India (described by P. Yadagiri, D. P. Datta, G. V. R. Prasad; see Kielan-Jaworowska et 

 6



Chapter 2 Introduction 

al., 2004 and references therein). Finally, from East Africa, the haramiyid Staffia (Heinrich, 

1999, 2001), the eutriconodont Tendagurodon janenschi and the ‘eupantothere’ Tendagurutherium 

dietrichi were discovered from the Upper Jurassic of Tendaguru, southwestern Tanzania 

(Heinrich, 1998). 

These new mammals are of great scientific importance both in the study of 

paleobiogeography and in the evolutionary history related to the divergence of the main 

extant mammalian groups. They demonstrate that during the Cretaceous and even Jurassic in 

the Southern Hemisphere there lived a variety of mammals and a distinctive endemic 

mammal fauna and these discoveries help with the interpretation and understanding of the 

global evolution of mammals. They also provide evidence that mammals have had a global 

geographic distribution and did not just inhabit the Northern Hemisphere as was formerly 

believed. 

At present, the evolutionary history of Mesozoic mammals is more complex than previously 

understood (Lillegraven et al., 1979) with a promising future of further exciting finds from 

still unexplored Gondwanan deposits.  
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2.3 Discovery of first Mesozoic mammal in South America 

In South America the first Mesozoic mammal was discovered in the Late Cretaceous Los 

Alamitos Formation of Argentina in 1983 during the 7th Paleontological Expedition to 

Patagonia (7a Expedición Paleontológica a Patagonia). This expedition was part of a project 

carried out from 1976 to 1990, directed by J. F. Bonaparte and devised to find new vertebrate 

fossils of the Jurassic and Cretaceous of South America. This project was assisted by the 

National Geographic Society, CONICET, the Universidad Nacional de Tucumán and the 

Museo Argentino de Ciencias Naturales “Bernardino Rivadavia”. Along with this, came the 

discovery of a differentiated assemblage of non-tribosphenic mammals in the same beds 

from the Los Alamitos Formation in the Province of Rio Negro (Bonaparte, 1986b, 1990a, 

1992, 1994, 2002; Bonaparte and Pascual, 1987). Different groups of mammals such as 

dryolestoids, ?multituberculates, gondwanatherians, ?“symmetrodonts” and ?triconodonts, all 

of them previously unknown from the southern continents were discovered. Some of these 

mammals such as the dryolestoids were thought to be restricted to the Northern Hemisphere 

and to have become extinct in the Early Cretaceous (Barremian) of Spain (Martin, 1998). 

However in South America, the Dryolestidae continued into the Late Cretaceous and 

underwent a remarkable radiation (Bonaparte, 1986a, 1990a, 1994, 2002) surviving into the 

Early Paleocene as proved by the presence of Peligrotherium tropicalis in the Salamanca 

Formation of Punta Peligro, Argentina (Bonaparte et al., 1993; Gelfo and Pascual, 2001 and 

Rougier et al., 2003).  

Most of these mammals such as the dryolestoids and gondwanatherians from the Los 

Alamitos Formation have developed specialized characteristics previously unknown. These 

specific features may have aided these groups in their dispersal and survival in the southern 

continents. The question of why these southern groups may have survived ahead of their 

northern counterparts is of a great interest. Are these adaptations based on parallel evolution 

or convergence? Or are they adaptations not previously known in other groups? For 

example, the gondwanatherians of the Southern Hemisphere developed hypsodonty (ever 

growing cheek-teeth) in the Late Cretaceous, long before other groups in the Cenozoic such 

as the rodents.  
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It must be reiterated that the discovery of Mesozoic mammals from the Late Cretaceous Los 

Alamitos Formation is an important turning point for vertebrate paleontology in Argentina as 

it was the first time that Mesozoic mammals were found in South America. The quantity and 

variety is quite considerable and it is far superior to any other Mesozoic mammal sites in 

Gondwana and demonstrates that a great diversity of mammals roamed the southern lands 

during this time including new groups such as the Gondwanatheria and previously known 

groups such as Dryolestida. This also suggested that more unknown mammal groups 

remained to be discovered in un-sampled localities as well as lineages that until were now 

only from the Northern Hemisphere. Another important contribution that also emerged 

from these findings demonstrates that some mammal groups such as the Gondwanatheria 

had a cosmopolitan distribution (Krause et al., 1997) and this would suggest that a similar 

pattern may apply for other Gondwanan groups. Some of the answers to those questions 

asked above may be found with further research.  

Another significant turning point for vertebrate paleontology in Argentina occurred in the 

mid 1980s when amazingly preserved remains of Vincelestes neuquenianus from the Early 

Cretaceous of Patagonia, were discovered. It added to the knowledge of Gondwanan 

Mesozoic mammals (Bonaparte, 1986a; Bonaparte and Rougier, 1987; Rougier et al., 1992). 

The six nearly complete skulls, 17 lower jaws and numerous postcranial bones of Vincelestes 

neuquenianus were in good conditions and are considered one of the most completely 

preserved fossil mammals known from the Early Cretaceous of Gondwana and Laurasia 

(Bonaparte, 1986a; Rougier, 1993). The study of Vincelestes helped support the conclusion 

that a significant amount of endemism occurred among the Cretaceous continental 

vertebrates of the Southern Hemisphere (Bonaparte, 1988).  

Vincelestes is one of the earliest cladotherian mammals known from nearly complete crania. 

Many aspects of the cranial morphology of Vincelestes were described along with the structure 

of the braincase and the reconstruction of the cranial vessels (Rougier and Bonaparte, 1988; 

Hopson et al., 1989; Rougier, 1990a, 1990b; Rougier et al., 1992).  

The discovery of Vincelestes also provides evidence of a possible ancient social organization of 

that group, as the six different skull remains were found together in an area no more than 

two square meters and probably representing different aged individuals (Rougier, 1993). 
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2.4 Implications of recent discoveries of Mesozoic mammals in Gondwana 

The majority of Mesozoic mammals from Gondwana are only known from fragmented jaw 

elements and teeth (Vincelestes is an exception), some with tribosphenic dentition.  

In Australia, the first Mesozoic mammal Steropodon galmani, a toothed monotreme, was 

discovered in 1985 in the Early Cretaceous of Lightning Ridge, New South Wales (Archer et 

al., 1985). Ten years later, the jaw remains of another toothed monotreme Kollikodon ritchei, 

from Lightning Ridge (Flannery et al., 1995) were found and later, jaw remains of a small 

toothed monotreme, Teinolophos trusleri, from the Early Cretaceous of Victoria (Rich et al., 

1999; Rich et al., 2001a; Rich et al., 2001b), were also discovered.  

Steropodon was considered by Archer et al. (1985) to have tribosphenic dentition. Other 

authors, Kielan-Jaworowska, Crompton and Jenkins (1987) were also in favour of Steropodon 

being a therian but believed it was a therian with teeth not fully tribosphenic and had derived 

from a therian stock of mammals before tribosphenic molars had evolved. 

On the other hand, in 1997, a mammal Ausktribosphenos nyktos with a tribosphenic dentition 

was discovered (Rich et al., 1997) and later, Bishops whitmorei, another ausktribosphenid (Rich 

et al., 2001a) both from the Early Cretaceous of Victoria, Australia.  

These fossil finds have introduced implications that challenge traditional theories arguing that 

the tribosphenic molar evolved in the Early Cretaceous in the northern continents leading to 

the early diversification of therians (marsupials and placental mammals), (Crompton, 1971) 

and also challenge the classical view of Australian mammalian biogeography.  

Traditionally, the evolution of the tribosphenic molar was believed to have occurred in the 

Northern Hemisphere and to have involved a series of steps from non-tribosphenic to 

tribosphenic (Crompton, 1971). This evolution is believed to have begun with non-

tribosphenic Kuehneotherium (Late Triassic or Early Jurassic) and Amphitherium (medial 

Jurassic), then extending to the almost tribosphenic Peramus (Late Jurassic) and successively 

to the tribosphenic Aegialodon (Early Cretaceous) and finally ending with Cretaceous 

marsupial and placental mammals. 

With the discovery of tribosphenic Mesozoic mammals from the Southern Hemisphere these 

views began to be questioned.  

The Australian tribosphenic mammals are considered to be placental mammals by some 

authors (Rich et al., 1997; Rich and Vickers-Rich, 1999) with Ausktribosphenos believed to 

resemble the living spineless hedgehog Neotetracus (Rich and Rich, 2004). This view is 

controversial and does not take into account that these morphological similarities in the 

dentition can be due to homoplasy. If the Australian tribosphenic mammals are placental 
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mammals this would indicate that they were part of the Australian environment during the 

Cretaceous, earlier than previously believed becoming extinct around that time and thus may 

challenge current Australian biogeography theories. However this view does not take into 

account the primitive nature of the Ausktribosphenos dentary. Kielan-Jaworowska et al. (1998) 

argued that Ausktribosphenos retains mandibular features such as the retention of the 

postdentary trough that are not found in eutherians (placentals) and metatherians and are 

only known in Early Jurassic mammals, making it less probable that Ausktribosphenos is a 

placental. 

With this discovery of the southern tribosphenic mammals came different views on the 

origin of tribosphenic dentition. Some authors are of the opinion that the tribosphenic 

dentition originated in Gondwana and not in the Northern Hemisphere and thus the 

tribosphenic condition is monophyletic and has evolved only once (Flynn et al., 1999; Rich et 

al., 1997; Rich et al., 1999). This opinion is also based on the discovery of Ambondro, another 

gondwanan mammal with a tribosphenic dentition, from the Middle Jurassic of Madagascar. 

Ambondro is at least 25 myr older than other known tribosphenic mammals from the 

Northern Hemisphere and Ausktribosphenos is nearly as old as the earliest northern 

tribosphenic mammal Prokennalestes from the late Early Cretaceous of Mongolia (Kielan-

Jaworowska and Dashzeveg, 1989; Marshall and Kielan-Jaworowska, 1992; Sigogneau-Russell 

et al., 1992).   

 This view was disputed by Luo, Cifelli and Kielan-Jaworowska (2001), Luo et al. (2002) and 

Rauhut et al. (2002) who challenged the belief that the southern Mesozoic mammals with 

tribosphenic dentitions are placentals. Their interpretation demonstrates that mammalian 

tribosphenic dentition evolved twice in two separate lineages: the Australosphenida (such as 

Asfaltomylos, Ambondro Ausktribosphenos, Bishops and monotremes) and Boreosphenida 

(including tribotheres, marsupials and placentals known only from the northern continents 

prior to the latest Cretaceous). They argued that the Gondwanan tribosphenic mammals are 

more closely related to the toothed monotremes than to the placentals and marsupials. This 

implies that the tribosphenic molar has a dual evolution both on Laurasian and Gondwanan 

continents and as stated by Kielan-Jaworowska et al. (2004:7) “the functionally adaptive features on 

tribosphenic molars (a protocone on upper molars opposing a basined talonid on lowers) are homoplastic”. If 

this view is correct this would imply that monotremes evolved in the Southern hemisphere 

from a toothed tribosphenic ancestor and that they developed tribosphenic dentition in 

parallel with the northern tribosphenic mammals including placentals from the Northern 

Hemisphere. This interpretation is entirely plausible as mammalian dental features have been 
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shown to be flexible and very malleable and thus the tribosphenic dentition may have 

evolved in parallel in the two different hemispheres prior to the Middle Jurassic. 

The presence of this great diversity of mammal forms in Gondwana including a new clade of 

tribosphenic mammals demonstrates that Laurasia and Gondwana were both isolated from 

each other in the Cretaceous and gave rise to vicariant adaptive types in each supercontinent 

(Bonaparte, 1986b; Bonaparte and Kielan-Jaworowska, 1987). 

Previously, during the Jurassic, the supercontinent Pangea began to break up into two smaller 

parts Laurasia (in the north) and Gondwana (in the south).  According to authors such as 

Smith and Briden (1977) in their paleocontinental map distribution they depict that Laurasia 

and Gondwana had separated well into the Late Jurassic with North and South America 

totally separated by the Late Jurassic, with the central part of the Atlantic opening up in the 

late Early Jurassic. However evidence from marine molluscs demonstrate the existence of 

land barrier separating the western Tethys from the Pacific coast of North and South 

America that persisted until the end of the mid Jurassic (Callovian) (Hallam, 1981). Hallam 

(1977) states that true oceanic crust in the Central American region was not generated until 

approximately the Oxfordian, this together with an increase in sea level in the Oxfordian 

(Hallam, 1978) would have caused isolation of the continents. 

The timing of the split between Laurasia and Gondwana is controversial however this 

separation did result in a biogeographic isolation during a period of 70 to 80 million years. 

This led to the evolution of remarkable different faunal assemblages for each supercontinent 

(Bonaparte, 1986b; Bonaparte and Kielan-Jaworowska, 1987) and is especially present in the 

vertebrate South American continental fossil record (Bonaparte and Kielan-Jaworowska, 

1987; Bonaparte, 1990a). 

Thus it is clear to see that the impact of the discoveries from the Mesozoic in the Southern 

Hemisphere has been clearly significant as it has added a great amount of knowledge in the 

study of mammal evolution and challenges traditional theories that are currently experiencing 

radical changes. It can be fair to say that previous to these discoveries only approximately 

half of the amount of knowledge was known concerning the evolution of mammals. 
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2.5 General introduction to Gondwanatheria 

The discovery of gondwanatherian mammals in Argentina represents an important episode in 

vertebrate paleontology, as for the first time the presence of hypsodont molars covered by a 

thick layer of enamel in Mesozoic mammals is recorded (see Chapter 5 for review). The 

gondwanatherians represent a distinct group of mammals, as they possess multituberculate-

like dental affinities as well as unique dental characteristics. These dental features are different 

from any other group of mammals known in the Cretaceous (Bonaparte, 1990a). 

The gondwanatherians thus are regarded a highly specialised group of extinct herbivorous 

multituberculates or multituberculate-like mammals, first discovered in the Early Paleocene 

of Argentina (Scillato-Yané and Pascual, 1984, 1985; Bonaparte et al., 1993; Pascual et al., 

1999) and Late Cretaceous of Argentina (Bonaparte, 1986a, 1986b, 1988, 1990a; Krause et al., 

1992; Kielan-Jaworowska and Bonaparte, 1996) and later discovered in Madagascar (Krause 

et al., 1997), India (Das Sarma et al., 1995; Anantharaman and Das Sarma, 1997; Krause et al., 

1997) and the Eocene of Antarctica (Reguero et al., 2002; Goin et al., in press).  

The gondwanatherians are classified under the Suborder Gondwanatheria (Mones, 1987) that 

contains two families Sudamericidae and Ferugliotheriidae. These mammals represent a 

major element of the Late Cretaceous Los Alamitos mammal fauna (Bonaparte, 1986a, 

1986b, 1988; Krause et al., 1992; Bonaparte, 1990a; Kielan-Jaworowska and Bonaparte, 

1996), with one species Sudamerica ameghinoi only prevalent in the early Paleocene Punta 

Peligro local mammal fauna (Scillato-Yané and Pascual, 1984; Bonaparte et al., 1993; 

Bonaparte, 1990b; Pascual et al., 1999).  

There are three Argentinean species of gondwanatherians currently recognized Ferugliotherium 

windhauseni, Gondwanatherium patagonicum and Sudamerica ameghinoi, one species described from 

the Late Cretaceous of Madagascar Lavanify miolaka (Krause et al., 1997) and an unnamed 

species from India (Das Sarma et al., 1995; Anantharaman and Das Sarma, 1997; Krause et 

al., 1997). There is some elements linked to gondwanatherians from the Eocene of Antarctica 

(Reguero et al., 2002; Goin et al., in press) and a very fragmentary lower jaw tentatively 

assigned to Gondwanatheria from the ?Cretaceous of Tanzania (Krause et al., 2003). Recently 

an isolated molariform tooth was discovered in the ?Eocene of Peru and possesses general 

characteristics to gondwanatherian mammals especially that of Ferugliotherium (Goin et al., 

2004).  

The gondwanatherians have a Gondwanan distribution that led to the first indication of 

cosmopolitism among Late Cretaceous Gondwanan mammals (Krause et al., 1997). 

Gondwanatherians are now represented on four widely separated landmasses (Argentina, 
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India, Madagascar and Antarctica) and this suggests that these landmasses were connected in 

the Late Cretaceous (Krause et al., 1997), suggesting that Antarctica may have served as an 

important Cretaceous biogeographic link between South America and Indo-Madagascar 

(Krause et al., 1997). 

A recently proposed geophysical model shows that India and Madagascar were attached to 

eastern Antarctica well into the Cretaceous while South America was attached to the western 

end of Antarctica (Hay et al., 1999; Krause et al., 2003). The gondwanatherians also support 

the hypothesis of the geographic distribution of these landmasses with totally independent 

evidence, solely derived from the fossil record (Krause et al., 1997) (see Chapter 10). 

The gondwanatherians have unique features related to their dentition which defines them as 

the earliest known mammals to develop hypsodont dentition in the Late Cretaceous. It is also 

interesting to note that their hypsodont dentition may have developed from a non-triangular 

molar pattern, (non tribosphenic) in contrast to other fossil tertiary mammals with hypsodont 

dentition (Koenigswald et al., 1999).  

There have been reservations concerning the allocation of the Gondwanatherians to other 

mammal groups. Some authors such as Van Valen (1988:44) considered that 

“Gondwanatherium could….easily be a hypsodont derivative of the Early Cretaceous 

monotreme Steropodon” while Jenkins (1990:7) stated that “Gondwanatherium is unequivocal 

evidence of a Mesozoic mammalian radiation beyond the bounds of previously recognized 

major taxonomic categories”. 

The phylogenetic position of the gondwanatherians has been debated and disputed by 

various authors in the past and still is currently ambiguous (see Chapter 8 for review). The 

gondwanatherians were considered to be members of the early South American edentates 

(Scillato-Yané and Pascual, 1984, 1985; Bonaparte, 1986a, 1986b, 1990b; Mones, 1987) and 

later, with further discoveries, the gondwanatherians were proposed to be a southern 

endemic clade of multituberculates (Krause and Bonaparte, 1993; Kielan-Jaworowska and 

Bonaparte, 1996; Bonaparte, 1990a). Some authors have placed the Suborder 

Gondwanatheria under the Order Mammalia incertae sedis based on the morphological features 

of the right dentary of Sudamerica ameghinoi (Pascual et al., 1999; Koenigswald et al., 1999). 

However other authors such as Krause and Bonaparte (1993) and Kielan-Jaworowska and 

Hurum (2001) regard the brachyodont gondwanatherian Ferugliotherium windhauseni to 

tentatively be assigned to the suborder “Plagiaulacida” within Multituberculata. 

Recently, Kielan-Jaworowska et al. (2004) were of a different opinion and believed that 

Gondwanatheria are not multituberculates, assigning only a dentary with p4 referred to 
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originally as Ferugliotherium by Kielan-Jaworowska and Bonaparte (1996) and a few upper 

premolars to Multituberculata incertae sedis. 

In recent years, a large array of analyses and phylogenetic speculation has been made, 

regarding the affinities of the gondwanatherians (Scillato-Yané and Pascual, 1984, 1985; 

Bonaparte, 1986a, 1986b, 1990a, 1990b; Mones, 1987; Sigogneau-Russell et al., 1991; Krause 

and Bonaparte, 1990, 1993; Bonaparte et al., 1993; Krause, 1993; Krause et al., 1992, 1997; 

Kielan-Jaworowska and Bonaparte, 1996; Pascual et al., 1999; Kielan-Jaworowska and 

Hurum, 2001; Gurovich, 2001, 2002; Bonaparte, 2005). 

The current view of gondwanatherian relationships is also quite unclear due to the 

fragmentary nature of the gondwanatherian fossil record that consists of isolated teeth and 

fragmented jaw remains. Thus gondwanatherian relationships need to be reviewed and 

discussed, as part of this study, together with new descriptions of  unpublished 

gondwanatherian dental remains housed in the Museo Argentino de Ciencias Naturales, 

Buenos Aires, Argentina.  

This is also complex due to the controversial phylogenetic position of the multituberculates. 

There are various hypothesis related to the phylogeny and origin of multituberculates (see 

review by Luo et al., 2002). In light of these controversies and the overall changes that are 

occurring in the field of mammalian phylogeny it is thus fundamental to review and 

tentatively interpret gondwanatherian systematics. 

It is important to reiterate, as many authors have already pointed out, that the study of the 

evolutionary history of the gondwanatherians is based on fossil material that is quite 

insufficient for intrinsic and fundamental interpretations. However in this thesis, I will 

endeavour to interpret this group of highly specialized and derived, enigmatic Cretaceous and 

Paleocene mammals. 

It is indeed necessary therefore to restate that the controversial systematic and phylogenetic 

position of Gondwanatheria, on the mammalian evolutionary tree, will only be thoroughly 

known when more complete, anatomical and abundant fossil remains are discovered.  
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3 Chapter 3 Mesozoic Mammals 

3.1 Introduction 

The first Mesozoic mammal was discovered in 1764, in the Middle Jurassic Stonefield 

Quarries in Oxfordshire, England. However, the significance of this discovery was only 

understood much later (Owen, 1871). 

Following this, nearly 50 years later in 1812, another great discovery was made which has 

shaken the scientific world to its foundations. Two fossil mammalian jaws were discovered in 

England by an ancient “stone-mason” and later brought to Oxford, to be studied by W. J. 

Broderip, a law student at Oxford University (Broderip, 1828; Clemens et al., 1979:18). 

Broderip and his Professor, William Buckland were convinced that the jaws belonged to 

mammals and later they received confirmation by Baron Georges Cuvier who was an expert 

at distinguishing the different parts and fragments of extinct animals and thus pronounced 

the two fossil jaws as mammalian (Buckland, 1824). It was not until 1824 that Professor 

Buckland formally announced the discovery which was then formally described by Broderip 

(1828).  

These first Mesozoic mammals were initially thought to be “Didelphys or Opossum” and 

were named by Broderip (1828) as Didelphis bucklandi. Later these were placed in the Order 

Triconodonta, Family Amphilestidae Osborn (1888) and named Phascolotherium bucklandi 

(Broderip, 1828) and Amphilestes broderipii (Owen, 1845). 

These two small mammalian jaws were the first evidence that mammals coexisted in the 

Mesozoic and as stated by Gregory (1910:172) they "were the means of overthrowing the 

dogma that no mammals occurred in the Mesozoic".  

Other mammals recovered from the Stonefield slate early in the 19th Century include 

Amphitherium prevostii (von Mayer, 1832) classified in the Order Eupantotheria and Family 

Amphitheriidae Owen, 1846. As a consequence, this later led to an increased number of 

searches and discoveries of Mesozoic mammals around the world (See review Lillegraven et 

al., 1979; Kielan-Jaworowska et al., 2004). 
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3.2 History of mammal classification: Aristotle and Linnaeus 

The history of the classification of mammals was initiated with the Greek philosopher 

Aristotle (B. C. 384-322), who first trained in medicine. Aristotle made a summary of what 

the Greek philosophers had achieved before him and added to this summary, acute and 

precise observations of his own. Aristotle was experienced with dissection and described the 

embryological development of a chick. He was able to distinguish whales (which Aristotle did 

not realize were mammals) and dolphins from fishes and he described the chambered 

stomachs of ruminants and noticed that sharks gave birth to live young. 

Aristotle's classification of animals grouped together animals with similar characters into 

genera (a term used in a much broader sense than by present-day biologists) and then 

distinguished the species within the genera. He divided the animals into two types: those with 

blood and those without blood (or at least without red blood). These distinctions correspond 

closely to the present day distinction between vertebrates and invertebrates.  

The “blooded animals”, corresponding to the vertebrates, included five genera: viviparous 

quadrupeds (mammals), birds, oviparous quadrupeds (reptiles and amphibians), fishes and 

whales. The bloodless animals were classified as cephalopods (such as the octopus); 

crustaceans; insects (that included the spiders, scorpions and centipedes, in addition to what 

we now define as insects) and shelled animals (which included "zoophytes" or "plant-

animals"). 

Aristotle (350 B.C. E) wrote “The parts of mammals”, work later critically examined by 

Whewell (1837). In it, Aristotle used the physical aspects including morphology and form and 

from observations he was able to distinguish characteristics between animals. 

He divided the animals into viviparous, oviparous and vermiparous. The viviparous consist 

of man, the horse and all those animals with hair and include the aquatic animals including 

the dolphin and cartilaginous fishes.  

Aristotle used the morphology of the feet to differentiate and thus classify the quadrupeds 

(characterised as having blood, being viviparous and having “many-cloven extremities”. As 

Gregory (1910) points out, anatomists that came after Aristotle such as John Ray (1627-1705) 

and Jacobus Theodorus Klein (1685-1759) may have had Aristotle’s descriptions in mind 

when describing mammals based on their foot morphology as “bifido”, “multifido”, “ungulata” 

and “fissipedes”. 

In another passage Aristotle also observes differences in the teeth when describing different 

mammals. 
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“Animals have also great differences in the teeth, both when compared with each other and with man. For all 

quadrupeds which have blood and are viviparous, have teeth. And in the first place, some are ambidental 

(Having teeth in both jaws), and some are not so, wanting the front teeth in the upper jaw. Some have neither 

front teeth nor horns, as the camel; some have tusks, as the boar, some have not. Some have serrated teeth as 

the lion, the panther, the dog; some have the teeth unvaried, as the horse and the ox; for the animals which 

vary their cutting teeth have all serrated teeth. No animal has both tusks and horns; nor has any animal with 

serrated teeth either of those weapons. The greater part have the front teeth cutting and those within broad” 

(Aristotle Book 1, Chap. ii). 

This passage by Aristotle demonstrated to later scientists and modern phylogenists the 

importance that teeth have as a means of distinguishing and classifying mammals. 

It was much later however when the term Mammalia was first used by Carl Linnaeus (also 

known as the Father of Taxonomy), documented in 1758 in the tenth edition of ‘Systema 

Naturæ’ (the First edition was published in 1735) in which he lists the whole animal kingdom 

in a systematic manner.  

The 10th revision or edition of “Systema Naturae”, published in 1758, is regarded as the 

official start of modern taxonomy and the first formal biological classification.  

Linnaeus recognized the importance of the mammae as a class character and coined the word 

“mammalia” to describe the “viviparous hairy animals” that were previously characterized by 

John Ray  in 1693. Linnaeus used anatomical features and not superficial characteristics and 

included in the same classification the extant mammals then known, together with the 

cetaceans and chiropterans (e.g. Gregory, 1910).  

By 1791 the word “mammifère” was already in use in France and in 1802, Lamarck used the 

plural “les mammaux”, while Good in 1826 used the English plural term of “mammals” for the 

first time. Owen (1841) was first to use the singular form “mammal” (See McKenna and Bell, 

1997). 

During the 19th Century many new Mesozoic mammal discoveries occurred in Europe (e.g. 

Owen, 1871) and North America (e.g. Marsh, 1881; Osborn, 1887).  

Later in the 20th century these fossils were all studied by the most influential 

paleomammalogist of the 20th century George Gaylord Simpson (1902-1984). 
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3.3 Polyphyletic origin of mammals 

Simpson (1928) considered that the specialization of mammals, into the various mammalian 

lineages had occurred independently; therefore mammals had their origin in several different 

lines of descent and thus should be considered polyphyletic. 

Simpson (1928) recognized that the major groups of mammals the monotremes, 

multituberculates, eutriconodonts (Simpson’s Triconodonts) and living therians all arose 

independently from synapsid ancestors and thus there existed four or more separate 

mammalian origins.  This allowed Simpson (1928, 1929a) to propose that mammals had 

diversified early and had originated from the cynodonts. 

However, this concept of a polyphyletic origin of mammals proposed by Simpson was based 

on the limited evidence available in the fossil record at that time (e.g. Crompton and Jenkins, 

1979). Transitional forms from the Triassic and Early Jurassic were virtually unknown in the 

early part of the 20th century, with the cynodonts being the most advanced therapsids known. 

From 1925 onwards due to the discoveries and detailed comparative studies of advanced-

mammal-like reptiles and Jurassic mammals it was easier for paleomammalogists to 

understand early mammalian history. Nevertheless, in spite of this, throughout the 1930s 

through the 1960s most researchers such as Broom (1910), Matthew (1928), Simpson (1928) 

and Olson (1944) still considered Mammalia as having a polyphyletic origin.  

Multituberculate mammals were believed to have evolved from a group of cynodonts, the 

tritylodontids, due to the similar dentition they shared. The tritylodontids were characterized 

as having postcanine molariformes with longitudinal rows of multiple cusps similar to the 

multituberculates (Simpson, 1928; Olson, 1944). Other mammals with a triconodonta molar 

pattern were believed to have descended from tritheledontids (called “ictidosaurs” first 

termed by Broom (1932) to describe two small mammal-like reptiles discovered in 1920s by 

van Hoepen in South Africa). Like mammals, the tritheledontids evolved prismatic enamel 

on their teeth and were very mammal-like. The tritheledontid Diarthrognathus has a double-jaw 

articulation involving contact with the dentary and squamosal (Crompton, 1958, 1963a). 

Specialized mammals such as the monotremes, due to their unique skeletal, anatomical and 

ecological specializations have also had a controversial debate related to their evolutionary 

origin. Some authors believe this group to have evolved from marsupials (e.g. Gregory, 

1947), others from cynodonts (e.g. Young, 1962), while Olson (1944) was of the idea that the 

ancestor to the monotremes was an unknown pre-cynodont therapsid, independent of other 

living and fossil mammals. However recent studies based on molecular sequences place the 

monotremes outside the crown monophyletic group Theria.  
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3.4 Monophyletic origin for mammals 

It is important to note that Gregory as early as 1910 had observed using derived anatomical 

and reproductive features that mammals including the monotremes were monophyletic and 

not polyphyletic (e.g. Luo et al., 2002). Gregory (1910) listed numerous characters that 

demonstrated that monotremes are true mammals and possess characters that suggest 

affinities with the marsupials. Gregory (1910: 160) stated that “Mammalia are monophyletic rather 

than diphyletic in origin; i.e. that the common ancestors of Monotremes, Marsupials and Placentals were 

already mammals”. Gregory (1910) and later Broom (1914) viewed that mammals were derived 

from a Triassic group of cynodonts and that monotremes were more closely related to the 

“allotheria”, “triconodonts” and living mammals than to cynodonts. 

However even much later and throughout the early 20th century, the view that mammals had 

a polyphyletic origin was very influential and predominated until the 1960s with published 

works by Simpson (1959, 1960), Olson (1959) and Van Valen (1960). 

In the late 1960s and throughout the 1970s, however, an important turn around in the 

interpretations concerning mammalian evolution came about with the widespread acceptance 

of a monophyletic origin for mammals (Hopson, 1967; Hopson and Crompton, 1969; 

Parrington, 1971). This shift was due to detailed studies based on new fossil discoveries from 

the Late Triassic and Early Jurassic (Hopson, 1969; Hopson and Crompton, 1969). There 

were still various authors such as Mills (1964) and Kermack (1967), however who were still in 

favour of a diphyletic origin of mammals based on studies of the braincase structure in 

Mesozoic Mammals, resulting in the division of the class Mammalia into therian and non-

therian mammals (see summary by Kielan-Jaworowska, 1992). 

It is interesting to note that the monophyletic view of mammalian origin also came about 

from studies on dentition. These studies such as those by Hopson and Crompton (1969) 

based on both non mammalian therapsids and Mesozoic Mammals along with the new dental 

and basicranial features observed, argued for a monophyletic origin of mammals that 

originated from a line of small carnivorous cynodonts (see Hopson, 1994).  

Based on these new detailed studies suggesting a monophyletic origin to Mammalia, the 

polyphyletic concept of Mammalia was abandoned in the late 1960s. This was also partly due 

to the reassessment of synapomorphies that were used in classification. For example: the 

linear arrangement of molar cusps is a feature shared by triconodonts and other cynodonts 

such as Thrinaxodon and Pachygenelus and has been proven to be primitive (Luo et al., 2002). 

Thus the linear arrangement of cusps is not informative as it is a primitive feature and thus 

cannot be used for determining relationships.  
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The discovery of early mammal fossils along with the detailed studies of the skull and 

dentition led to the hypothesis that a very early division occurred between the non-therian 

and therian lineages (Cifelli, 2001).  

The view for a monophyletic origin of Mammalia was a fundamental step forward and from 

this the Class Mammalia was separated into two groups “prototherian” and “therian”.  The 

“prototherian” or “non-therian”  group consisted of the monotremes, eutriconodonts, 

multituberculates and docodonts with the morganucodontids as the hypothesized ancestor, 

while the Theria consisted of the two living mammal groups the marsupials and the 

placentals along with several ancestral fossil taxa. The recognition of the Theria grouping was 

based on the reversed-triangle pattern of molar cusps. The kuehneotheriids were viewed as 

the ancestral linage to the two major lineages “eupantotheres” and “symmetrodonts”, with 

the former giving rise to the metatherians and eutherians (see Figure 1.2 Cifelli, 2001). 
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3.5 Modern view of Classification 

Modern scientific taxonomy  is based on physical characteristics or attributes (such as the 

skull, lower jaw, teeth, skin, fur, feather or scale patterns, size and the structure of body parts) 

and on genetic characteristics. Some of the key attributes are basic to a taxonomic description 

while others are not part of the basic description but can correspond to evolutionary 

relationships upon which taxonomic classifications are based. 

In the modern view of classification, there are certain features used, based on comparative 

anatomy, phylogeny and on molecular studies such as DNA as well as biology, ethology 

(animal behaviour) and ontogeny.  

Traditionally a mammal was considered to have the following characteristics: warm-blooded, 

covered with fur that nourishes its young with milk secreted from modified sebaceous glands 

called mammae. This is a traditional view, whereby mammals are distinguished from other 

vertebrates due to the presence of fur, an elevated homeothermic metabolism, mammary 

glands, mammalian growth pattern and numerous other characters in the dentition and skull. 

There are also other physiological and anatomical features that are used to distinguish extant 

mammals, but it is difficult to know if these characters such as the presence of mammary 

glands were present among the extinct mammaliaforms such as morganucodontids or other 

non-mammalian cynodonts beyond the most recent common ancestors of monotremes, 

marsupials and placentals. 

Therefore for paleontologists and taxonomists, skeletal characters are used in all synapsid 

diagnoses. In mammals there are three bones or auditory ossicles in the middle ear -the 

malleus, incus and stapes, which conduct sounds across the middle ear from the tympanic 

membrane to the fenestra ovalis of the inner ear, while in other tetrapods there is only a 

single bone: the stapes. 

Paleontologists, embryologists and comparative anatomists have researched the origin of 

these three auditory ossicles and it has since been recognized that the stapes of the 

mammalian ear is equivalent to the whole columellar apparatus of the lower tetrapod. The 

mammalian malleus and incus on the other hand, are homologous with the articular and 

quadrate of the lower tetrapods (e.g. Romer and Parsons, 1986:531). 

Another traditional definition of the term mammal has been based upon the articulation of 

the jaw. Mammals have only one bone in the lower jaw, the dentary, while there are many 

more bones in the lower jaw of the lower vertebrates. The mammalian lower jaw articulates 

with the squamosal of the skull. This occurs when the condyle of the dentary articulates with 

the fossa or glenoid cavity on the squamosal bone of the skull. In cynodonts and other 
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vertebrates the articular bone at the posterior portion of the lower jaw articulates with the 

quadrate of the skull and is termed the articular-quadrate joint.  

Historical approaches to classification 

The traditional approach is Evolutionary systematics, based on homology and the 

scientist's best judgement of the closeness of relationships. Whereby homology is similarity 

by descend and is determined by ancestor/descendant relationships.  

The second approach is Phenetics, grouping of species bases on phenotypic similarity.  

The more recent approach is Cladistics, based on the arrangement of taxa based on two 

main ideas:  

1) By acting as if all traits are homologous.  

2) Using only "shared-derived" characters to group lineages. 
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3.6 Cladistic analysis 

In the 1970s cladistic analysis began to be widely used in zoology. This type of evolutionary 

classification was proposed by the German entomologist Willi Hennig (1950, 1966) with his 

major work “Phylogenetischen Systematik”.  

In mammalogy it was not until the mid 1970s when cladistics or phylogenetic systematics was 

used. McKenna (1975) was one of the first to use this new phylogenetic systematics and 

produced a classic paper in mammalian classification. He was one of the first paleontologists 

who attempted to establish general relationships between Mesozoic mammals using cladistic 

analysis. 

Then throughout the 1980s paleontologists began using algorithm based cladistic methods to 

reconstruct higher-rank relationships among mammalian groups (Novacek, 1986; Rowe, 

1988). 

Today cladistics is what is conventionally used to study mammalian systematics. 

The aim of cladistics is to be objective and rational, it is not based on similarity (as phenetics 

is) and it avoids the circularity of evolutionary systematics of using "judged homology" to 

determine ancestor-descendant relationships. Cladistics deals with “yes” and “no” characters-

states; it uses shared derived characters whereby derived characters represent a "newer" 

evolutionary state that is the opposite of a "primitive" character. Shared derived characters 

are important because if only one taxon has the character then the character does not say 

anything about the grouping or relationship of that taxon in relation to other taxa.  

Conventionally taxa have been defined by diagnostic characters. These diagnostic characters 

are those characters or features that are thought to have an important adaptive value. But 

since the introduction of phylogenetic systematics the definition of taxa has been made by 

genealogy (Rowe, 1988) or the relationship between organisms. Rowe (1988) describes the 

difference between the terms definition and diagnosis and the way these terms have been 

used throughout history in mammalian classification. He states that even before Linnaeus, in 

taxonomy, taxa were defined only by attributes that characterized that unit. This has persisted 

in mammalian classification where mammals are “defined” by the presence of dentary-

squamosal joint and three middle ear bones. 

Today different taxonomical operations are in use: one is definition and the other is diagnosis 

(Rowe, 1988). The definition of taxa is described as the attributes which are necessary and 

sufficient to categorize an individual and thus for an individual to be part of that category it 

must contain those attributes that are defined. As stated by Ghiselin (1969, 1984) taxa can 

only be defined in terms of genealogy, as taxa evolve and defining characters evolve and are 

 28 



Chapter 3 Mesozoic Mammals 

lost or are added. As Rowe (1988: 347) states “Ancestry, however, is an organismal property that is 

fundamental to all evolving entities and that cannot itself transform”.  

For example: snakes are classified as tetrapods, not because tetrapods are defined as 

organisms with four limbs, but because the ancestors of snakes were tetrapods. 

The term diagnosis, on the other hand, is based on the manner of using anatomic, 

physiologic and phenotypic characters to define taxa giving a concise description. Rowe 

(1988) states that the goals of phylogenetic analysis are established on the definition of 

Mammalia based on its ancestry. This is achieved by character data analysis between the 

highest systematic grouping of Mammalia and its closest extinct relatives (Rowe, 1988). 

However, the definition of Mammalia used by Rowe (1988) is not accepted by all authors. 

For example: Rowe (1988, 1993) proposed that the crown group definition of Mammalia is 

the most recent common ancestor of the monotremes, marsupials and placentals plus all of 

its descendants. The problem with this is that the fossil relatives that fall outside of the 

Mammalia node are relegated to other nodes that then have to be defined or named. Some 

authors such as Wible et al. (1995) and Rougier, Wible and Hopson (1996) follow this 

scheme while others such as Hopson (1994) and Luo et al. (2002) are not in favour.  

Luo et al. (2002) recognize Mammalia as the Mammaliaformes of Rowe (1988), defined by 

including the common ancestor of Sinoconodon, living monotremes and living therians, plus all 

its descendants, in which docodonts, morganucodontids and haramiyids are included.  

One of the things to consider when performing phylogenetic analysis is that when adding 

new taxa to a cladogram, the resulting tree then changes (i.e. the position of each taxa change 

in the tree or cladogram) and thus the phylogenetic nomenclature renders instable. 

Thus the present is obviously a critical time for paleontologists and evolutionary biologists 

due to the new discoveries in the Triassic of mammal-like and basal mammal taxa, which call 

for new interpretations on the phylogenetic and diagnostic definitions of Mammalia. 

In the last decade, the application of cladistic methods and new discoveries of mammalian 

forms have led to much greater information on the relationships of Mesozoic mammals. 

New phylogenies of Mesozoic mammals have been published but due to the limited 

representation of complete records in the early mammal groups, most of these phylogenies 

are incomplete and lack sufficient coverage of the vast diversity of fossil taxa (Luo, Kielan-

Jaworowska and Cifelli, 2002). Many mammal taxa represented only by dentition have been 

eliminated in the various high-level ‘cladistic’ based phylogenies yet these taxa can offer 

crucial information on evolution, temporal and geographical distributions.  
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An important study was undertaken by McKenna and Bell (1997) and based on earlier work 

by Rowe (1986, 1988) aimed to update G. G. Simpson’s 1945 classification of mammals 

using cladistic principles. In their book, the authors define Mammalia as “a crown group 

comprising the most proximal common ancestor of extant monotremes and therians, plus all 

descendants of that ancestor”. Multituberculates are considered to be descendants of that 

ancestor “because they share the transfer of various accessory jaw bones to the skull that was 

present in the most proximal ancestor of therians and monotremes” (McKenna and Bell, 

1997:3). Multituberculates are considered to be members of the crown group and thus 

defined as Mammals. Docodonts, morganucodonts and haramiyids are not considered 

mammals but are included in Mammaliaformes (Rowe, 1988; McKenna and Bell, 1997). 

The recent phylogenetic study by Luo et al. (2002), proposes a new phylogeny of all major 

groups of Mesozoic mammals using 46 taxa and 275 osteological and dental characters. In 

their study they take into account the large number of taxa only represented by teeth.  They 

consider Mammalia to be a monophyletic group, whereby the clade Mammalia corresponds 

to the definition of the clade Mammaliaformes by Rowe (1988). This clade consists of the 

common ancestor of Sinoconodon, morganucodontids, docodontans, Monotremata, 

Marsupialia and living therians, plus all its descendants.  
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3.7 Definition of Mammalia 

A large amount of information has been written about the problems that arise when the term 

Mammalia is defined and the problems associated with the character based definitions of 

Mammalia (see Lucas, 1992; Rowe and Gauthier, 1992; Bryant, 1994). In the 1960’s this 

problem was highlighted with the belief that mammals were a polyphyletic grade that evolved 

several times independently from the therapsid ancestors. Then with the discovery of the first 

Triassic mammals this view began to change and it is now widely believed that various 

groups of mammals evolved from a single hypothetical ancestor that had achieved a 

mammalian type of organization. To justify the conclusion that mammals form a 

monophyletic group, they all must show to possess or be derived from forms that have 

certain derived characteristics that are not present in other groups (e.g. Kemp 1982). These 

certain characteristics are termed synapomorphies and are used in the definition of the taxon 

Mammalia. However this in turn is complicated by the scarcity and incompleteness of the 

fossil record.  

For example MacIntyre (1967) proposed that the therian mammals be regarded as mammals 

defined on the tooth structure and the braincase. On the other hand, other authors suggested 

that the cynodonts and most of the mammals-like reptiles be included in Mammalia, whereby 

the taxon Mammalia becomes a synonym of the taxon Theropsida. 

The traditional definition of mammalia is based on the jaw articulation. Mammals have lost 

the reptilian jaw articulation of the articular-quadrate jaw hinge instead having an articulation 

between the dentary and squamosal (e.g. Simpson, 1960). However there are many forms 

that are known to have possessed both forms of articulation and this has reduced the clarity 

of this character in the definition of Mammalia. For example therian and non-therian 

mammals, as well as the tritheledontids, possibly the tritylodontids and Probainognathus would 

be included in the Mammalia definition if the gain of the dentary-squamosal character is 

used. If the loss of the articular-quadrate jaw articulation character is used, this would restrict 

Mammalia to only the modern therians, the monotremes, the multituberculates and a few 

other Mesozoic mammal groups. This definition would exclude morganucodontids, which 

possess both the quadrate-articular and squamosal-dentary jaw joints. 

Crompton and Jenkins (1973) defined mammals on the mode of action of the molar teeth. In 

the Triassic Kuehneotherium and morganucodontids the lower molars move slightly medially 

when they occlude with the upper molars, so when the jaw opens in mastication the lower 

molars must move laterally in order to be ready for the next bite (e.g. Kemp, 1982). This 

form of mastication is unknown in any cynodont, tritylodontid or tritheledontid. This form 
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of mastication is not found in the multituberculates or the haramiyids therefore, if this 

characteristic is used to define mammals then the multituberculates and haramiyids, must also 

be omitted from the Mammalia.  

Today there is still much discussion over the definition of Mammalia. This is due partly to 

the incomplete and fragile representation of early mammals in the fossil record and partly due 

to the different interpretations proposed by different authors of the definition of Mammalia.  

However, today it is commonly agreed by many authors that Mammalia is a clade that is 

defined by the common ancestor of Sinoconodon, morganucodontans, docodontans, 

Monotremata, Marsupialia and Placentalia plus any extinct taxa nested within this clade (e.g. 

Kielan-Jaworowska et al., 2004).  This definition is equivalent to the Mammaliaformes of 

Rowe (1988).  

However some authors such as McKenna and Bell (1997) consider Mammalia to be based on 

a crown-based concept, originally proposed by Rowe (1988) and followed by other authors. 

The mammalian crown group defined as Mammalia by Rowe (1988; 247) is a group 

comprising “the most common ancestor of Monotremata (Ornithorhynchidae, 

Tachyglossidae) and including their closely related stem australosphenidans and shuotheriids, 

(Kielan-Jaworowska et al., 2002; Luo et al., 2002) and Theria (Marsupialia and Placentalia) 

and all of its descendents”.  

In this definition many mammal groups such as Morganucodonta, Docodonta and 

Haramiyoidea would be excluded from Mammalia; however under this definition the 

position of Multituberculata, one of the most diverse groups of mesozoic mammals, would 

be ambiguous, due to the ongoing discussion of whether Multituberculata should be placed 

outside the mammalian crown group in close relation to the Haramiyoidea or within the 

crown group.  

Authors such as Luo et al. (2002) and Kielan-Jaworowska et al. (2004) state that the 

definition of Mammalia based on Mammaliaformes (of Rowe, 1988) is preferred as this 

definition is consistent with the widespread usage, stable in its membership contents in both 

living fossil taxa and diagnosed by characters that are viewed as being biologically significant. 

The monophyly of Mammalia (Mammaliaformes of Rowe, 1988) has also been strongly 

supported by all phylogenetic studies in the last two decades. 
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3.8 Diagnosis of Mammalia 

The diagnosis of Mammalia consists of the major osteological and dental apomorphies that 

presently define Mammalia (Mammaliaformes of Rowe, 1988). These are listed in Kielan-

Jaworowska et al. (2004) and consist of: 

- The expanded orbitosphenoid floor in the frontal region of the brain case. This feature is 

considered to be a modification of the braincase to correlate with enlargement of the brain in 

mammals. 

-The presence of a craniomandibular joint (CMJ) made of the dentary condyle and the 

squamosal glenoid. This feature is essential in the mammalian jaw movement and 

mastication. It is present in Sinoconodon, living mammals and all taxa in between.  It is also 

found in Haramiyavia (Luo et al., 2002).  

-The presence of a petrosal promontorium that represents the external section of the pars 

cochlearis. The promontorium is considered the most distinctive feature of the mammalian 

basicranium (e.g. MacIntyre, 1972; Crompton and Sun, 1985; Gow, 1985, 1986; Hopson and 

Barghusen, 1986; Rowe, 1988; Wible, 1991; Luo, 1994; Luo et al., 1995). It is interesting to 

note that observations on extant living mammals show that the presence of the 

promontorium is related with the pattern of ossification of the otic capsule and is distinct 

from the pattern that occurs in living non-mammalian amniotes (Kuhn, 1971; Maier, 1987; 

Zeller, 1989). 

-The extensive development of a petrosal floor for the cavum epiptericum that houses the 

trigeminal ganglion (Crompton and Sun, 1985). 

-The diphyodont dental replacement. This feature is in correlation with the skull growth. 

- Cusp wear facets on molariforms. This feature is related to the development of precise 

molar occlusion and is present in all Mammalia (Mammaliaformes of Rowe, 1988) except for 

Sinocodon. 

 

 33 



Chapter 3 Mesozoic Mammals 

3.9 Recent advances in the study of Mesozoic mammals and mammalian 

evolution 

In the last 20 years major discoveries of Mesozoic mammals have occurred with a significant 

increase record of highly derived fossil mammals in areas of Gondwana, such as South 

America, Australia, Madagascar and India which were previously unknown. This in turn has 

caused an increase in the knowledge of the diversity and anatomy of Mesozoic mammals, a 

great change in the interpretation of mammalian systematics and evolution, with many 

scientific papers being published (See review by Cifelli, 2001). 

Cladistic analysis of Mesozoic mammals has also been developed based on new comparative 

anatomical information from these new discoveries, with extensive works such as Rowe 

(1988) and Luo (1994) (also see literature cited by Cifelli, 2001). These analyses consist of 

important datasets including dental, craniomandibular and postcranial characters (Rowe, 

1988, 1993; Lillegraven and Krusat, 1991; Wible, 1991; Rougier, Wible and Hopson, 1996; 

Luo, Kielan-Jaworowska and Cifelli, 2001; Luo et al., 2002). 

Along with this, embryological and neontological data has also provided new insights in the 

interpretation of mammalian relationships.  

Together with this is the increasingly important role that molecular biology and data plays in 

adding further insights in mammalian phylogeny, i.e. such as the use of amino acid sequences 

in isolating protein from extant mammals milk. This new molecular data has given new 

perspectives in monotreme evolution and mammal relationships (Messer, Weiss, Shaw and 

Westerman, 1998, see Cifelli, 2001). Messer et al. (1998) based on molecular data have 

concluded that marsupials and placental mammals are more closely related to each other than 

to monotremes. Even though this is not a new interpretation, molecular data has been able to 

support old standing theories. The results from molecular studies do differ but recently most 

results are consistent with a monophyletic grouping of Theria without monotremes (see Luo 

et al., 2002 and Cifelli, 2001). 

3.9.a Discoveries of Mesozoic Mammals in Gondwana 

Recently, new discoveries of Mesozoic mammals in landmasses that were once part of 

Gondwana have implications which challenge traditional theories such that the Tribosphenic 

molar evolved in the Early Cretaceous in the Northern continents, leading to the early 

diversification of therians (Luo, Cifelli and Kielan-Jaworowska, 2001).  

The recently discovered Mesozoic mammals from the Middle Jurassic of Madagascar (Flynn, 

et al., 1999), from the Early Cretaceous of Australia (Rich et al., 1997; Rich et al., 1999; Rich 

et al., 1999; Rich, Vickers-Rich et al., 2001b; Rich et al., 2001a) and from the Middle to the 
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Late Jurassic of Argentina (Rauhut et al., 2002) are important new evidences in the 

development of new interpretations and in some cases supporting old established ones in the 

study of Mammalian evolution. 

The discovery of probable tribosphenic mammals from the southern continents have led to 

interpretations that tribosphenic mammals originated in Gondwana and that the tribosphenic 

condition evolved only once and thus is monophyletic (Flynn et al., 1999; Rich et al., 1997; 

Rich et al., 1999).  

Luo et al. (2001) re-evaluate the relationships between these newly discovered mammals 

suggesting that the tribosphenic condition, (of the mortar-to–pestle structure of the 

protocone cusp on the upper tooth grinding with the talonid cusp basin on the lower tooth), 

evolved independently both on Gondwana and Laurasian continents. They erected a new 

clade which groups Ausktribosphenos, Bishops, Ambondro, Asfaltomylos and the Order 

Monotremata in the monophyletic Subclass Australosphenida (a southern clade). They also 

named another clade, the Boreosphenida or northern hemisphere clade, which include a 

clade of northern mammals with tribosphenic molars including the “tribosphere” placentals, 

marsupials and deltatheroidians.  

The characters used to define Australosphenida are based on the ultimate lower premolar 

that does not have a fully triangulated trigonid but has no talonid, which is a derived 

condition of australosphenidans. Australosphenida differs from the Boreosphenida in having 

lower cheek-teeth with mesial cingulid that is shelf-like, continuous and is well developed and 

continuous that wraps around and extends to the lingual side of the trigonid instead of 

having individual cingulid cuspules (Luo et al., 2001).  

The mesial cingulid in the Australosphenida wraps around the corner of the trigonid and 

extends to the lingual edge of the lower molar and this is observed in Ambondro, 

Ausktribosphenos and Bishops (Luo et al., 2001), it is less observable in Asfaltomylos. 

Whereas in the tooth monotremes such as Steropodon and Kollikodon the mesial cingulid is 

prominent but does not extend on to the lingual side of the tooth.  

Luo et al. (2001) proposed that Australosphenida acquired the tribosphenic molar pattern 

independently of the Boreosphenida and that the Australosphenida represent an endemic 

group of mammals that diversified on southern continents during the Jurassic-Early 

Cretaceous, surviving through to the Tertiary as extant monotremes. Whereas the 

Boreosphenida, were confined to and evolved mostly on the northern continents during the 

Mesozoic and Cenozoic (Luo et al., 2001). This theory is also accepted by Luo et al. (2002) 

and Rauhut et al. (2002), but it has not yet a general acceptance (Rougier, pers. comm.). 
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However other authors are not in favour of this view, such as Rich et al. (1997) who suggest 

that A. nyktos is a placental mammal as the dental and mandibular anatomy of the specimen is 

similar to that of primitive placental mammals. Rich et al. (1997) recognized the last three 

molariforms as molars and the preceding tooth as a premolar.  

In contrast Woodburne et al. (2003) in their cladistic analysis demonstrate a monophyletic 

origin for the tribosphenic mammals. This implies a single origin for tribosphenic mammals 

with Australosphenida remaining monophyletic but Boreosphenida paraphyletic. 
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3.10 Ancestry of Mammals and Sister-Group of Mammalia 

3.10.a Synapsids 

Synapsids are defined as a monophyletic taxon that is represented by all the amniotes which 

are more related to mammals (including the mammals), but not including Sauropsida 

(Hopson and Barghusen, 1986). The remainder amniotes are known as Sauropsida. All 

Synapsids, including “mammal-like reptiles” and mammals share the synapsid type skull or a 

modification of it. The synapsids have a distinct single temporal fossa in the skull which is 

positioned down low on the lateral side of the skull. The temporal fossa whose function is to 

accommodate the jaw closing muscles when these contract, is bounded above by the 

squamosal and postorbital bones and below by the jugal and squamosal (Romer, 1966). 

The synapsids have a very long history on earth and are among the earliest known reptiles in 

the Paleozoic; they first appear in the fossil record in the Upper Carboniferous of U.S.A, 

(Romer and Price, 1940) and were believed to have been the dominant group of land animals 

at that time. Romer (1956) studied the Synapsida and divided the group into the Order 

Pelycosauria and the Order Therapsida, with the latter representing the more mammal-like 

forms. The early pelycosaurs are known mainly from USA and already in the Early Permian 

show a great deal of diversity with herbivorous and carnivorous forms. However by the Early 

Permian the pelycosaurs were dying out and were replaced by a new group, the therapsids. 

The therapsids are considered a more advanced group of synapsids and are defined as a 

monophyletic taxon which is represented by all the “non-pelycosaur” synapsids including 

Mammalia (Hopson and Barghusen, 1986). The first therapsids are known from the mid to 

Late Permian of South Africa and Russian (e.g. Carroll, 1988; Olson, 1962, 1974). 

3.10.b Cynodontia 

The history of mammals begins more than 200 million years ago as early as the Late Triassic. 

There have been conflicting ideas by different authors concerning the ancestry of the first 

mammals and it is generally agreed that early mammals arose from the Cynodontia. The 

Cynodontia are considered the most important and the largest of the Triassic Therapsida and 

consist of a monophyletic taxon whose living representatives are the extant mammals.  

During the evolution of the cynodonts various structural modifications have occurred which 

have culminated in the appearance of mammalian characteristics. Traditionally the main 

evolutionary transformations in the non-mammalian cynodont-to- mammal transition are 

related to the dentition, principally to the structure and replacement of the teeth and to the 

jaw articulation as well as the modification of the basicranial region. 
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The clade Cynodontia is formed by the Epicynodonts, Procynosuchus and Dvinia (Kemp, 1982; 

Hopson and Barghusen, 1986) and has been dated to originate in the Late Permian (Kemp, 

1982). 

Cynodont characteristics and the origin of Mammals 

It is now widely accepted that the emergence of mammalian characters based on osteological 

features did not all appear at once in the fossil record, some appeared with the earliest known 

stem mammals in the Late Triassic, while other osteological features appeared among the 

Jurassic mammals. However recently it has been shown with the study of well-preserved 

non-mammalian cynodonts (e.g. Bonaparte et al., 2003) that mammalian features had a 

precursor condition among the non-mammalian cynodonts (e.g. see Kielan-Jaworowska et 

al., 2004). Most authors now agree that the acquisition of mammalian characters that are 

distributed in modern mammals, were acquired over a long period of time during the 

synapsid-mammal evolution (e.g. Kemp, 1982; Hopson and Barghusen, 1986; Rowe, 1993; 

Luo, 1994). 

The main features seen in the mammalian skull are thought to have evolved earlier on, 

among the carnivorous cynodonts (e.g. Hopson and Barghusen, 1986; Hopson and Kitching, 

2001; Bonaparte and Barberena, 2001; Bonaparte et al., 2003).  

A great deal of morphological changes occurred over time from the cynodont ancestors. The 

origin of mammals was accompanied by the following features as pointed out by Kielan-

Jaworowska et al. (2004): 

• Changes in the braincase in the frontal and parietal regions along with enlargement of 

the brain. 

• The formation of a temporomandibular joint between the dentary condyle in the jaw 

and the squamosal glenoid in the skull which was an important feature for 

mammalian mastication. 

• The formation of a single bone called the petrosal used as bony housing (the petrosal 

promontorium) with an elongated cochlear canal to house the inner ear. This 

simplification allows for better hearing of high-frequency sounds. 

• The separation of the angular and articular bones from the jaw and the incorporation 

of the entire middle ear into the basicranium. This feature would allow for sensitive 

hearing. 

• Determinate skull growth, in correlation with diphyodont dental replacement. 

• Development of precise molar occlusion. This is correlated with the acquisition of 

the dentary-squamosal temporomandibular joint (TMI). 
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Cynodont dentition and replacement 

Students of mammalian evolution and paleontology have always been interested in how the 

heterodont, diphyodont dentitions of mammals (only two generation of teeth) have evolved 

from the homodont, polyphyodont dentition (in which teeth are replaced throughout the 

lifetime) that is present in primitive reptiles (e.g. Osborn and Crompton, 1973). 

The cynodonts evolved from the polyphyodont reptilian condition, into possessing complex 

occluding postcanine teeth, accompanied by a modification in tooth replacement, but not yet 

reaching the diphyodont mammalian condition (Kemp, 1982). Cynodont dentition differed 

from the basic reptilian type. In the basic reptilian dentition there is an undifferentiated 

dentition that is generally all peg-shaped and alike (homodonty) and each tooth undergoes 

individual tooth replacement at frequent intervals, known as alternate replacement (Kemp, 

1982). While in mammalian dentition the postcanine teeth generally are of different shapes 

and complexity (heterodonty).  

Osborn (1971) also demonstrated that in embryo reptile teeth, the teeth are initiated in 

alternating sequences from the back to the front of the jaw. While in mammalian embryo 

postcanine dentition, Osborn (1970) demonstrated that the first or most anterior deciduous 

molars is always the last of the deciduous molars to develop (i.e. the deciduous molars erupt 

from back to front of the jaw) and only the permanent molars develop from the front to the 

back of the jaw, as in reptiles. 

However not all cynodonts underwent an alternate replacement, as some cynodonts also 

possessed a complex, differentiated dentition. The cynodonts evolved to have complex 

matching pairs of upper and lower teeth and a necessary amount of time was needed for the 

“wearing in” of each pair for suitable matching during occlusion. That is why teeth were not 

replaced so frequently and promptly. 

As well, another difficult problem occurred during cynodont evolution when extra new 

simple teeth were added at the back of the mouth. This addition of extra teeth at the back of 

the postcanine row would cause alterations in the tooth replacement pattern of the already 

“in place” postcanine teeth as these teeth were originally differentiated into more than one 

morphological type. These alterations would modify the relative proportion of each original 

tooth type present. This is present in the cynodont Thrinaxodon whose dental morphology 

and ontogeny has been studied by many authors (e.g. Parrington, 1936; Crompton, 1963b; 

Osborn and Crompton, 1973). It is believed that Thrinaxodon did replace its teeth at different 

intervals (the basic alternate pattern) and at the same time the addition of postcanine teeth 

occurred at the back of the tooth row while the individual was growing. 
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Osborn and Crompton (1973) who studied the evolution of mammalian dentition from the 

reptilian type explained that the tooth replacement pattern in Thrinaxodon is basically the same 

as in Lacerta vivipara, a modern reptile, except that in Thrinaxodon the number of tooth 

replacements approaches the mammalian condition. 

In Thrinaxodon , the upper and lower postcanine teeth did not occlude, instead, the teeth 

acted as functional units made up of six to eight teeth (e.g. Butler and Clemens, 2001). 

The crowns of the upper and lower postcanine teeth of Thrinaxodon exhibit a morphological 

gradient where the posterior postcanines exhibit a basal cingula and a small central cusp, 

while the anterior postcanines have a higher central cusp and lack a basal cingula. These 

different morphological types of postcanines were recognized by Osborn and Crompton 

(1973) and distinguished into three different types: Type A (anterior) which is a postcanine 

tooth with a simple crown pattern towards the front of the row, Type M (middle) where a 

complex pattern occurs in the midsection of the row and a Type P (posterior) where the 

most complex pattern is towards the back of the row. Osborn and Crompton (1973) 

proposed that a P type is replaced by an M type which is then replaced by an A type. Overall 

there is a progressive reduction of the complexity of each tooth at each locus in Thrinaxodon 

and this also occurs in therian mammals where there is a difference between milk molars and 

their successors.  

Throughout the lifetime of Thrinaxodon it is believed that the postcanine dentition shifted 

posteriorly which was advantageous to the articulation of the jaws and the musculature 

involved (e.g. Butler and Clemens, 2001). There are two recognized ontogenetic processes 

that are believed to have been involved in the posterior shifting of the Thrinaxodon dentition. 

The first process is that during some waves of postcanine tooth replacement the 

anteriormost postcanines were not replaced and their empty alveoli were instead filled or 

‘plugged’ with bone and extra postcanine teeth were added at the posterior end of the unit 

(Butler and Clemens, 2001).  

A second process is that the anterior postcanines of an older tooth generation were less 

complex than posterior postcanines of a younger generation; this was possible to have 

occurred at any given stage in the dental ontogeny of Thrinaxodon. 

These two ontogenetic processes are believed to have been involved in maintaining complex 

molariform teeth at the posterior end of the mandible (Butler and Clemens, 2001). 

Another interesting feature is that the first tooth to erupt at any tooth locus tended to be 

more complex than its successors.  
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For example the cynodont Irajatherium from the Triassic of Brazil has an alternate pattern of 

canine and postcanine replacement as in most carnivorous non-mammalian cynodonts (e.g. 

Crompton, 1963b). This alternate pattern differs from Thrinaxodon, where the crown 

morphology of the postcanines of the young individual is more complex than the ones that 

are replaced in older specimens (e.g. Hopson and Kitching, 2001). This also occurs in 

Morganucodon where the postcanines in older specimens have more simple postcanines 

(Parrington, 1936; Crompton, 1963b; Crompton and Jenkins, 1968). 

Gomphodont eucynodonts also have different crown morphologies: they loose the anterior 

postcanines and replace them by adding new and larger postcanines at the end of the tooth 

row (e.g. Fourie, 1963; Hopson, 1971; Crompton, 1972; Goñi, 1986). Another gomphodont 

the Early-Middle Triassic gomphodont Andescynodon mendozensis (Bonaparte, 1969) has 

posterior sectorial postcanines that are replaced in the adult stages by gomphodont teeth 

(Goñi, 1986; Goñi and Goin, 1987).  

It is important to note that in non-mammalian cynodonts the postcanine teeth are classified 

according to their morphology and placement in the jaw and not by their ontogeny as in the 

case of mammals, whose molars are classified as the only postcanine teeth without 

replacement (e.g. Owen, 1845). In most mammals the deciduous teeth are morphologically 

more complex than the permanent ones, for example in Morganucodon , the last deciduous 

premolar is molarized and in marsupials the dP3 is also molarized in morphology, however it 

is the only premolar (dP3) that is replaced. Its replacement is a P3, which is similar in 

morphology to the other premolars. Thus the deciduous dP3 is more complex than its adult 

precursor. 

Some authors such as Martinelli et al. (2005) while studying Irajatherium conclude that the new 

posterior teeth that replace the older ones are more complex and this may be due to a 

different type of diet or to an unknown process of formation of the last postcanines in 

cynodonts. 

The processes related to teeth pattern and replacement are very complex in non-mammalian 

cynodonts and at present due to the limited fossil record have not been studied in all 

cynodont and basal mammalian lineages.   

However Luo et al. (2004) state the alternate and multiple replacements that are observed in 

Thrinaxodon is representative as a whole for non-mammalian cynodonts. This type of 

replacement is related to the reptilian indeterminate growth in the jaw, where smaller 

predecessor teeth were replaced by larger ones at the posterior loci in the larger individuals 

(Osborn and Crompton, 1973). Luo et al. (2004) also consider it unlikely that non-
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mammalian cynodonts underwent lactation as even in the smallest known cynodont 

individuals dental replacement can be observed to have occurred. However Maier (1999) 

observed that suckling of milk in mammals is an activity which includes the secondary palate 

together with the orobuccal muscles of the cheek seal of the mouth cavity and this together 

with the tongue allows suckling. He postulated that as the cheek muscles constitute a 

functional unit with the secondary palate and the tongue then these as a unit must have been 

present in the last common ancestor of mammals in the Upper Triassic or lower Jurassic and 

may have also originated in the early therapsids of Permo-Triassic. 

3.10.c Sister group of Mammaliaformes: Eucynodonta? 

Until recently the ancestry of mammals was related to only five cynodont families: 

Thrinaxodontidae (Hopson, 1969; Hopson and Crompton, 1969; Barghusen and Hopson, 

1970; Fourie, 1974), Probainognathidae (Romer, 1970; Crompton and Jenkins, 1979; 

Hopson, 1994), Dromatheriidae (Hahn et al., 1994; Battail, 1991; Sues, 2001), 

Tritheledontidae (Hopson and Barghusen, 1986; McKenna, 1987; Shubin et al., 1991; 

Crompton and Luo, 1993; Luo, 1994) and Tritylodontidae (Kemp,1983; Rowe, 1988, 1993; 

Wible, 1991; Wible and Hopson, 1993). Some authors such as Battail (1991) also recognize 

other groups such as Chiniquodontidae and Therioherpetidae as cynodont families related to 

the origin of mammals.  

Recently though, in the last few decades new discoveries of advanced cynodonts have been 

made from the Middle to Late Triassic of South America (e.g. Bonaparte and Barberena, 

1975; Bonaparte, 1980; Barberena et al., 1987; Bonaparte et al., 2003; Bonaparte et al., 2005) 

more precisely from Rio Grande do Sul in southern Brazil as well as in Argentina which has 

added more information on the groups related to the origin of mammals. An important 

discovery from Brazil occurred in 1975 when Bonaparte and Barberena communicated the 

discovery of a small carnivorous cynodont Therioherpeton cargnini from the Late Triassic 

sediments of the Santa Maria Formation in Rio Grande do Sul. Therioherpeton cargnini is 

represented by a tiny incomplete skull about 3cm long containing an upper postcanine tooth 

made up of a linear series of cusps, a lower jaw and most of the postcranial skeleton 

(Bonaparte and Barberena, 1975; Bonaparte and Barberena, 2001). From this material, the 

skull and fragmentary lower jaw were described in 1975 and only recently was the postcranial 

skeleton described and analysed. Therioherpeton was proposed to be a probable mammal 

ancestor by Bonaparte and Barberena (1975).  

Recently however, new hypothesis related to cynodont-mammal phylogeny have arisen, 

based on the discovery of two new derived cynodonts from the Late Triassic of southern 
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Brazil. These new discoveries include spectacular preserved material of articulated skulls and 

lower jaws of Brasilodon and Brasilitherium (Bonaparte et al., 2003) from the Late Triassic of 

Brazil.  Based on these discoveries it has been suggested that these cynodonts are more 

closely related to mammals than are the tritheledontids or the tritylodontids.  

Bonaparte et al. (2005) also established the new family Brasilodontidae and provided a new 

phylogenetic analysis which helps corroborate the position of both Brasilodon and 

Brasilitherium as the sister-group of mammals. 

Both genera show significant differences in the lower dentition, the fusion of the skull roof 

bones and in basicranial features. Both possess derived characteristics, with Brasilitherium 

exhibiting more derived characters than Brasilodon in the periotic, the promontorium and the 

articular process of the dentary. Brasilodon, on the other hand is more derived in the lower 

dentition, the mode of tooth replacement and the vascular features in the stapedial recess. 

Both genera possess interpterygoid vacuities and are considered by Bonaparte et al. (2005) as 

possibly derived or reversed characters of the mammalian primary palate.  

Both genera share a dentition that is morphologically less derived than Morganucodon 

(Kermack et al., 1973; Crompton, 1974). Brasilodon (Bonaparte et al., 2005) exhibit upper and 

lower dentition with affinities to later symmetrodonts such as Kuehneotherium (Kermack et al., 

1968). There have also been new discoveries during the last twenty years of several Late 

Triassic European cynodonts, described mainly on the basis of isolated teeth (see Hahn et al., 

1984, 1988, 1994; Sigogneau-Russell and Hahn, 1994; Godefroit, 1997; Godefroit and Battail, 

1997) that have also added new information in the study cynodont taxonomy.  

3.10.d Eucynodontia  

The term Eucynodontia was defined by Kemp (1982) to group the advanced non-

mammalian cynodonts and includes the Cynognathidae, Chiniquodontidae, 

Probainognathidae, “gomphodonts”, Dromatheriidae, Tritylodontidae, Tritheledontidae and 

Brasilodontidae. Kemp (1982, 1988) defined the Eucynodontia as the cynodonts which are 

more derived than the basal Thrinaxodon from the Triassic, a lineage that traditionally has 

been divided into two groups: a carnivorous group that led to the evolution of mammals and 

a herbivorous or gomphodont group that led to the evolution of the Jurassic tritylodontids 

(e.g. Crompton and Ellenberger, 1957; Crompton, 1972; Hopson and Kitching, 1972). 

Hopson and Kitching (2001) later redefined the Eucynodontia as a clade that is formed by 

the common ancestor of Cynognathus and mammals. The Eucynodontia first appeared in the 

fossil record in the Middle Triassic (Kemp, 1982; Rowe, 1993) although the epicynodonts (a 
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clade made up of Eucynodontia, Thrinaxodon and galesaurids) (sensu Hopson and Kitching, 

2001) are known from the Early Triassic (Kemp, 1982; Rowe, 1993). 

Cynodont families related to the origin of mammals  

It is important to note here the variety of cynodont families so far known and the ones that 

may be related to the ancestors of mammals or the sister group of mammals. 

Dromatheriidae 

The cynodont family Dromatheriidae Gill, 1872 (Dromatherium and Microconodon) from the 

Late Triassic of the United States and of Europe (Lucas and Oakes, 1988; Battail, 1991; Hahn 

et al., 1994; Sues, 2001) and recently discovered in India (Datta et al., 2004) are represented 

by limited material such as isolated teeth and incomplete lower jaws (Sigogneau-Russell and 

Hahn, 1994; Hahn et al., 1994; Sues, 2001). 

The dromatheriids are characterized by the presence of a low dentary ramus, unfused 

symphysis and postcanine teeth with narrow crowns (Battail, 1991; Godefroit and Battail, 

1997). However the dromatheriids possess a variation in tooth crown morphology and some 

taxa have divided roots while other taxa do not have divided roots, making it difficult to 

ascertain if these features are diagnostic to the family (Godefroit and Battail, 1997).  

 The dromatheriids were classified as mammals in the 19th century and later in the 20th 

century, they were considered to be problematic taxa and classified as Cynodontia incertae sedis 

by Simpson (1926a, b) and by Hopson and Kitching (1972). Simpson (1926b) studied 

Microconodon and Dromatherium two specimens represented by small lower jaws, discovered in 

1857 from a coal mine in Egypt in North Carolina. These jaws were classified by Simpson 

(1926) as cynodonts because the cheek-teeth lacked fully divided roots. The back or caudal 

section of the dentary was lacking in both specimens and thus he could not recognize if the 

dentary condyle was present or not.  

Later, new discoveries of isolated teeth from the Late Triassic to Early Jurassic of Europe 

were added to the Dromatheriidae (Sigogneau-Russell and Hahn, 1994; Hahn et al., 1994). 

With the discovery of this new European material there is now a better representation of the 

dromatheriids, but this family is far from well known, because of the absence of cranial 

remains. 

Recent studies by Sues (2001) suggest that Dromatheriidae be excluded from mammals due 

to their incomplete fossil record and uncertain affinities to mammals and should be regarded 

instead as a derived “eucynodont” group. Sues (2001) concluded that the dromatheriids have 

“mammal-like” features and share these features with many non-mammalian cynodonts and 

thus are best regarded to be non-mammalian cynodonts, rather than mammals. 
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Therioherpetidae 

The original name of this family was Therioherpetontidae Bonaparte and Barberena, 1975 

based on Therioherpeton cargnini. However, later this name was emended by Battail (1991) to 

Therioherpetidae. The family Therioherpetidae has been both recognized as well as 

disregarded by various authors in the past. 

Therioherpeton the type genus of Therioherpetidae (Bonaparte and Barberena, 1975) has been 

regarded by different authors to belong to different families and placed in Dromatheriidae by 

Hahn et al. (1994) and Godefroit and Battail (1997) and in Tritheledontidae by Kemp (1982) 

and Sues (2001). 

Therioherpeton is interpreted by incomplete cranial remains, fragmentary lower jaws and 

significant evidence of upper and lower postcanine with three and four cusps in line and 

incipient bifurcation of the roots. In the skull the frontal borders of the orbit and postorbital 

bar is absent. Very derived postcranial features were described by Bonaparte and Barberena, 

(2001).  

Sigogneau-Russell and Hahn (1994) recognized the validity of the family Therioherpetidae 

placing both the cynodonts Therioherpeton and Meurthodon gallicus in the family. 

Later Abdala and Ribeiro (2000) described a new species of cynodont Charruodon 

tetracuspidatus represented by a fragmentary jaw from the Santa Maria Formation, southern 

Brazil and added it to the family Therioherpetidae. 

The dentition of Charruodon closely resembles Therioherpeton cargnini as both cynodonts have 

sectorial postcanines. 

Chiniquodontidae 

Chiniquodontidae is another family of large to medium sized derived cynodonts. The 

chiniquodontids were originally described by von Huene (1956) as a group of cynodonts 

distinguished from other families of cynodonts by possessing sectorial postcanine teeth with 

backwards curving cusps and undivided roots (Romer, 1969a, 1969b). 

The chiniquodontid cynodonts have the normal number of incisors, four uppers and three 

lower incisors and powerful canines. The postcanine teeth are sectorial with a single main 

cusp and small accessory cusps. The chiniquodontid cranial anatomy is characterized by a 

very large temporal fenestrae and slender postorbital bars. They have a very long secondary 

palate that extends back to the level of the end of the tooth rows (Romer, 1969a; Hopson, 

1991b). 
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Particularly this family is distinguished by the “distinct angulation between the ventral edge of 

the zygomatic process of the maxilla and the anteroventral margin of the zygomatic arch” 

(Hopson, 1991b: 673). 

Chiniquodontids have only been found in the Middle to Late Triassic Los Chañares 

Formation (Middle Triassic) of Argentina (Romer, 1969a, 1969b, 1970, 1973), the Middle 

Upper Triassic Santa Maria Formation of Brazil (von Huene, 1942), the Upper Triassic 

Ischigualasto Formation of Argentina (Bonaparte, 1966) and the Middle Triassic of South 

Africa (Hopson and Kitching, 1972). The genera Belesodon and Chiniquodont are from Brazil 

and described by von Huene (1942) and Romer (1969). Probelesodon from Los Chañares 

Formation of Argentina was described by Romer (1969a, 1970, 1973).  

These cynodont families have been studied by many authors (for a revision see Battail, 2001).  

Probainognathidae  

Romer established this family of cynodonts in 1973. It is a very interesting family as it was 

the first cynodont family observed to possess a double articulation between the jaw and skull. 

These cynodonts lived during the Middle and Late Triassic in Argentina and perhaps Europe.  

This family is considered a monotypic? family by some authors, however according to some 

authors, this family has perhaps two known members: Probainognathus jenseni from Argentina 

and eventually Lepagia gaumensis Hahn, Wild and Wouters, 1987 from Habay-la-Vielle, Hallau 

and Saint-Nicolas-de-Port, Belgium, Switzerland and France.  

Both genera were small in size. Probainognathus, known from a number of specimens, was 

about 8cm in length and with mammal like features. Lepagia is restricted only to isolated teeth 

that closely resemble the dentition of other carnivorous cynodonts from the Upper Triassic 

(Hahn et al., 1987). However because the postcanine of Probainognathus are normally not well 

preserved and are worn by mastication the identification of Lepagia with Probainognathus is not 

certain. Probainognathus from the Middle Triassic Los Chañares formation was at first 

classified as a chiniquodontid (eg. Romer, 1969a; Bonaparte, 1970) but was found to display 

differences from other members of the Chiquinodontidae. Romer (1973) suggested it be 

placed in a separate family Probainognathidae. Probainognathus jenseni was initially thought to 

display along with the reptilian quadrate-articular articulation, a typical mammalian jaw 

articulation between the dentary and squamosal (Romer, 1970). Probainognathus was thought 

to exhibit this extra articulation due to the evidence of “a shallow but well defined cavity in 

the squamosal to house the dentary and surangular articulation” (Romer, 1970: 1). 

Nevertheless it was later shown by Crompton (1972) that this articulation was in fact 

between the surangular and squamosal.  
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Tritylodontidae 

The tritylodontids are a group of herbivorous cynodonts and one of the best-known and 

studied taxon of the derived cynodonts.  

The better known of the tritylodontid genera include Oligokyphus (Kühne, 1956; Crompton, 

1964, 1972), Kayentatherium (Sues, 1983, 1985, 1986) and Bienotherium (Young, 1947; Hopson, 

1964).  Their anatomy has been studied intensely by various authors (e.g. see Kemp, 1982; 

Sues, 1985; Kühne, 1956; Hopson, 1964; Crompton, 1964, 1972).  

Tritylodontids varied in size with small forms such as Oligokyphus (Kühne, 1956) with a skull 

length of 8 cm, Bienotherium with a skull length of 14 cm (Hurum, 1998) and larger forms such 

as Tritylodon maximus (Fourie, 1962, 1968) whose skull length was about 22 cm long. The 

tritylodontids possess multi-rooted postcanine teeth that are transversally elongated and the 

crown is made up of a series of crescent-shaped cusps. The incisors are procumbent and 

reduced in number and there is no canine present. A long diastema separates the incisors 

from the postcanines. They lack the prefrontal and postorbital bones and the postorbital bar 

is not present. The temporal fenestrae are large and divided from one another by a high but 

narrow sagittal crest. The dentary bone is very large and possesses a well-developed coronoid 

and angular process. It also possesses a posterior extension, the articular process that nearly 

makes contact with the squamosal articulation (Kemp, 1982).  

The tritylodontids have a wide geographic distribution and are known from the Upper 

Triassic and Lower Jurassic (Anderson and Cruickshank, 1978) to the Early Cretaceous 

(Tatarinov and Maschenko, 1999). They have been discovered in Europe, South Africa, 

China, North America and Antarctica and recently were cited for the Early Cretaceous of 

Siberia (Tatarinov and Maschenko, 1999). The earliest known genera are Oligokyphus from 

England and Tritylodon from the Early Jurassic of Germany. In England Oligokyphus occurs in 

abundance in the fissure fillings of Rhaetic age (Kühne, 1956). In South Africa Tritylodon is 

known from the Early Jurassic (Sues, 1986), while in North America, from the Early Jurassic 

the genera Kayentatherium, Oligokyphus, Bocotherium and Dinnebitodon have been discovered 

(Lucas and Hunt, 1994).  

In South America, Bonaparte (1972) reported a few tritylodontid jaws from the Upper 

Triassic Los Colorados Formation in Argentina but it is considered taxonomically uncertain 

(Lucas and Hunt, 1994). The material also consisted of the proximal fragment of a femur 

with tritylodontid affinities. 
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Hopson (1990, 1991a, b, 1994) and Hopson and Kitching (2001) have studied cynodont 

relationships and recognize that the tritylodontids are an herbivorous clade of cynodonts 

related to the gomphodont group. 

Recently Bonaparte et al. (2005) showed using phylogenetic analysis that Ischignathus is the 

sister group to Tritylodontidae.  They conclude that the tritylodontids are the most derived 

taxon of the Cynognathia clade (Hopson and Barghusen, 1986) and their postcanine 

structure (which is adapted to herbivory) is interpreted as a sterile line that does not give rise 

to the earliest mammals in the Middle Jurassic.  

Tritheledontidae 

The Tritheledontidae are a family proposed by (Broom, 1912) to house the Tritheledon riconoi 

from the Red Beds of South Africa. This family consists of non-mammalian cynodonts and 

sometimes known as “ictidosaurs”, a term coined by Broom (1932). They are very mammal-

like, possibly insectivorous, mostly of small size and known from the Late Triassic to Early 

Jurassic of South Africa, South America and Greenland (Lucas and Hunt, 1994; Bonaparte, 

1980; Bonaparte et al., 2001). 

Tritheledontids are generally small in size with the length of the skull of Diarthrognathus being 

approximately 6 cm long, while the length of the lower jaw of Riograndia from Southern 

Brazil is only approximately 4 cm in length (Bonaparte et al., 2001). The tritheledontids have 

lost the prefrontal bone and postorbital bar and possess the orbit and temporal fenestra 

confluent as in tritylodontids and primitive mammals. There is currently very little available 

postcranial material of the tritheledontids. However the best known tritheledontid is 

Pachygenelus Watson, 1913 from the Red Beds, Karoo sequence of South Africa (Gow, 1980, 

2001; Hopson and Kitching, 2001). Pachygenelus has also been discovered in the Lower 

Jurassic McCoy Brook Formation, Fundy Bay, Nova Scotia in Canada (Shubin et al., 1991). 

There is a tentative specimen from the Upper Triassic Dockum Formation, Texas (Chatterjee 

1983; Shubin et al., 1991) and recently Irajatherium hernandezi, a small tritheledontid from the 

Late Triassic Caturrita Formation of Brazil.  

Another two tritheledontids are known from Karoo, South Africa: Diarthrognathus broomi 

Crompton, 1958 from the Lower Jurassic in the Cave Sandstone of Orange Free State and 

Tritheledon Broom, 1912 from the Red beds which lie immediately below the Cave 

Sandstones. These are known by rare and incomplete and often badly preserved specimens 

(Battail, 2001).  
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There are also three genera from the Late Triassic of South America Chaliminia musteloides 

(Bonaparte, 1980), Riograndia guaibensis (Bonaparte et al., 2001) and Irajatherium hernandezi 

(Martinelli et al., 2005). 

Chaliminia is from the Los Colorados Formation, Province of La Rioja, Argentina and was 

collected in 1970 by Bonaparte. Chaliminia musteloides was the first South American 

“ictidosaur” discovered and is represented by a complete skull and jaws (Bonaparte, 1980). 

The skull measuring about 5 cm has an elongate secondary palate, large pterygoids and an 

interpterygoid vacuity that is intersected by the paresphenoid. It also has 12-13 upper 

postcanines, a small canine and 3 incisors that are implanted on the lateral side of each 

premaxilla. Another interesting feature is the edentulous medial space on the premaxilla 

which housed the procumbent lower incisors (Bonaparte, 1980).  

Recent fieldwork in the Late Triassic of Rio Grande do Sul State in Southern Brazil 

uncovered a rich fossil-bearing locality yielding “ictidosaurs” and small cynodonts (Bonaparte 

et al., 2001). They described a new “ictidosaur” Riograndia guaibensis from the Late Triassic 

Caturrita Formation (lower Norian beds) of Southern Brazil. This new species was 

represented by a fragmentary skull and lower jaw with a complete dentition. The authors 

consider Riograndia to be an advanced non-mammalia cynodont with a more primitive 

dentition than other genera of ‘ictidosaurs’ already known. The authors argued that Riograndia 

merits a new family of its own, Riograndidae, due to a series of seven derived craniodental 

characters present such as a dorsoventrally deep lacrimal, reduced upper incisor 1, a large 

infraorbital foramen and two medium sized foramina on the maxilla. It is interesting to note 

that Bonaparte et al. (2001) consider Riograndia to possess the retention of juvenile dentition 

due to the similarities of the deciduous postcanines of the Early Triassic traversodontid 

Andercynodon to those of Riograndia, also present in an unknown gomphodont cynodont (e.g. 

Goñi, 1986; Sues and Olsen, 1990; Bento-Soares, 2004). 

Irajatherium is from the Late Triassic Caturrita Formation of Brazil and consists of a left 

maxilla with the canine, five postcanines and the alveolus for another postcanine, as well as 

two lower jaw fragments, a humerus and a femur (Martinelli et al., 2005). It is interesting to 

note that possible fossorial adaptations are documented in the humerus of Irajatherium. 

The tritheledontids have many features that show support for the sister group relationship 

between the tritheledontids and mammals and this is supported by characters on the 

temporomandibular joint, as well as the occlusal movement of the lower jaw which is 

inferred from dental wear and symphysis (Luo, 1994). For example although the dentary 

condyle is not fully developed in tritheledontids, the posterior end of the lateral ridge on the 
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dentary in Diarthrognathus and Pachygenelus is enlarged (Crompton, 1963a) and this closely 

resembles the mammalian dentary condyle. Another feature is that Pachygenelus has a concave 

area on the ventromedial surface of the squamosal that is similar to the glenoid in the 

squamosal of Sinoconodon (e.g. Luo, 1994). 

Also the tritheledontids have a similar structure of the temporomandibular joint in 

comparison to Sinoconodon. Another feature found in the tritheledontids is an unfused 

mandibular symphysis which was probably mobile and may have permitted unilateral 

occlusion of the lower jaw (Shubin et al., 1991). It is also believed that during occlusion the 

tritheledontid jaw moved dorsomedially due to the wear facets on the lingual side of the 

upper postcanines and the wear facets on the labial side of the lower postcanines (e.g. Luo, 

1994). Thus the tritheledontid jaw had types of movements were essential in early mammals 

feeding mechanism (e.g. Luo, 1994). It is believed that the dorsomedial movement and the 

unilateral occlusion, in the lower jaws of the tritheledontids is correlated to the 

temporomandibular joint formed by the incipient dentary-squamosal contact (Crompton and 

Hylander, 1986). Tritheledontids show very mammal-like features in the basicranium, in the 

temporomandibular joint and in the lower jaw (see Luo, 1994) but there are some features, 

which are more derived than in primitive mammals such as the deep dentary, the rodent-like 

anterior dentition, the short preorbital region and globus upper postcanine which defer then 

from the ancestry of mammals (e.g. Bonaparte et al., 2005). 

Brasilodontidae  

This is a new family of Eucynodontia. The type genus of this family is Brasilodon  and  it also 

includes Brasilitherium (Bonaparte et al., 2003) from the Late Triassic of Brazil. These 

cynodonts are diagnosed as probainognathian cynodonts with a central, large cusp and an 

anterior and a posterior accessory cusp symmetrically arranged on the lingual side of the 

upper postcanines.  

Bonaparte et al. (2005) describe the basicranium, lateral wall of the braincase, primary and 

secondary palates and the quadrate of Brasilitherium, as well as the basicranium, primary palate 

and lower jaw of Brasilodon. The authors observed that Brasilitherium exhibits more derived 

characters than Brasilodon in the periotic, the promontorium and the articular process of the 

dentary, whereas Brasilodon is more derived in the lower dentition, the mode of tooth 

replacement and the vascular features in the “stapedial recess”. It is interesting to note that 

both genera have interpterygoid vacuities and are considered by Bonaparte et al. (2005) as 

possibly derived characters of the mammalian primary palate if the brasilodontids originated 

from an indeterminate group of epicynodontia in which the interpterygoid vacuities are 
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absent or reduced. Or they give the alternative possibility that the brasilodontids originated 

from the Procynosuchidae then the vacuities are simply a plesiomorphic character. Or they 

might have a different function altogether.  

In their phylogenetic analysis Bonaparte et al. (2005) confirm that this new family of 

cynodonts (Figure 3.1) may be considered the sister-group of mammals as proposed in a 

previous study (Bonaparte et al., 2003) and are more closely related to mammals than are the 

tritheledontids or the tritylodontids.  

 
Figure 3.1: New Brazilian cynodonts. 
Brasilodon quadrangularis (A -B) and Brasilitherium riograndensis (D - F). A, B Modified from Bonaparte et al. 
(2005); D-F Modified from Bonaparte et al. (2003). 

Both genera share derived characters in the skull and dentition with morganucodontids 

which are not observed in tritheledontids and tritylodontids advanced non-mammalian 

cynodonts (Bonaparte et al., 2003).  

Brasilodon and Brasilitherium are considered to be more derived than the tritheledontids but 

more primitive than Morganucodon (Bonaparte et al., 2003). However Morganucodon possesses 

several characters that are typical of mammals but are not present in Brasilodon and 

Brasilitherium, such as the defined dentary-squamosal articulation and the differentiation of 

postcanines into molars and premolars. 

In their study of Brasilodon and Brasilitherium Bonaparte et al. (2003) identify the position of 

the foramina for the trigeminal nerve and suggest it is a derived state that resembles the 

condition found in Sinoconodon (Crompton and Luo, 1993) and Adelobasileus (Lucas and Luo, 

1993). Bonaparte et al. (2005) also recognize a promontorium to house the cochlea in 

Brasilitherium. 
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3.10.e Sister-Group of Mammalia debate 

To be able to understand from which group of non-mammalian cynodonts the mammals 

arose from, it is essential to interpret and recognize anatomical transformations that have 

occurred amongst the most derived cynodonts and the primitive mammals. It is important to 

interpret the interrelationships of these groups on a larger phylogenetic framework. This 

involves a postulation on “which is the most proximal group to the mammals or what the 

sister-taxon to the mammals is” (Luo et al., 2003).  

The tritheledontids and tritylodontids have been both proposed to be closely related to the 

origin of mammals. Both groups have been interpreted as the sister taxon of Mammalia 

(Mammaliaformes of Rowe, 1988) and both are still involved in this debate (Kemp, 1982; 

1983; Hopson and Barghusen, 1986; Rowe, 1986, 1988; Shubin et al., 1991; Wible, 1991; 

Crompton and Luo, 1993; Luo, 1994; Luo et al., 2003).  

The tritylodontids, tritheledontids and mammals were considered to be a monophyletic 

group and first defined as such by Rowe (1988, 1993) using the term Mammaliamorpha.  

The clade Mammaliamorpha is diagnosed by a number of apomorphies in the cranial and 

postcranial skeleton (see Luo et al., 2003). In the cranial skeleton the apomorphies are in the 

petrosal, inner ear, quadrate and dentition. Rowe (1988) diagnosed Mammaliamorpha by 56 

synapomorphies and 6 additional characters. 

The Tritheledontidae-mammal hypothesis was first proposed by Hopson and Barghusen in 

1986 and supported by studies from Shubin et al. (1991),  Crompton and Luo (1993), Luo 

(1994) and Luo and Crompton (1994). 

On the other hand the Tritylodontidae-mammal hypothesis was first suggested by Kemp 

(1983, 1988) and supported later by Rowe (1986, 1988, 1993) by performing a larger 

phylogenetic analysis using a more complete database, with 91 cranial and 67 postcranial 

characters distributed among eight taxa (Luo, 1994; Wible, 1991). 

The early versions of the Tritylodontidae-mammal hypothesis by Kemp (1983) and Rowe 

(1988), did not state the phylogenetic position of the tritheledontids (See Rowe, 1988 Figs. 3 

and 4;  Luo, 1994; Luo et al., 2003) and placed the Tritylodontidae as the sister group to 

Mammaliaformes. Wible (1991) published a re-evaluation of 91 craniodental characters used 

by Rowe (1988). In his re-evaluation he improves his interpretation, also adding a character 

distribution across Cynodontia. 

Wible (1991) also includes several taxa such as Cynognathus, Probainognathus, Tritheledontidae, 

Sinoconodon, Haramiyidae, Dinnetherium, Kuehneotherium and Vincelestes using literature sources 
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and observation. Wible (1991) analysis recognizes four unequivocal synapomorphies of 

Tritylodontidae and Mammaliaformes that are not present in Tritheledontidae.  

While Hopson (1991b) in another cladistic review identified three additional apomorphies 

shared by Tritheledontidae and Mammaliaformes that are not present in Tritylodontidae. 

These are all craniodental such as the basicranium shortened anteroposteriorly, upper 

postcanines with an external cingulum and zygomatic arch which is slender along its entire 

length. Thus Wible (1991:20) concludes that the “overwhelming support for a 

Tritylodontidae/Mammaliaformes clade comes thus far from the postcranial skeleton”. 

In response Rowe (1993) publishes a re-analysis based on new cranial data by Wible (1991) 

and postcranial skeleton of tritheledontids. He was able to score the postcranial material that 

they were studying and evaluate that the preserved portions of the postcranial skeleton of the 

tritheledontid is virtually identical to those of tritylodontids and morganucodontids. Thus 

Rowe (1993) proposes again that tritylodontids are more related to mammals than either 

group is related to the tritheledontids (Luo, 1994; Luo et al. 2003). 

In all studies undertaken, both the tritheledontid-mammal hypothesis and the tritylodontid-

mammal hypothesis are supported by cranial and post-cranial apomorphies, but are also 

contradicted by other important anatomical characters. 

The tritylodontid-mammal hypothesis is supported by similarities or apomorphies in the 

orbital wall and sphenoid region, petrosal, quadrate and postcranium (Kemp, 1983; Wible 

and Hopson, 1993; Luo, 1994). While apomorphies in the craniomandibular joint, palate, 

petrosal, the occlusal movement of lower jaw inferred by dental wear and the postcranium 

support the tritheledontid-mammal hypothesis (Hopson and Barghusen, 1986; Allin and 

Hopson, 1992; Shubin et al., 1991; Luo, 1994; Hopson and Kitching, 2001; Luo et al., 2003). 

Luo (1994) states that the hypothesis of a tritylodontid-mammal sister-taxon relationship is 

contradicted as tritylodontids share several dental apomorphies with diademodontids and 

traversodontids. Also if tritylodontid are regarded to be more closely related to mammals 

than are tritheledontids, then the apomorphies shared by tritheledontids and mammals in the 

temporomandibular joint, jaw occlusion and palate would represent homoplasies (characters 

that arise repeatedly and independently in multiple lineages) (Luo et al., 2003). 

Thus the acceptance of the tritheledontid-mammal hypothesis would imply that the 

apomorphies in the orbital and sphenoid regions shared by tritylodontids and early mammals 

are homoplasies (Luo et al., 2003). 
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Luo (1994) observes that other postcranial and cranial characters do not provide additional 

support for either hypothesis, but supports that both Tritylodontidae and Tritheledontidae be 

placed in a monophyletic clade with Mammalia (Mammaliamorpha of Rowe, 1988). 

Recently a large cladistic analysis to test which cynodont group may have been closely related 

to the mammals, was undertake by Hopson and Kitching (2001) using 23 cynodont taxa 

including characters from the skull, dentition, lower jaw and the postcranial skeleton. Their 

analysis strongly supports the monophyly of Cynodontia, Epicynodonita (a new taxon which 

includes Galesaurus, Thrinaxodon and eucynodonts) and Eucynodontia. Their study also 

supports the dichotomy of eucynodonts into Probainognathia and Cynognathia as is the 

placement of the Tritylodontidae within the cynognathian subgroup Gomphodontia. Along 

with this the sister group relationship of Tritheledontidae and Mammaliaformes is also well 

supported (Hopson and Kitching, 2001). 

In s study by Bonaparte et al. (2003) of the recently discovered Brazilian cynodonts, the 

authors observe several derived characters of the skull in Brasilodon and Brasilitherium and a 

morganucodontids-like lower dentition in Brasilitherium, which suggests that these cynodonts 

are closer to the morganucodontid mammals than are either tritheledontids or tritylodontids. 

Whole Bonaparte et al. (2005) provide additional information on the brazilian cynodonts and 

undergo a phylogenetic analysis which corroborates the position of both genera as the sister-

group of mammals as previously proposed by Bonaparte et al. (2003). 
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3.11 Introduction to Mesozoic mammals  

Mammals have been around on the planet Earth for a long time and that the first mammals 

are recorded from the Mesozoic Era, (approximately 240 to 64 mya). Mammals are a branch 

of Synapsids, a group of vertebrates with more than a 300 million year history. The synapsids 

are a very old lineage of amniotes and first appeared in the Upper Carboniferous (Romer and 

Price, 1940).  The therapsids are a derived subgroup of synapsids that first appeared at the 

beginning of the Late Permian and split into several groups such as Cynodonts. The 

evolution of the non-mammalian cynodonts from the first time they appear in the fossil 

record until the time that the first mammals are recorded is roughly 130 million years. In that 

period a complex radiation occurred which produced a great variety of non-mammalian 

cynodonts differing in habitats and in degree of development of mammalian features. 

Mammals evolved from the advanced cynodonts and are defined as all the descendants of 

the common ancestor of Sinoconodon and extant monotremes, marsupials and placentals. They 

are diagnosed by the presence of the dentary condyle to the squamosal glenoid in the jaw 

articulation and by the presence of the petrosal promontorium (e.g. Kielan-Jaworowska et al., 

2004). The earliest known mammals which possess these features are known from the 

Triassic (Norian) approximately 220 mya (e.g. Lucas and Luo, 1993).  A large amount of 

information about these early mammals has been published in the last 30 years dealing with 

the evolution and diversity of Mesozoic mammals. In 1979, Lillegraven, Kielan-Jaworowska 

and Clemens edited the book Mesozoic Mammals. The first two-thirds of mammalian history. This 

was one of the first most succinct and didactic published work about Mesozoic mammals, 

dealing with detailed aspects of Mesozoic mammalian evolution. This text included a 

summary of the worldwide status of the Mesozoic mammal record, a summary of each 

mammalian group known with systematics within each group, anatomy and ecological 

adaptations with a brief review of biogeographical aspects. This book is widely used by 

students who study mammalian evolution. Since 1979 the discovery of Mesozoic mammals 

and the study of these have grown largely and other informative and specialized books have 

been published on Mesozoic mammalian evolution (See review in Luo, Kielan-Jaworowska 

and Cifelli, 2001).  An important new book was published at the end of 2004 titled Mammals 

from the Age of Dinosaurs, Origins, Evolution and Structure by Zofia Kielan-Jaworowska, Richard L. 

Cifelli and Zhe-Xi Luo which deals with old and new specimens of Mesozoic mammals that 

have been discovered from around the world and how these discoveries, together with the 

application of new scientific approaches and techniques, have led to profound changes in the 

interpretation of early mammal history.  
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3.12 Biology of Mesozoic mammals 

At present it is generally accepted that during the Late Triassic and Early Jurassic the early 

mammals were small, nocturnal and thought to have coexisted with other terrestrial animals 

such as dinosaurs and small reptiles that occupied different niches. 

Throughout the rest of Mesozoic during the Jurassic and Cretaceous the mammals 

diversified and radiated throughout the whole world, especially in the Northern and Southern 

Hemispheres. 

It is believed that early mammals already had a very complicated nervous system and had 

developed a keen sense of hearing, touch and olfaction. It is universally accepted that early 

mammals were small in size, nocturnal and were generally insectivorous. 

3.12.a Size and metabolic rate 

The size of early mammals was generally small ranging from a modern shrew to a marsupial 

mouse and was very small compared to the larger inhabitants of the Mesozoic: the dinosaurs 

and other large tetrapods. 

It is presumed that the mammal ancestors, the cynodonts, maintained an endothermic 

temperature physiology (e.g. Kemp, 1982), while the larger therapsids depended simply on 

their large body size to reduce the rate of heat loss and maintained an approximate constant 

body temperature with a low metabolic rate. However the smaller cynodonts possessed 

characteristics which support an endothermic temperature physiology and high metabolic 

rate and these are related to the design of the jaw feeding system which would have helped 

increase the rate of food assimilation (e.g. Kemp, 1982). 

It is not known if cynodonts or early mammals had evolved hair and with it, an insulative 

outer layer. Hair is proteinaceous so it does not preserve well as a fossil and there is no 

evidence of hair-like impressions associated with any cynodont or basal mammal (Kemp, 

1982). 

Brink (1956, 1980) speculated that non-mammalian cynodonts acquired hair and diaphragms 

which are indicative features that support endothermy. 

However there is evidence that the extinct Multituberculates mammals like the extant 

mammals had fur or true hair (Meng and Wyss, 1997). This is known due to the amazing 

discovery of hair belonging to the Paleocene multituberculate Lambdopsalis bulla from Chinese 

Inner Mongolia. This fur or true hair probably served for insulation and for retaining body 

heat in early mammals. In extant mammals the possession of hair is related to the ability to 

maintain a stable or nearly stable body temperature in contrast to the changing temperature 

of the environment, a character that has helped them in becoming a dominant group of 
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animals. Hair also serves to conceal and in signalling other members of the same species. 

Contrasting hair patterns serves as warning to predators; hair also serves to protect and to 

help give information about the immediate surrounding. Extant mammalian hair also serves 

to protect the skin from abrasion and excessive UV radiation. 

Another interesting feature that is known about cynodonts and early mammals is that they 

possessed well-developed foramina that open onto the snout and front part of the dentary. 

These foramina indicate that there was a rich supply of blood and nerves to the external 

surface of the head (e.g. Brink, 1956, 1980; Kemp, 1982). There is also an absence of 

grooving of the bone surfaces that lie adjacent to these foramina that indicates that there may 

have been a thick layer of fleshy tissue that covered the snout of these cynodonts and early 

mammals (Tatarinov, 1967). 

Brink (1956) suggested that cynodonts or early mammals may have possessed vibrissae or 

whiskers that are present in extant mammals and are usually long, straight and stiff hairs 

whose bases are well supplied with nerves.  

There is the evidence of pits in the fossilized rostrum of some therapsids and these may be 

an indirect indication of the presence of vibrissae (McLoughlin, 1980); if so, these provide 

the first direct evidence of hair. Vibrissae are sensitive to touch and provide extant mammals 

with information of its immediate surroundings and are also used to provide a tactile sense, 

for example to help locate prey or navigate in total darkness. 

As most early mammals were small in body size with a larger surface area to mass ratio, it can 

be deduced that these mammals had a high propensity to loose heat. Thus the endothermy of 

the earliest mammals and their cynodont ancestors suggest that these may not have existed 

without the presence of a good covering of insulation.  

The most conspicuous function of hair in extant mammals is to serve as insulation but hair 

must be well developed as a pelage to be effective insulator. Hair may have evolved first as 

sensory outgrowths between the scales of early therapsids and then later evolved to function 

as an insulator (e.g. Kemp, 1982). 

3.12.b Vision 

The first mammals were probably small and probably adapted for a nocturnal way of life, 

since their internal heat production allowed them to stay active (Crompton et al., 1978) such 

as occurs in extant mammals. 

There is evidence that suggests that the early mammals were nocturnal, very similar to most 

present day "primitive" mammals such as the extant Australian marsupials (Jerison, 1973).  
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Non-mammalian cynodonts may have competed for habitat with the ruling reptiles of the 

Mesozoic. These reptiles were more adapted to the diurnal niches while the nocturnal niches 

were relatively empty and became occupied by the non-mammalian cynodonts and earliest 

mammals. 

In these nocturnal environments non-mammalian cynodonts evolved into mammals and 

developed night distance senses related to hearing and smell partly replacing the more 

“primitive” reptilian vision. This was also related to the evolution of the middle ear bones 

and the enlargement of the brain which is essential for accommodating new information and 

processing neural networks for the newly developed senses. 

At the end of the Mesozoic, approximately 65 mya, when the major reptiles of the Mesozoic 

became extinct the mammals could radiate adaptively into the diurnal reptilian niches. Jerison 

(1973) believed that the earliest Mesozoic mammals were nocturnal but were able to use 

auditory senses to establish distance information but probably still used the visual sense. A 

new visual system then would have evolved into the mammalian rod system that is useful in 

low light and exceptional in response to movement.  

Mammalian vision would have evolved to be a highly cephalized activity rather than an 

activity based solely on the neural system of the retina (Jerison, 1973). Information in the 

form of nerve impulses would arrive to the central nervous system and there needed to be a 

general organization and simplification of that information. 

Some extant mammals including marsupials have a very developed eye and it is most likely 

that primitive mammals also had well-developed eye. 

For animals to be able to see at night, in a lower light intensity environment, their eyes must 

be adjusted to be sensitive to reduced light. In mammals, night vision depends on the light-

sensitive cells in the retina. The light sensitive cells in the vertebrate retina which are also 

sensitive to colour are called the “cones”, while the other type of cells are the “rods”. The 

rods are more sensitive to low intensities of light and during low intensity light the rods are 

the cells used, as colour vision is almost absent and the use of the cones is not needed.  

Most extant mammals have retinae which are mostly made up of rods with the exception of 

primates that are predominantly diurnal and have both cones and rods (Kermack and 

Kermack, 1984). It is believed that cones are probably secondarily derived from rods 

(Kermack and Kermack, 1984) and that the rod retinae first evolved in mammals in the 

Mesozoic when their ancestors, the non-mammalian cynodonts, became nocturnal to avoid 

competition.  

 58 



Chapter 3 Mesozoic Mammals 

It is thought that basal mammals that were nocturnal relied heavily on olfaction and hearing 

more so than on vision (e.g. Kemp, 2005). This is based on the belief that primitive mammals 

lacked colour vision and is also due to the small size of the optic lobes of the brain of early 

mammals, suggesting that they depended less on sight than on other senses. 

However recent research by Arrese et al. (2002) on extant nocturnal marsupials suggest 

otherwise. These studies suggest that Australian marsupials have retained an ancestral visual 

pigment which is not found in most extant placental mammals that may have had this visual 

pigment and may have lost it during the course of evolution. Arrese et al. (2002) suggest that 

this visual pigment presented in some extant marsupials is the first evidence for the basis of 

trichromatic colour vision in mammals other than the extant primates. 

Trichromatic colour vision depends on the presence of three types of cone photopigment 

and is found in all Old World monkeys, apes and humans and in a genus of platyrrhine 

monkey, the howler monkey, Alouatta (Jacobs, Neitz, Deegan and Neitz J., 1996). 

Humans, apes and most, if not all, of the Old World monkeys have three different kinds of 

opsins on their cones which allow them to discriminate between greens, blues and reds. In 

contrast, prosimians, such as lemurs, have relatively poor colour vision being dichromatic.  

They can differentiate greens and blues but not reds. Colour vision among New World 

primate species is surprisingly variable, some of them are dichromatic and others are 

trichromatic. 

However most mammals have only two kinds of opsins. These are normally sensitive to 

short and middle wavelength light that includes blues and greens. 

Most mammals thus have a limited colour vision capability and this is known as dichromacy 

(literally "two colours"). 

Other vertebrates like most birds have far better colour vision, being able to see not only 

blues and greens but also reds (long wavelength light) and often ultraviolet wavelengths, 

which are shorter than those of the visible spectrum. Some insects such as bees can also see 

ultraviolet. 

Research by Arrese et al. (2002) has found that some extant Australian marsupials such as 

honey possums (Tarsipes rostratus) and dunnarts (Sminthopsis crassicaudata), can see all colours of 

the spectrum from ultra-violet to infrared. 

On the other hand human visual system can only detect the range of light spectrum from 

about 400 nanometres (violet) to about 700 nanometres (red). This enables some marsupials 

to pursue both day and night activities and some to undertake crepuscular activities i.e. come 

out at dawn and dusk. Arrese et al. (2002) found that marsupials had numerous cones (tiny 
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cells in the retina of the eye) of at least three different types, enabling them to see a wide 

colour spectrum. Colour vision depends on these cones which react to different wavelengths 

of light. Birds and reptiles have four types of cones in their eyes (ultraviolet, blue, green and 

red), while most placental mammals have only two (loosing the blue and green cones) and 

thus greatly limiting their colour vision. 

Some experts believe that placental mammals 'lost' the extra two cone types some time in 

their evolution, as they adapted to a nocturnal lifestyle. But primates have re-acquired an 

extra cone type (Arrese et al., 2002; Sumner and Mollon, 2003). This enables them to detect 

the reddish colour that is observed when fruit ripens and as most primates are fructivorous 

this helps them detect ripen fruit. Thus when placental mammals adopted the nocturnal 

lifestyle they lost two visual pigments, which reduced them to dichromacy and later old world 

primates re-evolved trichromacy. 

In contrast extant marsupials and possibly extinct ones have kept their full colour vision 

throughout evolution regardless of their nocturnal lifestyle (Arrese et al., 2002). 

Most of these mammals were insectivores, feeding mainly on small invertebrates such as 

adult and larval insects. Some of the first mammals perhaps could have been more 

carnivorous preferring small vertebrates such as lizards, other mammals or even dinosaur and 

reptilian eggs (Lillegraven, 1979). While recently the fossil remains of a Mesozoic mammal 

Repenomamus robustus from the Early Cretaceous of China were found with the remains of a 

juvenile psittacosaur (herbivorous dinosaur) in its stomach area suggesting that these 

Mesozoic mammals may have been carnivorous feeding on smaller vertebrate prey (Hu et al., 

2005).  

Some mammals such as the Late Cretaceous Asian taeniolabidoid multituberculates also 

possessed large eye orbits as noted by Gambaryan and Kielan-Jaworowska (1995) in which 

they demonstrate that the postorbital process is situated on the parietal and is situated in a 

posterior position, in comparison to the postorbital process which is situated on the frontal 

bone in therians and other multituberculates such as Lambdopsalis from the Late Paleocene 

Early Eocene of Inner Mongolia (Miao, 1988). This demonstrates that the Late Cretaceous 

multituberculate eye orbit was large and thus inferred that the eyes were quite large in size. 

While the multituberculate family Paulchoffatiidae known from the Middle or Upper Jurassic 

to the Lower Cretaceous of Europe, possessed very large orbits preserved in the skull of the 

Pseudobolodon (Hahn and Hahn, 2000). This indicates that these multituberculates may have 

had advanced vision and may have exhibited a nocturnal lifestyle. 
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3.12.c Olfaction 

Most extant mammals have a very good sense of smell and this may be based on a large nasal 

cavity where the olfactory epithelium is increased by the thin bony turbinals that extend into 

the nasal cavity. The turbinals or scroll bones in the postero-dorsal region of the nasal cavity 

are probably related in increasing the area of the olfactory epithelium while the maxillo-

turbinals found laterally along the nasal cavity, are associated with the mucous epithelium and 

act as a heat exchanger to warm air that passes into the lungs (Kermack and Kermack, 1984; 

Kemp, 2005). 

The non-mammalian cynodonts had a nasal cavity and was probably a well-developed 

olfactory organ (e.g. Kemp, 1982). In the nasal cavity the ridges for the turbinal bones are still 

present and a maxillary sinus in the internal surface of the maxilla is thought to extend as a 

lateral extension of the nasal capsule, in turn increasing the area of the olfactory epithelium 

(Kemp, 1980). 

Some early mammals such as morganucodontids are thought to have had enlarged brains, 

with enlarged cerebral hemispheres related to the sense of smell, also important sense for 

nocturnal lifestyle (Jerison, 1973).  

Other fossil mammals such as multituberculate are believed to have had a keen sense of smell 

as noted in the multituberculate brain endocasts in which the olfactory bulbs are relatively 

large in comparison to those of extant mammals (e.g. Hahn and Hahn, 2000). 

Studies by Hurum (1994) demonstrate that multituberculates such as Nemegtbaatar and 

Chulsanbaatar from Mongolia and other Mesozoic mammals have all a similar basic snout and 

orbit pattern. Hurum (1994) observes that multituberculates share the orbital process of the 

frontal and palatine, ossified turbinals, ethmoid and vomer with mammals and they also 

possess the frontal sinus and maxillary sinus, which are also typical features of mammals.  

Olfaction is very important for extant nocturnal mammals and most possess well-developed 

olfaction for communication. For example prosimian primates rely on scent for 

communication and this is related to their nocturnal lifestyle. Perhaps early mammals that 

were nocturnal also had good olfaction and relied on this for communication.  

3.12.d Hearing 

Early mammals already had a well-developed hearing (including a complex middle ear and 

extended labyrinth), a well-developed sense of touch and acute olfaction using phenomenal 

cues for communication (Lillegraven, 1979). Early mammals, which were nocturnal, needed 

to have an excellent high frequency hearing to be able to locate long range information. 
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Hurum (1998) studied the inner ear of two Late Cretaceous multituberculate mammals and 

concludes that multituberculates such as Chulsanbaatar had high frequency hearing but were 

less sensitive to low decibel sounds in comparison to extant small mammals. This is due to 

the robust ear ossicles present in multituberculates such as Chulsanbaatar and possibly also 

Nemegtbaatar from the Late Cretaceous of Mongolia. 

It is believed that most basal mammals were already capable to hear at a high frequency (e.g. 

Rosowski and Graybeal, 1991). Masterton et al. (1969) pointed out that high-frequency 

hearing is a characteristic unique to mammals. This interpretation is based on a distinctive 

feature used to diagnose Mammalia, which is the presence of a petrosal promontorium. The 

promontorium represents the external part of the pars cochlearis. The pars cochlearis is the 

bony housing of the hearing organ, the cochlea. The enlargement and emergence of the pars 

cochlearis on the ventral surface of the skull of advanced non-mammalian cynodonts and 

basal mammals provided greater internal space to house the cochlea within the petrosal (e.g. 

Luo et al., 2002).  

However the cochlea of mammals is longer than that of advanced non-mammalian 

cynodonts, indicating that basal mammals may have had more sensitivity to  a range of 

frequencies (Kielan-Jaworowska et al., 2004).  Luo et al. (1995) suggest that the cochlea 

housed in the bony promontorium has allowed for increased sound insulation of the ear. 

It is believed that most small mammals require a hearing range extending to high frequencies 

in order to allow accurate localization of sound in closed environments (R. S. Heffner and 

Heffner, 1992). 

3.12.e Locomotion 

In basal mammals such as morganucodontids and in advanced cynodonts such as the 

brasilodontids, locomotion appeared to have been mammalian (Jenkins and Parrington, 

1976) where both front and hind feet were placed closer to the midline of the body 

compared to most derived cynodonts. At the same time the humerus and femur underwent 

small dorso-ventral movements that coincided with the extension of the lower leg during the 

stride in the power phase and during the flexion in the recovery phase (e.g. Kemp, 1982), 

indicating a strong difference with non-mammalian cynodonts where the humerus is short 

and robust, except for brasilodontids. 

This suggests that morganucodontids had a very agile and variable gait, with a locomotion 

more related to agility and with less emphasis on sustaining high bursts of speed during short 

periods of locomotion (e.g. Kemp, 1982). These early mammals were probably insectivorous 
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as suggested by their dentition and thus their agility aided when hunting or catching insects 

and would have inhabited forested terrain and some may have possibly been arboreal. 

The small size of these mammals and of brasilodontid cynodonts, also suggests that to keep a 

high metabolism they would have had to be active hunters like present day small carnivorous 

or insectivorous Australian marsupials such as the long tail Planigale (Planigale ingrami) which 

is an active nocturnal hunter of invertebrates and small vertebrates and is the smallest extant 

marsupial measuring at a head to body length of 55 to 65 mm (Menkhorst, 2001). 

Another interesting feature related to the evolution of locomotion in early mammals is the 

presence of epipubic bones. A pair of epipubic bones is found in some mammalian taxa 

including extant monotremes and marsupials and their immediate cynodont ancestors except 

for the extant placental mammals (crown-group Eutheria). It has also been discovered in 

eutherians from the Late Cretaceous of Mongolia (e.g. Novacek et al., 1997).  

Epipubic bones first appear in the Tritylodontidae and are considered as a primitive 

character, retained in all extinct non eutherian mammals (for which postcranial material is 

available) and all living monotremes and marsupials (Novacek et al., 1997). Within the 

Eutheria, they are present in the stem eutherians but have been lost in all extant placental 

mammals (Ji et al., 2002). 

These epipubic bones articulate with the pelvis, project antero-laterally into the hypaxial 

muscle layers of the abdomen and are thought to be homologous to the non-articulating 

anterior pubic processes of the primitive puboischiatic plate of amniotes (Vaughn, 1956).  

Epipubic bones were originally thought to be related to the presence of a pouch in living 

mammals. They have also been related to locomotion and suspension of the litter mass of 

several attached, lactating offspring (Novacek et al., 1997). 

It is also thought that the epipubic bones are a vestige of the skeleton of the therapsids which 

provided them with extra attachments for abdominal muscles to support weight in the hind 

legs. 

Recently a study published by Reilly and White (2003) supports the view that epipubic bones 

are involved in locomotion in extant mammals and helped the early mammals become more 

mobile. In the study the authors studied opossums during treadmill locomotion. These 

opossums used only symmetrical gaits and like most marsupials have epipubic bones attached 

to the pelvis and jut into muscles of the abdomen. If the epipubic bones were related to the 

presence of the pouch then, the bones and the attached muscles would move together but 

move only one side of the body when the animal moved. These researchers found that, when 
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the opossums were placed on a treadmill and observed with a videoflouroscope, the epipubic 

bones moved asymmetrically. 

Reilly and White (2003) show that each epipubic bone is part of a kinetic linkage, that extends 

from the femur via the pectineus muscle to the epipubic bone, through the pyramidalis and 

rectus abdominis muscles on one side of the  abdomen and through the contralateral external 

and internal oblique muscles to the vertebrae and ribs of the opposite side. During the stance 

phase in locomotion, this muscle series is activated synchronously as the femur and 

contralateral forelimb are retracted. As well during the stance phase in extant mammals, the 

epipubic bones are demonstrated to serve to transmit forces between the limbs and the body 

(Reilly and White, 2003).  

The epipubic bones do not move together as a pair but while one bone moves up, the other 

goes down, as a lever and act to pull one at a time diagonally across the body, stiffening the 

body between the diagonal limbs, during each trotting step.  

These cross-couplet kinetic linkages together with the stiffening function of the epipubic 

bone are considered by Reilly and White (2003) to be the primitive conditions for mammals. 

This helped increase locomotion efficiency in the early mammals, in turn made then better 

predators and helped them escape predation and forage in a larger area. Thus if the function 

of the epipubic bones is indeed related to locomotion then presence of these bones in the 

fossil record would be a good indicator of increased locomotor efficiency and will be useful 

in reconstructing gaits in extinct vertebrates. The presence of epipubic bones in eutherians 

from the Late Cretaceous of Mongolia suggests that these groups occupied a basal position in 

Eutheria. However the loss of the epipubic bones in extant eutherians and extinct eutherians 

is thought to be related to the process of acquiring a more prolonged gestation, which would 

not require prolonged external attachment of altricial young (Novacek et al., 1997). 
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3.13 Early Mammals 

The early mammals or basal mammals are known from the Late Triassic but more complete 

material has been discovered in the Lower Jurassic (e.g. Hahn, 1969). 

In this summary of early mammals the term mammals or Mammalia (Mammaliaformes of 

Rowe, 1988) is considered as “a clade or monophyletic group defined as including the 

common ancestor of Sinoconodon, living monotremes and living therians plus all its 

descendants” (Crompton and Sun, 1985; Crompton and Luo, 1993). This clade is supported 

by a large amount of diagnostic apomorphies and is supported by studies by Crompton and 

Sun (1985); Lucas and Luo (1993); Rowe (1993); Luo and Crompton (1994); Hopson (1994); 

Wible and Hopson (1994); Rougier, Wible and Hopson (1996); Luo, Crompton and Sun 

(2001) and Luo et al. (2002), but it has not been accepted by al students of mammalian 

evolution. 

In the following section early mammals such as Adelobasileus Morganucodon, Hadrocodium and 

other groups such as the haramiyids, triconodontids, docodontids, “symmetrodontids”, 

multituberculates and the monotremes will be briefly discussed. 

3.13.a Adelobasileus  

Adelobasileus cromptoni, from the Latest Carnian Dockum Formation, West Texas, USA, is one 

of the most primitive and perhaps the earliest known mammal, exhibiting mammalian 

characters especially related to the braincase. Its mammalian condition is not fully 

demonstrated because of its fragmentary condition and because the cynodont brasilodontids 

exhibit basically similar characters in the basicranial region. 

It shares an intermediate condition between non-mammalian cynodonts and Early Jurassic 

mammals. This species is known only by a partially preserved cranium (posterior portion) 

and was described by Lucas and Hunt (1990) and later re-revised by Lucas and Luo (1993). 

The preserved skull of Adelobasileus is approximately 1.5 cm (Lucas and Luo, 1993). 

Adelobasileus has an expanded paretial region and shares a large amount of basicranial 

synapomorphies with Liassic mammals that appears to distinguish it from non-mammalian 

cynodonts.  For example: an incipient promontorium housing the cochlea, a separate 

opening for the prootic sinus, the floor to the cavum epiptericum which is anterior to the 

opening of the prootic sinus and facial foramen, the fenestra rotunda separate from the 

jugular foramen, the condylar foramina separate from the jugular foramen (Lucas and Luo, 

1993). In their phylogenetic study Lucas and Luo (1993) recognize 36 characters and state 

that. Adelobasileus shares at least 24 apomorphies out of the 36 with Sinoconodon and other 

mammals. They recognize that Adelobasileus is more closely related to Sinoconodon and other 
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mammals than to any non-mammalian cynodonts. However at that time the new advanced 

Brazilian non-mammalian cynodonts were not known. The authors consider that further 

evidence is needed from the dentition, cranio-mandibular joint and postcranial skeleton to 

support a stronger phylogeny. Luo et al. (2002) remark that additional fossils of Adelobasileus 

have been discovered with dental remains but have not yet been described.  

Some authors place Adelobasileus within mammals (Lucas and Hunt, 1990; Lucas and Luo, 

1993; Hopson, 1994) as it possesses basicranial apomorphies such as an incipient petrosal 

promontorium. However the authors Luo et al. (2002) in their phylogenetic study consider 

Adelobasileus to lie outside the clade of Sinoconodon and living mammals as the fossil of 

Adelobasileus is incomplete. Luo et al. (2002) provisionally considered it to be a basal mammal 

and follow Lucas and Luo (1993).  

After recent discoveries of derived cynodonts in the Late Triassic of Brasil, Bonaparte et al. 

(2003) believe that it is possible that Adelobasileus is actually a derived non-mammalian 

cynodont. In their study of Brasilodon and Brasilitherium Bonaparte et al. (2003) identify the 

position of the foramina for the trigeminal nerve and suggest it is a derived state which 

resembles the condition found in Sinoconodon (Crompton and Luo, 1993) and Adelobasileus 

(Lucas and Luo, 1993). 

3.13.b Morganucodontids 

Morganucodontids are a clade that ranges from the Late Triassic to the Early Jurassic and 

whose basal members include Morganucodon, Megazostrodon, Erythrotherium and Dinnetherium 

(Luo et al., 2002). There are other taxa known, only represented by isolated teeth and are 

placed with doubt in this clade (see Luo et al., 2002). 

Morganucodon is one of the best known of the basal mammals that is involved in the transition 

from mammal-like reptile to mammal. In the past Morganucodon was originally referred to as 

Eozostrodon (See historical review by Kemp, 2005). It is very well known and represented by 

isolated teeth, jaw fragments, a few complete skulls, a great number of isolated cranial 

remains and incomplete postcranial skeletons (Parrington, 1947, 1971, 1978; Mills, 1971; K. 

A. Kermack et al., 1973, 1981; Jenkins and Parrington, 1976; Jenkins et al., 1983; Crompton, 

1974; Crompton and Luo, 1993; Wible and Hopson, 1993; Luo et al., 1995).  

Along with this hundreds of disarticulated bones of Morganucodon many in near perfect 

preservation have been found in fissure fills in Wales. Parts of the postcranial skeleton of 

Morganucodon have also been described and studied by Jenkins and Parrington (1976), Lewis 

(1983) and Rowe (1988). The research on Morganucodon made by Kermack et al., 1973, 1981 is 

quite exceptional and very detailed. 
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The morganucodontids were quite small in size with a skull length of 2 to 3 cm and about 10 

cm in body length (approximately the size of a small English mole or shrew like in size). 

Morganucodon is now known from Western Europe and China and is known from the Triassic 

and from the Early Jurassic of Britain, China, North America and South Africa, indicating a 

worldwide distribution (Clemens, 1986; Lucas and Hunt, 1994). 

Morganucodon shares apomorphies with other mammals and these include a well-developed 

squamoso-dentary joint, a large brain vault in the parietal region of the skull, a pterygoid 

flange which is positioned more posteriorly?, a partial floor to the cavum epiptericum, a 

petrosal promontorium to house the cochlear duct and the anterior lamina is perforated by 

two large foramina (foramen pseudorotundum anteriorly and the foramen pseudovalis posteriorly) 

Kermack et al., 1981; Crompton and Luo, 1993).The two foramina are the exits of the 

maxillary and mandibular branches of the trigeminal nerve (cranial nerve V), respectively 

(Kermack et al., 1981; Crompton and Luo, 1993). 

The dentition of Morganucodon includes a precise unilateral occlusion, cingular cusps that are 

well developed, postcanine teeth that are divided into premolariform teeth and molariform 

teeth and there are consistent wear-facets on the tooth indicating wear. As observed by 

Kermack et al. (1973, 1981) and Crompton and Luo (1993) the postcanine row is divided 

into three molars and four or five premolars. It cannot be determined how often the 

deciduous dentition was replaced during growth of Morganucodon. 

Morganucodon has been studied in previous phylogenetic analysis and the phylogenetic position 

of Morganucodon among mammals has remained very stable (Kemp, 1982; Rowe, 1988; Wible, 

1991; Hopson, 1994; Rougier et al., 1996; Luo, Crompton and Sun, 2001; Luo et al., 2002).  

Phylogenetic studies show that morganucodontids are nested within the clade Mammalia (K. 

A. Kermack and Mussett, 1958; Hopson and Crompton, 1969; Crompton and Jenkins, 1979; 

Gow, 1985; Rowe, 1988; Luo, 1994; Luo et al., 2002). Within the clade Mammalia, Sinoconodon 

is the sister-taxon to the clade that includes Morganucodon and the living mammals (Crompton 

and Sun, 1985; Crompton and Luo, 1993; Rowe, 1993; Wible and Hopson, 1993; Luo, 1994; 

Rougier et al., 1996, Luo et al., 2002). The clade which includes Morganucodon and living 

mammals is diagnosed by a variety of derived apomorphies which includes basicranial and 

dental ones such as: the precise occlusion between upper and lower tooth facets and tooth 

replacement whereby the anterior postcanines are diphyodont but the molars are not 

replaced (Parrington, 1971, 1978; Rougier et al., 1996, see review by Luo et al., 2002). 

Morganucodon had a typically mammalian replacement pattern whereby the incisors and 

canines were replaced once along with the posterior premolars in an antero-posterior 
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direction (e.g. Luo et al., 2004). If Morganucodon did possess a diphyodont dentition  then this 

might indicate the presence of mammary glands and therefore the presence of suckling in the 

young (Hopson, 1973). It is hypothesized that suckling allows for substantial cranial growth 

before the teeth erupt. After the eruption of the deciduous teeth, there is also further cranial 

growth with the replacement of the deciduous dentition and the eruption of the permanent 

dentition (Crompton and Luo, 1993). 

3.13.c Sinoconodon  

Sinoconodon (Patterson and Olson, 1961) is a Rhaeto-Liassic mammal and represents one of 

the most primitive mammalian stem groups (Crompton and Sun, 1985; Crompton and Luo, 

1993; Zhang et al., 1998). The genus Sinoconodon is known from complete skulls and dentaries 

(Patterson and Olson, 1961; Zhang and Cui, 1983; Crompton and Sun, 1985; Crompton and 

Luo, 1993; Luo, 1994; Luo and Wu, 1994).  

Sinoconodon (meaning “Chinese cone tooth”) is from the Early Jurassic of China, from the 

Lower Lufeng Series, (Crompton and Sun, 1985; Crompton and Luo, 1993; Zhang et al., 

1998). 

Patterson and Olson (1961) first reported Sinoconodon rigneyi from Lufeng, Yunnan and 

considered it to be a second morganucodontid from China. Later, Mills (1971) proposed the 

family Sinoconodontidae in the Order Triconodonta. Later, two new species S. parringtoni 

Young, 1982 and S. yangi Zhang and Cui, 1983 were described from the same locality. 

However S. yangi and S. parringtoni may represent different ontogenetic stages of Sinoconodon 

and are regarded as junior synonyms of Sinoconodon rigneyi (Crompton and Luo, 1993; Luo and 

Wu, 1994). Previous studies on Sinoconodon by Patterson and Olson (1961) and Crompton 

and Sun (1985) were based on isolated skull material, postcranial fragments, as well as a 

complete skull with a damaged medial wall and orbits. Crompton and Luo (1993) published a 

study based on new material that consisted of a nearly complete skull and partial skulls of 

Sinoconodon and other mammals such as Morganucodon and the tritylodontid Yunnanodon from 

the Lower Lufeng Formation, China. 

The authors observed that Sinoconodon has a variety of primitive and derived features in the 

skull area. Among symplesiomorphies, it possesses a large septomaxilla with a transverse 

shelf and a palate with an intermediate pterygoid crests and the prootic vein passes through 

the cavum epiptericum. The incisors may have been replaced more than once and the canines 

at least four times (Crompton and Luo, 1993). The postcanine teeth are multicusped and 

uniform and do not occlude precisely with each other. Sinoconodon retains the primitive skull 

growth pattern whereby the molariforms are replaced successively at posterior loci while the 
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skull continued to grow in size, based on the discovery of a wide range of skull sizes 

indicating that growth from juvenile to adult was gradual (Luo et al., 2002). This gradual 

growth rate is seen in some cynodonts and other non-mammalian amniotes (Crompton and 

Luo, 1993; Luo, 1994; Zhang et al., 1998; Luo et al., 2002) rather than the rapid growth rate 

that is seen in mammals. 

However Sinoconodon also shares derived characters with other mammals. These include an 

expanded brain vault in the parietal region, complete ossification of the medial wall of the 

orbit, a dentary condyle and a concave glenoid fossa in the squamosal (Crompton and Luo, 

1993).  

Crompton and Luo (1993) suggest that these derived characters that Sinoconodon shares with 

other mammals imply that they all form a monophyletic group. In addition Sinoconodon has 

developed some autopomorphic characters such as a massive dentary condyle, a large 

occipital condyle and postdentary bones reduced in size relative to the skull length 

(Crompton and Luo, 1993).  These authors suggest that these autopomorphic characters 

support that Sinoconodon is the sister-group to a taxon that includes all other mammals and all 

share the presence of a craniomandibular jaw joint that consists of a dentary condyle to a 

squamosal glenoid joint (Crompton, 1964; Crompton and Parker, 1978; Crompton and 

Hylander, 1986; Luo et al., 2002). 

3.13.d Haramiyids 

Haramiyids were the first of the early mammals discovered and are known from the Late 

Triassic (Norian) approximately 220.7 to 209.6 million years ago. Haramiyids are known from 

the Rhaetic and Early Jurassic of Europe (Germany, Switzerland, France and Belgium and 

Great Britain) (Plieninger, 1847; Owen, 1871; Simpson, 1928; Sigogneau-Russell, 1989; 

Clemens, 1980; Sigogneau-Russell et al., 1986), the Kimmeridgian -Tithonian, Upper Jurassic 

of Tendaguru, Tanzania in Africa (Heinrich, 1999) possibly North America (Jenkins et al., 

1983) and recently are known from East Greenland (Jenkins et al., 1997).  

These mammals based on isolated teeth, were first discovered in 1847 by Plieninger from the 

Rhaetic of Württemberg, but it was only much later that these mammals were termed the 

Haramiyidae by Simpson (1947).  

In the 19th and 20th centuries, hundreds more isolated teeth from England and continental 

Europe were found and throughout time these mammals have been thought to be related to 

multituberculates (Marsh, 1887; Osborn, 1888; Gregory, 1910; Hahn, G., 1969, 1973; 

Sigogneau-Russell and Hahn, G., 1994) or interpreted as multituberculates (Marsh, 1887; 

Osborn, 1888; Gregory, 1910; Henning, 1922). 
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Later Simpson (1928) classified them as probable mammals and also tentatively suggested 

that they may be related to Multituberculata as both groups have multiple cusps on their 

cheek-teeth. Both groups were thought to share the ability to chew in a longitudinal 

(propalinal) movement (Butler and MacIntyre, 1994) while Haramiyavia is also observed to 

have had orthal chewing movements (Jenkins et al., 1997; Butler, 2000). The haramiyids from 

the Late Triassic- Early Jurassic of Europe were also regarded by Hahn (1973) and tentatively 

by Sigogneau-Russell (1989) as the earliest known multituberculates. Some authors such as 

Simpson (1928); Clemens et al. (1979) and Mills (1971) were uncertain to the interpretation 

of haramiyids as multituberculates due to the scarcity of the available fossil material. 

Until recently, no complete dental or skeletal remains attributed to haramiyids have been 

found and thus it was difficult to determine the tooth orientation, position and dental 

formula of the haramiyids and determine where the haramiyids fit on the mammalian 

evolutionary tree. 

It was only in 1997, in the Late Triassic of Greenland that skeletal remains, a maxilla and 

mandibles with teeth in place attributed to haramiyids were reported by Jenkins et al. (1997) 

and named Haramiyavia clemmenseni. This was an important discovery as it was the first time 

complete mandibles with teeth in place belonging to haramiyids (see Figure 3.2) were 

discovered along with postcranial remains and helped to shed light on haramiyid dentition 

and other important skeletal characteristics. The disarticulated post cranial skeleton of H. 

clemmenseni was incomplete but observed by Jenkins et al. (1997) to possess various features 

such as a bicondylar distal humerus, a well developed olecranon process, an atlas arch 

structure and an asymmetry of the femoral condyles which was found comparable to those 

present in the morganucodontids, from the Late Triassic for which postcranials are known 

(Jenkins and Parrington, 1976). 

H. clemmenseni when compared to other mammals known from the Late Triassic such as 

Morganucodon, was observed to be larger in size (Jenkins et al., 1997). These authors also 

observed that H. clemmenseni had a greater diameter/bone length ratio of the long bones 

compared to Morganucodon. The distal limbs of H. clemmenseni were elongate with longer 

metapodial elements preserved compared to Morganucodon (Jenkins et al., 1997). 
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Figure 3.2: Haramiyavia clemmenseni left premaxilla 
In lateral view (A), right maxilla in lateral view (B), right dentary with teeth in lateral view (C), last upper molars 
in occlusal view (D). Modified from Jenkins et al. (1997). 

Jenkins et al. (1997) also studied the dental features of H. clemmenseni and compared them 

with the isolated teeth of haramiyids. Haramiyavia clemmenseni was observed to have 

differentiated teeth and multirooted molariforms, with a dental formula of I4, C1, P4, M3. 

These features Haramiyavia shares with other mammals. As only isolated teeth of haramiyids 

were known it was difficult to recognize which tooth was an upper one and which was lower. 

Due to the morphological differences of the tooth row of H. clemmenseni it was possible to 

determine that the various species of Haramiya and Thomasia attributed to the different teeth 

may be in fact different teeth types from the same species (see review by Jenkins et al., 1997). 

This had been stipulated earlier by Parrington, (1947); Crompton, (1974); Sigogneau-Russell 

(1989) and Butler and MacIntyre, (1994). 
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Features that were proposed to be shared by multituberculates and haramiyids were also re-

examined by Jenkins et al.. (1997). Haramiyids and multituberculates were believed to share a 

similar occlusion pattern. Jenkins et al. (1997) observed that the upper and lower teeth of 

Haramiyavia were offset and this provided an occlusion of interlocking rows and basins. 

Jenkins et al. (1997) observed that on Haramiyavia clemmenseni, the lower of the two cusp rows 

on both upper and lower teeth (considered row B) made occlusal contact with the opposing 

basin. This feature had also been observed earlier by Hahn (1973) and Parrington (1947) in 

isolated haramiyid teeth. This occlusion pattern is also known in early multituberculates 

where the upper and lower teeth occlude when the rows of cups of the upper molars and 

lower molars interlock (Parrington, 1947; Clemens and Kielan-Jaworowska, 1979). 

The Greenland haramiyid also shares other dental features with multituberculates and these 

include procumbent incisors and a significant diastema (Jenkins et al., 1997). 

Despite shared similarities between haramiyids and multituberculates there are important 

dental and jaw differences observed by Jenkins et al. (1997) by comparing the dentary of H. 

clemmenseni with the primitive paulchoffatid multituberculates. 

The dentary of H. clemmenseni is slender with the condylar process protracted posterodorsally, 

while multituberculate dentaries such as primitive paulchoffatiids have short, robust dentaries 

with the condylar processes ventrally positioned (Jenkins et al., 1997). 

The paulchoffatiids are the only multituberculates that have molars with cusps of different 

sizes; this feature is shared with haramiyids (e.g. Kielan-Jaworowska et al., 2004). The lower 

molariforms of both haramiyids and paulchoffatiids possess a gradient of cusp heights from 

the front to the back of the molar but there are clear differences in cusp patterns in the upper 

molariforms (e.g. Hahn, 1973; Jenkins et al., 1997). For example in the paulchoffatid 

multituberculates the mesial cusps are the largest on the upper molariforms (Hahn, 1973), 

while in haramiyids the distal cusps are the largest (Jenkins et al., 1997). 

Jenkins et al. (1997) also postulated that Haramiyavia did not possess wear on the enamel of 

the teeth that would suggest a longitudinal (propalinal) chewing movement but in fact 

possessed wear, which demonstrated orthal chewing (non-propalinal). While in the isolated 

haramiyid molars horizontal striations have been observed that indicate longitudinal 

movement (Butler and MacIntyre, 1994; Sigogneau-Russell, 1989) but as stated by Jenkins et 

al. (1997) there are certain wear-facets observed by Butler and MacIntyre (1994) on isolated 

haramiyid teeth which can not be produced by horizontal movements. This suggests that 

some haramiyids such as Haramiyavia had only orthal chewing, while others had horizontal 

(propalinal) and orthal chewing. 
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There is also another feature, the complex interlocking of the cusp rows observed by Jenkins 

et al. (1997) on H. clemmenseni that indicates that this haramiyid had an orthal movement of 

the jaw.  The orthal jaw movement indicates that H. clemmenseni had a straight up and down 

chewing mechanism that is considered more primitive and differs from the multituberculate 

one, consisting of a palinal movement of the jaw inferring backwards longitudinal chewing. 

Multituberculate molar crowns are aligned and this produces a linear row of cusps and basins 

that forms an occlusal surface suitable for palinal jaw movement. 

It may also be the case for Ferugliotherium windhauseni a gondwanatherian multituberculate 

from the Late Cretaceous of Argentina where the molar crowns have linear rows of cusps 

which are aligned and suitable for palinal jaw movement. 

Thus multituberculates have a backward movement of the jaw and this is attributed to the 

anterior insertion of the masseter muscle that is situated further forward than in most 

mammals (Butler, 2000). Butler (2000) states that the anterior position of the masseter 

muscle in the jaw may be related to the evolution of the sectorial premolars, distinctive in 

multituberculates including Ferugliotherium (Kielan-Jaworowska and Bonaparte, 1996). 

This is not the case for the haramiyids where in the dentary of Haramiyavia (the only 

haramiyid dentary known until now), the masseteric muscle does not extend beyond the 

posterior part of the last molar and is slightly more posteriorly placed and the dentary 

condyle lies above the tooth level (Jenkins et al., 1997; Butler, 2000), however Haramiyavia is 

at least 25 million years earlier than the first known multituberculates.  

This is also the case in other primitive mammals such as Morganucodon and Kuehneotherium 

(Butler, 2000). 

Butler (2000) states that if multituberculates were derived from the earlier haramiyids then a 

number of transformations of the jaw would have taken place. 

H. clemmenseni due to its dental morphology, would probably have exhibited a puncture-

crushing mechanism that would have differed from the morganucodontids and 

Kuehneotherium, also probably had a crushing chewing mechanism, in contrast to the 

multituberculates that had a very specialized grinding dentition (Jenkins et al., 1997). Jenkins 

et al. (1997) believes that haramiyids should be placed in a basal position among mammals 

due to the retention of characters in the jaw and post dentary apparatus but at the same time 

exhibit a highly specialized dentition that is a derived character, but not as derived as in 

multituberculates. 

There are five genera of non-multituberculate allotherians known Haramiyavia Jenkins et al. 

(1997); Thomasia Poche (1908); Staffia Heinrich (1999); Theroteinus Sigogneau-Russell (1983) 
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and Eleutherodon K. A. Kermack et al. (1998). Butler (2000) reviewed the early allotherians and 

compared the known genera with Haramiyavia in which the teeth are preserved in place and 

upper and lower dentitions are associated. 

Staffia aenigmatica from the Upper Jurassic of Tendaguru in South-Western Tanzania, East 

Africa is the first haramiyid known from the Mesozoic of Gondwana (see Figure 3.3) and 

along with an complete mammalian dentary named as Brancatherulum tendagurense (Dietrich, 

1927), the triconodont Tendagurodon janenschi (Heinrich, 1998), the “eupantothere” 

Tendagurutherium dietrichi (Heinrich 1998, 1999) are the only known mammals recorded from 

the Upper Jurassic of Africa. Staffia consists of a complete but worn single cheek-tooth 

identified by Heinrich (1999) as a tentative right lower posterior premolar. The isolated tooth 

corresponding to Staffia strongly resembles the haramiyid Thomasia from the Late Triassic and 

Early Jurassic of Europe (e.g. Plieninger, 1847; Simpson, 1928; Parrington, 1947) (see Figure 

3.4) in the tooth crown morphology (Heinrich, 1999).  

 

Figure 3.3 Staffia aenigmatica from the Upper Jurassic of Tendaguru, Tanzania 
In (A) occlusal, (B) labial, (C) anterodorsal, (D) lingual views. Modified from Heinrich (1999). 

But the key difference that distinguishes Staffia from Thomasia and other described haramiyids 

is by the presence of well-developed rounded synclines (Heinrich, 1999).  
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Figure 3.4 Reconstruction of the dentition of Thomasia antique 
(A) Left upper and lower dentition labial view and (B) left upper and right lower cheek-teeth in occlusal view. 
Modified from Butler and MacIntyre (1994). 

However it is interesting to note here that the lower premolars and molars attributed to 

Ferugliotherium, a multituberculate from Argentina, resembles Staffia and also possesses well-

developed rounded synclines. Staffia shares characters with other Haramiyida and with the 

Multituberculata which include the presence of two longitudinally cusped tooth rows (e.g. 

Hahn, 1969; Clemens and Kielan-Jaworowska, 1979; Heinrich, 1999) these characters are 

also present in Ferugliotherium and the gondwanatherian mammals. 

The uncontested records of haramiyids are only from the Upper Triassic to Lower Jurassic 

deposits of the Northern Hemisphere (e.g. Parrington, 1947; Hahn, 1973 and Jenkins et al., 

1983; 1997). The presence of Staffia now extends stratigraphic range of the haramiyids to the 

Late Jurassic and the biogeographic range to include Gondwana (Heinrich, 1999). The 

presence of Staffia also reveals that the haramiyids were more widely dispersed than 

previously thought and may have had a Pangaean distribution. But due to the limited fossil 

record it is difficult to determine the allotherian dispersal events if any or when and how an 

interchange took place of allotherian mammals between Laurasia and Gondwana. Also 

maybe allotherian mammals were Pangeic, explaining their distribution throughout Laurasia 

and Gondwana. 

However as noted by Heinrich (1999) the mammal assemblage from Tendaguru including 

Staffia retained primitive characters from their Late Triassic to Early Jurassic ancestors. 

Perhaps this mammal fauna kept their primitive characters observed in the dental region and 

evolved in Gondwana as did multituberculates such as Ferugliotherium which share “primitive” 

dental characters, retained these primitive characters in the dental region and may have 

evolved from a common ancestor.   
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The haramiyid Haramiyavia also possesses dental characters and characters related to the 

mastication that may have evolved earlier in the history of mammalian evolution. These 

dental characters probably evolved in the haramiyids earlier on during the 50 million years 

between the Late Triassic and the Late Jurassic (Kimmeridgian) and previous to the earliest 

known multituberculates. It is acceptable to assume that the Haramiyida diversified during 

the Late Triassic or Early Jurassic from the group that was an ancestor to the 

multituberculates. 

The dramatic dental differences also exhibited by Haramiyavia in comparison to other Late 

Triassic mammals also suggest an earlier diversification of early mammals probably in the 

Middle Triassic (Jenkins et al., 1997). However dental characters may change in a short time 

as can be observed in similar lineages of extant mammals and by recent works by Jernvall 

(2000). 

It is interesting to note that Haramiyavia is only one form of Late Triassic haramiyids so far 

discovered from the Northern Hemisphere. However haramiyids may have made up a large 

part of mammal diversity in the Triassic in Pangea.  

3.13.e Theroteinida and Eleutherodontida 

There are another two groups of early mammals only known by isolated teeth as the 

Theroteinida (Sigogneau-Russell, 1983; Hahn et al., 1989) from the Late Triassic of Saint-

Nicolas-de-Port, France and the Eleutherodontida (K. A. Kermack et al., 1998) from the 

Middle Jurassic locality of Forest Marble, Oxfordshire, England. These two early enigmatic 

mammal groups are poorly known and posses multicusped teeth similar to the teeth of 

multituberculates and haramiyids (Sigogneau-Russell, 1983; Hahn et al., 1989; Kermack et al., 

1998).  

Butler (2000) divides the Order Haramiyida into the Suborder Theroteinida with one sole 

family the Theroteinidae containing only the sole genus Theroteinus and the Suborder 

Haramiyoidea where he places three families: Haramiyidae, Eleutherodontidae with the sole 

genus of Eleutherodon and a new family the Haramiyaviidae proposed for Haramiyavia.  

In his study on early allotherian mammals, Butler (2000) places the two orders Haramiyida 

and Multituberculata in a monophyletic group, Subclass Allotheria. 

3.13.f Hadrocodium 

Another early mammal is Hadrocodium wui found in the Early Jurassic Lufeng Formation 

Yunnan Province, in Southern China and lived approximately 200 to 190 million years ago 
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(Luo, Crompton and Sun, 2001). Hadrodium is named due to its enlarged cranial cavity with 

hadro meaning large and full in Greek and codium meaning head in Greek. 

The skull of Hadrocodium wui is the smallest of all the Mesozoic mammals with a skull length 

of 12mm and an approximate estimated body weight of 2 grams (Luo et al., 2001). 

Hadrocodium has an enlarged cranial cavity and there is no dentary trough present on the 

mandible that indicates that the postdentary bones have separated from the mandible and 

have been incorporated to the middle ear (Luo et al., 2001). In contrast other early mammals 

such as morganucodontids, kuehneotheriids, Haramiyavia and Haldanodon have a prominent 

dentary trough that has a shelf-like dorsal ridge (e.g. Luo et al., 2001). In other non-

mammalian cynodonts and non-mammalian Mammaliaformes there is a well defined dentary 

trough on the mandible. The dentary trough accommodates postdentary bones that are 

homologous to the mammalian middle ear bones (e.g. Luo et al., 2001). Thus the absence of 

the dentary trough indicates that the postdentary bones must have been separated from the 

mandible and incorporated into the middle ear. 

Hadrocodium also possesses a large amount of derived features that are related to the 

enlargement of the brain vault, the temporomandibular joint, petrosal, which has a 

prominent promontorium more inflated than other mammals (see Luo et al., 2001). 

Hadrocodium possesses a large brain vault, larger than the brain vault observed in other 

mammals of the same skull width and wider than other mammals from the Triassic-Jurassic 

(Luo et al., 2001). However recent observations by J. F. Bonaparte (pers. comm.) on the type 

specimen of Hadrocodium housed temporarily at the Carnegie Museum of Natural History, 

indicates the presence of a primitive wing of the pterygoid, the position of the occipital 

condyle in a more forward (or rostral) position than indicated by Luo et al. (2001) and a 

strong dorsoventral deformation that laterally has expanded the braincase. These 

observations suggest that Hadrocodium is not so derived as postulated by Luo et al. (2001).  

The type specimen of Hadrocodium (IVPP 8275) was originally believed to be a juvenile 

Morganucodon oehleri by Crompton and Luo (1993). Later when it was studied by Luo et al. 

(2001) it was considered an adult or sub-adult of a taxon where the postdentary bones are 

detached from the dentary. The post dentary bones are an important feature to observe in 

primitive mammals and they are composed of accessory jaw elements (including angular, 

surangular, endochondral articular, dermal prearticular and quadrate) that were transferred to 

the cranium from the jaw with the formation of the true mammalian middle ear. This is 

thought to have occurred when the post dentary unit was transferred to the cranium and 
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formed the auditory ossicles or the tympanic, malleus and incus. The mammalian middle ear 

is thus one that contains the three auditory ossicles (Allin and Hopson, 1992). 

Wang et al. (2001) have also questioned whether the type specimen of Hadrocodium is a post 

suckling juvenile of Sinoconodon. Wang et al. (2001) are in the view that many features 

observed  in Hadrocodium such as its small size, erupting first upper postcanine tooth, 

presence of only two molars, slender mandible, large space between molar 2 and the 

coronoid process, large promontorium and large brain vault point them to suggest that the 

type specimen of Hadrocodium (IVPP V8275) is a post suckling juvenile. 

However the holotype specimen of Hadrocodium demonstrates features, typical in adults or 

sub adults, such as a large postcanine diastema, the inferred presence of wear facets on the 

molars, a fully functioning temporomandibular joint (TMJ) and the absence of the meckelian 

sulcus in the mandible (Luo et al., 2001). Luo et al. (2001) indicate that this adult features 

found in the holotype of Hadrocodium suggest this specimen is undoubtedly not a juvenile. 

3.13.g Triconodonta  

The “Triconodonta,” Amphilestidae and Triconodontidae (called the Eutriconodonta by 

Kermack et al., 1973) consist of a group of mammals that collectively range from the Middle 

Jurassic to the Late Cretaceous. 

The “Triconodonta” Osborn, 1888 are insectivorous or are also believed by some authors to 

be strictly carnivorous mammals (e.g. Kemp, 2005). They are known by teeth, jaws and skull 

fragments. Recently however the first fully articulated triconodont skeleton Jeholodens jenkinsi 

from the Late Jurassic Early Cretaceous Yixian Formation of Liaoning, China, was 

discovered (Ji et al., 1999). This discovery has offered an opportunity for a more 

comprehensive assessment of the relationships of the Triconodonta (Ji et al., 1999) along 

with the study of the triconodont postcranial skeleton. The postcranial skeleton of Jeholodens 

shows an array of characters that includes primitive pelvic girdle and hind limbs but a very 

derived pectoral girdle comparable to derived therians (Ji et al., 1999). 

In general the triconodonts are not very diverse or well represented in the mammalian 

Mesozoic faunas (Cifelli et al., 1998). In the Cretaceous there are only a few species 

described: one species has been described from the Aptian - Albian of northern Texas 

(Patterson, 1951, 1956; Slaughter, 1969; Turnbull, 1995); one species from the Cretaceous of 

the Cloverly Formation of Montana (Jenkins and Schaff, 1988); two species from the Aptian 

-Albian Cloverly Formation of Montana and Wyoming (Cifelli et al., 1998); two from the 

Early Cretaceous of Mongolia (Trofimov, 1978) and Morocco (Sigogneau-Russell, 1995); two 

from the Campanian of Argentina (Bonaparte, 1986a, 1992) and one from the Campanian of 
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Alberta, Canada (Fox, 1969, 1976) and triconodonts are also known from the Late Jurassic or 

Early Cretaceous of China (Ji et al., 1999; Wang et al., 2001). 

The oldest known triconodonts are believed to be the Morganucodontidae Kühne, 1968 and 

are known from the Rhaeto-Liassic and Liassic of Europe, South Africa, China and North 

America (see review by Kielan-Jaworowska and Dashzeveg, 1998).  

K. A. Kermack et al. (1973) studied the Triconodonta and based on dental features added 

two suborders within the order Triconodonta, the Eutriconodonta K. A. Kermack et al., 

1973 with the families Triconodontidae Marsh, 1887 and Amphilestidae Kühne, 1958 and the 

suborder Morganucodonta K. A. Kermack et al., 1973 with two families Morganucodontidae 

Kühne, 1958 and Sinoconodontidae Mills, 1971. 

Triconodonta was raised as a subclass by Stucky and McKenna (1993), with Morganucodonta 

and Eutriconodonta both assigned as Orders. 

Later McKenna and Bell (1997) classified Triconodonta Osborn, 1888 as an infraclass with 

four families Austrotriconodontidae, Amphilestidae, Triconodontidae and Alticonodontidae. 

The Liassic genus Sinoconodon from the family Sinoconodontidae was studied and shown to 

possess a far more primitive dentition than other mammals (Crompton and Sun, 1985; 

Crompton and Luo, 1993; Zhang et al., 1998). Inasmuch that the family Sinoconodontidae 

Mills, 1971 was removed from the Triconodonta as it was considered phylogenetically more 

distant from the mammalian crown group compared to the morganucodontids (Luo et al., 

2002). Crompton and Sun (1985) consider Sinoconodontidae as a sister group of all other 

mammals and this theory is also supported by others (Crompton and Luo, 1993; Wible and 

Hopson, 1993; Luo, 1994). Thus Sinoconodontidae is no longer considered as a family in the 

Triconodonta. 

Other recent phylogenetic studies by Rowe (1988), Wible and Hopson (1993) and Rougier et 

al. (1996) place the morganucodontids in a further position away from the eutriconodonts. 

McKenna and Bell (1997) remove both the morganucodontids and Sinoconodon from the 

“Triconodonta”. This is also supported by studies undertaken by various authors who 

interpret that morganucodontids and Sinoconodon are not related to the triconodontids or to 

the “amphilestids” (Rowe, 1988; Wible, 1991; Wible and Hopson, 1993; Crompton and Luo, 

1993; Luo, 1994; Rougier et al., 1996).  

Recently Luo et al. (2002) proposed a new phylogenetic analysis using a more comprehensive 

analysis of characters including basicranial characters and their study confirms the 

paraphyletic status of “Triconodonta”. 
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However there is still uncertainty regarding the relationship of triconodonts to other 

mammalian groups and ambiguity of the position of the Eutriconodonts in relation to the 

crown group Mammalia.  

The triconodonts are characterized by possessing molar teeth composed of a line of three 

main cusps that are mesodistally assigned and are not all of similar size (Kemp, 1982). The 

cusps which are 1, 2, 3 and 4 (from mesial to distal) are interpreted respectively as b, a, c and 

d on the lower molars. This nomenclature was proposed by Crompton and Jenkins (1968) to 

study the occlusal pattern in “Eozostrodon” watsoni. This same cusp nomenclature was later 

proposed for the cusps on the known triconodontids of the Jurassic that also retained the 

same molar pattern (Jenkins and Crompton, 1979). Some triconodont teeth are also 

characterized by the presence of a cingulum that surrounds the tooth and supports accessory 

cusps such as e, f and g or the major cusps (Mills, 1971). This has been observed in Triconodon 

mordax (Simpson, 1928: Fig. 24) where the cusp b is included in the cingulum and also occurs 

in the morganucodontid Megazostrodon where the mesial cusp b is a cingulum cusp 

(Crompton, 1974). 

The upper molars have cusps which are also interpreted as B, A, C and D (mesiodistally). On 

each upper molar a cingulum is present internally and/or externally. 

Another characteristic of the triconodonts that has been observed by various authors in the 

different families of triconodonts is that the major cusp on the lower molar a, is larger or 

equal to the other cusps. In the Morganucodontidae, Amphilestidae, Gobiconodontidae and 

Austrotriconodontidae the cusp a, is larger than the other cusps and dominates the crown, 

while in Triconodontidae the cusps a, b and c are of sub equal height (see Sigogneau-Russell, 

1995). 

The “amphilestids” do not have all the cusps of the same height on the molars and the 

central cusp is larger than the anterior or posterior cusp as in the lower molars of Amphilestes 

(Simpson, 1928).  

From the arrangement of the cusps it has been deduced that during mastication the upper 

and lower molars sheared against one another.  

In the more derived triconodonts such as the Late Cretaceous Alticonodon (Fox, 1969, 1976) 

the molars are considered as evenly serrated blade where the cutting edge is made up of a 

series of cusps with v-shaped embrasures between each cusp. The upper and lower molars 

are positioned during occlusion so that each cusps passes through its corresponding 

embrasure and through the groove which is formed by the shoulders of the corresponding 

cusp of the opposing molar (Jenkins and Crompton, 1979; Mills, 1971).  
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Overall the molar teeth are similar in morphology to those of morganucodontids. It has also 

been deduced based on the possession of large canines and sectorial postcanines that the 

triconodonts were probably insectivorous-carnivorous. 

The wall of the braincase is known in triconodonts and possesses an anterior lamina of the 

periotic (Kermack, 1963). This is visible in other triconodonts such as Priacodon fruitaensis 

from the Late Jurassic of Colorado (Rougier et al., 1996). 

The study of the endocasts of the brain of eutriconodonts by Kielan-Jaworowska (1986) has 

demonstrated that the eutriconodonts possessed a cryptomesencephalic brain structure 

(characterized by lack of midbrain exposure on the dorsal side). 

This is a feature shared only with multituberculates and not with therians (Kielan-

Jaworowska and Hurum, 2001; Luo et al., 2002). 

There are also similarities in features of the foot structure between the eutriconodonts, the 

multituberculates and the monotremes (Kielan-Jaworowska and Gambarayan, 1994; Ji et al., 

1999 see review by Luo et al., 1999).  

The triconodonts are larger in size than any other Mesozoic mammals (Kemp, 1982). For 

example Triconodon from the Upper Jurassic was thought to be the size of a large cat. Other 

triconodonts such as Gobiconodon ostromi from the Early Cretaceous Cloverly Formation of 

USA is also considered to be a very large triconodont (Jenkins and Schaff, 1988). Recently 

Gobiconodon hopsoni, from the Mongolian Early Cretaceous locality of Oshih (Ashile) was 

described and diagnosed by Rougier et al. (2001) and considered the largest of the 

triconodonts known and one of the largest Mesozoic mammals. 

Historically the triconodonts have been studied in detail and revised more than once by 

various authors. Simpson (1928, 1929a) revised the Order Triconodonta and recognized one 

family Triconodontidae Marsh, 1887, with two subfamilies Triconodontinae Marsh, 1897 and 

Amphilestinae Osborn, 1888. At that time triconodonts were only known from the Middle 

and Late Jurassic of Europe and North America (Kielan-Jaworowska and Dashzeveg, 1998). 

Later Simpson (1945) extended the stratigraphic range of the Triconodonta to the Late 

Triassic based on Morganucodon that was assigned to the family Amphilestidae. Kühne (1958) 

added a new triconodont family, the Morganucodontidae, after he discovered Morganucodon 

dentary and teeth in England. There is an account of the history of triconodont systematics 

by Jenkins and Crompton (1979) and a more recent account by Kielan-Jaworowska and 

Dashzeveg (1998).  

The Eutriconodonts have in the past been placed within the crown group Mammalia (Rowe, 

1988) due to synapomorphies of the petrosal (Rougier et al., 1996) or alternatively placed 
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outside Mammalia (Ji et al., 1999; Rowe, 1999) based on other phylogenetic analysis that 

included postcranial characters of Gobiconodon and Jeholodens.  

Recently Luo et al. (2002) analysed in a recent phylogenetic study the position of the 

eutriconodonts in relation to the crown group Mammalia, based on basicranium, dentition 

and postcranium of Gobiconodon, Amphilestes, Jeholodens, Trioracodon and Priacodon. The analysis 

undertaken placed the Eutriconodonts within the mammalian crown group, between the 

australosphenidans (including the monotremes) and the multituberculates (Luo et al., 2002). 

However Luo et al. (2002: 34) still agree that “..the alternative placement of Eutriconodonts as sister-

taxon to crown mammals (as advocated by Ji et al., 1999; Rowe, 1999) remains viable (though less likely), 

because nonparametric tests showed that it cannot be rejected on a statistical basis”.   

In South America Late Cretaceous triconodontids have been discovered and described by 

Bonaparte (1986, 1992). These mammal remains were found in the Los Alamitos Formation 

of Patagonia, Argentina (Bonaparte, 1986a, 1992, 1994). 

The first Argentinean triconodont Austrotriconodon mckennai was originally assigned to the 

family Triconodontidae (Bonaparte, 1986a). Later more isolated teeth of triconodonts were 

found from Los Alamitos Formation and assigned to a new family Austrotriconodontidae 

Bonaparte, 1992. There are two species Austrotriconodon mckennai Bonaparte, 1986a and 

Austrotriconodon sepulvedai Bonaparte, 1992 both are known by isolated teeth. A. sepulvedai is 

twice the size compared to A. mckennai. These triconodonts have lower molars with four 

cusps designated b (secondary cusp most anterior), a (principal cusp), c and d ( most 

posterior cusp). The upper molars are characterized by cusps B (most anterior cusp), A 

(larger more prominent cusp), C and D (most posterior cusp). The new family 

Austrotriconodontidae was characterized as triconodonts with upper molars that possess 

cusps in palisade, with the B cusp being larger than the A cusp (Bonaparte, 1992). The lower 

molars have the principal cusp a hypertrophied and the posterior cusp c vestigial and the 

internal cingulum is reduced (Bonaparte, 1992). In his study Bonaparte (1992) also compares 

Austrotriconodon to other triconodontids. He observes that in the upper molars of the 

Argentinean triconodont the cusp B is hypertrophied and larger than the other cusps as seen 

in the right upper molar of Austrotriconodon sepulvedai (MACN-RN 241), while Simpson 

(1925a) expressed that in the North American triconodonts the cusp A is larger and more 

developed than B (See Figure 4 in Bonaparte, 1992).  

The triconodonts from Argentina evolved in biogeographic isolation from Laurasia during 

the Cretaceous but this probably began in the Early Jurassic until the Late Cretaceous 

(Campanian) (Bonaparte, 1986a). This biogeographic isolation resulted in the evolution of 
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very distinctive continental vertebrate assemblages in both supercontinents. This can be seen 

in the Los Alamitos mammal fauna and other continental vertebrates from Argentina such as 

the dinosaurs, turtles, serpents and crocodiles (Bonaparte, 1992). The presence of 

triconodonts in Argentina in the Late Cretaceous suggests that even before the separation of 

the two supercontinents Laurasia and Gondwana in the Early Jurassic, the triconodonts 

along with the “symmetrodonts” and eupantotheres probably had a worldwide distribution 

(Bonaparte, 1990). 

3.13.h Docodonts 

The Order Docodonta consists of a Middle and Late Jurassic group of mammals. They are a 

well-studied group of Mesozoic mammals known by dental and skull remains (Lillegraven 

and Krusat, 1991). The oldest known docodonts are from the Middle Jurassic (Middle to 

Late Bathonian) Isle of Skye, Scotland (Waldman and Savage, 1972) and from Kirtlington 

(Late Bathonian) in Southern England (Kermack et al., 1987). Docodonts are also known in 

the Late Jurassic (Kimmeridgian) of the Guimarota mine, Leiria, Portugal (Krusat, 1980; 

Lillegraven and Krusat, 1991) and from the Lower/Middle Jurassic Kota Formation of 

Peninsular India (Prasad and Manhas, 2001).  

Docodon from the Morrison Formation in North America is a well-studied docodont 

(Simpson, 1929a; Vandebroek, 1961). In its lower jaw there were three or possible four 

incisors and a powerful canine, with three or four premolars and seven or eight molars 

(Simpson, 1929a). Simpson (1929a) estimated that Docodon had the following dental formula 

?.1.3.5+?/3.1.3-4.7-8. Interesting enough Jenkins (1969) stated that Docodon may have 

different number of molars within a species. 

 Haldanodon exspectatus known from over 219 isolated jaws and isolated teeth from the Late 

Jurassic of Guimarota, Portugal (Kühne, 1968b; Krusat, 1980; Lillegraven and Krusat, 1991) 

possessed in the upper jaw six incisors, one canine, three premolars and five molars and in 

the lower jaw four incisors, one canine, only three lower premolars and five- six molars. 

These premolars have prominent backwards-curved main cusps (Kermack and Kermack, 

1984). As the dentition of Haldanodon exspectatus is studied along with seventeen jaws of 

juveniles with partially preserved milk dentition it was noted that Haldanodon already displayed 

a diphyodont tooth replacement that is a strictly mammalian feature (Martin and Nowotny, 

2000). However Haldanodon does retain plesiomorphic features in the lower jaws and skull 

such as small grooves on the dentary.  

 83 



Chapter 3 Mesozoic Mammals 

Docodonts are also the only group of mammals apart from the monotremes that have 

multiple roots for the upper post canines (Lillegraven and Krusat, 1991, Kermack et al., 1987; 

Luo, 1994; Pascual et al., 2000). 

The homology of the docodont lower molars has long been debated and thus there are 

different nomenclature used to describe the cusps. Butler (1997) uses the cusp nomenclature 

where the main cusp is a, the lingually displaced cusp is c, cusp b is more buccal and cusp e, 

g and d are more developed. This cusp nomenclature however assumes that docodonts are 

derived from a Woutersia like triconodont mammal (see Martin and Averianov, 2004). Other 

authors Kermack et al. (1987) and Sigogneau-Russell (2001) use a nomenclature which does 

not imply any homology with the cusps of other mammals and use terms like crests and 

ridges to describe characters observed between the cusps. 

Until recently docodont mammals were known from the Middle and Upper Jurassic deposits 

of North America and Europe only (Kron, 1979). In 2001 Prasad and Manhas recorded the 

presence of isolated teeth of a docodont mammal of Laurasian affinity (Haldanodon grade) in 

the Lower/Middle Jurassic Kota Formation of India. These new finds from India suggest a 

Pangean distribution for docodont mammals. 

A tentative docodont was also found in Central Asia from the Middle Jurassic red beds of the 

Balabansai Formation near Kalmakerchin, Kyrgyzstan, based on a damaged upper 

mammalian molar (Nessov et al., 1994). Recently a new docodont mammal Tashkumyrodon 

desideratus was described based on a well preserved tooth from the Middle Jurassic of 

Kyrgyzstan in Central Asia (Martin and Averianov, 2004). A new docodont Sibirotherium 

rossicus was discovered by Maschenko et al. (2002) in the Early Cretaceous Ilek Svita in West 

Siberia and is described based on lower jaw fragments and complete lower dentition. The 

lower molars exhibit the typical docodont pattern with the main cusp a connected by 

transverse crests to the lingual cusps c and g. Sibirotherium is similar to Tegotherium from the 

Late Jurassic of the Shar Teg Beds of Mongolia (Tatarinov, 1994; Kielan-Jaworowska et al., 

2000) and both are united to form a new Asian family the Tegotheriidae. These discoveries 

of Middle-Late Jurassic to Early Cretaceous docodonts deduce that the docodonts were an 

abundant and diverse group in the Mesozoic of Asia (Martin and Averianov, 2004). 

These authors suggest that the docodonts split into two main lineages the Euramerican 

docodonts and the Asian docodonts sometime between the Bathonian and the Oxfordian in 

the Jurassic, when the Turgai Strait was formed and divided the land areas between Europe 

and Asia.  
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Even though they are a well-known group of mammals, their relationships to other Mesozoic 

mammals is still disputed due to different interpretations of the dental cusp homologies 

(Butler, 1997; Sigogneau-Russell and Godefroit, 1997; McKenna and Bell, 1997; Kielan-

Jaworowska et al., 2004) 

Marsh (1880, 1881 and 1887) described three genera and four species of docodonts from the 

Late Jurassic Morrison Formation of Wyoming and Colorado and named them Diplocynodon 

victor, Docodon striatus, Enneodon affinis and E. crassus. The names Diplocynodon and Enneodon were 

already occupied and so were changed to Dicrocynodon and Ennacodon respectively. Marsh 

(1887) recognized these mammals as possessing a complicated dentition and created the new 

family “Diplocynodontidae “ to house them. Later Osborn (1888) placed these genera into 

the Amphitheriidae but this was based on an error and it was later corrected by Osborn (see 

Simpson, 1929a). 

Simpson (1929a, 1945) revised the group and placed docodonts among “pantotheres” which 

were considered to be the basal group to living therians. Simpson (1929a) also regarded 

Dicrocynodon and Ennacodon to be in synonymy with Docodon. 

Later, Kretzoi (1946) and Patterson (1956) revised an earlier suggestion by Gidley (1906) that 

Docodon and its allies were not pantotheres but should be placed in a new order Docodonta 

which was equal standing with the other four orders Multituberculata, Triconodonta, 

“Symmetrodonta” and Panthotheria established by Simpson (1928, 1945). 

Patterson (1956) observed that docodonts are not related to “pantotheres” based on the 

observation that the large lingual cusps of the docodont upper molars are not homologous to 

the protocone as Simpson (1928) had stated, but instead these cups are a hypertrophied 

homologue to a lingual (cingular) cusp of morganucodontids.  

The docodont jaw was also studied and regarded by  (Kermack and Mussett, 1958) to retain 

certain “reptilian” features and share structures with the morganucodontids. In the 1970s 

docodonts were placed under “Prototheria” (Kermack and Mussett, 1958; Hopson and 

Crompton, 1969). It was generally accepted that docodonts originated from a 

morganucodont ancestor (Hopson and Crompton, 1969). 

Currently there are still controversies amongst different authors to where Docodonta lies in 

relation to Mammalia in the mammalian evolutionary tree. 

Lillegraven and Krusat (1991) reported new data and relationship interpretations of 

docodont mammals based on cranial remains of Haldanodon. These authors found that 

Haldanodon is more primitive than morganucodontids and placed Haldanodon and thus 

Docodonta outside all mammals including Sinoconodon. 
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Many studies since Patterson (1956) indicate that docodonts represent one of the stem 

branches of the mammalian tree despite having specialized dentition. Recent parsimony 

analysis (Hopson, 1994; Luo, 1994; Rougier, Wible and Hopson, 1996) place Docodonta 

closer to the crown group Mammalia than Morganucodontids and Sinoconodon but more basal 

than triconodontids, multituberculates and Hadrocodium (Luo, Crompton and Sun, 2001). This 

is also supported by a recent analysis by Luo et al. (2002). 

As of yet there has been no reliable discovery of docodonts in South America even though 

some authors believe that Reigitherium is a docodont (Pascual, Goin, Gonzales, Ardolino and 

Puerta, 2000). The enigmatic and controversial Reigitherium bunodonta from both the Late 

Cretaceous Los Alamitos Formation and La Colonia Formation of Argentina was originally 

described by Bonaparte (1990) as a dryolestoid and placed in the family Reigitheriidae 

Bonaparte, 1990. He considered Reigitherium to belong to a Cretaceous Gondwanan radiation 

of dryolestoid consisting of different taxa in southern South America. Later it was considered 

to be a highly derived docodont by Pascual et al. (2000). Pascual et al. (2000) regarded that 

the lower dentition of Reigitherium resembles the North American Late Jurassic Docodon.  New 

specimens of dryolestoids from La Colonia and Early Paleocene Punta Peligro have 

supported Bonaparte (1990) allocation of Reigitherium as a dryolestoid (Rougier et al., 2003). 

These authors consider Reigitherium to be closely related to mesungulatids and the dryolestoid 

Peligrotherium from Punta Peligro, as these all share the development of an extensive lingual 

cingula in upper and lower molariforms and the roots are very anteroposteriorly compressed. 

Reigitherium and Peligrotherium have the same dental formula as do the mesungulatids in the 

postcanine dentition with two premolars and four molariforms (Rougier et al., 2003). These 

two South American genera are considered by Rougier et al. (2003) to be sister-groups 

among the South American dryolestoids. 

3.13.i “Symmetrodonts” 

“Symmetrodonts” are a group of early mammals known from Late Triassic to Early 

Cretaceous of Eurasia and North America (Lillegraven and McKenna) and from the Late 

Cretaceous of Argentina (Bonaparte, 1990, 1994). Because of uncertainties with regard to the 

naturalness of “Symmetrodonta” as a group, most recent authors use double quotes for this 

term and vernacular derivates (e.g. Tsubamoto et al., 2004). 

The classification of “Symmetrodonta” has a long confused history (see Cassiliano and 

Clemens, 1979) that was originally reviewed by Simpson (1925c). Based on studies by 

Simpson (1925c, 1928, 1929a) these Mesozoic mammals with simple molars containing three 
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principal cups arranged in a reversed triangular pattern were placed in the Order 

“Symmetrodonta”.  

The “symmetrodont” families Kuehneotheriidae and Tinodontidae include taxa, considered 

to be obtuse-angle “symmetrodonts” as these taxa have the dentition in which the principal 

molar cusps in occlusal view are arranged in an obtuse triangle. The upper molars have the 

obtuse triangle arrangement of the cusps in reverse with respect to the lower molars. This 

pattern of the obtuse angled “symmetrodonts” (e.g. Simpson, 1925c; Luo et al., 2002) is a 

main feature that links these “symmetrodonts” to other mammals, the “eupantotheres” and 

the metatherians and eutherians.  

This reversed triangular molar pattern was recognized as an evolutionary step from the 

simpler arrangement of the “triconodont” molar pattern (Crompton, 1974). Thus 

representing an evolution of mammalian molar occlusion and considered a forerunner to the 

complex molar pattern of living therians and their fossil relatives (Butler, 1939; Patterson, 

1956). 

Along with the discovery of these mammals, it was discovered that some of these early 

mammals such as the “symmetrodont” Kuehneotherium (Kermack et al., 1968) from the Late 

Triassic-Early Jurassic still preserved “reptilian” characters such as the “reptilian-like” jaw 

with the postdentary groove still present. Kuehneotherium possessed a dentary trough on the 

dentary and as in cynodonts and Morganucodon and this indicates that the presence of the 

postdentary bones is associated with the mandible and not incorporated into the middle ear 

as in living mammals (Kermack et al., 1968; see Luo et al., 2002). 

This discovery of the complex molar pattern and primitive “reptilian” jaw features of 

Kuehneotherium brought about confusion and conflict in the interpretation of mammalian 

phylogeny (Luo et al., 2002). It was considered that either the complex triangle molar pattern 

evolved more than once in mammalian evolutionary history or that the separation of the 

middle ear from the lower jaw occurred more than once (reference see Luo et al., 2002). 

There is also the possibility that either the molar pattern and the “reptile-like” jaw features 

found in Kuehneotherium may have both arisen repeatedly and independently in multiple 

lineages and are as such termed homoplasies. Traditionally it was viewed that the ‘reptilian” 

jaw features are homoplasies while the reverse triangular molar pattern only evolved once 

(e.g. Luo et al., 2002). 

The history of the study of the “symmetrodonts” begins when Owen (1854) described the 

first “symmetrodont” as Spalcotherium but was not formally classified as such and no familiar 

names were given to the Mesozoic mammals. 
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Years later Owen (1871) placed Spalcotherium and Peralestes to the Marsupialia, a group which 

then was represented with the many other Mesozoic mammals. Marsh (1887) then 

established the family Spalacotheriidae and placed Spalacotheirum and created another family 

Tinodontidae to place Tinodon. Confusion here began with “symmetrodont” classification 

and Triconodonts as Marsh (1887) placed Phascolotherium, (now considered to be a 

triconodont) in the Tinodontidae. Simpson (1925c) in his taxonomic history of Spalacotheirum 

states that despite this, Marsh (1887) in his notes was prone to link Tinodon with the 

triconodonts especially with Priacodon. It was not until later that other authors such as 

Gregory (1910) pointed out the difference between the trituberculate dentition of the 

Triconodonta and the spalacothere type dentition found in Spalacotheirum. Later Gregory 

(1922) questionably included the spalacotheres in the Order Triconodonta (Simpson, 1925a, 

b and see Simpson, 1929a:37). 

As the “symmetrodonts” were some of the earliest known mammals (Late Triassic-Early 

Jurassic) ever discovered it was suggested that these mammals that already possessed their 

triangular molar pattern gained their molar pattern and mammalian grade separately from 

other groups of mammals. Patterson (1956) and later Simpson (1959) believed that 

“symmetrodonts” attained their mammalian grade through different lineages of former 

reptiles.  

In the mid 20th century new Late Triassic- Early Jurassic “symmetrodonts” were discovered 

and this coincided with the growing belief by most paleontologists that mammals had a 

polyphyletic origin (Simpson, 1928, 1959, 1960; Olson, 1944, 1959; Patterson, 1956; 

Kermack, 1963) (see references in Cifelli, 2001). 

In later years a more widely view (Crompton and Jenkins, 1968; Hopson, 1969, 1994; 

Parrington, 1971; Cassiliano and Clemens, 1979) was accepted that “symmetrodonts” belong 

on the therian side of the prototherian-therian dichotomy, a dichotomy that took place early 

in mammalian evolution (e.g. see Cifelli, 2001). 

In 1990 Bonaparte tentatively described from the Late Cretaceous Los Alamitos Formation 

three families of “symmetrodonts” represented by 5 genera and species (Bondesius ferox, 

Casamiquelia rionegrina, Brandonia intermedia, Quirogatherium major and Barberenia araujoae). Later 

Bonaparte (1994) compared these mammals with Late Cretaceous dryolestoids and 

diagnosed only one family of “symmetrodonts” Bondesiidae Bonaparte, 1990 and the sole 

species Bondesius ferox Bonaparte, 1990. The other genera and species which were originally 

classified as “symmetrodonts” by Bonaparte (1990) were later regarded as dryolestoids by 

him (1994; 2002). Sigogneau-Russell and Ensom (1998) also propose that Barberenia is a 
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“symmetrodont”. This is based on the comparisons between a new species of 

“symmetrodont” Thereuodon dahmanii described by Sigogneau-Russell (1989) from the Early 

Cretaceous of Morocco. This genus has also been reported in the Early Cretaceous of Great 

Britain (Sigogneau-Russell and Ensom, 1998). These authors proposed that the morphology 

of the upper molars of Thereuodon is similar to Barberenia. However Bonaparte (2002) now 

regards Barberenia to be a dryolestoid due to the relative position of the stylocone, the central 

ridge that is well defined and connects the paracone with the stylocone, the well-defined 

anterior and posterior basins and the pronounced parastyle hook. 

The presence of “symmetrodonts” in South America, North America, Europe and North 

America indicate that the “symmetrodonts” developed a complex evolutionary history during 

the Cretaceous (Bonaparte, 2002) and these mammals continued to evolve in South America 

until the Campanian-Maastrichtian. 

3.13.j Multituberculata 

Multituberculates are an Order of extinct Mesozoic and Early Tertiary mammals 

characterized by rodentiform adaptations. They are considered to be the most abundant and 

diverse group of mammals from the Mesozoic (Clemens and Kielan-Jaworowska, 1979; 

Kielan-Jaworowska and Hurum, 2001).  

They are a very unique and distinctive group of mammals with very characteristic features or 

autapomorphies or uniquely derived traits or characters. The following is a recent diagnosis 

of Multituberculata by Kielan-Jaworowska and Hurum (2001): 

The multituberculates have multicusped premolars and molars that are composed of 

longitudinal rows of low cusps of sub-equal heights (except for two families the 

Paulchoffatiidae (Hahn, 1969, 1993) and the Pinheirodontidae (Hahn and Hahn, 1999) where 

the molar cusps are of different heights). There are two or three upper incisors present and 

an upper canine is present only in a few taxa. There are five to four upper premolars present 

in most ‘Plagiaulacida’ (only two ‘plagiaulacidan’, have four upper premolars) but no more 

than four upper premolars in Cimolodonta. The Multituberculata are characterized by: the 

presence of two upper molars, a pair of lower incisors, no lower canine present, four to one 

lower premolars present and only two lower molars.  

An interesting apomorphic feature of the Multituberculata is that M2 is shifted lingually with 

respect to M1, the lower premolars are blade-like and serrated, the upper margins of the 

lower premolars are serrated and there are oblique ridges that extend bucally and lingually . 

The skull is wide laterally and dorsoventrally compressed rather than being laterally 

compressed like in other therian mammals. The jugal is found on the medial side of the 
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zygomatic arch, the cochlea is bent but not coiled, there are three ear ossicles as found in 

other mammals. Multituberculates had a backward power strike of the mandible, which was 

based in a more anterior insertion of the masticatory muscles. There are epipubic bones 

present in extant monotremes and marsupials. 

The pelvis is very narrow and the pubes and ischia are fused ventrally to form a keel. The 

calcaneo and metatarsal V are in contact in the ankle joint. The multituberculates are thought 

to have had a sprawling posture. Their brain is referred to as cryptomesencephalic and 

characterized by the absence of midbrain exposure on the roof. There is a deep vermis, 

inserted between cerebral hemispheres and a very large paraflocculi. Eutriconodonts also are 

characterized by the presence of a cryptomesencephalic brain; this differs from other therian 

mammals. Most multituberculates were of small size except Taenioloabis from the Paleocene 

that was of beaver size. 

Multituberculates have a temporal range spanning from the Middle Jurassic (Bathonian) to 

the Early Tertiary (Eocene) of the Northern Hemisphere. More than 70 genera of 

multituberculates are recognized (McKenna and Bell, 1997).  

New multituberculate species have been discovered in the last couple of years. Recently, 

Hahn and Hahn (2003) described a new genus of multituberculate Denisodon and a new 

species Denisodon moroccensis from the Early Cretaceous (?Berriasian) of Morocco. 

Kielan-Jaworowska, Hurum and Badamgarav (2003) report the first known presence of an 

incomplete skull of Kryptobaatar dashzevegai from the red beds of Hermiin Tsav (also known as 

Khermeen Tsav), Omnogov, Mongolia that is a Late Cretaceous multituberculate common 

to the Djadokhta and Baruungoyot Formations of Mongolia. 

(Multituberculata will be dealt in more detail in Chapter 4 of this thesis). 

3.13.k Monotremata 

The living monotremes consist of the extant platypus (Ornithorhynchus anatinus), the long-

beaked echidna (Zaglossus bruijnii) and short-beaked echidna (Tachyglossus aculeatus) and have 

intrigued investigators ever since the first specimen of a platypus arrived in Britain in 1798. 

This specimen was collected in Australia and consisted of a dried skin preparation. The 

aboriginal people of Australia called the platypus such names as 'mallingong', 'boondaburra', 

'tambreet' and the early European settlers in Australia called them by such names as 

"duckbill" or "watermole". In 1799 it was given the scientific name of Platypus anatinus that 

means a flat-footed, duck-billed animal, but this name was changed to Ornithorhynchus anatinus 

as 'Platypus' was already in use for a group of beetles (Grant, 2002). The monotremes have 

unique characterizations, for example the platypus has a specialized bill for food location and 
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both the echidna and platypus have a much lower body temperature than most other extant 

mammals (Augee and Gooden, 1993). The former regulates its body temperature to 33°C 

(Grant, 2002) and the latter has a normal active body temperature of 32°C.  

The name Monotremata was given for the Order because in the extant monotremes there is 

only one orifice for the passage of faeces, urine and reproductive products, there is no 

scrotum and the testes are internal. 

The extant monotremes also present a combination of mammalian and reptilian features, an 

intriguing mix that has brought much fascination and controversy.  

Another issue also added to this puzzle, was that extant platypus were believed not to have 

teeth, however E. B. Poulton (1888) first noted the presence of teeth in the platypus 

Ornithorhynchus.  

Teeth are observed in the young platypus nestlings. They have one to two premolars and 

three to four molars; the lower molars have a very wide talonid and the first lower molars 

lacks a cusp in the position of the paraconid (Green, 1937; Long et al., 2002). 

Green (1937) proposed that the basic dental formula for Ornithorhynchus to be I 0/5, C1/1, 

PM 2/2 and M3/3. However, the adult dental formula for Ornithorhynchus is I0/0, C0/0, 

PM1/0 and M2/3.  

The juvenile platypus then looses its teeth when it becomes independent at about 3-4 months 

of age at the time when it emerges from the breeding burrow. The juvenile teeth are lost and 

are replaced by pads made of keratin when the platypus becomes a fully developed adult 

(Grant, 1989). 

Other features, that can be considered to be “primitive”, are found on the skeleton of the 

platypus, for example the living platypus like the marsupials retains epipubic bones in the 

pelvic girdle (e.g. Novacek et al., 1997). This occurs in both the sexes in the extant 

monotremes and marsupials (Grant, 1989). Other Mesozoic mammals such as 

multituberculates (Kielan-Jaworowska, 1969; Krause and Jenkins, 1983; Kielan-Jaworowska 

and Gambarayan, 1994), Eutriconodonts (Jenkins and Schaff, 1988; Ji et al., 1999), therian 

(Krebs, 1991; Rougier, 1993) and extinct eutherians (Novacek et al., 1997), have also been 

observed to present epipubic bones (see above 3.12 Locomotion). 

Monotreme possess features of the skeleton that are very specialized and primitive and 

include ribs present on the cervical vertebrae, retention of the interclavicles, coracoids and 

precoracoids in the pectoral girdles, ectopterygoids on the base of the skull, a cochleae in the 

middle ear which is poorly coiled, a large anterior lamina of the prootic on the side of the 

skull, presence of beaks or bills, the absence of the facial process of the premaxillary bones 
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(e.g. Grant, 1989; Long et al., 2002). The limbs of the extant platypus and echidna are splayed 

and not held under the body as in most mammals, but do rotate in their sockets (Grant, 

2002). 

In the living echidna the adult has a unique snout-like structure, similar to a modified 

elongate beak. This beak bears no teeth but has a long tongue that extends up to 180mm. 

past the snout (Griffiths, 1989). Many bones including the prolonged maxillae, premaxillae 

and mandibles form the snout. At the distal end of the snout the nostrils open dorsally while 

the mouth is V-shaped and is located ventrally (Griffiths, 1989). 

Currently there are five subspecies of the extant short-beaked Echidna. These subspecies can 

be recognized externally by the degree of hairiness of the pelage and by the length of the claw 

on digit II of the hind leg (Griffiths, 1978). It is believed that these features are very 

distinguishable in each subspecies and the difference in pelage may have implications for 

temperature regulation (Griffiths, 1989). 

The echidna like other members of the Monotremata exhibits a variety of “primitive” and 

mammalian characters in their physiology, reproduction and osteology. These features are 

well described by Griffiths (1989).  

There are also a variety of “primitive” and mammalian features, in the developing 

chondrocranium observed by Griffiths (1978). These include the unique feature of the 

development of an “egg tooth” in the platypus hatchling, which is not seen in other 

mammals (Green, 1930). This “egg tooth” is minute, covered by enamel and used by the 

hatchling to break the egg before hatching (Rismiller, 1999). Once the hatchling has torn 

open the egg shell it uses its terminal mouth at the end of the snout for suckling (Griffiths, 

1989).  

It is thought that echidnas when laying their eggs do so directly into their pouch by arching 

their cloaca over the pouched area (Long et al., 2002). The platypus lay their eggs into a 

nesting chamber made of tunnels on the side of river banks or streams. These tunnels that 

have previously been dug by the platypus are normally 3 to 8 m in length, but may be as long 

as 30 meters with numerous side branches (Grant, 2002). Platypuses dig these burrows deep 

into the side of the riverbank and are mostly found in streams in southern Australian. 

Despite much devoted study, the phylogenetic relationships of the monotremes remain 

unclear and under discussion. This is due in part to the unique characteristics found in the 

physiology and skeleton of the monotremes including specialized features that they share 

with reptiles. 
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This uncertainty is also based on the poor monotreme fossil record and on the poor 

Mesozoic mammal record, which until recently consisted of only jaws and teeth, thus making 

it difficult to compare monotreme (and other extant mammal) skull and skeleton with the 

known mammalian fossils (Cifelli, 2001). 

In the early and mid 20th century when the polyphyletic origin of mammals theory was widely 

accepted, some authors (Matthew, 1928; Simpson, 1928,1937; and Olson, 1944) regarded 

monotremes to have an independent ancestor from other mammals. Yet Gregory (1910) 

believed differently and had noticed that both monotremes and crown therians share many 

features including reproductive and anatomical ones. He also argued that monotremes are 

more related to living mammals than to non-mammalian cynodonts.  

 93 



Chapter 3 Mesozoic Mammals 

Monotreme Fossil Record 

In the last twenty years new monotreme fossils have been discovered in Australia along with 

fossils found in Gondwana which help shed light on monotreme relationships. 

Two fossil species have been discovered in the Cenozoic of Australia Obdurodon insignis 

(Woodburne and Tedford, 1975) from the Late Oligocene of South Australia and Obdurodon 

dicksoni (Archer et al., 1993; Musser and Archer, 1998) from the Early to Middle Miocene of 

North Western Queensland, Australia. There is also a third Obdurodon species which has been 

discovered in the Riversleigh fossil deposits in north-western Queensland, Australia (Archer 

et al., 1992, 1993; Musser and Archer, 1998; see Archer et al., 1999). From the Pleistocene of 

Australia an ornithorhynchid fossil referred to the genus Ornithorhynchus consisting of a limb 

fragment was discovered from the Bow Local Fauna, near Merriwa, N.S.W. (Rich et al., 

1991). 

There are also fossil echidnas found in Australia such as Megalibgwilia ramsayi from the 

Pleistocene of Tasmania, New South Wales, south-western Western Australia and the 

Naracoorte World Heritage area, South Australia.  

Megalibgwilia ramsayi was originally described on a broken left humerus and now is known 

from complete skull material and postcranial skeleton (see Long et al., 2002). Megalibgwilia 

ramsayi may have been about the same size as the extant Zaglossus bruijnii and may have been 

an insect eater rather than feeding on a diet of earthworms like Zaglossus (Griffiths et al., 

1991). Another fossil echidna ‘Zaglossus’ hacketti was discovered in two localities in Western 

Australia and described on the basis of postcranial material. It is considered to be the largest 

monotreme ever known, based on the postcranial material which is about a meter in length 

(e.g. Long et al., 2002). At present there has been no cranial material of ‘Zaglossus’ hacketti yet 

discovered that would help indicate if it is a new genus, although some authors believe it to 

be a different genus (J. Mahoney cited in Griffiths et al., 1991, see Long et al., 2002).  

From the Pleistocene of New Guinea fossil material of Zaglossus was discovered and may 

represent the extant Z. bruijnii (Murray, 1991). There are also many Pleistocene to Holocene 

fossil deposits in Australia in which the extant short-beaked echidna Tachyglossus aculeatus has 

been discovered (Murray, 1978, 1991). 

Also discovered in Australia is a Late- Middle Miocene echidna Echidna robusta (Dun, 1895) 

from Gulgong, New South Wales and is suggested to be Megalibgwila robusta by Griffiths et al. 

(1991) (see also Archer et al., 1999). 

Remains of monotreme fossils have also been discovered in the Mesozoic. In 1985 an 

opalised jaw of the platypus-like Steropodon galmani from the Early Cretaceous was found at 
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Lightning Ridge in New South Wales, Australia. Steropodon was named by Archer et al. (1985) 

and is regarded as one of Australia's most important fossil discoveries. This fossil of 

Steropodon galmani helped demonstrate that early monotremes had very complex molar 

patterns, very similar to the tribosphenic molar pattern seen in placentals and marsupials 

(Archer et al., 1985). The jaw fragment is just under 3 cm in length and is beautifully 

preserved in opal where the bone is replaced by silica; it also contains three well preserved 

molars. The holotype also possesses an alveolus for a posterior premolar. The teeth patterns 

are very complex and differ from other monotremes by possessing a blade or drepanid that 

resembles a cristid obliqua and also a blade that forwardly extends and could be a possible 

hypoconulid (Archer et al., 1985). The dentary is very deep (Archer et al., 1985). Steropodon 

was believed to be very large for a Mesozoic mammal and is compared in size to a household 

cat. 

One decade later another fossil species Kollikodon ritchei was discovered in Australia and 

assigned to the monotremes (Flannery et al., 1995). Kollikodon ritchei was discovered in the 

Early Cretaceous (Albian?) Griman Creek Formation of Lightning Ridge, New South Wales, 

Australia and is placed in a monotypic family Kollikodontidae (Flannery et al., 1995). 

Kollikodon is known from a dentary fragment, approximately 3.6cm long with the lower 

molars 1 to 4 preserved in place. Anterior to these four lower molars, there are four alveoli 

that may represent the alveoli for two double-rooted premolars. Two double-rooted 

premolars are  also present in Obdurodon dicksoni (Flannery et al., 1995). Kollikodon has unique 

bunodont teeth and may have used these teeth for crushing food prey such as crustaceans  or 

organisms with hard shells (Flannery et al., 1995). 

Monotremes (Ornithorhynchus and Obdurodon) have two lower premolars either as vestigial 

teeth or well-formed teeth and no more than three molars except for Kollikodon (e.g. Flannery 

et al., 1995). These authors consider the higher molar number is a plesiomorphic feature in 

the Monotremata.  

Other recently discovered Mesozoic monotreme from Australia is Teinolophos trusleri from the 

Early Cretaceous (Early Aptian) Flat rocks site of Australia (Rich et al., 1999; Rich, Vickers-

Rich et al., 2001b). 

Teinolophos consists of a partial left lower jaw with only one molar in place: the second last 

molar. Teinolophos was originally described as a possible eupantothere by Rich et al. (1999) 

partly due to the fact that the crown of the tooth was covered by hard matrix. But after 

clearing the matrix of the crown and after re-evaluation, it was demonstrated by Rich et al. 

(2001a) that the molar resembled other monotreme molar patterns. The lower molar of 
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Teinolophos is similar to the second lower molar of Steropodon galmani and is also similar to the 

molars of Obdurodon an ornithorhynchid monotreme genus from the Cainozoic of Australia. 

Thus Teinolophos has been placed tentatively in the Family Steropodontidae and represents a 

small monotreme mammal (e.g. Rich and Rich, 2004). 

Other interesting monotreme finds include those from Argentina. The only non-Australian 

monotreme Monotrematum sudamericanum was found in the Early Paleocene deposits “Banco 

Negro Inferior” of the Salamanca Formation in Southern Argentina (Pascual et al., 1992a, 

1992b, 2002). The fossil material includes dental and postcranial and corresponds to an upper 

right second molar, an incomplete upper left first molar and recently, a complete distal end of 

a left femur and a medial distal end of a right femur (Pascual et al., 1992a, 1992b, 2002;  

Forasiepi and Martinelli, 2003). The isolated femora were found during the 1989-1990 field 

season carried out by staff from the Museo Argentino de Ciencias Naturales “Bernardino 

Rivadavia” and from the Departamento de Geología de la Universidad Nacional de la 

Patagonia directed by J. F. Bonaparte and  later on in 2002 fieldwork undertaken by the 

American Museum of Natural History and Museo Paleontológico ‘Egidio Feruglio”. 

These new fossil monotreme finds in Australia and Argentina help support recent 

phylogenetic studies as well as help propose new interpretations in regards to the 

relationships of monotremes with other mammals. The South American monotreme 

discovery provides evidence for a Gondwanan distribution of monotremes demonstrating 

that at least the ornithorhynchids had a Gondwanan distribution (Pascual et al., 1992a). 

Monotreme Cusps homologies and dental formula 

Teeth are absent in the adult monotremes, but are present in juveniles as degenerate cheek-

teeth rudiments. The adult platypuses loose their teeth and replace them with horny plates or 

grinding pads, near the rear of their mouths. These pads are used to masticate mainly small 

aquatic crustaceans and insects (Archer et al., 1992). Adult echidnas also have no teeth; 

instead the echidna’s mouth has rows of spines made of a horny substance. Instead of 

chewing the food is grounded to a fine paste consistency and is pounded between the rough 

pad on the back of the tongue and the top of the mouth (Rismiller, 1999). 

Teeth were first observed by Poulton (1888: 353) in the Ornithorhynchus while observing a 

foetus measuring about 83 mm in length but “in the curled up attitude in which it had been 

received”. Poulton (1888) observed the skull of the specimen, previously prepared in a series 

of consecutive vertical transverse sections. The foetus length was then estimated by Wilson 

and Hill (1907) as being 250mm in length from snout tip to tail, using the original drawings 

made by Poulton (1888).  
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Poulton (1888) observed large and typical mammalian teeth developing in the subepithelial 

tissues on each side of the roof of the mouth. He was not able to detect the presence of teeth 

in the lower jaw, as the lower jaw was not available. 

Overall, the first discovery of teeth in Ornithorhynchus was a remarkable feat and has since 

awakened interest in this subject matter throughout the scientific community. 

Other authors such as Poulton (1889), Oldfield Thomas (1889), Stewart (1892) published 

morphological, histological and embryological data on the Ornithorhynchus dentition and 

Wilson and Hill (1907) described tooth development.  

Oldfield Thomas (1889: 127) observed the teeth of platypus and stated that “the teeth are 

functional for a considerable part of the animal’s life, cutting the gum as usual and, after being worn down by 

friction with food and sand, are shed from the mouth as are the milk teeth of other mammals.” Thomas 

(1889) and Stewart (1892) described the fully erupted teeth of the platypus and Simpson 

(1929b) contributed with the study of the morphology of erupted teeth in great detail.  

Since then, the monotreme dentition has been studied and observed in order to comprehend 

monotreme relationships and affinities. As a result of these studies, some authors differed in 

their interpretations:  Cope (1888) believed that the monotreme teeth shared affinities with 

the multituberculate dentition. Ameghino (1908) believed that the monotreme possessed 

edentate characteristics and Abel (1922, 1926) compared the monotreme with the Miocene 

mammal Desmostylus. These range of interpretations were partly due to the extreme difficulty 

to access and obtain platypus and echidna specimens.  

In 1929 Simpson was able to study three specimens of Ornithorhynchus young aged 8 1/2 , 10 

and 11 weeks of age and attempted to study the external morphology of the dentition of 

Ornithorhynchus.  

Romer (1933) also studied the monotremes and when describing the teeth of extant 

monotremes, observed that the young teeth of the platypus resembled the teeth of the extinct 

multituberculates. He stated  that “The anteater has no trace of teeth; in the duckbill there are a few 

irregularly shaped molars rudiments in the young which have been compared to some extent with those of the 

fossil Multituberculates” (Romer, 1933:256). 

Later, the development and morphology of the teeth of Ornithorhynchus was analysed in detail 

by Green (1937) who had access to a comprehensive series of stages of the developing 

Ornithorhynchus. Green (1937) noted that the time of eruption of the Ornithorhynchus teeth 

would have been between the 6th and 8th week after hatching.  

Green (1937) stated that the incisors and canines are represented by vestigial parts of the 

dental lamina and are absorbed in the juvenile and thus, their morphology is unknown. 
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He proposed the dental formula of Ornithorhynchus as I0/5, C1/1, PM2/2, M3/3, with the 

anterior of the two premolars with a deciduous precursor.  

The basic molar cusp(id) pattern for Ornithorhynchus upper molars consists of a paracone and 

metacone with stylar cusps on the labial side. The lower molars however, are characterized by 

a paraconid and metaconid with a row of lingual cuspids.  

The ancestors of Ornithorhynchus may have had other cusps found in the typical mammalian 

tribosphenic teeth such as a paraconid and hypoconulid in the lower molars (see discussion 

in Woodburne, 2003). If this is not the case then the absence of a paraconid in m1 and m2 in 

Ornithorhynchus may be an apomorphy for Obdurodon, Monotrematum and Steropodon 

(Woodburne, 2003). 

Other fossil platypus such as Obdurodon dicksoni have a dental formula shown to be I0/0, 

C0/0, P2/2 and M2/3 by Archer et al. (1993) and Musser and Archer (1998). This dental 

formula demonstrates that Obdurodon dicksoni possessed an additional set of two lower 

premolars and an additional upper premolar in contrast to the adult Ornithorhynchus.  It is 

probably that Obdurodon dicksoni also possessed a horny bill anterior to the first cheek-teeth, as 

does the adult extant Ornithorhynchus. 

Recent phylogenetic studies have placed Monotrematum as the sister taxon to Obdurodon and 

together these two genera plus Ornithorhynchus form the family Ornithorhynchidae (e.g. 

Musser, 1999).  

There have been several hypotheses in the past regarding the relationships of monotremes 

with other mammals. These hypotheses have been noted in detail by Luo et al. (2002) and 

include: 

Monotremes are related to marsupials 

Gregory (1910) was one of the first to recognize anatomical characteristics shared by 

monotremes and marsupials and later placed marsupials and monotremes in the subclass 

Marsupionta (Gregory, 1947). Due to recent discoveries of Mesozoic mammal fossil and 

cynodonts it has been shown that the osteological characters that Gregory (1947) noted in 

support of monotreme-marsupial are primitive and also shared by non-mammalian 

cynodonts (See Luo et al., 2002). 

Monotremes and pre-tribosphenic therians 

Marsupials and placentals are termed Theria. The theria differ from other groups of 

mammals by possessing the tribosphenic molar. The term tribosphenic (originally termed 

“tritubercular”) was introduced by Simpson (1936) and refers to a mammalian dentition in 
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which the cusps on the upper molars occlude with those of the lower molar, as such that the 

protocone of the upper molar occludes within a talonid basin of the lower molar. 

During most of the past century all known Mesozoic fossils that were classified as placental 

or marsupials were described as possessing tribosphenic teeth. These teeth are able to shear 

(sphen) and grind (tribein). 

Tribosphenic upper molar 

The tribosphenic upper molar consists of lingual, antero-labial and postero-labial cusps called 

protocone, paracone and metacone respectively, arranged in a large trigon and a smaller talon 

or heel. The cusps on the trigon are arranged in a triangular form where the apex of the 

triangle and the protocone is directed lingually. There is a single posterolingual cusp called 

hypocone that is sometimes present (see Fig 9-1. Bown and Kraus, 1979).  

On the upper molars there are also accessory cusps termed the parastyle, the mesostyle and 

the metastyle that are situated on the anterolabial, mesial and posterolabial margins of the 

stylar shelf respectively (see Bown and Kraus, 1979). 

Tribosphenic lower molar 

The tribosphenic lower molar consists of a trigonid that is made up of an anterior triangle of 

cusps and a posterior basin termed the talonid. The trigonid is normally taller than the 

talonid. The cusps that make up the trigonid form a triangle in occlusal view with the apex 

and the protoconid is directed in a labial direction. The cusps on the trigonid include the 

protoconid, situated labially, the paraconid situated anterolingually and the metaconid, 

situated posterolingually. A talonid notch separates the trigonid basin and the talonid or crest. 

The talonid is made up of the hypoconid that is situated labially, the entoconid, situated 

lingually and the hypoconulid, situated posteromedially.  

The lower tribosphenic molar does not possess as many accessory cusps but a mesoconid 

cusp may occur and lays anteriomedially to the hypoconid and an entoconulid, which lies 

between the entoconid and the lingual margin of the trigonid. 

These cusps or conules that are observed on tribosphenic teeth, are thickenings of the 

enamel and dentine of the crown of the tooth.  

The tribosphenic upper and lower molar may also contain cristae (on upper molars) and 

cristids (on lower molars) that are crests or ridges on the crowns of the teeth (see Fig. 9-1, 

Bown and Kraus, 1979). The principal cusps mark the confluence of two or more cristae and 

two or more cristids. 
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Mammals are also considered to possess a tribosphenic dentition even if their dentition has 

considerably modified from the original tribosphenic condition. 

The term pre-tribosphenic is used to describe mammals that have not reached the 

tribosphenic condition in their dentition (Woodburne, 2003). Pre-tribosphenic mammals 

have upper molars, which consist of a paracone, metacone and stylocone and the lower 

molars consist of a protoconid, paraconid, metaconid, hypoconulid and some times a 

hypoconid.  

Mammals with pre-tribosphenic dentition are not necessarily closely related phylogenetically 

with each other, but do share a basic homology of the cusps and cuspids (Woodburne, 2003). 

There are controversies related to the origin of the monotreme dental pattern, as some 

authors believe that the dentition of early monotremes evolved from an ancestor with 

advanced tribosphenic dentition while others believe that they arose from a pre-tribosphenic 

ancestor. 

Archer et al. (1985) believed that the dentition of Steropodon consisted of a modified 

tribosphenic pattern and this implied that monotremes evolved from a relative advanced 

tribosphenic therian ancestor. Other authors such as Kielan-Jaworowska et al. (1987) 

proposed an alternative origin for monotremes as they observed that the molars of Steropodon 

were not fully tribosphenic and lacked wear within the talonid basin. Kielan-Jaworowska et 

al. (1987) proposed a new origin for monotremes and suggested they probably arose from a 

pre-tribosphenic group of mammals and placed them among "pre-tribosphenic therians".  

Woodburne et al. (2003) and Woodburne (2003) argue that monotremes are not tribosphenic 

nor have derived from an ancestor with a tribosphenic dentition and that tribosphenic cusp 

terminology should not be used when describing monotreme dentition.  

However Bonaparte (1990) believed that Steropodon may be another local derivation of the 

ancestral dryolestoid-like group with a possibly worldwide distribution during the Late 

Jurassic. He suggested that the trigonid on the lower molars of Steropodon resembles that of 

the dryolestoids and that perhaps the large talonid of Steropodon could be a characteristic of 

the dryolestoid talonid (Bonaparte, 1990). Pascual et al. (1992a: 705) support this view and 

stated “Evidence supports an interordinal relationship to relatively plesiomorphic ‘eupantotheres’ such as 

dryolestoids rather than more derived groups such as peramurids”. Archer, Jenkins, Hand, Murray and 

Godthelp (1992:23) were also in favour of this view and stated that “…it is possible that the 

crowns of Obdurodon  dicksoni are autapomorphically specialized dryolestoid-like teeth” (see Archer 

et al., 1993). 
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Archer et al. (1993) proposed that monotremes may have descended from eupantotheres that 

had a molar morphology similar to that of dryolestoids but a cheek-tooth formula that is 

similar to the vincelestids. 

Archer et al. (1992) argued that the early monotreme dentition, is characterized by 

plesiomorphic features that are not found or are lost in "therian mammals".  

Monotremes and australosphenidans 

Recently Luo et al. (2001) proposed the term Australosphenida to define a group of 

mammals which have acquired the tribosphenic molar pattern in the Southern Hemisphere 

independently of the Boreosphenida in the Northern Hemisphere. The Boreosphenida 

defined by Luo et al. (2001) consists of the marsupials, deltatheroidians and the placental 

mammals. While the clade of Australosphenida is defined by Luo et al. (2001), as consisting 

of the common ancestor of Ambondro, Asfaltomylos Ausktribosphenos, living monotremes and all 

its descendents. 

Ambondro mahabo is a recently discovered Mesozoic mammal from the Middle Jurassic of 

Madagascar (Flynn, Parish, Rakotosamimanana, Simpson and Wyss, 1999). These new fossil 

finds are important as the teeth of these mammals are of tribosphenic design. Ausktribosphenos 

nyktos from the Early Cretaceous (Early Aptian) Flat rocks site of Australia (Rich et al., 1997; 

Rich et al., 1999) possesses molars that are quite controversial as they are thought to be of 

tribosphenic design (Luo et al., 2002).  

A. nyktos was proposed to be a placental by Rich et al. (1997, 1999) and Rich, Flannery et al. 

(2001) and that it was possibly a member of the living Erinaceidae. Other authors such as 

Rougier and Novacek (1998) do not support this view. Musser and Archer (1998) suggested 

that Ausktribosphenos could be related to “pre-tribosphenic peramurids” or monotremes. 

Some authors such as Kielan-Jaworowska et al. (1998) observe that Ausktribosphenos preserves 

features that are plesiomorphic such as the presence of a postdentary trough and suggested 

that Ausktribosphenos could have originated among the early “symmetrodonts”. 

The discovery of Ambondro mahabo (Flynn et al., 1999) represented by a dentary fragment with 

the last premolar and two molars with tribosphenic design, allowed Rich and Vickers-Rich 

(1999) to propose new relationships between Ausktribosphenos and Ambondro. 

Ambondro is considered an important discovery as it extends the presence of the tribosphenic 

molars back by 25 million years (Flynn et al., 1999; Luo et al., 2002). Rich and Vickers-Rich 

(1999) supported the placental nature of both Ausktribosphenos and Ambondro. Rich, Vickers-

Rich et al. (2001a) have announced the discovery of Bishops whitmorei another Mesozoic 

mammal from the Early Aptian, Flat Rocks site of Australia. They state that Bishops is a taxon 
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closely related to Ausktribosphenos and both have attributes that are indicative of their 

placental nature. The discovery of these southern tribosphenic mammals challenges long held 

views that mammals and their descendants with tribosphenic teeth arose on Northern 

continents. 

Luo et al. (2001) proposed that Ausktribosphenos and Ambondro are part of a group of endemic 

mammals with a Gondwana distribution and are related to monotremes rather than to 

marsupials, placentals and their presumed fossil relatives from the northern continents. This 

implies that the tribosphenic molar pattern evolved not once but at least twice. 

Later they added Bishops to Australosphenida and confirmed a new clade which includes the 

southern tribosphenic mammals together with toothed monotremes. 

The clade of Boreosphenida also erected by Luo et al. (2001) includes the "tribotheres", 

marsupials and placentals known only from the northern continents before the latest 

Cretaceous.  

This has brought about some controversy with authors such as Rich et al. (2002), 

Woodburne et al. (2003) and Woodburne (2003) who disagree that monotremes are 

australosphenidans.  

Phylogenetic evidence based on molecular data regarding monotreme relationships 

Most recent studies based on molecular data (molecules and genes) are used to support a 

monophyletic grouping of Theria with the exclusion of monotremes (Luo et al., 2002). 

For example a recent study by Messer et al. (1998) on the amino acid sequence of the milk 

protein alpha-lactalbumin, isolated from echidna and platypus milk to demonstrate 

relationships between monotremes and other extant mammals. These amino acid sequences 

isolated from extant monotreme milk were compared with each other and with amino acid 

sequences of three marsupial and 12 placental mammals. The authors concluded that 

marsupials and placental mammals are more closely related to each other than to 

monotremes and suggested that Theria form a monophyletic group that excludes the 

monotremes. 

Another study by Retief et al. (1993) using protamine DNA and protein sequences also 

placed the monotremes outside the monophyletic crown group of Theria. This view was also 

supported by studies from Kullander et al. (1997) on the neurotrophin genes and by Lee et al. 

(1999) who studied the beta-globin gene sequences of the monotremes, marsupials and 

placentals. 

Studies by Killan et al. (2000, 2001) using the datasets of imprint genes and studies by Gilbert 

and Labuda (2000) on the CORE-SINES retroposons (genetic elements which are present in 
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eukaryotic genomes that possess the property of inserting themselves by transposition) also 

support the grouping of marsupials together with the placentals with the exclusion of the 

monotremes. 

Most recent studies based on genes, retroposons and isolated protein sequences are in 

support of a monophyletic grouping of Theria with the exclusion of the monotremes (See 

Luo et al. (2002). 

Other studies such as the one by Czelusniak et al. (1990) on the globin protein sequences 

suggested that the three groups of living mammals are grouped in an unresolved trichotomy. 

The relationships between each group are not resolved and thus more characters are needed 

for further detailed grouping 
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3.14 Mesozoic Mammals in Gondwana 

Mesozoic mammals, up to recently were virtually unknown in the southern continents. In the 

last 20 years new exciting discoveries have changed existing theories on mammalian 

evolution. These discoveries were made in South America. In Argentina ( Casamiquela, 1961; 

Bonaparte, 1986a, 1986b, 1986c, 1987, 1990, 1992, 1994, 1996, 2002; Bonaparte and Soria, 

1985; Bonaparte and Rougier, 1987a; Bonaparte and Pascual, 1987; Bonaparte and Kielan-

Jaworowska, 1987; Bonaparte and Crompton, 1990; Pascual et al., 2000; Rougier, 1993; 

Rougier et al., 2000; Rougier et al., 2001), in Bolivia (Gayet, Marshall, Sempere, Meuniere, 

Capetta and Rage, 2001) and in Brazil (Bertini, Marshall, Gayet and Brito, 1993).  

Bolivian Mesozoic mammals: 

In Bolivia near the town or pueblo Pajcha Pata about 40 km southeast of Cochabamba an 

important fossil locality (Pajcha Pata) was discovered in 1989 by Marshall and Sempere. 

From the principal locality of Pajcha Pata which is part of the Lower Member of the El 

Molino Formation a diverse continental and freshwater local fauna from the middle 

Maastrichtian was discovered. The vertebrate fauna reported by (Gayet et al., 2001) include 

Mammalia Indet (but tentatively considered as tribosphenic and nontribosphenic Theria), 

Theropoda (Coelurosauria and Sauropoda), Crocodylia, Squamata (Serpentes), Chelonia, 

Amphibia (Anura, Gymnophiona, Caudata) and fish (Dipnoi, Teleostei, Actinopteri, 

Cladistia, Chondrostei). The discoveries also include invertebrates (Gastropoda, Bryozoa) and 

plants (charophytes). 

The mammal remains from Pajcha Pata are poorly represented. An upper right molar and an 

upper right tooth are present and possibly, one partial tooth considered a fragment of an 

upper molar (Gayet et al., 2001). The authors in their study refer to the mammals as 

Mammalia Indet and general observations on tooth morphology are given. The authors 

consider that the isolated upper right molar has dryolestoids affinities. If indeed these teeth 

were attributed to dryolestoids then this would confirm the presence of dryolestoids in 

central South America. 

Brazilian Mesozoic mammals: 

Another important vertebrate fauna was discovered in the Late Cretaceous Adamantina 

Formation (?Cenomanian-Campanian) of Brazil and the Marília Formation (Campanian and 

or Maastrichtian). Both are of the Upper Baurú Group and both recovered during screen 

washing programs in 1988 and 1989 (Bertini et al., 1993). Vertebrate fossils had been 

discovered earlier by Ihering (1911), as well as this, long-term vertebrate programs were 
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undertaken by Llewellyn Ivor Price between 1948 and 1973, resulting in a large collection of 

vertebrate fossils.  

This vertebrate fauna included a dinosaur tooth, crocodile teeth, fragments of turtle bones 

and mollusc shells. In 1988 and 1989 more vertebrates were discovered which include: fishes, 

amphibians, turtles, lizards, crocodiles, dinosaurs and mammals. From this fauna new taxa 

from the Baurú Group were recovered by screen washing and this included teleosts: 

Osteoglossiformes, Characiformes, Siluriformes, Percidormes, lungfish and mammals 

(Bertini et al., 1993). 

From the lower part of the Adamantina Formation a single mammal specimen was collected 

consisting of an anterior part of a right dentary. Here the posterior edge of the canine 

alveolus, alveoli of premolar 1-2, a complete premolar, a posterior alveolus and the anterior 

edge of posterior alveolus of  ?premolar4 were preserved. All the premolars possessed two 

roots (Bertini et al., 1993). This lower jaw was originally described as a eutherian placental 

mammal due to the presence of four premolars but due to the fragmentary nature of the 

specimen affinities are not possible to recognize. 

Australian Mesozoic mammals: 

Discoveries of Mesozoic mammals have also been registered in Australia (Archer et al., 1985; 

Flannery, Archer, Rich and Jones, 1995; Rich et al., 1997), India ( Prasad and Sahni, 1988; 

Prasad et al., 1994;  Prasad and Godinot, 1994; Das Sarma et al., 1995; Anantharaman and 

Das Sarma, 1997; Krause et al., 1997; Prasad and Manhas, 2001), Madagascar (Krause and 

Grine, 1996; Krause et al., 1997; Flynn, Parish, Rakotosamimanana, Simpson and Wyss, 

1999; Krause, 2001; Krause, 2002 ; Averianov et al., 2003 ) and Africa: Cameroon (Jacobs, et 

al., 1990; Brunet et al., 1988); Morocco (Sigogneau-Russell, Monbaron and Russell, 1988; 

Sigogneau- Russell et al., 1998; Sigogneau-Russell 1991) and Tanzania (Heinrich, 1998, 1999; 

Krause et al., 2003); perhaps Libya (Nessov et al., 1998) and South Africa (C. Forster, 

personal communication in Rich et al., 1997). No mammal has yet been recovered from 

Mesozoic sediments in Antarctica. 

These discoveries represent a significant diversity of Mesozoic mammals and demonstrate 

that during the Mesozoic the evolutionary history of mammals in the southern continents 

was unknown and very complex more so than previously thought. The majority of these 

discoveries represent mammals from the Early and Late Cretaceous with a few exciting 

discoveries occurring in the Jurassic of Argentina (Casamiquela, 1961; Rauhut et al., 2002); 

Madagascar (Flynn et al., 1999) and Tanzania (Heinrich, 1998; 1999). 
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The new discoveries of Mesozoic mammals in Gondwana adds to the controversy which in 

some way persists to this day as to whether the ancestry of placental mammals arose before 

or after the Cretaceous/Tertiary boundary and if the early history and ancestry of the 

placental mammals is of Laurasian or Gondwanan origin (e.g. Rich, Vickers-Rich and 

Flannery, 1999; Ji et al., 2002; Yang et al., 2003).  

In Argentina the following localities have yielded Mesozoic mammals, with most of the 

discoveries occurring in the last 20 years, except the amazing discovery by Casamiquela 

(1961) of the Ameghinichnus footprints. 
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3.15 Mesozoic Mammals in Argentina 

3.15.a La Matilde Formation, Middle-Late Jurassic, Santa Cruz 

Footprints thought to be mammalian in nature were named Ameghinichnus patagonicus 

(Casamiquela, 1961, 1964) from the Middle-Late Jurassic of the Estancia Laguna Manantiales 

in Santa Cruz Province, Argentina. These footprints were the first indication that mammals 

roamed the southern continents during the Jurassic times. However no attention was given 

to this discovery by students of mammal evolution. They were found in association with 

dinosaur footprints that include Wildeichnus navesi and Sarmientichnus scagliaia assigned to 

theropods and Delatorrichnus goyenechei considered an ornitischian (Casamiquela, 1964). 

The footprints correspond to a mammal with five digits on both back and front paws. 

Casamiquela (1964) describes a series of prints made by a mammal moving on all fours with 

two different types of strides one jumping and the other walking. The tail mark of 

Ameghinichnus is observed but not present in all the prints, the tail is snake-like when the 

mammal is walking while it leaves a straight interrupted impression when the mammal is 

jumping (Casamiquela, 1964).  

Casamiquela (1964) believed that Ameghinichnus prints were similar in the stride of the 

marsupials such as Didelphis and insectivores such as Blarina brevicauda  and the American 

shrew Sorex cinerus and during the walking and jumping strides where the feet are pressed 

down first and then the tail. However there are differences between the Ameghinichnus prints 

and those left by extant marsupials and this, Casamiquela (1964) states, should be expected 

considering the time differences between the two groups. He also states that Ameghinichnus 

may have been a small mammal with a similar body size to present day Didelphis.  

But present day marsupials have an opposable hallux in the foot that is an adaptation for 

arboreal habitat. From this some paleontologists have regarded that early mammals were also 

arboreal (e.g. Simpson, 1926; Krause and Jenkins, 1983). Even Rowe and Greenwald (1987) 

went further to say that the ancestors of the therians and multituberculates, the Theriiformes, 

were also most likely arboreal.  

However Casamiquela (1964) considers that early mammals such as Ameghinichnus based on 

the stride was not an arboreal mammal but one that moved about on the ground. Lately due 

to new interpretations based on the Late Cretaceous Mongolian multituberculates Kielan-

Jaworowska and Gambarayan (1994) have also shown that the functional anatomy of the 

multituberculates suggests that these early mammals were in fact terrestrial and not arboreal. 

These Asian multituberculates are considered to have a fast moving gait, similar to that of 

small extant mammals such as Meriones (Kielan-Jaworowska and Gambarayan, 1994). These 
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multituberculates could jump like present-day small Australian marsupials. This has been 

deduced due to the presence of a very long spinous and transverse processes on the lumbar 

vertebrae that has been reconstructed in Nemegtbaatar by Kielan-Jaworowska and 

Gambarayan (1994). 

In contrast the locomotion in urodelans and reptiles is symmetrical with strong lateral 

flexatures of the body and with short transverse processes of the lumbar vertebrae. 

Nemegtbaatar would have had a strongly developed mass of the muscle erector spinae, which 

would allow for a strong sagittal extension and flexion of the vertebral column and this is 

consistent with a saltatory asymmetrical mode of locomotion as is found in saltatory 

mammals (Kielan-Jaworowska and Gambarayan, 1994). The only difference observed by the 

authors is that the multituberculate jump was possibly much steeper with a take off angle 

between 30 to 45 degrees compared to the jump angle in the small extant mammals being at 

3 to 10 degrees to the horizontal. The long transverse processes of the lumbar vertebrae in 

Nemegtbaatar indicate an asymmetrical locomotion with the apparent presence of a sprawling 

gait, a feature normally associated with a symmetrical gait (Kielan-Jaworowska et al., 2004).  

Thus early mammals such as the Multituberculates were thought to have had a sprawling gait 

together with an asymmetrical gait and jump (Kielan-Jaworowska and Gambarayan, 1994). 

Ameghinichnus prints show that this early mammal used both a saltatory stride and walking or 

running stride that are also present in extant small Australian marsupials and  in the 

Cretaceous Asian multituberculates. 

Bonaparte (pers. comm.) interprets the mammalian footprints from Ameghinichnus to belong 

to a small jumping mammal such as an early multituberculate. If this is the case, this would 

signify that multituberculates were present in southern South America during the Jurassic and 

were perhaps the ancestors of the Cretaceous multituberculate like gondwanatherians. 

3.15.b Cañadon Asfalto Formation, Middle Late Jurassic, Chubut 

The Cañadon Asfalto Formation, Middle Late Jurassic (Callovian -Oxfordian) of Chubut has 

previously yielded theropod and sauropod dinosaurs and fishes (Bonaparte, 1975, 1986). The 

Cañadon Asfalto Formation lies near the Cerro Condor (Paso de Indios, Chubut) and has 

been dated as Callovian-Oxfordian (Latest middle to earliest Late Jurassic), (Tasch and 

Volkheimer, 1970; Bonaparte, 1986c). 

Two new fossil localities were discovered in 2000 by a team of paleontologists of the Museo 

de Trelew led by Dr. Oliver Rauhut. 

These localities have yielded large sized anurans, aquatic turtles, possibly some crocodiles and 

squamates and the jaw of a mammal (Rauhut and Puerta, 2001). This mammal described as 
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Asfaltomylos patagonicus (Rauhut, Martin, Ortiz-Jaureguizar and Puerta, 2002) is considered the 

first skeletal remains known of a mammal in the Jurassic of Argentina and was found in the 

Queso Rallado locality which is approximately 4 km west-northwest of the town of Cerro 

Condor, Chubut, Argentina (Rauhut et al., 2003). Asfaltomylos is known from a left mandible 

with roots and crown fragments of the last three premolars and three molars m1-m3. The 

molars have fully basined talonids, with hypoconid and hypoconulid and the trigonids are 

lingually opened (Rauhut et al., 2002). Each preserved tooth has a double root, the molars 

have a faint lingual cingulid at the base of the paraconid and there is no distal metacristid on 

the talonids (Rauhut et al., 2002). The tooth formula is probably ?I, ?C, 3 or more P, 3M. The 

dentary of Asfaltomylos is slender and gives rise to coronoid process with the angular process 

well developed, the dental foramen is positioned anteriorly below the origin of the coronoid 

process (Rauhut et al., 2002). The authors observe that a shallow post-dentary trough is 

present and subdivided by striations but the Meckel’s groove is not visible and there is no 

developed pterygoid fossa. 

Asfaltomylos is considered one of the representatives of the Australosphenida, a group of 

mammals from Gondwana that evolved tribosphenic molars that are possibly convergent to 

the Northern Hemisphere Tribosphenida or Boreosphenida. The Australosphenida 

(Asfaltomylos, Ambondro, Ausktribosphenos, Bishops and Steropodon) are thought to have given rise 

to the monotremes (Luo et al., 2001).  

The discovery of Asfaltomylos from the latest Middle to earliest Late Jurassic indicates that the 

Australosphenida were widespread and probably well diversified in Gondwana before the 

end of the Jurassic (Rauhut et al., 2002). This little fossil jaw also helps support the theory 

that the mammalian faunas from the southern continents were already very different from 

their northern counterparts by the Middle to Late Jurassic (Rauhut et al., 2002).  

Asfaltomylos is an important discovery as it represents the first known Jurassic mammal of 

South America and represents the fifth Mesozoic mammal of the Australosphenida. It is 

similar to Ambondro from the Middle Jurassic of Madagascar as it also possesses fully rimmed 

basined talonids on the molars (Rauhut et al., 2002).  

These mammals indicate that tribosphenic molars developed on the southern continents 25 

million years before they did so in Laurasia. Rauhut et al. (2002) believe that the 

australosphenidans mammals were replaced by dryolestoid, triconodonts, gondwanatherians, 

multituberculates and “symmetrodonts” by the Late Cretaceous in South America. Rauhut et 

al. (2002) propose that in the Southern hemisphere the australosphenidans were prolific 

during the Jurassic but towards the Cretaceous the australosphenidan decreased in diversity 
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and were replaced by the dryolestoids, gondwanatherians, multituberculates, triconodonts 

and “symmetrodonts”, with a few australosphenidan mammals evolving into the extant 

monotremes. 

Recently a new mammal has been described from the Callovian-Oxfordian of the Cañadon 

Asfalto Formation from Chubut (Forasiepi et al., 2004). This taxon is considered a new 

species and differs form the Asfaltomylos patagonicus from the same locality and stratigraphic 

level. This new mammal is known from three lower jaws with preserved dentition. The lower 

dental formula is i4, c1; p5 and m3. The premolars are simple and have a single main cusp, 

while the molars demonstrate a tribosphenic pattern with an obtuse to a right-angled trigonid 

and a basined talonid with three cusps. The dentaries show the presence of a meckelian 

groove, with the presence of a prominent medial flange and deep dentary trough that might 

indicate the preserve of postdentary bones still attached but reduced (Forasiepi et al., 2004). 

Thus the dentary demonstrates some plesiomorphic features and the molars show derived 

features. If this new taxa indeed has tribosphenic molar pattern and postdentary bones this 

would imply that the middle ear of the monotremes and therians is not homologous but in 

fact convergent and that the tribosphenic dentition did evolve more than once throughout 

mammalian evolution (e.g. Forasiepi et al., 2004).  

These South American mammals emphasize that during the Jurassic and Cretaceous there 

was a variety of mammalian fauna in Gondwana. 

3.15.c La Amarga Formation, Early Cretaceous, Neuquén 

La Amarga Formation lies 74 km south of the city of Zapala, Neuquén province, Argentina 

(Parker, 1965). 

The La Amarga Formation crops out near the south-eastern border of the Neuquén Basin. It 

is composed of continental sediments. The type locality is found on the northern slope of 

Cerro China Muerta that lies near La Amarga creek. The continental La Amarga Formation is 

divided into three sub-units, named after the formations that originally were proposed by 

Parker (1965). The members from base to top are: Pichi Picún Leufú (46 meters thick), Ortiz 

(less than 10 meters thick) and Limay (90 meters thick) (Leanza and  Leanza, 1979).  The La 

Amarga formation has been dated based on stratigraphic relations and paleontological 

information, as Late Hauterivian to Barremian age has been established (Volkheimer et al., 

1977; Musacchio, 1971a, 1971b). As well as this, studies based on charophytes (Musacchio, 

1971a) and ostracods (Musacchio, 1971b) support a Late Neocomian age, while palynological 

evidence support an Early Barremian age (Volkheimer and Sepulveda, 1976). 
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The sediments of the La Amarga Formation represent a continental environment as was 

previously recognized by Parker (1965) and other authors. However Leanza and Leanza 

(1979) consider that the La Amarga Formation has a mixed origin with a restricted marine 

influence. 

The mammal Vincelestes neuquenianus is from the Lower Cretaceous La Amarga Formation of 

southern Neuquén Province, Argentina. Nine individuals are known, all of which were 

recovered from a single locality. The remains of these nine individuals of Vincelestes 

neuquenianus (Bonaparte, 1986a), including six nearly complete skulls, 17 lower jaws and 

numerous disarticulated postcranial material were all discovered from the same site 

(Bonaparte and Rougier, 1987a). 

All specimens come from the type locality and were recovered from a pocket in the lower 

unit of the La Amarga Formation, the Pichi Picún Leufú Member, composed principally of 

psammitic levels with conglomeratic lenses and intercalated limonitic layers (Bonaparte, 

1986a; Bonaparte and Rougier, 1987a; Musacchio, 1971b; Leanza and Leanza, 1979; 

Volkheimer, Caccavari de Felice and Sepulveda, 1977). 

Different age individuals of Vincelestes seem to be represented in the fossil locality. This 

assemblage of fossils of the same species could be an indication of a social lifestyle. Vincelestes 

was a large mammal, reaching approximately 30cm in length and had a long tail (Rougier, 

1993). 

Studies that have been carried out on Vincelestes include preliminary reports by Bonaparte 

(1986b) and Bonaparte and Rougier (1987a); reports on the structure of the braincase by 

Rougier and Bonaparte (1988), Hopson et al. (1989) and Rougier (1990a, b); and those by 

Rougier et al. (1992), Rougier (1993) and Hopson and Rougier (1993) to name a few. 

Rougier et al. (1992) described the crania of Vincelestes and the cranial vessels along with the 

structure of the petrosal and other cranial elements associated to the vascular system. 

Reconstruction of the major arteries and veins in the basicranium of the Vincelestes skull was 

established and this allowed the identification of homologous channels in extinct ‘non-

therian’ mammals and non-mammalian cynodonts. 

Hopson and Rougier (1993) studied the brain case structures of Vincelestes and it was 

observed to possess both a large alisphenoid and well-developed anterior lamina (Lamina 

obturans), of the periotic separated by an interdigitating suture.  

The molars of Vincelestes consist of the “reversed triangle” pattern, typical of therian 

mammals, however there is only a small low protocone and a small talonid with no true basin 

(e.g. Rougier et al., 1992). The molars are not as advanced as those of tribosphenic therians 
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and are considered to be in a level of organization between those of Peramus from the Late 

Jurassic and Aegialodon from the Early Cretaceous (Bonaparte and Rougier, 1987a; Butler, 

1990).  The molars of Vincelestes are considered pre-tribosphenic, as they have not reached 

the tribosphenic grade. Vincelestes is an extremely important fossil mammal, as it is virtually 

complete and therefore of great scientific interest. 

However studies to recognise if it is a Australosphenida or not are needed. 

3.15.d Los Alamitos Formation, Late Cretaceous, Río Negro 

The Los Alamitos Formation was first recognized and described in 1983 by Franchi and 

Sepúlveda and by Bonaparte et al. (1984) based on its paleontological context. 

The Los Alamitos Formation is situated in the southeast of the Provincia de Río Negro, 

Argentina, bears a variety of vertebrates and outcrops in the area of Arroyo Verde. The 

formation is made up of epiclastic sedimentites with some pyroclastites (Andreis, 1987). The 

Los Alamitos Formation is of Late Cretaceous; Campanian-Maastrichtian in age and it lies in 

unconformity over the rhyolitic to andesitic ignimbrites and vulcanites of the Jurassic Marifil 

Formation (Malvicini and Llambías, 1974; Andreis, 1987) and probably lies in unconformity 

over the deposits of the Chubut Group (mid-Cretaceous) (Andreis, 1987). The Los Alamitos 

formation is covered by the Maastrichtian-Danian marine beds of the Roca Formation. This 

in turn is covered by the continental Oligocene beds of the Sarmiento Formation (Andreis, 

1987; Bonaparte, 1990). This in turn, is covered by basalts of the Late Oligocene Somuncura 

Formation that are the top of the local sequence (Andreis, 1987; Bonaparte, 1990). 

The first Argentinean Mesozoic mammal was found in 1983, during the 7th Paleontological 

expedition to Patagonia “7° Expedición a Patagonia” supported by the National Geographic 

Society. It was carried out as part of the project “Jurassic and Cretaceous Terrestrial 

Vertebrates of South America” and led by Dr. José Bonaparte. 

The discovery consisted of an upper molar attributed as the last upper molar and 

denominated Mesungulatum houssayi Bonaparte and Soria, 1985. It was wrongly classified first 

as an eutherian in the Order Condylathra (Bonaparte and Soria, 1985). Later due to new 

additional finds it was placed in the new Family Mesungulatidae in the non-tribiophenic 

Order Dryolestida (Bonaparte, 1986a). The molar was found in close association with 

hadrosaurid, titanosaurid and theropod dinosaurs along with other small vertebrates. Based 

on this vertebrate evidence the Los Alamitos Formation was dated Campanian to Early 

Maastrichtian (Bonaparte et al., 1984; Bonaparte and Soria, 1985). This original molar is the 

first Mesozoic mammal remain found in South America even though Grambast et al. (1967) 
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and Sigé (1968) described some “Late Cretaceous” mammals from Southern Peru in Laguna 

Umayo, that were later dismissed as such. 

Since 1985 a large assemblage of non-tribosphenic therian and non-therian mammals have 

been discovered in the Los Alamitos fauna. These include dryolestoids (Bonaparte, 1990, 

1994, 2002), triconodontids (Bonaparte, 1986a), gondwanatherians, multituberculates 

(Bonaparte, 1986a, 1986b, 1990; Krause and Bonaparte, 1990, 1993; Kielan-Jaworowska and 

Bonaparte, 1996) and “symmetrodonts” (Bonaparte, 1990, 1994). The presence of this 

mixture of non-therian mammals at Los Alamitos is considered an important aspect of Late 

Cretaceous Gondwana mammal fauna. At present it is the only known assemblage of Late 

Cretaceous non-eutherian mammals from Gondwana are these known from Los Alamitos, 

making it difficult to compare and recognize their relationships with other isolated findings 

(Bonaparte, 2002). There are other Late Cretaceous mammals known from Gondwana such 

as India (Prasad and Sahni, 1988; Prasad et al., 1994; Prasad and Godinot, 1994; Das Sarma 

et al., 1995; Anantharaman and Das Sarma, 1997; Krause et al., 1997), Madagascar (Krause, 

Hartman et al., 1994; Krause et al., 1997; Krause and Grine, 1996; Krause, 2001; Krause, 

2002) and perhaps Libya (Nessov et al., 1998), most of these are isolated finds (see 3.14 

Mesozoic Mammals in Gondwana with emphasis on Argentinean Mesozoic mammals above 

in this chapter). 

The Late Cretaceous faunas from Laurasia are represented by a variety of multituberculate 

and tribosphenic mammals (e.g. Kielan-Jaworowska et al., 2004) and it is very difficult to 

compare with Los Alamitos mammal fauna.  

Other vertebrates discovered in the Los Alamitos formation include freshwater fishes such as 

Chondrichthyes and Osteichthyes (Cione, 1987), Leptodactylidae and Pipidae anurans (Báez, 

1987), Cryptodira and Pleurodira chelonians (de Broin, 1987), ophidians such as Madtsoinae 

boid snakes (Albino, 1987), titanosaurid sauropods (Powell, 1987) and hadrosaurid, 

ornithopods (Bonaparte and Rougier, 1987b), theropods and lacertilians (mentioned in 

Bonaparte, 1990).  

The tubularity of the stratification and the high content of pelitic sediments suggest that the 

dominant environment of the Los Alamitos Formation was lacustrine (Andreis, 1987). The 

Los Alamitos Formation represents a brackish and later freshwater permanent lake, that was 

both shallow and calm (Andreis, 1987). The lake environment may have been mixed with 

marine sediments and this is supported by the presence of glauconite in some of the strata 

(Andreis, 1987). 
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The rich fossiliferous locality of Los Alamitos was discovered in 1993 following numerous 

expeditions undertaken by the MACN up until 1999, always supported by the National 

Geographic Society.  

3.15.e La Colonia Formation, Late Cretaceous, Río Negro 

The La Colonia Formation is situated on the southern slopes of the North Patagonian Massif 

(“Comarca Norpatagónica” or “Meseta de Somuncurá”) in the North-Central Province of 

Chubut, Argentina (Pascual et al., 2000). The La Colonia Formation is the second known 

Late Cretaceous mammal-bearing locality of Patagonia and consists of land mammal remains, 

vertebrates, invertebrates and plants. There are three main vertical and lateral facies 

association recognized by Pascual et al. (2000) and these represent continental to marginal 

marine depositional settings. Most of the vertebrates recollected from La Colonia are from 

the second facies. These vertebrates include ceratodontid dipnoan freshwater fish, turtles, 

crocodiles and marine plesiosaurs, lizards, snakes, the carnosaur dinosaur Carnotaurus sastrei 

and mammals (Pascual et al., 2000). The second facies paleoenvironment is interpreted as 

having been deposited in an estuary, tidal flat or costal plain environment influenced by high 

fresh water stream flow and tidal marine currents (Pascual et al., 2000). 

Expeditions in 1996 with the Museo de La Plata, Museo Paleontológico "Egidio Feruglio", 

Trelew and the Dirección Nacional del Servicio Geológico in Buenos Aires to the Late 

Cretaceous La Colonia Formation, found remains of new Mesozoic land mammals (Pascual, 

Goin, González, Ardolino and Puerta, 2000). Remains of a left dentary with pm4-m2 was 

found and classified as Reigitherium bunodontum Bonaparte, 1990. Originally Reigitherium 

bunodontum was known from the middle section of the Los Alamitos Formation, Río Negro, 

classified by Bonaparte (1990) as a new genus and species in a new Family Reigitheriidae and 

considered to be a dryolestoid. 

Pascual et al. (2000) with the discovery of the left lower jaw with pm4-m2 consider 

Reigitherium bunodontum to be a derived docodont and thus the first known docodont mammal 

from the Southern Hemisphere. However new specimens of dryolestoid from La Colonia 

and the Early Paleocene Punta Peligro support Bonaparte’s original interpretation  

(Bonaparte, 1990) of the dryolestoid affinity of Reigitherium bunodontum (Rougier et al., 2003). 

In 2000 a further expedition discovered a new locality in the La Colonia Formation that 

yielded fish, remains, amphibians, turtles, plesiosaurs, snakes, crocodiles, dinosaurs and more 

than 250 mammalian remains (Rougier et al., 2001). The majority of the mammal discoveries 

include isolated teeth, jaw remains, petrosals and isolated postcranial elements. The most 

abundant mammals so far discovered are tentatively described as belonging to two different 
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taxa of Mesungulatidae, an endemic group of dryolestoids mammals (Rougier et al., 2001). 

The larger of the two dryolestoids has a dental formula: of I? /3?, C 1/1, P 2/2, M ?/4 with a 

robust and bifurcated canine (Rougier et al.,2001). The other taxa discovered are believed to 

share affinities with Reigitherium and the dental formula for the inferior jaw is believed to be 

p? 2/4 (Rougier et al., 2001). The petrosals are believed to belong to the larger of the two-

mesungulatid dryolestoid taxa and thus retain primitive features. Cladistic analysis indicates 

that these derived features probably developed in convergence with Tribosphenida (Rougier 

et al., 2001). 

So far no tribosphenic mammal remains have been found in La Colonia Formation, a 

multituberculate mammal has also been discovered (Rougier and Apesteguía, 2004) however 

no information on its affinities with Ferugliotherium has been published. 

3.15.f Portezuelo Formation, Late Cretaceous, Neuquén 

In the summer of 2001 an expedition to Sierra Barrosa, Neuquén carried out by Rodolfo 

Coria, Phillip Currie and others from the Plaza Huincul Museum, found the remains of a 

lower jaw Mesozoic mammal in the roof of the Portezuelo Formation (Coria, Currie, Eberth, 

Garrido and Koppelhus, 2001). The complete lower jaw has a partially preserved canine with 

a double root still in place in the alveolus. No other teeth are preserved in the lower jaw that 

measures approximately 2.5cm long and comprises of a singular mandibular ramus with a 

convex ventral border.  

G. Rougier (pers. comm., 2001) believes it to be a dryolestoid mammal, but it would not be 

the first evidence of dryolestoid in the Mesozoic of Argentina as they are present in the Late 

Cretaceous of the Los Alamitos Formation (Bonaparte, 1990) and the La Colonia Formation 

(Rougier et al., 2003).  

However it is important to state that this jaw has not yet been studied in detailed and it is 

thus not possible to determine which group this mammalian jaw belongs to. 

3.15.g Rio Colorado Formation, Late Cretaceous, Rio Negro 

In the upper levels of the Anacleto Member of the Rio Colorado Formation (Neuquén 

Group) (Campanian-Maastrichtian) vertebrate material was collected and later published by 

Goin et al. (1986). This material corresponds to a fragment of a right lower jaw of very small 

size with no teeth preserved. The dentary was attributed to a tentative “didelphid” marsupial. 

The right lower jaw fragment consists of two molar alveoli, where the second last alveolus 

preserves part of the anterior root. The jaw is characterized by the ventral border of the jaw 

being rounded and convex on the labial extension, a deep and rounded masseteric fossa, the 

labial alveolar border lower than the lingual alveolar border and all the teeth alveoli are 
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compressed anterior-posteriorly except the second last alveolus which has part of the root 

preserved, the posterior border of the last alveolus is well separated mesially from the 

coronoid process and the alveolar border of the jaw is sub-parallel to the ventral border of 

the jaw and both borders are relative straight.  

Marshall and de Muizon (1988) and Rougier (1993) consider this material to be too 

fragmentary to assign it to marsupials or any other mammalian group. However Martinelli 

and Forasiepi (2004) believe the the jaw could be tentatively assigned to the Dryolestoidea. 

3.15.h Bajo Santa Rosa, Allen Formation, Rio Negro 

A mammalian tooth was found in 2003 in the Allen Formation (Late Cretaceous) near the 

town of Lamarque in the Locality of Bajo Santa Rosa. Río Negro. The mammalian tooth is 

considered to be a dryolestoid mammal (Rougier et al., 2003.). However this tooth has not 

been studied in detail as of yet. 

3.15.i ‘La Buitrera’, Candeleros Formation, Rio Negro 

The Candeleros Formation from the Province of Rio Negro is of Cenomanian- Turonian in 

age and has yielded new and exceptionally preserved fossils from the “La Buitrera” locality. It 

is situated close to the Ezequiel Ramos-Mexía Dam, 32 km to the North West of the town of 

Cerro Policia in the Province of Rio Negro, Argentina (Apesteguía et al., 2001).  

Remains of many different groups of vertebrates have been collected from this locality  and 

include mammalian fossils (Novas et al., 1999, Apesteguía et al., 2002). 

The tetrapod fauna consists of  araripesuchian crocodiles, serpents, well preserved and 

articulated turtles, abundant but disarticulated remains of saurischian dinosaurs, ceratodontid 

tooth plates and well preserved and abundant skeletons of the first known sphenodontian 

lepidosaur Priosphenodon avelasi from Argentina (Apesteguía and Novas, 2003; Apesteguía and 

Agnolin, 2002; Apesteguía et al., 2002). 

The mammal remains consist of a fragmentary skull with mandible and an incomplete left 

lower jaw. The left isolated jaw and the skull are tentatively assignable to the same 

undetermined taxa (Apesteguía et al., 2002). These unstudied remains possess several features 

that suggest affinities with the cladotherian dryolestoids. These features are: molars with a 

well developed talonid, the trigonid with an angle lower than 100°, a transverse metacristid 

and the presence of a single root which is interpreted as a hypertrophied anterior root 

(Apesteguía et al., 2002). As well, the moralization of the permanent premolars, the low 

number of molars (m1-3), the presence of a single root in the molars and a cylindrical 

mandibular condyle provide characteristic features for this new taxa (Apesteguía et al., 2002). 
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Furthermore, in the same levels a fragmentary large jaw was found which was very similar to 

the first jaw found, but greater in size and containing a large tooth with a double root. This 

isolated jaw is referred to as Mammalia Indet, but is believed by Apesteguía et al. (2002) to 

belong to different taxa, thus increasing the mammal diversity in the continental deposits 

from the early Late Cretaceous of Patagonia. However this significant find must be studied to 

support the knowledge of diversity in Gondwana during the Cretaceous. 
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4 Chapter 4 Multituberculata 

4.1 Introduction and historical review of Allotheria  

The multituberculates (Order Multituberculata, Subclass Allotheria) are a group of highly 

specialized extinct mammals that inhabited the Northern Hemisphere during the Late 

Jurassic to the Eocene and are believed to be the most abundant mammals during the Late 

Cretaceous and Early Cenozoic (Van Valen and Sloan, 1966). The term Multituberculate 

comes from the Latin word multum meaning multiple and tuberculum meaning tubercle and 

this is in reference to the tuberculate cups in the molar teeth. 

The Subclass Allotheria was originally designated as an Order by Marsh in 1880. Marsh 

created the Order Allotheria based on dentaries and teeth belonging to the multituberculate 

genera Plagiaulax and Ctenacodon and was inclined to believe that it could be a suborder of 

Marsupialia. Allotheria is taken from the Greek with Allos meaning other or different and 

Therion meaning wild animal or beast. 

In 1945 Simpson raised the Order Allotheria to a subclass ranking in his monograph “The 

Principles of Classification and a Classification of Mammals”. 

Originally Hopson (1970) proposed Allotheria to be an Infraclass ranking. Hopson (1970: 6) 

considerd that both Order Multituberculata and Order Monotremata “to be so highly modified, 

that they neither can be allied to any other Orders only at Infraclass level, which each group existing as a 

separate linage from near the base of the Jurassic or from the late Triassic and so each must be placed in a 

different Infraclass”. Years later McKenna and Bell (1997) in their mammalian classification text 

also consider Allotheria to be of infraclass status and placed the Infraclass Allotheria under 

the Subclass Theriiformes, while the monotremes are placed in the Subclass Prototheria. 

The Subclass Allotheria today is made up of two Orders and one Order incertae sedis. It 

consists of the tentatively assigned Order Multituberculata Cope, 1884 and the Order 

Haramiyida G. Hahn, Sigogneau-Russell and Wouters, 1989. 

The latest Mesozoic mammalian phylogenetic study by Luo et al. (2002) offers two 

alternative positions for Allotheria (including Multituberculata). The first alternative position 

is that Multituberculata and Trechnotheria form a clade, defined as “the common ancestor of 

multituberculates and living therians plus all of its descendants” (Luo et al., 2002:33).  

This clade is supported by characteristics of the hind leg and some brasicranial and 

postcranial characters identified by Luo et al. (2002). The second alternative view is that 

Haramiyavia + Multituberculata form the Allotherian clade as a basal mammalian lineage (see 

Luo et al., 2002). 
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4.1.a Historical review of Multituberculata 

Since the first discoveries of multituberculates in the 19th century there has been a confusion 

on the classification of multituberculates due to several factors such as the isolated nature of 

the fossils described, the scarcity of available fossil material and also, to the diverse 

chronological, geographical, ecological and taxonomical nature of this group (Miao, 1993). 

The historical review presented here consists of a brief summary that attempts to highlight 

the diverse interpretations and debates related to multituberculate affinities and their 

classification as a group. 

The first multituberculate mammal was described by Falconer in 1857, based on dentaries of 

the genus Plagiaulax, from the Purbeck of England (Kielan-Jaworowska, Cifelli and Luo, 

2004) and proposed that the two species Plagiaulax becklesii and P.minor be classified as 

herbivorous marsupials, placing both in a position between Hypsiprymnus and the Phalangers 

(Broom, 1914).  

Falconer (1857) was certain about the mammalian affinity of these fossils but he believed 

they were marsupial in nature and considered them to share the same herbivorous habitats as 

present day Australian Kangaroo rats (Broom, 1914). The dentaries and teeth belonging to 

Plagiaulax were believed to be rodent-like, but the molars were different to rodent molars and 

made up of numerous longitudinal rows of cusps of equal height (e.g. Kielan-Jaworowska et 

al., 2004). The premolars of Plagiaulax differed even more from rodent premolars by being 

blade-like and covered on both the lingual and buccal sides by oblique ridges. 

Owen in 1860 came to the conclusion that the affinities and habits of Plagiaulax were similar 

to those of a carnivorous marsupial, due to certain characteristics such as the carnassial 

character of the large teeth and characteristics in the jaw (e.g Broom, 1914). 

Falconer in 1862 replied to Owen, considering that Plagiaulax was not carnivorous and 

instead could have been a “mixed feeder” or an omnivorous marsupial feeding on mixed diet 

of fruits and insects. 

In 1871 Owen in his “Monograph on the Fossil Mammalia of the Mesozoic Formations” 

reaffirmed that Plagiaulax had a carnivorous habitat. 

In 1879 Marsh described Ctenacodon serratus from the Upper Jurassic of North America and in 

1880 proposed the name Allotheria for the Order represented by Plagiaulax and Ctenacodon. 

He believed that the Order Allotheria represented a suborder of Marsupialia and stated that 

this group could not be satisfactorily placed in any of the then present orders and that is why 

he created a new order to house Plagiaulax and Ctenacodon in (Marsh, 1880). 
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One year later, Cope (1881) described the first North American tertiary multituberculate 

Ptilodus. After this discovery all throughout the 1880s the paleontologists Cope and Marsh 

described a variety of mammals (that later would be classified as multituberculates) from the 

Late Jurassic, Late Cretaceous and Early Tertiary of North America. 

Edward Drinker Cope the North American paleontologist and evolutionist, in 1884 

published a paper titled “The Tertiary Marsupialia” where he discussed the affinities of 

Ptilodus, Polymastodon and Neoplagiaulax with relation to Ctenacodon, Plagiaulax, Tritylodon and 

Thylacoleo and regarded all as belonging to a new suborder Multituberculata in the Order 

Marsupialia (see Broom, 1914). Cope (1884) dismissed that these multituberculates are 

herbivorous or similar to extant kangaroos but instead he was of the belief that they may 

have had a diet of eggs or smaller animals. 

In 1888 Osborn in his monograph “The Structure and Classification of the Mesozoic 

Mammalia” reviewed all known multituberculates including new information on type 

specimens. Osborn (1888) placed the Multituberculata with the Marsupialia, he believed that 

they could be related, or form a branch of the monotremes. 

Up to 1888 most paleontologists believed multituberculates were marsupials. However, in 

1888 Poulton discovered that the extant platypus Ornithorhynchus had teeth in the young with 

irregular crowns. Based on this new discovery, Cope (1888) believed that is was probable that 

the Multituberculata were related to the Monotremata and not to the Marsupialia. He then 

divided the Protheria into three suborders Protodonta, Multituberculata and Monotremata. 

From 1888 mammalogists were divided over the classification of multituberculates as either 

Marsupials or Prototherians (monotremes), with little evidence supporting each case. 

However more fossil evidence became available when a few years later when the first nearly 

complete skull of a multituberculate Ptilodus gracilis was described by Gidley (1909). He 

concluded that the skull of Ptilodus resembled a typical diprotodont marsupial and thus 

considered that Ptilodus and other similar multituberculates belonged to the diprodont 

marsupials, a view shared by many authors including Osborn and Scott (see multituberculate 

review by Hahn, 1983; Hahn and Hahn, 1983). 

In 1910 Gregory published “Orders of Mammals” and agreed that multituberculates are 

marsupials. However he was not convinced that they were true diprotodont marsupials due 

to characters based on cheek-teeth and incisors (Broom, 1914). Instead, Gregory (1910) 

believed that multituberculates were derived independently from other mammals from a 

Triassic Protherian ancestor. Gregory (1910) stated that the Prototherian ancestors of the 

Monotreme-Marsupial-Placental stem had incisor, canines, premolars and molars. He stated 
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that in the Upper Triassic these Protherian ancestors underwent dental reduction and gave 

rise to the multituberculates that shared “primitive” convergent features with the 

Diprotodontia. Gregory (1910) argued that the Diprotodontia shared features with the 

Multituberculata but did not give rise to them. 

In 1910 Broom published “On Tritylodon and the relationships of the Multituberculata” and 

argued that multituberculates are not related to diprotodont marsupials. Broom (1910) 

proposed that the marsupials derived from a polyprotodont ancestry during the Cretaceous 

or earlier. He observed that multituberculates are known from the much older Triassic beds 

and thus cannot be related to the Polyprotodont Marsupials. He regarded that “In the present 

state of our knowledge it seems wisest to leave the Multituberculata as a distinct independent group with no 

very near affinities with the living Monotremes, Marsupials or Eutherians.” (Broom, 1910:766). 

Throughout the late 19th and early 20th centuries, multituberculates were classified as both 

marsupials and sometimes monotremes (see G. Hahn, 1983; G. Hahn and R. Hahn, 1983). 

In 1915, multituberculates were considered a separate independent group of mammals by 

Granger (1915). He argued that multituberculates were neither monotremes nor marsupials. 

Simpson accepted this view in the late 1920s when he published revisions of multituberculate 

affinities (Simpson, 1928, 1929). In the 1920s and 1930s new discoveries of multituberculates 

from Asia resulted in the publication of various monographs by Simpson (e.g. Simpson, 

1925, 1928, 1929). 

Later in 1954 Simpson raised the Order Allotheria to a Subclass ranking containing only a 

single order, Order Multituberculata Cope, 1884. 

4.1.b Multituberculate systematics and origin 

In this section a brief summery will cover the origin of multituberculates and their relation to 

extant and early mammals. 

As Simpson states (1945: 168.): “The multituberculate structure was so radically distinctive throughout 

their history that it seems hardly possible that they are related to other mammals except by a common origin, 

at, or even before, the appearance of the class as such, a conclusion that necessitates placing them in a separate 

subclass as well as order.” 

Traditionally multituberculates were thought to have evolved from cynodonts independently 

from all other mammals, or diverged from the mammalian stem group at a very early stage of 

mammalian evolution (See Kielan-Jaworowska and Hurum, 2001). The belief that 

multituberculates had evolved from the cynodonts was accepted as previously, the cynodont 

tritylodontids were thought of as an early group of mammals and only known only from 

dentition (e.g. Broom, 1910; Simpson, 1928). 
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Even in the early 20th century, Simpson (1928, 1929) who was one of the first who reviewed 

the systematic relationships of the Multituberculata based on limited multituberculate fossil 

material considered the tritylodontids to be mammals. He thus classified the 

multituberculates together with the tritylodontids. Based on a polyphyletic origin of 

mammals, Simpson (1928, 1929) placed the tritylodonts in the Multituberculata and divided 

Multituberculata into two suborders Tritylodontoidea and Plagiaulacoidea. 

Simpson (1928, 1929) did this as he was of the belief that multituberculate dentition was 

derived from the tritylodontids as they shared dental similarities in that the molars and both 

groups had cusps arranged in longitudinal rows. This early classification was based on the 

limited tritylodontid material available, which included only dentition and rostrum. 

Later with the discovery of multituberculate skulls, Simpson (1937) compared their skull 

morphology with that of tritylodontids, monotremes and therian mammals. He concluded 

that multituberculates did not have a close relationship with either the monotremes or the 

therian mammals. He argued that the multituberculates had evolved independently to the 

other mammalian lineages. Simpson (1937, 1959) regarded multituberculates to have a 

synapsid ancestry that was separate from the origin of therians and other groups of mammals 

such as the monotremes and the eutriconodonts. But at that stage complete skulls of 

tritylodonts were not known.  

Nevertheless, later in the 1930s and 1940s complete skulls of both multituberculates and 

tritylodontids were discovered (Young 1940, 1947) and it became evident that there were a 

lot of differences between the two groups. 

Watson (1942) and Young (1947) compared the skulls and they observed that the 

tritylodontids lacked the dentary-squamosal jaw articulation but retained the postdentary 

bones in the mandible like most cynodonts. This was unlike the mammalian multituberculate 

jaw, which has very developed mammalian characteristics.  

Due to these studies it was accepted by most that tritylodontids were more primitive than 

other mammals and that multituberculates are not related to tritylodontids (see review by Luo 

et al., 2002). 

Thus the tritylodontids were no longer considered mammals and removed as a suborder 

from Multituberculata by Simpson (1945) in his classification text “The Principles of 

Classification and a Classification of Mammals”. Along with this the hypothesis that 

tritylodontids and multituberculates were related was also abandoned. This has also been 

supported in the latest mammalian phylogenies (Luo et al., 2002).  
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In 1945, Simpson classified the multituberculates in the infraclass Allotheria and allocated 

them as sharing a parallel evolutionary path to the Monotremata, the Eotheria (triconodonts) 

and the Theria. Simpson (1945) proposed that the multituberculates had evolved in parallel 

with the monotremes, triconodonts and therians from a different therapsid ancestor also 

known as the “polyphyletic Mammalia” view.  

In the 1950s to the 1970s more complete therapsids and early mammals were discovered and 

along with these the evolution of the jaw joint and the braincase structure of these therapsids 

and early mammal was studied (Crompton, 1958, 1964, 1972; Hopson, 1964; Kermack, 1963; 

Kermack et al., 1968; Romer, 1970). From these new findings it was argued that Mammalia 

did not have a polyphyletic origin but was a monophyletic group and was diagnosed by the 

presence of a dentary-squamosal mandibular joint, monophyodont molars and triangular 

occlusion of the cheek-teeth during chewing (Barghusen, 1968; Barghusen and Hopson, 

1970; Crompton, 1972; Crompton and Jenkins, 1979; Hopson and Crompton, 1969; 

Hopson, 1970). 

In the 1970s the mainstream view on mammalian phylogeny was that Mammalia was 

regarded as monophyletic (see Cifelli, 2001), that could be divided into the Prototherian and 

Therians. The protherians consisted of triconodonts, morganucodontids, docodontids, 

monotremes and multituberculates. The multituberculates were thought to be related to 

monotremes and triconodonts (McKenna, 1975) and shared anatomical structures in the 

skull. The Prototheria (also called the “Atheria” or “Nontheria”), all shared a linear cusp 

arrangement on the cheek-teeth, a “petrosal” wall of the cavum epiterucum. While the 

therians consisted of the pantotheres, marsupials and placentals and they shared the angular 

arrangement of molar cusps and an alisphenoid wall of the cavum epiptericum (Hopson and 

Crompton, 1969; Kermack and Kielan-Jaworowska, 1971; Crompton and Jenkins, 1973; 

McKenna, 1975; Crompton and Jenkins, 1979). Multituberculates were thought to be more 

closely related to the monotreme, triconodonts and morganucodontids than to any other 

therian or therapsid groups. 

Recently, due to the discoveries in the last half century of complete skeletons and skulls of 

Late Cretaceous multituberculates from Mongolia (Simpson, 1925; Kielan-Jaworowska, 

1970a, 1971 and references therein), along with discoveries of dentitions and skulls from the 

Late Jurassic of Portugal (Hahn, 1969, 1977a, 1977b, 1978, 1981, 1985, 1987, 1988; Hahn 

and Hahn, 1994) and with the introduction of cladistic analysis, more is known about 

multituberculate anatomy and phylogeny. This is based on new morphological, embryological 
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and molecular data, whereby the old hypotheses from the 1960s have been questioned and 

different multituberculate origin hypotheses have been proposed and introduced. 

In the late 1960s, MacIntyre (1967) pointed out the uncertainty that there was in determining 

the cavum epiptericum in prototherian mammals and therapsids. He questioned if there was 

indeed a distinction between the alisphenoid wall of the cavum epiptericum (as seen in the 

therians) and the periotic (petrosal) wall of the cavum epiptericum as observed in the 

Protheria. Other authors such as Kuhn (1971); Griffiths (1978); Presley (1981) and Presley 

and Steel (1976) demonstrated that there were ontogenetic differences between the 

alisphenoid ossification of the therians and the periotic ossification of the monotremes. 

Kemp (1983) criticized the protherian-therian dichotomy and was in favour of a 

monophyletic group composed by the monotremes, multituberculates, marsupials and 

placentals based on the presence of 3 ear ossicles and some postcranial features. Kemp 

(1983) argued that the linear arrangement present on the molars of the prototherians was 

primitive as it was present in earlier therapsid groups. He postulated that the 

multituberculates are more closely related to the monotremes and therian mammals than to 

morganucodontids. But Kemp (1982, 1983) did not include the multituberculates when 

discussing the relationships of cynodonts and early mammals. 

For example in the 1980s embryological studies carried out on extant mammals by Kuhn and 

Zeller (1987) and Maier (1987) demonstrated that the spheno-obturator membrane, 

precursor of the wall of the cavum epiptericum, might not be homologous in all extant 

mammals. This was observed in the therian and monotremes whereby the position of the 

spheno-obturator membrane lies differently in relation to the major cranial nerves and also 

there could be differences between each mammalian group in the process of ossification of 

the membrane.  

In the monotremes the anterior lamina forms an intramembranous ossification in the 

spheno-obturator membrane (called a lamina obturans) that fuses with the endochondral 

petrosal during the various phases of ontogeny (Kuhn, 1971; Presley, 1981; Zeller, 1989b; 

Wible and Rougier, 2000). Wible and Rougier (2000) proposed that similar to the monotreme 

anterior lamina, the anterior lamina of the extinct multituberculates and other 

Mammaliaformes would have been formed intramembranously. Thus the monotreme lamina 

obturans is the only model for the anterior lamina that can be used to study for extinct 

mammals. 

In the last two decades major studies on the skull structure of multituberculates and early 

mammals (eg. Presley and Steel, 1976, 1978; Presley, 1980, 1981; Kielan-Jaworowska et al., 
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1986; Miao, 1988; Wible, 1991; Rougier et al., 1992; Wible and Hopson, 1993, 1995; Hopson 

and Rougier, 1993; Hurum, 1994, 1998a, 1998b) have demonstrated that the internal 

structure of the skull and vascular system of all mammals (including multituberculates) is 

homogenous.  For example the discovery of the multituberculate ear ossicles by Miao and 

Lillegraven (1986), later helped demonstrate that the ear ossicles of multituberculates 

displayed the same pattern as those of other mammals (Hurum et al., 1996; Rougier et al., 

1996a). 

However, Zeller (1989a, b, 1993) did not believe that the morphology of the skull provided 

enough evidence to demonstrate close phylogenetic relationships among the Monotremata, 

Triconodonta, Multituberculata or the Pantotheria.  

With the onset of cladistic analysis, the relationship of the multituberculates to other early 

mammals led to a variety of different conclusions (for a summarized review see Kielan-

Jaworowska, 1997). 

For example, the proposition that multituberculates might be a sister taxon of all other 

mammals, i.e. placed between the advanced Cynodontia and “Triconodonta”, is supported by 

different authors such as Hahn et al. (1989) who studied the dentition of multituberculates 

and related groups from isolated teeth, Miao (1993) who analysed the cranial anatomy of 

multituberculates and the comparison with other mammals and McKenna (1987) who 

analysed both cranial and postcranial characters of non-mammalian and mammalian 

synapsids. 

This multituberculate-monotreme-theria monophyletic group was supported by Rowe 

(1986), who further proposed (Rowe, 1988, 1993) that multituberculates were the sister-

group to the therians. Thus he concluded that multituberculates and theria were more closely 

related to each other than to the monotremes. This theory was supported mainly by 

similarities in the multituberculate and therian postcranial skeleton but cranial features were 

also used (Rowe, 1986; Rowe and Greenwald, 1987). Sereno and McKenna (1995) also 

supported that Multituberculata was the sister taxon of Theria, using an analysis of the 

forelimb structure in one multituberculate taxon.  

Aswell as this, in the last half century more is known about multituberculates anatomy due to 

discoveries of complete skeletons and skulls of Late Cretaceous multituberculates from 

Mongolia (Simpson, 1925; Kielan-Jaworowska, 1970a, 1971 and references therein) and from 

the dentitions and skulls discovered in the Late Jurassic of Portugal (Hahn, 1969, 1977a, 

1977b, 1978, 1981, 1985, 1987, 1988; Hahn and Hahn, 1994). 
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Currently there are controversies of multituberculate origin and relationships. With the 

advent and introduction of cladistic analysis and the discovery of complete multituberculate 

skulls and skeletons, different multituberculate origin hypotheses were proposed. 

The most recent cladistic analysis by Luo et al. (2002), states that currently there are four 

hypotheses followed. These are:  

• multituberculate-monotreme sister-group hypothesis. 

• multituberculate-eutriconodont sister-group hypothesis. 

• multituberculate-trechnotheria sister-group hypothesis. 

• multituberculate-haramiyid hypothesis.  

Luo et al. (2002) state that currently it is very difficult to interpret multituberculate origin and 

relationships due to three reasons. 

The first reason is that each hypothesis for multituberculate relationships requires a large 

amount of convergences and reversals among well-established anatomical characters and 

these conflicting views cause dispute among paleontologists who study multituberculate 

relationships. For example there are two types of brain structure found in Mesozoic 

mammals (Kielan-Jaworowska, 1986) the cryptomesencephalic and the eumesencephalic. 

Multituberculates and Eutriconodonta share the cryptomesencephalic brain type while 

Morganucodon and some Cretaceous and extant therians have a eumesencephalic brain type 

(Luo et al., 2002). If multituberculates were related to monotremes or haramiyids or 

trechnotherians (all do not have a cryptomesencephalic brain) then this feature would be 

convergent. 

Another of the reasons is that there is not a direct outgroup that provides possible conditions 

to explain the highly specialized dental features of the multituberculate dentition. 

Multituberculates have dentition specialized for herbivorous diet and it is difficult to establish 

how the multituberculate dentition has derived from other known mammals and from the 

non-mammalian cynodonts except the tritylodontids (see Luo et al., 2002).  

Finally it is difficult to understand multituberculate relationships due to the lack of early fossil 

taxa from the Late Triassic as the first recognized multituberculates are only known from the 

Late Jurassic to  ?Middle Jurassic (e.g. Kielan-Jaworowska and Hurum, 2001).  

Until recently the earliest known multituberculates were known from the Late Jurassic 

(Kimmeridgian) of Portugal (e.g. Hahn, 1969; Clemens and Kielan-Jaworowska, 1979; Hahn 

and Hahn, 1983; Hahn et al., 1989) but there are also isolated teeth with multituberculate 

affinities reported from the Middle Jurassic of Forest Marble, England (Freeman, 1976) and 

an incisor with multituberculate affinities from the Middle Jurassic of Oxfordshire, England 
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(Freeman, 1979). There is also a pre-Bathonian multituberculate Mojo which is represented by 

an incomplete ?upper premolar and reported from the Late Triassic of Belgium (G. Hahn et 

al., 1987) but whose attribution to the Multituberculata is still uncertain. 

In the later part of the 20th century, multituberculates were believed to be related to 

monotremes and triconodonts (McKenna, 1975) both groups shared skull characteristics and 

thus these groups were termed “Prototheria”. 

Recently the latest Mesozoic mammalian phylogenetic study by Luo et al. (2002) offers two 

alternative positions for Allotheria (including Multituberculata). The first alternative position 

is that Multituberculata and Trechnotheria form a clade that is defined as “the common ancestor 

of multituberculates and living therians plus all of its descendants” (Luo et al., 2002:33). This clade is 

supported by characteristics of the hind leg and some brasicranial and postcranial characters 

identified by Luo et al. (2003). The second alternative view is that Haramiyavia + 

Multituberculata form the Allotherian clade as a basal mammalian lineage (see Luo et al., 

2003).  

As multituberculates are herbivorous then it is thought that the ancestor of Multituberculata 

had evolved from a mammal that led an herbivorous or maybe insectivorous lifestyle. This 

ancestor would have already had a backwards motion chewing ability (palinal). Haramiyids 

such as Haramiyavia (Jenkins et al., 1997) have an orthal jaw movement but other haramiyids 

based on isolated teeth do have a palinal chewing motion (Butler and MacIntyre, 1994). 

Historically multituberculates have thought to be related to haramiyids with authors such as 

Simpson (1928) with this view.  

This is due to the fact that multituberculates have very distinctive molars consisting of 

numerous longitudinal rows of cusps of equal height, while haramiyids also have molars 

consisting of longitudinal rows of cusps these cusps are of differing heights (Jenkins et al., 

1997). 

4.1.c Possible ancestor-Haramiyida and possible outgroups 

It has long been thought that multituberculates may be the sister taxon to other mammals 

and this is related to the idea that Multituberculata are close relatives to the Haramiyidae. The 

Haramiyidae are a family of mammals from the Late Triassic to Early Jurassic of Europe, 

represented until recently by isolated teeth distinguished by numerous cusps arranged in 

longitudinal rows. 

The haramiyids were first placed as a suborder Haramiyoidea (Hahn, 1973), consisting of the 

sole family Haramiyidae. Later Hahn et al. (1989) raised the suborder Haramiyoidea to an 
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ordinal rank Order Haramiyida. Then Butler and MacIntyre (1994) regarded the Haramiyida 

as a sister group of the Multituberculata and assigned them to  ?Mammalia in Allotheria.  

Later in 1997, Jenkins et al. (1997) described Haramiyavia clemmenseni from the Upper Triassic 

of Greenland. Haramiyavia has been interpreted as having an orthal jaw movements (Jenkins 

et al., 1997) while multituberculates and Allotheria have a propalinal movement of the 

dentary (fore and aft movements) and backwards palinal power stroke.  

Jenkins et al. (1997) also demonstrated that Haramiyavia retains the primitive postdentary 

trough that accommodates the middle ear bones; this structure is absent in multituberculates. 

Due these differences Jenkins et al. (1997) excluded the Haramiyida from the Allotheria. 

These authors believe that haramiyids should be placed in a basal position among mammals 

due to the retention of primitive characters in the jaw and post dentary apparatus but at the 

same time exhibit a highly specialized dentition that is a derived character. 

Some authors such as Kermack et al. (1998) argue that Haramiyavia does not even belong to 

the haramiyids and in which case the propalinal or orthal jaw movement should be re-

questioned in that family. 

A few years later, Butler (2000) revised the Allotheria and argued that dental resemblance 

such as the numerous cusps arranged in longitudinal rows observed between the 

Multituberculata and the Haramiyida supports the hypothesis that the Multituberculata may 

have originated within the Haramiyida.  

But as stated by Kielan-Jaworowska and Hurum (2001) it should be stressed that the families 

known from only isolated teeth in the Order Haramiyida, including the Haramiyidae 

Simpson, 1947, the Theroteinidae Sigogneau-Russell, Frank and Hemmerlé, 1986 and 

Eleutherodontidae K.A. Kermack, D. M. Kermack, Lees and Mills, 1998 are not used as 

outgroups in cladistic analysis and are omitted due to the incompleteness of the available 

material.  

Butler (2000: 339) points out two hypotheses concerning the origin of multituberculates: 

“either they were specialised haramiyid derivatives, or they were highly aberrant mammaliaforms”.  He states 

that if multituberculates were derived from the haramiyids then at least some of the 

characters they share with therian would be homoplasies, for example the freeing of the ear 

ossicles from the dentary. Haramiyavia has a suculus on the dentary that implies that it may 

have still had the postdentary bones attached to the dentary (Jenkins et al., 1997), while on 

the other hand multituberculates have ear ossicles that resemble modern mammals (Rougier 

et al., 1996a). The detachment of the ear ossicles may have occurred several types 

independently in different lineages as suggested by Allin and Hopson (1992) and Butler 
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(2000) states that also in different lineages of mammals there are also other characters which 

may have appeared more than once such as the triangular cusp pattern of the molar. Butler 

(2000) states that it is reasonable to suppose that similar animals when exposed to similar 

environments evolve in a similar direction and this would be especially true to the 

development of the structures in the ear whereby the complex structures of the ear are 

modified but at the same time the function of the ear must be maintained throughout this 

evolutionary change.  Butler (2000) thus states that homoplasies would be a common feature 

in animal evolution.  

But this view becomes more complex in relation to the evolution of the teeth and 

masticatory apparatus, as teeth evolve as part of a feeding system involving jaws and jaw 

muscles.  

Thus if multituberculates were mammaliaforms (Mammaliaformes of Rowe, 1988), then a 

large amount of transformations would have to have taken place in the dentition and the 

chewing mechanisms. At the morganucodontids level and above (Mammaliaformes of Rowe, 

1988) the teeth are triconodont, occlusion causes a shear between the lingual cusps surface of 

the upper cusps and the buccal surfaces of the lower cusps (see Butler, 2000) and the molars 

work together to achieve an unilateral chewing motion with mostly lateral movements of the 

mandibles (Crompton, 1989). In contrast, the multituberculate chewing motion is bilateral 

with the mandible moving longitudinally. The cusps are not arranged in a triangular manner 

but in two parallel rows of anteroposteriorly-oriented cusps. Thus in multituberculates 

occlusal occurs when the buccal lower row occludes in the valley between the buccal and 

lingual upper rows (e.g. Clemens and Kielan-Jaworowska, 1979; Butler, 2000).  

Butler (2000) proposes that the derivation of the multituberculate chewing apparatus and 

dentition from a Mammaliaform dentition would be most likely improbable. Early 

mammaliaforms dentition evolved from a triconodont molar pattern with a principal cusp 

and surrounded by smaller mesial and distal cusps and this is traced back to the cynodonts 

such as Thrinaxodon (Crompton and Jenkins, 1968) from the Early Triassic. In some 

cynodonts such as Cynognathus and the tritheledontids there was occlusion between the buccal 

surface of the lower teeth and lingual surface of the upper teeth causing a vertical shear. This 

is not seen in the allotherian (Multituberculata, Thomasia and Eleutherodon) dentition where it is 

thought that mastication was based on a horizontal and palinal movement with a bilateral 

occlusion, rather than transverse as in the Mammaliaform level (Butler, 2000). Thus the 

allotherian occlusion may have evolved from an orthal crushing type where the cusps occlude 

and fit into the longitudinal valley of the opposing teeth. Butler (2000) states that this type of 
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mastication and tooth design, both developed from an early cynodont design. This type of 

mastication also included the broadening of teeth with no shearing involved between upper 

and lower teeth.  Butler (2000) explains why it is mostly improbable that the molars of 

allotherians derived from a triconodont pattern. 

As postulated by many authors such as McKenna (1987), Miao (1993), Kielan-Jaworowska 

and Gambaryan (1994) and Butler (2000) this would imply that divergence between the 

allotherians and other early mammals took place earlier than the Mammaliaform stage, 

probably in the Middle Triassic, before the evolution of a unilateral shearing occlusion.  This 

also implies that the apomorphies that are shared by multituberculates and the other non-

allotherian Mammaliaformes evolved independently and in parallel.  

Thus some authors such as Butler (2000) and by G. Hahn et al. (1989) believe that the 

Multituberculata are a monophyletic group sharing resemblances with the Haramiyida and 

thus may indicate that the Haramiyida may be an early offshoot from the Multituberculata 

stem. Butler (2000) proposes that Multituberculata and Haramiyida constitute an allotherian 

clade that originated separately back in the Triassic and that the Haramiyida would be a 

paraphyletic group constituting the allotherians that did not reach the multituberculate level.  

Other authors such as Rowe and Greenwald (1987); Rowe (1988, 1993); Lucas and Luo 

(1993) and Sereno and McKenna (1995) used derived features of the postcranial skeleton and 

regarded the Multituberculata as a sister taxon of the Theria (Marsupialia + Placentalia). The 

first computer generated analysis of all the Multituberculata by Simmons (1993) used Theria 

as an outgroup. 

In the latest phylogenetic analysis by Luo et al. (2002) two alternate placements of 

allotherians (haramiyids and multituberculates) among Mesozoic mammals. The first is 

supported by a strict consensus of most parsimonious trees that suggests that 

multituberculates (but not other allotherians) are closely related to a clade including the 

spalacotheriids +crown therians (Technotheria as defined by Luo et al., 2002). The second 

alternate placement places Allotheria outside the mammalian crown group and this is 

supported by a constrained search that reflects the traditional view according to the majority 

of the opinions by specialists of haramiyids and early multituberculates (Luo et al., 2002). 

This second placement reflects the uniqueness of the multituberculate dentition.  

Luo et al. (2002) add that many “primitive structures” that are seen in Haramiyavia i.e. dentary 

trough to accommodate post dentary bones are not present in multituberculates.  

Kielan-Jaworowska et al. (2004) also state that Haramiyavia has not been compared to the 

teeth of Theroteinida, but the theroteinids have three rows of cusps in the upper molars 
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(such as multituberculates) and the haramiyids only have two rows of cusps in the upper 

molars). 

4.1.d Multituberculate interrelationships 

Simpson (1945) studied multituberculate interrelationships and proposed that the Order 

Multituberculata Cope, 1884 be divided into three families. These three families are 

Plagiaulacidae Gill, 1872; Ptilodontidae Gregory and Simpson, 1926; and Taeniolabididae 

Granger and Simpson, 1929. Simpson (1945) did not classify the Order Multituberculata into 

any suborders. Though in 1925 Simpson mentioned the Suborder Plagiaulacoidea and three 

years later Simpson (1928) diagnosed it formally (Kielan-Jaworowska and Hurum, 2001). But 

in 1945, Simpson treated Plagiaulacoidea not as a Suborder but as a synonym of 

Multituberculata and rejected the synonym of Tritylodontoidea with Multituberculata. 

Kielan-Jaworowska, Cifelli and Luo (2004) present a historical review of multituberculate 

systematics, based on the recent phylogenetic analysis of Multituberculata by Kielan-

Jaworowska and Hurum (2001).  

Kielan-Jaworowska and Hurum (2001) using phylogenetic analysis revised multituberculate 

systematics. These authors based their work on data obtained from previous works on 

multituberculate systematics (see review by Kielan-Jaworowska and Hurum, 2001). They 

discussed the unresolved problems in multituberculate phylogeny, such as the 

interrelationships between “plagiaulacidan” lines, origins of the Cimolodonta, origins of the 

gigantoprismatic enamel on the teeth and the relationships between the gigantoprismatic and 

microprismatic enamels. In their analysis, the Order Multituberculata is divided into two 

suborders: Suborder ‘Plagiaulacida’ McKenna, 1971 and Suborder Cimolodonta McKenna, 

1975. Kielan-Jaworowska and Hurum (2001) established that most multituberculates could 

be placed into two suborders ‘Plagiaulacida’ McKenna, 1971 and Cimolodonta McKenna, 

1975. The Suborder ‘Plagiaulacida’ McKenna, 1971 replaces the Suborder Plagiaulacoidea 

(Simpson, 1925), G. Hahn, 1969 (e.g. Kielan-Jaworowska and Hurum 2001). ‘Plagiaulacida’ is 

a paraphyletic suborder and Kielan-Jaworowska and Hurum (2001) use this name with a 

quotation mark. The systematics adopted by Kielan-Jaworowska and Hurum (2001) place the 

family Arginbaataridae with sole genus Arginbaatar in the Suborder incertae sedis. 

The Suborder Gondwanatheria Mones, 1987 was not discussed in their analysis. The reason 

that Gondwanatheria was not discussed was due to the ambiguity raised by Pascual et al. 

(1999) whereby Gondwanatheria was considered not to be classified as a Multituberculate 

Suborder but as Mammalia incertae sedis. 
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The Suborder Gondwanatheria Mones, 1987 was tentatively assigned to Multituberculata 

(Krause and Bonaparte, 1990) and consisted of the Family Ferugliotheriidae J. F. Bonaparte, 

1986 and the Family Sudamericidae Scillato-Yané and Pascual, 1984.  

With the discovery in Patagonia of a left dentary of Sudamerica ameghinoi and the analysis 

undertaken by the authors, the family Sudamericidae Scillato-Yané and Pascual, 1984 and 

thus the Suborder Gondwanatheria Mones, 1987 were both removed tentatively from 

Multituberculata. This decision was based on the characters observed on the left dentary of 

Sudamerica ameghinoi specifically the presence of two molariform cheek-teeth in place and two 

more molar loci. On the basis of the molar number they removed Sudamerica, the Family 

Sudamericidae and the Suborder Gondwanatheria from Multituberculata and classified them 

as Mammalia incertae sedis (Pascual et al., 1999).  

The authors Kielan-Jaworowska and Hurum (2001) removed the Suborder Gondwanatheria 

from Multituberculata but tentatively assigned the family Ferugliotheriidae to 

Multituberculata. Thus these authors limited Gondwanatheria to Sudamericidae and assigned 

Ferugliotheriidae tentatively to Multituberculata. 

However Kielan-Jaworowska et al. (2004) changed their view and assigned to 

Multituberculata incertae sedis only several upper premolars and an incomplete dentary with a 

premolar from Los Alamitos Formation. They removed this dentary and the isolated 

premolars from the Gondwanatheria and by doing so removed the family Ferugliotheriidae 

from the Multitubercualta (see Chapter 5).  

4.1.e Relationships within Multituberculata  

There are unresolved problems with the interrelationships between the families of 

multituberculates and these problems have been dealt with Kielan-Jaworowska and Hurum 

(2001). 

Kielan-Jaworowska and Hurum (2001) produced a computer phylogenetic analysis and 

obtained a poor-resolution cladogram and thus they produced a manual cladogram. With the 

basis of analysis of characters that appear in the character list by Kielan-Jaworowska and 

Hurum (2001) these authors propose a hypothesis of multituberculate interrelationships. 

They divide Multituberculata into the paraphyletic suborder ‘Plagiaulacida’, a monophyletic 

suborder Cimolodonta and one Suborder incertae sedis with one family Arginbaataridae.  
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Kielan-Jaworowska and Hurum (2001) recognized within ‘Plagiaulacida’ three informal, 

apparently monophyletic lines, referred to as: 

1. Paulchoffatiid line (with three families: Paulchoffatiidae, Hahnodontidae and 

Pinheirodontidae).  

2. Plagiaulacid line (with three families: Plagiaulacidae, ?Albionbaataridae and 

Eobaataridae). 

3. Allodontid line (with three families Allodontidae, Zofiabaataridae and Family incertae 

sedis with one genus Glirodon). 

The Suborder incertae sedis with one sole family Arginbaataridae. 

The Suborder Cimolodonta consists of the Paracimexomys group and the five 

superfamilies: 

• Paracimexomys group. 

• Superfamily Djadochtatherioidea (replacing the Suborder Djadochtatheria Kielan-

Jaworowska and Hurum, 1997) (Families Sloanbaataridae; Family Djadochtatheriidae, 

Family incertae sedis with three Asian genera). 

• Superfamily incertae sedis (Families Cimilomyidae, Eucosmodontidae and 

Microcosmodontidae). 

• Superfamily Ptilodontoidea (Families Neoplagiaulacidae; Ptilodontidae; 

Cimolodontidae and tentatively assigned family incertae sedis with genus ?Neoliotomus. 

• Superfamily Taeniolabidoidea (Family Taeniolabididae). 

• Superfamily incertae sedis (Family Kogianonidae and Family incertae sedis with genus 

Uzbekbaatar and Viridomys). 

• Suborder ‘Plagiaulacida’. 

The Suborder ‘Plagiaulacida’ is a grade that is characterized by three upper incisors, a 

lower incisor that is completely covered by enamel except in the genus Glirodon and Eobaatar, 

five upper premolars present except two Paulchoffatiid genera and four blade-like premolars 

(with the advanced forms only having three blade-like premolars). The blade-like premolars 

are rectangular or triangular in lateral view (Kielan-Jaworowska and Hurum, 2001). In the 

‘Plagiaulacida’, there are eight families and one genus Glirodon assigned to a family incertae sedis. 

These families are divided into three informal monophyletic lines: Paulchoffatiid line, 

Allodontid line and Plagiaulacid line (Kielan-Jaworowska and Hurum, 2001) (See Figure 4.1).
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Figure 4.1: Dentaries of ‘Plagiaulacida’ multituberculates. 
(A) Bolodon (Plagiaulacidae), (B) Eobaatar (Eobaataridae), (C) Ctenacodon (Allodontidae), (D) 
Guimarotodon (Paulchoffatiidae). Modified from Kielan-Jaworowska and Hurum 2001. 

Paulchoffatiid line 

The Paulchoffatiid line consists of three families: Paulchoffatiidae, Hahnodontidae and 

Pinheirodontidae. Kielan-Jaworowska and Hurum (2001) studied the phylogeny of 

Multituberculata and stated that the Paulchoffatiid and Plagiaulacid lines are more closely 

related to one another than either of them is to the Allodontid line and probably share a 

common ancestor. The derived characters shared by the two lines (see Kielan-Jaworowska 

and Hurum, 2001 node 2 in Fig. 7.44) are enlarged I3 with 3-4 cusps, the structure of m2 

with no buccal cusps and ornamentation of the lower molars. These three characters 

differentiate both the Paulchoffatiid and the Plagiaulacid lines from the Allodontid line. 

However in spite of the similarities there are differences in the structure of the I3 and m2 as 

well as the ornamentation Paulchoffatiid and Plagiaulacid lines. The members of the 

Paulchoffatiid line (e.g. Paulchoffatiidae) are plesiomorphic in the structure of the dentary 

and lower premolars. They retain plesiomorphic molar cusps of different height; but at the 

same time process specialized features of the upper incisors and lower molars. The 

autapomorphies of the Paulchoffatiid line lies in the structure of the cusps of the m2. The 

m2 is basin-like, with a single cusp in Paulchoffatiidae, the I3 in Paulchoffatiidae is enlarged, 

roughly quadrangular or trapezoid in occlusal view and is three- to four-cusped. The m2 and 

I3 differ from the other families of the Paulchoffatiid line and from the Plagiaulacidae. Hahn 

(1971) and Kielan-Jaworowska and Hurum (2001) agree that a small i3 is plesiomorphic for 

multituberculates while a larger I3 is apomorphic for the Plagiaulacid and Paulchoffatiid lines. 

Van Valen (1976) however argues that multicusped I3 may be plesiomorphic for the 

Multituberculata; this is based on isolated incisors that may be haramiyid incisors originally 

described by Parrington (1947) and Peyer (1956). 
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Sigogneau-Russell (1989) described two types of haramiyid incisors considered upper incisors 

with a similar design to those in Paulchoffatiidae, one type is two-cusped, the other three 

cusped. While the upper incisors of the Greenland haramiyid Haramiyavia described by 

Jenkins et al. (1997) are all single cusped. Thus Kielan-Jaworowska and Hurum (2001) believe 

that it is more probable that the single cusped I3 with only a basal cuspule is plesiomorphic 

for the Multituberculata.  

The Paulchoffatiidae are considered plesiomorphic (primitive) in having p3 with a row of 

buccal cusps (not present in other families) and almost the same size and as long as p4 (see 

Text-Fig. 3 Kielan-Jaworowska and Hurum, 2001). Paulchoffatia is considered the most 

plesiomorphic of all known multituberculates due to the feature of retaining a very low angle 

(7o) between the tooth row and the dentary and, in this respect is most plesiomorphic of all 

known multituberculates (Kielan-Jaworowska and Hurum, 2001). The molar and premolars 

of the Paulchoffatiid line may show complicated ornamentation. Kielan-Jaworowska and 

Hurum (2001) and Hahn (1969, 1993) are also of the opinion that the basin like structure 

found on the m2 of the Paulchoffatiidae (or the Paulchoffatiid line) is apomorphic and thus 

excludes the Paulchoffatiidae from the ancestry to the Cimolodonta. 

Plagiaulacid line 

The Plagiaulacidae, Eobaataridae and Albionbaataridae are thought to be most advanced 

multituberculates of the Paulchoffatiid line (Kielan-Jaworowska and Hurum, 2001). The 

Plagiaulacidae have the same structure of the I3 with two to three cusps, a similar structure of 

the m2 and similarities in the ornamentation of the enamel (see Kielan-Jaworowska and 

Hurum, 2001). But the Plagiaulacid line differs from the Paulchoffatiid line in several 

apomorphies such as the p4 is elongated 1 1/2 to 2 times longer than the p3 and possesses 5 

to 7 ridges and, the p2 and p3 are triangular rather than rectangular in buccal view (e.g. 

Kielan-Jaworowska and Hurum, 2001).  

The Plagiaulacida have an I3 that is triangular in occlusal view and has three cusps and no 

oblique ridge (characteristic of the Paulchoffatiidae). The Plagiaulacid line and Paulchoffatiid 

line share the presence of the coalescence of buccal cusps on m2;  the Plagiaulacid line differ 

in having separated lingual cusps with a longitudinal valley along the tooth, rather than a 

basin like m2 (Kielan-Jaworowska and Hurum, 2001). The Plagiaulacidae have molars with 

the molars cusps that coalesce and distinct ornamentation of the molar enamel with grooves, 

pits and ridges this character is incipient in the Paulchoffatiidae and thus is regarded as a 

characteristic of the Plagiaulacid line (Kielan-Jaworowska and Hurum, 2001). The 

Plagiaulacidae share a characteristic feature of strong ribbing of the upper premolar cusps 
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and cuspules with the Paulchoffatiidae as well as a robust lower incisor and low position of 

the dentary condyle (Kielan-Jaworowska and Hurum, 2001). The Eobaataridae share with the 

Plagiaulacidae the structure of molars with coalescing cusps, grooves and ribbing on the 

molars and string ribbing and a similar shape on the upper premolars. The Eobaataridae 

differ from the Plagiaulacidae by several apomorphies such as having a single buccal cusp on 

p4 rather than a row of cusps and having a more prominent incipient lingual ridge on M1 

(Kielan-Jaworowska and Hurum, 2001). 

Allodontid line 

The allodontids are characterised by plesiomorphic and derived characters. Kielan-

Jaworowska and Hurum (2001) accept that the allodontids are more plesiomorphic 

multituberculates as they retain the plesiomorphic structures of the lower molars with rows 

of well separated cusps, smooth enamel that lacks grooves and ribbing on upper and lower 

molars and a small I3. The allodontids retain five upper and four lower premolars, however 

are more advanced than the Paulchoffatiid line, due to the structure of the lower premolars 

and in possessing a larger angle between the tooth row and the longitudinal line of the 

dentary (Kielan-Jaworowska and Hurum, 2001). 

The Allodontid are also slightly younger geologically than the Paulchoffatiidae (Simpson, 

1928, 1929; Hahn, 1969, 1993; Kielan-Jaworowska and Ensom, 1992; Carpenter et al., 1998; 

Engelmann and Callison 1998) and are known from the Late Jurasic of United States (e.g. 

Kielan-Jaworowska et al., 2004). In some genus such as Ctenacodon and Glirodon the upper 

premolars are smooth and not ornamented while in Psalodon the upper molars are 

ornamented (Simpson, 1929) and in Ctenacodon sp., the buccal and lingual cusps are well 

preserved and separated (not coalesced) (Simpson, 1929). The upper incisors in allodontids 

are different, in Psalodon the I1 is small, the I2 is enlarged with two cusps and I3 is small with 

a strong main cusps and smaller basal cuspule (see Pl. 1, Fig.1 Kielan-Jaworowska and 

Hurum, 2001).  

In Glirodon I3 is single cusped (see Fig. 7. 33 Kielan-Jaworowska and Hurum, 2001). In 

Psalodon the I3 and Paulchoffatia and Bolodon are considered multicusped by Simmons (1993) 

and Rougier et al. (1997). However Kielan-Jaworowska and Hurum (2001) state that this is 

misleading as the I3 is small in Psalodon and different from the enlarged I3 that is 3-4 cusped 

in the Paulchoffatiidae and Plagiaulacidae. The Allodontidae share with Plagiaulacidae the 

loss of the buccal cusps in p3, an increase of the length of p4 (text-Fig. 3 Kielan-Jaworowska 

and Hurum, 2001) and an incipient posterolingual ridge on M1 (Pl.1, Fig. 4 Kielan-

Jaworowska and Hurum, 2001). It is unknown if these characters are convergent or if they 
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are inherited from a common ancestor. The authors Kielan-Jaworowska and Hurum (2001) 

regard the family Zofiabaataridae as belonging to the Allodontid line due to well-separated 

cusps in the lower molars of Zofiabaatar from the Morrison Formation. Previously Zofiabaatar 

was assigned to Zofiabaataridae by Bakker (1992). This genus was later assigned to the 

Plagiaulacidae by Carpenter (1998) a family characterized by lower molars with coalescing 

cusps.  

Glirodon another multituberculate genus from the Morrison Formation was assigned to 

Plagiaulacoidea incertae sedis by Engelmann and Callison (1999). Glirodon possesses the 

plesiomorphic ‘plagiaulacidan’ dental formula and shares with the Allodontidae the structure 

of the upper premolars and molars (Kielan-Jaworowska and Hurum, 2001). Glirodon differs 

from the Paulchoffatiidae and Plagiaulacidae in having an I3 that is single cusped and Glirodon 

has more advanced structure of the M2 with 3 rows of cusps compared to Ctenacodon (Kielan-

Jaworowska and Hurum, 2001). At the same time Glirodon is less advanced in lacking the 

incipient posterolingual ridges on M1 (Kielan-Jaworowska and Hurum, 2001).  

Glirodon apparently from forms close to Allodontidae, shares molars with well separated 

cusps, lack of ornamentation and simple structure of I3. 

 In Glirodon the gigantoprismatic enamel, unique for multituberculates among mammals (see 

Fosse et al., 1985) along with upper and lower incisors with limited enamel bands appears for 

the first time in multituberculate evolution. 

Another multituberculate one of the oldest genera with gigantoprismatic enamel is the Early 

Cretaceous Mongolian Eobaatar that belongs to the Plagiaulacid line. Eobaatar shares the 

presence of molar pattern with coalescing cusps and characteristic ornamentation with the 

Plagiaulacidae. Plagiaulacida are also characterized by nonprismatic enamel except for 

Eobaatar.  

However, Hahn and Hahn (1999) argue that gigantoprismatic enamel could have evolved 

independently twice in the history of multituberculate evolution.  

Suborder Incertae sedis, Family Arginbaataridae 

The Arginbaataridae are a specialized family endemic to the Early Cretaceous of Mongolia 

classified in the suborder incertae sedis by Kielan-Jaworowska and Hurum (2001). This family 

shares a mixture of characters with the ‘Plagiaulacida’ and Cimolodonta (Trofimov, 1980; 

Kielan-Jaworowska et al., 1987). It shares with some ‘Plagiaulacida’ the presence of three 

lower premolars and five upper premolars and the presence of an upper canine (considered a 

plesiomorphy), but differs from the ‘Plagiaulacida’ and other multituberculates with the 
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structure of p4. The genus Arginbaatar shares several characters with members of the 

Allodontid line (Kielan-Jaworowska and Hurum, 2001) (See Figure 4.2). 

 
Figure 4.2 Dentary of Arginbaatar (Arginbaataridae). 
Modified from Kielan-Jaworowska and Hurum (2001) 

Suborder Cimolodonta 

The suborder Cimolodonta includes some Early Cretaceous (Aptian-Albian) and all the Late 

Cretaceous and Tertiary multituberculates that possess prismatic enamel (see Figure 4.3). 

Cimolodonta might be monophyletic, as suggested by Simmons (1993), but see Archibald 

(1982) and G. Hahn and R. Hahn (1999) for alternative opinions. 

The Cimolodonta are well defined by at least five apomorphies (see Kielan-Jaworowska and 

Hurum, 2001 Text-Figs 2-3). The apomorphies are: loss of I1 (they have two upper incisors) 

with the I2 being single or two cusped, the I3 is small, single cusped; no more than four 

upper premolars (apparently the ‘plagiaulacidan’ P4 is lost), no more than two lower 

premolars with p1 and p2 lost, if p3 is present it is transformed into a peg-like and not 

functional tooth (Kielan-Jaworowska and Hurum, 2001). There is a change of rectangular p4 

as in the ‘Plagiaulacida’ into a primitively arcuate one with oblique ridges (this is shared with 

Arginbaataridae, homoplasy) (Kielan-Jaworowska and Hurum, 2001). On the p4 there is a 

single posteriobuccal cusp that may disappear rather than a row of cusps as seen in the 

‘Plagiaulacida’ except for Eobaatar.  

The origin of the Cimolodonta is unclear, as stated by Kielan-Jaworowska and Hurum (2001) 

it has not been demonstrated with any certainty which of the five upper premolars 

characteristic of the ‘Plagiaulacida’ is lost in the line that leads to the Cimolodonta. 

Clemens (1963) speculates that it is the P4 that is lost, while other authors such as Hahn 

(1978) suggest that it was the P1 that is lost. Kielan-Jaworowska and Hurum (2001) are in 

favour of Clemens (1963) theory with the loss of P4 in the evolutionary line leading to the 

Cimolodonta. It is possible that a tooth could be lost in the middle of the tooth row as 

argued by Cifelli (2000) who demonstrated that in early eutherians mammals which originally 
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had five premolars, the middle one disappeared. As well in other multituberculates like some 

Djadochtatherioidea (e.g. Catopsbaatar and Tombaatar) with three upper premolars, it is the P2 

and not P1 that disappeared, leaving a short diastema between P1 and P3. This is another 

example where there is a loss of a tooth in the middle of the tooth row (Kielan-Jaworowska 

and Hurum, 2001).  

 

Figure 4.3 Dentaries of Cimolodonta multituberculates 
(A) Meniscoessus (Cimolomyidae), (B) Buginbaatar (?Cimolomyidae), (C) Catopsbaatar 
(Djadochtatherioidea), (D) Taenioloabis (Taeniolabidoidea), (E) Kryptobaatar (Djadochtatherioidea), (F) 
Eucosmodon (Eucosmodontidae), (G) Ptilodus (Ptilodontoidea). Modified from Kielan-Jaworowska and 
Hurum (2001). 

Paracimexomys group 

The Paracimexomys group is the most plesiomorphic of the Cimolodonta and is a group of 

mostly North American genera from the Aptian-Albian to Maastrichtian (Kielan-Jaworowska 

and Hurum, 2001). It was referred to previously as the Paracimexomys grade (Archibald, 
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1982; Eaton and Cifelli, 1988). Its members including the genus Paracimexomys and related 

forms, are known almost exclusively from isolated teeth (Lillegraven, 1969; Sahni 1972; 

Archibald, 1982; Eaton and Cifelli, 1988; Eaton and Nelson, 1991; Eaton, 1995; Cifelli, 

1997). The genus Cimexomys is tentatively assigned to the Paracimexomys group by Kielan-

Jaworowska and Hurum (2001) and it is known from almost complete upper and lower 

dentitions and skull and dentary fragments (Montellano et al., 2000). Cimexomys has four 

upper premolars of a cimolodontan pattern, a slender lower incisor which is completely 

covered with enamel, a p4 that does not protrude dorsally over the height of the molars and 

molar cusps that show a tendency to coalesce with cusps covered with grooves (Kielan-

Jaworowska and Hurum, 2001). Other genera assigned to the Paracimexomys group by 

Kielan-Jaworowska and Hurum (2001), Paracimexomys and Dakotamys, resemble the family 

Eobaataridae in the structure of the upper and lower molars with cusps showing a tendency 

to coalesce and cusps with an ornamentation of grooves and ribs on the molars. The genus 

Bryceomys also shares the characteristic of ornamentation of the molars and coalescence of the 

cusps of m2 but differs in having the cusps of M2 separated (Kielan-Jaworowska and 

Hurum, 2001). 

Members of the Paracimexomys group apparently differ from Eobaataridae by having a 

slender lower incisor covered with uniform enamel or with the enamel being thinner on the 

dorsal side and in having arcuate rather than rectangular p4 (Eaton, 1995). However 

members of the Paracimexomys groups share with the Eobaataridae the presence of 

gigantoprismatic enamel. The isolated molars (M2s) of members of the Paracimexomys 

groups such as Bryceomys and Dakotamys to Eobaatar are very similar (see Plate 3, Kielan-

Jaworowska and Hurum, 2001). However, the genera of the Paracimexomys group differ 

from the Eobaatar and other members of the Plagiaulacid line in having an arcuate rather than 

rectangular p4 and a dental formula, the same as the cimolodonts (Kielan-Jaworowska and 

Hurum, 2001). In the members of the Paracimexomys group the ornamentation of molars 

and molar cusp arrangement (especially in M2) are also similar to those of Ptilodontoidea 

(Kielan-Jaworowska and Hurum, 2001). Nevertheless, the genera of the Paracimexomys 

group share a small number and similar arrangement of cusps on M1 with some 

Djadochtatherioidea, for example with Kryptobaatar, Sloanbaatar and Chulsanbaatar  (Kielan-

Jaworowska and Hurum, 2001). Also P4s of the members of this group, as figured by Eaton 

(1995), are very similar to P4s in Djadochtatherioidea (e.g., Kielan-Jaworowska, 1974; Kielan-

Jaworowska and Hurum, 1997). 
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Kielan-Jaworowska and Hurum (2001) conclude that the Paracimexomys group contains 

forms intermediate in some respects between Plagiaulacid line and at least some 

Cimolodonta. 

Origin of the Superfamily Ptilodontoidea 

The Superfamily Ptilodontoidea has the following apomorphies: microprismatic enamel 

(except for the tentatively assigned Cimolodon, with gigantoprismatic enamel) and gracile lower 

incisors completely covered with enamel (robust lower incisor covered with enamel occurs in 

most ‘Plagiaulacida’ and Cimolomyidae; however slenderness of the incisor is an apomorphy 

of the Ptilodontoidea). 

The Ptilodontoidea share with the Paracimexomys group the coalescence of molar cusps 

associated with grooves, also characteristic of the Plagiaulacid lines (e.g. Kielan-Jaworowska 

and Hurum, 2001).  

Kielan-Jaworowska and Hurum (2001) compare the Ptilodontoidea and suggest that this 

superfamily originated from along the Plagiaulacid line, with intermediate links close to the 

Eobaataridae and Paracimexomys group. The genus Eobaatar has a limited enamel band on 

the lower incisor and therefore is not related to the Ptilodontoidea. Yet it is probable that the 

limited enamel band on the lower incisor appeared several times in multituberculate 

evolution.  

The microprismatic enamel, which is an apomorphy in the Superfamily Ptilodontoidea, also 

occurs in the Argentinian Ferugliotherium (Krause et al., 1992), assigned to Gondwanatheria. 

Although Kielan-Jaworowska and Hurum (2001) believe that Ferugliotherium (but not other 

gondwanatherians) might be a multituberculate (in particular the dentary tentatively assigned 

to that genus by Kielan-Jaworowska and Bonaparte, 1996), but because of ambiguity raised 

by Pascual et al. (1999) they describe Ferugliotherium under Mammalia incertae sedis, pending the 

discoveries of more complete material. 

Origin of the Super family Incertae sedis Family Cimolomyidae  

The family Cimolomyidae has the following apomorphies: it differs from other Cimolodonta 

in having a stout lower incisor completely covered with enamel and four upper premolars 

strongly reduced in width and length in proportion to enlarged molars, the P4 is triangular in 

buccal view and strongly protrudes ventrally over the level of the premolars and molars and 

the molar cusps are of crescent shape. The p4 is small and differs from the enlarged p4 in the 

Ptilodontoidea. Members of the Cimolomyidae include Meniscoessus that has the lower incisor 

completely covered with enamel and is robust like in the Cimolomyidae rather than slender 

as in the Ptilodontoidea. The upper and lower molars of Meniscoessus and Cimolomys are 
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ornamented with heavily ribbed cusps with groove-like valleys between the ribs (e.g. Kielan-

Jaworowska and Hurum, 2001). Essonodon is tentatively assigned to the Cimolomyidae by 

Kielan-Jaworowska and Hurum (2001) and differs from other multituberculates in having 

transverse ridges between the molars cusps but this feature is also found in Ferugliotherium 

from Argentina (Krause et al., 1992). Kielan-Jaworowska and Hurum (2001) tentatively 

assign to the Cimolomyidae the incompletely known Asian genus Buginbaatar. Overall the 

Cimolomyidae are poorly known and their origin from members of the Paracimexomys 

group remains uncertain (Kielan-Jaworowska and Hurum, 2001).  

Origin of the Super family Incertae sedis; Family Boffiidae 

The family Boffiidae was originally assigned to the Ptilodontidea (Hahn and Hahn, 1983). 

This family is now assigned by Kielan-Jaworowska and Hurum (2001) to a monotypic family 

with uncertain affinities (superfamily Incertae sedis) that includes the type genus Boffius. They 

are relatively large multituberculates known from isolated teeth. Boffius Vianey-Liaud, 1979 

from the Paleocene of Belgium is a relatively large multituberculate, with upper molars that 

have three rows of cusps and was originally assigned to the Ptilodontoidea. Kielan-

Jaworowska and Hurum (2001) regard that the family Boffiidae resembles the Cimolomyidae 

in possessing an increase in the number of molar cusps and grooves and ridges on P4 and 

M1. The authors regard that the origin of the Boffiidae from the Paracimexomys group is 

uncertain however they both share ornamentation.  

The origin of Djadochtatherioidea, Eucosmodontidae, Taeniolabidoidea, 

Microcosmodontidae and Kogianonidae 

The origin of these five groups is also very enigmatic. Kielan-Jaworowska and Hurum (2001) 

did not find any apomorphies to unite the five groups into a higher rank taxon. However 

they do share with each other a limited enamel band on the lower incisor (except some 

Djadochtatherioidea); this character also occurs in some ‘Plagiaulacida’ and in 

ptilodontoidean Neoliotomus. There are also other characters that are shared by all five groups 

and with all other cimolodontans (Kielan-Jaworowska and Hurum, 2001). Multituberculates 

members of these five groups differ from other multituberculates such as those from the 

Paracimexomys group, the Ptilodontoidea, the Cimolomyidae and Boffiidae in lacking 

enamel ornamentation (except for upper incisors and anterior upper premolars) and in 

having molar cusps that are well separated. The most plesiomorphic of these four groups are 

the Djadochtatherioidea where some members such as Kryptobaatar, share with members of 

the Paracimexomys group small number of cusps, the general shape of m1 and the general 

shape of the upper premolars and molars (Kielan-Jaworowska and Hurum, 2001). The 
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Djadochtatherioidea and Eucosmodontidae are similar to each other in some characters of 

the dentary and skull, which in Eucosmodontidae is only known from a single, incomplete 

rostrum of Stygimys (Sloan and Van Valen, 1965). To be able to resolve the problem of the 

Djadochtatherioidea - Eucosmodontidae relations, there needs to be more fossil remains and 

details of the upper dentition and skull structure of the eucosmodontids (Kielan-Jaworowska 

and Hurum, 2001).  

The suborder Taeniolabidoidea was originally proposed by Sloan and Van Valen (1965) to 

include the Eucosmodontidae, Taeniolabididae and Cimolomyidae. However Fox (1999) 

conclude that there are no apomorphies to unite this Suborder and Kielan-Jaworowska and 

Hurum (2001) regard this suborder as a separate superfamily Taeniolabidoidea.  

The family Kogianonidae (Superfamily incertae sedis) is from the Late Cretaceous-Paleocene of 

Europe and includes two genera Kogiaonon and Hainina (Kielan-Jaworowska and Hurum, 

2001). The dental formula is known only for upper dentitions, the dentary and lower 

dentition remains unknown (Rădulescu and Samson, 1996). However this family shares with 

the Taeniolabidoidea the general shape of the skull, whereby the zygomatic archers are 

directed in a transverse sense and the basicranial region is short giving the skull a square-like 

appearance (Kielan-Jaworowska and Hurum, 2001). Kielan-Jaworowska and Hurum (2001) 

agree that due to the limited material available of this family, the superfamily assignment of 

this family remains unresolved. Hainina from the Cretaceous-Paleocene of Belgium is 

assigned to the family Kogianonidae by Kielan-Jaworowska and Hurum (2001), due to the 

gigantoprismatic enamel also present in Kogiaonon (see Kielan-Jaworowska and Hurum, 2001).  

The suborder Cimolodonta includes these five groups and might be monophyletic, as 

suggested by Simmons (1993). If this is indeed the case, Kielan-Jaworowska and Hurum 

(2001) believe that the ancestors of these five groups might lie within the Plagiaulacid line 

such as in the Paracimexomys group. Yet these five groups are characterized by the presence 

of well-separated molar cusps and lacking ornamentation, while the Paracimexomys group is 

characterized by the coalescence of cusps and ornamentation. Kielan-Jaworowska and 

Hurum (2001) consider that another possible candidate that could be close to the ancestral 

forms of these groups of cimolodontans might be Monobaatar known from the Early 

Cretaceous of Mongolia that also possesses well-separated molar cusps (Kielan-Jaworowska 

et al., 1987) and only tentatively has been assigned to Eobaataridae. 
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4.2 Classification of multituberculate (including diagnosis) and anatomy 

4.2.a Multituberculate diagnosis 

Historically works related to the Multituberculata were summarized by Granger and Simpson, 

1929; Jepsen, 1940; Simpson, 1928, 1929, 1937; Young, 1940. 

One of the earliest diagnosis on Multituberculata was defined by Simpson (1929) primarily 

based on the dentition and some cranial characters. Simpson (1929: 7) defined the 

Multituberculata as possessing “Upper incisors primitively three, the first much reduced or lost, the second 

enlarged. One enlarged lower incisor, No canines. Molars with five or more cusps arranged in two parallel 

longitudinal rows in the lower jaw, in two or three rows in the upper jaw. Nasals large, expanded posteriorly. 

Zygomata arising opposite middle or anterior cheek teeth widely expanded. Post-glenoid region very short or 

practically absent. Mandible powerful, with small, low coronoid and no true angular process, but with a well 

marked pterygoid crest”. 

Today Multituberculates are characterized by having premolars and molars with many cusps 

or multi-cusps. The molars are covered with longitudinal cusps which are of the same height 

or sub-equal height except the family Paulchoffatiidae and Pinheirodontidae where the 

molars cusps may differ in height (Kielan-Jaworowska and Hurum, 2001). 

Other characteristics include a pair of lower incisors modified for gnawing that are very 

rodent-like, up to three pairs of upper incisors and a diastema in the dentary that lies between 

the incisors and premolars and resembles superficially to that of the marsupials and rodents. 

Most multituberculates are characterized by pertaining a shearing lower premolar or premolar 

4 and earlier forms can have more than one premolar. This premolar 4 is "..bladelike, with a 

serrate upper margin and oblique ridges that extends along the buccal and lingual surfaces" (Kielan-

Jaworowska et al., 2004:263). 

The following is the recent diagnosis of Multituberculata, based on Kielan-Jaworowska and 

Hurum (2001). 

Dentition: Multituberculate dentition is differentiated into incisors, premolars and molars. 

The upper canine is present in only some early taxa. 

Incisors: Multituberculates may present as many as three pairs of upper incisors but only one 

pair of lower incisors. The incisors are separated from the premolars by a diastema. 

Canine: Upper canine present only in a few early taxa. There are no lower canine present at 

all. 

Premolars: Premolars are multi-cusped and made up of longitudinal rows of low cusps of 

the same height in most multituberculates. 
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Most taxa are characterized by a posterior shearing or blade-like lower premolar p4 (and in 

earlier multituberculate forms there is more than one shearing premolar). 

There are five upper premolars in most ‘Plagiaulacida’ (but there are two ‘Plagiaulacida’ 

genera which have only four upper premolars). 

The Suborder Cimolodonta has 4-1 upper premolars (Kielan-Jaworowska and Hurum, 2001). 

Multituberculates have 4-1 lower premolars. The lower premolar(s) are blade-like and have a 

serrated upper margins and oblique ridges that extend both along the lingual and buccal 

surfaces. 

Molars: Multituberculates have two upper molars and two lower molars. Molars like 

premolars are multi-cusped and made up of longitudinal rows of low cusps of the same 

height in most multituberculates, but differ in height in the molars of the Paulchoffatiidae 

and Pinheirodontidae (Kielan-Jaworowska and Hurum, 2001). The M2 is shifted lingually 

with respect to M1.  Hypsodont molars are not known in Laurasian multituberculates but 

have evolved in the gondwanatherians. 

Diphyodonty and tooth replacement:  

Originally before any tooth replacement was observed in multituberculates, their dentition 

were differentiated into premolars and molars based on morphology. Then Szalay (1965) 

observed tooth replacement in multituberculates and other authors such as G. Hahn, 1978; 

Kielan-Jaworowska, 1980; G. Hahn and R. Hahn, 1998a and Clemens and Kielan-

Jaworowska, 1979 observed that incisors and at least some premolars are diphyodont. 

Greenwald (1988) studied a juvenile skull of Taeniolabis taoensis and other multituberculates 

and argued that all multituberculates exhibit diphyodonty as seen in most placental mammals, 

with eruption occurring in an anteroposterior sequence. However, Hahn and Hahn (1998a) 

demonstrated that the diphyodonty does not occur in an anterioposterior pattern in all 

multituberculates especially in the Paulchoffatiid Kielanodon from the Late Jurassic. The 

authors demonstrated that the replacement of premolars occurs in an alternative mode, in 

two waves and the replacement occurs postero-anteriorly as in Thrinaxodon. 

Luo et al. (2004) discussed these two different scenarios found in multituberculate tooth 

replacement. The first scenario implies that the replacement in paulchoffatiids (postero-

anterior and alternate) may be the basal condition of all multituberculates that was previously 

proposed by Hahn and Hahn (1998a). This condition is also found in trechnotherians and is 

similar to that found in Thrinaxodon. While the replacement found in the North American 

Tertiary multituberculates (antero-posterior and sequential) would represent a secondary 

derived condition. 
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Another scenario is that the antero-posterior sequential replacement found in the Tertiary 

North American multituberculates is indeed the basal condition for all multituberculates as 

proposed by Greenwald (1988). With the dental replacement condition observed in 

paulchoffatiids being a throwback or recurrence of the alternate replacement condition found 

in cynodonts. Luo et al. (2004) state that considering this, the alternate replacement observed 

in trechnotherians is convergent. Luo et al. (2004) consider the scenario proposed by 

Greenwald (1988) being the most parsimonious with the antero-posterior sequential 

replacement being considered characteristic of all multituberculates. However it is not certain 

to why paulchoffatiids have a different replacement pattern compared to the North 

American Tertiary multituberculates or which pattern is characteristic of all multituberculates 

as a whole.  The replacement sequence is not known for gondwanatherians, but if 

Ferugliotherium is a multituberculate then it would be expected that the similar replacement 

would occur as in other multituberculates. 

Apomorphic feature of upper dentition: This feature that is characteristic of the upper 

dentition is the lingual shifting of M2 with respect to M1. 

Mandible: The multituberculate mandible is rodent-like in appearance with an extensive 

symphysis. It is believed that multituberculates had a palinal masticatory (backward 

powerstroke of the mandible). The backwards movement of multituberculates is attributed to 

the anterior insertion of the masseter masticatory muscles in the multituberculate jaw, 

probably inserted more anterior in the mandible compared to other mammal group 

(Gambaryan and Kielan-Jaworowska, 1995). 

Skull: The skull is wide and dorsoventrally compressed, differing from most mammals that 

have a laterally compressed skull. The postorbital process is situated on the parietal rather 

than on the frontal which is a widespread feature of the mammalian skull. 

The orbit is very large and is widely open posteriorly. 

The zygomatic arches are expanded laterally and very robust. 

The glenoid fossa is large and flat set off from the braincase. 

The jugal is positioned on the medial side of the zygomatic arch and cannot be observed in 

lateral view. 

There are three ossicles in the middle ear as in other mammals. 

The cochlea is not coiled but slightly bent (Kielan-Jaworowska and Hurum, 2001).  

Multituberculate brain: is referred to by Kielan-Jaworowska (1986) as cryptomesencephalic 

and is characterized by lack of midbrain exposure on the roof, with the deep vermis deeply 

inserted between the cerebral hemispheres and a large paraflocculi (Kielan-Jaworowska and 
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Hurum, 2001). This brain is described as cryptomesencephalic, “characterised by an 

expanded vermis, no cerebellar hemispheres and lack of the dorsal midbrain exposure” 

(Kielan-Jaworowska and Hurum, 2001:394). This is a feature shared only by 

multituberculates and triconodontids and not with therids. Therian mammal brains were 

apparently originally eumesencephalic “characterized by a wide cerebellum with extensive 

cerebellar hemispheres and large dorsal midbrain exposure”, (Kielan-Jaworowska and 

Hurum, 2001:394). Thus the cryptomesencephalic brain is also found in triconodonts but 

differs in other therian mammals. 

However, Kielan-Jaworowska and Lancaster (2004) have recently interpreted 

multituberculate endocasts and interpret the structure, previously referred to as the vermis, 

now as the cast of a large sinus. This large sinus probably on the endocast obscured the 

vermis and midbrain. The authors in the paper do not use the term vermis of the triangular 

bulge on the multituberculate endocast and replace the term with superior cistern and, in 

light of their present interpretation of multituberculate and eutriconodontan endocasts, the 

terms cryptomesencephalic and eumesencephalic brains were considered not to be 

appropriate and thus abandoned. 

Postcranial skeleton: Information from Kielan-Jaworowska et al. (2004) and Kielan-

Jaworowska and Hurum (2001). 

Multituberculates have the epipubic bone present like most marsupials and monotremes. The 

pelvis is deeper and has a large iliosacral angle, also characteristic of monotremes and is 

probably a plesiomorphic character. 

Apomorphic features of the Postcranial skeleton: 

The apomorphic features are: 

A very narrow pelvis with pubes and ischia fused ventrally to form a keel; the lesser 

trochanter is a plate-like structure;  the presence of a subtrochanteric tubercle; a hook-like 

proximolateral processes on the tibia and fibula; the calcaneum has a deep peroneal groove; 

the ankle joint has a calcaneo-Metatarsal V contact and multituberculates had a sprawling 

posture. 

4.2.b Distribution of Multituberculata 

Multituberculates have a wide temporal and geographical range. Most of the known taxa 

however are represented by isolated teeth and fragmentary upper and lower jaws (Rougier et 

al., 1997). Multituberculates have a temporal range that probably spans from the Middle 

Jurassic (Bathonian) to the Early Tertiary (Eocene) of the Northern Hemisphere. More than 

70 genera of multituberculates are recognized (McKenna and Bell, 1997). 
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Multituberculates have a wide geographic distribution and have been discovered in most 

major landmasses, including parts of Gondwana (refer to Chapter 4.1.b). 

In the Northern Hemisphere their geographic distribution spans most of Europe from the 

Late Triassic of Belgium (G. Hahn et al., 1987), Middle Jurassic or upper Jurassic of Portugal 

(Hahn and Hahn, 2000), Middle Jurassic of England (Freeman, 1976, 1979), Late Cretaceous 

of Spain (Canudo and Cuenca-Bescós, 1996), Romania (Rădulescu and Samson, 1996), 

Cretaceous-Paleocene of France (Vianey-Liaud, 1986), Late Cretaceous of Kazakhstan 

(Averianov, 1997), Uzbekistan (Kielan-Jaworowska and Nessov, 1992), Mongolia (Simpson, 

1925; Kielan-Jaworowska, 1970a, 1971 and references therein), Japan (Takada, Matsuoka  

and Setoguchi, 2001), Early Cretaceous of Morocco (Sigogneau-Russell, 1991) and many 

parts of North America (e.g. Upper Jurassic Morrison Formation Bakker, 1992).  

Thus multituberculates have been discovered in most continents (except Australia and 

Antarctica) and if the gondwanatherians are interpreted as multituberculates then the 

multituberculates were also distributed in South America (Bonaparte, 1986; Bonaparte, 1990; 

Krause et al., 1992; Krause and Bonaparte, 1993; Krause et al., 1997; Kielan-Jaworowska and 

Bonaparte, 1996), India (Krause et al., 1997) and Madagascar (Krause et al., 1997). The 

Gondwanatherians are thought to belong to a gondwanan radiation of multituberculates 

(Bonaparte, 1990; Krause et al., 1992; Krause and Bonaparte, 1993; Krause et al., 1997; 

Kielan-Jaworowska and Bonaparte, 1996) and have also been recently found in Antarctica 

(Reguero et al. 2002; Goin et al., in press). 
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4.3 General Anatomy of Multituberculata 

4.3.a Multituberculate Skull Osteology 

The multituberculate skull has been studied in great detail in the past, beginning with early 

research by Simpson (1937) who reconstructed the multituberculate braincase based on 

therian skulls, as well as Kielan-Jaworowska (1970b, 1971, 1974) (see also Kermack and 

Kielan-Jaworowska, 1971; Clemens and Kielan-Jaworowska, 1979) who demonstrated the 

presence of a large anterior lamina of the petrosal in the multituberculate skull. Kielan-

Jaworowska (1970b) also demonstrated the position of the pterygoid bones with prominent 

ridges in the Late Cretaceous Kamptobaatar and this characteristic has also been observed in 

other multituberculates (Hahn, 1981, 1987; Kielan-Jaworowska et al., 1986). The tabular bone 

was initially identified by Kielan-Jaworowska (1971) and later identified as the mastoid 

(Kielan-Jaworowska et al., 1986).  

Many papers have dealt with the multituberculate skull in detail (see review in Kielan-

Jaworowska et al., 2004). Recently Kielan-Jaworowska et al. (2004) have published an 

intensive analysis on the multituberculate skull anatomy. 

General skull description 

In general the multituberculate skull is characterized by being wide dorsoventrally and 

compressed dorsoventrally in comparison with the general structure of the therian mammal 

skull which is laterally compressed (Kielan-Jaworowska and Hurum, 2001). 

The multituberculate skull is low dorsal-ventrally, with a relative long snout area and a short 

and wide postglenoid area (Miao, 1993). 

Other features of the multituberculate skull anatomy demonstrate that the orbit is very large 

in relation to the posterior position of the postorbital process (e.g. Kielan-Jaworowska et al., 

2004) (See Figures 4.4, 4.5 and 4.6). 

The zygomatic arches are expanded laterally. The glenoid fossa is large and flat set off from 

the braincase. The jugal is positioned on the medial side of the zygomatic arch and cannot be 

observed in lateral view. There are three ossicles in the middle ear as in other mammals. The 

cochlea is not coiled but slightly bent.  
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Figure 4.4 Reconstruction of multituberculate Nemegtbaatar skull in dorsal view.  
Modified from Kielan-Jaworowska et al. (2004) 

 

Figure 4.5 Reconstruction of multituberculate Nemegtbaatar skull in ventral view.  
Modified from Kielan-Jaworowska et al. (2004) 
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Figure 4.6 Reconstruction of multituberculate Nemegtbaatar skull in lateral view.  
Modified from Kielan-Jaworowska et al. (2004) 

4.3.b Jaw, dental features and dentition 

In general the multituberculate dentition is differentiated into incisors, premolars and molars. 

The canine is absent in all advanced forms but there is the presence of canines in most of the 

Late Jurassic Paulchoffatiid (e.g. Kielan-Jaworowska et al., 2004). 

Simpson (1928, 1929) was one of the first paleontologists who examined multituberculate 

dentition in detail. He was able to differentiate the multituberculate dentition into incisors, 

molars and premolars, based on morphology and the relative position of the tooth. 

Szalay (1965) studied multituberculate dentition and designated the multituberculate teeth as 

premolars and molars based solely on morphology. However Szalay (1965) was aware that it 

was a limited criterion to distinguish multituberculate teeth based only on the adaptive 

difference, he acknowledged that there was not sufficient evidence to differentiate allotherian 

teeth into premolars and molars on the basis of replacement, or lack of it as is in the Theria.  

Szalay (1965) was also the first to observe tooth replacement in multituberculates and did so 

based on a fragmentary left mandible of a juvenile Ptilodus cf. P. wyomingensis from the Fort 

Union Formation, Wyoming and on a right maxilla of Cimolodon from the late Cretaceous 

Hell Creek Formation, South Dakota. 
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Later, further studies by Hahn (1978), Clemens and Kielan-Jaworowska (1979), Kielan-

Jaworowska (1980) and Hahn and Hahn (1998a) demonstrated that incisors and some 

premolars are diphyodont. 

Another interesting point is that multituberculates do not loose their teeth at the beginning or 

end of the tooth series as in most mammals, but in the middle of the tooth series (Kielan-

Jaworowska, 1974; Rougier et al., 1997). This may be an adaptation for herbivory and related 

to the evolution of the procumbent incisors and diastema. 

Canines 

In advanced multituberculates the canine is absent. The canine may be present though in 

Late Jurassic family Paulchoffatiidae (e.g. Kielan-Jaworowska et al., 2004). In the 

paulchoffatiids the canine has four cusps and has a similar morphology to the anterior 

premolars. The canine is separated from the anterior premolars by a small diastema (Hahn, 

1993). An upper canine alveolus was also observed in the maxilla in the highly specialized 

Early Cretaceous Arginbaatar dimitrievae from Mongolia (e.g. Kielan-Jaworowska et al., 1987). 

Incisors 

The multituberculate dentition consists of as many as three pairs of upper incisors but only 

one pair of lower incisors. Early forms of multituberculates such as the suborder 

‘Plagiaulacida’ have three pairs of upper incisors and one pair of lower incisors. In the 

‘Plagiaulacida’ the incisors are different in size, the I1 is small and single cusped while the I2 

is large and has two cusps. In the Paulchoffatiidae the I3 is large with three or four cusps and 

is roughly quadrangular or trapezoid in occlusal view (e.g. Kielan-Jaworowska and Hurum, 

2001). In the Plagiaulacidae the I3 is also enlarged but has only two to three cusps and has a 

roughly triangular shape in occlusal view.  

In all Late Cretaceous and Tertiary multituberculates (Cimolodonta) there are only two pairs 

of upper incisors with the I1 missing. In the Cretaceous and Tertiary taxa the I2 may be two 

cusped or single cusped but in Meniscoessus it is three-cusped (e.g. Kielan-Jaworowska et al., 

2004). The I3 in the Cretaceous and Tertiary taxa is single cusped. 

In Ferugliotherium, Gondwanatherium and Sudamerica the upper dentition is not known, it is not 

known if these taxa had two pairs of upper incisors as observed in the Cretaceous and 

Tertiary multituberculates or, it is quite probable that due to the evolution of the hypsodont 

cheek-teeth that there may only be one pair of upper incisors present. 

In the superfamily Djadochtatherioidea the I3 is situated on the palatal part of the premaxilla 

and this also occurs with Meniscoessus (from the family Cimolomyidae) and Stygimys (from the 

family Eucosmodontidae). In contrast in other multituberculates, the I3 is situated at the 
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lateral margin of the premaxilla and this also occurs in all other mammals (e.g. Kielan-

Jaworowska and Hurum, 2001).  

In all multituberculates there is only one pair of lower incisors. In the early groups such as 

the ‘Plagiaulacida’ the lower incisor is stout with a broad base, the crown is curved and the 

ventral surface is convex (e.g. Kielan-Jaworowska et al., 2004). 

Premolars  

Early forms of multituberculates such as the suborder ‘Plagiaulacida’ have five or four upper 

premolars and four or three lower premolars. 

The multituberculate upper premolars have numerous cusps of equal height. 

In the Paulchoffatiidae the anterior upper premolars are not blade-like but quadrangular in 

occlusal view with three to four cusps, while the posterior upper premolars are elongated 

with two or sometimes three rows of cusps (Hahn, 1969, 1977a, 1993).  

In the Late Jurassic and Early Cretaceous Plagiaulacidae five upper premolars are retained, on 

the posterior upper premolars there is an oblique shearing surface (e.g. Kielan-Jaworowska et 

al., 2004).  

There are no Late Cretaceous or Tertiary multituberculate groups known in which there are 

five upper premolars present. In the Late Cretaceous and Tertiary multituberculates such as 

Cimolodonta, the upper premolars are designated as P1 to P4 (Kielan-Jaworowska et al., 

2004). It has been suggested by Clemens (1963) that the four upper premolars are 

homologous to P1-P3 and P5 of the ‘Plagiaulacida’, where the P4 is reduced and eventually is 

lost throughout multituberculate evolution, however there are as of yet no groups of 

multituberculates presenting a reduction of the ‘plagiaulacidan’ P4. 

Other authors such as Hahn (1978) suggested that the cimolodontan P4 is homologous to 

the P4 in the ‘plagiaulacidan’ Paulchoffatiidae, where the anterior ‘plagiaulacidan’ premolar is 

lost. Kielan-Jaworowska et al. (2004) follow the hypothesis of Clemens (1963) since in the 

advanced ‘Plagiaulacida’ the P4 and the P5 both retain the shearing function, while in the 

Cimolodonta, the P4 is the only upper premolar that retained the shearing function. 

In Cimolodonta the upper premolars are reduced to four but in some of the specialized 

groups such as the Taeniolabididae there is only one pair of upper premolars. The 

cimolodontans have a P4 that is elongated, asymmetrical and exhibit an isosceles triangle in 

labial view (Kielan-Jaworowska et al., 2004). 

There are four lower premolars in the Paulchoffatiidae, Allodontidae and most of the 

Plagiaulacidae. These lower premolars are oval or rectangular in buccal view (e.g. Kielan-

Jaworowska et al., 2004).  
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Most multituberculate lower premolars bear two roots and are blade-like, except the first 

premolar, p1 that is single rooted and bulbous (e.g. Hahn, 1977a). Multituberculate lower 

premolars have only one row of apical cusps with ridges that are exposed vertically down the 

crown. The p1 only has one ridge down each side of the crown (e.g. Kielan-Jaworowska et 

al., 2004). 

Hahn (1969) has observed that multituberculate premolars may have developed from teeth 

with two rows of cusps of equal height, i.e. molariform type teeth. Hahn (1969) identified a 

multituberculate premolar from the Late Jurassic of Portugal that contained an additional 

row of distinct buccal basal cusps. This buccal row of cusps is situated lower than the apical 

row of cusps that are typical of a multituberculate blade-like premolar. In the ‘Plagiaulacida’ 

the p4 is blade-like rectangular in lateral view but with an additional row of buccal cusps 

(Kielan-Jaworowska and Hurum, 2001). Sometimes there may be a row of buccal cusps on 

p3 and on dp2 (decidious premolar 2) (e.g. Hahn, 1978; Kielan-Jaworowska et al., 2004). In 

the older individuals the buccal cusp on the lower premolars may become abraded away and 

not visible (e.g. Kielan-Jaworowska et al., 2004) and in Pinheirodontidae they are lost or 

replaced by pits (Hahn and Hahn, 1999). 

Kielan-Jaworowska et al. (2004) stated that these changes observed in the lower premolars 

are paralleled by changes that occurred in the structure and function of the incisors. 

It is possible that the compressed multituberculate blade-like lower premolar did evolve from 

a more quadrangular molariform cheek-tooth with two rows of cusps into a laterally 

compressed blade-like tooth with only one row of apical cusps. 

In the more advanced Plagiaulacidae such as in the Early Cretaceous family Eobaataridae 

there is only one buccal cusp on p4 rather than a row of buccal cusps as in the 

‘plagiaulacidans’ (Kielan-Jaworowska and Hurum, 2001). This also occurs in the Late 

Cretaceous-tertiary Cimolodonta where there is only one posterior buccal cusp present on 

the p4, which may disappear rather than a row of cusps as in the ‘Plagiaulacida’ (Kielan-

Jaworowska and Hurum, 2001). 

In the Late Cretaceous and Tertiary Cimolodonta there is only one labial cusp present and in 

some taxa such as the Taeniolabididae (Granger and Simpson, 1929), Arginbaatar and 

Uzbekbaatar (Kielan-Jaworowska and Nessov, 1992) and other forms, there are no buccal 

cusps on p4 (e.g. Kielan-Jaworowska et al., 2004). In the Taeniolabidoidea (Sloan and Van 

Valen, 1965) there is an evolutionary tendency to reduce the shearing premolars as pointed 

out by Sloan and Van Valen (1965) and this is a diagnostic feature. The Taeniolabididae have 

reduced their number of upper and lower premolars with only one pair of upper premolars 
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P4 and one pair of lower; p4. The family Cimolomyidae Marsh, 1889 however, retains four 

upper premolars, strongly reduced in size and two lower premolars. In Eucosmodontidae the 

shearing premolars increase in size rather than being reduced (e.g. Kielan-Jaworowska et al., 

2004). In the advanced Plagiaulacidae Gill, 1872 the lower premolar number has reduced in 

number to three with p1 being lost and p4 strongly enlarged (e.g. Kielan-Jaworowska et al., 

2004). A feature of the Suborder Cimolodonta McKenna, 1975 is that there are no more than 

two lower premolars with p1 and p2 lost and if the p3 is present it is peg-like and non 

functional, hidden below the anterior margin of the enlarged p4. The p4 of the Cimolodonta 

is arcuate with oblique ridges with a single posterobuccal cusp on p4 that may disappear, 

rather than a row of cusps as in the ‘Plagiaulacida’ (except Eobaatar) (Kielan-Jaworowska and 

Hurum, 2001). 

Molars 

Early forms of multituberculates such as the suborder ‘Plagiaulacida’ have two upper molars 

and two lower molars. 

The multituberculate upper molars have numerous cusps of equal height. The 

multituberculate lower molars have only two rows of cusps. 

A distinguishing feature of the multituberculate upper molars is that the upper dentition and 

the position of M2 with respect to M1 is distolingual rather than distal as in other mammals 

(Kielan-Jaworowska et al., 2004). It was originally believed by Hahn (1969, 1971, 1977a, 

1987) that the M1 was aligned to the M2 in the Paulchoffatiinae, however this was later 

questioned by Van Valen (1976) and Clemens and Kielan-Jaworowska (1979). However 

Krause and Hahn (1990) demonstrated that this was not the case and that the upper 

dentition and the position of the M2 in regards to M1 of the Paulchoffatiinae was the same 

as in the other multituberculates. 

In the Paulchoffatiidae there are two pairs of molars and the molars have two rows of cusps 

and no posterolingual wing (Hahn, 1969, 1977a, 1993). 

The Late Jurassic and Early Cretaceous Plagiaulacidae have two upper molars and in the M1 

there is an incipient posterolingual ridge observed that differs from the Paulchoffatiidae (e.g. 

Kielan-Jaworowska and Hurum, 2001). 

In the M1 of most multituberculates except some Paulchoffatiidae the posterolingual wind is 

present and is sometimes often developed as a third row of cusps (e.g. Kielan-Jaworowska et 

al., 2004). 
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In the Paulchoffatiidae the authors Hahn and Hahn (1998b) introduced a system in 

numbering the molar cusp due to the high degree of variation in number and shape of cusps 

and cuspules on the Paulchoffatiidae molars. 

In the upper molars the lingual cusps are numbered in an antero-postero direction as L1-x 

and the buccal row as B1-x (Hahn and Hahn, 1998b), while in the lower molars the lingual 

cusps are numbered L1-x and the buccal as B1-x. However Kielan-Jaworowska et al. (2004) 

accept this denomination but use capital case letters for upper molars such as B1 and L1 and 

lower case letters for lower molars such as b1 and l1 with no prefixes. 

Evolution of multituberculate dentition 

It is interesting to note as stated by Kielan-Jaworowska et al. (2004) and other authors that 

the evolutionary change that occurred in the multituberculate dentition occurred in the 

structure of the lower premolars and this was paralleled with changes in the structure and 

function of the incisors.  

This may be the case as well for the gondwanatherians where there may have been a change 

in dentition and loss of dentition with a molarization of the premolars or a tendency for the 

premolars to remain molariform and not blade-like. This also may be related to a reduction 

of the number of teeth and premolars and may have occurred in parallel with the evolution 

of hypsodonty. 

It is interesting to note the different strategies observed by Kielan-Jaworowska et al. (2004) in 

multituberculate dentition: 

In the Ptilodontoidea the lower incisors are long and thin, with a narrow base and are 

completely covered in enamel. The p3 is vestigial while the p4 is very large, arcuate, with 

numerous ridges and strongly protrudes dorsally over the level of the molars (Kielan-

Jaworowska and Hurum, 2001). The lower incisors served to grasp by holding and piercing 

the food, while the premolar was blade-like and served as a shearing blade (Clemens, 1963; 

Krause, 1982). The ptilodontids also retain a large number of upper premolars with four 

premolars and there is an increase in the number of cusps on P4 and an increase on number 

of cusps on the upper and lower molars (e.g. Kielan-Jaworowska et al., 2004).  

A different strategy occurs in the Taeniolabididae where the incisors are not gracile for 

piercing but are robust, strong and self-sharpening (Sloan and Van Valen, 1965). The enamel 

on the incisors is limited to a ventro-lateral surface and this produces a self-sharpening tooth 

similar to that of the rodents and probably used for gnawing (Sloan and Van Valen, 1965).  

The Taeniolabididae have only one pair of upper and one pair of lower premolars, which are 

reduced in size, so overall there is a tendency for a reduction in the shearing premolars (e.g. 
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Kielan-Jaworowska et al., 2004). The upper and lower molars are enlarged in relation to the 

premolars both in width and length with numerous cusps. This strategy allowed for an 

effective grinding mechanism of the dentition (Granger and Simpson, 1929; Miao, 1986, 

1988).  

There is a third strategy observed by Kielan-Jaworowska et al. (2004) which is observed in 

the Djadochtatherioidea and the Eucosmodontidae is a strategy that lies intermediate to that 

of the two strategies mentioned above. 

In these multituberculates the lower incisor also has limited ventrolateral band of enamel, but 

in some genera it is thicker ventrolaterally in some djadochtatherioideans. The p3 is vestigial 

and the p4 is arcuate but does not protrude dorsally over the level of the molars as in the 

Ptilodontoidea (e.g. Kielan-Jaworowska et al., 2004). There are some primitive forms which 

retain four upper premolars but some advanced forms such as Catopsbaatar and Tombaatar 

(e.g. Kielan-Jaworowska, 1974; Kielan-Jaworowska and Hurum, 1997) that have reduced the 

upper premolars to three and in Catopsbaatar the p4 is reduced in size but is still arcuate (e.g. 

Kielan-Jaworowska et al., 2004). In this group the incisors still function for gnawing, but the 

premolars have a shearing function (e.g. Kielan-Jaworowska et al., 2004). 

Another strategy is seen in the Cimolomyidae in which the lower incisors are robust but 

completely covered in enamel. The four upper premolars are retained but are reduced in size 

while the upper molars are enlarged and multicusped (e.g. Kielan-Jaworowska et al., 2004). 

The p4 is small and arcuate but does not protrude over the level of the molars as in the 

Ptilodontoidea.  

Mandible:  

The multituberculate mandible is very distinctive compared to other Mesozoic mammals and 

is rodent-like, with an extensive diastema (See Figure 4.7) and an extensive symphysis with no 

Meckel’s groove (e.g. Kielan-Jaworowska et al., 2004). The diastema is usually concave and 

separates the procumbent lower incisors from the premolars or cheek-teeth. 

The mandible condyle faces posteriorly and lies below the occlusal level of the molars and is 

confluent with the lateral margin of the dentary. 
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Figure 4.7 Dentaries of Taeniolabis taoensis.  
An Early Paleocene Northern Hemisphere multituberculate in (A) Lingual view and (B) Labial view. 

 
4.3.c Multituberculate postcranial skeleton 

Different authors have studied multituberculate postcranial anatomy in the past, with most 

studies based on postcranial elements or partial skeletons of Cimolodonta McKenna, 1975 

(see review by Kielan-Jaworowska and Gambaryan, 1994). One of the most important 

studies was undertaken by Krause and Jenkins (1983) that included a description of the first 

fairly complete multituberculate postcranial skeleton of Ptilodus from the Paleocene of North 

America along with a review of multituberculate postcranial literature and description of 

other postcranial elements belonging to Northern America taxa such as ?Eucosmodon. Another 

important contribution to multituberculate postcranial skeletons is by Kielan-Jaworowska 

and Gambaryan (1994) and includes the description of complete articulated postcranial 

elements of Late Cretaceous Mongolian multituberculates such as Kryptobaatar, Nemegtbaatar 

(See Figure 4.8) and Chulsanbaatar The authors compare the Mongolia taxa with the isolated 

postcranial North American taxa. Other studies of multituberculate postcranial skeleton 

include works by Sereno and McKenna (1995), Gambaryan and Kielan-Jaworowska (1997) 

and Kielan-Jaworowska (1998).  
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Vertebral column 

In mammals the vertebral column serves to support and give stability to the body; it also 

serves for the attachment of muscles of the body, limbs and tail. 

Multituberculates have seven cervical vertebrae (as are found in most mammals), some taxa 

possess relative large cervical ribs similar to those present in extant monotremes (Kielan-

Jaworowska and Gambaryan, 1994). 

The first two cervical vertebrae (the atlas and axis, respectively) are concerned mainly with 

support and mobility of the head in extant mammals. In multituberculates the atlas, 

previously unknown in multituberculates, has been found in Chulsanbaatar and Nemegtbaatar 

and apparently lack a transverse foramen (Kielan-Jaworowska and Gambaryan, 1994). The 

axis also preserved in Nemegtbaatar and Chulsanbaatar has a small spinous process compared to 

the larger head of the axis (e.g. Kielan-Jaworowska and Gambaryan, 1994). 

The number of thoracic vertebrae and ribs is unknown however based on Chulsanbaatar, 

Kielan-Jaworowska and Gambaryan (1994) estimate that some multituberculates may have 

possibly 13 thoracic while in marsupials there are 11-15 (e.g. Dawson et al., 1989), with the 

sternebrae ossified (Kielan-Jaworowska et al., 2004). There are at least seven lumber 

vertebrae recognized in multituberculates with long transverse and spinous processes seen in 

Late Cretaceous Mongolian multituberculates (Kielan-Jaworowska et al., 2004). There are 

seven lumbar vertebrae preserved in Nemegtbaatar (Kielan-Jaworowska and Gambaryan, 

1994), these vertebrae differ from those of monotremes, extant therians and some cynodonts 

as they lack anapophyses (e.g. Kielan-Jaworowska et al., 2004). There are also at least seven 

lumbar vertebrae in Ptilodus (Krause and Jenkins, 1983). In Nemegtbaatar the metapophysis is 

lacking as well as the anapophysis on the lumbar vertebrae but there is a longitudinal lip on 

the lateral side of lumbar vertebrae 4 and 5, the same place where the anapophysis occurs in 

other mammals e.g. Tachyglossus (Kielan-Jaworowska and Gambaryan, 1994). In other 

multituberculates the lumbars have poorly developed metapophyses that are not separated 

from the prezygapophyses (Kielan-Jaworowska et al., 2004). 

The sacrum consists of four fused vertebrae e.g. Nemegtbaatar (Kielan-Jaworowska and 

Gambaryan, 1994) and Ptilodus (Krause and Jenkins, 1983), while most marsupials have four 

to eight sacral vertebrae (e.g. Dawson et al., 1989). The number of caudal vertebrae in 

multituberculates is unknown; however Krause and Jenkins (1983) estimated that Ptilodus 

from the Paleocene of North America had approximately 23 caudal vertebrae with a tail 

length of 180mm. In extant mammals such as Australian marsupials the tails vary and some 

are long and powerful such as that of the kangaroo with up to 25 vertebrae, the possum has a 
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prehensile tail, while the koala has no tail (e.g. Dawson et al., 1989). However the Koala has 

the fewest caudal vertebrae: only six or seven, there are twice that number in the wombatiids, 

another group of extant Australian marsupials with a vestigial tail and there are 20 to 30 

caudal vertebrae in the phalangerioids (Strahan, 1978).  

 

Figure 4.8: Reconstruction of the skeleton of Nemegtbaatar. 
In dorsal (A) and lateral (B) views. Modified from Kielan-Jaworowska and Gambaryan (1994). (C) 
Reconstruction of posture of Nemegtbaatar.  Modified from Kielan-Jaworowska (1997).  

Pectoral girdle and forelimb 

The pectoral girdle in multituberculates is composed of the scapulocoracoid, interclavicle and 

clavicle. However the multituberculate scapulocoracoid studied by various authors are not 

complete. For example the multituberculate Kryptobaatar dashzevegi described by Kielan-

Jaworowska and Gambaryan (1994), consists of an incomplete blade and a glenoid fossa.  

However the most complete multituberculate pectoral girdle and forelimbs are known from 

the Late Cretaceous Bulganbaatar (Sereno and McKenna, 1995).  

Another complete humerus, radius and ulna of a multituberculate was originally referred to 

Bulganbaatar nemegtbaataroides, (specimen PSS−MAE−103), by Sereno and McKenna (1995) 

but is now regarded (see Kielan-Jaworowska et al., 2004) as belonging to Kryptobaatar 

dashzevegi. As well there is a multituberculate humerus PSS-MAE-101 (figured by Dashzeveg 

et al., 1995: Fig. 3a) missing a humeral head and an almost complete humerus from Ukhaa 

Tolgod GI5/302 (figured by Kielan-Jaworowska, 1998: Figs. 1, 2) that lacks the compact 

layer of the bone in the middle of the shaft. 
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There are also two complete multituberculate humeri belonging to the Eocene ?Lambdopsalis 

bulla from China described by Kielan-Jaworowska and Qi (1990). The humerus in 

multituberculates has a spherical head; the lesser tubercle is slightly lower than the greater 

tubercle. 

The complete multituberculate humerus has only been preserved in three taxa (Kielan-

Jaworowska et al., 2004). The humerus has varied proportions (see Kielan-Jaworowska et al., 

2004).  

A slender type of humerus was observed in Kryptobaatar and Bulganbaatar (Sereno and 

McKenna, 1995) (however as stated by Kielan-Jaworowska et al., 2004, the Bulganbaatar 

humerus is identified as Kryptobaatar) while in Lambdopsalis bulla the humerus is more robust 

(Kielan-Jaworowska and Qi, 1990) (see review on multituberculate forelimb structure by 

Gambaryan and Kielan-Jaworowska, 1997). A complete manus has not been preserved in any 

multituberculate, but has been reconstructed by Kielan-Jaworowska and Gambaryan (1994: 

Fig.45). However carpus fragments have been found in Ptilodus (Krause and Jenkins, 1983) 

and the Cretaceous Nemegtbaatar showing that there are three bones in the proximal row of 

the carpus (e.g. Kielan-Jaworowska et al., 2004).  

Pelvic Girdle and Hind limb 

The difference from the multituberculate pelvis and extant placental mammals is the 

presence of epipubic bones (Kielan-Jaworowska, 1969). However these are present in most 

extant marsupials and monotremes. These epipubic bones consist of a very narrow pelvis, 

with the pubes that are fused ventrally with the ischia to form a keel (e.g. Kielan-Jaworowska 

and Hurum, 2001). The fusion of the pubes signifies that the right and left half could not 

separate during parturition (Kielan-Jaworowska et al., 2004).  

In extant marsupials the pubic bones of the two halves of the pelvis meet and fuse at a 

fibrous joint in the midventral line. These epipubic bones articulate with the pubic bones and 

are directed anteriorly (Dawson et al., 1989). 

The multituberculate pelvis differs from other extant placental mammals by the presence of 

deep epipubic bones that have a large iliosacral angel ranging between 33º an 36º while in 

small extant mammals the angle ranges between 9-19º (Kielan-Jaworowska et al., 2004).  

The deep pelvis of the multituberculates resembles that of monotremes, however 

monotremes have a wide u-shaped ischial arc related to oviparity, while in multituberculates 

the ischial arc is small and confined to the dorsal part of the ischia (e.g. Kielan-Jaworowska 

and Gambaryan, 1994). The deep multituberculate pelvis may be related to the abducted 

position of the hind limbs (e.g. Kielan-Jaworowska and Gambaryan, 1994). 
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In general the multituberculate femur is robust and similar to therian mammals. The femoral 

head has an extensive articular facet, a long neck and the prominent greater trochanter 

extends beyond the femoral head as seen in Kryptobaatar dashzevegi (e.g. Kielan-Jaworowska 

and Gambaryan, 1994; Kielan-Jaworowska et al., 2004). Multituberculate femora have unique 

features different from other mammals such as the unique plate-like process on the lesser 

trochanter (e.g. Kielan-Jaworowska and Gambaryan, 1994). Lateral to the lesser trochanter 

there is a fossa referred to as the post-trochanteric fossa by Kielan-Jaworowska and 

Gambaryan (1994). There is also a tubercule dorsally on the neck of the greater trochanter 

designated by Kielan-Jaworowska and Gambaryan (1994) as the subtrochanteric tubercle and 

is not observed in other mammals (See review in Kielan-Jaworowska and Gambaryan, 1994). 

In Kryptobaatar the femur articulates with the tibia with no femoro-fibular contact (Kielan-

Jaworowska and Gambaryan, 1994). 

The multituberculate tibia is characteristic in that it is mediolaterally large in diameter in 

contrast with the antero-posterior diameter (Kielan-Jaworowska and Gambaryan, 1994; 

Kielan-Jaworowska et al., 2004), while in therian mammals (with parasagittal limbs) this is 

reversed and the antero-posterior (craniocaudal) diameter of the tibia is larger than the 

mediolateral diameter (e.g. Sokolov et al., 1974). In multituberculates this may be related to 

the abduction position of the limbs (e.g. Kielan-Jaworowska and Gambaryan, 1994). 

The multituberculate tibia has an asymmetrical proximal end with two facets, a small medial 

and a large lateral one. The tibia is characterised by a hook like process that has a facet for the 

fibula. There is also a hook-like process on the fibular head for articulation of the tibia and 

fibula (Kielan-Jaworowska and Gambaryan, 2004). In Late Cretaceous Asian 

multituberculates, the fibula is observed by Kielan-Jaworowska and Gambaryan (2004) to not 

participate in the knee joint articulation and is situated caudally to the tibia in the proximal 

section and lateral in the distal section.  

Krause and Jenkins (1983) described a nearly complete pes of Ptilodus.  

Other authors such as Kielan-Jaworowska and Gambaryan (1994) reconstructed the 

multituberculate pes with a calcaneo-metatarsal V contact in the ankle joint and thus 

assuming multituberculates had a sprawling posture (Kielan-Jaworowska and Gambaryan, 

1994; Kielan-Jaworowska and Hurum, 2001). This contact only occurs in the extant reptile 

Sphenodon (Romer and Parsons, 1986) and thus the multituberculate pes would differ from 

other mammals (see discussion in Kielan-Jaworowska and Gambaryan, 1994). 
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4.3.d Multituberculate postcranial similarities with other Mesozoic Mammals 

The multituberculate postcranial skeleton shares similar features with eutriconodonts and 

monotremes in the foot structure. For example the metatarsal III is abducted 30° from the 

longitudinal axis of the tuber calcanei in multituberculates (Kielan-Jaworowska and 

Gambaryan, 1994), Jeholodens (Ji et al., 1999) and monotremes, rather than parallel to it as 

observed in crown therians (e.g. Luo et al., 2002). In multituberculates and Jeholodens, 

metatarsal V is offset from the cuboid and almost in contact with the distal end of the 

calcaneus (see Kielan-Jaworowska, 1997: Fig. 3; and Ji et al., 1999: Fig. 4). By contrast, in 

morganucodontids (Jenkins and Parrington, 1976) and crown Theria, metatarsal V, the 

cuboid and the calcaneus are all in alignment. 

Multituberculates and Jeholodens have no facets on the distal margin of the calcaneus and 

proximal metatarsal V, Luo et al. (2002) observe that it cannot be excluded that perhaps in 

the space between the offset metatarsal V and the cuboid a small cartilage may have been 

present. 

Other Mesozoic mammals such as trechnotherians (Theriiformes of Rowe, 1988 common 

ancestor of Zhangheotherium and crown Theria plus all its descendents Luo et al., 2002) 

resemble multituberculates and share several derived features of the postcranial skeleton (see 

Rowe, 1986; Rowe and Greenwald, 1987; Rowe, 1988, 1993; Sereno and McKenna, 1995; Hu 

et al., 1997). Some authors such as Luo et al. (2002); Kielan-Jaworowska and Gambaryan 

(1994) state that from these features four synapomorphies for multituberculate and 

trechnotherians are unambiguous such as the spherical femoral head on a constricted neck, 

prominent greater trochanter that is vertically directed, a high and laterally compressed tuber 

calcanei and the complete overlap of the astragalus and calcaneus. Along with this the 

forelimb and pectoral girdle features used in support of a multituberculate-trechnotherian 

relationship may also be ambiguous (e.g. Gambaryan and Kielan-Jaworowska, 1997; Rougier, 

Wible and Novacek, 1996b; Luo et al., 2002). Multituberculates as well as trechnotherians 

have a pivotal and mobile claviculo-interclavicle joint but this is also present in Jeholodens (Ji et 

al., 1999). The parasagittal stance of the forelimb is a variable feature among 

multituberculates (Gambaryan and Kielan-Jaworowska, 1997; Kielan-Jaworowska, 1998) 

along with trechnotherians (Rougier, Wible and Novacek, 1996b) and Jeholodens (Ji et al., 

1999).  

Multituberculates share dental features with haramiyidans including Haramiyavia (Jenkins et 

al., 1997), however no comparative study of the postcranial skeleton of Haramiyavia and 

multituberculates has been undertaken in detail.  
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If multituberculates are indeed grouped together with haramiyidans and placed outside the 

mammalian crown group, then the similarities in a great number of postcranial characters of 

multituberculates and trechnotherians must be convergent (Luo et al., 2002). 

4.3.e Characters used in multituberculate phylogeny  

Many authors have studied multituberculate morphology and systematics in the past; for a list 

of these authors see review by Kielan-Jaworowska and Hurum (2001). The latest 

phylogenetic analysis by Kielan-Jaworowska and Hurum (2001 see appendix) use numerous 

(62) dental and cranial characters, that have also been used in previous multituberculate 

interrelationship analysis (e.g. Archibald, 1982; Krause and Carlson, 1987; Simmons, 1993). 

In the latest analysis by Kielan-Jaworowska and Hurum (2001), no postcranial characters are 

used, as unfortunately the postcranial skeleton is only known in a few multituberculate taxa 

(for reviews see Krause and Jenkins, 1983 and Kielan-Jaworowska and Gambaryan, 1994). 

Kielan-Jaworowska and Hurum (2001) do not use the size of the coronoid process of the 

dentary, as the size varies among different groups in relation to dietary preferences. However 

they do introduce new characters in their analysis, which are related to the molar enamel, 

such as the tendency of molar cusps to coalesce and the ornamentation of grooves, pits and 

ridges on the molars. 
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4.4 Body size and locomotion 

Multituberculates were small mammals, however as observed by Kielan-Jaworowska and 

Gambaryan (1994), the reconstruction of multituberculate skeleton differed in proportions in 

comparison with small extant therian skeletons. Multituberculates had a body that was closer 

to the ground due to the presence of abducted limbs. The multituberculate body is 

characterized by a large head, a long skull and a short neck as observed in Kryptobaatar and 

other Later Cretaceous Asian multituberculates, in comparison to other extant mammals (e.g. 

Kielan-Jaworowska and Gambaryan, 1994). 

The locomotion of multituberculates has been a debated subject with the early authors such 

as Gidley (1909) suggesting that Ptilodus may be saltorial and Simpson (1926) suggesting that 

multituberculates may have been semi-arboreal. Krause and Jenkins (1983) in their study of 

an almost complete skeleton of Ptilodus and hind limbs of ?Eucosmodon argued that these taxa 

were arboreal (see review by Kielan-Jaworowska et al., 2004). 

However Kielan-Jaworowska and Gambaryan (1994) studied postcranial elements of 

Cretaceous multituberculates from Asia with a detailed functional analysis and concluded that 

these were terrestrial rather than arboreal. Kielan-Jaworowska and Gambaryan (1994) also 

added that mammals mostly had a parasagittal stance (therians) except for monotremes 

where both fore and hind limbs are sprawled under the body. This also occurs in amphibians 

and most extant reptiles, where the proximal segments of the limbs are arranged at 

approximately 90º to the parasagittal (vertical) plane. The sprawled limbs are defined as 

abducted under the body by Kielan-Jaworowska and Gambaryan (1994), while therian 

mammals are traditionally defined as parasagittal with an asymmetrical gait. However in some 

extant mammals the femora is positioned at 20-50º to the sagittal plane and the humeri 

functions at angles of 10-30º to the sagittal plane, both slightly abducted (e.g. Kielan-

Jaworowska and Gambaryan, 1994). 

Kielan-Jaworowska and Gambaryan (1994) argue that multituberculates had an abducted 

limbs and an asymmetrical gait where the forelimbs move first and then are followed by the 

hind limbs (this also occurs in small extant mammals). They based these conclusions on the 

structure of the foot, tibia and pelvis. This was also based on the study of the high humeral 

torsion of an Eocene multituberculate Lambdopsalis varying between 24 and 38º. They also 

conclude that multituberculates had a long spinous processes of the lumbar vertebrae, 

abducted limbs and moved fast similar to small extant mammals however differed their 

locomotion in the trajectory of the a steeper jump stage. 
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However Sereno and McKenna (1995) published a description of a complete shoulder girdle 

of a late Cretaceous multituberculate (cf. Bulganbaatar nemegtbaataroides) with a small degree of 

torsion (15º) of the humerus and argued that the multituberculate stance was not abducted 

but parasagittal similar to therians and similar to Didelphis.  They also argued that the 

parasagittal stance arose only once in mammals, in the common ancestors of therians and 

multituberculates. 

In response Gambaryan and Kielan-Jaworowska (1997) reviewed Sereno and McKenna’s 

work and analysed the structure of multituberculate humerus, shoulder and elbow joints and 

compared these, with those of anurans, lacertilians, monotremes and extant therian 

mammals. They recognized that the humeri of tetrapods with a sprawling stance had three 

features: prominent radial and ulnar condyles, the lesser tubercle wider than the greater 

tubercle condyle and a wide intertubercular groove. On the other hand, in tetrapods with a 

parasagittal stance there is a trochlea, the lesser tubercle is narrower than the greater tubercle 

and the intertubercular groove is narrow.  

They also demonstrated that torsion of the humerus does occur in terrestrial tetrapods that 

possess abducted limbs with a symmetrical gait, however this does not occur in anurans that 

have an abducted stance and asymmetrical jumps, nor in fossorial therians with a sprawling 

or semi-sprawling stance (except the Chrysochloridae) (Gambaryan and Kielan-Jaworowska, 

1997). They also demonstrated that lack of torsion of the humerus does not infer a 

parasagittal stance as previously concluded by Sereno and McKenna (1995). 

They concluded that multituberculates had abducted forelimbs and were structurally adapted 

for asymmetrical jumps. 

They observed that multituberculates retained prominent radial and ulnar condyles and did 

not possess a trochlea. However they concluded that during the Early Cretaceous there were 

therians with a trochlea (e.g. Vincelestes Rougier, 1993) and that probably the first mammals to 

acquire a trochlea did so during the Late Jurassic (Gambaryan and Kielan-Jaworowska, 1997). 

These authors also refuted the hypothesis made by Sereno and McKenna (1995, 1996) that 

the parasagittal stance evolved only once in mammalian evolution and evolved in the 

common ancestors of multituberculates and therian. This would suggest that parasagittal 

stance arose once only in therians and not in the common ancestor of therians and 

multituberculates (Gambaryan and Kielan-Jaworowska, 1997).  

However the study of the postcranial skeleton of Zhangheotherium, a symmetrodont from the 

Late Jurassic-Early Cretaceous of China (Hu et al., 1997) and the study of Vincelestes (Rougier, 

1993) and the Jurassic Henkelotherium (Krebs, 1991) suggest that early therian mammals lacked 
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the more parasagittal forelimb posture of most living therians and had abducted forelimb 

stance as it is found in extant monotremes and is inferred for multituberculates (Gambaryan 

and Kielan-Jaworowska, 1997). 

Hu et al. (1997) observed that Zhangheotherium like Henkelotherium and Vincelestes all have 

torsion of the humerus and possess a large lesser tubercle relative to the greater tubercle. 

These authors suggest that the humeri of these archaic therians were more abducted than 

those of most living therians. Zhangheotherium and Henkelotherium also have an incipient 

trochlea in the humerus that represents an intermediate condition towards a less abducted 

posture of the forelimbs as is found in living therians. 

Hu et al. (1997) suggest that the parasagittal forelimb posture of living therians was not 

present in archaic therians as Zhangheotherium, Henkelotherium and Vincelestes and it is best 

considered to have arisen later in therian evolution. 

The multituberculate postcranial skeleton is of comparable robustness in comparison to 

small eutherian mammals of similar size (e.g. Kielan-Jaworowska and Lancaster, 2004). There 

are exceptions to this with the fossorial multituberculates (e.g. Miao, 1988; Kielan-

Jaworowska and Qi, 1990) that possess a very robust skeleton. The multituberculate skull is 

compressed dorso-ventrally and is more robust than that of therian mammals of a similar size 

(e.g. Kielan-Jaworowska and Lancaster, 2004). 

Kielan-Jaworowska and Lancaster (2004) predicted the body mass of Kryptobaatar based on 

humerus, radius, ulna, femur and tibia measurements using linear regression analysis and 

multiple regression analysis by determining allometric relationships based on body mass, 

bone length and diameter. The authors used rodents as the ecological equivalent of 

multituberculates for the prediction of body mass for Kryptobaatar using regression equations, 

as many long bones of Kryptobaatar are not known or completely preserved (see Kielan-

Jaworowska and Lancaster, 2004: Table 4). The authors also calculated the brain mass and 

from this then calculated the encephalization quotient (EQ) for each predicted brain volume 

of Kryptobaatar dashzevegi. The results of this study gave body masses predicted from the 

derived equations ranging from 30.6 to 268.0 g with a mean weight of 85.3 g, the EQs 

predicted from these body masses ranged from 0.25 to 1.15, with a mean EQ of 0.73. 

Kielan-Jaworowska and Lancaster (2004) determined the size of the olfactory bulbs based on 

the endocast and also determined that the main sense of the extinct multituberculates was 

olfaction, as it is for most extant mammals. Also they were able to infer from the large ear 

region due to the structure of basicranium that multituberculates had acute hearing and due 

to the very large paraflocculi suggested that these mammals had a well-developed 
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sensorimotor adaptations particularly coordinated movements. The study by Kielan-

Jaworowska and Lancaster (2004) indicates that multituberculates had strongly developed 

senses that support a nocturnal mode of life, as previously suggested for all Mesozoic 

mammals by Jerison (1973). 
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4.5 Ecological adaptive roles of multituberculates 

4.5.a Diet and Habitat 

Paleontologists have discussed the habitat of multituberculates since their discovery in the 

19th century. They have been compared to rodents due to their superficial resemblance in 

the lower jaw and dentition and at times have been referred to as the rodents of the 

Mesozoic. 

From the mid 19th century when the first multituberculates were studied there has been 

debate related to the diet of multituberculates whether these mammals were herbivorous, 

carnivorous or omnivorous.  Falconer (1857) believed that Plagiaulax was either herbivorous 

or frugivorous; he based his findings on the dental features of Plagiaulax and similarities with 

extant marsupial dentition, such as is present in Kangaroo rats that are strictly herbivorous 

and gnaw on scratched-up plant roots.  

Simpson (1926) studied Ctenacodon and reconstructed the masticatory muscles comparing the 

dentition with that of a Bettongia (brush-tail marsupial rat kangaroo), an extant mammal with a 

similar “Plagiaulacid” dentition. He concluded that multituberculates were generally 

herbivorous. Today wild Bettongia (brush tail bettong) are known to eat in the wild a varied 

diet and may eat bulbs, tubers, seeds, insects and resin (e.g. Flannery, 1990), with the bulk of 

its diet derived from underground fungi that can only be digested indirectly. In a portion of 

its stomach, bacteria consume the fungi and produce the nutrients that are digested in the 

rest of the stomach and small intestine. It is interesting to note that Bettongia does not 

consume any green material or water (Vernes and Haydon, 2001). Due to the reassessment of 

the diet of extant kangaroo rats and extant marsupials with a plagiaulacid dentition, the idea 

of multituberculate herbivory has been replaced with that of an omnivorous diet. 

Krause (1982) studied multituberculate diet based on backward directed jaw movement on 

Ptilodus and concluded that these multituberculates were omnivorous and this theory was also 

supported by Wall and Krause (1992). Wall and Krause (1992) demonstrated that Ptilodus was 

unable to eat seeds of a 12 mm diameter such as Ginkgo seeds. 

Gambaryan and Kielan-Jaworowska (1995) studied Late Cretaceous Asian multituberculates 

and provided reconstruction of the masticatory musculature and masticatory cycle in 

Nemegtbaatar. They demonstrated that these multituberculates possessed a low position of the 

condyle and is an advantageous function for this group as it provided a greater movement for 

the adductor muscles in the jaw during the backward power stroke of the jaw. 
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Gambaryan and Kielan-Jaworowska (1995) stated that the Paulchoffatiids had a large 

coronoid process hence they had a strong incisor biting force and thus were able to feed on 

insects and other invertebrates and plant material. 

In general multituberculates probably had a varied diet from insects to larger arthropods and 

plants. 

4.5.b Paleobiology 

Multituberculates and other fossil mammals, it is believed, were homeothermic and possessed 

hair for insulation like modern mammals (Jerison, 1973). Multituberculates possessed hair, 

this is known due to the discovery of hair from the Paleocene multituberculate Lambdopsalis 

bulla from Chinese Inner Mongolia by Meng and Wyss (1997). 

The first multituberculate pelvis was described by Kielan-Jaworowska (1979) and belonged to 

Kryptobaatar dashzevegi from the Late Cretaceous of Mongolia. The author studied the 

dimensions and nature of the pelvic girdle and questioned the mode of reproduction and 

how the dimensions of the pelvic girdle would implicate the size of a neonate (if 

multituberculates were viviparous) or the size of an egg (if multituberculates were oviparous). 

Kielan-Jaworowska (1979) observed that if multituberculates were oviparous the space 

available for the passage of an egg would be less than 3.4mm in Kryptobaatar and 2.2 mm in 

Chulsanbaatar and would mean the egg would be very small, smaller than any known cleidoic 

egg. For example in monotremes, the egg when laid, is approximately 15mm by 17mm in size 

(Dawson, 1983). However the mechanism that transfers the egg to the pouch is unknown, 

some observations on pregnant captive echidnas demonstrate that the female echidna just 

before egg laying everts the cloaca so that cloacal curves and reaches into the pouch where 

the egg is laid. Kielan-Jaworowska (1979) concluded that multituberculates were most 

probably viviparous but gave birth to very small neonate young similar to extant marsupials. 

4.5.c Extinction 

Multituberculates are known from the Middle to Late Jurassic and become extinct at the end 

of the Eocene (e.g. Kielan-Jaworowska et al., 2004). Some authors such as Van Valen and 

Sloan (1966) believed that they become extinct when they had to compete for resources with 

the placental herbivores in the Early Tertiary, which were becoming ever so diverse such as 

the condylarths in the Early Paleocene, then plesiadapiform primates in the middle Paleocene 

and finally the rodents from the latest Paleocene onwards. Krause (1986) believed that the 

sudden appearance of the paramyid rodents in the Latest Paleocene of North America 

caused a restructuring of early Cenozoic mammal communities that in turn, led to and active 
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displacement of multituberculates through competition and this in turn, played a major role 

in the extinction of multituberculates. 

Krause (1986) states that the evidence is not as strong to suggest that there was competition 

with condylarths and multituberculates from the Lancian to the Torrejonian and between the 

multituberculates and the plesiadapiform primates from the Puercan to the Tottehonian, nor 

is there sufficient evidence to support that multituberculate decline was due to climatic 

fluctuations. 

However Lillegraven (1975, 1979) suggested that the prolonged gestation of placental 

mammals was a beneficial adaptation. Multituberculates, also considered viviparous by 

Kielan-Jaworowska (1979), were believed to have had a very small neonate similar to extant 

marsupials.  This would imply a competitive inferiority of multituberculates competing with 

eutherians. 

Kielan-Jaworowska and Gambaryan (1994) also argued that multituberculates with an 

abducted position of their limbs may have had limited endurance for prolonged running and 

were inferior to eutherians with parasagittal stance. However the energetics of locomotion in 

echidnas trained to walk on a treadmill at a variety of speeds determined by Edmeades and 

Baudinette (1975) demonstrated that the O2 consumption increased with running speed and 

total O2 consumption per kg of body weight at a given distance (cost of transport) was found 

to be less than that of eutherians. Echidnas like the multituberculates have an abducted 

stance, the echidna has a wide glenoid cavity for the reception of the broad head of the 

horizontally positioned humerus and there is 90° abduction to the parasagittal plane of the 

body (Griffiths, 1989.)   
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4.6 Gondwanatherians as multituberculates  

Both multituberculates and gondwanatherians share a variety of dental features such as 

propalinal jaw movement (the jaw moves from front to back), rodentiform dentition and 

transverse ridges or lophs on the occlusal zone of the molariform teeth (See Kielan-

Jaworowska et al., 2004; and Kielan-Jaworowska and Hurum, 2001). 

If gondwanatherians are indeed related to the multituberculates (see Chapter 5) or may have 

shared a common ancestor this may also imply other similarities in skeletal anatomy and even 

perhaps Paleobiology. 
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Chapter 5 Gondwanatheria 

5.1 Introduction 

The gondwanatherians are a group of enigmatic Mesozoic, Early Paleocene and ?Eocene 

mammals only discovered in the last twenty years. 

The gondwanatherians are known from the Late Cretaceous of Argentina (Bonaparte, 1986a, 

1986b, 1988; Krause et al., 1992; Bonaparte, 1990a; Kielan-Jaworowska and Bonaparte, 

1996), Madagascar (Krause and Grine, 1996) and India (Krause et al., 1997), from the Early 

Paleocene of Argentina (Krause et al., 1992; Krause and Bonaparte, 1993; Krause et al., 

1997), possibly the Eocene of Antarctica (Reguero et al., 2002; Goin et al., in press) and 

possibly the ?Cretaceous of Tanzania (Krause et al., 2003) as well a possible gondwanatherian 

molariform discovered recently from the ?Eocene of Peru (Goin et al., 2004). 

These include the Family Sudamericidae with Sudamerica and Gondwanatherium from 

Argentina, Lavanify from Madagascar and an unnamed specimen from India (Krause and 

Bonaparte, 1993; Krause et al., 1997). There is also a tentative unnamed specimen from 

Antarctica placed in this family (Reguero et al., 2002; Goin et al., in press). The other family is 

the monotypic family Ferugliotheriidae with the sole genus, Ferugliotherium (Bonaparte, 

1986a). These are all represented by isolated teeth and some lower jaw remains (Pascual et al., 

1999; Kielan-Jaworowska and Bonaparte, 1996; Bonaparte, 1990a; Gurovich, 2001; Krause et 

al., 2003).  

Gondwanatherium (Bonaparte, 1986b) and Sudamerica (Scillato-Yané and Pascual, 1984), from 

the Late Cretaceous and Early Paleocene of Patagonia respectively, are characterized by 

hypsodont molars with very thick enamel covered crowns. The third genus Ferugliotherium 

(Bonaparte, 1986a) is characterized by brachyodont molars and is assigned tentatively to the 

suborder Plagiaulacida within Multituberculata by Krause and Bonaparte (1993) and was also 

confirmed as a multituberculate by Kielan-Jaworowska and Hurum (2001). However this 

view has recently changed (see Kielan-Jaworowska et al., 2004). 

The Suborder Gondwanatheria is considered to be a non-tribosphenic group of mammals 

(Bonaparte, 1990a) and was tentatively placed in the Order Multituberculata (Krause and 

Bonaparte, 1990; Kielan-Jaworowska and Bonaparte, 1996; Kielan-Jaworowska and Hurum, 

2001), but considered by Pascual et al. (1999) to be Mammalia incertae sedis based on the 

interpretation of the right dentary of Sudamerica ameghinoi. The gondwanatherians since their 

discovery in the late 1980s have been considered a peculiar group of mammals due to the fact 

that they were once strictly confined to Gondwana, because of their derived and specialized 

morphological dental characteristics together with their unknown origin. 
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5.2 Geological Setting 

5.2.a Geographical and Geological precedence of available material 

The material in study in this thesis comes from two different localities in Patagonia Argentina 

that are rich in continental vertebrate fossils.  

One of these localities include the Late Cretaceous locality of the Los Alamitos Formation 

that lies in discordance on top of the Chubut Group. This locality is located between the 

border of the Rio Negro and Chubut provinces exposed to the east of the region of Cona 

Niyeu in the Province of Rio Negro. However the relationship between the Los Alamitos 

Formation and the Chubut Group is still not properly defined (Page et al., 1999). 

The other locality is the Early Paleocene “Banco Negro Inferior” strata of the Hansen 

member, Salamanca Formation in the Golfo de San Jorge Basin, Chubut Province. 

The late Cretaceous gondwanatherian mammals studied here were discovered in the 

sediments pertaining to the Los Alamitos Formation. This formation is morfostructurally 

considered part of the marginal area of the North Patagonian Nesocraton (nesocratónica 

Nordpatagónica) or Macizo de Somun Curá (Andreis, 1996).  
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5.3 Los Alamitos Formation, Rio Negro Argentina 

The Los Alamitos Formation was first described in 1983 by Franchi and Sepúlveda, as part 

of regional geological studies directed by the Servicio Geológico Nacional. This work was 

published as Hoja 41h and updated in 2001 in the Hoja 4166-III Cona Niyeu. The Los 

Alamitos Formation was later studied in detail by Bonaparte, Franchi, Powell and Sepúlveda 

(1984). Bonaparte et al. (1984) provided a geological map of the type locality and gave a 

description of part of the vertebrate and invertebrate fossil fauna found in that area. 

Franchi and Sepúlveda (1983) first proposed the name Los Alamitos Formation. This 

formation was used to describe the sediments exposed in the region of Cona Niyeu that were 

deposited in-between the deposits of the Chubut Group (Grupo Chubut) and the Roca 

Formation. The name Los Alamitos is due to the Homestead or Estancia Los Alamitos in 

which these deposits are found. 

Franchi and Sepúlveda (1983) recognized a singular lithology of the formation and 

discovered and collected numerous vertebrate fossils, this later led to the systematic 

acknowledgment of the Los Alamitos Formation by Bonaparte et al. (1984) and to numerous 

published papers. The most complete works on the stratigraphy and paleoenvironment of 

the Los Alamitos Formation were undertaken by Andreis (1987) and Andreis et al. (1989) 

The numerous papers related to the vertebrate fauna from the Los Alamitos Formation 

include those by Bonaparte et al. (1984), Bonaparte and Soria (1985), Bonaparte (1986a;b, 

1987, 1990a, 2002), Cione (1987), de Broin (1987), Baez (1987), Albino (1986, 1987), Powell 

(1987) and Bonaparte and Rougier (1987b). These studies undertaken on the stratigraphical 

and paleontological aspects of the Los Alamitos Formation is due partly to the great quantity 

and variety of fossils of the formation and also to the fact that the first Cretaceous mammal 

of Argentina was found in the Los Alamitos Formation. 

Throughout the late 1970s (1976-1978) the project titled “Jurassic and Cretaceous Terrestrial 

Vertebrates of South America” was undertaken in Patagonia, led by J. F. Bonaparte and 

financed by the National Geographical Society, the CONICET and the Universidad 

Nacional de Tucumán. The aim of this project was to discover new terrestrial vertebrates 

including Mesozoic mammals. This project continued throughout the 1980s (1979-1983) and 

was supported by the Museo Argentino de Ciencias Naturales “Bernardino Rivadavia”. The 

first Argentinean Mesozoic mammal Mesungulatum houssayi was found in February 14th 1983 

(Bonaparte and Soria, 1985). 

This discovery was a very important cornerstone and carried incredible significance for 

Palaeontology in Argentina as stated by Bonaparte and Soria (1985:178) “ Es probable que el 
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material que damos a conocer, por su notable significación, inicie una corriente de exploración e investigación 

paleontológica en nuestro país dirigida a reunir más y mayor documentación de mamíferos cretácicos que pueda 

explicar más claramente la historia del notable endemismo que caracteriza a los mamíferos del Cenozoico de 

América del Sur”. 

The molar of Mesungulatum houssayi was found in the Late Cretaceous Los Alamitos 

Formation in the locality of Estancia of Los Alamitos, Arroyo Verde on the south east of the 

Province of Rio Negro Argentina. Between 1986 and 1988 this locality yielded the remains of 

an additional diverse array of non-tribosphenic therian mammals (Bonaparte, 1987, 1990a). 

The discovery of this locality along with the discovery of other remains of Mesozoic 

mammals provided important opportunities to evaluate the phylogenetic and biogeographical 

history of early South America and Gondwanan mammals. 

5.3.a Geographic distribution of the Los Alamitos Formation 

The Los Alamitos Formation is located in the south east of the Rio Negro Province very 

close to the border with the Province of Chubut (approximately 5km north of the border) in 

Argentina and lies approximately 90km west from the small iron mining town of Sierra 

Grande (see Figure 5.1). The formation also outcrops near Arroyo Verde and is composed of 

a continental deposit which is very fossiliferous and supports a fluvial environment with a 

rich continental vertebrate association.  

 
Figure 5.1: Map of the area of the Estancia Los Alamitos Province de Rio Negro. 
Modified from Bonaparte et al. (1984) 
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The sediments of the Los Alamitos Formation outcrop to the east of Cona Niyeu and on the 

surroundings of the Estancia La Salada (homestead of La Salada, “ex-puesto Gianni”) that is, 

the Los Alamitos profile outcrops to the south east of the Monasa homestead and outcrops 

in discontinuous strips along the main highway between Cona Niyeu and Arroyo de La 

Venta, outcropping from the first town and along the five kilometres towards the Bustos 

homestead. 

It outcrops south on the property of the Aguada del Picaso homestead, north east of the Los 

Alamitos homestead, north of the puesto del Crespo,  in the bajo Hondo, on the 

surroundings of the El Mirador Homestead and Campana Mahuida homestead and generally 

all along the border of the Meseta de Somún Curá. Along this border the formation is 

covered by modern basalt and has been removed from its original position due to the 

movements (asentamientos) that are so common along the border of the Meseta (Hoja 

Geológica 4166-III).  These basalts are of the Somún Curá Formation and of Middle to 

Upper Tertiary age (e.g. Andreis, et al., 1975). 

5.3.b Lithology of the Los Alamitos Formation 

The lithology of the formation was first studied by Franchi and Sepúlveda (1983), then later 

by Bonaparte et al. (1984), Andreis (1987) and Andreis et al. (1989). These authors have 

published dozens of profiles, with stratigraphical and compositional considerations and areas 

of providence of the clastic materia (Hoja Geológica 4166-III). The unit has its greatest 

thickness of 94 meters along the south western slope of the Cerro Cuadrado (Andreis, 1987). 

This unit is where the stratotype was originally defined by Bonaparte et al. (1984).  

The local sequence is composed of pelitic rocks (72%), psammites (24%) and small 

proportions of conglomerates, breccias, coquinas and stromatolites (Andreis, 1987).  

Andreis et al. (1989) defined two members in the formation. The lower member has the 

greater variety of lithology and is made up of tabular stratification composed of sandstone, 

pelites, tuffs (tobas), margas and conglomerates. The colours that dominate this lower 

member are yellows, reds and browns. The upper member is integrated principally by fine 

grain rocks of tabular stratification such as pelites, margas tuffs, (tobas) (in a small 

proportion) with occasional strata of coquines of orange, browns and green tones.  

The lower member of the Los Alamitos Formation could be correlated with the lower and 

middle continental sections of the La Colonia Formation based on González and Ardolino 

(1996) and with the continental deposits of the Coli Toro Formation based on studies by 

Coria (1979) and González et al. (1999). 
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The upper member is homologous with the upper part of the La Colonia Formation,  the 

Lefipán Formation of Rio Chubut medio and the Jagüel Formation of the Neuquén Basin. 

The upper member is also based on Andreis et al. (1989) and is correlated with the strata with 

Eubaculites (layers with eubaculites) that are exposed in El Caín. 

The Los Alamitos Formation is very rich in fossil content both in quantity and  quality (Hoja 

Geológica 4166-III).  

The lower member has a greater abundance of fossil remains that include hadrosaurs, 

sauropods, theropods, mammals, fish, chelonians, anurans, ophidians, crocodiles, bivalves 

and plant remains. The upper member is less fossiliferous, with strata of coquinas containing 

gastropods and few hadrosaurs.  

In the Cerro Cuadrado sequence, five sedimentary facies have been recognised by Andreis 

(1987) and classified according to Miall (1982). These include: a) Psephytic facies, b) 

Sandstone facies, c) Pelitic facies, d) stromatolites facies and e) Coquina facies (see the 

description by Andreis, 1987).  The vertebrate remains at Cerro Cuadrado were found in the 

non-calcareous pelites and contain almost all the vertebrates. 

5.3.c Los Alamitos local mammal age 

Bonaparte (1986a) proposed the Alamitian Local Vertebrate Age, based on the notable 

characteristics and diversity of the fossil fauna discovered in the Los Alamitos Formation. By 

creating the Los Alamitos Local Vertebrate Age, Bonaparte (1986a) was able to locate this 

valuable continental fauna in a cono-estratigraphical context (but see Leanza et al., 2004 who 

proposed an alternative). 

It is interesting to discuss the history of the definition of mammal ages in South America. 

Leanza et al. (2004) have already proposed a historical review of how the South American 

Mammal ages were established. The first to recognize faunistic sequences in the Argentinean 

Cenozoic was the famous palaeontologist Florentino Ameghino (e.g. 1906) and he 

established faunistic sequences in the Cenozoic of Argentina based on certain grades of 

evolution. Later Pascual et al. (1965) based on Ameghino’s early ideas, identified the 

“Mammal Ages”. These “Mammal ages” later were defined as the South American Land 

Mammal Ages or SALMA by Flynn and Swisher (1995). 

During the late 80’s and 90’s Bonaparte (1986a, 1987, 1990a, 1991 and 1992) with his work 

on the Mesozoic of Argentina was able to establish the term ‘Vertebrate Ages’ for the 

Cretaceous of South America. He defined the ‘Vertebrate Ages” based on their entire 

vertebrate content, not just with the mammals. Bonaparte (1982) based his ‘Vertebrate Ages’ 
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on the continental vertebrate fauna with specific emphasis on the reptile content (Bonaparte, 

1992).  

Bonaparte (1992) criticised the Alamitian Mammal Age also known as Alamitense Mammal 

Age established by Ortíz Jaureguizar and Pascual (1989) as it was solely based on mammals as 

well as the ‘Amargan’ (or ‘Amarguense’) Mammal Age for the same reasons.  

Bonaparte (1991) then created the following two ‘Vertebrate Ages’ (VA) for the Cretaceous 

of South America: 1) Alamitian V. A. (= Edad Vertebrado Alamitense Bonaparte, 1986a) that 

includes the tetrapod fauna from the Middle section of the Los Alamitos Formation 

(Province of Rio Negro), the upper section of the Loncoche Formation (Province of 

Mendoza) and the Allen Formation (Provinces of Rio Negro and Neuquén) (see Bonaparte, 

1986a, 1987, 1990a, 1992); 

2) Neuquenian V. A. (= Edad Vertebrado Neuqueniense, Bonaparte, 1991) that includes the 

tetrapod fauna from the Bajo de la Carpa Formation, in the Province of Neuquén 

(Bonaparte, 1991). 

Recently Bonaparte (1998) recognized three main successive faunistic assemblages of land 

tetrapods in the Cretaceous of South America.  

These include the Albian-Cenomanian Assemblage, whose faunal content is restricted to the 

Neuquén Basin but is also included in the Limayan Tetrapod Assemblage recently proposed 

by Leanza et al. (2004) and the Turonian-Coniacian Assemblage (which is the Neuquenian V. 

A. Bonaparte, 1991) whose faunal content presently is only restricted to the Neuquén Basin 

but is included in part, to the Neuquenian Tetrapod Assemblage proposed by Leanza et al. 

(2004). The final successive faunistic assemblage is proposed as the Campanian-Maastrichtian 

Assemblage (Alamitian V. A. Bonaparte, 1991), whose faunal content is restricted to the 

Neuquén Basin and is proposed to belong to the Allenian Tetrapod Assemblage by Leanza et 

al. (2004). 

In their paper Leanza et al. (2004) defined six new local tetrapod assemblages: Amargan 

(Barremian-Early Aptian), Lohancuran (Late Aptian-Albian), Limayan (Cenomanian-Early 

Turonian), Neuquenian (Late Turonian-Coniacian), Coloradoan (Santonian-Early 

Campanian) and Allenian [Late Campanian-Early Maastrichtian (=Alamitense=Alamitian 

SALMA)]. Leanza et al. (2004) used tetrapod records based on the Cretaceous terrestrial 

strata of the Neuquén Basin (northern Patagonia, Argentina) as well as tetrapod records from 

the north-eastern Patagonia. The Allenian Tetrapod Assemblage was originally defined as 

Alamitense by Bonaparte, 1991 and the Alamitian SALMA, by Flynn and Swisher, 1995. The 

Allenian Tetrapod Assemblage is defined by Leanza et al. (2004) to occur in strata 
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constrained between the Huantraiquican unconformity at its base and the marine Jagüel 

Formation above and is considered to be of Late Campanian-Early Maastrichtian in age. 

The Allenian Tetrapod Assemblage (Leanza et al., 2004) is considered to be equivalent in part 

to the Alamitense of Bonaparte (1986a), to the Campanian-Maastrichtian association devised 

by Bonaparte (1998) and to the Alamitian SALMA of Flynn and Swisher (1995). The main 

stratigraphic unit of Allenian Tetrapod Assemblage is the Allen Formation that is based in 

the Neuquén Basin, however Leanza et al. (2004:19) stated that “the equivalent units in 

north-eastern Patagonia (the Angostura Colorada and Los Alamitos Formations) represent 

similar environments, age and faunas, so their taxa are also included to give a more accurate 

picture of the Allenian assemblage”.  

Overall the Allenian assemblage is characterized by Leanza et al. (2004) as having derived 

members of typical Gondwanan lineages as well as probable immigrants from the Northern 

Hemisphere.  

The Gondwana lineages include small, armoured saltasaurine titanosaurs (Salgado and 

Azpilicueta, 2000), closely related large and advanced eutitanosaurs (Powell, 1987 ) and large, 

highly derived Carnotaurus-like abelisaurid theropods (Bonaparte, 1985; Bonaparte et al., 

1990), as well as abelisauroids, Onithure and non-ornithure ornithothoracean birds (see 

Leanza et al., 2004). 

The immigrant taxa include the hadrosaurine and lambeosaurine allochthonous hadrosaurid 

ornithopods (Bonaparte et al., 1984; Powell, 1987; González Riga, 1999a; González Riga and 

Casadío, 2000) and ankylosaurian ornithischians (Salgado and Coria, 1996).  

Leanza et al. (2004) stated that there is also non-dinosaurs fauna in the Allenian Tetrapod 

Assemblage, that include fragmentary materials of crocodyliforms, madtsoiid snakes (Albino, 

1986), lizards (teiids and indeterminate iguanians?) and non-eilenodontine sphenodontians, as 

well as pipoid and ‘leptodactylid’ frogs both from the Los Alamitos Formation (Báez, 1987) 

and the Loncoche Formation (González Riga, 1999b). 

There is a lot of diverse chelid material that includes South American short and long necked 

(related to Hydromedusa) chelids and meiolaniids (de Broin, 1987; de Broin and de la Fuente, 

1993; Lapparent de Broin and de la Fuente, 1999, 2001). 

The mammals in the Allenian Tetrapod Assemblage defined by Leanza et al. (2004) include 

dryolestoids, “symmetrodonts”, gondwanatherians and triconodonts (Bonaparte and Soria, 

1985; Bonaparte, 1986a, 1990a, 1992). 
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5.3.d Vertebrates and Invertebrates found in Los Alamitos Formation  

The vertebrates found in the Los Alamitos Formation include hadrosaurs, titanosaurids, 

theropods, snakes, chelonians, frogs, fishes, mammals and invertebrates such as pelecipods 

and gastropods and have been studied in detail by Bonaparte et al. (1987).  

Other vertebrates discovered in the Los Alamitos Formation include freshwater fishes such 

as Chondrichthyes (batoidei) and Osteichthyes (Cione, 1987), Leptodactylidae and Pipidae 

anurans (Baez, 1987), Cryptodira and Pleurodira chelonians (de Broin, 1987), ophidians such 

as Madtsoinae boid snakes (Albino, 1987), dinosaurs such as titanosaurid sauropods (Powell, 

1987) and hadrosaurid ornithopods and theropods (Bonaparte and Rougier, 1987b) (the 

theropods and lacertilians mentioned briefly in Bonaparte, 1990a). 

5.3.e The Los Alamitos Mammal Fauna 

From 1985 and since then, a large assemblage of non-tribosphenic therian and non-therian 

mammals have been discovered in the Los Alamitos Formation.  

These include dryolestoids (Bonaparte, 1990a, 1994, 2002), triconodontids (Bonaparte 

1986a), gondwanatherians and multituberculates (Bonaparte, 1986a, 1986b, 1990a; Krause 

and Bonaparte, 1990, 1993; Kielan-Jaworowska and Bonaparte, 1996) and “symmetrodonts” 

(Bonaparte, 1990a, 1994). The presence of this mixture of non-therian mammals at Los 

Alamitos is considered an important aspect of Late Cretaceous Gondwana fauna. At present 

the only known assemblage of Late Cretaceous non-therian mammals from Gondwana are 

known from Los Alamitos, making it difficult to compare and recognize their relationships 

with other recorded assemblages (Bonaparte, 2002). There are other Late Cretaceous 

mammals known from Gondwana such as India (Prasad and Sahni, 1988; Prasad et al., 1994; 

Prasad and Godinot, 1994; Das Sarma et al., 1995; Anantharaman and Das Sarma, 1997; 

Krause et al., 1997), Madagascar (Krause et al., 1994, 1997; Krause and Grine, 1996; Krause, 

2001; Krause 2002) and perhaps Libya (Nessov et al., 1998). 

The Los Alamitos Formation mammalian fauna consists of an assemblage of at least 17 

species of non-tribosphenic mammals (Bonaparte, 1990a) with Vucetichia gracilis considered a 

junior synonym of Ferugliotherium windhauseni (Krause, 1993). In 1992, Bonaparte described a 

new triconodont mammal from the Los Alamitos Formation and placed it in the Family 

Austrotriconodontidae (Bonaparte, 1992) and named it Austrotriconodon sepulvedai. Recently 

Bonaparte (2002) described three new species of mammals from the Los Alamitos 

Formation (Bonaparte, 2002). 

These new species of dryolestoid mammals are Rougietherium tricuspes, Alamitherium bishopi and 

Paraungulatum rectangularis. Rougietherium and Alamitherium are placed together with Casamiquelia 
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in the new Family Casamiquelidae (Bonaparte, 2002) and Paraungulatum is considered to be a 

dryolestoid of Family incertae sedis. 

The Los Alamitos mammals consists of Triconodonta, “Symmetrodonta”, Dryolestoidea, 

Multituberculata (Bonaparte, 1990a) and ?Docodonta (Bonaparte, 1990a and see Pascual, 

Goin, González, Ardolino and Puerta, 2000). This fauna also includes three new genera of 

dryolestoid mammals (Casamiquelia, Rougietherium and Alamitherium) (Bonaparte, 2002). Kielan-

Jaworowska et al. (2004) pointed out that there were some 14 Mesozoic mammals known 

from Los Alamitos highlighting that three additional genera of dryolestoids had been noted 

by Bonaparte (1999) but had not yet been described.  

The authors have also stated that Barberenia araujoae could be a synonym to Brandonia intermedia 

and may be the milk teeth of Brandonia intermedia. They also considered Quirogatherium major to 

be a probable synonym of Mesungulatum houssayi. 

List of Los Alamitos mammal fauna 

These mammals were published by Bonaparte (1990a) and later amended by Bonaparte 

(1994); McKenna and Bell, 1997 and recently by Bonaparte (2002) (See Figure 5.2). 

All these species are known and described from isolated dental material including some 

fragmentary jaw material. It is important to note that Bonaparte (1990a) described five 

“symmetrodont” taxa from the Late Los Alamitos Formation of Argentina:  

Bondesius Bonaparte, 1990a (Family Bondesiidae), Casamiquelia Bonaparte, 1990a (Family 

indet.), Brandonia Bonaparte, 1990a (Family ?Spalacotheriidae), Barberenia Bonaparte, 1990a 

and Quirogatherium Bonaparte, 1990a (both Family Barbereniidae). 

Later (Bonaparte, 1994) referred the four taxa to the Dryolestida and only Bondesius was left 

within the “Symmetrodonta”. However McKenna and Bell (1997) kept Barbereniidae within 

the “Symmetrodonta” and considered Casamiquelia as “Symmetrodonta” incertae sedis, placing 

Bondesius in the Tinodontidae with only Brandonia referred to the Dryolestida. 

Sigogneau-Russell and Ensom (1998: 465) noted the great similarity between the upper 

molars of Barberenia and Thereuodon and stated that Barberenia “could still be considered a 

symmetrodont”. Averianov (2002) also noted the similarity between these two taxa and declared 

that Barberenia may represent the milk dentition of one of the dryolestid known from the Los 

Alamitos fauna. Bonaparte (2002) also considered that the morphology of the upper molars 

of Thereuodon is very similar to Barberenia originally classified as a Dryolestoid by Bonaparte 

(1994). 

Bonaparte (2002:365) stated “Symmetrodont or dryolestoid, the presence of related forms in Patagonia, 

North Africa and Europe suggests relationships not recorded from other continents”. 
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Class Mammalia Linnaeus, 1758 
Subclass Theriiformes Rowe, 1988 

Infraclass Triconodonta Osborn, 1888 
Family Austrotriconodontidae Bonaparte, 1992 

Genus Austrotriconodon Bonaparte, 1986 
Austrotriconodon mckennai Bonaparte, 1986 
Austrotriconodon sepulvedai Bonaparte, 1992 

Infraclass Holotheria Wible, Rougier, Novacek, McKenna & Dashzeveg, 1995 
Legion Cladotheria McKenna, 1975 

Sub legion: Dryolestoidea Butler, 1939 
Order Quirogatheria Bonaparte, 1992 

Family Barbereniidae Bonaparte, 1990a 
Genus Quirogatherium Bonaparte, 1990a 

Quirogatherium major Bonaparte, 1990a 
Genus Barberenia Bonaparte, 1990a 

Barberenia araujoae Bonaparte, 1990a 
Family Brandoniidae Bonaparte, 1992 

Genus Brandonia Bonaparte, 1990a 
Brandonia intermedia Bonaparte, 1990a 

Order Dryolestida Prothero, 1981 
Family Reigitheriidae  Bonaparte, 1990a 

Genus Reigitherium Bonaparte, 1990a 
Reigitherium bunodontum Bonaparte, 1990a 

Family Dryolestidae Marsh, 1879 
Genus Leonardus Bonaparte, 1990a 

Leonardus cuspidatus Bonaparte, 1990a 
Genus Groebertherium Bonaparte, 1986 

Groebertherium stipanicic Bonaparte, 1986 
Groebertherium novasi Bonaparte, 1986 

Family Mesungulatidae Bonaparte, 1986 
Genus Mesungulatum Bonaparte & Soria, 1985 

Mesungulatum houssayi Bonaparte & Soria, 1985 
Order “Symmetrodonta” Simpson, 1925 

Family Bondesiidae Bonaparte, 1990a 
Genus Bondesius Bonaparte, 1990a 

Bondesius ferox Bonaparte, 1990a 
Superfamily Dryolestoidea Butler, 1939 

Family Casamiquelidae Bonaparte, 2002 
Genus Casamiquelia Bonaparte, 1990a 

Casamiquelia rionegrina Bonaparte, 1990a 
Genus Rougietherium Bonaparte, 2002 

Rougietherium tricuspes Bonaparte, 2002 
Genus Alamitherium Bonaparte, 2002 

Alamitherium bishopi Bonaparte, 2002 
Family Incertae sedis 

Genus Paraungulatum Bonaparte, 2002 
Paraungulatum rectangularis Bonaparte, 2002 

Subclass Allotheria Marsh, 1880 
Order Multituberculata Cope, 1884 

Suborder Gondwanatheria Mones, 1987 
Family Ferugliotheriidae Bonaparte, 1986 

Genus Ferugliotherium Bonaparte, 1986 
Ferugliotherium windhauseni Bonaparte, 1986 

Family Sudamericidae Scillato-Yané & Pascual, 1984 
Genus Gondwanatherium Bonaparte, 1986 

Gondwanatherium patagonicum Bonaparte, 1986 
 

Figure 5.2: List of mammals from Los Alamitos Formation, Estancia Los Alamitos Province Rio Negro. 
Modified from Bonaparte et al. (1990). 
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Averianov (2002) considered that Casamiquelia and Brandonia both have a typical median ridge 

between the paracone and stylocone on the upper molars and thus are best placed within the 

Dryolestida. He stated that the systematic position of Quirogatherium is uncertain as it could 

also be based on upper milk tooth of a dryolestid.  

Averianov (2002) removed Bondesius from the “Symmetrodonta” and placed it within the 

Dryolestida due to the characteristics observed on the lower molar of the holotype of 

Bondesius ferox Bonaparte, 1990a (Bonaparte, 1990a: fig.3A–F). He stated that it resembled the 

dryolestids due to the almost transverse protocristid and transverse talonid crest, similar to 

the condition observed in dryolestids (Ensom and Sigogneau-Russell, 1998; Martin, 1999) 

more than to any of the “symmetrodonts”. Averianov (2002) also considered that the 

holotype of Bondesius ferox may be a deciduous tooth rather than a permanent one, due to 

features such as slender roots, enlarged talonid and anteriorly projecting paraconid. 

Averianov (2002) also considered that it is currently uncertain if “symmetrodonts” were 

present in the Late Cretaceous of South America.  

Bonaparte (2002) also considered some superficial similarities with Mesungulatum houssayi from 

the Los Alamitos Formation (Bonaparte, 1994) and the derived dryolestoid Donodon 

perscriptoris of the Early Cretaceous of North Africa (Sigogneau-Russell, 1991b). However he 

stated that the pronounced parastyle and the lack of the anterior and posterior cingula in the 

holotype of Donodon perscriptoris are different in comparison to Mesungulatum houssayi. In 

Mesungulatum houssayi the parastyle is vestigial and both cingula are well developed in the 

upper molars (Bonaparte, 2002). He suggests that the features of Donodon prescriptori represent 

plesiomorphic characters. 

5.3.f Stratigraphic relationships of the Los Alamitos Formation 

The Los Alamitos Formation is of Late Cretaceous Campanian age and it lies in 

unconformity over the rhyolitic to andesitic ignimbrites and vulcanites of the Jurassic Marfil 

Formation (Malvicini and Llambías, 1974; Andreis, 1987). The formation probably lies on 

top of the Chubut Group (mid-Cretaceous) in apparent concordance and this can be 

observed in the north east of the Estancia Los Alamitos although this is not clearly defined 

(Andreis, 1987). Andreis (1987) suggests that there is a probable unconformity between the 

Los Alamitos Formation and the Chubut Group while Andreis et al. (1989) suggested that 

there was an interruption of the depositional process between the two units.  

It is interesting to note that González and Ardolino (1996) suggested that a very weak angular 

unconformity also exists between the deposits of the Chubut Group and the La Colonia 

Formation (in the region El Arroyo Mirasol Chico and the Cerro El Buitre, to the south east 
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of the township of Telson, in the Province of Chubut). This also supports the view that the 

La Colonia Formation and the Los Alamitos Formation are correlated (Hoja Geológica 4166 

Cona Niyeu). 

The Los Alamitos Formation is covered by the Maastrichtian-Danian marine beds of the 

Roca Formation that are then covered by the continental Oligocene beds of the Sarmiento 

Formation (Andreis, 1987; Bonaparte, 1990a). This in turn is covered by basalts of the Late 

Oligocene Somun Curá Formation that are the top of the local sequence (Andreis, 1987; 

Bonaparte, 1990a). The marine sediments of the Roca Formation that lie in angular 

unconformity on top of the Los Alamitos Formation are visible in the area of the bajo 

Hondo (Hoja Geológica 4166-III). 

5.3.g Locality, Age and Correlation 

Traditionally, the Los Alamitos Formation was interpreted as being Cenomanian in age by 

Wichmann (1927). Later due to paleontological interpretations based on the presence of 

hadrosaurid dinosaurs, Bonaparte et al. (1984) established the Los Alamitos Formation to be 

of Campanian – Early Maastrichtian age. These deposits originally formed part of the 

interpretation by Wichmann (1927) of a lacustrine Cenomanian age. Thus the presence of the 

dinosaur Kritosaurus australis supports a Campanian-Maastrichtian age for the Los Alamitos 

Formation. 

The Los Alamitos Formation can be correlated with the Coli Tori Formation due to the 

lithographical and paleontological similarities shared with the Los Alamitos Formation (Hoja 

Geológica 4166-III). 

The Coli Tori Formation outcrops near the township of Ingeniero Jacobacci and was 

originally described by Coria (1979).  The Los Alamitos Formation can also be seen to be 

homologous with the Coli Toro Formation that outcrops in the region of Valcheta and 

Chipauquil, originally studied by Nuñez et al. (1975). 

As well as having a correlation with the Coli Tori Formation, the Los Alamitos Formation is 

believed to share certain affinities with the La Colonia Formation, that outcrops en the 

southwest section of the Meseta of Somun Curá.  

These two units have been lithographically and chronologically correlated (Ardolino and 

Delpino, 1987; Ardolino and Franchi, 1996). 

The upper section of the Los Alamitos Formation is also correlated with the sedimentary 

marine deposits of the El Caín Formation that is of Late Cretaceous in age and is located 120 

kms west of Cona Niyeu (Franchi and Sepúlveda, 1983; Andreis et al., 1989).  
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5.3.h Paleoecological implications and Paleoenvironmental deductions 

The Los Alamitos Formation is made up of epiclastic sedimentites with some pyroclastites 

(Andreis, 1987). 

The tubularity of the stratification and the high content of pelitic sediments suggest that the 

dominant environment of the Los Alamitos Formation was lacustrine (Andreis, 1987).  

The Los Alamitos Formation represents a brackish and later freshwater permanent lake, 

rather shallow and calm (Andreis, 1987). The lake environment may have been mixed with 

marine sediments and this is supported by the presence of glauconite in some of the 

sequences (Andreis, 1987). The original environment of the Los Alamitos Formation was 

thus initially a lacustrine shallow lake environment close to the marine coast and influenced 

by marine tides. The shallowness of the lake environment is determined by the presence of 

interference ripples  suggesting a near shore deposition of less than 2 meters in depth, while 

the presence of scarce ripples with truncated crests indicate that the water was only a few 

centimetres deep (see Andreis, 1987). 

Possibly, when the lower member of the formation was deposited the environment consisted 

of low coastal plains with some fresh water bodies and some fluvial channels (Bonaparte et 

al., 1984; Andreis, 1987; Andreis et al., 1989). During the period when the superior member 

was deposited the marine influence would have been greater, due to the development of 

extensive tidal planes and the presence of normal salinity and oxygenated waters, with the 

occasional deposits of fluvial canals. The oxygenated waters are supported by the absence of 

pyrite-bearing anoxic facies and this also explains the presence of bioturbation (Andreis, 

1987). However, there is some evidence of periodic storms that can be observed  in the 

tempesite facies and also supported by the gastropod shell accumulation (coquines), the 

formation of flat pebble intra-formational conglomerates that are under the stromatolites and 

the hummocky structures (Andreis, 1987). 

The presences of layers of tuff indicate intrusion of pyroclastic material provident of the 

active magmatic arc situated on the west. The tuff stratum decreases towards the top of the 

unit (Andreis et al., 1989). 

Andreis (1987) stated that the lake sedimentation was slow and calm and these conditions are 

responsible for the vertebrate remains and the preservation of the vertebrate fossils. The 

microvertebrate bones were found isolated while the bones belonging to the larger animals 

such as sauropods and hadrosaurs were apparently associated. There is no evidence of 

transportation, only in the conglomerate level where the bones are worn and rounded. 

Andreis (1987) observes that the some of the microvertebrates such as the fishes, anurans, 

 214



Chapter 5 Gondwanatheria 

chelonians and hadrosaurs, living during the time of the deposition of the Los Alamitos 

Formation possibly, lived in the lake.  

5.3.i Golfo San Jorge Basin 

The Golfo San Jorge Basin is located in central Patagonia, in the South of Argentina. It is 

limited by the Norpatagónico or Somun Curá Massif to the north, the Deseado Massif to the 

south, the Cordillera de Los Andes to the west and the Atlantic Ocean to the east (e.g. 

Sylwan, 2001). It constitutes the extra Andean portion of the Chubut Province from 44ºS 

until the northern area of the Santa Cruz Province approximately 47ºS, continuing to the 

East to the Continental Shelf and reaching the Cordillera Andina to the West (66º and 71º to 

the west). 

The Chubut group from the central and northern extra-Andean Patagonia consists of 

continental beds that contain abundant dinosaur remains and outcrop in the Golfo San Jorge 

Basin. This group was deposited during the early Cretaceous to lower Late Cretaceous 

interval and is related to uplift events of the Principal Cordillera of Argentina and Chile that 

had reached its present height by the Tertiary (Andreis, 1996). 
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5.4 Salamanca Formation, Punta Peligro, Chubut, Argentina 

Historically the area that defines the Coast of the San Jorge Gulf between the Pico Salamanca 

and the Bahia Bustamante (see Figure 5.3) and its geology has been studied by Carlos 

Ameghino; Doello Jurado (1922); Brandmayr (1932); Simpson (1933, 1935, 1941); Russo 

(1953); Celeste (1940); Bordas (1945); Feruglio (1949); Méndez (1966) and most recently by 

Andreis et al. (1975). 

Andreis et al. (1975) studied the tertiary formations between the Pico Salamanca and Bahía 

Bustamante (northern coast of the Gulf of San Jorge, North of the city of Comodoro 

Rivadavia). Detailed profiles were studied by Andreis et al. (1975) and consisted of the Lower 

Salamanca Formation, followed by the Rio Chico Formation, then by the Tobas de 

Sarmiento Group and finally the tertiary sequence ends with the marine Patagoniano. The 

Salamanca Formation is divided in two members, the Bustamante Member and the Hansen 

Member. 

The first mammal remains (a hypsodont tooth) from the Locality of Punta Peligro was 

discovered in January 1979 by a team of the Universidad Nacional de la Patagonia “San Juan 

Bosco” headed by Lic. Hebe E. Herrera. This tooth had come from the Banco Negro 

Inferior of the Rio Chico Formation (Scillato-Yané and Pascual, 1985). The placement of the 

Banco Negro Inferior in the Rio Chico Formation followed the interpretations of Marshall et 

al. (1981) who stated that the Banco Negro Inferior was assigned to the Middle Paleocene or 

even early Middle Paleocene (the early part of the Edad Riochiquense) and correlated with 

the “Tiffanian land mammal age” of North America. 
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Figure 5.3: Map of the locality of Punta Peligro, Chubut Province. Modified from Andreis et al. (1975). 

The Banco Negro Inferior stratum was denominated by Simpson (1935) whereby he 

considered these beds part of the Salamanca Formation and not the younger Rio Chico 

Formation. This was supported by intensive geological and lithological studies by Andreis et 

al. (1975). Today the Banco Negro Inferior is considered part of the Early Paleocene 

Salamanca Formation after Andreis et al. (1975). 

In the last 15 years there have been more paleontological excavations in the locality of Punta 

Peligro, that includes fieldwork carried out in 2002, 2003, 2004 by staff from the American 

Museum of Natural History and the Museo Paleontológico “Egidio Feruglio”. 

In 1989 and 1990, explorations were made to the Salamanca Formation at the locality of 

Punta Peligro, Chubut by the Museo Argentino de Ciencias Naturales “Bernardino 
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Rivadavia” directed by Jose F. Bonaparte and the Universidad Nacional de la Patagonia. 

These explorations were very significant as they have resulted in the discovery of a large 

collection of vertebrate animals that included primitive mammals, frogs, turtles and 

crocodiles (Bonaparte et al., 1993). These fossils were later studied in detail by Bonaparte et 

al. (1993). 

5.4.a Geographic distribution of the Salamanca Formation 

The outcrops denominated as ‘Banco Negro Inferior’ (BNI) are from the Hansen Member of 

the Early Paleocene Salamanca Formation (Andreis et al., 1975). The ‘Banco Negro Inferior’ 

was named by Simpson (1935: 2) as a “lower series without fossils, in which appears a ‘banco 

Negro’ band of black or dark brown clays” and later studied by Feruglio (1949).  

Simpson (1935) described the sequences observed in the Cañadón Hondo valley, Chubut 

originally discovered by Piatnizky in 1931 (see Simpson, 1935).  

Simpson (1935) observed 5 beds described as: 1) Pale clays divided into two series a and b, 2) 

Green clay (bentonite), 3) Pale green tuffs, 4) White pink and yellowish massive tuffs and 5) 

the Patagonian marine. 

Mammal fossils are only found in beds 3 and 4 and described as Casamayor age (Eocene). 

Simpson (1935) stated that the sands 1b or those described ‘banco Negro’ underlie the 

Casamayor and are considered to be below it, i.e. older. 

Simpson (1935) mentioned the Bajo de La Palangana or Washbowl Basin that is an erosion 

basin exposed near the north coast of the Pico Salamanca, Chubut. Simpson (1935: 9) stated 

that the Salamanca Formation is exposed “along and near the coast, especially at Punta Peligro”. 

The Salamanca Formation outcrops and is exposed along the coast of the Golfo San Jorge, 

west and southwest from the cliffs that surround the locality of Punta Peligro in the Province 

of Chubut. The locality of Punta Peligro where the BNI of the Salamanca Formation is 

exposed lies about 50 km north of the mining city of Comodoro Rivadavia.  

The BNI deposits have yielded early Paleocene fossils such as Monotrematum sudamericanum 

and Sudamerica ameghinoi and are found at the approximate latitude and longitude of 45º30’S; 

67º11’W (Pascual et al.1992).  
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5.4.b Lithology of the Salamanca Formation 

The Salamanca Formation was defined as a litoestratigraphic unit by Lesta and Ferello (1972) 

and this was based on the original early work by de Iherings (1903) who designated it as the 

Salamancanéen.  

The Salamanca Formation is developed in all the geological profiles mentioned by Andreis et 

al. (1975) and include: 1) Pico Salamanca, 2) Puerto Visser, 3) Bajo del Cerro Hansen also 

known as Bajo de Hansen or Bajada de Hansen, 4) Estancia Las Violetas and 5) Bahía 

Bustamante. The Salamanca Formation has reduced thickness in the geological profile found 

at the Estancia Las Violetas and Bahía Bustamante where the Salamanca Formation lies in 

disconformity on top of the Chon Aike Formation (Middle to Late Jurassic) (Andreis et al., 

1975). The base of the Salamanca Formation is not exposed at the rest of the profiles 

mentioned by Andreis et al. (1975). There is some regional inclination, that is visible towards 

the east-southeast where the beds of the Salamanca Formation are elevated towards the 

north and due to this, the best outcrops are observed between the Puerto Visser and Bajada 

de Hansen (Russo, 1953; Andreis et al., 1975).  

Various authors such as Celeste (1940), Russo (1953), Méndez (1966) and Andreis et al. 

(1975) have established that the Salamanca Formation is not visible along the costal cliffs that 

are at the base of Pico Salamanca and only the Rio Chico Formation visible at sea level.  

However the Salamanca Formation is visible at the locality of Punta Peligro and it is 30 

meters thick (Andreis et al., 1975). Punta Peligro is 3km north of Pico Salamanca.  

The maximum depth of the Salamanca Formation is at the Bajada del Cerro Hansen that lies 

approximately 15 kilometres northeast of Punta Matalinares. Andreis et al. (1975) proposed 

that due to the maximum thickness and good exposure of the formation, that the profile of 

Bajada de Hansen should be considered the type section of the Salamanca Formation. 

Andreis et al. (1975) divide the Salamanca Formation into two smaller litoestratigraphic units, 

the Hansen Member and the Bustamante Member. The Hansen member outcrops in most of 

the area on the costal part of the San Jorge Gulf, except in the Pico Salamanca and is well 

exposed in the Bajada de Hansen (Andreis et al., 1975). The Hansen member is usually used 

to describe or attributed to the exposed beds of the Salamanca Formation that include the 

Banco Negro and the Banco Verde in the Gulf of San Jorge (Andreis et al., 1975).  

The other member of the Salamanca Formation, the Bustamante Member is attributed to the 

“Rocaneana ingression”. The beds of the Bustamante Member appear over the porfiric 

basement of the north side of the San Jorge Gulf (Andreis et al., 1975). 
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Andreis et al. (1975) consider that the limestone denominated Bustamante member that lies 

on top of the Chon Aike Formation in the north of the San Jorge Gulf is indeed part of the 

Salamanca Formation. Different authors consider the limestone to be different things 

(Groeber, 1929; Wichmann, 1921; Celeste, 1940; Feruglio, 1949; Russo, 1953) considered the 

limestone to be part of the “Rocanense”, while Simpson (1941) considered it to be 

Bustamante Formation that lies underneath the Salamanca Formation and is equivalent to the 

Lefipan Formation.  

Ameghino (1906) and Windhausen (1924) were also in favour that the Hansen member or 

the limestone be part of the Salamanca Formation. 

Andreis et al. (1975) also have recognized the Bustamante member at Bahia Bustamante and 

in isolated sections of the Cerro Tetas de Pineda.  

The Hansen member when visible in the costal section of the San Jorge Gulf is characterized 

by the presence of a grey clastic packet with sections of yellow or green (Andreis et al., 1975). 

The geology and stratification of the Hansen Member is described in detail by Andreis et al. 

(1975) along the different profiles mentioned by the authors. In the profile of the Bajada de 

Hansen, the Hansen Member is very well exposed and some of the more significant aspects 

of the member are the fragment aspect of the stratification, plus the presence of white 

psammites on the meteorized surface, in addition to the presence of moulds of pelecipod 

invertebrates, braquiopods and bioturbation and trail structures (Frey, 1973; Andreis et al., 

1975). In the higher part (Parte Alto) of the Bajada de Hansen profile Andreis et al. (1975) 

recognized a grouping of sediments with varied tones made up of psammitic rocks with 

remains of Ostrea pyrotheriorum and is assumed to be the Banco Verde bed (Andreis et al., 

1975). The sandstones that make up the Banco Verde of the Salamanca Formation have a 

very homogenous lithology and are an excellent level guide of the Salamanca Formation 

(Andreis et al., 1975). On top of the psammitic rocks of the Banco Verde, there are clay 

sediments of varied colours and this includes a thick black clay layer denominated the Banco 

Negro Inferior. This layer is made up of grey or greyish-black sediments and includes a 10cm 

layer of fine tuff (toba). This pyroclastic level contains remains of turtles, crocodiles and 

silicified wood (Andreis et al., 1975). On top of this Banco Negro Inferior is a pink coloured 

siltstone of 80cm. thick and this is the culmination of the Salamanca Formation in the profile 

of Bajada de Hansen (Andreis et al., 1975).  

The authors Andreis et al. (1975) stated in their discussion that the Banco Negro Inferior is 

visible in all the profiles thanks to its homogenous lithology.  

 220



Chapter 5 Gondwanatheria 

5.4.c Vertebrates and Invertebrates from the Salamanca Formation 

The Paleocene fauna from Punta Peligro is considered the oldest Cainozoic vertebrates 

association known from Patagonia. The fauna is very unique as it includes an association 

consisting of a combination of Gondwanan and Laurasian mammalian lineages plus the 

oldest known Cainozoic vertebrate association. 

The vertebrates have been found in the Early Paleocene “Banco Negro Inferior” or “Lower 

Black Strata” of the Salamanca Formation, Punta Peligro, Chubut. The Salamanca Formation 

has yielded a diverse number of different vertebrates that include crocodyliforms, pipid frogs, 

leptodactylid frogs, chelid turtles, fishes and mammals (Bonaparte, Van Valen and Kramatz, 

1993).  

During the last decade a large amount of fieldwork has been undertaken in the locality of 

Punta Peligro and this has been fruitful in leading to the discovery of a variety of unique 

mammalian specimens including the first Paleocene sudamericid gondwanatherian Sudamerica 

ameghinoi, the first non-Australian monotreme Monotrematum sudamericanum and the earliest 

Patagonian Cainozoic marsupials (Goin et al., 2002). 

The majority of the vertebrate fossils found in 1989 and 1990 by the MACN and 

Universidad Nacional de la Patagonia were found approximately 400 meters directly to the 

west of the costal cliff of Punta Peligro. Erosion along this point has caused the BNI to be 

exposed and to have accumulated vertebrate remains (Bonaparte et al., 1993). The vertebrate 

remains observed by Bonaparte et al. (1993) also show signs of metorization, a much recent 

geological event and other remains also show signs of being transported by a watercourse 

previous to the final burial. The most abundant fossil remains observed by Bonaparte et al. 

(1993) are the Chelydae, followed by the crocodile fossils, the majority from the Family 

Alligatoridae and some remains perhaps from the Family Crocodylidae. There is also a 

reasonable amount of giant anuran fossil from the Family Leptodactylidae and the mammal 

Peligrotherium tropicalis that was originally described by Bonaparte et al. (1993) as a very 

derived? Condylarthra. 

Also found with frequency at the Punta Peligro locality and described by Bonaparte et al. 

(1993) are individual teeth of the gondwanatherian mammal Sudamerica ameghinoi. 

Bonaparte et al. (1993) suggested that it may be possible that the remains of the Chelydae, 

crocodiles and perhaps the anurans were deposited in the actual site where these animals 

were living. This is not the case for the mammal remains, which are believed to have been 

previously separated and then transported before their burial (Bonaparte et al., 1993). 
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5.4.d Mammals from the Salamanca Formation 

A great assemblage of mammals have been found in the Salamanca Formation and these 

include the dryolestoid Peligrotherium tropicalis (Bonaparte et al., 1993; Gelfo and Pascual, 

2001), two species of condylarths Raulvaccia peligrensis and Escribania chubutensis (Bonaparte et 

al., 1993), a litoptern Requisia vidmari (Bonaparte and Morales, 1997) and different groups of 

marsupials such as didelphimorphian, polydolopymorphians and sparassodont (Goin et al., 

2002) , the gondwanatherian Sudamerica ameghinoi and the first South American monotreme 

Monotrematum sudamericanum (Pascual et al., 1992a, 1992b , 2002; Forasiepi and Martinelli, 

2003). 

5.4.e Local mammal age Peligrense 

There have been various hypotheses postulated related to the relative age of the Punta 

Peligro Local Fauna or (LF) and these hypotheses are also related to the Tiupampa LF of 

Bolivia. The postulated hypotheses are: 

A) Both the Punta Peligro LF and the Tiupampa LF are contemporary and are of Danian in 

age (Pascual and Ortíz Jaureguizar, 1991). B) The Tiupampa LF is older than the Punta 

Peligro LF but both are still considered Danian in age (Bonaparte et al., 1993). This 

hypothesis recognizes the Banco Negro Inferior to be of Peligran SALMA and C) The Punta 

Peligro LF is younger in age than the Tiupampa LF (earliest Selandian in age; Marshall et al., 

1997).  

Bonaparte et al. (1993) stated that the Banco Negro Inferior is approximately between 63 to 

61.8 million years old based on potassium-argon dating by Marshall et al. (1981) on the 

basalts that lie underneath the Salamanca Formation and based on dating on the superior part 

of the Salamanca Formation or inferior part of the Rio Chico Formation, by Marshall (1982). 

Goin et al. (2002), when studying the marsupial assemblage from Punta Peligro stated that it 

shares two genera Derorhynchus and Didelphopsis with the younger Itaboraí (Late Paleocene) in 

Brazil and the locality of Las Flores in Argentina (Middle Paleocene). But there are also 

similarities between the Punta Peligro mammals and the Los Alamitos mammals that are 

considered Alamitian in age.  

It is still unclear whether the Punta Peligro LF is similar with the Tiupampa LF. While taxa 

differences between the two faunas would suggest isolation between Patagonia and the rest 

of South America (Goin et al., 2002). This in turn probably suggests that the fauna at the 

southern tip of South America, such as the fauna from Punta Peligro should be more 

plesiomorphic as it would have been more isolated  from other parts of South America 

(Goin et al., 2002).  
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5.4.f Stratigraphic relationships of the Salamanca Formation 

The mammal bearing deposits denominated BNI are considered to be Early Paleocene 

(Danian) in age by Andreis (1977). In the locality of Punta Peligro, Chubut, the Hansen 

Member of the Salamanca Formation is visible (Bonaparte et al., 1993) along with the Banco 

Negro Inferior that makes up the Hansen member. The Banco Negro Inferior “BNI” is 

made up of a lateral continuity that is wide and homogenous. The stratification is not easily 

discernable except when the strata changes from one bank to the next (Bonaparte et al., 

1993). Below the layer of BNI there is a strata or bank that is composed of green clays, with 

an undetermined thickness and another layer of  dark red fine clay or mudstones that are 1-2 

meters thick (Bonaparte et al., 1993). On top of the BNI layer, there is a layer of dark red 

mudstones, a bank or layer of green mudstones probably the so called “Banco Verde” or 

“Green Bank” (Feruglio, 1949) and finally on top, pale sandstones, markedly eroded that 

contain fossil crocodile remains and remains of the xengulata Carodnia Simpson, 1935 

(Bonaparte, 1993). This layer of pale sandstone is interpreted as the base of the Rio Chico 

Formation, specifically the Visser Member based on Andreis et al. (1975).  

5.4.g Banco Negro Inferior 

Simpson (1935) and Andreis et al. (1975) consider the BNI strata to be part of the Salamanca 

Formation and this is supported by observations and sedimentological and 

palaeogeographical evidence. 

The Banco Negro inferior layer was originally considered as the base of the Rio Chico 

Formation by Feruglio (1949); later Andreis et al. (1975) have added it as part of the Hansen 

member of the Salamanca Formation and this also supports earlier ideas attributed by 

Simpson (1935). Andreis et al. (1975) based their views that the strata denominated the 

Banco Negro Inferior carries on a similar lithology with the lower sediments, with an evident 

change in lithology in the following upper sediments.  

However the authors Scillato-Yané and Pascual (1985) and Marshall (1985) consider BNI to 

belong to the younger Rio Chico Formation. Bonaparte et al. (1993) also agreed with Andreis 

et al. (1975) that the strata denominated ‘Banco Negro Inferior’ is considered inside the 

Salamanca Formation. 

Simpson (1937) correlated the Rio Chico Formation to be bounded below by the Salamanca 

Formation of possibly Danian in age and above by the Casamayor Formation of Lower or 

Middle Eocene in age.  
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5.4.h Locality, Age and Correlation 

All the material corresponding to Sudamerica ameghinoi is from the Punta Peligro locality that 

lies off the San Jorge Gulf or Golfo San Jorge, in the Province of Chubut, Argentina. The 

Salamanca Formation based on its faunistic contents was originally attributed to Early 

Paleocene by Méndez (1966) with the Rio Chico Formation being initially thought of as Late 

Paleocene (Riochiquense) by Pascual and Odreman Rivas (1971). Later with more fossil 

material discovered in the Hansen Member “Banco Negro Inferior” of the Salamanca 

Formation the age was attributed to the Early Paleocene (Danian) in age (Andreis et al., 

1975). 

5.4.i Palaeoecological implications and Paleoenvironmental deductions 

Based on the lithology of the Salamanca Formation exposed along the coast of the Gulf of 

San Jorge andreis et al. (1975) inferred that the deposition of the Salamanca Formation 

occurred when there was a calm ocean with shallow waters. This calm and shallow ocean 

lapped up on the coast of the Gulf of San Jorge and this was a period of relative tectonic 

stability (Lesta and Ferello, 1972). The presence of the marine sedimentary rocks such as 

glauconite and invertebrate fossils along with microplankton also support this calm shallow 

ocean. 

The inferred paleoenvironment for the upper sequence of the Hansen member of the 

Salamanca Formation at Punta Peligro is described by Andreis et al. (1975) as a transitional 

deposit, or probably paralic i.e. marginal marine environment such as a lagoon, that may have 

contained brackish waters that eventually included tidal plains (Andreis et al., 1975; 

Koenigswald et al., 1999).  The palynological records suggest that the paleoenvironment of 

the Salamanca Formation could have even been of a marshlands environment with 

mangroves and swamps (Petriella and Archangelsky, 1975). However the presence of 

ologohalobian to mesohalobian diatoms as observed by C. Macchiavello (personal 

communication) suggests a littoral or estuarine environment (Koenigswald et al., 1999). 

In general South America was drifting away from the African continent during the Late 

Cretaceous through to the Paleocene, but overall there was relative tectonic stability (Bond et 

al., 1995). But by the end of the Mesozoic the southern part of South America underwent a 

series of flash floods that lasted until the Danian (Bond et al., 1995).  

Along the Atlantic side of Patagonia there was an epicontinental marine encroachment that 

caused the southern tip of the continent to turn into an archipelago similar to modern Java 

Flores Sea (Bond et al., 1995). Bond et al. (1995: pp 49-50) stated that “By the end of the Danian, 

conditions shifted toward progressive marine retreat and plate emergence. Because of the prevailing mild tectonic 
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regime, mid-plate relief was still meagre, and most of the areas formerly dominated by Maastrichtian-Danian 

epeiric embayment and seaways turned into a geography featuring extensive loessic plains and large lakes.”  

These events, in turn, produced the environmental settings and processes that in isolation 

later gave rise to the unique early Tertiary South American mammalian fauna (Bond et al., 

1995). 
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5.5 Antarctica La Meseta Formation 

Reguero et al. (2002) reported the occurrence of two taxa of sudamericids from Seymour 

Island, Antarctica. The sudamericids were reported from the Early to latest Eocene La 

Meseta Formation composed by sediments representing deltaic, estuarine and very shallow 

marine environments. 

If this report was valid then the occurrence of sudamericids and thus gondwanatherians 

would be extended to the Eocene of Antarctica. Reguero et al. (2002) also stated that the 

occurrence of sudamericids would indicate that sudamericids may have become extinct in the 

Paleocene of South America, but may have remained in isolation during the Paleocene and 

Eocene in Antarctica. The authors stated that the La Meseta mammalian fauna consists of at 

least 10 mammal taxa represented by tiny marsupials (Families Polydolopidae, 

Microbiotheriidae, Derorhynchidae, Prepidolopidae), xenarthrans (Tardigrada indet), an 

extinct South American ungulate group the Litopterna (Family Sparnotheriodontidae, Family 

Astrapotheria and Family Trigonostylopidae) and two taxa of gondwanatherians 

(Sudamericidae). The authors considered that the La Meseta mammalian fauna is derived 

from the Late Paleocene/Early Eocene Riochican/Vacan faunas of Patagonia, Argentina. 

However, sudamericids have not yet been found in the Late Paleocene of Patagonia and are 

only known from the Early Paleocene Salamanca Formation, Chubut.  

Goin (personal communication, 2000 in Reguero et al., 2002) considered that the Antarctic 

sudamericids may have probably derived from the Early Paleocene Sudamerica ameghinoi from 

Punta Peligro, Chubut Argentina.  

The tentative Antarctic sudamericids are considered to be similar to Sudamerica ameghinoi from 

the Paleocene of Punta Peligro, Chubut but considered more derived due to the 

microstructure of the enamel (Goin personal communication 2000 in Reguero et al., 2002). 

Reguero et al. (2002) also suggested that the sudamericids in Antarctica may have had a semi-

aquatic lifestyle with a burrowing habitat similar to the sudamericids from Patagonia 

(Koenigswald et al., 1999). However, based on the paleobotanial and geological evidence, the 

Antarctic Peninsula in the middle Eocene was covered by a densely forested high cordillera 

habitat, dominated by the genus Nothofagus and with mean temperature of 10 ºC and 14ºC  

(e.g. Reguero et al., 2002). 

However the report of the occurrence of two taxa of sudamericids in Antarctica remains 

tentative, as no clear evidence of sudamericids has been determined. However, Goin et al. (in 

press) have published a report demonstrating the presence of sudamericids in Antarctica. 
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5.6 Peru Santa Rosa Formation ?Eocene 

Recently a molariform was described from the ?Eocene of Peru (Goin et al. 2004). This 

tooth has a morphological resemblance to Ferugliotherium windhauseni teeth from the Late 

Cretaceous of Los Alamitos Formation in Argentina. This tooth is triangular in shape, it lacks 

any roots but is quite brachyodont in form, it has similar cusp features to other 

gondwanatherian teeth such as the presence of anteroposteriorly compressed cusps and low 

ridges on the occlusal surface. The tooth has six or seven cusps which are joined to each 

other by low ridges, it also possesses fossae that are centrally located and separated by crests. 

The authors also consider that the tooth is reminiscent to allotherian molariforms such 

multituberculates Essonodon browni and Meniscoessus robustus. However this tooth is triangular in 

shape and not quadrangular as is the case for multituberculate molars. 

If this tooth proves to belong to a gondwanatherian, then this would represent the earliest 

known occurrence of a gondwanatherian in South America. However younger sudamericid 

gondwanatherians have also been reported from the middle Eocene of the Antarctic 

Peninsula (Reguero et al., 2001). 
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5.7 Madagascar Maevarano Formation 

Krause et al. (1997) reported the first evidence of gondwanatherians from the Family 

Sudamericidae outside South America and the first indication of cosmopolitanism among 

Late Cretaceous Gondwanan mammals.  

They reported the first identifiable, pre-Late Pleistocene specimens of non-marine mammals 

known from Madagascar discovered in Madagascar during joint expeditions by the State 

University of New York, Stony Brook and the Université d’Antananarivo in 1995 and 1996 

to the continental Upper Cretaceous Maevarano Formation. This formation has yielded 

mammals and a diversity of vertebrate taxa (Krause et al., 1997; Krause et al., 1999; Krause, 

2001, 2002). 

The gondwanatherian Lavanify miolaka consists of two specimens the Holotype UA 

(Université d’Antananarivo) 8653, a well-preserved cheek-tooth (see Krause et al., 1997: Fig. 

2a, d) and the referred specimen FMNH PM (Field Museum of Natural History) 59520, 

consisting of a fragmentary cheek-tooth (See Krause et al., 1997: Fig. 2b). 

The holotype and referred specimen come from two different localities (the holotype from 

locality MAD96-01 and the referred specimen from locality MAD93-35), both from the 

uppermost white sandstone unit of Upper Cretaceous (?Campanian) Maevarano Formation, 

Mahajanga Basin, near the village of Berivotra, in north-western Madagascar (Krause et al., 

1997). 

The teeth of Lavanify observed by Krause et al. (1997) have prominent and continuous inter-

row sheets of interprismatic matrix in the dental enamel that differs from Gondwanatherium 

and Sudamerica. They are also observed to have single V-shaped figure on the occlusal surface,  

considered a dentine island by Krause et al. (1997) and also differs from the other 

sudamericids by lacking enamel on one side of the crown.  

Lavanify is also different from Gondwanatherium in possessing cheek-teeth with vertical furrows 

that extend to the base of the crown and onto the root (Krause et al., 1997). Gondwanatherium 

has vertical furrows and vertical lophs on the crown but these do not extend towards the 

apical root tip. Both teeth referred to Lavanify are large hypsodont molariform teeth with a 

curved crown and a flat occlusal surface (Krause et al., 1997). 

The molariform UA 8653 has a crown that is 85% of the whole tooth height and this is 

determined by the distribution of enamel on the crown (Krause et al., 1997). 

As stated by Krause et al. (1997: 505) “the isolated nature of the two specimens of Lavanify 

miolaka, as well as poor knowledge of all other known gondwanatheres, precludes a confident determination 

of whether the specimens represent upper or lower teeth, or they are molars or molariform premolars”.  
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The occlusal surface of UA 8653 is worn and consists of a broad, V-shaped dentine island 

surrounded by enamel that also is observed in the South American gondwanatherians. The 

indentation of the V-shaped dentine island is formed by a vertical furrow that extends down 

the crown of the tooth and is filled with cementum (Krause et al., 1997), also observed in 

South American gondwanatherians. Krause et al. (1997) observed that enamel is absent on 

one side of the crown and here two distinct vertical enamel–dentine edges are evident.  

Scanning electron micrographs of tangential sections of the holotype of Lavanify (see Krause 

et al., 1997: Fig. 2d) demonstrate that on the enamel wall of the crown, Lavanify possesses 

small circular enamel prisms aligned in rows that are separated by prominent and continuous 

bands of interprismatic material. 

The other cheek-tooth FMNH PM 59520 tentatively referred to L. miolaka is a large 

molariform, hypsodont, curved along its height but slightly less so than UA 8653. It has an 

occlusal surface that is worn flat and possesses rows of small, circular enamel prisms 

separated by prominent inter-row sheets (Krause et al., 1997). FMNH PM 59520 possesses 

an infundibulum that invaginates from the occlusal surface and contains cementum, however 

this differs from the holotype UA 8653 as no infundibulum is observed on the holotype 

(Krause et al., 1997).  FMNH PM 59520 also possesses a cementum-filled furrow that could 

also be a second, incompletely preserved infundibulum (as observed by Krause et al., 1997); 

however, as the tooth is broken it is difficult to discern if the furrow is indeed a second 

infundibulum. This is similar to the cementum filled furrows, present in South America 

gondwanatherians hypsodont cheek-teeth. 

Krause et al. (1997) considered that FMNH PM 59520 differs slightly from UA 8653 and 

may represent a different tooth position due to the lesser degree of curvature and the 

presence of an infundibulum. In Sudamerica and Gondwanatherium cheek-teeth, different tooth 

positions are observed with changes in the crown curvature and the overall morphology of 

the occlusal surface.  

Due to the limited and fragmentary specimens, it is very difficult to discern if the two 

specimens belong to different tooth positions and as also stated by Krause et al. (1997) both 

specimens referred to Lavanify, should be tentatively considered to represent the same 

species.  

Krause et al. (1997) stated that gondwanatherians in Madagascar may have used Antarctica as 

an important Cretaceous biogeographic link between South America and Indo-Madagascar. 

The specimens of Lavanify from Madagascar together with the unnamed Indian form exhibit 

several features diagnostic of Gondwanatheria. 
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Lavanify and the Indian form are more derived than other gondwanatherians and are 

tentatively linked with each other on the basis of the shared possession of prominent and 

continuous inter-row sheets of interprismatic matrix in the enamel (Krause et al., 1997). This 

synapomorphy however is cautioned by the authors as additional samples of 

gondwanatherians must be discovered and analysed to test the range of variation in the 

development of inter-row sheets within Gondwanatheria.  

The autapomorphic characters in Lavanify observed by Krause et al. (1997) not observed in 

the other gondwanthere species is the possession of at least one cheek-tooth position with a 

single, V-shaped dentine island and the absence of enamel on one side of the crown. 

The discovery of a sudamericid in the Late Cretaceous of Madagascar demonstrates that the 

Sudamericidae had a much broader distribution throughout Gondwana during the Late 

Cretaceous, than was originally imagined. The presence of sudamericids in Madagascar and 

India also implies that they were not limited to South America, nor endemic to Patagonia 

(Krause et al., 1997). Another interesting point is that this discovery demonstrates that the 

Late Cretaceous fauna of Madagascar was not highly endemic in comparison to the extant 

mammalian fauna that is wholly endemic at the species level with taxa that are unique to 

Madagascar (e.g. Lemuroidea) (Krause et al., 1997). 

However, as stated by Krause et al. (1997) as Lavanify does not demonstrate any phylogenetic 

relationships to the extant mammals in Madagascar, then the discovery of Lavanify does not 

provide evidence on the biogeographic origins of the extant endemic mammalian fauna. 
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5.8 India 

A gondwanatherian specimen from India was discovered in 1989 in sediments from the 

Upper Cretaceous (late Maastrichtian) Deccan Intertrappean sequence (Prasad and Sahni, 

1988; Prasad et al., 1994) but was not identified as a gondwanatherian until the specimens 

from Madagascar were examined (Krause et al., 1997). 

The gondwanatherian tooth from India VPL/JU/NKIM 25 is fragmentary and is described 

by Krause et al. (1997) as the first remains of non-placental mammals from the Cretaceous of 

the Indian subcontinent. The tooth is from the Naskal Locality andhra Pradesh, in central 

India. Krause et al. (1997) stated that VPL/JU/NKIM/25 is too incomplete to be assigned 

to genus and species status, but is complete enough to demonstrate clearly that it possesses a 

range of characteristics unique to the Sudamericidae among Cretaceous mammals. 

VPL/JU/NKIM/25 is smaller (approximately 6 mm in height) than Lavanify, but it resembles 

sudamericid cheek-teeth including Lavanify miolaka due to the following features: it is a 

molariform fragmentary cheek-tooth, with a curved crown and a flat occlusal surface, it 

possesses an infundibulum that invaginates into the crown and it exhibits small circular 

prisms that are aligned in rows separated by well-developed inter-row sheets of interprismatic 

matrix (see Krause et al., 1997:Fig. 2e). The unnamed Indian form possesses a cementum 

filled furrow that continues vertically down the entire height of the crown and this is similar 

to that observed by Krause et al. (1997) in Lavanify and most molariforms of Sudamerica. The 

Indian form possesses a prominent, cementum filled vertical furrow that extends throughout 

the entire height on the side of the crown.  

Krause et al. (1997) observed that is not possible to discern if the enamel is absent on one 

side of the crown, as in UA 8653, the holotype of L. miolaka. 

Together with the presence of Lavanify miolaka the presence of a sudamericid in India 

demonstrates that some Late Cretaceous taxa were distributed throughout Gondwana and 

not just restricted to the Late Cretaceous Los Alamitos Formation in Patagonia (Bonaparte, 

1990a). As well as this gondwanatherian specimen, other Late Cretaceous Gondwanan 

mammals have also been discovered in India, (Prasad and Sahni, 1988; Prasad et al., 1994; 

Prasad and Godinot, 1994; Das Sarma et al., 1995; Anantharaman and Das Sarma, 1997; 

Krause et al., 1997), however most of the mammalian taxa described from the Indian Late 

Cretaceous, including the palaeoryctid eutherians Deccanolestes hislopi and Deccanolestes robustus, 

have been suggested to have affinities with taxa of Laurasian origin (Prasad and Sahni, 1988; 

Prasad et al., 1994). Conversely, this is not the case for the Indian sudamericid, as it shares 

more affinities with taxa of Gondwana origin such as the gondwanatherians. 
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5.9 ?Tanzania 

Recently Krause et al. (2003) reported the discovery of a Cretaceous mammal from the “Red 

Sandstone Group” of Mbeya District of southwestern Tanzania (see Figure 5.4). 

This specimen is one of only a very few Cretaceous mammals known from Gondwana in 

general and Africa in particular. The only other Mesozoic mammal fossils from Tanzania 

include isolated jaws and teeth of haramiyids, triconodonts and eupantotheres from the 

Upper Jurassic Tendaguru Series from south-eastern Tanzania (Branca, 1916; Dietrich, 1927; 

Heinrich, 1991, 1998, 1999, 2001), taxa that are considered by Krause et al. (2003) not to be 

related to the specimen they have recently described. The specimen consists of a partial lower 

jaw, described by Krause et al. (2003) as a short, deep left dentary with a missing extra 

alveolar portion that probably bore a procumbent central incisor and also may have housed 

five single rooted, hypsodont cheek-teeth.  

The jaw specimen NMT 02067 (National Museum of Tanzania) is tentatively identified as a 

sudamericid by Krause et al. (2003) and if this report is confirmed it thus may represent the 

first African record of the Gondwanatheria.  

 

Figure 5.4: Left dentary of ?sudamericid gondwanatherian mammal (NMT 02067) from Tanzania. 
(A) labial, (B) lingual and (C) occlusal views.  (1-5) cheek-teeth 1-5 in the jaw. Modified from Krause et al. 
(2003). 
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Unfortunately, the precise age of the jaw specimen could not be determined as the age of the 

“Red Sandstone Group” is not known as no stratotype section has been described, nor a unit 

defined (see Krause et al., 2003). 

However, Krause et al. (2003) preliminary field investigations in 2002 revealed the presence 

of two unconformable stratigraphic units, one containing dinosaurs and vertebrate remains 

including the mammal jaw and the other similar unit containing Tertiary fauna. Krause et al. 

(2003) assigned the lower of the two units as Cretaceous age based on the jaw and the overall 

fauna that also includes sauropod and non avian theropod dinosaurs as well as dinosaur 

eggshells.  

NMT 02067 is described by Krause et al. (2003) as an abraded partial left dentary (see Krause 

et al., 2003:Figs.3, 4). However as stated by the authors due to its broken state it lacks 

sufficient morphological information to allow diagnosis of a new taxon.  

The jaw possesses a short and deep dentary with the ramus of the dentary broken along a 

vertical fracture through the masseteric fossa, distal to the tooth row and is also fractured 

obliquely through the dentary and this is evident in labial view (Krause et al., 2003).  All of 

the tooth crowns are missing or incomplete. As observed by Krause et al. (2003) the alveoli 

and dentine stumps are preserved lacking both enamel and cementum. The alveoli indicate 

that mesially there was a large, procumbent, laterally compressed central incisor and five 

cheek-teeth distally (this is assuming that like the sudamericids all of the cheek-teeth were 

single rooted).  

The description by Krause et al. (2003) of the jaw and teeth follows: 

There is a short diastema approximately 2.5mm long that separates the incisor from the first 

cheek-tooth, a single, large mental foramen situated on the labial aspect of the dentary 

inferior to the diastema.  

The masseteric fossa is large and extended anteriorly to a position below the mesial border of 

the fourth cheek-tooth. The symphyseal surface is damaged and abraded and the authors 

observed that the mandibular symphysis was not fused. 

Krause et al. (2003) observed that the inferior margin of the dentary in lateral view is strongly 

convex mesially and concave distally, being deepest beneath the diastema (8.3mm) and 

shallowest (7.0 mm) beneath the root of the third cheek-tooth. 

The incisor is missing its extra alveolar portion, but the root is implanted at an angle of 

approximately 55 degrees relative to the horizontal axis of the dentary (Krause et al., 2003). 

The dentary is observed with an x-ray radiograph and reveals that the root of the incisor 

(Krause et al., 2003:Fig. 4), extends distally to a position below the mesial edge of the root of 
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the third cheek-tooth. The cross section of the incisor is measured at the rim of the alveolus 

and is approximately 3.0 mm high and 2.1 mm wide. No whole cheek-teeth are preserved, 

however the crowns of the two most mesial cheek-teeth are broken with roots still in the jaw.  

It is interesting to note that Krause et al. (2003) observed that the first cheek-tooth was 

slightly smaller (measuring 1.5 mm in diameter) than the second, a feature not observed in 

the Sudamerica jaw where the most mesial cheek-tooth is larger in an anterior to posterior 

direction compared to the second cheek-tooth (e.g. Pascual et al., 1999). 

The third cheek-tooth is the largest of all the cheek-teeth and is curved (convex mesially, 

concave distally), with a tall crown that is represented by a dentine stump, measuring 2.3 mm 

mesodistally and 1.9 mm labiolingually, that projects out of its alveolus, indicating that it was 

hypsodont (Krause et al., 2003). The root of the third cheek-tooth is large and parallel-sided.  

The tooth was firmly anchored in its alveolus by a large, parallel sided, posteriorly curving 

root, with the root apex terminating approximately three fourths of the way through the 

depth of the dentary (Krause et al., 2003). The crowns of the fourth and fifth cheek-teeth are 

observed by Krause et al. (2003) to be represented by much smaller stumps. These stumps 

project far superodistally from their alveoli. Krause et al. (2003) observed that the 

fragmentary fourth cheek-tooth was similar in size to the first and second cheek-tooth, while 

the fifth is notably smaller (approximately 1.0 mm in diameter) and thus the smallest of all of 

the cheek-teeth. This can be compared to the fourth cheek-tooth in the reconstruction of the 

Sudamerica jaw where the fourth cheek-tooth is the smallest (Koenigswald et al., 1999). 

The fourth cheek-tooth root as observed by Krause et al. (2003) with a radiograph, is smaller 

than the other root but is also curved and long like the root of the third cheek-tooth (Krause 

et al., 2003). The fifth cheek-tooth has a small crown and a small root and does not project as 

far through the dentary as the third and fourth cheek-teeth root. 

The cheek-teeth are observed to be truly hypsodont by Krause et al. (2003) as they are firmly 

anchored in their alveoli and this also provides evidence that the three distal cheek-teeth are 

single rooted as the crowns on top of their alveoli are not joined to each other. Krause et al. 

(2003) also concluded that the first and second cheek-teeth were also single rooted with the 

root of the first cheek-tooth being obliquely oriented to the jaw.   

Krause et al. (2003) stated that the features exhibited by NMT 02067 are also only shared 

with gondwanatherian, taeniolabidoid and djadochtatheroidean multituberculates. These 

features are: a large, procumbent, laterally compressed lower central incisor and dentaries 

with body short and deep, unfused mandibular symphysis, distinct diastema and coronoid 

process originating far anteriorly (e.g. Pascual et al., 1999). 
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Krause et al. (2003) tentative concluded that the dentary from Tanzania is not a 

multituberculate but is most likely to be a gondwanatherian and should be referred to the 

Sudamericidae (that include all gondwanatherians except Ferugliotherium, considered a 

multituberculate by Kielan-Jaworowska and Hurum (2001). 

The authors based this on the assumption that the three distal cheek-teeth in the jaw were 

molariform and hypsodont, however the tooth morphology observed in other 

gondwanatherians is not present (see Krause et al., 2003). 

However, if NMT 02067 represents a gondwanatherian, it would represent the only known 

gondwanatherian with five cheek-teeth and thus may be less derived than the 

gondwanatherians from South America. Krause et al. (2003) concluded that NMT 02067 

would represent a less derived taxon than Sudamerica and also the incisor is less compressed 

labiolingually compared to Sudamerica and Gondwanatherium (Krause et al., 1992; Pascual et al., 

1999). NMT 02067 also is observed by Krause et al. (2003) to have a short incisor root 

relative to the cheek-tooth row and with a shorter diastema in comparison to Sudamerica jaw 

(Pascual et al., 1999).  NMT 02067 has a more inferiorly positioned mental foramen and a 

greater variation in its cheek-teeth, considered by Krause et al. (2003) to differ from the 

Sudamerica jaw (Pascual et al., 1999). 

Krause et al. (2003) state that NMT 02067 resembles the dentary of Sudamerica in that the 

posterior cheek-tooth are curved along their height and are projected superodistally. This 

condition is suggested by Koenigswald et al. (1999) to be related to the palinal directed power 

stroke during the masticatory cycle found in both multituberculates and gondwanatherians. 

As stated by Krause et al. (2003) if the presence of gondwanatherians in the Cretaceous of 

Africa is confirmed then this has important implications for the evolutionary and 

biogeographic history of Gondwanan mammals. This would provide the first evidence of 

gondwanatherians on the African mainland and would further support evidence of 

cosmopolitanism among Gondwanan mammals of the Cretaceous (see Krause et al., 1997). 

If NMT 02067 were from the Early Cretaceous or pre−Campanian then this jaw would 

represent the earliest known gondwanatherian and would extend the temporal, as well as 

geographic ranges of the gondwanatherian clade.  Krause et al. (2003) observed that if the jaw 

NMT 02067 were from the Campanian or Maastrichtian and correctly identified as a 

gondwanatherian mammal, then it would be useful to support or dismiss recent hypotheses 

regarding the geographic distribution of Gondwanan mammals and other terrestrial (and 

freshwater) vertebrates at the end of the Cretaceous. 
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5.10 Historical review of Gondwanatheria 

5.10.a Discovery of Sudamerica 

In January 1979 a "strange" molariform tooth was found by a team from the Universidad de 

la Patagonia (UNP) “San Juan Bosco”, headed by the Licenciada Hebe E. Herrera (Scillato-

Yané and Pascual, 1985). 

The tooth (UNP 79-II-18-1) was found in the Early Paleocene beds of Patagonia, in the 

Province of Chubut, Argentina in a locality, one-kilometre southwest of Punta Peligro (Golfo 

de San Jorge), Chubut, from the “Banco Negro Inferior” Member of the Salamanca 

Formation. The Salamanca Formation was originally thought of as Rio Chico Formation and 

considered as the Riochiquense land mammal age correlated with the Tiffanian Land 

Mammal Age of North America (Scillato-Yané and Pascual, 1984 and see Marshall et al., 

1981). Drs. Gustavo Scillato-Yané and Rosendo Pascual of the Universidad of La Plata who 

both specialize in Argentinean Tertiary mammals studied this tooth and published the 

outcome in 1984. It was described as a right lower molariform, named Sudamerica ameghinoi 

and was considered to be the oldest mammal known with euhypsodont dentition (Scillato-

Yané and Pascual, 1984). 

Sudamerica ameghinoi was assigned to a new family the Sudamericidae and classified in the 

Superorder Xenarthra (Scillato-Yané and Pascual, 1985). The authors proposed that 

Sudamerica ameghinoi be a member of Xenarthra. They described the tooth as being a 

molariform with continuous growth with enamel and other morphological features that 

identify it as belonging to Xenarthra Paratheria, Edentata incertae sedis.  

Scillato-Yané and Pascual (1985 p: 173) stated  " Es un molariforme de crecimiento continuo, con 

esmalte comprobado por estudios histológicos y con otros rasgos morfológicos que en suma lo identifican como un 

Xenarthra". 

The Sudamericidae Scillato-Yané and Pascual, 1984 was described as a family of Xenarthra 

with molariforms of very high crowns, between a hypsodont and hypselodont tooth type. 

The teeth possessed a thick layer of enamel that forms three laterally opposed enamel (ridges) 

folds on each opposite side. These enamel ridges are interconnected in the first stages of 

development of the tooth and when the tooth grows, these ridges differentiate into 

transversal lobes and fossetas that develop in between the lobes, very similar to certain South 

American rodents (e.g. Eumegamyinae). 

The authors assumed the molariform shared similar characteristics to xenarthrans, as the 

tooth appeared to have had continuous growth, the crown of the tooth was covered in thick 

enamel (this was observed with histological studies) and possessed other morphological 
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characters observed in Xenarthra. 

The species type was described as being the same as the genus, due to monotype and 

considered smaller in size than the species of Entelops Ameghino and somewhat larger than 

the Zaedyus pichiy (Scillato-Yané and Pascual, 1985). 

In 1989 and 1990, José F. Bonaparte of the Museo Argentino de Ciencias Naturales (MACN) 

led an expedition in conjunction with the Departamento de Geología from the UNP, to the 

same location, Punta Peligro, Chubut and discovered more teeth of Sudamerica ameghinoi, as 

well as other vertebrate remains such as anurans, chelonian and crocodilians (Bonaparte et. 

al., 1993). 

5.10.b Discovery of Gondwanatherium 

The first Late Cretaceous gondwanatherians were discovered in the mid to late 1980s by Dr. 

José Bonaparte and his field team during field work in the Los Alamitos Formation, Rio 

Negro Province, Argentina. These isolated molariforms were found during field trips in 1983, 

1984 and 1985. The mammal was denominated Gondwanatherium patagonicum, based on 

isolated large high-crowned cheek-teeth (Bonaparte, 1986b).  

Bonaparte (1986b, 1988) compared Sudamerica with Gondwanatherium and considered both to 

be closely related. However based on the differences in the pattern on the enamel ridge of 

the molariforms of the two genera, he erected a new family, Gondwanatheriidae, in the 

Infraclass Paratheria Thomas, 1887, Order incertae to house Gondwanatherium, later replaced by 

Krause and Bonaparte (1993) to the superfamily Gondwanatherioidea. 

In 1990, Bonaparte also described a dentary fragment tentatively assigned to Gondwanatherium 

patagonicum (MACN-RN 228). The fragment was described as an anterior part of an 

edentulous dentary with an alveolus for an incisor and three cheek-teeth alveoli and was 

assigned to Gondwanatherium patagonicum (Bonaparte, 1990a). 

Bonaparte (1990a: 82) states that, “.. the size and shape of the alveoli correspond reasonably well to the 

available teeth of G. patagonicum”. 

5.10.c Gondwanatherians and Xenathrans 

Gondwanatherians (Sudamericidae) were initially regarded as early xenathrans placed in the 

Cohort Paratheria Thomas, 1887, Superorder Xenarthra Cope, 1889 Order incertae (Scillato-

Yane and Pascual, 1984, 1985; Mones, 1987; Bonaparte, 1986a, 1986b; Bonaparte, 1990a).  

Then later, Bonaparte (1986b) with the discovery of Gondwanatherium interpreted both the 

Paleocene Sudamerica ameghinoi and the Late Cretaceous Gondwanatherium patagonicum as 

belonging to the same higher taxon, Paratheria Thomas, 1887 (sensu Reig, 1981), due to the 

common features that are present in the teeth of both forms. Bonaparte (1986b) stated that 
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these two forms probably belong to different families or orders of the Paratheria. 

Nevertheless, due to recent finds of mammals from Los Alamitos, Bonaparte (1986b:269) 

stated that Gondwanatherium could have “evolved from a eupantothere or another pre-tribosphenic 

therian”. 

Bonaparte (1988) added that due to the relative temporal and geographic proximity of the 

two genera of mammals found, they may belong to the same Order or Superorder of 

mammals. He then placed Gondwanatherium in the same ancestral group to the Xenarthra. 

In 1989 and 1990 more Sudamerica ameghinoi molariform teeth were discovered in Punta 

Peligro, Chubut (see Bonaparte, Van Valen and Kramartz, 1993). 

 Later Bonaparte (1990a) demonstrated the resemblance between Sudamerica ameghinoi and 

Gondwanatherium and observed that these two genera shared similarities on the occlusal 

surface pattern, although each with a different distribution of lophs and enamel. Due to these 

differences he erected a new monotypic family the Gondwanatheriidae in the Infraclass 

Paratheria Thomas, 1887, Order incertae to house Gondwanatherium patagonicum Bonaparte, 

1986b. 

Later, Mones (1987) then united the Gondwanatheriidae and the Sudamericidae in a new 

order denominated Gondwanatheria. He placed the Order Gondwanatheria in the Cohort 

Edentata, Superorder ?Xenarthra.  

However Bonaparte (1990b), based on the newly discovered teeth of Sudamerica, observed 

different stages of wear on the Sudamerica teeth and realised that both Sudamerica and 

Gondwanatherium are indeed very similar, enough to belong to the same family. This is based 

on isolated worn Sudamerica cheek-teeth having a similar occlusal morphology of the isolated 

Gondwanatherium cheek-teeth. 

He then rejected the family Gondwanatheriidae and placed both genera in the Sudamericidae 

(as it had taxonomic priority). With these new discoveries Bonaparte (1990a) also suggested 

that the family Sudamericidae should be part of the Order Gondwanatheria (Mones, 1987) 

highlighting that their differences represented different evolutionary stages of 

gondwanatherian evolution. 

Bonaparte (1990a) recognized that if Sudamerica is considered a xenarthran mammal then the 

morphological similarities between the two genera suggest that Gondwanatherium should also 

be included as a possible xenarthran. Furthermore Bonaparte (1990a) suggested that this 

would imply that the Cenozoic xenathrans might have originated from the hypsodont 

mammals of the Campanian of South America rather than from the Eutherian 

Palaeonodonta as suggested by Simpson (1931). 
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The Xenarthra are a group of mammals that are monophyodont or possess simple tooth 

forms. In all living and known fossil Xenarthra, the molars are hypsodont, the dentition is 

almost or entirely homodont and there is no enamel layer, instead there is a thick layer of 

hard dentine (e.g. Peyer, 1968). The hard dentine layer is in turn surrounded on the outside 

by cementum. In the interior of the tooth the pulp cavity possesses a hard substance that 

contains vessels, first described for Mylodon by Owen (1839). In contrast, in other mammals, 

the pulp cavity is smooth-walled and filled with soft tissues (Peyer, 1968). 

In Xenarthra there is never true root formation and generally the pulp cavity remains wide 

open basally and the teeth grow permanently (Peyer, 1968). The teeth are simple with the 

reduction occurring primarily on the anterior portion of the dentition. That is why the simple 

tooth design of the xenarthran tooth is compensated by the ever-growing tooth with an 

ability to never possess true roots to anchor the tooth in place.  

An enamel organ does however exist in extant xenarthrans as observed as early as 1874 by 

Thomas (Simpson, 1932). However some primitive xenarthrans have a thin layer of true 

enamel such as Utaetus buccatus from the Early Eocene (Casamayoran) of Lago Colhué-Huapí 

Chubut, Argentina (Simpson, 1932). 

Other xenarthrans such as eutatine armadillos, pampatheres and glyptodonts have on the 

occlusal surface a central island made of hard compact and resistant dentine (Vizcaíno and 

Bargo, 1998). The compact dentine is more resistant to wear than the dentine that covers the 

tooth and, eutatines and glyptodonts have two layers of compact dentine (Vizcaíno and 

Bargo, 1998). It is interesting to note that some specialized xenarthrans have a low number of 

teeth, with glyptodonts possessing only 8 upper teeth and 8 lower teeth, with the posterior 

ones multi-lobed. Some xenarthrans such as the Myrmecophagidae (ant eaters) have lost their 

ability to form teeth and are toothless with the lower jaw transformed to a slender rod (e.g. 

Peyer, 1968). 

This condition may be related to the specialized diet. It can be said that the decrease in teeth 

number in other mammals with hypsodont teeth may be related to the condition of 

hypsodonty, i.e. teeth grow in length and volume but may diminish in quantity.  

More of this will be discussed in later sections. 

Thus gondwanatherians are not xenarthrans as they have a thick layer of enamel on the outer 

layer of the tooth and they do not have a wide open base (root) that remains open 

throughout the life time of the animal never forming a true root. 
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5.10.d Ferugliotherium windhauseni 

Ferugliotherium windhauseni Bonaparte, 1986a was originally described on the basis of an 

isolated brachyodont right lower second molar (Bonaparte, 1986a) and was considered a 

tentative multituberculate by Bonaparte (1986a) and placed in a new family the 

Ferugliotheriidae. This was the first recorded multituberculate mammal from a southern 

continent, however Sigogneau-Russell (1991a) described a new multituberculate from the 

Mesozoic of Africa. 

In 1990, Bonaparte studied additional specimens from the Los Alamitos Formation and 

described them as a new species Vucetichia gracilis based on a worn upper molar. He described 

this species as a small gondwanatherian with brachyodont rodentiform molars and quite 

similar to Gondwanatherium patagonicum and thus assigned this new species to the family 

Gondwanatheriidae in the Order Gondwanatheria (Bonaparte, 1990a). 

Later Krause et al. (1992) and Krause (1993) concluded that Vucetichia was not a new species 

from the family Gondwanatheriidae but a junior synonym of Ferugliotherium windhauseni. 

Krause et al. (1992) described additional specimens of Ferugliotherium from Los Alamitos 

Formation including a lower molar m1 and an upper molar M1, along with tentatively 

referred incisors and premolars. 

Krause et al. (1992) and Krause and Bonaparte (1993) observed that Ferugliotherium possesses 

the following multituberculate affinities: 1) molars with more than one longitudinal row of 

multiple cusps, 2) palinal (posterior) direction of dentary motion during power stroke of 

grinding cycle, 3) anterior upper premolars with conical cusps, each with radiating edges, 4) 

lower premolars with apical serrations from which arcuate buccal lingual ridges descend. 

Krause et al. (1992) suggested that Ferugliotherium was probably most related to a plagiaulacoid 

multituberculate from the Upper Jurassic Formation (Engelmann et al., 1990) and thus was 

referred to tentatively to the Suborder Plagiaulacoidea. 

Previously, in 1991 an anterior part of a left dentary with a premolar 4 and an alveolus for an 

incisor was found in washed and sieved residue sediment from the Los Alamitos Formation; 

however it was not described in the Krause et al. (1992) paper. 

These new specimens helped confirm the multituberculate affinities of Ferugliotherium 

windhauseni by Kielan-Jaworowska and Bonaparte (1996). Pascual et al. (1999:376) raise the 

point previously stated by Kielan-Jaworowska and Bonaparte (1996) that there exists a 

possibility that  the jaw fragment assigned to Ferugliotherium windhauseni may not be that of a 

gondwanatherian and may belong to another taxa of multituberculates. Kielan-Jaworowska 

and Bonaparte (1996:2) raise the possibility that the dentary assigned to Ferugliotherium may 
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belong to another taxon and … ”that more than one brachydont multituberculate lived in Patagonia 

during the time of the deposition of the rocks of the Los Alamitos Formation”. They also raise the 

possibility that the dentary they describe may even not be conspecific or congeneric with the 

teeth previously assigned to Ferugliotherium windhauseni by Krause et al. (1992). This view was 

later supported by Kielan-Jaworowska et al. (2004) when they revised Mesozoic mammals in 

their book and removed the dentary and two upper premolars from Ferugliotherium windhauseni 

and placed them in Multituberculata incertae sedis.  

However it is interesting to note that Pascual et al. (1999) do acknowledge that the anterior 

parts of the dentary that belongs to both Ferugliotherium and Sudamerica are morphologically 

very similar, with similar dental features. These features shared by Sudamerica and 

Ferugliotherium, include the presence of a single gliriform incisor with restricted enamel, the 

absence of a canine and anterior premolars and the presence of a prominent diastema. 

However Pascual et al. (1999) claim that these features cannot be used as a strong argument 

for relatedness between Sudamerica and Ferugliotherium, as they have also developed in other 

groups of mammals such as rodents, primate and tillodonts. Pascual et al. (1999) reiterate that 

because it is very unlikely that a laterally compressed blade-like tooth with apical serrations 

and buccal and lingual ridges can be transformed into a molariform tooth thus Sudamerica 

seems to fall outside the diagnosis of Multituberculata (see below). 

Pascual et al. (1999) claimed that by extrapolation if Sudamerica is not a multituberculate then 

nor are Gondwanatherium and Ferugliotherium.  

This creates different or alternative scenarios related to Gondwanatheria origin and 

diversification together with Multituberculata diversification in the Southern Hemisphere 

which will be treated below. 

5.10.e Gondwanatherians classified as Multituberculata 

Krause and Bonaparte (1990) erected the suborder Gondwanatheria within Multituberculata 

to include Sudamericidae (with Sudamerica and Gondwanatherium) and the brachyodont family 

Ferugliotheriidae (with a genus Ferugliotherium Bonaparte, 1986a).  

This Suborder was previously considered Order Gondwanatheria by Mones, 1987 and 

included the families Gondwanatheriidae and Sudamericidae.  

Krause and Bonaparte (1993) reassessed the interrelationships of the three Argentinean 

genera (Sudamerica, Gondwanatherium and Ferugliotherium) and they undertook a reassessment of 

their phylogenetic interrelationships. 

They studied their relationships to other mammals and recognized that Gondwanatherium and 

Sudamerica had multituberculate affinities. They erected a new superfamily 
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Gondwanatherioidea placing both families Sudamericidae and Ferugliotheriidae in this new 

rank and emended the previous diagnosis by Mones, 1987, indicating now that the 

Gondwanatherioidea were a previously unrecognised radiation of multituberculate mammals 

in South America. Krause and Bonaparte (1993) concluded that there are similarities in the 

gross molar and incisor morphology, enamel microstructure and direction of jaw movement 

(inferred backward stroke called palinal) that indicate similarity through common ancestry 

between the three genera. This group of characters is also developed in multituberculates. 

They concluded that since Ferugliotherium is a multituberculate and Gondwanatherium is more 

derived than Ferugliotherium then from this Gondwanatherium must also be a multituberculate 

(Krause and Bonaparte, 1993). As Sudamerica was initially considered the derived sister genus 

of Gondwanatherium (Bonaparte, 1986b; Mones, 1987; Bonaparte, 1990a; Jenkins, 1990; 

Sigogneau-Russell, Bonaparte, Frank and Escribano, 1991) then this inferred that Sudamerica 

must also be a multituberculate (Krause and Bonaparte, 1990). 

Krause and Bonaparte (1990) stated that there are some features observed in these three 

genera, such as the enlarged procumbent incisors with a restricted band of enamel, that have 

evolved in convergence with other mammal groups as in the Late Cretaceous and Paleogene 

multituberculates from Laurasia. 

It is important to emphasize, as stated by Krause and Bonaparte (1993) that 

gondwanatherians have unique features not seen among other known multituberculates, such 

as the prominent ridges and the furrows on the molars and particularly, the tendency to 

develop hypsodonty in postcanine teeth. Krause and Bonaparte (1993) stated that the highly 

derived nature of the gondwanatherians dental anatomy indicates that they have evolved in 

isolation for a long period of time from Northern Hemisphere multituberculates. 

In 1996, Kielan-Jaworowska and Bonaparte described a partial dentary that was found in 

1991 in sediments from the Los Alamitos Formation as mentioned above. The partial 

dentary with multituberculate features possessed a strongly worn premolar 4 with parallel 

sides consisting of ridges and an alveolus for an incisor. The size of the premolar 4 was 

observed by the authors to roughly correspond to the size of the isolated m1, m2 and M1 of 

Ferugliotherium windhauseni. Kielan-Jaworowska and Bonaparte (1996) assigned the dentary to 

Ferugliotherium windhauseni, Order Multituberculata Cope, 1884 and Suborder Gondwanatheria 

Mones, 1987. This newly described specimen with multituberculate affinities was additional 

evidence that multituberculates once roamed through the southern lands. 

In their discussion they stated that Ferugliotherium with only one premolar cannot be assigned 

within Multituberculata to the Plagiaulacoidea, as these multituberculates have 3 to 4 lower 
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premolars. Nor does it fit in the suborder Cimolodonta (divided into the Taeniolabidoidea 

and Ptilodontoidea) which is defined as multituberculates with one or two lower premolars 

where the p4 is arcuate in Taeniolabididae and p4 is reduced and triangular in the derived 

Taeniolabidoidea. The Ferugliotherium jaw has a parallel-sided p4 with the presence of 

transverse ridges and groove on the molars, distinguishing Ferugliotherium from other 

multituberculates. Thus the authors Kielan-Jaworowska and Bonaparte (1996) with the 

additional new fossil material agreed with placing Ferugliotherium, Gondwanatherium and 

Sudamerica in a new suborder, the Gondwanatheria inside the Order Multituberculata. 

Kielan-Jaworowska and Bonaparte (1996) proposed that the gondwanatherians probably 

differentiated in the Southern Hemisphere from the Plagiaulacoidea or similar forms, 

whereas the Cimolodonta multituberculates evolved and radiated in the Northern 

Hemisphere. 

Gondwanatherians share the following dental characteristics with some 

multituberculates: 

• Molars with more than one longitudinal row of multiple cusps (Krause and Bonaparte, 

1993). 

• Palinal (posterior) direction of dentary motion during power stroke of grinding (Krause 

and Bonaparte, 1993). 

• Anterior upper premolars with conical cusps, each with radiation ridges. 

• Lower premolars with apical serrations from which arcuate labial and lingual ridges 

descend (Krause and Bonaparte, 1993). 

• Single pair of large lower incisors that is very strongly compressed laterally (Pascual et al., 

1999). 

• Procumbent incisors. 

• Cusps on lower and upper molars coalesce. 

• Enamel restricted to ventrolabial band of lower incisor (Pascual et al., 1999). 

• Dentary with a horizontal ramus that is short and deep. 

• Dentary with unfused mandibular symphysis (Pascual et al., 1999). 

• Large pterygoid fossa on dentary (Pascual et al., 1999). 

• Well developed and prominent diastema (Bonaparte, 1990a; Pascual et al., 1999; Kielan-

Jaworowska and Bonaparte, 1996; Gurovich, 2002). 
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Gondwanatherians share the following dental characters with other non-multituberculate 

Allotheria such as haramiyids: 

• Molars with more than one longitudinal row of multiple cusps (Krause and Bonaparte, 

1993). 

• Molar occlusion that is palinal (Butler, 2000). 

• Procumbent lower incisors (Jenkins et al., 1997). 

• Prominent diastema (Jenkins et al., 1997). 

Later Pascual et al. (1999) reported the first jaw element attributed to Sudamerica ameghinoi 

from the Late Paleocene locality of Punta Peligro, “Banco Negro Inferior”, of the Salamanca 

Formation. They described a nearly complete right dentary with the root of an enlarged 

central incisor, two molariform hypsodont cheek-teeth and two alveoli for two more cheek-

teeth distally. The jaw has no canine but a large diastema. This new specimen allowed the 

authors to understand how the isolated teeth of Sudamerica ameghinoi were oriented. It also 

helped to test hypothesis about the jaw movement and jaw direction of Sudamerica.  

Pascual et al. (1999) proposed that due to the presence of four molariform teeth in the 

Sudamerica jaw, a re-evaluation of gondwanatherian affinities would be required.  

The authors observed that the horizontal ramus of the Sudamerica dentary measured 

approximately 7.15 cm in length and was virtually complete from the alveolus of the incisor 

to the distal border of the alveolus for the last cheek-tooth. They observed that the dentary 

contained one incisor and would have to accommodate four cheek-teeth.  

As there are four molariforms present in the Sudamerica jaw, Pascual et al. (1999) observed 

that the lower dental formula of Sudamerica could consist of three possible interpretations: 

1.0.2.2 or 1.0.1.3 or 1.0.0.4.  

Dental formula for Sudamerica 1.0.2.2. 

Pascual et al. (1999) stated that the presence of the four molariform cheek teeth in the 

Sudamerica jaw is permissive to be included within Multituberculata only if the two most 

mesial cheek teeth are molariform premolars or the two most distal cheek teeth are 

supernumerary molars (an interpretation of 1.0.2.2.). The authors state that supporting 

evidence is lacking for both hypothesis and thus it is unlikely that Sudamerica is a 

multituberculate. 

For the first interpretation of 1.0.2.2., one would assume that Sudamerica in each jaw quadrant 

had a single low incisor, no canine present, two lower premolars and two lower molars. In 
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general multituberculate dentition in each jaw quadrant consists of one lower incisor, no 

canine, two molars and 4-1 lower premolars (Clemens and Kielan-Jaworowska, 1979; Kielan-

Jaworowska and Hurum, 2001). 

Thus if Sudamerica dental formula is 1.0.2.2. then this would be in compliance with the 

multituberculate dentition and thus it could be assumed that the first two cheek-teeth are 

molariform premolars and the last two are molars. The presence of only two premolars is 

consistent with the derived multituberculate dentition and could represent a post-

plagiaulacoid dentition as plagiaulacoids possess at least three lower premolars (Kielan-

Jaworowska and Hurum, 2001; Pascual et al., 1999). The presence of blade-like premolars or 

plagiaulacoid premolars is an apomorphy of the Multituberculata. This feature distinguishes 

them from other mammals, except for some marsupials and the carpolestid, an early group of 

Tertiary primates that also have blade-like premolars. The presence of blade-like premolars in 

different mammalian lineages is considered to be due to homoplasy (e.g. Kielan-Jaworowska 

and Hurum, 2001), i.e. these groups evolved similar features in response to similar 

environmental pressures but do not share a common immediate ancestor.  

However Pascual et al. (1999) go further to state that if the first two mesial molariforms in 

the Sudamerica jaw are indeed molarized premolars and not blade-like premolars, it would 

imply that they are not multituberculates, as this condition is not known among 

multituberculates. 

It is impossible to determine with current evidence if the first two cheek-teeth in the 

Sudamerica dentary are molarized premolars or molars. However Pascual et al. (1999) do 

compare the first molariform cheek-tooth in place in the Sudamerica jaw to the morphology of 

the premolar 4 of Ferugliotherium that is not molariform but blade-like (Kielan-Jaworowska 

and Bonaparte, 1996). Pascual et al. (1999) considered that if Ferugliotherium is indeed a 

multituberculate and the lower jaw fragment with a blade-like premolar 4 is correctly assigned 

to Ferugliotherium (Kielan-Jaworowska and Bonaparte, 1996), together with the assumption 

that Ferugliotherium is correctly regarded as a sister-taxon of Sudamerica (Krause and Bonaparte, 

1993), then this would signify that the presence of molarized premolars in Sudamerica is a sign 

that Sudamerica should be more derived than Ferugliotherium.  

The first interpretation (1.0.2.2.) thus indicates that Sudamerica and the gondwanatherians are 

derived multituberculates, inferring that p3 and p4 had to have been transformed in the 

course of multituberculate evolution from being blade-like to being molariform or molar-like. 

This is not known in multituberculates as even in most primitive “Plagiaulacida” the p3 and 

p4 are laterally compressed blade-like teeth. This dental formula (1.0.2.2) for Sudamerica and 
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for Gondwanatheria is considered very unlikely by Pascual et al. (1999) as well by Kielan-

Jaworowska et al. (2004), because this requires an evolutionary transformation of blade-like 

premolars into molariform ones and previously not been documented in any group of 

mammals.  

However blade-like lower premolars can be transformed to molariform premolars and this 

has been observed in the fossil sthenurine kangaroos (Prideaux, 2004) (see below). Thus this 

possibility can not be ruled out and it is more probable than previously stated by Pascual et 

al. (1999). 

Another option to consider is that blade–like laterally compressed premolares (with one row 

of apical cusps) in multituberculates may have developed from teeth with two rows of cusps 

of equal height, i.e. molariform (Hahn, 1969; Kielan-Jaworowska et al., 2004). If this is the 

case then gondwanatherians may have evolved from an early stock of multituberculates with 

molariform premolars and thus never had blade-like premolars nor had the need to develop 

blade-like premolars as in other multituberculates due to the evolutionary pressures they 

encountered in the Southern Hemisphere. However there is no evidence of intermediate 

groups that can support this theory. 

As stated before it is impossible based on the known evidence to determine whether the first 

or second molariform teeth in the Sudamerica jaw are molars or premolars. As to be able to 

distinguish premolars from molars replacement generations need to be observed. A premolar 

locus must be diphyodont to be considered a premolar, i.e. it must have a deciduous and 

adult generation. However this topic is controversial. The apparent primitive therian pattern 

consists of two functional generations of teeth at the incisor, canine and premolar loci and a 

series of molar teeth, which by definition are never replaced. However there is an enormous 

diversity in the replacement pattern among eutherians mammals as pointed out recently by 

Van Nievelt and Smith (2005). Together with this is the highly modified dental replacement 

that occurs with phylogenetially diverse mammal lineages. Mammals have such modified 

dentition that it can either be homodont (all teeth with similar morphology), polydont (more 

than the primitive number of teeth), simplification of the cusp patterns of the cheek teeth 

and ever growing teeth or even various combinations of these features. Thus it is not known 

if Sudamerica had hypsodont deciduous premolars that were replaced into adult teeth, or if 

Sudamerica had nonexistent replacement where neither the incisors nor premolars are 

replaced, a condition that occurs in the striped skunk (Mephitis mephitis), an extant mammal 

that has functionally monophyodont dentition. (e.g. Van Nievelt and Smith, 2005). 

However based on morphological observation of the Sudamerica dentary it is important to 
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note that there is a significance difference between the first cheek-tooth and the second 

cheek-tooth. The first tooth is much more laterally compressed, it is longer in a anterior to 

posterior direction, it possesses more lophs and has a v-shaped anterior loph in comparison 

to the second molariform in place in the jaw. It follows that if this first tooth is a laterally 

compressed molarized premolar and the second tooth is a molarized premolar then the 

hypothesis of 1.0.2.2. could be correct. This can only be assumed if both the first molariform 

and second molariform have undergone a significant evolutionary transformation from a 

blade-like tooth to transform into molarized high crown premolars. 

If this is the case the acquisition of hypsodont cheek-teeth in the gondwanatherian (if they 

have evolved from early multituberculates) may have caused the loss of extra incisors and the 

two or three lower and upper premolars as is found in the early multituberculates such as the 

‘Plagiaulacida’ (Simpson, 1925; see Kielan-Jaworowska and Hurum, 2001) . 

The evolution of hypsodont cheek-teeth may have caused an overall change in the 

architecture of the jaw and skull. In the process of hypsodont cheek-teeth evolution, cheek-

teeth may become larger and there is the possibility of a loss of teeth in the jaw and skull. 

In the sudamericids the evolution of hypsodont teeth perhaps occurred during the 

Cretaceous. During this time a group of gondwanatherians i.e. the sudamericids, may have 

evolved hypsodonty in all teeth including cheek-teeth and along with the adquisition of of 

hypsodonty there came about the loss of some of the other teeth such as extra incisors, 

canines and even premolars.  

Dental formula for Sudamerica 1.0.1.3. 

The second interpretation regarding the dental formula of Sudamerica is 1.0.1.3.  would imply 

that both the first tooth in the dentary be regarded as a molarized premolar, while the second 

tooth and the two distal alveolus would have to correspond to molariform molars. This 

dental formula does not necessarily imply that the premolar needs to be blade-like as in 

multituberculates. This second hypothesis, if confirmed (1.0.1.3.) would remove 

Gondwanatheria from Multituberculata as it rules out the possibility that Sudamerica is a 

multituberculate as no multituberculates are known to have three lower molars. However it 

does not rule out that Sudamerica evolved from a common immediate ancestor to the 

multituberculates that had three molars such as the haramiyids as this dental formula is 

characteristic of a primitive type dentition with the retention of three or more molars.  

If this is the case then the gondwanatherians from Gondwana may have evolved from a 

haramiyid-type ancestor (e.g. Jenkins et al., 1997) and kept certain dental characteristics such 

as tentative three lower molars, a diastema, procumbent incisors and the ability to have a 
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palinal jaw mastication. 

This would imply that Sudamerica  and by extrapolation the Gondwanatheria evolved from a 

group of mammals from the Northern Hemisphere during the Jurassic and may have 

migrated to the Southern Hemisphere at the end of the Jurassic or early in the Cretaceous 

and evolved in isolation in Gondwana after the break-up of Pangea. 

This dental formula would imply that Sudamerica and by extrapolation the Gondwanatheria is 

a sister group to the multituberculates. 

Dental formula for Sudamerica 1.0.0.4. 

The third interpretation regarding the dental formula of Sudamerica (1.0.0.4) would imply that 

Sudamerica has four cheek-teeth corresponding to four molars. This implies that Sudamerica 

does not have any premolars and underwent a radical evolutionary transformation and lost all 

the premolars and equally implies that the Gondwanatheria have lost premolars during the 

course of their evolution. However there are very few if any Mesozoic mammalian lineages 

that have no premolars or have lost all their premolars. The majority of early Mesozoic 

Mammals have a large number of lower premolars, multituberculates have up to four lower 

premolars, haramiyids such as Haramiyavia have four lower premolars and three molars 

(Jenkins et al., 1997), other early mammals such as the symmetrodont Zhangheotherium 

quinquecuspidens from the Late Jurassic of China has four lower premolars and six lower 

molars (Luo, Crompton and Sun, 2001), the Middle Jurassic mammal Shuotherium has four or 

more lower premolars and three molars (Kielan-Jaworowska et al., 2002), Castorocauda 

lutrasimilis a docodontan mammaliaform from the Middle Jurassic of China had 5 lower 

premolars and 6 lower molars (Ji et al, 2005), Cretaceous therians from China such as 

Akidolestes cifellii with 5 lower premolars and 6 molars (Li and Luo, 2006) and Asfaltomylos 

patagonicus from the Middle Jurassic of Argentina had up to 5 lower premolars and 3 lower 

molars (Martin and Rauhut, 2005). 

 If Sudamerica had lost all its lower premolars as implied from the dental formula 1.0.0.4 than 

this modification must be related to the acquisition of hypsodonty and due to the hypsodont 

nature of the molars and this would indicate a unique trend in the Gondwanatheria. 

This third hypothesis if confirmed (1.0.0.4.) would remove Gondwanatheria from 

Multituberculata as multituberculates possess lower premolars and two molars in each lower 

jaw quadrant.  

Pascual et al. (1999) suggest that this is the more likely scenario and thus Gondwanatheria be 

placed in Mammalia incertae sedis. 
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5.10.f Evolutionary transformation molarization of premolars 

If Sudamerica were a multituberculate then it would have a lower dental formula of 1.0.2.2. 

what is considered by Pascual et al. (1999: 376) as “highly unlikely in that it requires an evolutionary 

transformation of a laterally compressed, blade-like tooth with apical serrations and buccal and lingual ridges 

into a molariform tooth, a change previously unknown within Mammalia”. This “evolutionary 

transformation” would be possible however, as it occurred in the extinct lineage of 

sthenurine kangaroos (Prideaux, 2004). 

This would signify that simple laterally compressed premolars may have transformed into 

molarized premolars in gondwanatherians, with the evolution of hypsodonty.  

Thus it can not be ruled out, that laterally compressed premolars in Sudamerica ameghinoi (first 

and second teeth) may have evolved from brachyodont multituberculate blade-like 

premolars. Especially since the hypsodont incisor dentition was concurrent throughout 

multituberculate history.  

In the sthenurine kangaroo lineage there is a distinct transition in premolar morphology from 

a blade-like “plagiaulacoid” lower premolar with apical serrations that is laterally compressed 

into a high crown molariform premolar. The change in the premolar morphology is due to an 

expansion in the premolar base and also due to occlusal wear from the effects of a more 

fibrous diet. The wear has caused a change in the premolar morphology forming a wider 

occlusal surface. Prideaux (2004) states that the shift in the premolar morphology was 

probably to improve the grinding capacity of the cheek-tooth row, as the molars were not 

capable of lateral translation under compression. 

Molarization of premolars has occurred in many groups of mammals (e.g. Butler, 1952 ) but 

it seems that this mechanism where the premolar begins as a blade-like form and transforms 

into a molariform tooth only has occurred in sthenurine kangaroos and gondwanatherians. 

This evolutionary transformation seems to be related to changes in the environment as 

occurred in Australia from the Miocene to the Pleistocene when the Australian landscape 

became more open and arid with a significant decrease of rainforest habitats. 

Rephrasing it, it can be entirely possible that blade-like premolars can be transformed into 

molariform teeth thus increasing the likelihood of this happening also in gondwanatherian 

dental evolution. 

5.10.g Evolutionary transformation of brachyodont to hypsodont molars 

If Gondwanatheria are a group of mammals that possess both brachyodont molars 

(Ferugliotherium windhauseni) and hypsodont molars as it is the case for Gondwanatherium 

patagonicum and the more derived Sudamerica ameghinoi; then it follows that hypsodont molars 
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are derived from brachyodont ones. Furthermore brachyodont molars with more than one or 

more longitudinal rows of multiple cusps (seen in Ferugliotherium) have transformed into high 

crowned molars with more than one or more longitudinal row of multiple cusps (seen in 

Sudamerica molars and Gondwanatherium molars). Consequently brachyodont (more simple 

teeth) transformed into hypsodont teeth (more complex). This type of “evolutionary 

transformation” can also be observed in non-mammalian cynodonts where simple teeth are 

replaced by molariform teeth in the same generation (e.g. Luo et al. 2004). 

This is also observed in similarly related species of extant rodents, with both brachyodont 

and hypsodont tooth morphologies (e.g. Tummers, 2004) (see Chapter 9 here). 

Thus it may have occurred over time in Gondwanatheria, in the two different families, where 

large hypsodont teeth have evolved from a smaller brachyodont ancestor. 
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5.11 Unresolved problems of the gondwanatherian systematics 

The current issues on Gondwanatheria classification are related to the systematics and the 

origin of this group based on the fragmentary gondwanatherian fossil record.  

 

This raises a few uncertainties:  

• Is Ferugliotherium classified as a gondwanatherian or a multituberculate?  

• Are the gondwanatherians a group of derived multituberculates from Gondwana that 

have evolved hypsodont premolars and molars instead of blade-like premolars that 

are laterally compressed?  

o If so, has the evolution of hypsodonty in the cheek-teeth made it possible for 

the multituberculate blade-like laterally compressed premolars to undergo an 

evolutionary transformation and become hypsodont and not blade-like?  

o If this is possible with the hypsodont molars then is it also possible for 

hypsodont premolars? 

• Have the gondwanatherians evolved from an early multituberculate stock with 

molariform premolars?  

o If so, why does Ferugliotherium possess laterally compressed blade-like 

premolar (p4)? 

• What is the relationship between Ferugliotheriidae and Sudamericidae? 

Also as stated by Pascual et al. (1999) the discovery of the Sudamerica jaw has created new 

uncertainties and inevitably new questions on the closeness of the relationship between 

Ferugliotheriidae and Sudamericidae.  

5.11.a Different theories of Gondwanatheria origin 

The origin of Gondwanatheria is even a much more difficult problem to resolve and more 

questions are raised that currently can not be answered.  

• Are the gondwanatherians related to haramiyids or multituberculates or is their origin 

based on a different group of fossil mammals?  

• Are the gondwanatherians multituberculates? 

The authors Pascual et al. (1999) due to the discovery of the Sudamerica jaw do not agree that 

gondwanatherians are multituberculates and argue that the presence of hypsodont cheek-

teeth instead of blade-like premolars suggest that it is very unlikely that Sudamerica and 

gondwanatherians are multituberculates. 

Kielan-Jaworowska et al. (2004) agree along with Pascual et al. (1999) that the Sudamericidae 

are probably not a family of multituberculates but suggest an alternative hypothesis. They 

 251



Chapter 5 Gondwanatheria 

accept the assignment of Pascual et al. (1999) and exclude from the Ferugliotheriidae the 

dentary with a blade-like ?p4 and upper premolars of multituberculate pattern that were 

tentatively assigned by Kielan-Jaworowska and Bonaparte (1996) and by Krause, Kielan-

Jaworowska and Bonaparte (1992: Figure 2C-F) to Ferugliotherium. They describe these fossils 

under Multituberculata incertae sedis. Kielan-Jaworowska et al. (2004: 517) state, “It cannot be 

unequivocally demonstrated whether these fragments and the molars assigned here to Ferugliotheriidae belong to 

the same taxonomic unit, pending discovery of more complete material of Ferugliotherium”. 

• If Ferugliotheriidae is not a multituberculate family then what group does it belong 

to?  

• This does not rule out that multituberculates were present in the Late Cretaceous of 

Argentina due to the presence of a multituberculate dentary with a blade-like 

premolar and isolated multituberculate upper premolars discovered in the Los 

Alamitos Formation in the same location and locality where isolated teeth assigned to 

Ferugliotheriidae were also discovered. Suggesting that Ferugliotheriidae and 

multituberculates both with a very similar dentition co-existed in the same locality in 

the same time frame. 

Kielan-Jaworowska et al. (2004) agree with Pascual et al. (1999) that Sudamericidae in all 

probability are not multituberculates and do not originate from a multituberculate ancestor, 

but suggest an alternative hypothesis not explored by them. Kielan-Jaworowska et al. (2004) 

limit Gondwanatheria to the family Sudamericidae and assign some isolated teeth assigned to 

Ferugliotheriidae tentatively to Multituberculata. 

• Another suggestion that has also been risen is that if the gondwanatherians 

(Sudamericidae) are not multituberculates then perhaps the Sudamericidae may have 

an antecedent group in the South American - Australian monotreme family 

Ornithorhynchidae. This speculative suggestion is due to the similar molar 

morphology of Sudamericidae and the Ornithorhynchidae Monotrematum patagonicum 

also from the Early Paleocene of Patagonia. This is because Monotrematum patagonicum 

(Pascual et al., 1992a, 1992b) also bears molars that are incipiently lophed transversely 

such as those presented on Sudamerica ameghinoi and Gondwanatherium patagonicum. If 

Sudamerica ameghinoi is indeed related to Monotrematum patagonicum and thus the 

ornithorhynchids, then this would imply that in the Early Paleocene of Chubut, 

Argentina there may have lived more than two types of monotremes. This highly 

speculative hypothesis remains to be tested by further discoveries from the fossil 

record. 
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Other questions that also arise include: 

• What group of mammals is the gondwanatherians if the gondwanatherians are not 

multituberculates? 

• How closely related are the gondwanatherians to the multituberculates? (Also asked 

by Pascual et al., 1999) 

These questions are also complicated by the controversial phylogenetic position of 

multituberculates. 

There are various hypothesis related to the phylogeny and origin of multituberculates (Luo et 

al., 2002). These include: 

1) multituberculates are the sister taxon to the monotremes. The systematic characters to 

support a monotreme-multituberculate relationship were included in the Luo et al. (2002) 

dataset and this hypothesis is not corroborated by the parsimony analysis of the available 

morphological features; 

2) multituberculates are the sister group to Eutriconodonta; 

3) multituberculates are the sister group to the Trechnotheria (Theriiformes of Rowe, 1988); 

4) multituberculate are the sister taxon to haramiyids (see Luo et al., 2002 and see Chapter 4 

herein). 
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5.12 Possible scenarios for Gondwanatheria classification. 

1) Gondwanatheria are a hypsodont clade of southern multituberculates 

Gondwanatherians (Ferugliotheriidae and Sudamericidae) are South American 

multituberculates that evolved from a primitive Middle-Late Jurassic Northern 

Hemisphere multituberculate stock. The early gondwanatherians evolved in the changing 

climate of the Early Cretaceous of Gondwana, developing large hypsodont molar teeth, 

an adaptation to the abrasive nature of their herbivorous diet. Gondwanatherians 

retained multituberculate dentition with two rows of longitudinal cusps, blade-like 

laterally compressed premolars (Ferugliotheriidae), backward directed power stroke 

(palinal jaw movement) and hypsodont lower and upper incisors. Other features includes 

laterally compressed procumbent lower central incisors, lower incisors with ventrolabially 

restricted band of enamel, lower incisor with similar length and orientation oblique to the 

axis of the cheek-tooth row, multituberculate prismatic enamel in the cheek-teeth,  

multituberculate small circular enamel prisms in the cheek-teeth, dentary with a distinct 

diastema separating incisors with postcanines and absence of lower canine (e.g. 

Bonaparte, 1986a, b, 1990a, 1994; Bonaparte and Rougier, 1987a; Krause et al., 1992; 

Krause, 1993; Krause and Bonaparte, 1993; Kielan-Jaworowska and Bonaparte, 1996; 

Pascual et al., 1999).  

This would imply that gondwanatherian mammals have evolved from Pangean or 

Northern Hemisphere multituberculates sometime during the Jurassic and later 

continued evolving and diversifying in Gondwana landmasses during the Cretaceous. 

2) Gondwanatheria are not multituberculates but are convergent clade 

Gondwanatherian developed dental features in convergence with multituberculates from 

the Northern Hemisphere. Both clades do not share a common ancestor and developed 

these dental features due to similar environmental pressures placed on both groups. 

These features include: the laterally compressed blade-like p4 (observed in 

Ferugliotheriidae), procumbent incisors and palinal mastication, multituberculate cheek-

teeth with two rows of longitudinal cusps, laterally lower central incisors, lower incisors 

with ventrolabially restricted band of enamel, lower incisor with similar length and 

orientation oblique to the axis of the cheek-tooth row, multituberculate prismatic enamel 

in the cheek-teeth,  multituberculate small circular enamel prisms in the cheek-teeth, 

dentary with a distinct diastema separating incisors with postcanines, absence of lower 

canine and hypsodont dentition (e.g. Pascual et al., 1999). 
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Dental characters that are unique to Gondwanatheria are hypsodont molariforms found 

in Gondwanatherium patagonicum and Sudamerica ameghinoi, presence of transverse ridges and 

lophs in the molars and molariforms, more cusps in the lingual row in the first lower 

molars and molariforms (Sudamerica ameghinoi, Ferugliotherium windhauseni) and v-shaped 

loph in the first molar and molariform. 

This would imply that gondwanatherian mammals evolved in isolation in the Southern 

Hemisphere and have evolved a great deal of convergent dental characteristics with the 

Northern Hemisphere multituberculates. 

3) Ferugliotheriidae is a multituberculate family from Gondwana 

Multituberculates are present in Gondwana and are found in Argentina represented only 

by the family Ferugliotheriidae and represented by the isolated dentary MACN-Pv RN 

975, two isolated upper premolars (MACN-Pv RN 249, MACN-Pv 250) and all the 

teeth assigned to Ferugliotherium windhauseni by Krause et al. (1992). Multituberculates are 

also present in other parts of Gondwana, in the Early Cretaceous of North Africa 

(Morocco) (Sigogneau-Russell, 1991a). The family Sudamericidae is a convergent clade of 

non-multituberculate mammals (e.g. Kielan-Jaworowska and Hurum, 2001). 

4) Multituberculates were present in Gondwana, but Gondwanatheria are not 

multituberculates 

This scenarios implies that multituberculates did migrate to the Southern Hemisphere but 

are only found in Argentina represented by the isolated jaw previously attributed to 

Ferugliotherium MACN-Pv RN 975 (Kielan-Jaworowska and Bonaparte, 1996) and two 

isolated multituberculate upper premolars (MACN-Pv RN 249, MACN-Pv 250) also 

previously assigned to Ferugliotherium windhauseni. These isolated dental specimens are 

considered Multituberculata incertae sedis (Kielan-Jaworowska et al., 2004). The Order 

Gondwanatheria which includes the family Sudamericidae and the family 

Ferugliotheridae are not multituberculates but are Mammalia incertae sedis (Pascual et al., 

1999; Kielan-Jaworowska et al., 2004). The Suborder Gondwanatheria have evolved 

independently from the Southern Hemisphere multituberculates (Order Multituberculata 

incertae sedis) but both groups do share dental features which have also evolved in 

convergence.  
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5.13 Possible Gondwanatheria ancestor  

The gondwanatherians origin may be related to the early diversification of the 

Multituberculata and may be in fact a group of southern multituberculates that originated 

from an early northern multituberculate stock.  They may also have evolved from an early 

haramiyid ancestor or an entire different early mammal ancestor. It is possible that early 

multituberculates had a Pangeic distribution and were found on a majority of the landmasses. 

This issue of gondwanatherian origin is further obscured by the perplexing multituberculate 

origin and haramiyid origin. 

Multituberculate origin is a complicated topic and in recent phylogenetic analyses of early 

mammals, multituberculate relationships have been involved in great controversy (e.g. 

Kielan-Jaworowska and Hurum, 2001). 

Traditionally multituberculates have been thought to have originated from cynodonts or 

separated from other mammals at a very early stage of mammalian evolution. While recently 

supported by studies such as Hahn et al. (1989) and Miao (1993), the idea of 

multituberculates being the sister taxon to all other mammals has been raised. This notion 

that multituberculates are the sister taxon of all other mammals is also associated to the idea 

that multituberculates are related to the Haramiyidae, (see Butler, 2000) and from the Family 

Haramiyaviidae Butler, 2000. 

The Haramiyida was regarded as the sister group of the Multituberculata and assigned to 

?Mammalia Allotheria by Butler and McIntyre (1994). With the discovery of Haramiyavia, 

Jenkins et al. (1997) excluded Haramiyavia with an orthal jaw movement, from the Allotheria 

that have propalinal and palinal jaw movement. Butler (2000) revised the non-

multituberculate allotherian relationships and placed Haramiyavia in the new family 

Haramiyaviidae Butler, 2000 in the Suborder Haramiyoidea Hahn, 1973. He also argued that 

in fact there is sufficient dental resemblance between the multituberculates and the 

haramiyids and supported the hypothesis that the Multituberculata have originated from the 

Haramiyida. Kielan-Jaworowska and Hurum (2001) also followed the opinion of haramiyid 

students (Hahn et al., 1989; Sigogneau-Russell, 1989; Butler, 2000) and considered the 

Haramiyida as the outgroup of the Multituberculata. They based characters of a hypothetical 

ancestor in the taxon-character matrix on Haramiyida-Multituberculata sister-group 

relationships. The hypothetical ancestor to the multituberculates are the Haramiyida based on 

the study by Kielan-Jaworowska and Hurum (2001) would have had the following dental 

characteristics: three upper incisors, lower molars with two parallel rows of cusps of different 

height, a lower canine present, four lower premolars not modified as “blades”, molar cusps 
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separate enamel surface smooth, more than one lower incisor and propalinal jaw movement 

not developed or incipient (Kielan-Jaworowska and Hurum, 2001). 

This hypothetical ancestor to the multituberculates may have also been the hypothetical 

ancestor to the gondwanatherians. As the gondwanatherians share many dental features with 

the multituberculates. 

The gondwanatherians share characters in the dentary and in the morphology of the molars 

with multituberculates (Krause and Bonaparte, 1990; Krause and Bonaparte, 1993; Krause et 

al., 1992; Kielan-Jaworowska and Bonaparte, 1996; Pascual et al., 1999; Gurovich, 2001) and 

with haramiyids (see below). 

If the Gondwanatherians are indeed multituberculates, or if they are related to 

multituberculates and share a common ancestry to multituberculates (Pascual et al., 1999) and 

if multituberculates are allotherian mammals sharing a common ancestor with the haramiyids 

(Butler, 2000) then it is possible to find characters shared by these three groups. Many 

authors (see Hahn, 1973; Sigogneau-Russell, 1989; Butler and MacIntyre, 1994; Butler, 2000; 

and Kielan-Jaworowska and Hurum, 2001) regard the Haramiyidae as the sister-group of the 

Multituberculata. If the multituberculates share a great deal of dental features with the 

haramiyids and may have derived from haramiyids then there may be a possibility that the 

gondwanatherians may have also derived from a haramiyid like ancestor.  

Another possibility is that gondwanatherians may have evolved from an ancestor in common 

with the early multituberculates such as Paulchoffatiidae from the ?Middle Jurassic of Europe 

or with haramiyids or that gondwanatherians may have evolved from an early 

multituberculate ancestor in the Early Jurassic that possessed molariform premolars with two 

rows of cusps, just as those observed in p4s of “Plagiaulacida” (Hahn, 1978). 

Gondwanatherians may have retained simple molariform premolars, these premolars may not 

have had a shearing function as do the laterally compressed blade-like multituberculates and 

this may have been the case with earlier multituberculates. This is also the case for the 

Taeniolabididae, a group of multituberculates that reduced their number of premolars (only 

one upper and one lower premolar) and, in compensation increased the size of the molars in 

width and length and increased the number of cusps on the larger molars. These upper and 

lower molars served as effective grinding apparatus and the lower incisors are powerful and 

self-sharpening with limited enamel distolabial band (Kielan-Jaworowska et al., 2004). 
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6 Chapter 6 Materials and Methods 

6.1 Introduction and Methodology 

The aim of this thesis is to provide diagnostic and detailed descriptive information, diagnostic 

for each gondwanatherian species. Because all gondwanatherians and most Mesozoic 

mammals are diagnosed solely on dental features, I have limited the descriptions to these 

dental features. Continuing finds of more dental and even postcranial remains will provide 

additional characters to be used for improving further taxonomic investigation of the 

gondwanatherians and other Mesozoic mammals. 

This study was carried out at the Museo Argentino de Ciencias Naturales “Bernardino 

Rivadavia” (MACN) in Buenos Aires, Argentina and consists of the observation and analysis 

of isolated cheek-teeth and jaw fragments assigned to Ferugliotherium windhauseni, 

Gondwanatherium patagonicum and Sudamerica ameghinoi housed at the MACN.  

Fossil specimens belonging to Lavanify miolaka (Krause et al. 1997) and the un-named Indian 

specimens are deposited at the Vertebrate Fossil Preparation Laboratory, Department of 

Anatomical Sciences, Stony Brook University, Stony Brook, NY, USA. These were observed 

personally at Stony Brook University in 2001 during a trip to the USA.  

Observations 

All teeth were observed using a Nikon SMZ-10 binocular microscope (magnifying 

apparatus). Drawings of each specimen were made with a Nikon SMZ-10 fitted with a 

camera lucida.  

The scale that appears below each drawing in the Appendix B is based on the camera lucida 

measurements and is a reasonably accurate indication of scale however precise measurements 

are given in Appendix A using a digital calliper. 

Institutional Abbreviations: 

Specimens examined for the present study are in the following collections in Argentina: 

MACN-PV: Sección de Paleovertebrados Museo Argentino de Ciencias Naturales 

“Bernardino Rivadavia”, Buenos Aires; MLP: Departamento de Paleontología Vertebrados 

Museo de la Plata, La Plata; UNPSJB-PV: Facultad de Ciencias Naturales, Universidad 

Nacional de la Patagonia, San Juan Bosco, Comodoro Rivadavia; MPEFCH: Museo 

Paleontológico “Egidio Feruglio”, Trelew; UA: Universite´ d’Antananarivo, Madagascar; 

FMNH Field Museum ofNatural History, Chicago, USA; VPL/JU/NKIM: Vertebrate 

Palaeontology Laboratory, Jammu University, Naskal Intertrappean Mammal, India.  
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Measurements and observations: 

Measurements of each individual gondwanthere tooth and dentary fragments were made by 

an electronic digital calliper (Essex) with an accuracy of 0.01mm. All measurements were 

made in millimetres (mm). See tables in Appendix A. 

Maximum tooth height: MH 

Maximum anterior-posterior length of occlusal surface: ML 

Maximum anterior-posterior: distance halfway down the crown ML1/2 

Maximum labial-lingual width of occlusal surface: MW 

Diagnosis:  

This will be dealt with in Chapter 7  

Description:  

This will be dealt with in Chapter 7  

Comparison with other taxa:  

This will be dealt with in Chapter 7  

Geographic distribution: 

 This provides the region from which each group of taxa is known and has already been 

discussed in Chapter 5. 

Terminology used in the description of Gondwanatherian teeth:  

This will be dealt with in Chapter 7. However a summary to general mammalian tooth 

terminology is treated below.
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6.2 Introduction to Phylogenetic systematics 

Phylogenetic systematics is a concept which uses derived or apomorphic characters to help 

reconstruct relationships and group taxa based on common ancestry (e.g. Wiley et al., 1991). 

This concept was first formulated by Hennig (1950, 1966) and has been gradually changing 

the face of systematics. 

In phylogenetic analysis, cladistics is one of the most frequently forms of analysis used in 

evolutionary biology. It is used to reconstruct genealogies based on common ancestry, thus 

revealing the phylogenetic relationships between taxa (e.g. Eldredge and Cracraft, 1980; 

Farris, 1970, 1979a, 1979b, 1980, 1982, 1983, 1986; Farris et al., 1970; Nelson and Platnick, 

1981; Schoch, 1986). Organisms are thus classified according to their evolutionary 

relationships based on what is called primitive (plesiomorphic) and derived (apomorphic) 

characters. Taxa that share derived characters are grouped together more closely than those 

that only share plesiomorphic characters. 

This methodology, cladistics, operates basically on the principle of recognizing strictly 

monophyletic groups and reconstructing genealogies based on common ancestry, thus 

revealing the phylogenetic relationships between taxa. 

 These monophyletic groups are usually termed clades (Schoch, 1986), constituting a 

monophyletic taxon: a group of organisms that includes the most recent common ancestor 

of all of its members and all of the descendants of that most recent common ancestor. 

A major advantage of cladistics analysis in relation to other forms of systematic analysis e.g. 

phenetics and evolutionary systematics is that in cladistics a more objective methodology is 

used with clear steps that are taken and a clear unbiased or independent treatment of 

character analysis. 

In cladistics the outcome of the analysis and evolutionary relationships between groups of 

organisms is presented in a family tree (branching hierarchical tree) also called a cladogram. 

The cladogram is constructed such that the numbers of changes from one character state to 

the next are minimized. This is based on the principle of parsimony – any hypothesis that 

requires fewer assumptions is a more likely hypothesis. 
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Plesiomorphic character is a primitive character or attribute that is shared by all the living 

organisms in question (that are under study). Plesiomorphic characters thus are not useful in 

analysing the relationship of organisms within a particular group.  

 A plesiomorphic character is used to describe primitive or generalized characteristics that 

arose early in the evolutionary history of a taxonomic group. These characters are widespread 

and are of no help in dividing groups into lower-level taxa. 

Plesiomorphic characters shared by all members of the group in question are called 

symplesiomorphic.  

Apomorphic characters or derived characters are advanced traits that only appear in some 

members of the group. 

If the apomorphic characters belong only to the group in question, they are called 

autapomorphic. If the derived character serves to unite two or more taxa, it is called 

synapomorphic. 

Thus cladistics is based on the assumption that the appearance of derived characters gives 

clues to evolutionary relationships. 

Many methods for determining plesiomorphic and apomorphic characters were proposed by 

Hennig and others, but only one method is justified based on logical grounds. This is 

outgroup comparison. 

Phylogeny reconstructing using cladistics is accomplished through the inclusion of one or 

more outgroup taxa in the analysis. 

Outgroups are taxa known to lay outside but somewhat closely-related to the group of 

interest or the group being classified -the ingroup. 

Any character state that is shared between members of the ingroup and the outgroup is 

considered to be ancestral (since it evolved before the common ancestor of the ingroup taxa 

that is in study). 

The inclusion of outgroups allows us to polarize the resulting tree (cladogram) and allows to 

determine the direction of evolutionary transitions and sequence undertaken. 

Thus if a taxon that is a member of the group being classified has a character state that is also 

found in some of the organisms outside of the group being classified (and is more basal to 

the group that is classified), then that character state can be considered to be plesiomorphic. 

6.2.a Application of Cladistic methodology 

In chapter 8, I will attempt to use algorithm-based cladistic analyses to resolve relationships 

between gondwanatherians and other Mesozoic mammalian groups. 
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6.3 General mammal tooth terminology 

Odontological, histological and histogenetic terms will be briefly discussed and defined here 

(based on the work by MacPhee and Flemming 2003 and others). Several of these terms have 

been discussed by other authors and have meanings that are well understood in mammalian 

paleontology and anatomy, but for the purpose of this thesis these terms are re-discussed and 

re-evaluated. 

Teeth are formed by connecting tissues that are dense and mineralized. In structure these 

tissues resemble each other both in the histochemical composition and developmental 

components (Fawcett, 1986; Hancox, 1972; Swindler, 2002). The definitions used for 

mammalian teeth that follow below are based on Ten Cate (1998) and work on rodents by 

MacPhee and Flemming (2003) and deal with the features of each tissue that can be identified 

in a simple manner either by microscopy or photomicrographs.  

Mammal teeth 

In humans, teeth serve several functions such as mastication, speech and aesthetics (Ten 

Cate, 1998). In animals, teeth also serve as weapons of attack and defence and so teeth need 

to be hard in texture and must be firmly attached to the bones of the jaw. However, though 

animal teeth are hard and strong, they break frequently due to their brittle nature. To 

compensate for this loss, successional teeth assure that the function of dentition is continued 

(Ten Cate, 1998). 

Mammalian tooth consists of a crown and a root, the junction that separates crown from 

root is called the cervical margin. Even though teeth vary in size and shape (i.e. an incisor is 

different from a molar), teeth are histological similar. 

In mammals, teeth are compound organs that contain three different mineralized tissues 

attached to each other: enamel, dentine and cementum. The close association of these three 

different biominerals is not found elsewhere in the mammalian body (e.g. Diekwisch, 2001), 

nor does the formation of these three biominerals occur at random or in bulk in mammals or 

higher vertebrates as it occurs in invertebrates (Lowenstam, 1981). The formation of these 

three biominerals is a tightly controlled operation that is controlled by organic matrices 

secreted by highly specialized cells (Slavkin and Diekwisch, 1996, 1997; Diekwisch, 2001). 

The secretion of enamel and dentine, differs from the secretion of cementum. In the 

secretion of enamel and dentine, biopolymer matrices are deposited and the secretion of each 

mineral is accomplished by a unique layer of densely packed cells directly adjacent to the 

corresponding mineral layer (Diekwisch, 2001). 
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In contrast to the enamel and dentine, the development of the third mineralized tissue, 

cementum remains enigmatic (see below).  

In general the mammalian tooth consists of an exposed crown made of enamel that covers 

the exposed portion of the tooth and a root, buried in the gum and jaw. The crown is 

covered by an outer layer of enamel and beneath the enamel or sometimes exposed on the 

surface of the crown there is an intermediate layer of dentine (see Figure 6.1). The dentine 

layer is sometimes exposed on the tooth surface due to wear by attrition.  The principal mass 

of the tooth is made of dentine covered by the protective enamel crown. The central section 

of the tooth consists of an inner pulp cavity (that is surrounded by the dentine) and is filled 

with pulp (vascular tissue) (see Figure 6.1). The tooth is fed via blood vessels and nerves that 

reach the pulp cavity through a channel. This channel penetrates the root via the apical 

foramen and is sometimes called the root canal. An additional layer of material called 

cementum surrounds the root. 

The mammalian tooth consists of a crown, a cervix (neck) and a root. The root is attached to 

the jaw and in most mammals the root is anchored in a bony alveolus by the periodontal 

ligament that forms a fibrous joint known as gomphosisi (Swindler, 2002). The bony alveolus 

covers the root up to the cementoenamel junction or cervix of the tooth. 

Enamel 

The tooth consists of hard inert acellular enamel formed by columnar or hexagonal epithelial 

cells called ameloblasts.  

The enamel is the most highly mineralized tissue found in the mammalian body and consists 

of about 96% inorganic material mainly of hydroxapatite crystallites (Ten Cate, 1998). 

The high inorganic composition of enamel makes it vulnerable to demineralization in the acid 

environment created by bacteria, producing dental caries. The high mineral content of 

enamel also produces its microscopic structure. Hydroxyapatite crystallites are arranged in 

one direction into structures of enamel rods or prisms and separated by an interod substance 

also made of apatite crystallites aligned in a different direction to that of the rods (Ten Cate, 

1998).  

These enamel rods consists of a stack of rodlets and are encased in an organic prism sheath 

(Basmajian et al., 1976).  

The ameloblasts cover the entire surface of the enamel but as the tooth emerges into the oral 

cavity these cells disappear (Ten Cate, 1998). Thus, enamel on a tooth when destroyed by 

wear or caries cannot be replaced or regenerated. Enamel is considered a dead tissue but it is 
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permeable and permits ionic exchange between the enamel and the environment of the oral 

cavity especially with saliva (Ten Cate, 1998). 

‘‘Enamel formation is initiated along the dentinoenamel junction between the ameloblasts 

(enamel-forming cells) and odontoblasts (dentine-forming cells) when the latter commence 

to secrete pre-dentine which in turn, almost immediately, stimulates the ameloblasts to 

secrete the enamel matrix’’ (Swindler, 2002: 14). 

Enamel forms in the presence of odontoblasts and only after the first dentine layer has been 

formed. After the first dentine has been formed, the cells of the internal dental epithelium 

differentiate and produce an organic matrix against the dentine surface. This organic matrix 

immediately begins to mineralize and becomes the enamel of the crown (Ten Cate, 1998).  

The ameloblasts move away from the dentine, secreting enamel and leaving an ever 

increasing enamel layer (Ten Cate, 1998).  Thus enamel formation involves matrix secretion 

followed by the formation of inorganic calcified crystals. Enamel forms incrementally and the 

closer the enamel layer is to the surface of the crown, the more mineralized or denser it 

becomes (Swindler, 2002). 

Dentine 

The enamel is supported by a hard connective tissue called dentin or dentine which is less 

mineralised but more resilient.  

Dentine ‘‘resembles bone in structure and chemical composition’’ (Fawcett, 1986: 602). The 

dentine is formed by odontoblasts that are columnar cells that lie on the outside of the dental 

pulp that secrete dentine.  

The dental pulp is a soft connective tissue. The pulp cavity includes blood vessels, lymphatics 

and nerves.  

Dentine is differentiated at the gross histological level in various ways. 

Primary dentine is laid down during the beginning of tooth development. It differs from 

bone and cementum in that its matrix consists of relatively parallel, evenly spaced dentinal 

tubules that gives the dentine a radially striated appearance in longitudinal ground section 

(MacPhee and Flemming, 2003).  

Dentine is a tissue that makes up the bulk of the whole tooth and is harder than bone but 

softer than enamel and consists mainly of apatite crystals of calcium and phosphate. In 

humans, mammals and elasmobranch fishes such as sharks and rays, the odontoblasts 

(dentine producing cells) line the pulp cavity of the tooth and send projections into the 

calcified material of the dentine; these projections are enclosed in tubules. 
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Sensitivity to pain, pressure and temperature is transmitted via the odontoblastic extensions 

in the tubules to and from the nerve in the pulp chamber.  

Secondary dentine (also called ‘‘irregular’’ dentine) is ‘‘formed after tooth eruption as a 

result of irritation from caries, abrasion, injury, or simply due to age’’ (Basmajian et al., 1976: 

373).  Secondary dentine, a less well-organized form of tubular dentine, is produced 

throughout the life of the tooth. Its role is to patch up areas such as those where cavities 

have begun, where the overlying enamel has been worn away and also within the pulp 

chamber as part of the aging process.  

Dentinogenesis 

Dentinogenesis is a process where the odontoblasts that line the pulp chamber produce the 

dentine and it is divided into three stages: Primary dentinogenesis, secondary dentinogenesis 

and tertiary dentinogenesis (e.g. Bäckman, 1999). 

It is important to note that dentine is a highly permeable tissue, because densely packed 

dentinal tubules radiate from the pulp throughout all the layers. Studies by Bäckman (1999) 

demonstrate that in mammalian dentine 15000 tubules/mm2 are present in the outer dentine 

and 55000 tubules/mm2 near the pulp.  

Dentine can also be divided into intertubular dentine and peritubular dentine.  

Intertubular dentine is the main product of the odontoblasts constituting the largest volume 

of the dentine. The intertubular dentine consists of a fibrous network of collagen with 

deposited mineral crystals (e.g. Bäckman, 1999). On the other hand peritubular dentine forms 

a highly mineralized sheath around the dentinal tubule (0.5-1 micrometers thick in humans). 

The peritubular dentine gradually (partly or completely) fills up the dentinal tubules at a 

distance away from the pulp chamber. (e.g. Linde and Goldberg, 1993; Bäckman, 1999). 

During the first stage of dentinogenesis a mantle of dentine is formed on the dentine-enamel 

junction during the early stages of tooth development. This dentine is rich in proteoglycans 

and can be more irregular and less mineralized than the dentine that forms the following 

layers (Jenkins, 1978; Linde and Goldberg, 1993). 

In the second stage of dentinogenesis, a next layer of dentine is formed and makes up most 

of the tooth structure and this stage is called primary dentinogenesis (e.g. Bäckman, 1999).  
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Primary Dentinogenesis 

As observed by Bäckman (1999) there is confusion in the literature concerning the ending 

time of this stage of dentine production. In different publications the primary dentinogenesis 

stage is considered to be finished at different phases and the secondary dentinogenesis is 

considered to be started at different phases, such as when the crown is fully formed, when 

the tooth erupts (Cox et al., 1992), when the tooth becomes functional (Linde and Goldberg, 

1993) or when the root is fully formed (Torneck, 1994).  

Secondary Dentinogenesis 

Bäckman (1999) stated that timing of when the primary dentinogenesis finishes and 

secondary dentinogenesis starts seems more likely to occur when the root is fully formed, 

because (in humans) the tooth metabolism slows down after the root apex is formed. 

However in rat molars, the dentine formation slows down gradually during both the primary 

and the secondary dentinogenesis and there is no apparent transition from the former to the 

latter (e.g. Bäckman, 1999). The structure of the secondary dentine is slightly more irregular 

than that of the primary dentine (Torneck, 1994). 

Tertiary dentinogenesis 

During the next stage or tertiary dentinogenesis, dentine is produced only when a tooth 

responsds to irritations. These irritations include dentinal caries, attrition, abrasion and/or 

erosion (Cox et al., 1992). The tertiary dentine is also named according to the type of 

irritation:  

Bäckman (1999) stated that the dentine formed as a response to attrition, abrasion or erosion 

is called "reactional dentine", while tertiary dentine that is formed in response to caries or 

repairs to the tooth is termed "reparative dentine". 

The quality of the tertiary dentine seems to be dependent on the speed of its formation: the 

faster the tertiary dentine is formed, the more irregular it appears (e.g. Bäckman, 1999). 

However tertiary dentinogenesis may be absent even in a fully developed tooth.  In an old 

tooth dentinogenesis is slowed down considerably (Linde and Goldberg, 1993). 

Bäckman (1999) observed that in rats used in her experiment it was difficult to differentiate 

between the different stages of the dentinogenesis and the lack of apparent zones of 

transition from one stage to another. However during the experiment the age of the rats was 

3-10 weeks and during this young age mostly primary dentine was formed.

 274



Chapter 6 Materials and Methods 

Cementum 

In mammals, teeth are attached to the jaw and this occurs by connecting tissue that is made 

up of cementum, periodontal ligament and alveolar bone (Ten Cate, 1998). This allows a lot 

of flexibility of the tooth and allows the tooth to withstand the forces from mastication.  

In many extant mammals, when cementum is formed in the root, both the epithelial cells of 

Hertwig’s root sheath (HERS) and the mesenchymal cells of the dental follicle are found in 

proximity to the developing root surface (Diekwisch, 2001). However as stated by Diekwisch 

(2001) it is not clearly known how each of these tissues (epithelium and mesenchyme), that 

takes part in the formation of cementum, contributes to this process and thus both tissues 

have been involved in numerous debates over cementum formation (Ten Cate, 1996; 

Hammarstrom et al., 1996). 

The classical theory for the formation of cementum suggests that mesenchymal cells of the 

dental follicle become cementoblasts and secrete cementum after having transmitted the 

barrier of Hertwig’s epithelial root sheath (see Diekwisch, 2001). 

Recently, Diekwisch 2001 reviewed this process and reported that the epithelial cells of 

Hertwig’s epithelial root sheath (HERS) disintegrated before any cementum deposition 

occurs and that the mesenchymal cells from the dental follicle penetrate the HERS bilayer 

and begin to deposit the initial cementum matrix. As well, immediately adjacent epithelial 

cells are separated from the root surface by a basal lamina and do not secrete any cementum 

matrix. 

Overall, studies by Diekwisch (2001) confirm the classical theory of cementum formation, 

which is considered as a dental follicle derived connective tissue that forms subsequent to 

HERS disintegration. 

Cementum is a hard and bone-like mineralized connecting tissue, which covers the dentine 

of the root and neck of a tooth. The cementum is firmly “cemented” to the dentine of the 

root (Ten Cate, 1998).  

Tooth cementum is a bone-like mineralized tissue and is secreted by cementoblasts on the 

surface of root dentineor, in some animals, it is secreted on crown enamel.  

There are two types of cementum, acellular and cellular. The acellular cementum or primary 

cementum is acellular and may lack lacunae, haversian system and lamellae (MacPhee and 

Flemming, 2003). It is attached to the root dentine and covers it from the cervical margin to 

the root apex. The acellular cementum is in turn covered by cellular or secondary cementum, 

which is formed by cementoblasts (Ten Cate, 1998).  
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Secondary cementum is defined by MacPhee and Flemming (2003).as a type of cementum 

that forms on root surfaces after eruption. The secondary cementum contains cementocytes 

(maintenance cells equivalent to osteoblasts, characterized by possession of long cellular 

processes). 

Pulp cavity 

The pulp cavity in extant mammals is surrounded by enamel and contains dental pulp. The 

dental pulp in the tooth of a living mammal contains tissues that include arteries, veins, 

nerves, lymphatic vessels and these become fibrous and less vascular with age (e.g. Swindler, 

2002). 

These structures in the dental pulp are able to enter and leave the tooth via the apical 

foramen that lies at the tip of the root. The dental pulp can be exposed on the occlusal 

surface of the cusps in multicusped teeth in mammals. 
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6.4 Teeth development 

As soon after the formation of the root is initiated, the tooth that is developing in bony 

crypts within the bone of the developing jaw begins to erupt. The tooth moves in an axial 

direction until it assumes its final position in the mouth with its occlusal surface in the 

occlusal plane (Ten Cate, 1998). 

Teeth develop in relation to primitive epithelial sheets. These epithelial sheets possess the 

ability to develop new dental tissues (Fawcett, 1986) and like bone tissues, dental tissues do 

not grow interstitially. For example in mammal species with brachyodont cheek-teeth (e.g., 

Homo), these epithelial sheets are programmed to shut down relatively early in the lifespan. At 

a certain stage of development, the ameloblasts (cells on the inner enamel epithelium that 

form enamel), will cease to differentiate, thereby fixing the position of the root cervix and no 

new enamel will be formed thereafter except pathologically (MacPhee and Flemming, 2003). 

However, the odontoblasts that are a type of columnar cells on the outside of dental pulp 

continue to differentiate and produce primary dentine in an aboral direction after eruption, 

thus ‘‘completing’’ the root, but after a certain time the production of new odontoblasts 

rapidly declines and ceases. However, after this, minor maintenance activities may take place 

in the tooth such as the narrowing of root canals whereby newly secondary dentine is formed 

and deposited (MacPhee and Flemming, 2003).  

Ontogenetically a human tooth is essentially at the end of its developmental pathway soon 

after it erupts and its roots close, except, of course, for the effects of attrition and in the case 

of the milk teeth or deciduous teeth replacement. This differs in mammals with hypsodont 

dentition. 

6.4.a Tooth replacement in mammals 

In most extant and fossil mammals a limited succession of teeth replacement occurs and this 

is so not due to the continual loss of teeth but to compensate for the growth of the skull and 

jaws (Ten Cate, 1998). The early teeth in a mammal are called the deciduous or primary 

dentition and these teeth are usually smaller in size. With growth of the skull and jaw more 

teeth are needed and of larger size. 

Teeth can not increase in size after they have completely formed and thus in growing 

mammals the deciduous teeth that are usually smaller than the permanent ones are no longer 

useful and fall out. These deciduous teeth are replaced by a permanent or secondary dentition 

that consists of larger teeth and there is usually more in number (Ten Cate, 1998). 
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6.4.b Tooth roots 

In general the mammalian tooth consists of a pulp cavity surrounded by dentine and 

cementum. 

The root of a mammalian tooth is the basal section of the tooth that is embedded in the jaw.  

The root lies apical to a defined cervix; it is composed of dentine and covered externally by 

cementum rather than enamel and attached by the periodontal ligament to the alveolar bone 

(MacPhee and Flemming, 2003). 

This definition is used in Homo but for other mammals, with a different organization of the 

imbedded portions of the teeth, a different definition is needed. In the varied different types 

of mammals the imbedded portions of teeth are differently organized and it is required to use 

a somewhat different vocabulary to describe them.  

These terms here used for gondwanatherians definitions are based on MacPhee and 

Flemming (2003) who analysed the ontogeny and histology of dental tissues and the different 

root categories. In turn these terms are derived from those adopted by Mones (1982). 

Apical end (also known as root or aboral end) is the growing end of a tooth that may be 

open or closed. 

Open root 

An open root represent an ontogenetically stage that can be considered a prior condition for 

all loci, here the root sheath of the developing tooth is in broad contact with the capillary bed 

of the dental papilla. The surface epithelial cells of the dental papilla are induced to form 

odontoblasts that eventually form the dentine of the root (Warwick and Williams, 1973; Ten 

Cate, 1998).  

An ‘‘open’’ root as defined by MacPhee and Flemming (2003:7) is “one that is still capable of 

continuing longitudinal growth through odontoblast differentiation and matrix 

mineralization”.  

Closed root A ‘‘closed’’ root is defined by MacPhee and Flemming (2003:7) “one in which 

such differentiation by the odontoblasts has terminated or slowed to insignificance”.  

Apical hypertrophy (also root hypertrophy or ‘‘cement extension’’ of some authors) is 

defined by MacPhee and Flemming (2003:7) as the “significant post-eruption deposition of secondary 

dentine (q.v.) at the apical end of brachydont or hypselodont cheek-teeth”. However in the publication by 

MacPhee and Flemming (2003) the term hypselodont refers to protohypsodont teeth and not 

to euhypsodont teeth. It is caused by a physiological response to increase useful tooth life 

(MacPhee and Flemming, 2003) whereby a tooth adds new material consisting of dentine to 

its apical ends. 
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This process involves the apical deposition of the secondary dentine at a rate that is higher 

than the conceivable maintenance level and has an overall effect of increasing the useful 

tooth life. 

This process of the apical deposition of secondary dentine has not been clearly defined in the 

paleontological literature and it is often being confused with the hyper-development of 

cementum, a process which is at most incidental in apical hypertrophy (MacPhee and 

Flemming, 2003). In apical hypertrophy, material is added to the tooth but does not normally 

result in tooth elongation. In apical hypertrophy and in hypsodonty, new growth is at the 

root end and is offset by the attrition at the crown end as the physiological goal is to preserve 

a constant tooth length (MacPhee and Flemming, 2003). 

The preservation of the tooth length is functionally important for teeth with sockets, 

especially teeth that are subjected to heavy chewing forces. These teeth need to be securely 

socketed to the alveolar walls of the mouth and this is done by Sharpey’s fibres which are 

developed in the periodontal membrane and prevent drift of the tooth and uneven wear or 

evulsion (Fawcett, 1986; MacPhee and Flemming, 2003).   

The process of apical hypertrophy ensures that teeth do not become too short before the end 

of a normal lifespan and this occurs as the crown which diminishes throughout the lifespan 

of the animal is always perched on a growing section of secondary dentine (MacPhee and 

Flemming, 2003).  

MacPhee and Flemming (2003) noted that apical secondary dentine will progressively form 

more and more of a tooth’s shaft as an animal possessing this adaptation grows older. Thus 

when eventually the crown end becomes completely consumed, the apical dentine will appear 

at the occlusal surface.  
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Enamelodentine junction is the process in which the resting line of enamel forms on the 

exterior of a tooth and is usually only found on brachyodont teeth (MacPhee and Flemming, 

2003). ‘‘During the late bell stage, the sheet of cells comprising the inner enamel epithelium folds in a 

genetically determined way to take up the definitive outline of the future enamel-dentine junction….This folding 

process determines the ultimate shape of the tooth’’ (Warwick and Williams, 1973: 1230). 

Root formation 

The root of the mammalian tooth is made of dentine. To make the dentine, odontoblasts are 

needed. The odontoblasts are formed when cells of the dental papilla differentiate and this 

process is initiated by the cells of the internal dental epithelium. The odontoblasts are 

initiated by the epithelial cells that will eventually form the dentine of the root (Ten Cate, 

1998). 

When epithelial cells of the external and internal dental epithelium proliferate from the 

cervical loop of the dental organ, a double layer of cells known as Hertwig’s epithelial root 

sheath is formed. 

This root sheath of cells begins to grown around the dental papilla and the dental follicle. 

The root sheath then encloses all but the base of the papilla (Ten Cate, 1998). After this the 

rim of the root sheath encloses the primary apical foramen. The inner epithelial cells of the 

root sheath begin to enclose more and more of the expanding dental papilla and the epithelial 

cells begin to initiate the differentiation of the odontoblasts from the cells that lie at the 

periphery of the dental papilla. 

Eventually dentine of the root is formed by the odontoblasts and this is the way a single root 

is formed (Ten Cate, 1998). 
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6.4.c Teeth type in mammals  

There is considerable variation in dental anatomy among animals. In mammals, there are two 

distinctive types of teeth that differ in pattern of growth and morphology brachyodont and 

hypsodont (see Figure 6.1). 

bone
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pulp
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gum
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Figure 6.1: Comparison of short-crowned (brachyodont) human tooth (A) versus high-crowned horse tooth 
(B) showing expansion of the crown relative to the root area. 

 Brachyodont or low-crowned teeth  

This type of tooth consists of a low crown above the gingiva, a constricted neck at the gum 

line and a root embedded in the jawbone.  The root or roots are well developed (Peyer, 1968: 

191), with ‘‘abrasion or any damage being of permanent character’’ (Mones, 1982: 110). The 

crown is encased in enamel and the root in cementum.  

Brachyodont teeth typically exhibit a definite enamelodentine or cementodentine junction 

(crown and root discrete). 

Generally roots close at a relatively early ontogenetic stage, although apical hypertrophy 

where material is added to the tooth may still occur throughout the lifetime of the tooth 

(MacPhee and Flemming, 2003). 
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Hypsodont teeth 

Hypsodont teeth are sometime described as ‘‘ever-growing’’ or high crowned teeth and 

continue to erupt throughout life of the mammal. In hypsodont teeth the dental epithelia 

remains competent to keep on differentiating throughout the individual’s lifespan. A 

hypsodont tooth will continue to retain the same tooth pattern throughout the ontogeny of 

the mammal regardless of the rate of wear as can be seen in the genus Equus (MacPhee and 

Flemming, 2003). The pattern of the tooth is determined by the unaltered original three-

dimensional arrangement of epithelial sheets and thus remains unaltered (MacPhee and 

Flemming, 2003).  

Hypsodont teeth also generally have an apical end which remains wide open. This apical end 

is the growing end of the tooth where new tissues are formed.  

Examples of this type of teeth include all of the permanent teeth of horses and cheek-teeth 

of ruminants. Hypsodont teeth are usually described as having a body, much of which is 

below the gum line and a root that is embedded in the alveolus of the jaw bone. Enamel 

covers the entire body of the tooth but not the root.  

In both high-crowned and low-crowned teeth, the tooth is attached to a "socket" in the jaw 

bone called an alveolus. The attachment is through a fibrous capsule called the gomphosis.  

Euhypsodonty (or hypselodonty) is the condition of possessing high-crowned cheek-teeth 

that are truly evergrowing (i.e., tissue competency does not terminate, so tooth pattern is 

continually generated in much the same way for the life of the animal) (see euhypsodonty of 

Mones [1982]).  

Authors such as Janis (1988) stated that hypselodont is a term that refers to hypsodont 

cheek-teeth that are rootless and are thus ever-growing (e.g. euhypsodont of Mones [1982]). 

Janis (1988) added that hypselodont cheek-teeth are commonly found in extant rodent 

species and are not found in any extant ungulates, however hypselodont cheek-teeth were 

present in some extinct ungulate lineages including the Rhinocerotidae and Notoungulata 

(e.g. Fortelius, 1985; Janis and Fortelius, 1988). 

Protohypsodonty or hypsodonty is the condition of possessing high-crowned but not ever-

growing, cheek-teeth [see protohypsodonty of Mones (1982)].  

Protohypsodont teeth can become low crowned with old age due to abrasion and chewing 

that is not compensated by growth (e.g. Mones, 1982).  

However there is confusion in the literature as MacPhee and Flemming (2003:8) consider the 

term “Hypselodonty”  to be the “condition of possessing high-crowned, but not ever-growing, cheekteeth 

(also protohypsodonty of Mones [1982])”. On the other hand most other authors consider 
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hypselodonty to be a synonym of euhypsodonty (e.g. Mones, 1982; Janis, 1988;  Bargo, De 

Iuliis and Vizcaíno, 2006). 

It is believed that teeth become protohypsodont as tissues begin to lose their efficiency or 

competence at a histogenetic level, protohypsodont teeth cease to differentiate new tissue at 

the same rate and the same proportion (e.g. MacPhee and Flemming, 2003).  

Thus in old mammals root closure of a hypsodont tooth is possible and this is observed in 

gondwanatherian hypsodont teeth. If the growing end of a hypsodont tooth becomes 

contorted or loses competency or efficiency, the tooth pattern will also change (MacPhee and 

Flemming, 2003). 

MacPhee and Flemming (2003) stated that the difference between euhypsodonty and 

hypselodont (sic.) (protohypsodonty) is not related to crown height but to ontogenetic 

programming.  

For example the modern Equus is classed as possessing hypsodont teeth but occasionally, in 

very old animals the root ends of the teeth finally close (Sisson and Grossman, 1938; see also 

Peyer, 1968: 194) and thus Equus have protohypsodont teeth. This suggests that 

euhypsodonty and protohypsodonty represent different positions on a developmental 

gradient (MacPhee and Flemming, 2003).  

In any species of mammals with highcrowned cheek-teeth, if the root closure is delayed 

relative to average lifespan, which does not normally occur, the descriptive result will be 

euhypsodonty. Alternatively, if root closure is accelerated relative to lifespan, the teeth are 

classed as protohypsodont (e.g. MacPhee and Flemming, 2003). 

Although euhypsodonty may be considered one of the most efficient ways to produce ever-

growing cheek-teeth, under certain conditions both brachyodont and protohypsodont teeth 

may add new material to apical ends, well after the completion of early ontogeny and root 

closure (MacPhee and Flemming, 2003). Brachyodont and protohypsodont teeth do so by 

the process of apical hypetrophy. 

Tooth pattern 

It refers to the specific arrangement (folds) of a tooth’s primordial tissues (cementum, 

enamel, primary dentine), as seen at the initiation of wear (i.e., immediately after eruption). 

The pattern, however, is laid down early in histogenesis. The formation of tooth pattern may 

terminate with loss of epithelial competency. 

Teeth are very important to animals as they are used for eating, grooming and defence. 

Consequently, dental problems, if not treated, often lead to more generalized illness.  
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Mammals have teeth of different sizes and shapes, a condition known as heterodonty, 

allowing different teeth to be specialized for different tasks. These specialized teeth include: 

Incisors (I); Canine teeth (C); Premolars (P); and Molars (M). 

Mammals also have two sets of teeth: a deciduous set (milk teeth, baby teeth) and a 

permanent set. 

Dental Formulae 

Dental formulae are used to indicate the number of each type of tooth for a given species. 

Because the jaw is bilaterally symmetrical, only one half of the jaw is described. The incisors 

are indicated first, followed by the canine, premolars and molars. The maxillary arcade or 

upper jaw is listed over the mandibular arcade or lower jaw. For instance, a dog has 3 

incisors, 1 canine, 4 premolars and 2 molars on one side of the upper jaw and 3 incisors, 1 

canine, 4 premolars and 3 molars on one side of the lower jaw, so the dental formula would 

be: upper I C P M : 3 1 4 2 lower I C P M : 3 1 4 3. 

Individual teeth can also be denoted: The first lower incisor would be I1 and the second 

upper molar would be M2. 

List and definition of dental terms 

For describing mammalian teeth Owen (1840-1845) first used the criteria related to the 

replacement of teeth. In his criteria the premolars are defined as the postcanine teeth anterior 

to and including the last tooth which has a deciduous precursor and molars are defined as the 

teeth posterior to the last premolar which are not replaced. With Owen’s system the 

individual teeth are assigned a number from anterior to posterior in each category i.e.: molar 

1, molar 2. Each tooth position reflects a specific homology and thus the first molar of one 

animal should be homologous to the similar tooth of another animal. Owen did not use 

morphology for establishing dental homology and relied only on developmental criteria and 

position of the tooth. 

For gondwanatherian definition of dental terms see Chapter 7. 
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7 Chapter 7 Analysis and interpretation of  Gondwanatheria 
from Argentina 

7.1 Introduction  

In this chapter diagnostic and detailed descriptive information is provided for all South 

American gondwanatherian species. Because all gondwanatherians and most Mesozoic 

mammals are diagnosed solely on dental features, I have limited the descriptions to these 

dental features. Below terminology used in the description of gondwanatherian dental 

features is provided.  

7.1.a Terminology used in the description of gondwanatherian teeth 

Throughout the various descriptions and diagnosis of gondwanatherian dentition, different 

terms have been used by various authors to describe the same process. For example fossa is 

used by Krause and Bonaparte (1993) in the description of Ferugliotherium cheek-teeth while 

enamel islets are used by Koenigswald et al. (1999) in the description of Sudamerica cheek-

teeth. It is necessary therefore to list the different terms used with their meanings and 

standardize the terms used to describe gondwanatherian dentition. 

The dental terminology of Clemens and Kielan-Jaworowska (1979) and Krause et al. (1992) 

for certain terms related to multituberculates dentition and Koenigswald et al. (1999) for 

terms related to gondwanatherian enamel and dentition are used in the following sections. 

Also, used are the conventional terms for orientation such as labial, lingual, mesial (anterior), 

distal (posterior), rostral (front of skull), caudal (back of the skull), based on the standardized 

terminology defined by Smith and Dodson (2003).  

An additional type of nomenclature is used to describe the different surfaces of mammal 

teeth, as depicted in Figure 7.8 and 7.9. The occlusal surface is the chewing surface.  

For mammals the following convention is used, incisors, canines, premolars and molars are 

abbreviated as In, Cn, Pn and Mn (n = tooth number) in upper jaws and as in, cn, pn and mn 

in lower jaws. Right, left and deciduous teeth are indicated by R, L and D (e.g., DP4, Rp2).  

Other terms 

Mesial and distal designate tooth surfaces.  

Mesial is in the direction that faces toward the mandibular symphysis. 

Distal is in the direction that faces away from the mandibular symphysis.  

Labial is offered for those surfaces and directions facing the lips or cheeks. 

Lingual: for those facing the tongue. 

Basal: for the direction toward the tooth crown bases. 

Apical: for the direction toward the tooth crown tip. 
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Occlusal View: for views of the occlusal surfaces. 

Basal View: for views of crown bases. 

Root apical view: for views facing the roots. 

Cheek-teeth: term that defines the teeth other than incisors in the gondwanatherian 

dentition.  

Molars and Premolars:  In gondwanatherian dentition it is difficult to assess which teeth 

are premolars and which are molars, this term is only used for Ferugliotheriidae. 

Molariform: Is used in this study to describe cheek-teeth belonging to the gondwanatherians 

that have not yet been described as either a molar or premolar or can not be identified as 

such. 

Transverse Ridge: a term used by Krause and Bonaparte (1993) to describe the occlusal 

morphology of gondwanatherians. The ridges are described by Krause et al. (1992) as 

prominent and transverse structures that are only found in Gondwanatherians and not any 

other multituberculates and connect cusps of adjacent rows. However, the term ridge may be 

used in haramiyid dental terminology. These ridges extend in a transverse manner along the 

labial to lingual plane on the occlusal surface. The transverse ridges are classified as anterior, 

middle or posterior depending on the position of the ridge on the occlusal surface. The 

anterior ridge is positioned towards the anterior or mesial part of the mouth, the posterior is 

positioned towards the back or posterior end of the mouth and the middle ridge is positioned 

in the middle between the anterior and posterior ridges.  

Transverse ridges consist of worn enamel border with exposed dentine if present. 

Cusps: There is confusion with the term cusps, multituberculate and other mammals have 

cusps that can be described as a prominence or point on a tooth. Krause and Bonaparte 

(1993) used the term “cusp” based on Clemens and Kielan-Jaworowska (1979: 104) 

definition of the multituberculate cusp described as being “uniform in height and ordered in 

longitudinal rows”. Multituberculates have a distinctive morphological pattern on their molars 

whereby the two or more parallel rows of cusps are oriented anteroposteriorly. These cusps 

within each row tend to be of approximate equal height while in the haramiyids the 

longitudinal row of cusps are linked by a transverse ridge and there is a variation in the height 

of the cusps within each row (Clemens and Kielan-Jaworowska, 1979). 

In Krause and Bonaparte (1993) the term “cusp” is used to indicate the exterior or 

terminating ends of the transverse ridge or transverse lophs. The cusps are either in a labial 

(buccal) position or a lingual position. The cusps are formed by the apex of the ridges or the 

extremities of the arms of the ridges. Some molariforms can have 3 labial cusps, 4 middle 
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cusps and 4 lingual cusps. The cusps described by Krause and Bonaparte (1993) are 

described as being large and tall or small and low. The cusps are described as being 

connected together via prominent ridges and separated by a prominent deep furrow.  

Cusps are also observed in unworn younger Gondwanatherium and Sudamerica molariforms. 

Row: The cusps are arranged in rows that can be defined as being a lingual row, labial row 

and middle row. The lingual row contains cusps that are arranged towards the lingual side 

and can be anterior or posterior, e.g. anterior lingual cusp and posterior labial cusp.  The term 

“row” is also used to describe multituberculate molar patterns whereby the cusps are 

arranged in lingual and labial rows (Clemens and Kielan-Jaworowska, 1979). 

Transverse furrow: is described by Krause and Bonaparte (1993) as the long transverse, 

horizontal features that extend lingually-labially nearly or completely across the occlusal 

surface and then continue down the molar crowns. It is used by Krause and Bonaparte 

(1993) when describing the teeth of Ferugliotherium windhauseni. 

The transverse furrows consist of the space between each transverse ridge and is usually 

unworn enamel or cementum. 

Krause et al. (1992) claimed that the transverse ridges and furrows appear to be a unique 

derived attribute of Ferugliotheriidae among the multituberculates. However transverse 

ridges and furrows are observed on Sudamericidae. 

Groove: is described by Krause and Bonaparte (1993) as the much shorter and more nearly 

vertical features that occur near the bases of molar cusps.  The term groove or “inter-row 

groove” is used in multituberculate molar description as the anteroposterior indentation that 

separates the cusp rows (Clemens and Kielan-Jaworowska, 1979). 

Midline of tooth 

When describing gondwanatherian teeth, each tooth can be virtually sectioned on the 

occlusal surface in two parts, the lingual section and labial section. The tooth lophs can also 

be sectioned into lingual lobes and labial lobes. The midline of the tooth is the line that 

separates the labial section from the lingual section at the centre of the tooth. It is thus 

possible to observe if the lobe is longer on the lingual section or the labial section. This 

elongation is due to occlusal wear in a palinal direction, whereby an opposing tooth occludes 

on one section of the tooth, elongating the lobes more towards one side of the occlusal 

surface. Thus this is necessary to observe as this can help in further identification of isolated 

teeth. 
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Transverse loph: is used by Koenigswald et al. (1999) to describe the transverse ridge of the 

Sudamerica ameghinoi. There is a slight confusion as Koenigswald et al. (1999) also uses the 

term lobe to describe an entire transverse loph. 

Transverse lobe: The transverse loph is divided into two lobes, a labial lobe and lingual 

lobe; this term is also used by Koenigswald et al. (1999). 

Transverse crest: This term is used by Koenigswald et al. (1999) when stating that the upper 

and lower molars of Ferugliotherium differ from other multituberculates with transverse crests. 

These transverse crests are also visible in another multituberculate Essonodon. The transverse 

crests are also visible in all Sudamericidae. It seems that the term transverse crest is a 

synonym for the term transverse furrow used by Krause et al. (1992) in the revised diagnosis 

of Ferugliotherium and ?Vucetichia.  

Parasagittal longitudinal crest/ central enamel crest/ enamel bridge 

These terms all define a connecting enamel bridge that originally began as an enamel spur on 

the posterior or anterior wall of the enamel loph. This term is known as parasagittal 

longitudinal crest by Koenigswald et al. (1999). These parasagittal crests can sometimes 

surround a central enamel islet and separate the labial and lingual synclines. The parasagittal 

crests differ in height and this may cause the enamel islets such as Is2 to touch or be in 

contact with other enamel islets as seen in Koenigswald et al. (1999: Fig. 4.2) where the Is2 of 

the posterior cap is in contact with the next Is2. 

Central enamel crest: Koenigswald et al. (1999) used the term central enamel crest as the 

central crest that connects the enamel transverse lophs. The central enamel crest is only 

visible when the occlusal surface has been worn down and the different enamel islets are 

worn down. 

Enamel border of the transverse ridge: This is the enamel outline or border of the 

transverse ridge that extends labiallingually across the occlusal surface. The enamel border is 

usually worn enamel surrounded by dentine or dentine islands. 

Posterior cap: is the posterior loph or end on the occlusal surface of the tooth. This loph 

usually has a convex shape on the posterior margin of the occlusal surface. 

Anterior cap:  is the anterior loph or end of the occlusal surface of the tooth. This loph 

usually has a convex shape on the anterior margin of the occlusal surface. 

Synclines: (or flexae/flexids or re-entrant angles) are lateral infold of the enamel band or 

enamel border from the lingual or buccal (=labial) side, that may be filled with cementum 

Koenigswald et al. (1999). The syncline can show enamel crenulations at the base (see Fig. 2 

Koenigswald et al., 1999). 
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Fossa: are described as being oval in shape or irregularly shaped by Krause and Bonaparte 

(1993). Fossa or Fossae (plural) are described using the term enamel islets in Koenigswald et 

al. (1999). 

Enamel islets: (or fossae-fossette/fossids-fossettid) described by Koenigswald et al. (1999) 

as deep, funnel-like impressions from the unworn occlusal surfaces closed at the bottom. 

Note students of rodent paleontology use the ternms fossette/fossettid. In slightly worn 

teeth they can be seen as rings of enamel filled with dentine or can be seen empty or can be 

filled with cementum. The enamel islets may change in their cross section appearance 

according to the depth in which the occlusal surface is exposed at the various stages of the 

tooth life. Often islets indicate the deepest part of a syncline. Koenigswald et al. (1999) 

commented that the number of enamel islets does not indicate a specific tooth position and 

only the general symmetry of the molariform in anterior/posterior and lingual/labial 

direction can be used to determine the tooth position and identify the individual tooth 

position. 

Koenigswald et al. (1999) considered there are different types of enamel islets seen on 

isolated Sudamerica ameghinoi teeth and are classified as: type 1 (Is1), type 2 (Is2) and type 3 

(Is3). 

Enamel islets type 1:  These are formed on the anterior/posterior caps and begin as distinct 

grooves in the unworn occlusal surface. These grooves in later stages of wear of the occlusal 

surfaces form the first type of enamel islets (Koenigswald et al., 1999:270 fig 4: 1). The Is1 

are also visible on gondwanatherian tooth fragments from Madagascar and India (Krause et 

al., 1997).  At the same stage where enamel islets of type 1 may occur there is usually no 

connection between the lophs on the occlusal zone as observed by Koenigswald et al. (1999). 

The enamel bordered lophs are not connected via a transverse enamel bridge or a transverse 

enamel crest but there are little spurs between the lophs that indicate the sites where in later 

stages of wear, a connection between the lophs may occur. 

Enamel islets type 2: During a later stage of tooth wear a second type of islet Is2 may form. 

These islets form along the central axis of the occlusal surface of the tooth and are thought 

to form during a later stage of wear. The IS2 forms on the central transverse dentine valley. 

This valley separates the lophs from each other. At this stage the enamel islets in the anterior 

and posterior caps have an enamel border or are surrounded by an enamel band 

(Koenigswald et al., 1999). The IS2 that form in the central axis of the occlusal surface are 

also surrounded by an enamel band or border. 
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At the same time the enamel spurs that had formed in the first stages of wear become more 

distinct and forms a longitudinal enamel bridge that connects the lophs. The Is2 may lie in 

between the longitudinal enamel bridge or longitudinal enamel crest that connects the lophs 

as seen in Koenigswald et al. (1999: Fig. 4). This stage of wear can be observed in isolated 

teeth that have undergone wear due to attrition and was also observed by Koenigswald et al. 

(1999) in the sectioned teeth of Sudamerica ameghinoi, sectioned about 1mm below the unworn 

surface. 

The enamel islets that lie along the central axis of the occlusal surface of the tooth may come 

into contact with another enamel islet or come into contact with the enamel border of the 

synclines. During later stages of wear the enamel islets that lie in between the enamel border 

of the synclines become separated from the enamel wall of the synclines. While in later stages 

the enamel islets that lie between the synclines disappear due to wear and the synclines begin 

to extend towards the central axis of the occlusal surface (see Koenigswald et al., 1999).  

Enamel islets type 3: The third type of enamel islet IS3 only occur in heavily worn teeth 

and are formed from abrasion or wear on the occlusal area whereby erosion has worn the 

syncline and the cementum is exposed. This type of islet is described by Koenigswald et al. 

(1999: 279) as one that originates “at the very base of the tooth from a syncline, is very 

common in many rodents like Hystrix or Castor”. These enamel islets are compared by 

Koenigswald et al. (1999) to those found in the cricetid rodent Rhombomys that has similar 

tooth morphology and where the enamel islet is formed from the synclines at a very late stage 

of attrition (Koenigswald et al., 1999). But Koenigswald et al. (1999) so far have not found a 

tooth of Sudamerica abraded sufficiently to expose the base of the crown. An abraded 

Sudamerica tooth is necessary to be able to observe that the synclines at the base of the tooth 

form the third type of enamel islet up towards the crown and occlusal area. However the 

authors stated that during artificial abrasion on Sudamerica tooth where the base of the crown 

is exposed, the third type of enamel islets is present and the synclines can be observed to end 

in a shallow enamel islet (see Fig. 4 Koenigswald et al., 1999).  

Dentine islands: A term used by Krause and Bonaparte (1993) and described as small 

circular or elliptical areas where dentine is isolated and surrounded by enamel. The term 

dentine island is used when describing the pattern of wear when identifying leading and 

trailing edges enamel edges. For example: in lower molars that exhibit palinal wear during the 

power stroke of the grinding cycle, trailing edge of enamel are present anteriorly to the 

dentine island (Krause and Bonaparte, 1993). 
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Leading and trailing edges: When observing the occlusal surface of a herbivorous 

mammal tooth it is possible to observe the leading and trailing edges. The pattern of wear on 

individual facets can be observed and from this, the direction of relative motion between 

occluding teeth in herbivorous mammals can be established (see Rensberger, 1973 and 

Greaves, 1973).  Sudamerica cheek-tooth reveals an asymmetrical pattern of dentine abrasion 

that is similar to that exhibited by multituberculates and recent herbivorous mammals and 

this allows the identification of trailing and leading edges (e.g. Krause, 1982). 

On a worn facet, that is worn enough so the dentine is exposed, the dentine on the leading 

edge is flushed with the enamel (eg. Krause, 1982). 

On the leading edge of the facet the dentine is protected from abrasion of the occluding 

teeth by the enamel that lies in front of it or anterior to it, while the dentine on the trailing 

edge is not protected.  

The cusps on gondwanatherian cheek-teeth reveal an asymmetrical pattern of dentine wear 

also observed in multituberculates such as Ptilodus and extant herbivorous mammals (Krause, 

1982).  From the observation of leading and trailing edges it is possible to discern the anterior 

and posterior side of the tooth and use this to identify isolated individual teeth. On lower 

molar cusps the leading edges are situated posteriorly and on upper molar cusps the leading 

edges are situated anteriorly (Krause, 1982).  

This confirms that gondwanatherians and multituberculates retracted the mandible during 

the grinding cycle or power stroke of mastication in comparison with some extant mammals 

such as murid rodents where the mandible is protracted during mastication (e.g. Krause, 

1982). 

Interdental wear facets: These are scratches or wear facets on the anterior or posterior 

crown face and occur when an individual tooth has contact with its neighbouring tooth. 

Koenigswaldet al. (1999) used the term facets of contact to define the same process that 

occurs with neighbouring teeth. This process usually disappears with the loss of cementum 

but can be observed in some specimens. 

The terms propalinal, proal and palinal refer to the direction of jaw movement and are 

defined by Krause (1982) and are used: 

Propalinal: backwards and forwards. 

Proal: from back to front (or protract the mandible from back to front). 

Palinal: from front to back (retract the mandible from front to back). 

Orthal: up and down jaw movement. 
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Base of the crown: This is described by Koenigswald et al. (1999:267) “as the area of the 

lower margin of the enamel and the closure of the synclines”. 

Infundibulum: An infundibulum (a folding in the centre of tooth) is described by Krause et 

al. (1997) for Lavanify specimen FMNH PM 59520 that is a folding in the enamel that 

invaginates deeply from the occlusal surface and contains cementum (see Figure 7.1). An 

infundibulum is also observed in Sudamerica molariforms and Gondwanatherium molariforms 

and Ferugliotherium. 

 

Figure 7.1: Example of a hypsodont horse tooth with infundibulum or folding in the enamel of the tooth. 
 

The infundibulum is a hollow centre looking like a “cup,” of the tooth that is an enamel 

infolding at the occlusal surface of the tooth.  In a horse tooth the infundibulum (a folding in 

the tooth) is filled with cement at the bottom closer to the root and is usually filled with food 

pigments and debris at the top  (see Figure 7.1). In the horse incisor, as the mammal ages the 

cup or infundibulum wears down and the hollow appearance will disappear.  

As the incisor crown grows the enamel grows inside the tooth in the “infundibulum” and 

strengthens each tooth, allowing the horse to grind its food with ease. 

In horse teeth the lower half of the infundibulum is filled with cement and is called the 

“mark” or enamel ring. 

Prismatic enamel:  multituberculate enamel has been described as prismatic (see review by 

Krause and Carlson, 1986). Multituberculate enamel was first observed by Carter (1922:605) 
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who described that the enamel was distinct from other mammals and consisted of 

“horseshoe-shaped bodies” or prisms. Later Fosse et al. (1973) used scanning electron 

microscopy to observe multituberculate enamel and observed that the enamel was prismatic 

confirming Carter (1922) earlier observations. 

Gondwanatherium and Sudamerica dental fragments have been studied by Sigogneau-Russell et 

al. (1991) where well differentiated prismatic enamel was observed overlying the dentine 

layer. Krause and Bonaparte (1993) also observed that the enamel microstructure of 

Ferugliotherium, Gondwanatherium and Sudamerica is very similar and each exhibits small circular 

prisms. These prisms exhibit some sort of alignment in rows and enamel tubules are also 

present. 

In multituberculates two types of different prism types were described (e.g. Carlson and 

Krause, 1985) based on the size and shape of the prism cross-section and termed 

‘gigantoprismatic enamel’ and ‘small prismatic enamel’. 

Gigantoprismatic enamel: gigantoprismatic enamel is a type of enamel with prisms that are 

large in cross section measuring between 6 and 13 µm and possess an open prism sheath 

(Koenigswaldet al., 1999). Gigantoprismatic enamel is also referred to as large arcade-shaped 

prisms by Carlson and Krause (1985). Gigantoprismatic enamel occurs in Taeniolabidoidea 

multituberculates except for Ptilodontoidea that have smaller prisms (e.g. Kielan-Jaworowska 

and Hurum, 2001) 

The enamel of Gondwanatherium molariforms was studied by Sigogneau-Russell et al. (1991) 

and considered to be made up of prisms of approximately 5µm wide, with interprismatic 

substance and enamel tubules. The enamel prisms were also measured by Koenigswaldet al. 

(1999) and are not considered to fall in the size range of “gigantoprismatic” prisms found in 

some taeniolabidoid multituberculates. 

Small prismatic enamel:  enamel with smaller prisms also called small prismatic enamel or 

microprismatic enamel and is found in eutherian mammals (Kielan-Jaworowska and Hurum, 

2001). Small prismatic enamel is found in derived multituberculates including Ptilodontoidea 

(Fosse et al., 1978; Carlson and Krause, 1985; Fosse et al., 1985). This enamel has closed 

prism sheath and in cross-section vary between 2 and 5µm. Carlson and Krause (1985) 

argued that the small prismatic enamel is derived from the gigantoprismatic enamel. 

The enamel of Ferugliotherium is described as small prismatic by Krause et al. (1992), with a 

size of 4.61µm (prism diameter in µm) and are considered to fall in the range of 

multituberculates with “small” prisms. However Koenigswaldet al. (1999) stated that the 

figures given by Krause et al. (1992) do not exclude an incomplete prism sheath and that they 
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can not be identified as multituberculates with “small prismatic” enamel or considered to 

share this apomorphic character with other multituberculates. 

The enamel microstructure of Sudamerica also exhibits small circular prisms that are 

approximately less than 5 µm in diameter (Krause and Bonaparte, 1993). Sudamerica also 

exhibits some arc shaped prisms but these are not large as in taeniolabidoids (Krause and 

Bonaparte, 1993). 

Restricted band of enamel: this restricted band of enamel is found in gondwanatherians 

incisors and in Ferugliotherium and Gondwanatherium incisors. Here the enamel is limited to the 

ventral aspect of the tooth (Krause and Bonaparte, 1993). It is also observed on lower 

multituberculate incisors (Kielan-Jaworowska and Hurum, 2001). 

Enamel tubules: These are defined by Krause and Carlson, 1986:1601) as “radially –

directed cylinders present in the enamel of some, but not all, mammalian taxa and in some 

mammal-like reptiles”. These enamel tubules are observed in multituberculate enamel and are 

observed to pass across the enamel-dentine junction (Krause and Carlson, 1986). 

Crown 

The crown of the Sudamerica tooth is covered in a thick enamel layer. However this layer is 

not continuous but forms indentations or longitudinal furrows down to the base of the 

crown. These furrows are a continuation of the spaces between the enamel lophs on the 

occlusal surface and may be filled with cementum or may be hollow. Some teeth may have 

two longitudinal furrows or three longitudinal furrows. 

Between each furrow is the enamel face of the crown. The crown is also covered by 

cementum but this is not present in all teeth observed. 
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7.2 Diagnosis of Gondwanatheria 

Diagnosis of Gondwanatherioidea Mones, 1987 (emended Krause and Bonaparte, 1993) 

Differs from all other Multituberculata in possessing prominent transverse ridges and 

furrows on molars. Differs from Haramiyoidea in possessing approximately equal height of 

cusps on molars. Differs from Haramiyoidea, Paulchoffatiidae, most Plagiaulacoidea and 

Ptilodontoidea in possessing unicuspid central incisors with strongly restricted enamel. 

Differs from Haramiyoidea, Paulchoffatiidae and Plagiaulacoidea in possessing a large m1 

relative to m2 and a well-developed lingual row of cusps on M1. Differs form Haramiyoidea 

and Paulchoffatiidae in possessing prismatic enamel. Differs from primitive Ptilodontoidea 

and all Taeniolabidoidea except Neoliotomus (and perhaps Liotomus) in possessing small, 

circular enamel prisms. 

Comments: The original diagnosis of the Suborder Gondwanatheria by Mones (1987), (later 

emended by Krause and Bonaparte, 1993) describes the gondwanatherians as a suborder that 

is characterized by the following: molariforms that are prismatic tri or tetralobulated, 

protohypsodonts to euhypsodonts (?), a thick layer of enamel surrounding the whole 

perimeter of the tooth in a continuous form or surrounding each loph independently and the 

occlusal design that is variable (based on the major or minor wear of the tooth).  

The original diagnosis by Mones, 1987 placed the Gondwanatheria tentatively in the Cohort 

Edentata and Order ?Xenarthra incertae sedis.  

Later Bonaparte (1990b) rejected the family Gondwanatheriidae and considered the 

Sudamericidae to include both genera.  

 Krause and Bonaparte (1990) then emended the diagnosis of Gondwanatheria using dental 

characteristics and described it as a new suborder in the Multituberculata. The new diagnosis 

was based on the detailed similarities between the three genera. These included the gross 

dental morphology, enamel microstructure and inferred direction of jaw movement 

indicating that Sudamerica and Gondwanatherium also are multituberculates.  

They emended the suborder Gondwanatheria in the Order Multituberculata to include the 

two emended families Ferugliotheriidae and Sudamericidae.  

Later Krause and Bonaparte (1993) erected a new classification of the gondwanatherians to 

include the Superfamily Gondwanatherioidea and emended the previous diagnosis of the 

higher taxa as follows: Subclass Allotheria; Order Multituberculata; Suborder  

?Plagiaulacoidea; Superfamily Gondwanatherioidea Mones, 1987. 

Distribution: Late Cretaceous of Argentina, India, Madagascar ?Cretaceous of Tanzania. 
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7.3 Analysis and comparison of Ferugliotherium windhauseni and the Family 

Ferugliotheridae 

7.3.a Diagnosis of the family Ferugliotheriidae 

The following diagnosis of the Family Ferugliotheriidae is based on Bonaparte (1986a) and 

emended by Krause and Bonaparte (1993). 

Order Multituberculata incertae sedis. 

Suborder incertae sedis. 

Superfamily incertae sedis. 

Family Ferugliotheriidae Bonaparte, 1986a. 

Type genus by monotypy Ferugliotherium Bonaparte, 1986a. 

Diagnosis emended by Krause et al. (1992) and based on Kielan-Jaworowska et al. (2004). 

Differs from Sudamericidae in possessing small, brachyodont molars rather than hypsodont 

that are supported by transverse pairs of fission roots (at least on the lower molar M1), but 

share with Sudamericidae a similar occlusal morphology of the molars and similar enamel 

microstructure. 

Share with ome Multituberculata (e.g. Plagiaulaidae, Eobaataridae and Paracimexomys group) 

a tendency of molar cusps to coalesce in peripheral aspect and ornamentation of grooves and 

pits on the molars. Share with numerous multituberculates, but also several eutherians 

mammals lower incisor with limited band of enamel. 

Distribution: Late Cretaceous (Campanian) of Argentina. 

Comments: The family Ferugliotheriidae Bonaparte, 1986a was revised by Krause and 

Bonaparte (1993) to include the genera Ferugliotherium Bonaparte, 1986a and “Vucetichia” 

Bonaparte, 1990a as the junior synonym of Ferugliotherium windhauseni. 

 Ferugliotherium Bonaparte, 1986a is known from isolated teeth and a tentatively assigned 

dentary regarded as specialized South American multituberculate radiation (Bonaparte, 1986a, 

1986b, 1990a; Krause et al., 1992). 

Krause and Bonaparte (1990) erected a new suborder the Gondwanatheria within 

Multituberculata (but the Suborder Gondwanatheria Mones, 1987 has priority) to include the 

brachyodont monotypic Ferugliotheriidae Bonaparte, 1986a and the hypsodont family 

Sudamericidae Scillato-Yané and Pascual, 1984.  

Type genus Ferugliotherium Bonaparte, 1986a. 

Synonym genus Vucetichia  Bonaparte, 1990a. 

Type genus Ferugliotherium Bonaparte, 1986a. 

Synonym species Vucetichia gracilis Bonaparte, 1990a. 
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Diagnosis of Type species Ferugliotherium windhauseni Bonaparte, 1986a. 

This diagnosis is the same as for the type genus due to monotypy. 

Comment: The original diagnosis of Ferugliotherium was made by Bonaparte (1986a) in 

Spanish as follows: “?Multituberculata con el m2 inferior braquiodonte, cuadrangular, con cúspides 

linguales romas, más altas que labiales; con un surco transversal que divide al molar en un sector posterior algo 

más chico que el anterior. Una fosetta simple en la mitad posterior, y otra compleja en la mitad anterior, 

ambas delimitadas por crestas o lofos transversales. Con evidencia de oclusión el sector labial de la corona.” 

Ferugliotherium windhauseni (holotype MACN Pv-RN 20) was described by Bonaparte (1986a) 

as a new family Ferugliotheriidae and as a new species of mammal and assigned tentatively to 

?Multituberculata. The diagnosis of the genus and species was based on a right lower m2 

MACN Pv-RN 20 and this tooth was defined as a brachyodont, quadrangular molar with 

roman lingual cusps, taller than the labial ones. The occlusal surface was described by 

Bonaparte (1986a) as consisting of a transverse “surco” or furrow that divides the molar into 

a posterior and anterior section and with the posterior section somewhat smaller than the 

anterior section.  

Bonaparte (1986a) observed a simple enamel islet “foseta” on the posterior half of the occlusal 

zone and another more complex enamel islet in the anterior half. These islets are bordered by 

crests or transverse lophs. He also observed evidence of occlusion on the labial section of the 

crown.  

Bonaparte (1986a) placed the isolated tooth in the Order ?Multituberculata. He observed that 

Ferugliotherium shares the following features with multituberculates: brachyodont tooth type, 

quadrangular crown and certain suggestive affinities in the enamel bands. However he 

admitted that the addition of Ferugliotherium to Multituberculata is tentative and Ferugliotherium 

could in fact belong to a new group of mammals endemic to South America but at the same 

time did not rule out the possibility that Ferugliotherium may be related to Gondwanatheriidae 

(now known as the family Sudmaricidae Scillato-Yané and Pascual, 1984). 
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7.4 New and revised diagnosis of Ferugliotherium 

Diagnosis: Ferugliotherium molariform cheek-teeth are small, brachyodont and possess rows 

of lingual and labial cusps and may possess a row of cusps in the middle of the occlusal 

surface, that are joined transversally across the occlusal surface by enamel lophs. In between 

these lophs there are transverse furrows.  There are two to three rows of prominent cusps on 

the cheek-teeth and in later ontogenetic stages and wear these cusps may flatten out. The 

pattern of cusps may be coalescence to form ridges, where the cusps are fused and not clearly 

separated. The molar enamel is covered by grooves and pits.   

The furrows and lophs are only on the occlusal surface; the furrows do extend slightly down 

the crown face but do not extend all the way down the crown towards the midline of the 

tooth or onto the root area as in Sudamerica and Gondwantherium molariforms. There is no 

infundibulum present that extends far vertically into the molariform cheek-tooth crown as in 

other gondwanthere teeth.  

In most cheek-teeth there is a pair of roots present.  

On the occlusal surface, dentine and enamel is observed and as these substances differ in 

hardness a self renewing surface is formed. The enamel that is observed may be unworn or 

worn and the dentine exposed and cementum may be present (Krause and Bonaparte, 1993).  

With enough confidence premolars and molars have been observed of this genus. The lower 

premolars are blade-like with several cusps and lateral ridges that converge to the occlusal 

border.  

The upper molars? possess three rows of cusps with approximately 4 cusps in the lingual 

row, 4 cusps in the middle row and 2 to 3 cusps in the labial row. These cusps are acute and 

pyramidal but may coalesce. With progressive wear the cusps tend to disappear or flatten out 

and a different structure of transverse ridges and lophs is preserved on the worn occlusal 

surface. The lower molars possess two rows of cusps with approximately 4 cusps in the 

lingual row and 3 cusps in the labial row. These cusps tend to coalesce.  

Comment: This morphological structure of lophs, ridges and cusps observed in worn cheek-

teeth of Ferugliotherium is sufficient evidence to consider Ferugliotherium windhauseni as part of 

the Suborder Gondwanatheria. 

7.4.a Detailed morphology of Ferugliotherium cheek-teeth 

Occlusal surface 

The occlusal surface consists of prominent enamel transverse lophs (or ridges) that consist of 

an enamel border filled in with dentine. These lophs connect cusps of adjacent rows. In 
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between each loph there are prominent transverse furrows that extend nearly or completely 

across the crowns between the cusps of adjacent rows (e.g. Krause et al., 1992). 

Ferugliotherium like Sudamerica and Gondwanthereium cheek-teeth are variable and the occlusal 

surface may have three or two enamel transverse lophs, some may have enamel spurs 

between lophs or some may have enamel islets as observed in Sudamerica and Gondwantherium 

cheek-teeth (e.g. Koenigswald et al., 1999). The variability of the occlusal surface is related to 

the wear from different levels of abrasion and also is due to the tooth position.  

The number of transverse enamel lophs varies between cheek-teeth of different tooth 

positions in Ferugliotherium as is also observed in Sudamerica ameghinoi (e.g. Koenigswald et al., 

1999) and Gondwantherium patagonicum.  

The occlusal pattern on Ferugliotherium consists of the transverse lophs (anterior, middle and 

posterior) separated by prominent furrows anterior and posterior and this is also observed in 

Sudamerica and Gondwanatherium (Krause and Bonaparte, 1993). There is no central crest or 

enamel bridge that joins the enamel lophs as occurs in older tooth types of Sudamerica and 

Gondwantherium (e.g. Koenigswald et al., 1999).  

In Ferugliotherium cheek-teeth an enamel islet may be present as is observed in Sudamerica and 

Gondwantherium cheek-teeth (e.g. Koenigswald et al., 1999). These enamel islets are found in 

less worn teeth belonging to younger animals as is also the case in Sudamerica and 

Gondwantherium. The enamel islets do not indicate a tooth position (Koenigswald et al., 1999). 

This may be also the case for Ferugliotherium.  

Wear is observed on occlusal surface as is observed in the younger tooth MLP 88-III-28-1 

and an older worn tooth MACN Pv-RN 174 (originally identified by Bonaparte, 1990a as 

holotype upper molar of Vucetichia gracilis) and   later both originally considered as right mf1 

of Ferugliotherium windhauseni (Krause, 1993) but herein considered now as lower left mf1.  

However the changing morphology that is observed by Koenigswald et al. (1999) in 

Sudamerica cheek-teeth is not observed in the isolated Ferugliotherium windhauseni teeth, this may 

be also due to the limited material available and because Ferugliotherium windhauseni has 

brachyodont cheek-teeth and not evergrowing hypsodont cheek-teeth like Sudamerica and 

Gondwanatherium. 

Dental asymmetrical wear is observed on the isolated teeth of F. windhauseni and 

demonstrated by Krause et al. (1992). Isolated teeth exhibit individual wear striations and 

from this wear the orientation of the jaw movement can be inferred.  The wear facets are in 

anteroposterior in orientation as is observed in multituberculates (e.g. Krause, 1982). It is 

observed on MACN Pv-RN 174 and demonstrates the leading and trailing edge in the 
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individual dentine islands indicating that the dentary moved palinally during the power stroke 

of the grinding cycle. This is also observed in multituberculates and in Sudamerica ameghinoi 

and Gondwantherium patagonicum. 

Crown 

The Ferugliotherium isolated teeth are brachyodont, with short crowns and formed roots, 

indicating that Ferugliotherium cheek-teeth were not evergrowing. The crown consists of four 

faces, anterior (mesial), posterior (distal), lingual and labial. The crown is covered by an 

enamel layer and there are no furrows or lophs that continue down the crown face. However 

the furrows on the occlusal surface may indeed continue to the edge of the occlusal face and 

slightly down the edge of the crown as is observed in MACN Pv-RN 248 and MACN Pv-

RN 174. 

The enamel is thin (approximately 0.1mm) as studied by Krause et al. (1992) and classified as 

small and prismatic. The prism diameter measures 4.61 µm as studied by Krause et al. (1992). 

They also observed that the enamel near the apex of one of the cusps is approximately 55 µm 

thick and there is no evidence of prism decussation as in other multituberculates. Tubules are 

also present in the enamel of Ferugliotherium as observed in other multituberculates (Krause et 

al., 1992). 

The teeth that are considered premolars and molars have the same general type of enamel 

microstructure as observed by Krause et al. (1992). The values for the ‘anterior premolar 

MACN-RN 250’ and ‘m2 MACN-RN 20’ fall within the limits of intraspecific variation for 

multituberculates (e.g. Carlson and Krause, 1985).  

Root 

Ferugliotherium cheek-teeth are small crowned with roots. However only MACN Pv-RN 174 is 

the only molar specimen housed at the MACN that preserves roots. 

The cheek-tooth MACN Pv-RN 174 has two transverse pairs of short roots (Krause et al., 

1992). There is an anterior pair of roots and a posterior pair of roots and each root of a 

transverse pair is connected to its partner and then separates. At the base of the roots, the 

roots are close to one another (Krause et al., 1992). The posterior pair of roots are more 

complete than the anterior pair and taper at the apical end to a small opening, indicating that 

the roots were not ever growing (Krause et al., 1992). These roots are considered fission 

roots (Krause et al., 1992) and are roots that are related to the main lobes of the tooth 

(Butler, 1956). Butler (1956) observed that there are two types of roots in mammalian teeth 

fission roots and intercalary roots. Intercalary roots are more common among mammals and 
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are those that arise in the interval between fission roots and are usually more slender and 

shorter than fission roots.  

Fission roots have been observed in the multituberculate Essonodon (Archibald, 1982; Fox, 

1989) and in the Haramiyidae (Sigogneau-Russell, 1989). Transverse pairs of fission cheek-

teeth are also observed in eutherians and monotremes (e.g. Krause et al., 1992). A single root 

is observed in the Paleocene Argentinean monotreme Monotrematum sudamericanum that 

appears to be divided or fussed by two original roots (Pascual et al., 2002). 

In other monotremes such as the middle Miocene ornithorhynchid Obdurodon dicksoni the 

upper premolars are single crowned and the first premolar is also double rooted, whereas the 

second upper premolar has three roots (a small accessory root that is evident from the lingual 

side) (Musser and Archer, 1998).  

Molariform morphologies 

In their study of Ferugliotherium windhauseni from the Los Alamitos Formation, Krause et al. 

(1992) are able to distinguish individual teeth. They distinguish between upper and lower 

incisors, upper and lower premolars and upper and lower molars. This is based on the 

assumption that Ferugliotherium windhauseni is a multituberculate and thus shares similar tooth 

morphologies with multituberculates particularly the plagiaulacoids from the Northern 

Hemisphere. However at the time of the study only isolated cheek-teeth belonging to 

Sudamerica ameghinoi and Gondwantherium patagonicum were known. Later Pascual et al. (1999) 

discovered a lower jaw belonging to Sudamerica ameghinoi with two cheek-teeth in place.  

Here Ferugliotherium windhauseni isolated cheek-teeth from the MACN Chubut Collection are 

compared to the two cheek-teeth morphologies in place in the Sudamerica ameghinoi jaw. 

Occlusal morphologies, dimensions and crown structure can be used to help compare the 

multituberculate like Ferugliotherium windhauseni with Gondwantherium patagonicum and Sudamerica 

ameghinoi.  

7.4.b Description of Ferugliotherium housed at MACN 

The following is a revised description of the material designated as Ferugliotherium windhauseni 

housed at the Museo Argentino de Ciencias Naturales, “Bernardino Rivadavia” in Buenos 

Aires, Argentina. There is also material corresponding to Ferugliotherium windhauseni housed at 

the Museo de La Plata, La Plata, Argentina.  

 

Holotype MACN Pv-RN 20, (see Drawing inTable 1: Appendix B) 

Comments: The holotype specimen MACN Pv-RN 20 was found at the locality of the 

Estancia Los Alamitos, in Arroyo Verde in the south east of the Province of Rio Negro 
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Argentina in the Los Alamitos Formation. It was first described by Bonaparte (1986a) and 

figured by Bonaparte, (1986a: fig.6), (1986c: fig 19), (1987: fig 1-5), (1990a: fig 13A).  

MACN Pv-RN 20 was originally described by Bonaparte (1986a) as a lower right m2 and 

tentatively referred to the Multituberculata. MACN Pv-RN 20 was described by Bonaparte 

(1986c) as a brachyodont molar with a subcircular crown lacking prominent cusps or any 

evidence of cusps arranged in a trigonid. But Bonaparte (1986c) observed that on the lingual 

side of the molar there were two modest cusps and a system of lophs and islets (fosetas). He 

described the tooth as having a flat occlusal surface but with prominent mesial and distal 

cingula. 

Krause et al. (1992) also followed Bonaparte (1986a) and tentatively identified it as a worn 

right lower m2 and not a M2. Krause et al. (1992) observed that the tooth had two rows of 

cusps rather than three, as expected in a multituberculate upper molar or M2. Also noted by 

Bonaparte (1986a) and Krause et al. (1992) is that there is a clear difference in height between 

the two rows of cusps. These differences are noted in m2 but not M2 with the cusps being 

higher in the row assigned as the lingual row than those in row assigned as the labial row 

(Bonaparte, 1986a). 

Thus Bonaparte (1986a) and Krause et al. (1992) considered MACN Pv-RN 20 to be a lower 

right m2.  

Occlusal surface 

The tooth of MACN Pv-RN 20 is characterized by an asymmetrical surface and is sub-

circular slightly square-like in shape with the length of the anterior and posterior sides similar 

to the length of the lingual and labial sides. The tooth shows sign of occlusal wear. The tooth 

is brachyodont, with a short crown however no roots are preserved. 

There are two clear transverse lophs that extend from the labial to lingual side of the occlusal 

surface. These lophs are made up lobes that extend lingually and labially and can be termed 

lingual and labial lobes. There are two labial lobes and two lingual lobes.  The two transverse 

lophs are separated by a deep transverse furrow that extends transversally across the crown in 

a lingual-labial direction. This transverse furrow divides the occlusal surface in two halves and 

separates the two transverse lophs from one another. The lophs are not united and they do 

not form a forked pattern as seen in other teeth eg. MACN Pv-RN 174. The lophs are not 

the same size and become wider lingually. The anterior loph is wider than the posterior one. 

In MACN Pv-RN 20, the lingual side is flatter and more worn and the lingual lobes can be 

observed to be longer than the labial lobes. The labial side is taller and less worn and the 

cusps on the labial side are observed to be less worn.  There are no visible cusps on the 
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lingual side and it seems these have been worn away. Bonaparte (1986a) and Krause et al. 

(1992) observed that MACN Pv-RN 20 is a right lower molar, but the side that is considered 

the labial is considered herein lingual and the side considered lingual is herein considered 

labial. 

Cusps and Transverse lophs 

The labial side of the occlusal area consists of two lobes; an anterior labial and posterior labial 

lobe. The anterior labial lobe is closest to the anterior side of the occlusal area and is slightly 

smaller and less wide than the posterior labial lobe. The posterior labial lobe is more 

elongated. Both lobes end with a small cusp that lies in a posterior direction. The cusps are 

visible but worn down to the level of enamel. Krause et al. (1992) observed that the number 

of cusps in the labial row is unclear and the anterior cusps may have been divided into two 

cusps.  Both cusps on the labial side exhibit small circular or elliptical dentine islands at the 

edge of the labial side also observed by Krause et al. (1992). The labial lobes are both higher 

than the lingual ones and show less wear. 

The lingual side of the occlusal area also consists of two lobes that can be defined as an 

anterior lingual lobe and a posterior lingual lobe. These lobes are wider than the labial ones 

and they end in a square tip. The anterior lingual lobe has an overall concave shape while the 

posterior lobe has an overall convex shape. Both lopes are divided by a deep transverse 

furrow that extends across the occlusal area. The anterior lobe has a prominent deep slightly 

oval fossa (Bonaparte, 1986a; Krause et al., 1992). The posterior lingual lobe also has a 

prominent deep fossa that is diamond shaped and is slightly smaller than and not as deep as 

the fossa on the anterior lobe.  The cusp formula may have been 2:2. 

The lingual border of the occlusal area has a distinct thick enamel border that is not as 

distinct on the labial border. The transverse furrow cuts across the occlusal face in a labial to 

lingual direction and is wider at the labial side of the face. The furrow cuts down into part of 

the labial side of the crown. While on the lingual side the transverse furrow does not 

penetrate the enamel border of the occlusal face. 

Leading and trailing edge 

It is difficult to access, which side of MACN Pv-RN 20 is the labial and which side is the 

lingual and thus it is difficult to access correctly if the tooth is an upper or lower tooth.  

Krause et al. (1992) stated that it is not easy to determine the different levels of erosion 

within the dentine islands on this tooth and thus difficult to identify the leading and trailing 

edges. 
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But it is possible to observe that one side of the tooth, that can be either the anterior or 

posterior, is taller and less worn than the other side, (considered this Side A while the more 

worn side is Side B).  

By observing the trailing edge and leading edge on the occlusal surface near the enamel 

border lying closer to Side A it is possible to observe that the trailing edge is closer to side A 

and thus seems anterior to the leading edge and thus meaning that the tooth can be identified 

as lower tooth. Side A can be assumed to be the anterior side and Side B the posterior side.  

If this tooth is a lower molar then the size and wear on the transverse lophs and cusps can be 

compared to other lower molars assigned to Ferugliotherium windhauseni (such as MACN Pv-

RN 174). It can also be compared to the lower molariform mf1 and the second molariform 

mf2 in place in the Sudamerica ameghinoi jaw MPEFCH 534 (Pascual et al., 1999).  To be able 

to compare this isolated tooth with other gondwanatherian teeth it is essential to demonstrate 

that the tooth is not symmetrical in shape or in wear. It is possible to observe that the 

occlusal area of the tooth is made up of two halves and can be separated into a lingual and 

labial half. One half of the tooth is flatter than the other half and this is due to dental wear 

and wear from the direction of the jaw movement. This is important to be able to ascertain 

and observe which of the lingual or the labial lobes of the transverse enamel loph is longer or 

shorter.  

In the right mf1 on MPEFCH 534 the lingual lobes are longer compared to the labial lobes 

and the lingual side of the tooth is flatter and more eroded compared to the labial side. As 

the tooth is worn the lingual side is worn flatter and the lingual enamel bordered lobes are 

extended out while the labial lobes are less worn and thus the labial side is higher.  

This difference in wear is clearly observed in MACN Pv-RN 20. In this tooth the lingual side 

is flatter and more worn and the lingual lobes can be observed to be longer than the labial 

lobes. The labial side is taller and less worn and the cusps on the labial side can be observed 

to be less worn.  There are no visible cusps on the lingual side and it seems these have been 

worn away.  

There is also significant wear on the anterior part of the occlusal compared to the posterior 

part of the occlusal surface. 

Bonaparte (1986a) and Krause et al. (1992) observed that MACN Pv-RN 20 is a right lower 

molar, but the side that is considered the labial is considered herein lingual and the side 

considered lingual is herein considered labial. 
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Thus it can be assumed that MACN RN 20 is a right lower molar and follows Bonaparte 

(1986a) and Krause et al. (1992) as designating this tooth to a lower right m2, very similar to 

mf4 on lower right Sudamerica. 

Crown 

The tooth is brachyodont and there are no roots visible. The crown is small, well preserved 

and covered by a layer of enamel and there is evident wear along different sections of the 

occlusal area. The labial side of the crown has a slight indent at the top of the crown; this 

indent is the result of the transverse furrow that cuts along the occlusal face of the crown. 

The lingual side of the crown has no indentation and is covered by a smooth layer of enamel. 

Both the anterior and posterior faces of the crown have a slight indent or erosion in the 

midsection of the face. The indentation on the posterior face is slightly deeper than on the 

anterior face of the crown. The anterior face of the crown is convex and is not straight, 

compared to the posterior face of the crown that is worn down lower and is straighter, 

slightly concave. The anterior face is less worn and higher, while the posterior face is shorter 

and worn down closer to the root side. 

MACN RN 20 was measured by Krause et al. (1992) as 1.7 mm in length (anterior to 

posterior) and as 1.7 mm in width (lingual to labial side).  

Root 

There are no roots preserved, however Bonaparte (1986:Fig. 6) did illustrate two roots: a 

posterior one and anterior one when figuring MACN Pv-RN 20. This tooth may have had 

two roots, or two pairs of fission roots as preserved in MACN Pv-RN 174. However these 

roots are not preserved and may have broken away during post mortem abrasion.  

 

MACN Pv-RN 248 (see Drawing in Appendix B)  

Comments: This tooth is described by Krause et al. (1992) as a tentative first upper right 

molar M1. However here it is identified as a right lower mf1 or upper left MF1 due to the 

pattern of the lophs and cusps on the occlusal surface.  This tooth is brachyodont and 

consists of three rows of cusps; it has little wear on the occlusal surface and may correspond 

to a juvenile individual. 

Occlusal surface 

In occlusal view this tooth is slightly rectangular, asymmetrical with the anterior edge of the 

occlusal surface wider than the posterior edge. The anterior part of the crown and occlusal 

surface is broken and the lingual side of the occlusal surface seems to be slightly broken due 

to postmortem wear. 
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The occlusal surface consists of three rows of cusps that are distributed along the lingual, 

middle and labial sections of the tooth. These cusps are present on the enamel lophs that are 

present transversally in a lingual-labial direction across the occlusal surface. There are four 

lophs observed, an anterior v-shaped loph, two elongated middle lophs and a posterior C-

shaped loph that is directed concave mesially. There are also three furrows present on the 

occlusal surface that lay between the enamel lophs. 

The cusps are not very distinct and coalesce, making it difficult to see a clear pattern. These 

cusps are observed on the enamel lophs; however these cusps are difficult to observe in teeth 

with extreme wear.  

As stated by Krause et al. (1992) the wear on the holotype (MACN Pv-RN 20) and m1 

(MACN Pv-RN 174) of Ferugliotherium make it difficult to assess the development of cusps 

and grooves and degree of coalescence in these specimens. 

The cusp formula of this tooth has been observed by Krause et al. (1992) to be 4(5?):5:2 (3?), 

in a lingual to labial direction. Here it can be observed that there are 4 cusps present on the 

lingual row and there may have been another cusp that has broken away, 4 cusps on the 

middle row and perhaps an anteriormost cusp that may have been broken away and 2 cusps 

on the labial row with an extra cusp that is worn and another cusp that may have broken 

away between La2 and La1 (see Figure 7.2) The cusps can be identified as Li1, Li2, Li3 and 

Li4 (for the four lingual cusps) Mi1, Mi2, Mi3 and Mi4 (for the four middle cusps) and La1, 

La2 and La3 (for the three? Labial cusps). These three rows of cusps are not observed in S. 

ameghinoi which only has two rows of lophs and cusps. However  three rows of cusps are also 

present in G. patagonicum (MACN Pv-RN 22) (see Figure 7.10) which has 4 lingual cusps, 4 

middle cusps and 3 labial cusps.   

 
Figure 7.2: Diagrammatic view of cusps in Ferugliotherium windhauseni MACN Pv-RN 248. Cusps are 
represented by circles. Lingual (Li), Middle (M) and Labial (La), Anterior to right. 
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Krause et al. (1992) observed that the cusps decrease in size in the labial row from anterior to 

posterior. The posterior cusp is observed to be the largest of the cusps in the labial row. 

While in the middle row the cusps are of different sizes with the largest cusp being 1 and the 

smallest being the last cusp 5. The cusp sequence is 1-2-4-3-5 from largest to smallest 

(Krause et al., 1992).  

Here it is observed that the cusps in the labial row decrease in size in a mesial to distal 

direction (La1 is bigger than La2), the cusps in the lingual row increase in size from distal to 

mesial direction (Li1 is bigger than Li4).  

The rows of cusp on the middle row are situated obliquely with respect to the anterior-

posterior axis of the crown and the labial and middle rows diverge anteriorly (Krause et al., 

1992). 

The posterior edge of the crown has a strong rounded convex edge; the anterior edge of the 

crown is broken and also convex but not as strongly rounded.  

The anterior part of the occlusal surface is formed by an enamel bordered loph that consists 

of two lophs extending lingually forming a V. The V-shaped apex of the v extends lingually, 

the two arms of the v extend lingually but as the anterior lingual face of the crown is broken 

it is not possible to observe if these enamel arms are extended all the way to the lingual edge 

of the occlusal surface.  

The most anterior lingual cusps Li1 which is broken is interpreted to have been connected to 

the most anterior labial cusps La1 via an enamel loph (distal arm of anterior loph).  

In between the anterior loph and middle loph there is a furrow that is deep and forms a canal 

on the tooth surface that may have continued labially and lingually down the crown face.  In 

between the anterior enamel border of the anterior loph and the posterior enamel border 

there is an oval fossa or enamel islet. This islet is oval in shape and is quite large taking up 

nearly 2/3 of the anterior loph. 

Between the anterior cusp on the middle row (Mi1) and the conserved Li2 on the lingual row 

there is an enamel crest that joins these cusps transversally across (lingual to labial direction), 

this enamel bridge or crest is less robust and shorter than the anterior transverse enamel 

crest.  This enamel loph is identified as the anterior middle loph and is similar to an anterior 

middle enamel loph on a Sudamerica or Gondwantherium cheek-tooth. It extends transversally 

across the occlusal surface between the lingual and labial edge of the crown and is separated 

by deep furrows that extend slightly down the crown face. The loph is not symmetrical and is 

wider labially and ends in a point lingually. Between the anterior middle elongated loph and 

the third loph (posterior middle loph) there is a second deep furrow. This furrow has a small 
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lobe that extends anteriorly and is observed to be conical or may be a break or wear in the 

enamel in the anterior middle loph.  

There is a third furrow (middle posterior furrow) that is found between the middle posterior 

enamel loph and the posterior loph. This furrow is not as straight (transversely across the 

occlusal face) as the two anterior most furrows. This furrow extends separating the last two 

cusps of the lingual row. 

Krause et al. (1992) observed that three ridges (furrows) are formed or originated from the 

fourth cusp on the labial row. Krause et al. (1992:357) stated that one ridge “extends 

anteromedially and then hooks back, passing posteromedially to join the fourth cusp of the middle row, a short 

second one that extends directly medially and then ends blindly, and the third is arcuate and passes to the apex 

of the fifth cusp of the middle row”. 

In between these cusps on the posterior loph there are small grooves or small furrows that 

separate the enamel border of the posterior loph. The posterior section of the occlusal 

surface is more complicated in pattern than the anterior section.  

Crown 

The crown is not very high and is covered by an enamel surface.  

The crown is slightly convex labially and slightly concave lingually, similar to the shape of 

upper Gondwanatherium and Sudamerica molariforms. On the lingual and labial side of the 

crown there are indentations that are continuations of the deep furrows on the occlusal 

surface. This tooth has two small furrows that continue down the lingual face but are very 

close to the occlusal surface and two small furrows on the labial face close to the occlusal 

surface. 

It is difficult to distinguish if this tooth is an upper or lower tooth. This tooth has very similar 

morphology to the teeth assigned as lower Sudamerica mf1.  This tooth, however, could be a 

second premolar i.e. first premolar is blade-like, second premolar is molariform (right lower 

mf1 or mf2). Or it also could be a left upper tooth i.e. a left upper molariform. 

It is a very multituberculate-like tooth and quadrangular in occlusal outline. It is wider 

anteriorly and becomes thinner posteriorly.  

This tooth has a higher lingual face and a flatter more worn labial face.  

Root 

There are no roots preserved in this specimen. However this tooth may have had a pair of 

roots as there are remnants of these down the posterior face of the crown. 
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MACN Pv-RN 249 (See Drawing in Table 1: Appendix B) 

Comments: This specimen is regarded as an anterior upper premolar and referred tentatively 

to Ferugliotherium windhauseni by Krause et al. (1992: fig. 2c-d). The tooth does not have any 

roots and Krause et al. (1992) were unsure if the specimen was either a deciduous or 

replacement tooth. This tooth is reminiscent to other upper deciduous premolars assigned to 

multituberculates (e.g. Krause, 1980; see Greenwald, 1988).  The tooth in occlusal view can 

be seen broken and is triangular in shape. This tooth can be tentatively identified as an 

anterior upper left Premolar. 

Occlusal surface 

The tooth in occlusal view can be observed to be broken but distinct acute cups are noted. 

These cusps are more distinct compared to the cusps observed in the lower molars attributed 

to Ferugliotherium windhauseni. The occlusal surface is divided into two rows of cusps. These 

rows are named row A and row B by Krause et al. (1992) as it is difficult to ascertain which 

side is labial and which is lingual. Krause et al. (1992) based on comparisons with upper 

premolars of other multituberculates (e.g. Hahn, 1977, 1978; Kielan-Jaworowska and Ensom, 

1992), determined that Row A is the lingual side and Row B the labial side. The lingual row 

has four main cusps and the labial row has two cusps or more. The cusps on the lingual row 

differ in size, with the two central cusps being the largest and very similar in size and the 

outer two cusps being smaller, the posterior lingual cusp is broken. The two large central 

cusps are separated from each other by a small transverse furrow. This furrow is transverse 

across the crown. 

Each cusp on the lingual row has three ridges that extend from the apex of the crown to the 

base, with one extending anteriorly, one extending posteriorly and one extending towards the 

middle of the crown.  The middle ridge is not as developed as the other ridges in the first and 

fourth cusp. 

 It seems that the labial row is broken and there may have been other cusps in the labial row, 

apart from the two that can be observed.   

The two cusps that are observed on the labial row are situated more towards the midlength 

of the crown and situated towards the larger rounded end of the crown. These two cusps are 

not as high as the second or third cusp on the lingual side. One of the cusps (the larger of the 

two on the labial side) is broken, the other cusp has three ridges that extend from the cusp, 

one of the ridges extends obliquely to the side of the crown, the other two extend towards 

the lingual side. 
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Root 

There are no roots preserved. However Krause et al. (1992) considered that this tooth may 

be a deciduous premolar and thus the roots may have been re-absorbed. 

 

MACN Pv-RN 250 (See Drawing in Table 1: Appendix B) 

Comments: This tooth is described by Krause et al. (1992) as an anterior upper premolar 

P1, P2 or P3 and tentatively referable to F. windhauseni. Krause et al. (1992) stated that this 

tooth can not be determined if it is a deciduous or replacement tooth as this tooth does not 

have roots but seems reminiscent of a multituberculate deciduous anterior upper premolar 

(see Greenwald, 1988). This tooth is broken and more fragmentary than MACN Pv-RN 249 

but it does have a similar morphology to MACN Pv-RN 249 and thus is also identified as an 

upper deciduous premolar.  

Occlusal surface 

The occlusal surface consists of five preserved cusps but there may have been more cusps 

present but are not preserved due to breakage. Krause et al. (1992) observed three cusps in 

one row (designated Row A or Lingual Row) and two cusps in another row (designated Row 

B or Labial Row). 

The two rows of cusps are separated by a furrow in an anteroposterior direction. The two 

anterior most cusps are separated by a small furrow in a lingual-labial direction. 

 Krause et al. (1992) observed that the tooth may be similar to tooth MACN Pv-RN 249 but 

of the opposite side.  If this is the case, then tooth MACN Pv-RN 250 may be a right upper 

premolar and tooth MACN Pv-RN 249 a left upper premolar.  

Crown 

The crown is not intact or preserved, however the outline of the crown is subrectangular 

with the anterior part of the tooth narrow but broken and the posterior part of the tooth 

wider. 

Root 

There are no roots preserved. However Krause et al. (1992) consider that this tooth may be a 

deciduous premolar and thus the roots may have been re-absorbed. 

This tooth may be an anterior upper right premolar.  

 

MACN Pv-RN 251 (See Drawing in Table 1: Appendix B) 

Comments: This specimen is regarded as a ?deciduous anterior lower premolar and referred 

tentatively to Ferugliotherium windhauseni by Krause et al. (1992: fig. 1C, D).  
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Krause et al. (1992) could not determine whether the specimen was either a deciduous or 

replacement tooth. This tooth is reminiscent to other upper deciduous premolars assigned to 

multituberculates (e.g. Krause, 1980; see Greenwald, 1988).  The tooth in occlusal view can 

be seen broken and is triangular in shape. 

Occlusal surface 

This tooth is a small tooth, smaller than the other Ferugliotherium teeth and is oblong in 

occlusal view. It does not have any roots. It is measured by Krause et al. (1992) and is 

0.85mm long (anterior-posterior) and 0.5mm wide (Lingual-labial) however the authors were 

not sure if the orientation of the tooth was correct. The occlusal surface consists of two 

apical blunt serrations that lie in an antero-posterior direction. Both these serrations are 

separated by a furrow in the dentine. The anterior serration is smaller and lies midlength 

across the occlusal surface; the posterior serration is taller and lies on the posterior side of the 

occlusal face. The posterior serration points posteriorly and has a clear cusp on the tip of the 

serration.  

As observed by Krause et al. (1992) descending down the crown from each blunt serration 

there is a labial and a lingual loph. Each loph is convex anteriorly. These ridges could be 

homologous to the longitudinal ridges observed on the lingual and labial crown face of 

Sudamerica ameghinoi and Gondwantherium patagonicum. 

Crown 

As noted by Krause et al. (1992) the anterior face of the crown is strongly convexed, the 

posterior face of the crown is concave. The crown is compressed lingual-labially. Both the 

lingual and the labial face possess a furrow that does not extend to the base of the crown.  

Root 

No roots are preserved. However Krause et al. (1992) observed that the evenly rounded 

surface at the base of the crown suggests that the roots had been re-absorbed, indicating that 

this tooth may be deciduous.  

Krause et al. (1992) stated that the tooth is referable to F. windhauseni and due to the low 

number of serrations on the occlusal surface and the narrow width of the crown (lingual-

labial width) that this tooth can tentatively represent a position anterior to p4 or dp4. If the 

lower jaw of F.windhauseni (MACN Pv-RN 975) with a blade-like premolar 4 in place is 

correctly referred then this tooth is not a p4 and may be a deciduous premolar 4 (dp4) or 

deciduous premolar 3 (dp3). 
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Anterior deciduous lower premolars 

The tooth MACN Pv-RN 251 was identified as an anterior deciduous lower premolar by 

Krause et al. (1992).If this tooth is correctly attributed to an anterior lower premolar (anterior 

to pm4) or a deciduous premolar belonging to F. windhauseni then the following 

morphological characteristics are observed: 

This tooth is small and oblong in occlusal view. 

This tooth has two apical blunt serrations on the occlusal surface with the anterior serration 

smaller than the posterior one. The anterior serration lies midlength of the occlusal surface 

and the posterior one is higher and situated on the margin of the posterior edge of the 

crown. From the anterior and posterior serrations a prominent lingual and labial ridge 

descends down the crown face. 

The crown width is narrow with a strongly convexed anterior margin and a long posterior 

sloping posterior margin that is slightly concave. 

The anterior face of the crown is convex and the posterior margin is concave. 

The crown base is rounded with no signs of roots; however this tooth may be deciduous and 

may have had the roots re-absorbed.  

 

MACN Pv-RN 252 (see Drawing in Table 1: Appendix B) 

This specimen was preliminary assigned to Ferugliotherium windhauseni by Bonaparte (1990a), 

figured by Bonaparte (1990a: 13C, D) and preliminary identified as a lower molar.  

This tooth is very fragmentary and abraded. Krause et al. (1992) stated that due to its bad 

preservation it is difficult to assess if this tooth is indeed mammalian.  

The tooth is broken at one end and may have been larger. 

Crown 

The crown of the tooth is broken and there is no enamel preserved. 

The crown is elongated and very laterally compressed. Krause et al. (1992) stated that due to 

the preservation of this tooth there is little similarity with this tooth and multituberculate 

premolars and it is difficult to assign this tooth to a lower multituberculate premolar. 

There is however a cingulum-like feature extending along the entire length of the crown of 

the tooth; however this feature is not known in any multituberculate lower premolars (e.g. 

Krause et al., 1992). 

The side of the crown is smooth and the crown is laterally compressed ending with a pointed 

cusp or apical crest as seen in Bonaparte (1990a: Figure 13D). 
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The crown lacks any other diagnostic features like prominent striations along the apical crest 

or arcuate ridges on the side, characteristic of multituberculate lower premolars. However, 

there are some slight indentations along the crest observed on the more preserved apical 

crest. These may have been prominent but have worn away due to occlusal wear. 

Root 

There is no complete root preserved, however in Bonaparte (1990a: Figure13C, D) the tooth 

is figured with a long root-like process. 

 

MACN Pv-RN 253 (See Drawing in Table 1: Appendix B) 

Comments: MACN Pv-RN 253 was first assigned to Ferugliotherium windhauseni by Krause et 

al. (1992) as it was found in the same locality as the holotype m2 MACN Pv-RN 20. It is of 

the appropriate size as the holotype and exhibits transverse lophs and a prominent transverse 

furrow across the crown. 

MACN Pv-RN 253 was later described by Krause (1993) as a left m1 and also compared 

with the MACN Pv-RN 174 (a tooth that was previously assigned to “Vucetichia gracilis” and 

considered a right 1).  

When compared to the first molariform of Sudamerica, then MACN Pv-RN 174 can be 

considered a left m1 and thus MACN Pv-RN 253 should be considered a right lower molar 

m1. This molar seems to have had three lophs labially and 3 labial cusps and four lobes 

lingually with 4 lingual cusps. It may also be a right m2. 

Occlusal surface 

MACN Pv-RN 253 consists of an anterior fragment of a worn molar considered a right m1. 

The molar preserves the first anterior most loph that consists of a V-shaped anterior lingual 

lobe that also extends labially. This loph is intact. The molar is more broken than when it was 

described by Krause et al. (1992) and figured in Fig. 1E and 1F. It is much smaller compared 

to MACN Pv-RN 174 and may be perhaps a deciduous tooth. It is also a less worn tooth 

with clear enamel cusps that have not been worn down to expose the dentine surrounded by 

an enamel border. 

The middle loph is broken and only the labial lobe of the middle loph remains. There is a 

large deep furrow that separates the anterior labial lobe from the middle labial lobe. This 

furrow continues down the labial side of the crown. 

The labial lobes are taller than the lingual ones. The middle labial lobe is longer in a labial 

lingual direction compared to the anterior most labial lobe that is shorter in a lingual labial 

direction. 
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The labial lobes have a cusp each on the labial surface. These labial cusps are slightly worn 

but there is no dentine exposed.  The cusps that protrude on the anterior labial lobe are not 

flat but has a slight wear labially and this also occurs on the middle labial lobe. This middle 

labial cusp has slight wear that is present labially. Thus there are 3 cusps situated labially that 

are large and two smaller cusps situated lingually. It may have had a cusp formula of 4:3. 

Root 

No roots are preserved. 

 

MACN Pv-RN 174 (See Drawing in Table 1: Appendix B) 

Comments: This tooth was considered as the holotype of Vucetichia gracilis by Bonaparte 

1990a and a complete upper molar) later identified a right m1 of Ferugliotherium windhauseni by 

Krause et al. (1992). 

If compared with the right m1 of Sudamerica ameghinoi jaw then we can consider that  

MACN Pv-RN 174 is a left m1. 

Occlusal surface: The tooth of MACN Pv-RN 174 is characterized by a clear asymmetry 

with a rectangular occlusal outline, with rounded corners. There are three lophs that extend 

from the labial to the lingual side of the occlusal surface. These lophs are made up lobes that 

extend lingually and labially and can be termed lingual and labial lobes. There are four labial 

lobes and three lingual lobes.  

MACN Pv-RN 174 was first considered a right mf1 by Krause et al. (1992); Krause (1993) 

and Kielan-Jaworowska and Bonaparte (1996). Now it is considered a left lower molariform 

1 (or 2) as it shares the same occlusal pattern as mf1 of Sudamerica ameghinoi (Pascual et al., 

1999). 

The first two lophs are separated lingually but united labially to form a forked pattern with 

the two anterior most lobes. 

The anterior loph consists of two lingual lobes that separated lingually but united labially to 

form a forked pattern. The middle loph is long in a lingual labial direction and the third loph 

is C-shaped with the convex border of the C posterior and the two arms of the C not joining 

together and separated by an enamel islet. The three lophs are separated by furrows, an 

anterior and posterior furrow.  This tooth is worn flat compared to MACN Pv-RN 253 and 

MLP 88-III-28-1. These two other teeth are less worn and there are cusps observed on the 

occlusal surface. In the preserved less worn left m1, MLP 88-III-28-1, two longitudinal rows 

of cusps are present, on the lingual and labial rows (left m1). 
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The lophs that extend labially forming cusps on the labial edge of the occlusal surface are less 

worn and are taller or higher than those cusps that are present on the lingual side of the 

occlusal surface. The cusps are worn flat compared to MACN Pv-RN 253 that is a tooth 

with little wear on the occlusal surface.  

Cusps 

In this tooth Krause (1993) observed that the cusps on the lingual row are larger and taller 

than those on the labial row, however if this tooth is a left m1, instead a right m1 as originally 

described by Krause et al. (1992) then the cusps are taller and larger on the labial row, 

compared to the lingual row. This is also observed in the lophs and wear that occurs in 

Sudamerica lower mf1s.  

There are four cusps on the lingual side and three cusps on the labial side; the cusps on the 

lingual side decrease in size and height in an anteroposterior direction. The first three cusps 

on the lingual side have strong anterior margins and straight or slightly concave posterior 

margins, while the most posterior cusp on the lingual row is more conical. 

From the apex of each lingual cusp a lingual and labial loph descends. On the first and fourth 

lingual cusp of the lingual row, the labial loph descend and terminate at the base of the cusps, 

but on the second and third cusp the labial loph are joined and pass lingually at the posterior 

edge of the first and second labial cusp (Krause et al., 1992).  

On the three-anteriormost lingual cusps the lingual loph descend lingually and then turns 

posteriorly terminating along the lingual edge of the last posterior cusp. While on the fourth 

or posterior cusp in the lingual row, the lingual loph from the apex descends more 

posteriorly than it does lingually, it then turns labially and forms the posterior enamel border 

of the crown joining with the posterior loph of the anateriormost cusp on the labial row. 

On the labial row, there are three cusps that also decrease in size and height from the anterior 

to posterior direction. The two most anterior cusps have a convex anterior and labial side and 

a flat or concave lingual and posterior side.  The posterior most cusp on the labial row has 

three sides and is concave anteriorly and posterolingually but convex posterolabially. 

As stated by Krause (1993) between the transverse lophs (ridges) that join the lingual and 

labial cusps on the lingual and labial rows, there are prominent furrows. 

If compared with the mf1 in place in the right lower jaw of Sudamerica (MPEFCH 534) then 

here the labial lobes are higher on the occlusal surface (see Koenigswald et al., 1999). The 

cusps that are found on the lingual side of the occlusal surface are worn down flat whereby in 

some sections of the lingual surface the enamel border of the lingual lophs have been worn 

down to the cementum . This is especially visible in the midsection of the occlusal surface 
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corresponding to the second and third lingual lobes. The most posterior lobe or the 4th lobe 

is less worn and the enamel border of the lobe is present. The cusp on the lingual side that 

corresponds to the fourth lobe is also less worn and is higher than the other cusps on the 

lingual side. The most posterior lingual lobe is broken at the posterior section of the occlusal 

surface but it is still possible to observe how the posterior lingual cusp is less worn and is 

taller or higher than the other lingual cusps. Thus there is most wear posteriorly and less wear 

anteriorly and this is similar to MACN Pv-RN 20. 

Leading and trailing edges 

The cusps on Ferugliotherium cheek-teeth reveal an asymmetrical pattern of dentine wear that 

is also observed in multituberculates such as Ptilodus and extant herbivorous mammals 

(Krause, 1982).  

On lower molar cusps the leading edges are situated posteriorly and on upper molar cusps 

the leading edges are situated anteriorly (Krause, 1982).  

MACN RN 174 if considered a left molariform or left mf1 then the leading edges must be 

situated posteriorly on the molar cusps.  It can be observed using a camera lucida light 

microscope on MACN RN 174 with the four lingual lobes and three labial lobes that the 

trailing edge of the first anterior lingual lobe is situated anteriorly. At the trailing edge it can 

be observed that the dentine is unprotected and is worn down to a level below the enamel, 

producing a distinct step. While at the leading edge, the dentine is protected from abrasion by 

the enamel in front of it forming a flush with the enamel.  

Crown 

The crown is very short and brachyodont. The crown is supported by two transverse pairs of 

roots. Along the border of the occlusal surface there is an enamel border that continues 

down the crown face. 

Root 

MACN Pv-RN 174 is supported by two transverse pairs of short roots. In each pair, each 

individual root is connected to each other for a short distance and then separates. The roots 

taper out towards the apical tip. At the apical tip, the two roots of the anterior pair 

approximate one another closely and this also occurs with the pair of anterior roots. 

This tooth is a left first lower molar (left m1). 

 

MACN Pv-RN 175 (see Drawing in Table 1: Appendix B) 

Comments: This tooth originally described as a worn upper molar and considered as the 

hypodigm of Vucetichia gracilis by Bonaparte (1990a). This tooth was figured by Bonaparte 
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(1990a: Figure 12G-K). It was later identified as a right m1 of Ferugliotherium windhauseni by 

Krause et al. (1992). If compared with the right m1 of Sudamerica ameghinoi jaw then it can be 

considered that MACN Pv-RN 175 is also probably a right m1. 

Occlusal surface 

The occlusal surface is much worn. It may also exhibit postmortem abrasion and cracking as 

indicated by Krause et al. (1992). This cracking can be observed on the lingual side. The 

occlusal surface is rectangular in shape but not symmetric with the tooth becoming wider 

posteriorly and the anterior side slightly less wide than the posterior side. The lingual edge of 

the crown is slightly convex and long while the labial edge is straighter and also convex.  

As originally observed by Krause et al. (1992), the occlusal surface has three large dentine 

islands that are separated by furrows that cut transversally across the width of the tooth. 

Krause et al. (1992) observed that the dentine islands do not extend as far labially across the 

occlusal surface and this may indicate that the tooth was actually less worn or of a younger 

tooth age than MACN Pv-RN 174. 

The occlusal surface is very worn by postmortem abrasion and thus detailed cusp 

morphology is not preserved, however as stated by Krause et al. (1992) there are faint traces 

of the anterior loph preserved with V-shaped form. This is also observed in MACN Pv-RN 

174. This is followed by a faint transverse furrow that is present across the occlusal surface 

and is indicative of a lower first molariform type tooth. 

Crown 

The crown and occlusal surface are much worn. 

Root 

This tooth probably had two pairs of transverse short roots but only one pair of roots is 

preserved. The posterior root pair is preserved and complete. These roots are robust and 

joined at the base of the crown and then taper out individually. The roots are the same width 

longitudinally and end ventrally in a round stub. There is a small opening present at the 

ventral terminal point of each root. 

If there is a V-shaped anterior loph on the smaller section of the occlusal surface then this 

tooth can be considered a lower right m1. 

 

MACN Pv-RN 701A (See Drawing in Table 1: Appendix B) 

This incisor is identified as a lower left incisor by Krause et al. (1992) due to: the relative 

degree of lateral compression, the large radius of curvature along the length of the crown, the 
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sharp angle developed through wear at the apex and the prominent angle present 

ventromedially along the length of the crown. 

This tooth is designated as a lower incisor because upper incisors that belong to other taxa 

(e.g. rodents and taeniolabidoid multituberculates) are usually less compressed laterally and 

have a smaller radius of curvature and a less acute angle at the apex compared to lower 

incisors (Krause et al., 1992). 

This incisor is considered a lower incisor as it has a weaker curvature compared to the upper 

incisors (the curvature of i1 and I2 are compared by the height of the arc, this measurement 

is taken by Krause et al. (1992) along the outside part of the incisor crown, above chords of 

equal length). For a lower incisor such as MACN Pv-RN 701A the height of the arc is taken 

perpendicular to the midpoint of a 3mm chord and is 0.15mm. 

MACN Pv-RN 701A is estimated to measure approximately 2.4mm in height and 1.3mm in 

width (Krause et al., 1992). The tooth fragment is described in cross section as having a flat 

crown medially and convex laterally with the sharpest angle of the crown situated 

ventromedially. 

In this tooth fragment enamel is not continuos along the tooth but limited to the ventral side 

of the tooth, it extends dorsally from the ventral margin approximately 1.2mm on the lateral 

side and only 0.6mm on the medial side, thus more continuos dorsally on the lateral side 

compared to the medial side (Krause et al., 1992). In MACN Pv-RN 701A there is a large 

apical wear facet that slopes ventromedially and the angle between the wear facet and ventral 

margin of the crown was measured by Krause et al. (1992) to be approximately 35 degrees. 

This incisor is also considered a lower incisor (Krause et al., 1992) as the angle formed by the 

intersection between the wear facet and the ventral aspect of the crown of i1 is considerably 

less than the angle that is formed between the wear facet and the dorsal aspect of I2. The 

angle in MACN Pv-RN 701A (i1) is 35 degrees while in the upper MACN Pv-RN 702C is 52 

degrees (Krause et al., 1992). 

 

MACN Pv-RN 701B  

This incisor is identified as a lower left incisor by Krause et al. (1992). See MACN Pv-RN 

701A. 

 

MACN Pv-RN 701C  

This incisor is identified as a lower right incisor by Krause et al. (1992). It has the opposite 

curvature to the left lower incisors (MACN Pv-RN 701A and 701B).  
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MACN Pv-RN 702A  

This incisor is identified as an upper incisor I2 by Krause et al. (1992).  This is a well-

preserved incisor. It measures approximately 1.5mm high and 1.1 mm wide.  

This incisor is slightly larger than MACN Pv-RN 702C and MACN Pv-RN 702D. The 

difference in incisor size between this incisor and MACN Pv-RN 702C may be due to the 

following reasons originally suggested by Krause et al. (1992): both incisors may represent 

different specimens but the same tooth position (I2) or that the larger incisor (MACN Pv-

RN 702A) is a permanent replacement for the smaller incisor (MACN Pv-RN 702C). These 

two possibilities are more plausible and thus in support of Krause et al. (1992) it is very 

unlikely that the two different incisor sizes represent two different species of Ferugliotherium.  

This incisor is considered an upper incisor as it has a stronger curvature compared to the 

lower incisors (the curvature of i1 and I2 are compared by the height of the arc; this 

measurement is taken by Krause et al. (1992) along the outside part of the incisor crown, 

above chords of equal length). For an upper incisor such as MACN Pv-RN 702A the height 

of the arc is taken perpendicular to the midpoint of a 3mm chord and is 0.3mm. 

This incisor is less laterally compressed in cross section (height to width ratios for MACN 

Pv-RN 701A and MACN Pv-RN 702A are 1.85 and 1.36 respectively).  

This incisor is also considered an upper incisor as the crown of I2 is elliptical in cross section 

while in lower incisors the crown has a prominent angle in cross section (Krause et al., 1992). 

In upper incisors the enamel on the crown is limited to the dorsal side.  

 

MACN Pv-RN 702B  

This incisor is identified as an upper incisor I2 by Krause et al. (1992).  This incisor is slightly 

larger than MACN Pv-RN 702C and MACN Pv-RN 702D. 

 

MACN Pv-RN 702C (See Drawing in Table 1: Appendix B) 

This incisor is identified as an upper incisor I2 by Krause et al. (1992).   

This is a well-preserved incisor. It measures approximately 1.2mm high and 0.9 mm wide and 

is smaller than MACN Pv-RN 702A and MACN Pv-RN 702B.  

This specimen does not represent an I3 as it possesses a strong wear facet. The strong wear 

facet is indicative of a central rather than lateral incisor (Krause et al., 1992). 
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This incisor is also considered an upper incisor as the angle formed by the intersection 

between the wear facet and the ventral aspect of the crown of i1 is considerably less than the 

angle that is formed between the wear facet and the dorsal aspect of I2.  

The angle in MACN PV –RN 702C (I2) is 52 degrees, while the angle in the lower incisor 

MACN Pv-RN 701A (i1) is 35 degrees (Krause et al., 1992). The apical wear facet is observed 

and is more concave than on the lower incisor (i1). The apex of the crown is worn. Krause et 

al. (1992) observed that it was not possible to determine if the original apex of the crown was 

covered with enamel as observed in taeniolabidoid multituberculates such as Catopsalis 

alexanderi (Middleton, 1982) and Taeniolabis taoensis (Granger and Simpson, 1929). 

 

MACN Pv-RN 702D  

This incisor is identified as an upper incisor I2 by Krause et al. (1992).  This incisor is slightly 

smaller than MACN Pv-RN 702A and MACN Pv-RN 702B, but this may be due to 

postmortem abrasion (Krause et al., 1992). 

General morphology of lower incisor 

The general gross dental morphology of Ferugliotherium incisors housed at the MACN was 

described by Krause et al. (1992).  The lower incisors from the MACN collection attributed 

to Ferugliotherium are strongly compressed laterally and are characterised by a much stronger 

curvature. These fragments do not preserve any prominent apical wear facet. 

On the tooth fragments the distribution of enamel does not vary in the preserved fragments 

with enamel limited to only the ventral part of the fragments and found further dorsally on 

the lateral side of the fragments, than on the medial side (Krause et al., 1992). 

In general the curvatures of the crowns of i1 when compared to upper incisors such as I2 

have a smaller height of the arc taken along the outside aspect of the incisor crown.  

As well lower incisors can be identified by having the angle formed by the intersction 

between the wear facet and the ventral aspect of the crown  which in i1 is considereably less 

than the angle that is formed between the wear facet and the dorsal aspect of I2 (Krause et 

al., 1992). 

General morphology of upper incisor 

There are four specimens in the current MACN collection from Los Alamitos Formation 

that are identified as upper incisor two (I2) belonging to Ferugliotherium windhauseni, MACN 

Pv-RN 702A; MACN Pv-RN 702B; MACN Pv-RN 702C and MACN Pv-RN 702D. The 

two best-preserved specimens were measured by Krause et al. (1992). 
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These tooth fragments have characteristics that identify them as upper incisors and have also 

been observed by Krause et al. (1992).  

Upper incisors have a stronger curvature compared to lower incisors. 

Upper incisors are less laterally compressed than lower incisors. 

The angle formed by the intersection between the wear facet and dorsal aspect of I2 is larger 

than the angle between the wear facet and the ventral aspect of i1.  

The crown of I2 is smoothly elliptical in cross section compared to lower incisors. 

In upper incisors of Ferugliotherium windhauseni, Krause et al. (1992) also observed that the 

enamel on the crown of I2 is limited to the dorsal side on the crown both on the media and 

lateral sides. 

7.4.c Morphology of premolars 

There are some isolated teeth belonging to F. windhauseni assigned as deciduous premolars by 

Krause et al. (1992). 

MACN Pv-RN 251 (anterior lower premolar) and two specimens MACN Pv-RN 249 and 

MACN Pv-RN 250 are also all identified as anterior upper premolars. If the left dentary 

MACN Pv-RN 975 is correctly assigned to Ferugliotherium windhauseni and the tooth in place in 

the dentary corresponds to a lower premolar 4 (pm4) as tentatively placed by Kielan-

Jaworowska and Bonaparte (1996) then the morphology of the lower premolars is as follows: 

Lower Premolar 4 

On the dentary the p4 is placed obliquely with respect to the longitudinal axis of the anterior 

part of the dentary. It is situated closely to the alveolus for i1. The p4 is laterally compressed 

and blade-like and is similar to other multituberculate lower premolars. This tooth is 

rectangular in lateral view, similar to multituberculate genera such as Zofiabattar, Glirodon, 

Paulchoffatia, Catopsbaatar, Eobaatar, Plagiaulax, Bolodon (Kielan-Jaworowska and Hurum, 2001). 

The dorsal margin of the blade-like tooth is worn flat with the anterior edge of the dorsal 

margin more eroded and flatter than the posterior edge. The dorsal margin is strongly worn 

with the maximum width of the worn part of the dorsal margin measuring 0.9mm (Kielan-

Jaworowska and Bonaparte, 1996). There are no apical serrations along the apical crest.  

There are ridges that extend along the lingual and labial sides. On the labial sides there are 8 

faint ridges and on the lingual side there are also 8 ridges. Kielan-Jaworowska and Bonaparte 

(1996) observed that the distance is greater between the four most posterior ridges on the 

labial side of the crown compared with the four posterior ones on the lingual side of the 

crown. 
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Kielan-Jaworowska and Bonaparte (1996) measured the p4 as being 4.8mm long in an 

anterior to posterior direction. The anterior and posterior margins of the p4 are parallel-

sided. Due to the state of preservation of the p4 the enamel layer on the labial side of the 

crown is relatively thin (Kielan-Jaworowska and Bonaparte, 1996).  

The enamel margin of the crown continues down towards the root forming two semicircles; 

these are convex ventrally and lay on top of the anterior root, while on the posterior margin 

there is one semicircle that is convex ventrally above the posterior root.  

Root 

The p4 has two roots an anterior one and a posterior one. The roots are very robust and the 

anterior root is larger than the posterior root. As noted by Kielan-Jaworowska and Bonaparte 

(1996) there is a vertical furrow that extends along the anterior root.  

Anterior upper premolars (PM1 or PM2) 

Two specimens assigned to F.windhauseni by Krause et al. (1992) MACN Pv-RN 249 and 

MACN Pv-RN 250 are both identified as anterior upper premolars. 

Krause et al. (1992) stated that this upper premolar morphology is similar to multituberculate 

upper premolars. These upper premolars are usually described as premolars with four main 

cusps that are centrally situated and two smaller anterior and posterior cusps. These authors 

observed that this tooth is more similar to P2 or P3 than to P1. These upper premolars were 

tentatively removed from Ferugliotherium windhauseni by Kielan-Jaworowska et al. (2004) and 

placed in Multituberculata incertae sedis. 

7.4.d Morphology and orientation of lower molars 

Ferugliotherium windhauseni may have two lower molars m1 and m2 in the lower jaw. This is 

based on the condition that Ferugliotherium is a multituberculate and due to similarities in 

gross molar morphology with Ferugliotherium and other multituberculates (e.g Krause et al. 

1992). 

m1 

The lower first molariform or cheek-tooth has a labial-lingual asymmetry similar to that 

found in the cheek-teeth or molariforms of Sudamerica ameghinoi such as the anterior-most 

tooth in the Sudamerica mandible MPEFCH 534 (see Koenigswald et al., 1999). 

The following teeth are designated as lower first molars: 

MACN Pv-RN 253 (right m1); MACN Pv-RN 174 (left m1) and MLP 88-III-28-1 (left m1). 

MACN Pv-RN 174 was first considered a right mf1 by Krause et al. (1992); Krause (1993) 

and Kielan-Jaworowska and Bonaparte (1996). Now it is considered a left lower molariform 
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1 (or 2) as it shares the same occlusal pattern as mf1 of Sudamerica ameghinoi (Pascual et al., 

1999). 

In occlusal view m1 of Ferugliotherium windhauseni is very similar to m1 of Sudamerica ameghinoi 

and consists of a rectangular shaped crown with three enamel lophs (anterior, middle and 

posterior). The anterior loph is V-shaped with the apex of the V sitting labially and the arms 

of the V extended lingually, the second loph is long and straight and the third loph is C-

shaped. These lophs consist of four lingual lobes with four lingual cusps and three labial 

lobes with three labial cusps. On each lingual lobe there is a lingual cusp and on each labial 

lobe there is a cusp. In between the enamel lophs there are furrows that separate each loph. 

The lophs are not joined together by an enamel bridge however there is a small spur present 

on the second lingual lobe.  

In Ferugliotherium lower m1, the lingual lobes extend lingually and are slightly longer than the 

labial lobes. The labial cusps are taller than the lingual cusps; this is also observed in 

Sudamerica ameghinoi cheek-teeth but is due to wear on the occlusal surface. 

The crowns of lower m1s are short and are supported by two transverse pairs of short roots. 

Each root is attached at the crown to its mate and then separates outwards at the apical root 

end. This is observed in MACN Pv-RN 174 and MACN Pv-RN 175. 

m2 

The second lower molar or cheek-tooth is a small brachyodont tooth. It has a square 

symmetrical outline. It is similar to the fourth lower molariform of Sudamerica ameghinoi and 

Gondwantherium patagonicum (see Koenigswald et al., 1999). 

The following tooth is designated as lower second molar: MACN Pv-RN 20 the holotype of 

Ferugliotherium windhauseni. This tooth was originally described as a worn right m2 by 

Bonaparte (1986a) and figured by Bonaparte (1986a: Fig. 6, 1986c: Fig. 19, 1987: Figs. 1-5, 

1990a: Fig.13A). 

7.4.e Morphology of upper molar cheek-teeth 

Ferugliotherium windhauseni may have had two upper molars, however this is not conclusively 

known as all teeth assigned to Ferugliotherium are isolated. Previously Krause et al. (1992) 

assigned MACN Pv-RN 248 as a first upper molar (see below) as it is rougly rectangular, 

decreases slightly in width posteriorly and has three rows of cusps. They state that on the 

bases of each cusp there are vertically oriented grooves, similar to those seen in the 

multituberculate molars. 

M1 

The following tooth MACN Pv-RN 248 could be a first upper left molar M1.  
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M1 in occlusal view are characterized by being slightly rectangular, asymmetrical with the 

anterior edge of the occlusal surface wider than the posterior edge.  Ferugliotherium upper 

molars may be distinguished from other teeth by their asymmetrical nature and rectangular 

shape. This tooth has a rectangular crown outline and labial-lingual asymmetry that is similar 

to that found in the upper molariforms of Sudamerica ameghinoi and Gondwantherium patagonicum 

(see Koenigswald et al., 1999). 

These teeth have a characteristic occlusal surface such as that observed in MACN Pv-RN 

248 with three rows of cusps on the occlusal surface and divided into a lingual row, middle 

and labial row. The posterior edge of the crown of this tooth has a strong rounded convex 

edge; the anterior edge of the crown is broken and also convex but not as strongly rounded.  

The crown is not very high and is covered by an enamel surface. On the lingual and labial 

side of the crown there are indentations that are continuations of the deep furrows on the 

occlusal surface. 

The M1s may have had two pairs of transverse roots as observed in lower m1 from F. 

windhauseni. 

M2 

F. windhauseni may have had a second upper molar however no isolated teeth are assigned to 

this position. This tooth might have been similar in size to M1 or smaller in size similar to the 

antagonist in the lower jaw, the lower m2.  

An upper multituberculate molar may be expected to have three rows of cusps rather than 

two rows (e.g. Krause et al., 1992). Also in M2 there is not a clear distinction between cusp 

height, in comparison with m2 where there is a clear difference in height between the two 

rows of cusps (e.g. Bonaparte, 1986a). 

7.4.f Ferugliotherium windhauseni dental formula 

As only fragmentary jaw remains of F. windhauseni are known together with isolated teeth 

assigned to F. windhauseni, thus the dental formula of F. windhauseni is tentative. If F. 

windhauseni is a multituberculate then it would be expected to possess only two lower molars 

and two upper molars. If F. windhauseni is indeed related to Sudamerica ameghinoi then it would 

be expected that F. windhauseni’s dental formula may be similar to S. ameghinoi and consist of a 

pair of lower incisors, no canine, one or even two lower premolars including a blade-like 

premolar 4, two lower molars (m1 and m2), one or two pairs of upper incisors, no canines, 

one or two upper premolars and two upper molars (M1 and M2). 
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7.4.g Morphology and analysis Ferugliotherium dentary 

In 1991 an anterior part of a left dentary MACN Pv-RN 975 with a strongly worn p4 and an 

alveolus for an incisor was found in the washed and sieved sediments from the Los Alamitos 

Formation and later described by Kielan-Jaworowska and Bonaparte (1996) (see Figure 7.3). 

The tooth preserved in the dentary was considered a premolar4 by Kielan-Jaworowska and 

Bonaparte (1996) and not a premolar1, as premolar1 in multituberculates are usually small 

teeth with a rounded crown and two roots that lie perpendicular to the longitudinal axis of 

the dentary (Kielan-Jaworowska and Bonaparte, 1996). It is also considered unlikely to be p2 

or p3 as p2 is present in only some multituberculates from the Paulchoffatiidae family (e.g. 

Paulchoffatia Hahn, 1969, 1971). The p2 that is present in Paulchoffatia is smaller in height 

compared to the premolar in MACN Pv-RN 975 and has only 2 ridges along the lingual and 

labial side, while the premolar in MACN Pv-RN 975 has 8 ridges. 

This dentary has been recently removed from Gondwanatheria, from the Family 

Ferugliotheriidae and from the species Ferugliotherium windhauseni and placed in 

Multituberculata incertae sedis due to its multituberculate affinities (Kielan-Jaworowska et al. 

2004). However based on similar morphology, size and the locality where it was discovered 

here it is still regarded as belonging to Gondwanatheria, Family Ferugliotheriidae and to the 

species Ferugliotherium windhauseni. 

 

Horizontal ramus of the dentary 

The horizontal ramus of the dentary in MACN Pv-RN 975 is not complete and is only 

complete from the alveolus of the incisor to the distal border of the p4. 

Diastema 

There is a diastema between the alveoli for the incisor and the first tooth p4. The diastema is 

prominent and has a prominent concave edge similar to that observed in the Sudamerica jaw 

(Pascual et al., 1999). However due to the fracture of the i1 alveoli the diastema length could 

not be measured by Kielan-Jaworowska and Bonaparte (1996), but can be estimated to 

measure approximately 2.5mm in length.  

Mandibular symphysis  

It is not possible to observe the mandibular symphysis in the jaw fragment. 

However the position and shape of the mandibular symphysis indicate that the medial aspect 

of the incisor was pressed against its counterpart on the left side. 
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Figure 7.3: Ferugliotherium windhauseni (MACN-PVRN 975) 
Left dentary in (A) labial, (B) lingual and (C) occlusal. Modified from Kielan-Jaworowska and Bonaparte 
(1996). 

Ventral border of the dentary  

The ventral border of the dentary is at an angle to the longitudinal axis of the p4 (in an 

anterior to posterior direction). 

There is a difference between the longitudinal axis of the dentary compared to the 

longitudinal axis of the p4. This angle between the two longitudinal axes is measured along 

the dorsal edge of the dentary by Kielan-Jaworowska and Bonaparte (1996) and it measures 

58º. 

The dentary bends in relation to the anterior root of p4. The dentary in the diastema region is 

strongly asymmetrical with the lingual part wide and concave and the labial part narrow and 

convex (Kielan-Jaworowska and Bonaparte, 1996). 

Pterygoid fossa 

The pterygoid fossa is not observed in this specimen. 

Mental foramen 

The mental foramen is rounded in shape and measures approximately 0.7mm in diameter. It 

is situated 0.8mm below the dorsal edge of the diastema (Kielan-Jaworowska and Bonaparte, 

1996). 
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Kielan-Jaworowska and Bonaparte (1996) measured the shortest distance between the 

anterior root of the p4 and the posterior margin of the mental foramen as 1.5mm. 

Ascending ramus 

The entire ascending ramus is broken away and not preserved.  

In the S. ameghinoi jaw the ascending ramus is also broken away but the anterior part of the 

coronoid process is preserved, demonstrating that it was situated opposite the second 

molariform cheek-tooth. 

Coronoid process 

The coronoid process is not preserved. 

Masseteric fossa 

The masseteric fossa is not discernible. 

Lower incisor alveolar  

The extra alveolar portion of the lower incisor in the jaw MPEFCH 534 is broken away.  

However it is possible to observe that the alveolus for i1 extends all along the preserved part 

of the dentary passing directly beneath the roots of p4. This is also observed in the Sudamerica 

ameghinoi jaw (Pascual et al., 1999). 

The cross section that is visible in the alveolus reveals that the tooth is strongly compressed 

laterally, flat medially, convex laterally, sharply angled ventromedially and rounded dorsally.  

The alveolus is incomplete and the exact depth of the i1 can not be determined, however 

Kielan-Jaworowska and Bonaparte (1996) estimated that the alveolus was very deep. Kielan-

Jaworowska and Bonaparte (1996) estimated the width of the alveolus for i1 in the posterior 

part of the dentary at 1.4mm, while below the anterior root of p4 the width of the preserved 

section of the dentary measures 1.5mm. 

Below the root of p4, only the upper part of the alveolus is preserved, however the ventral 

section of the alveolus is wider in this area (Kielan-Jaworowska and Bonaparte, 1996). 

The alveolus measures 1.4 to 1.5mm in width that is very high and the size and shape of the 

alveolus corresponds well with the size and shape of the isolated incisor attributed to F. 

windhauseni (MACN Pv-RN 701) by Krause et al. (1992). This incisor measures 2.4mm high 

and 1.3 mm wide and is also strongly compressed. 

Lower incisor 

In Ferugliotherium windhauseni jaw (MACN Pv-RN 975) the alveolus for i1 extends along the 

preserved part of the dentary and could represent that the i1 was a robust and laterally 

compressed incisor (Kielan-Jaworowska and Bonaparte, 1996: 5).  
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Size: The i1 alveolus in the dentary is incomplete but demonstrates that the i1 was a deep 

(high) incisor and estimated to measure 1.4mm wide in the posterior part of the dentary and 

1.5mm wide below the anterior root of p4.  

It is not possible to measure the exact depth of the alveolus but estimated to be very deep 

(high) (Kielan-Jaworowska and Bonaparte, 1996: 5). The measurement of the incisor alveolus 

of F. windhauseni concords with the measurement of isolated teeth tentatively attributed to F. 

windhauseni by Krause et al. (1992) and is estimated to be approximately 2.4 mm high and 1.3 

mm wide. 

Shape: The alveolus in the dentary demonstrates that the i1 was robust and laterally 

compressed. The incisor MACN Pv-RN 701A in cross section is observed by Krause et al., 

(1992) to have a flat crown medially and to be convex laterally.   

Enamel: The incisors have a enamel limited to the ventral aspect of the tooth. Krause et al., 

(1992) state that within Mesozoic mammals, the multituberculates are the first and only 

mammals to have evolved a restricted band of enamel on the incisors and this has been done 

as early as the Late Jurassic. 

Kielan-Jaworowska and Bonaparte (1996:5) agree that the similarities with the size and shape 

of the alveolus in the dentary, with the isolated Ferugliotherium incisors, indicate that the these 

incisors “…accords very nicely with the size of i1 tentatively attributed to F. windhauseni by Krause et 

al. (1992)…”. 

Root of the lower incisor 

As the dentary is not complete and no incisor is observed it is not possible to observe an 

incisor root. However it can be estimated that the incisor root was long, extending 

posteriorly to the distal border of the last cheek-tooth alveolus.  

The lower incisor alveolus lies obliquely in the jaw. Its root passes medially and ventrally to 

the roots of the p4 and it is not known if the alveolus passed directly ventral to the roots of 

the last cheek-tooth. 

Lower premolar in MACN Pv-RN 975 

There are no cheek-teeth in MACN Pv-RN 975; however there is a p4 tooth. 

This tooth measures 4.8mm long (anterior to posterior direction) and has anterior and 

parallel margins that are parallel-sided (Kielan-Jaworowska and Bonaparte, 1996). The dorsal 

margin of the tooth is worn horizontally and the maximum width of the worn area is 

approximately 0.9mm long. On the labial side of the tooth there are eight faint ridges with 

the anterior most ridge being very faint. On the lingual side of the tooth there are also at least 
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eight ridges present (Kielan-Jaworowska and Bonaparte, 1996). On the labial side the 

posterior four ridges are spaced father apart compared to the first four anterior ridges. 

As observed by Kielan-Jaworowska and Bonaparte (1996) there is no buccal cusp (basal 

cuspule) present. The state of preservation of the premolar is poor and the enamel is 

preserved on the labial side and is observed as thin by Kielan-Jaworowska and Bonaparte 

(1996). The premolar has two roots present with the anterior root larger than the posterior 

root. The ventral border of the enamel above the anterior root forms two semicircles that are 

convex ventrally. On the ventral side of the enamel above the posterior root the enamel 

forms only one semi-circle that is convex ventrally.  

The anterior root, more robust than the posterior root, has a vertical furrow that extends 

along the anterior root.  

Cheek-teeth alveoli 

There are no cheek-teeth alveoli present in the dentary. However if the dentary tentatively 

assigned to Ferugliotherium is a multituberculate (e.g. Kielan-Jaworowska et al. 2004) then then 

two alveoli to house two cheek-teeth would be expected as figured by Kielan-Jaworowska 

and Bonaparte (1996: Figure 3).  In Kielan-Jaworowska and Bonaparte (1996: Figure 3) the 

first molar MACN Pv-RN 174 in the tentative reconstruction of the left dentary of 

Ferugliotherium windhauseni by Kielan-Jaworowska and Bonaparte (1996: Figure 3) is now 

considered a right first molar and thus should be reversed for the tentative reconstruction. 

The second tooth or second molar MACN Pv-RN 20 is a second lower right molar (m2) 

and thus is not valid for the reconstruction of the left dentary of Ferugliotherium windhauseni 

and should be reversed. 

7.4.h Reasons why dentary (MACN-Pv RN 975) and upper premolars (MACN-Pv 

RN 249, MACN-Pv 250) are more likely to be Ferugliotherium: 

The bladelike premolar and the upper molars that have been placed as Multituberculata 

incertae sedis by Kielan-Jaworowska et al (2004) share similarities with the isolated teeth that 

are assigned to Ferugliotherium windhauseni, Suborder Gondwanatheria. These similarities are as 

follow: 

1) Size: 

 As stated by Kielan-Jaworowska and Bonaparte (1996) when describing the p4 of the 

?Ferugliotherium dentary the “size of the p4 corresponds roughly to the sizes of m1, m2 and M1 of 

Ferugliotherium windhauseni”. They state that due to this feature it is possible that 

the dentary belongs to this taxon. The size of the isolated upper premolars (MACN-Pv 
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RN 249, MACN-Pv 250) is also similar to the size of the isolated teeth assigned to 

Ferugliotherium windhauseni 

2) Age and Locality:  

The dentary was found in the washed and sieved residue from the Los Alamitos 

Formation, from the Locality of the Estancia de Los Alamitos, Rio Negro (Kielan-

Jaworowska and Bonaparte, 1996). All the specimens that are assigned to Ferugliotherium 

windhauseni by Krause et al., (1992) were found in one locality, the same locality as the 

dentary, in the Los Alamitos Formation, Estancia Los Alamitos, Rio Negro. The isolated 

premolars (MACN Pv-249 and MACN Pv-RN 250) were found in the same area as all 

the other isolated teeth assigned to Ferugliotherium windhauseni (Krause et al., 1996). 

3) Gross morphology similarities with Multituberculata: 

The isolated teeth that were studied by Krause et al., (1992) were assigned to 

Ferugliotherium windhauseni and to Order Multituberculata as the authors recognized these 

isolated teeth to share many features with multituberculate teeth. These features include, 

a) a general gross morphology that is also found in multituberculate teeth,  

b) size that demonstrates that these teeth were more likely to belong to Late Cretaceous 

multituberculates,  

c) enamel microstructure- presence of prismatic enamel, presence of small circular prisms 

in the enamel, no evidence of prism decussation as in other multituberculates,  

d) presence of two rows of longitudinal cusps in the molar teeth, e) presence of 

approximately equal height cusps in the molars as in all multituberculate taxa. Krause et 

al. (1992) also indicate that the orientation of upper and lower molar cusps in 

Ferugliotherium, as well as the pattern of reciprocal shapes of the molar cusps indicate that 

the Ferugliotherium dentary moved in a palinal direction during the power stroke of the 

grinding cycle, this is also the case for all other multituberculates. Ferugliotherium has 

anterioposterior wear striations and this is also found in Multituberculata, all therian 

mammals, as well as triconodonts and docodonts have superior and anteromedial 

oriented striations. The dentary was considered by Kielan-Jaworowska and Bonaparte 

(1996) to share similarities to multituberculate dentary, the blade-like premolar in the 

dentary was considered by the authors to be very multituberculate-like and identified as  

p4. They also observed an alveolus for i1 in the dentary which extends all along the 

preserved part of the dentary demonstrating that the i1 was a very robust and laterally 

compressed incisor. The upper premolar MACN Pv-RN 250 considered by Kielan-

Jaworowska et al. (2004) to be Multituberculata incertae sedis, was prepared for observation 
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of the enamel microstructure by Krause et al., (1992). This tooth was compared with 

other Ferugliotherium teeth (MACN Pv-RN 20 and MACN Pv-RN 174) and with an 

incisor assigned to Gondwanatherium patagonicum (MACN-Pv CH 254). The values obtained 

by Krause et al. (1992: Table 1) indicate that these all fall within the limits of intraspecific 

variation for multituberculates with “small” prisms and indicate that these teeth have the 

same general type of enamel microstructure. They all share thin enamel microstructure, 

similar to other multituberculates, they all share the absence of prism decussation as in 

other multituberculates, they all share small circular prisms in the enamel. Unfortunately 

the enamel in the premolar in the dentary MACN Pv-RN 975 has not been prepared for 

observation of the enamel microstructure but it can be stated that the enamel is thin in 

the premolar as observed in the isolated Ferugliotherium teeth. The  

4) Wear:  

Some of the molars assigned to Ferugliotherium windhauseni such as MACN Pv-RN 174 

MACN Pv-RN 175 show extreme wear on the occlusal surface. This wear is considered 

by Bonaparte (1990) to de due to crushing and grinding food rather from cusps of the 

occluding tooth. The blade-like premolar in the dentary MACN Pv-RN 975 also shows 

extreme wear on the apical surface. The authors do not determine what this wear can be 

from, but as the wear is very distinct and continuous across the apical surface and the 

apical cusps have also been worn, this may be suggestive of an abrasive diet and due to 

grinding. This wear transforms the premolar from a blade-like form with apical cusps to a 

flatter form. The wear is horizontal converting the surface into a blunter more transverse 

one with a greater surface area. 

5) Roots:  

The molars assigned to Ferugliotherium (MACN Pv-RN 174, MACN Pv-RN 175) 

demonstrate very low crowns in relation to the proportionally large, rectangular area of 

the occlusal surface (such as other brachyodont multituberculates) and possess relative 

robust and large roots in relation to the rectangular molar crown (see Bonaparte, 1990). 

The p4 in the MACN Pv-RN 975 dentary also possesses a pair of roots; these roots are 

also large and robust with the anterior root much larger than the posterior one. There is 

also a vertical furrow that extends along the anterior root of the premolar (Kielan-

Jaworowska and Bonaparte, 1996). 
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6) Similarities with the Ferugliotherium windhauseni incisor and alveolus for 

incisor in dentary: 

The incisors assigned to Ferugliotherium windhauseni (MACN Pv-RN 701A-C) are assigned as 

such as they all come from the same locality as all the other specimens of Ferugliotherium, they 

are similar in size to the Ferugliotherium teeth and have a similar morphology compared to 

other multituberculate incisors (see above for incisor description). 

7.4.i Reasons why the dentary (MACN Pv-RN 975) and the upper premolars 

(MACN-Pv RN 249, MACN-Pv 250) have been taken out from  Suborder 

Gondwantheria 

Kielan-Jaworowska et al. (2004) accept the assignment that Gondwanatheria are not 

multituberculates. They accept this based on the study by Pascual et al., (1999) who described 

a Sudamerica dentary with two molariform teeth and two more molar loci posterior to them 

from the Paleocene of Argentina and who further placed Gondwanatheria in Mammalian 

incertae sedis. However Pascual et al. (1999) study assumes that Sudamerica can not be a 

multituberculate as it had apparently four lower molariform teeth, a condition which is not 

found in other Northern Hemisphere multituberculates. Thus Kielan-Jaworowska et al. 

(2004) do not accept that the Ferugliotheriidae are multituberculates, but accept that the 

dentary MACN Pv-Rn 975 with a bladelike p4 and two upper premolars (MACN Pv-RN 249 

and MACN Pv-RN 250) with multituberculate pattern are multituberculates. It seems that 

they are of the conclusion that multituberculates did arrive to southern South America and 

were present in the Late Cretaceous of Argentina and more specifically were present in the 

Los Alamitos Formation in the locality of the Estancia Los Alamitos. In order to include the 

dentary and the isolated upper premolars into Multituberculata, they had to remove them 

from the Gondwanatheria and thus from the Ferugliotheriidae. Kielan-Jaworowska et al. 

(2004:517) are of the conclusion that “it cannot be unequivocally demonstrated whether these fragments 

and the molars assigned here to Ferugliotheriidae belong to the same taxonomic unit, pending discovery of more 

complete material of Ferugliotherium”. 

In agreement it can not be unequivocally proven that all the isolated teeth and the dentary 

belong to the same taxonomic unit, however all the above characteristics that are possessed 

by the isolated teeth assigned to Ferugliotherium do show multituberculate affinities together 

with the dentary. They are more similar to multituberculate than to any other Mesozoic 

mammalian Order. They are also all found within the same vicinity, in the same locality and 

in the same Late Cretaceous Formation. Krause et al., (1992) considered that the isolated 

teeth assigned to Ferugliotherium demonstrate that this taxon was a multituberculate based on 
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the gross dental morphology and inferred pattern of jaw movement. However Krause et al. 

(1992) do assume that Ferugliotherium did evolve in isolation from the Laurasian 

multituberculate population during a significant interval. 

7.4.j Comparisons of Ferugliotherium dentary with those of other 

multituberculates 

The left dentary of F. windhauseni is very multituberculate-like and has been considered to 

pertain to the order Multituberculata by several authors (e.g. Kielan-Jaworowsk and 

Bonaparte, 1996; Kielan-Jaworowska et al., 2004). The premolar preserved in the dentary is 

best identified as a p4 by Kielan-Jaworowska and Bonaparte (1996) as although there are no 

alveoli anterior to the premolar, it is unlikely to be a p1, p2 or p3 (see remarks by Kielan-

Jaworowska and Bonaparte, 1996).  The p4 shares a mixture of plesiomorphic and derived 

features. The parallel sides of p4 are a plesiomorphic feature also present in Paulchoffatoidea 

and Plagiaulacoidea. The great length of the p4, along with the eight ridges on the labial and 

lingual sides, the lacking of a buccal cusp and the oblique position of the p4 with respect to 

the longitudinal axis of the dentary are all derived features (Kielan-Jaworowska and 

Bonaparte, 1996). 

The Ferugliotherium dentary is robust. The p4 is situated close to the alveolus for i1 and this 

demonstrates the dentary was short. Kielan-Jaworowska and Bonaparte (1996) compared 

Ferugliotherium dentary with Taeniolabis that also has a short dentary. Other multituberculates 

such as Taeniolabis, Catopsalis and Lambdopsalis (Granger and Simpson, 1929; Kielan-

Jaworowska and Sloan, 1979; Miao 1988) all from the Superfamily Taeniolabidoidea (Sloan 

and Van Valen, 1965; McKenna and Bell, 1997; Fox, 1999) all share the same feature of the 

dentary (e.g. Kielan-Jaworowska and Bonaparte, 1996). The dentary is long, with the vertical 

anterior margin of the dentary in front and below the anterior root of p4. The dorsal margin 

of the dentary in the region of the diastema is placed much lower than the tooth row.  This 

demonstrates that there is a step-like feature between the tooth row level and the dorsal 

margin of the diastema (Kielan-Jaworowska and Bonaparte, 1996). 

The opposite occurs in Ferugliotherium, where the dorsal margin of the dentary extends 

horizontally opposite the level of the roots of p4. A step occurs with the anterior wall of p4. 

This causes the alveolus for i1 to be situated below the whole length of p4 and relatively 

higher with respect to the premolars and molars in Ferugliotherium windhauseni (Kielan-

Jaworowska and Bonaparte, 1996), compared to other multituberculates. 

Ferugliotherium dentary may have been similar to the Taeniolabis dentary that also has a short 

dentary and a short snout that is wide with the anterior part of zygomatic arches directed 
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transversely and this result in a square-like shape of the skull (Kielan-Jaworowska and 

Hurum, 2001). However Ferugliotherium dentary had the alveolus for i1 placed higher with 

respect to the premolars and molars in other multituberculate dentaries and may have been 

less deep compared to other multituberculate dentaries (Kielan-Jaworowska and Bonaparte, 

1996). 
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7.5 Analysis of dental characters of the Family Sudamericidae 

7.5.a Revised diagnosis of Sudamericidae  

Diagnosis of Sudamericidae (emended diagnosis by Krause and Bonaparte, 1993). 

Family Sudamericidae Scillato-Yané and Pascual, 1984. 

Synonym Gondwanatheriidae Bonaparte, 1986b. 

This family differs from the Family Ferugliotheriidae in being much larger and in possessing 

large, hypsodont molars, each supported by a massive open root covered with cement. 

However in older individuals the root may be closed. The occlusal surface consists of a 

pattern of ridges, furrows and cusps on the molars and this pattern is generally more complex 

than in Ferugliotheriidae. The occlusal surface is somewhat flat and the cusps are flatter and 

worn compared to Ferugliotheriidae that has distinct cusps. Possesses four lower hypsodont 

molariform cheek-teeth and of a pair of large, procumbent and laterally compressed 

hypsodont lower central incisors. The first lower mf1 is laterally compressed and has a 

distinct pattern in Sudamerica ameghinoi where there is a v-shapped anterior loph. The lower 

incisors have a ventrolabial restricted enamel band.  

Differs from Ferugliotheriidae in having four molariform hypsodont lower cheek-teeth and 

by the lack of blade-like premolar. 

Type genus Sudamerica Scillato-Yané and Pascual, 1984. 

Included genera: Sudamerica Scillato-Yane and Pascual, 1984; Gondwanatherium Bonaparte, 

1986b; Lavanify Krause, Prasad, Koenigswald, Sahni and Frine, 1997; Un-named Indian form 

Krause, Prasad, Koenigswald, Sahni and Grine, 1997; tentative un-named Antarctic form 

(Reguero et al., 2002; Goin et al., in press). 

Comments: The Family Sudamericidae was first erected in 1984 by Scillato-Yané and 

Pascual to include the type species Sudamerica. 

A synonym of the Family Sudamericidae was considered as Gondwanatheriidae by Bonaparte 

(1986b) when including the Late Cretaceous Gondwanatherium hypsodont molars. Later the 

family Sudamericidae was considered to be valid by Krause and Bonaparte (1993) and 

emended to include the genus Gondwanatherium. 

In addition to these two formally named Late Cretaceous genera from Argentina and 

Madagascar respectively, isolated teeth from the Late Cretaceous (Maastrichtian) Deccan 

Intertrappean sequence of India, were referred by Krause et al. (1997) to Sudamericidae. The 

specimens from Antartica (Goin et al., in press) are tentatively assigned to Sudamericidae. 

Distribution Late Cretaceous - Early Paleocene of South America, Late Cretaceous of 

Madagascar and India, ?Eocene of Antartica. 
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7.6 Analysis of dental characters of Gondwanatherium 

7.6.a New and revised diagnosis of Gondwanatherium 

Diagnosis of Gondwanatherium (based on Bonaparte, 1986b). 

Differs from Sudamerica in being larger, in having the occlusal surface flat but made up of 

distinct cusps. Differs from Sudamerica in having an overall smaller occlusal surface in 

comparison to a wider crown and root. 

Comment: Bonaparte (1986b:265) described Gondwanatherium as a “Late Cretaceous mammal of 

relatively large size, with high crowned molars, prismatically shaped with open roots. The occlusal surface is 

almost flat and lacks any sign of tribosphenic cusp pattern, with molar crowns that consist of three transverse 

lophs that in wear become dentine islands surrounded by enamel”. Bonaparte (1986b) observed that the 

presumed buccal side of the crown consists of three lobules and the presumed lingual side of 

only two lobules. 

He observed that Gondwanatherium differs from Sudamerica in being larger, in having an 

occlusal surface with only three asymmetrical lophs and having enamel strip around occlusal 

surface divided into parts, rather than a continuous enamel strip. However it can be observed 

that isolated Sudamerica cheek-teeth from the MACN described herein and described by 

Koenigswald et al. (1999) like Gondwanatherium have molariforms with three asymmetrical 

lophs and also with two and four lophed pattern. 

Kielan-Jaworowska et al. (2004) described Gondwanatherium as being smaller than Sudamerica. 

This is not the case, Gondwanatherium cheek-teeth are larger than Sudamerica cheek-teeth. 

Type species by monotypy: Gondwanatherium patagonicum Bonaparte, 1986. 

Distribution: Late Cretaceous (Alamitian) of Argentina. 

7.6.b General morphology of Gondwanatherium cheek-teeth 

Gondwanatherium patagonicum teeth are hypsodont and large in size. The molariforms have 

prominent furrows and lophs on the occlusal surface that continued down the side of the 

crown face, with cementum present on at least the apical root end of the molariform teeth. 

Teeth described by Krause and Bonaparte (1993) as m2s are observed to have a 

longitudinally sloping plane.  

When Bonaparte (1986) first described the isolated teeth of Gondwanatherium he was not able 

to deduce if the teeth were upper or lower nor was he able to identify tooth position due to 

the unusual crown morphology. Bonaparte (1986b) did assume that the presence of a higher 

side to the crown of the tooth suggested that the side could be buccal and due to the 

presence of the parallel striations of the occlusal surface of the holotype MACN Pv-RN 22. 
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Bonaparte (1986b:265) stated that “it is not possible to determine the anterior or posterior side of the 

tooth with confidence”. 

Gondwanatherium patagonicum have large sized hypsodont cheek-teeth that are straight crowned 

teeth with a slight curvature throughout the height of the tooth and possess prominent 

furrows on both the lingual and labial sides of the crown. The furrows do not extend far 

down the crown as in Sudamerica but continue towards the middle of the crown, not reaching 

the apical root area. There is an infundibulum present that extends far vertically into the 

molariform cheek-tooth crown. There is cementum present in the sides of the cheek-teeth 

and inside the infundibulum (Krause et al., 1997). In most cheek-teeth there is an open root 

that demonstrates a continuos growth; however there are some cheek-teeth with a closed 

conical root. In these cheek-teeth with a closed conical root a typical cementum layer could 

be observed on the outer part of the root as it was also observed in Gondwanatherium cheek-

teeth by Sigogneau-Russell et al. (1991). 

The cheek-teeth are composed of three mineralised biogenic substances, enamel, dentine and 

cementum. As these substances differ in hardness, their alternation on the occlusal plane of 

the teeth creates a self-renewing surface during occlusion and during contact with hard food 

substance, this is typical of hypsodont cheek-teeth. These cheek-teeth have a thick enamel 

layer on the crown that extends to the cervical part of the root area (e.g. Sigogneau-Russell et 

al., 1991).  

Occlusal surface 

The occlusal surface consists of transverse lophs (anterior, middle and posterior) that are 

separated by transverse furrows (anterior and posterior). The transverse lophs consist of an 

enamel border and are in filled with dentine. In between each loph there is a cementum 

surface that covers the transverse furrow [e.g. Krause and Bonaparte (1993)]. These 

transverse furrows on the occlusal surface continue longitudinally down the crown of the 

tooth and form indentations or furrows that open onto the lingual and labial face of the 

crown as in Sudamerica.  

Gondwanatherium molariforms are variable and the occlusal surface may have three or two 

enamel transverse lophs, some may have these lophs connected transversally via an enamel 

bridge or central crest (in an anterior-posterior direction) or some may have a central enamel 

islet as observed in Sudamerica cheek-teeth. The variability of the occlusal surface is related to 

the wear from different levels of abrasion due to the worn parallel distribution of enamel and 

also is due to the tooth position.  
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Gondwanatherium cheek-teeth housed at MACN all have three lophs and two furrows on the 

occlusal surface. However the pattern of the occlusal surface may differ in the different 

specimens and this may resemble Sudamerica cheek-teeth whereby the number of transverse 

enamel lophs and patterns varies between cheek-teeth of different tooth positions. This 

central enamel crest that connects the lophs transversally is only visible in some teeth and 

occurs when the enamel islets on the teeth are worn. Or the teeth may have enamel spurs 

that represent younger tooth types that do no have the formation of an enamel bridge 

between each enamel loph, which is not frequently seen in the Gondwanatherium cheek-teeth in 

comparison to the Sudamerica teeth. Enamel islets may also be observed on Gondwantherium 

teeth and these like in Sudamerica are found in less worn teeth or teeth that belong to younger 

animals. Enamel islets do not indicate a tooth position as observed by Koenigswald et al., 

(1999) in Sudamerica ameghinoi. In Gondwantherium the enamel islets are visible on the anterior 

and posterior caps and also in the centre of the occlusal surface between the synclines such as 

in Sudamerica cheek-teeth (e.g. Koenigswald et al., 1999: Figure 4). 

Koenigswald et al. (1999) showed the changing morphology that occurs in a single tooth in 

Sudamerica from wear demonstrated by serial sections of the same tooth; this may also be the 

case for Gondwantherium, as both species share a similar occlusal pattern and morphology. For 

example a young tooth type has very little wear on the occlusal surface, the enamel lophs are 

separated between cementum furrows. 

Like in Sudamerica, the Gondwantherium cheek-teeth are hypsodont and the cheek-teeth that 

have little wear usually are about four to five times higher than wide (lingual–labially). 

In Sudamerica and probably Gondwanatherium, the young teeth possess enamel islets that are 

filled with cementum and continue some way down the tooth crown, towards the apical root 

end. The enamel islets that appear on the occlusal surface are formed by cups or 

invaginations in the tooth crown that are filled with cementum and can be considered similar 

to infundibulums in extant mammal teeth such as horses.  

When the tooth crown has been worn down during tooth wear, the infundibulum also wears, 

the cementum is worn away and the enamel islets are no longer visible, instead the pulp 

cavity is exposed. The cementum in the deep enamel invaginations has also been observed by 

Sigogneau-Russell et al. (1991) who observed a circular layer of cementum with cementocyte 

lacunae, in the enamel invaginations. 

Crown 

The Gondwantherium cheek-teeth possess a long, distinctive crown. The crown consists of four 

faces, anterior (mesial), posterior (distal), lingual and labial. The entire crown is covered by a 
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thick enamel layer that forms indentations or furrows down the crown face on both the 

lingual and labial sides. These furrows may be filled with cementum or may be hollow but in 

some teeth whereby the cementum is absent due to post taphonomical abrasion wear. These 

furrows are not as distinct as in Sudamerica cheek-teeth and are not continuous all the way to 

the apical root end as observed in Sudamerica cheek-teeth. This may be due to the age of the 

Gondwanatherium cheek-teeth or may be specific to Gondwanatherium. The furrows are not 

similar in length and may have different lengths, with some not extending down the crown. 

Gondwantherium cheek-teeth also have enamel invaginations that may be filled with cementum. 

These invaginations or infundibula extend down the crown and may or not continue all the 

way to the apical root end. These invaginations are observed in the inner core of the tooth 

when a cheek-tooth specimen is broken and the inner pulp cavity of the tooth is exposed. In 

extant mammals with hypsodont cheek-teeth, infundibulums or invaginations are also 

observed in the crown, but these are usually present in young teeth and are filled with 

cementum. As the tooth crown wears and ages, the invagination is also worn and can result 

in its disappearance. The crown of each individual tooth varies in length and this is due to 

wear from mastication attrition and wear.  

Root 

In some specimens of Gondwanatherium molariforms, it is possible to observe that the crown 

constricts and a single conical open root is present. This can be recognized among cheek-

teeth housed at the MACN and is also observed in Sudamerica ameghinoi teeth. It is probable 

that this conical root may have formed late in the tooth life. The root in Sudamerica ameghinoi 

and Gondwantherium patagonicum molariforms probably consist of the dental pulp, surrounded 

by dentine and cementum as occurs in extant and extinct mammals with hypsodont 

dentition.  

When this root is observed, it is closed, however in most specimens of Gondwantherium cheek-

teeth, the crown is wide at the apical root end and the root is open and wide. 

In teeth where there is no true closed root, the root is open and these teeth probably belong 

to young animals. While in an aged animal attrition has reduced the original tooth length and 

a closed root has formed. 

Molariform morphologies 

It is difficult to assign the individual cheek-teeth of Gondwantherium patagonicum to a premolar 

or molar loci, as at present there is very little material corresponding to this species. 

Previously the assumption of molar or premolar homologies was strongly influenced by the 

hypothesis that gondwanatherians including Sudamerica ameghinoi were multituberculates and 
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should have a blade-like premolar 4. However in Sudamerica ameghinoi Koenigswald et al. 

(1999) recognized eight molariform morphological categories based on the two anterior 

molariforms preserved and two posterior alveoli in the right mandible (MPEFCH 534). 

Herein Gondwantherium cheek-teeth are also assumed to have eight molariform morphological 

categories based on the similarities in the hypsodont molariform morphology with Sudamerica 

specimens and also based on a lower jaw fragment assigned to Gondwantherium patagonicum 

from the Los Alamitos Formation (Bonaparte, 1990a; Gurovich, 2001). 

There are also other morphological observations that are used to distinguish upper and lower 

molariform types belonging to Gondwantherium patagonicum: 

Lower molariforms can be distinguished by the following features 

Long lingual crown face with a shorter labial crown face. 

Labial face of crown is concave, lingual face is convex. 

Longer lingual lobes on the occlusal surface. 

Shorter labial lobes on the occlusal surface. 

Labial lobes are higher (less worn) on the occlusal surface with flatter more worn lingual 

lobes. 

Dentine is flushed with enamel on leading edge and found posteriorly. 

Dentine is eroded on trailing edges leaving a step between dentine and enamel and found 

anteriorly. 

Upper molariforms can be distinguished by the following features 

Short lingual crown face with a longer labial crown face 

Labial face of crown is convex, lingual face of crown is concave. 

Longer labial lobes on the occlusal surface, shorter lingual lobes on the occlusal surface. 

Lingual lobes are higher (less worn) on the occlusal surface, Labial lobes are flatter (more 

worn) on the occlusal surface. 

Dentine is flushed with enamel on leading edge and found anteriorly 

Dentine is eroded on trailing edges leaving a step between dentine and enamel and found 

posteriorly. 

It is not possible to determine which of the teeth are deciduous as the majority of teeth 

observed and described here are considered secondary teeth. 

7.6.c Description of Gondwanatherium teeth housed at MACN 

MACN Pv-RN 22 Holotype (See Drawing in Table 1: Appendix B) 

Comments: This tooth was originally described as a complete? upper molar by Bonaparte 

(1986b) and as an upper left (M1) by Krause and Bonaparte (1993). It is figured by Bonaparte 
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(1986: Figure 1A) occlusal view with presumed buccal side up and Bonaparte (1986: Figure 

3A –B) with buccal side assumed to be to the right. However in Bonaparte (1986:Figure 3B) 

MACN Pv-RN 22 is figured in oblique occlusal view along the anteroposterior axis, in this 

figure the buccal side is considered to the right.  

This specimen has the same occlusal morphology as a Sudamerica lower right mf1 with three 

lophs and the anterior most being bifurcated in v-shaped pattern, however due to other 

characteristics, such as relative large size, straight crown face and distinct occlusal 

morphology and occlusal wear it is tentatively here identified as an upper molariform and as a 

tentatively as a left upper MF2. 

Occlusal surface 

The occlusal surface is symmetrical, square-like in shape and has three lophs. The anterior 

most loph is bifurcated and forms a forked shaped structure similar in Sudamerica lower mf1. 

The anterior loph is divided into two lingual lobes. The occlusal surface consists of four 

lingual lobes and three labial lobes. Between the anterior loph and the middle loph there are 

enamel spurs that come in contact but do not connect the anterior loph with the middle 

loph. These spurs are present on the anterior loph, specifically on the posterior labial border 

and on the anterior enamel border of the labial lobe of the middle loph. There is also a small 

enamel spur on the anterior enamel border of the middle loph (labial lobe). However no 

enamel bridge has formed between the anterior and middle loph to connect them. There is a 

small enamel spur on the posterior arm of the labial middle lobe that is extended towards the 

posterior loph on the occlusal surface however there is no connection between the middle 

and posterior lophs.  

The lingual side of the occlusal surface is not flat, it is much higher than the worn labial side 

and the lingual lobes form small enamel cusps on the edge of the lingual edge of each loph. 

The posterior loph has three small enamel cusps on the lingual edge of the loph, one adjacent 

to another, while the lingual lobes of the other lophs only have one enamel cusps. The cusps 

on the labial side of the occlusal surface have been worn flat and not discernable. This is also 

observed in Sudamerica cheek-teeth on both the lingual and labial ends of each loph.  

This demonstrates that this tooth is still a young tooth that has not undergone significant 

occlusal wear and this can be verified as no enamel bridges have been formed between the 

enamel lophs on the occlusal surface. This is also present in younger Sudamerica cheek-teeth. 

The anterior loph is much larger than the posterior loph, but it seems that the middle loph is 

slightly longer in a lingual labial direction compared to the other two lophs. This is also 

observed in some Sudamerica cheek-teeth. 
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If the occlusal surface is divided into a lingual and labial side then it can be observed that the 

lingual lobes are slightly shorter compared to the labial lobes. 

 The lingual lobes end in a rounded point while the labial lobes are longer and end in a 

pointed end. This is also observed in upper Sudamerica molariforms.  

The occlusal surface is not evenly worn flat and it is possible to discern that the lingual lobes 

are much higher and less worn than the flatter labial lobes. This is also observed in upper 

Sudamerica cheek-teeth.  

There are no labial and lingual synclines present on the occlusal surface. This also observed 

on Sudamerica cheek-teeth.  

There is no enamel islets observed, only deep valleys in the cementum of the occlusal surface 

and these could be the remnants of the enamel islets present in Sudamerica. There is however 

a small circular islet not totally separated from the loph, on the posterior enamel border of 

the anterior loph, where the cementum has worn away exposing dentine. 

There are some anterior-posterior wear striations observed on the enamel border of the 

occlusal surface and can be observed on the anterior and posterior enamel lophs.  

Due to the wear on the occlusal surface it is not possible to detect the leading edges that in 

an upper tooth would be expected to be situated anteriorly and the trailing edge situated 

posteriorly on the upper molars (Krause, 1982).  

Crown 

The crown is not completely conserved and the enamel layer partly broken whereby the inner 

dentine core is exposed. 

The crown of the tooth consists of a thick enamel layer that form furrows that continue 

down to the apical tip of the crown, similar to that found in Sudamerica cheek-teeth. The 

furrows are a continuation of the spaces between the enamel lophs on the occlusal surface 

but are not observed to be filled with cementum longitudinally down the crown.  

This tooth has two furrows on the labial side, the anterior furrow is longer and extends 

longer down the crown while the posterior furrow is very short and is one third of the length 

of the anterior furrow. The lingual face consists of a prominent furrow that is hollow and 

shallow that extends only a partial way down the crown and is closer to the occlusal surface. 

This lingual furrow divides the lingual face in a posterior and anterior part. Apart from this 

prominent furrow there are also two furrows present on the lingual side, but are very small 

and do not extend down the lingual crown face. These small furrows are very close to the 

occlusal surface. These furrows are similar to slits in the lingual face and are not deep in the 

crown but are slits on the occlusal surface that continue slightly down the lingual crown face. 
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The anterior furrow (a continuation of the division of the anterior loph on the occlusal 

surface) does not extend as far down the lingual face compared to the posterior furrow.  

However both the anterior and posterior furrows do not extend as far down the lingual 

crown face compared to the prominent middle furrow. This is not observed in Sudamerica 

cheek-teeth where the furrows are observed on both the lingual and labial side and are deep 

in the crown surface and continuous down the crown towards the crown apical tip, 

terminating at the apical root end of the crown. 

In this specimen as the tooth crown is broken it is not possible to observe if the labial face is 

longer than the lingual face, however the labial face is more conserved than the lingual face. 

The labial side of the crown is convex and the lingual side is slightly concave. This feature is 

also observed in upper Sudamerica cheek-teeth. If the tooth was totally preserved it would be a 

robust yet long tooth. 

Root 

It is not possible to observe the root of the tooth crown, as this tooth is not complete. But it 

can be observed that the crown does constrict towards the root end.  The base of the crown 

is broken and the inner core of the tooth is exposed, here it is possible to detect a thick 

enamel wall. The enamel wall of Gondwanatherium cheek-teeth has been observed to have a 

thickness of 0.3mm (Koenigswaldet al., 1999) while studies by Sigogneau-Russell et al. (1991) 

demonstrate that the enamel thickness in Gondwanatherium varied between 426 and 140 µm. 

Sigogneau-Russell et al. (1991) observed that the enamel of Gondwanatherium teeth reached the 

cervical part of the root area and this is also observed here in this tooth, however the tooth is 

not complete and it is broken towards the root end. Under this enamel wall there is a thinner 

layer of enamel and is followed by an inner dentine core that is made up of three longitudinal 

infundibulum or tubes. Also observed in the inner core of the tooth there is a larger cone or 

core that has enamel layer and is larger than the three-dentine tubes.  This tooth may have 

had an open conical root as it is a young tooth.  

 

MACN Pv-RN 23 (See Drawing in Table 1: Appendix B) 

Comments: This tooth was originally described by Bonaparte (1986b) as a complete molar 

or premolar with little wear. It was figured by Bonaparte (1986 Figure 1: B-D; Figure 3D).  

In Figure 1C (Bonaparte, 1986) the side which is figured as buccal, is here interpreted to be 

lingual and in Bonaparte (1986:Figure 1B) the presumed occlusal view buccal side down and 

here is interpreted as occlusal view with lingual side down. Figure 1D is figured as view of 
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root apex by Bonaparte (1986).  Figure 3D is the oblique occlusal view form presumed 

lingual side. 

This material is interpreted here to consist of a very complete single cheek-tooth, with very 

little wear and probably that corresponds to a juvenile individual due to the limited wear on 

the occlusal surface. It is conical in shape and increases in size towards the base of the crown, 

both lingual-labially and mesiodistally.  The conical shape may be an adaptation during early 

growth from juvenile to the adult stage, where an increase in surface area of the tooth aids in 

increased surface area for occlusion. This increased crown base in conical teeth is also 

observed in some caviomorph rodents (Vucetich pers. comm.). Due to the size and 

morphology of the occlusal surface it is possible to consider that this tooth was preceded by 

a smaller deciduous dentition. However, no known deciduous Gondwanatherium teeth have 

been discovered or identified. 

Due to certain characteristics this tooth can be identified tentatively as a right lower mf1 or 

mf2. 

Occlusal surface 

The occlusal surface is asymmetrical, quadrangular in shape and has three asymmetrical 

lophs. These lophs are described as small and circular by Bonaparte (1986) and indicate that 

this tooth has had very little wear, also indicated by the large complete crown. The occlusal 

surface is not evenly flat with distinct wear observed.  

As the tooth is interpreted to belong to a juvenile individual, the occlusal surface is just 

beginning to be defined by the incipient wear it shows. This suggests that perhaps at the time 

of the tooth eruption there was only some slight protuberance or cusps on the occlusal 

surface, which after some wear began to form islets of enamel. After more wear of the 

occlusal surface, three separate enamel figures or lophs are defined or formed. The anterior 

most loph is the largest and is complete forming a C shaped loph with the concavity facing 

posteriorly. The middle loph is also complete and consists of two forms, the larger one is 

oval like in shape and the smaller is circular. The third loph or the posterior loph is smaller 

than the other two and is circular in shape. There are no observable signs of an enamel 

transverse bridge to connect the three lophs. However the anterior loph has a small, enamel 

spur on the posterior lingual arm of the loph that may in later stages of wear form an enamel 

crest or bridge and connect the anterior loph with the middle loph.  

On the middle loph there is a slight indentation in the enamel on the anterior arm that may in 

later stages of wear form an enamel spur and then a crest or bridge that connects the anterior 

and middle loph together.  There is no enamel spurs observed on the posterior loph. 
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The lingual side of the occlusal surface is slightly flat while the labial side is rounded and less 

worn. 

 The enamel border of the lingual tips of the lophs (or cusps of the lingual side of the lophs) 

is worn down towards the crown. This is also observed in lower molariforms of Sudamerica.  

The labial side of the occlusal surface has small enamel cusps observed on the labial lobes, 

observed on the anterior and middle loph. The anterior loph is made up of a small circular 

cusp and the middle loph also has small circular cusps, both have an enamel border and both 

filled in with dentine.  

This little wear reveals that this tooth is still a young tooth that has not undergone significant 

occlusal wear as no enamel bridges have been formed between the enamel lophs on the 

occlusal surface. This is also present in Sudamerica cheek-teeth. 

However from a lingual view or posterior view the lingual side is observed to be taller than 

the labial side. 

The anterior loph is much larger than the posterior loph that is oval shaped but slightly 

elongated in lingual-labially direction.  

It is not possible to discern if the lingual lobes are longer than the labial lobes, as the occlusal 

surface has little wear but if this tooth is indeed a lower right molariform then it would be 

possible to discern that the lingual lobes after later stages of wear would be longer than the 

labial lobes, with the labial lobes higher and less worn than the lingual lobes.  

The lingual lobes end lingually in a pointed edge or point while the labial lobes labially have a 

more rounded as is also observed in lower Sudamerica cheek-teeth.  

There are no labial and lingual synclines present on the occlusal surface. There is no enamel 

islets observed. There are some anterior-posterior wear striations observed on the enamel 

border of the occlusal surface and can be observed on the anterior and posterior enamel 

lophs.  

It is possible to detect on the occlusal surface on the anterior, middle and posterior loph the 

presence of the leading edges that are situated posteriorly on lower molars. In this tooth the 

leading edge of the enamel can be observed on the posteriorly enamel border of each loph 

and the trailing edge situated anteriorly on the anterior border of each loph, as is also the case 

of lower molariforms of Sudamerica and lower molars in multituberculates (Krause, 1982).  

Crown 

The crown is complete and is very long. The crown is very preserved and complete from the 

occlusal surface to the root apical end. The crown does not constrict towards the apical root 

end as observed in Sudamerica cheek-teeth.  The crown of the tooth consists of a thick enamel 
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layer that form furrows that continue longitudinally down the crown, similar to that found in 

Sudamerica and other Gondwanatherium cheek-teeth.  

The furrows are a continuation of the spaces between the enamel lophs on the occlusal 

surface; however these are not filled with cementum longitudinally down the crown.  

This tooth has two furrows present on the lingual side and an anterior furrow and a posterior 

furrow. The anterior furrow does not continue all the way to the end of the crown but ends 

half way down the crown. It is slightly wider in comparison to the posterior furrow. The 

posterior furrow is slightly longer and continues longitudinally down the face of the crown 

but does not extend or reach the tip of the crown or the root end. This is not observed in 

Sudamerica cheek-teeth where the furrows are present on both the lingual and labial side and 

are continuous down the crown towards the crown apical tip and terminate at the apical tip 

edge of the crown. 

The posterior furrow has some cementum at the base of the furrow; however it does not fill 

the whole furrow. There are three longitudinal lophs on the lingual side closer to the occlusal 

surface that then develops into only two lophs towards the base of the crown. It can be 

observed that the anterior loph is slightly larger than the posterior loph.  

At the base of the lingual face of the crown there is a small indentation in the enamel but this 

is not a furrow and this separates the anterior-middle loph with the posterior loph. 

On the labial side there is only one furrow present. The labial crown face consists of two 

longitudinal enamel lophs; a very large anterior loph and a smaller posterior loph. However 

there is a small notch or indent in the enamel near the occlusal surface that may, with later 

wear, form a second furrow on the labial side separating the anterior loph from the middle 

loph. The observable furrow on the labial side lies between the posterior loph and the 

anterior loph. The furrow extends longitudinally down the labial crown face and nearly 

reaches the bottom of the crown near the apical root end. The labial furrow thus extends 

longer down the crown than the posterior lingual furrow. It seems that the lingual face of the 

crown is slightly longer compared to the labial face. This is also observed in other Sudamerica 

lower molariforms.  

In occlusal view a more posterior wear on the occlusal surface is observed, with less wear on 

the anterior loph and more wear on the posterior loph. 

Overall it is interesting to note that the occlusal surface is smaller than the rest of the crown, 

the crown expands and is larger towards the root apical end. This could be a characteristic of 

a young unworn tooth and maybe a deciduous tooth. 
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Root 

It is possible to observe the root apex also figured by Bonaparte (1986: Figure 1D). The root 

apex is bi lobed and consists of two lobes forming a figure 8, with the anterior lobe larger 

than the posterior one. These lobes are surrounded by the thick enamel crown wall with the 

inner root apex of the tooth exposed consisting of a hard substance that may be identified as 

dentine. The root apex is open and wide.  

 

MACN Pv-RN 24 (See Drawing in Table 1: Appendix B) 

Comments: This tooth was originally described by Bonaparte (1986b) as a complete molar 

and figured by Bonaparte (1986: Figure 1E-G, 3D) however  in Figure 1E-G it is referred to 

as specimen MACN Pv-RN 23 but should read MACN Pv-RN 24. It is also figured by 

Krause and Bonaparte (1993; Figure 1 and 3C) and described as a left M2 or lower left 

second molar. 

This material consists of a very complete single cheek-tooth, with very little wear and 

probably represents a very young individual.  

Figure 1F by Bonaparte (1986) considered as buccal is herein interpreted observed to be 

lingual and Figure 1E that is figured as presumed occlusal view buccal side down, is here 

observed as occlusal view with lingual side down. In addition, Bonaparte (1986: Figure 1G) 

included a view of a root apex. Due to certain characteristics this tooth can be identified 

tentatively as a left lower molariform such as a left mf4 (with some morphological 

resemblances to the left mf4 tooth MACN Pv-CH 1932 of Sudamerica ameghinoi).  However 

this tooth may also be considered a deciduous tooth such as a deciduous premolar. 

Occlusal surface 

The occlusal surface is symmetrical, rectangular-like in shape and has two lophs that consist 

of two lingual and two labial lobes. This tooth is relative small compared to the other 

molariforms belonging to Gondwantherium patagonicum and only slightly larger than tooth 

MACN Pv-CH 1932 (left lower mf4) of Sudamerica ameghinoi. The anterior loph on the 

occlusal surface is shaped like a D, with the anterior enamel border, concave and facing 

posteriorly.  

The posterior loph consists of two enamel arms, the anterior-most is straight and elongated 

and the posterior connected labially to the anterior arm and is much smaller and comma-like 

in shape with a convex enamel posterior border.  

The anterior loph is larger than the posterior loph. 
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The lingual lobes are slightly longer than the labial ones and end in a slight point, while the 

labial lobes end in a rounded or square edge. This is also observed in tooth MACN Pv-CH 

1932 of Sudamerica ameghinoi. However MACN Pv-RN 24 may represent a later stage of wear 

compared to MACN Pv-CH 1932 of Sudamerica ameghinoi.  

The occlusal surface is slightly worn down and the posterior part of the occlusal surface has 

more wear that also occurs in MACN Pv-CH 1932 Sudamerica ameghinoi.  

The anterior and posterior loph are not joined together via an enamel bordered bridge or a 

transverse parasagittal enamel crest as in MACN Pv-RN 22. However there is a small enamel 

spur observed on the posterior enamel arm of the anterior loph closer to the labial edge of 

the occlusal surface. This in later stages of wear may form an enamel bridge between the 

anterior and posterior lophs, as seen in worn older Gondwantherium teeth such as MACN 

Pv-RN 1029. 

There are no synclines on the occlusal surface. There is an enamel islet on the anterior loph 

and on the posterior loph but this could represent an enamel islet type 1 as observed in 

Sudamerica ameghinoi molariforms (e.g. Koenigswaldet al., 1999) and also observed in the 

gondwanatherian tooth fragments from Madagascar and India (Krause et al., 1997). Here the 

enamel islet extends farther down the crown, also observed in the Indian gondwanatherian 

specimen (Koenigswaldet al., 1999 Fig. 12A) where the enamel islet extends down the crown 

nearly approaching the base of the crown. In this specimen there is little cementum observed 

in the centre of the enamel islet or surrounding the enamel islet. This enamel islet may be in 

fact an infundibulum filled with cementum. This is also observed in Sudamerica cheek-teeth 

and the Indian specimen (Krause et al., 1997). There is also a slight circular indent or islet in 

the enamel of lingual arm of the posterior loph. This islet is very small. 

It is difficult to see the wear on the occlusal surface however there is more wear posteriorly. 

This tooth may represent an early stage of wear.  

It is not possible to observe the leading and trailing edge of the enamel, as the dentine is not 

present on the occlusal surface. 

Crown 

The lingual side of the crown is slightly convex and the labial side is slightly concave. The 

posterior wall is slightly convex. There is no distinct bend of the crown on the posterior face 

forming a concavity of the face of the crown as observed in Sudamerica ameghinoi. This 

specimen of Gondwanatherium may represent a later stage of wear, with the crown worn closer 

to the base.  
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The crown of the tooth consists of a thick enamel layer that form enamel folds down to the 

apical tip of the crown. In between these folds there are furrows that are a continuation of 

the spaces between the enamel lophs on the occlusal surface, but these furrows are hollow 

and not filled with cementum down the crown. This tooth has two very small furrows on the 

labial side that do not extend all the way to the apical root end. The anterior furrow is similar 

to a slit or crevice in the occlusal surface and is slightly longer than the posterior furrow that 

does not extend down the crown at all but is only located close to the occlusal surface on the 

labial side of the crown.  

On the lingual face of the crown there are also two furrows that extend longitudinally down 

the face of the crown and are much longer than those on the labial face of the crown. The 

anterior furrow is very deep in the crown face and extends approaching the base of the 

crown approximately 2/3 down the crown face. The anterior furrow is thicker and deeper 

near the occlusal surface and then closer to the base it is much narrower. The posterior 

furrow does not extend as far down the crown face like the anterior furrow, however it is 

also deeper in the crown face near the occlusal surface and then becomes smaller and less 

deep as it extends down the crown face. These furrows are not filled with cementum as is 

observed in molariforms of Sudamerica ameghinoi.  

The lingual face of the tooth is more continuous and longer than the labial face. This is also 

observed in other gondwanatherian teeth. At the apical tip of the crown the enamel edges of 

the crown become constricted and the width of the crown decreases, as if this is the 

beginning of the formation of a closed root. At the apical tip or root end it is possible to 

observe the thickness of the crown walls that form two furrows in other observed teeth are 

filled with dentine. 

Root 

The width of the crown is uniform in thickness down the crown from the occlusal surface 

towards the apical tip of the crown, but begins to narrow. The apical root end is open and 

round but more constricted than the occlusal surface. However there is no evidence of the 

presence of a closed root. It is possible to view the root apex also figured by Bonaparte 

(1986: Figure 1G).  

At the root apex there are two hollow furrows that are divided by an enamel wall and this is 

also observed in MACN Pv-RN 23 and the broken tooth MACN Pv-RN 1027 and in  

MACN Pv-CH 1932 (Sudamerica ameghinoi). These inner canals or furrows in the tooth crown 

are hollow however a layer of enamel is present closer to the core of the tooth next to a thick 

layer of dentine. In MACN Pv-CH 1932 of Sudamerica ameghinoi there are also two hollow 
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furrows in the root apex that are divided by an enamel wall and surrounded by a thinner layer 

of enamel and a thinner dentine layer. 

 

MACN Pv-RN 25 (See Drawing in Table 1: Appendix B) 

Comments: This tooth is not complete and has been naturally sectioned longitudinally down 

the crown into two sections. The two longitudinal sections expose the enamel distribution of 

the longitudinal enamel lophs and furrows. The tooth is also missing part of a longitudinal 

loph.  

This tooth was originally described by Bonaparte (1986) as an anteroposteriorly sectioned 

molar or premolar and figured as Figure 3C as a mesio-distally sectioned tooth. This tooth is 

a medium to large tooth; it is broken into two sections longitudinally and can be identified 

tentatively due to other characteristics, such as relative large size, straight crown face and 

distinct occlusal morphology and occlusal wear, as an upper molariform and as a tentatively 

as a left upper MF2. This tooth is similar to MACN Pv-RN 22. 

Occlusal surface 

The occlusal surface is asymmetrical and rectangular in shape and consists of two lophs and a 

broken third loph or posterior loph. The occlusal surface consists of thus three lophs each 

consisting of a lingual lobe and a labial lobe. This is also observed in Sudamerica molariforms.  

The posterior most loph forms an elongated C-shaped figure and is made up of a long 

posterior arm and a smaller anterior arm. The posterior enamel border of the loph forms the 

longer arm of the C and the smaller anterior arm extending from the labial part of the 

occlusal surface forms the smaller arm of the C. The anterior loph is broken but would have 

been a V-shaped or fork shaped figure with the apex of the V pointing labially, the arms of 

the V extended lingually, similar to MACN Pv-RN 22. This bifurcated fork-shaped structure 

is similar to the one found in the anterior loph of lower Sudamerica molariforms.  

The middle loph is lingual-labially extended across the occlusal surface. It consists of an 

enamel border in filled with dentine. However it is broken down the middle of the loph and 

split in a labial-lingual direction. This break is also observed lingually down the side of the 

crown.  

The labial lobes end with a pointed apex while the lingual lobes have a more rounded apex. 

The lingual side of the occlusal surface is less worn and higher than the flatter labial side. The 

lingual lobes end in rounded cusps as in MACN Pv-RN 22 and MACN Pv-RN 23. The labial 

lobes extend labially and the labial tips of the labial lobes are very pointed but do not form 

small enamel cusps on the edge of each loph, similar to MACN Pv-RN 22 and MACN Pv-
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RN 23, this is also observed in Sudamerica cheek-teeth on both the lingual and labial ends of 

each loph.  

This demonstrates that this tooth is a young tooth and has not undergone significant occlusal 

wear. No enamel bridges have been formed between the enamel lophs on the occlusal 

surface. This is also similar to other unworn Gondwanatherium and Sudamerica cheek-teeth. 

It is not possible to establish if the anterior loph is much larger than the posterior loph, as the 

anterior loph is broken however the anterior loph is large. It can also be observed that the 

middle loph is slightly longer in a lingual-labial direction compared to the other two lophs.  

The occlusal surface is not evenly worn flat and it is possible to discern that the lingual lobes 

are slightly less worn than the labial lobes, this is also observed in upper Sudamerica 

molariforms.  

There are no lingual synclines present on the occlusal surface as observed on Sudamerica 

cheek-teeth.  

There is one enamel islet observed between the middle and anterior lophs and this is circular 

in shape and continues deep down the crown, exposing cementum and may be homologous 

to enamel islet type 3 that appears in Sudamerica molariforms (e.g. Koenigswaldet al., 1999). 

The enamel islet type 3 originates at the very base of the tooth from a syncline in Sudamerica 

molariforms and also is common in extant rodents like Hystryix or Castor (Koenigswaldet al., 

1999) and is believed to be formed in a very late stage of attrition. As this tooth is sectioned 

longitudinally down the crown, it is interesting to note that this islet can be observed to have 

a cementum base and then be surrounded by thick enamel wall. In longitudinal view the 

cementum at the base of the islet is present and the thick enamel wall of the crown surrounds 

this. This also may be an infundibulum as observed in other Gondwantherium cheek-teeth and 

in Sudamerica cheek-teeth. 

There are some anterior-posterior wear striations observed on the enamel border of the 

occlusal surface and can be observed on the anterior and middle enamel lophs.  

As the tooth is broken longitudinally it is difficult to observe the leading and trailing edges on 

the occlusal surface.  

Crown 

The crown is not completely conserved and the tooth is broken into two longitudinal 

sections whereby the inner dentine, cementum and the enamel layer are exposed. The 

anterior face of the crown is also broken; here the inner dentine that is present under the 

enamel outer layer can be observed. 
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The crown of the tooth consists of a thick enamel layer that forms furrows that continue 

down towards the apical tip of the crown but do not reach the apical base of the crown. The 

furrows are a continuation of the spaces between the enamel lophs on the occlusal surface 

but are not filled with cementum longitudinally down the crown.  

Between each loph there are deep furrows that also extend longitudinally down the face of 

the crown. There are two deep furrows on the labial side of the crown and on the lingual 

surface of the crown. These furrows are deep on the labial side of the occlusal surface 

compared to the furrows in between each loph on the lingual side. 

This tooth has two furrows on the labial side, the posterior furrow is longer and extends 

longer down the crown while the anterior furrow is shorter and is one approximately half the 

length of the posterior furrow. There are also two furrows present on the lingual side, but 

very small and do not extend down the lingual crown face but are very close to the occlusal 

surface. This is not observed in Sudamerica cheek-teeth, where the furrows are observed on 

both the lingual and labial side and are continuous down the crown down to the crown apical 

tip and terminate at the apical tip edge of the crown. As the tooth crown is broken it is not 

possible to observe if the labial face is longer than the lingual face, however in this tooth it 

can be observed that the labial face is more conserved and slightly longer than the lingual 

face.  

If this tooth were complete, then the labial side would be longer than the lingual and this is 

also observed in Sudamerica molariforms. Also observed is that the lingual side of the crown is 

slightly concave and the labial side is slightly convex. This feature is also observed in upper 

Gondwanatherium and Sudamerica cheek-teeth.  

The inner face of the labial side consists of a thick enamel wall. Also preserved are inner 

tubes or infundibulums that are made of enamel and may be partially filled with cementum.  

Root 

It is not possible to observe the apical root end of the tooth crown, as this tooth is not 

complete. But it can be observed that the crown does constrict towards the root end.  The 

base of the crown is broken and the inner core of the tooth is exposed. Sigogneau-Russell et 

al. (1991) observed that the enamel reached the cervical part of the root area and this is also 

observed here in this tooth, however the tooth is not complete and it is broken towards the 

root end. Under this enamel wall there is a thinner layer of enamel and this is followed by an 

inner dentine core that is made up of two longitudinal cones that do not reach the apical root 

end of the tooth.  
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MACN Pv-RN 26 (See Drawing in Table 1: Appendix B) 

Comments:  This material consists of a broken single cheek-tooth, with very little wear and 

probably represents a young individual. It is similar in size to MACN Pv-RN 24 (lower left 

m4) but it can be tentatively identified as a left lower mf4 and is also very similar to the left 

mf4 MACN Pv-RN 24, it also may be a broken lower right molariform mf2 or mf3.  

Occlusal surface 

The occlusal surface is symmetrical, square-like in shape and has two lophs, anterior and 

posterior, both composing of two lingual and two labial lobes. However the anterior loph is 

broken. This tooth is relative small compared to the other molariforms belonging to 

Gondwantherium patagonicum and as large as MACN Pv-RN 24. The posterior loph on the 

occlusal surface is shaped like a D where the anterior enamel border is convex and the 

posterior enamel border straight. The straight border comes in contact with the convex 

anterior border forming a closed D-shape form.  

The anterior loph is broken but may have consisted of two enamel borders the most anterior 

is broken and the posterior is straight and elongated and very similar in shape to the anterior 

loph of MACN Pv-RN 24. The anterior loph may have been larger than the posterior loph as 

observed in MACN Pv-RN 24. 

The lingual lobes are slightly longer than the labial ones and end in a slight point, while the 

labial lobes end in a rounded and even can be considered slightly squared edge. This is also 

observed in MACN Pv-RN 24 and tooth MACN Pv-CH 1932 of Sudamerica ameghinoi. 

However this tooth seems to represent a younger stage of wear compared to MACN Pv-RN 

24 as it has small preserved cusps on the occlusal surface. These cusps are not flattened as in 

MACN Pv-RN 24 but are rounded and less worn.  

The occlusal surface is slightly worn down but as the anterior loph is not complete it is not 

possible to observe if the posterior or anterior part of the occlusal surface is more worn. It 

seems there is more wear posteriorly as in MACN Pv-CH 24. The anterior and posterior 

loph are not joined together via an enamel bordered bridge or a transverse parasagittal 

enamel crest. There is a small enamel spur observed on the anterior arm of the posterior loph 

lingually. This spur in later wear may form an enamel bridge between the anterior and 

posterior loph. There are no synclines observed on the occlusal surface.  

There is an enamel islet observed on the posterior loph and this could represent an enamel 

islet type 1 as observed in Sudamerica ameghinoi molariforms (e.g. Koenigswaldet al., 1999) and 

also observed in the gondwanatherian tooth fragments from Madagascar and India (Krause 

et al., 1997). Here the enamel islet extends farther down the crown and this was also 
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observed in the Indian specimen (Koenigswaldet al., 1999 Fig. 12A) where the enamel islet 

extends down the crown nearly approaching the base of the crown. In this specimen like in 

MACN Pv-RN 24 there is little cementum observed in the centre of the enamel islet or 

surrounding the enamel islet.  

It is difficult to discern the occlusal wear on the occlusal surface as this tooth represents a 

young tooth and an early stage wear.  

It is not possible to observe the leading and trailing edge of the occlusal surface.  

Crown 

The lingual side of the crown is slightly convex and the labial side is slightly concave. The 

lingual side of the crown is more preserved than the labial side. The posterior end of the 

crown is slightly convex. The crown of the tooth consists of a thick enamel layer that form 

enamel folds or lophs down the base of the crown.  In between these folds there are furrows 

that are a continuation of the spaces between the enamel lophs on the occlusal surface. 

However these furrows are hollow and not observed to be filled with cementum 

longitudinally down the crown. This tooth has a very small observable furrow on the labial 

side that does not extend all the way to the apical root end. As the anterior part of the tooth 

is broken it is not possible to observe if there is another furrow on the labial side of the 

crown as observed in MACN Pv-RN 24. The furrow on the labial face is more like a cut or 

crevice in the occlusal surface and it does not extend down the crown at all but is only 

located close to the occlusal surface on the labial side of the crown.  

On the lingual face of the crown there is one furrow preserved that extends longitudinally 

down the face of the crown and is much longer than the furrow on the labial face of the 

crown. The anterior longitudinal lingual furrow is very deep in the crown face and extends 

approaching the base of the crown. The anterior furrow is thicker and deeper near the 

occlusal surface and then closer to the base it is much narrower. It is not possible to observe 

another lingual furrow as the anterior section of the tooth is broken, however if this tooth is 

similar to tooth number MACN Pv-RN 24 then the lingual face has two furrows and the 

labial face has only one. These furrows are not filled with cementum but do have some 

cementum at the base of them. It is not possible to observe if the lingual face of the tooth is 

more continuous and longer than the labial face as the labial face is also broken.  

At the apical tip of the crown the enamel edges of the crown become constricted and slightly 

narrower. The width of the crown decreases as if this is the beginning of the closure of the 

open root. At the apical tip or root end it is possible to observe the inner thickness of the 

crown walls that covers the inner dentine tubes.  
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Root 

The width of the crown is similar down the crown from the occlusal surface towards the 

apical tip of the crown, but begins to narrow. Here an open apical root end is observed, 

however there is no evidence of a closed root formed. It is possible to view the root apex, 

however it is not intact. At the root apex there are three furrows that are hollow and are 

divided by a cementum or dentine wall. These inner canals or furrows in the tooth crown are 

hollow however these are surrounded by a layer of enamel.  In tooth MACN Pv-CH 1932 of 

Sudamerica ameghinoi there are also two hollow furrows in the root apex that are divided by an 

enamel wall and surrounded by a thinner layer of enamel and a thinner dentine layer. 

 

MACN Pv-RN 703  

Comments: Temporarily misplaced and not in the MACN collection 

 

MACN Pv-RN 704 

Comments: Temporarily misplaced and not in the MACN collection 

 

MACN Pv-RN 705 

Comments: Temporarily misplaced and not in the MACN collection 

 

MACN Pv-RN 970 (see drawing in Table in Appendix B) 

Comments: This tooth is considered as MACN Pv-RN 254 by Krause et al, 1992. It is a 

complete incisor. See below. 

 

MACN Pv-RN 1024 (see drawing in Table in Appendix B) 

Comments: This is a very fragmentary tooth and can not be described in detail. It seems to 

have a closed root with apical tip and enamel on crown. 

 

MACN Pv-RN 1025 (see drawing in Table in Appendix B) 

Comments: This is a lower left molariform with a convex lingual side and a concave labial 

side. It could also be a right upper molariform such as MACN Pv–RN 22 with a concave 

lingual side and a convex labial side and a flat lingual occlusal surface and a higher labial 

occlusal surface.  
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Occlusal surface 

It has a broken posterior loph and a broken anterior crown face. The middle loph is I-shaped 

and extends transversally across from the lingual to labial side of the occlusal face.  The long 

middle loph consists of three cusps that are oriented in a lingual-labial direction. The cusp on 

the lingual side is much bigger than the other two cusps. The anterior loph is C-shaped and 

consists of six cusps. There are three cusps on the lingual lobe (cusps 1, 2 and 3), two cusps 

on the middle of the loph (cusps 4 and 5) and one cusp on the labial lobe (cusp 6). The three 

cusps on the lingual lobe form a triangular pattern or V-shaped pattern with one cusp on the 

apex (lingual) and two cusps on the arms of the V that extend labially. The two middle cusps 

(4 and 5) are nearly on the same level; however the cusp 4 is slightly more lingual than cusp 5 

that is circular and less worn. Cusp 6 forms the apex of the C-shaped anterior loph and is 

worn flat. 

Crown 

The apical end of the crown is broken but the crown has a distinctive convex lingual 

curvature similar to MACN Pv-RN 1029. The tooth has three longitudinal lophs on the 

lingual side preserved; however the enamel layer on the labial face is missing. The lingual face 

of the crown has two preserved furrows. The most posterior furrow is the longest and 

extends 3/4 of the total length of the crown. The anterior furrow is smaller and extends half 

the length down the crown. It is not possible to observe the furrows on the labial side as the 

tooth is broken. However, there may have been only one furrow present not as deep and it 

might correspond to the crevice found in between two dentine tubules. 

Root 

No root is preserved. 

 

MACN Pv-RN 1026 (see drawing in Table in Appendix B) 

This specimen consists of a very fragmented longitudinal loph from a Gondwantherium 

molariform. The occlusal figure is preserved and consists of a single loph. It seems that this 

may represent either an anterior or posterior loph due to the presence of an enamel islet type 

1 that is usually found on the caps of the anterior or posterior lophs of Sudamerica 

molariforms. This figure has a V-shaped apex consisting of two enamel borders. In between 

there is dentine is present that is continuous longitudinally down the tooth crown. The 

enamel islet is oval in shape and is also infilled with dentine. In occlusal view dentine is 

observed surrounding the enamel islet and this layer of dentine is also observed longitudinally 

down the loph surrounding the enamel wall from the enamel islet. This continues down the 
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loph approaching the base of the crown but not reaching the root apex. This type of enamel 

islet is observed in gondwanatherian teeth fragments from Madagascar and India (Krause et 

al., 1997). The enamel islet is filled with cementum on the occlusal surface but may be hollow 

further down the crown. As this tooth fragment is longitudinally sectioned it is possible to 

observe the posterior inner face of this loph and how it is made up of folds of enamel and 

sections of dentine between the folds.  

 

MACN Pv-RN 1027 (see drawing in Table in Appendix B) 

Comments: It is a fragmented molariform that is not complete. It is broken on the occlusal 

surface and down the face of the crown. It is difficult to discern if it is an upper or a lower 

molariform. This molariform has a similar occlusal surface compared to MACN Pv-RN 1029 

and thus it is tentative a right upper molariform. However due to the occlusal surface, 

there is limited wear and may be a very young tooth or deciduous tooth. 

On the occlusal surface there are four enamel islets similar to MACN Pv-RN 1029. It has 

three large circular enamel islets on the lingual side and a large circular enamel islet on the 

labial side with a large enamel border that continues down the face of the crown labially.  

From the three enamel islets on the lingual side, the middle islet is larger and oval shape, the 

posterior lingual islet is also large and oval shaped and the anterior lingual islet is circular and 

smaller than the other two. The enamel border on the labial part of the occlusal surface may 

in later stages of wear form a longitudinal furrow down the crown face.  

The labial side of the crown is convex and the lingual side is slightly concave. This is 

characteristic of an upper molariform. The lingual side of the crown is longer and curves 

downwards towards the apical root end. 

It could be a right upper molariform as the enamel islets are opposite to those found on 

MACN Pv-RN 1029 (a left upper molariform). It is difficult to note the wear on the occlusal 

surface however the root area is constricted and this tooth may represent a later stage of 

wear, similar to MACN Pv-RN 1029.  

 

MACN Pv-RN 1028 (see drawing in Table in Appendix B) 

Comments: This is a very incomplete tooth; it is broken and can not be identified.  

This tooth consists of a segment of an enamel crown or loph with a long furrow and perhaps 

dentine. The inner section of dentine is exposed due to the breakage. 
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MACN Pv-RN 1029 (see drawing in Table in Appendix B) 

Comments: This is a very complete tooth, it preserved a complete closed conical root and 

may represent an upper left molariform and may represent a later stage of wear. 

Occlusal surface 

This tooth has a very flat occlusal surface that is worn down. It is very symmetrical and 

square-like in shape. The occlusal surface can be divided into a smaller anterior loph and a 

larger posterior loph. There are four distinct enamel islets present on the occlusal surface, all 

are oval-shaped. Three enamel islets are lined across the occlusal surface and a fourth enamel 

islet lies labially behind the most posterior enamel islet and lies closer to the labial end of the 

posterior loph. The more labial enamel islet is circular in shape and slightly smaller than the 

three oval enamel islet.  

The enamel islets are somewhat deep down the crown and filled in with cementum base. 

Surrounding the enamel islets there is a layer of exposed dentine.  

The anterior loph is C-shaped with the apex of the C facing anteriorly and the concavity of 

the C facing posteriorly. The anterior loph is joined to the posterior loph by a labial enamel 

bridge or crest. The posterior loph is also C-shaped but much larger than the anterior loph. 

The apex of the C figure is facing posteriorly and the concavity of the C facing anteriorly.   

There is a labial syncline, formed on the labial side of the enamel bridge that connects the 

anterior loph with the posterior loph. 

As this enamel bridge is present, it can be inferred that this tooth represents a much later 

stage in wear. As the occlusal surface presents wear, it is possible to observe the leading and 

trailing edges present between the enamel and dentine contact. On the anterior enamel 

border of the anterior loph a leading edge is observed and on the posterior border of the 

posterior loph a trailing edge is observed where the dentine forms a step with the enamel 

border (e.g. Krause, 1982). 

Crown 

The labial face of the crown is slightly convex and has a small furrow close to the occlusal 

surface that divides the anterior loph from the posterior loph. The occlusal face is large and 

the crown constricts dramatically forming a thin conical root covered in cementum. 

The lingual side of the face is slightly concave and has a furrow that runs longitudinally down 

the face of the crown but is not very deep as in other upper Gondwanatherium cheek-teeth.  

The crown has a distinct posterior curvature and the apex of the crown is covered by a thick 

layer of cementum that also seems to infill the shallow furrow on the lingual side of the 

crown. The posterior face of the crown near the occlusal surface has enamel wear. 

 360



Chapter 7 Analysis and interpretation of Gondwanatheria from Argentina 

Root 

This tooth has a distinct conical root covered by a layer of cementum. The crown of the 

tooth constricts half way down where the root is present.  The cementum is very thick but 

not evenly distributed on the root apex and has cracked over time. The apex of the root is 

very conical and very narrow compared to the occlusal surface. The root apex seems to 

consist of two lobes or tubes covered by cementum. 

The root is closed and conical covered by a cementum layer; this tooth thus represents a later 

stage of wear belonging to an older animal. The tooth may have been at the stage where the 

crown was not growing and thus just wearing down due to attrition. 

MACN Pv-RN 1030 (see drawing in Table in Appendix B) 

Comments: This is a very incomplete tooth; it is broken and can not be identified.  

It is a long conical tooth with a pointed tip and an open root. The crown is covered by a 

thick layer of enamel and may be a deciduous incisor. It has wear on the mesial end at the tip. 

The medial side is concave, the lateral side is convex. 

The base of the tooth widens at the root.  The dorsal edge of the incisor is almost straight 

with no distinct curvature; the ventral edge is slightly concave. 

 

MACN Pv-RN 1031 (see drawing in Table in Appendix B) 

Comments: This is a very incomplete tooth; it is broken and can not be identified. It is a 

long conical tooth with a pointed tip and it is similar to MACN Pv-RN 1030. However it has 

a very flat slight concave medial side and a slightly convex lateral side. It is not as curved as 

MACN Pv-RN 1030. There is a lot of wear on the flat medial side. This side may also be 

broken.  The root is open and the tooth is wider at the base of the crown. It could be a left 

incisor and it is laterally compressed and small. 

7.6.d Morphology and size of lower incisor 

In the MACN collection there are two tentative specimens referred to as Gondwantherium 

patagonicum lower incisors; a complete large lower incisor MACN Pv-RN 970 that also known 

as MACN Pv-RN 254 and a broken lower incisor MACN Pv-RN 971.  

The incisor MACN Pv-RN 254 was initially identified as a large laterally compressed incisor 

assigned to Ferugliotherium windhauseni (Bonaparte, 1990a), however due to its large size it is 

probably referable to Gondwantherium patagonicum (e.g. Krause et al., 1992). 

The incisor MACN RN-PV 254 is described in detail by Krause et al. (1992) and is covered 

by thick enamel,  similar to that found in Sudamerica incisor (e.g. Koenigswaldet al., 1999).   

Gondwantherium incisor enamel was also studied in detail by Koenigswaldet al. (1999), 
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(however in their paper they do not note the incisor origin or catalogue number) and was 

observed to be made up of two types of enamel: radial and tangential. 

 

MACN Pv-RN 970/ MACN Pv-RN 254 (see drawings in Table 1, Appendix B) 

This large incisor was recovered in a two square meter area that contained four different 

molariform type cheek-teeth assigned to Gondwantherium patagonicum in the La Estancia Los 

Alamitos, a locality that measures only 500 by 50 meters, thus as stated by Krause et al. 

(1992) it is most likely that all the remains are from the same individual. 

Crown 

This is a large laterally compressed incisor and is not complete. It is missing the anterior tip 

and posterior portion. This incisor is curved and as stated by Krause et al. (1992) judging by 

the curvature and cross-section shape this can be attributed to a lower incisor from the right 

side. In coronal cross section, the crown is oval in shape and is narrower dorsally than 

ventrally, with a concave medial side and a convex lateral side (e.g. Krause et al., 1992). 

Enamel is present on the entire length of the tooth but only totally on the ventral side of the 

tooth, however on the lateral side enamel is present half way of the crown height and only 

present about one-fifth of the height of the tooth on the medial side as observed by Krause 

et al. (1992). 

Apex 

Anteriorly a large wear facet is present and this may have formed from contact with the 

upper incisor. This wear facet presents prominent longitudinal grooves each with parallel 

striations (e.g. see Krause et al., 1992: Fig 5.C). 

Incisor measurement 

The preserved tooth length is approximately 40mm long, but as stated by Krause et al. (1992) 

that presumably before breakage the incisor may have been 50mm long. 

The height of the incisor along its length is consistent and it measures approximately 6.5mm 

at the widest point (in a lingual to labial direction), approximately 6.3mm (in a dorsal to 

ventral direction). Its width is 3.1mm. 

Root 

The distal portion preserved of MACN Pv-RN 254 does not give any indication if there is a 

distal narrowing towards a closed root. The enamel present on the incisor extends down 

towards the alveolus but did not cover the preserved tip of the crown that is worn due to 

attrition. However as observed by Krause et al. (1992) the possibility that this incisor was 

evergrowing and thus possessed open roots, can not be ruled out. Rodents possess 
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evergrowing incisors with open roots and multituberculates are also known to possess 

evergrowing teeth with open roots, however Jepsen (1937) observed that multituberculates 

differ from rodents by possessing incisors with closed roots and thus were not evergrowing. 

Kielan-Jaworowska et al. (1987) observed the p4 of Arginbaatar to have open roots and thus 

assumed it was an evergrowing tooth that continued erupting throughout life. It is also 

possible to note that multituberculates may have had evergrowing incisors (e.g. Krause et al., 

1992). However Szalay (1965) observed in the left jaw of the multituberculate Ptilodus a 

deciduous incisor with the root firmly implanted in the jaw. This demonstrates that the 

deciduous incisor of some multituberculates were not evergrowing. Other multituberculates 

such as Ctenacodon from Morrison Formation (Upper Jurassic), Dinosaur National 

Monument, Utah, have incisors with roots and possess an alveolus for I2 that contains a 

large root with an oval cross section and a single- rooted I3 present in the premaxilla 

(Englemann, 2004). 

Incisor microstructure 

The enamel of the incisor MACN Pv-RN 254 is thin and has been observed by Krause et al. 

(1992: Figure 5E) to have no traces of prism decussation in the enamel. The enamel 

microstructure consists of small circular prisms that are arranged in rows, separated by inter-

row sheets of interprismatic material.  

The Gondwanatherium enamel incisor was also studied by Koenigswald et al. (1999) however 

no exact specimen number was given in their study. The authors stated that the enamel is 

comprised of radial and tangential enamel and the prisms are well developed in its entire 

thickness with a more distinct schmelzmuster compared to Sudamerica incisor. 

In Gondwantherium incisor studied by Koenigswaldet al. (1999) a “neutral area” was observed 

to contain radial enamel in the entire thickness of the enamel band. The “neutral area” was 

observed to occur laterally from the most labial point of the enamel band and found to be 

more extended, while in Sudamerica the “neutral area” is mesial and less extended. 

Koenigswaldet al. (1999: 284) stated that the Gondwantherium incisor has radial enamel with 

prisms that “rise to the occlusal surface”. 

Tangential enamel was found on the Gondwantherium incisor studied by Koenigswaldet al. 

(1999) and was found to occur towards both sides of the incisor in a layer of increasing 

thickness. On the mesial side of the incisor both tangential and radial enamel occurs, here the 

tangential enamel is underlain by inner radial enamel, however there is a point where the 

tangential enamel covers the entire thickness of the enamel band. Koenigswaldet al. (1999) 

observed that the prisms of the tangential enamel are orientated mesially in the mesial part of 
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the incisor and laterally in the lateral part of the incisor and this occurs in reverse for the 

Sudamerica incisor. 

Krause et al. (1992) studied a longitudinal section of MACN Pv-RN 254 and observed 

however only radial enamel, with Koenigswaldet al. (1999) stating that this information 

cannot be evaluated properly as the exact position of this longitudinal section studied is not 

given. Various parameters of the enamel microstructure of MACN Pv-RN 254 were also 

observed by Krause et al. (1992: Table 1) and compared with Ferugliotherium windhauseni, these 

parameters were observed to fall in the similar value range to those obtained for F. 

windhauseni.  

 
MACN Pv-RN 971 (see drawing in Table in Appendix B) 

Comments: This is a large complete incisor. It is very worn with an open root. If it belonged 

to Gondwanatherium then this incisor represents an evergrowing incisor. However, as it is small 

and very worn down, it might be broken at the apical root end or it could be a smaller upper 

incisor. 

This tooth could represent a right lower incisor or a left upper incisor.  

Crown 

It is very large and laterally compressed; the tip of the tooth is conserved mesially. It has 

definite wear on the mesial tip and in cross section is oval in shape with a rounded ventral 

end and pointed dorsally. 

It is also narrower dorsally than ventrally. It has a concave medial side and convex lateral 

side. The enamel is present only on the lateral side and 3/4 of the length of the lateral side. 

Along the ventral edge of the tooth it is concave and along the dorsal edge it is convex. 

No significant wear facet is observed as in MACN Pv-RN 970. 

Root 

At the distal end of the tooth the crown narrows. Thus the root is slightly closed. This tooth 

may belong to an older individual in that the tooth growth is slower than the wear inflicted 

on the tooth, thus the tooth is worn down low. 

The incisor measures approximately 10.20mm in length, 4.6 mm in height and 3.2mm in 

width. 

Morphology and orientation of Gondwantherium cheek-teeth 

All known Gondwantherium teeth are isolated and have been previously assigned to premolars 

and molars based on comparisons between multituberculate dentition (Bonaparte, 1986; 

Krause and Bonaparte, 1993). Gondwantherium cheek-teeth have been described as m1 and m2 
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(e.g. M1s and M2s Krause and Bonaparte, 1993) and as molars, complete molars and 

premolars (e.g. Bonaparte, 1986).  

However based on similarities with Sudamerica and based on the limited fossil record, 

Gondwantherium teeth should be termed as molariforms. It can be presumed that like 

Sudamerica, Gondwanatherium may have only had eight cheek-teeth morphologies 4 lower 

cheek-teeth and four upper cheek-teeth. Thus the isolated cheek-teeth from the MACN 

collection have been assigned tentative molariform positions, these positions are based on 

similarities with Sudamerica cheek-teeth morphologies (Koenigswald et al., 1999). The 

tentative lower dental formula of Gondwantheium patagonicum like Sudamerica ameghinoi would be 

mf1-4 and the upper dental formula would be Mf1-4. 

However if isolated Gondwantherium cheek-teeth are assigned to premolar loci or to deciduous 

teeth then the lower and dental formula will change. 

mf1 

The morphology of the Sudamerica mf1 is based on the anterior most cheek-tooth in the 

Sudamerica ameghinoi jaw (MPEFCH 549). From above, or from an occlusal view the most 

anterior tooth observed in the jaw MPEFCH is more slender or constricted in the anterior 

portion, it is substantially longer than wider and broader mesially than distally.  

Gondwantherium patagonicum MACN RN-PV 23 is considered a tentative lower right mf1. 

This tooth like Sudamerica ameghinoi mf1 is characterized by a clear asymmetry on the occlusal 

area. The occlusal area is flat but somewhat higher in the lingual side (for a left mf1) and 

more worn down in the labial side. However this may be initial wear as this is a young tooth 

and we may find that in older mf1s the lingual lobes are flatter and longer than the labial 

lobes. The occlusal surface has three lingual lophs and two clear labial lophs. However in this 

specimen there is no forked pattern in the anterior most loph as in Sudamerica mf1s. The 

labial lobes of each loph are also shorter than the lingual lobes. On the occlusal surface there 

is a lingual syncline between each loph that extends down to the base of the crown and some 

specimens may show variations of a shallow labial syncline at the anterior cap. It is more 

obvious at the lower part of the crown (Koenigswald et al., 1999).  

This tooth does show some variation on the occlusal surface on the anterior border of the 

anterior loph. The anterior cusp is usually very rounded. 

As observed by Koenigswald et al. (1999) for the S.ameghinoi mf1s, the Gondwantherium mf1 

cheek-teeth in lateral view are also somewhat inclined backwards. This, they suggest occurs in 

Sudamerica as the occlusal surface is oblique to the growing axis, with the tooth curving 

strongly backwards at the base of the crown.  
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This also implies that this inclination of the tooth may indicate that mf1 may have erupted 

with a rotation and the tooth erupted first upwards and then rotated backwards. This they 

suggest also supports the inferred backward movement of the jaw during the power stroke. 

The tooth has only one conical root even though the occlusal surface is multilobed. However 

in this specimen the base of the crown is very open and wide, no closed root is observed, 

thus representing a young tooth type. 

As stated by Koenigswald et al. (1999) the occlusal surface of mf1 of Sudamerica ameghinoi with 

the “forked” structure of the anterior most loph is also found in teeth belonging to 

Ferugliotherium windhauseni and this suggests homology between these teeth. However no 

forked pattern has been observed in any large molariforms assigned to Gondwanatherium 

molariforms housed at MACN, but could however be the case for Gondwanatherium. 

The Gonwantherium mf1s are also laterally compressed, large cheek-teeth similar to S. ameghinoi 

mf1s.  

mf2 

There are no Gondwanatherium cheek-teeth identified as mf2s. In comparison the occlusal 

surface of Sudamerica mf2 is characterized by the presence of three lophs and is more 

symmetrical than mf1. The specimen MACN Pv-RN 25 belonging to G. patagonicum is also a 

three lophed cheek-tooth. This tooth has a large anterior loph and a long middle loph; 

however it is not possible to note if the posterior loph is longer than the anterior loph as it is 

broken and is here identified as an upper left MF2. In Sudamerica mf2s, however the anterior 

loph is larger than the posterior loph, but the middle loph is longer in a labial-lingual 

direction. In MACN Pv-RN 25 the occlusal area is flat but somewhat flatter in the lingual 

side (for a left mf2) and less worn down in the labial side.  In the MACN Pv-RN 25 

belonging to G. patagonicum the lingual lobes seem longer than the labial lobes (in a labial 

lingual direction).  

The mf2 in Sudamerica has longer lingual lobes that end in a point and shorter labial lobes that 

end in a square or even slightly rounded tip. However as MACN Pv-RN 25 is not complete 

and cut longitudinally down the crown it is difficult to observe the occlusal surface. 

The lingual face of the crown seems to be slightly concave and the labial face of the crown 

convex. This is also observed in lower molariforms of Sudamerica ameghinoi. 

mf3 

In the lower jaw the third lower cheek-tooth is also identified as possessing three lophs on 

the occlusal surface with a clear symmetry. It is most probable that if this is the case, the mf3 

would also have higher labial lobes in each loph, with the labial lobes of each loph being 
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shorter or more worn than the flatter and longer lingual lobes. Koenigswald et al. (1999) 

stated that the difference in Sudamerica ameghinoi between mf2 and mf3 is that mf2 is slightly 

larger than mf3.  

mf4 

In a Gondwantherium patagonicum jaw the most posterior tooth locus would house the fourth 

lower cheek-tooth and is identified as mf4. The Sudamerica mf4 is characterized by having 

only two lophs and very small in comparison to mf1-3. These teeth are described by 

Koenigswald et al. (1999) as having a body that is strongly bent backwards and outwards near 

the base. They stated that this tooth overall form fits well for the dimensions presented in the 

last alveolus of the mandible MLP 90-II-12-534.  

The Gondwantherium cheek-tooth assigned to mf4 is MACN Pv-RN 24 and MACN Pv-RN 26 

both assigned to left lower mf4. MACN Pv-RN 24 tooth is complete, with a square occlusal 

surface and only has two lophs; MACN P-RN 26 also has two lophs but is not complete. 

Teeth assigned to Sudamerica mf4s are smaller and have a larger anterior loph, with long 

lingual lobes that finish in a pointed tip compared to the shorter labial lobes that have a 

square base. The Sudamerica mf4s observed in the MACN collection are much smaller that 

other cheek-teeth and might even represent deciduous Sudamerica cheek-teeth. 

MACN Pv-RN 24 and MACN Pv-RN 26 are both smaller compared to the other 

Gondwantherium cheek-teeth and have a more symmetrical rectangular occlusal surface. These 

teeth type have two lophs on the occlusal surface that continue down the crown forming two 

longitudinal lophs, with one small longitudinal furrow on the labial face that does not 

continue all the way down to the apical root end and two longitudinal furrows on the lingual 

face. The anterior furrow is long and continues down the crown face and the posterior 

furrow is shorter and is half as long as the anterior furrow. On the occlusal face there are two 

lophs observed, a large anterior D-shaped loph and a smaller posterior loph that is bifurcated 

and V-shaped (joined labially at the apex). This tooth does not have a flat occlusal face and 

has more wear on the posterior side; it has longer lingual lobes that end in a pointed tip and 

shorter labial lobes that end in a rounded tip. 

This tooth has a longer lingual face compared to the labial face. The lingual face is convex 

and curves downwards towards the apical root end, the labial face is shorter and convex. This 

is also observed in Sudamerica mf4s.   

MF1 

There are no Gondwantherium cheek-teeth from the MACN collection that can be assigned to 

an MF1 loci or share a similar Sudamerica MF1 morphology.  However this tooth type may 
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have four lophs and be a large tooth compared to the other three lophed molariforms.  This 

tooth type is similar to MF2 represented by the specimen MACN Pv-RN 22 (holotype for 

Gondwantherium patagonicum). 

The Gondwantherium MF1 tooth may have a similar occlusal morphology to Sudamerica 

lower mf1 however it is an upper molariform.  It is also similar to Sudamerica Mf1s due to the 

oval elongated occlusal surface that is characterized by long labial lobs, short lingual lobes 

and with a bilobed or bifurcated anterior loph. The Sudamerica MF1 also have a characteristic 

long straight crown and four lophs.  

The Gondwanatherium MF1 has a high length/width ratio based on observations on Sudamerica 

by Koenigswaldet al. (1999: Table 1) compared to other four lophed upper molariforms. The 

length/width ratio is based on the occlusal length (anterior to posterior loph) and width 

(lingual to labial width).  

MF2 

The Gondwantherium cheek-tooth assigned to a MF2 loci is MACN Pv-RN 22 (left).  

MACN Pv-RN 22 (holotype) has a long occlusal surface with the longest length in an 

anterior to posterior direction measuring 5.47mm compared to other Gondwanatherium 

molariforms. This tooth has also a very wide occlusal surface in a lingual-labial direction 

measuring 4.65mm and this width continues down the crown of the tooth. 

Gondwantherium MF1 like S. ameghinoi MF1s are characterized by possessing a straight crown 

that is not curved lingually like MF3 and MF4. MACN Pv-RN 22 is characterized by a clear 

asymmetry with a large anterior loph that is separated lingually but united labially to form a 

bifurcated forked pattern; this is also observed by Koenigswald et al. (1999) in Sudamerica 

mf1s.  

Thus this tooth consists of four lingual lobes and three labial lobes. 

This tooth is characterized by a large anterior loph and a long middle loph that is longer 

transversally in a lingual to labial direction. The anterior and posterior lophs both have an 

outer convex edge. The occlusal surface is flat but somewhat higher on the lingual side, with 

much flatter labial lobes. The labial lobes are longer more extended and end in a pointed tip, 

while the lingual lobes are somewhat shorter and end in a rounded tip. The rounded lingual 

lophs are also observed in Sudamerica MF1s (Koenigswald et al., 1999). 

This tooth has a convex labial face and a concave lingual face characteristic of 

gondwanatherian upper molariforms. The labial face curves over towards the root area. 

The cheek-tooth MACN Pv-RN 25 is also assigned to a left MF2. This tooth is characterized 

by being hypsodont and very molar-like. It is not complete with the anterior loph missing; 
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however it has a square-like occlusal surface, a large C-shaped posterior loph and an 

elongated middle loph that is longer in a lingual-labial direction compared to the anterior 

loph. This tooth has high lingual lobes and flatter labial lobes, the labial lobes are more 

elongated and end in a pointed tip, while the lingual lobes are shorter and end in a rounded 

tip. This is also the case for all other upper Gondwantherium molariforms. The labial face has a 

large furrow that cuts down the crown dividing the anterior and middle loph; the lingual face 

is broken so it is not possible to detect the presence of a furrow. 

Sudamerica cheek-teeth assigned to MF2 or upper second molariforms by Koenigswaldet al. 

(1999) are four lophed, however these teeth have a smaller length/width ration compared to 

MF1s and thus have an overall smaller occlusal area. These teeth have a small posterior loph 

compared to the anterior one. All Sudamerica teeth assigned to MF2 from the MACN 

collection have long labial lobes and large posterior lophs compared to the anterior loph. The 

teeth are characteristic by a long straight crown, four lophs and similar sized lophs such as are 

observed in tooth number 3 and however the anterior loph is slightly smaller than the other 

lophs. 

MF3 

The Gondwantherium cheek-tooth assigned to a MF3 loci is MACN Pv-RN 1027 (right) and 

MACN Pv-RN 1029 (left).  

Sudamerica MF3s are three lophed teeth (Koenigswaldet al., 1999) based on the following 

characteristics: 

MF3 is more labio-lingually asymmetrical compared to MF1 or MF2. 

MF3 have shorter lingual lobes than labial lobes. 

MF3 are strongly bent lingually. 

MF3 are shorter compared to young individuals assigned to MF1 and MF2. 

Two Gondwantherium cheek-teeth may have similar characteristics to Sudamerica MF3s and can 

be tentative assigned to MF3. The Gondwanatherium cheek-teeth assigned to MF3 are MACN 

Pv-RN 1027 (right MF3) and MACN Pv-RN 1029 (left MF3). Both have an asymmetrical 

occlusal surface; however these cheek-teeth do not have distinct three lophed occlusal 

surface. MACN Pv-RN 1029 has three enamel islets on the lingual side and one enamel islet 

and one loph on the labial side.  Both these molariforms are upper molariforms as they have 

a convex labial face and concave lingual face. 

MF4 

There are no Gondwantherium cheek-teeth that are assigned to MF loci. Sudamerica MF4 are 

three lophed and are quite large in comparison to lower three lophed molariforms 
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(Koenigswaldet al., 1999). It may be assumed that Gondwantherium MF4s may also be smaller 

than MF3s, a concave lingual face, convex labial face, with three lophs and have shorter more 

symmetrical lophs on the occlusal surface.  

7.6.e Morphology and analysis of Gondwanatherium jaw 

An edentulous dentary fragment (MACN Pv-RN 228) (See Figure 7.4) was found in the Los 

Alamitos Formation, Arroyo Verde, Province of Rio Negro, Argentina (middle section of the 

Formation, Campanian in age) in 1985, by the paleontological team from the Museo 

Argentino de Ciencias Naturales “Bernardino Rivadavia” in conjunction with the National 

Geographic Society. This jaw fragment was described by Bonaparte (1990a) and assigned to 

the gondwanatherians mammals, Order Gondwanatheria. The dentary was tentatively 

assigned to Gondwanatherium patagonicum Bonaparte, 1986, due to the large alveoli size and 

shape. Bonaparte (1990a: 82) stated that the "size and shape of the alveoli correspond 

reasonably well to the available teeth of G. patagonicum”.  

The alveoli present in the G. patagonicum jaw are deep enough and large enough to be able to 

house large hypsodont teeth such as those belonging to the mammal Gondwanatherium 

patagonicum.  

G. patagonicum is the only Late Cretaceous mammal known with hypsodont teeth in the Los 

Alamitos Mammal Fauna. Recently Pascual et al. (1999) described a lower jaw of Sudamerica 

ameghinoi Scillato-Yané and Pascual, 1984 from the Early Paleocene, "Banco Negro Inferior", 

Hansen Member of the Salamanca Formation, Chubut, Argentina. 

Here the authors compared the jaw remains of Sudamerica ameghinoi and Gondwanatherium 

patagonicum, both, classified in the Family Sudamericidae. Pascual et al. (1999) disagreed that 

the dentary that Bonaparte (1990a) attributed to G. patagonicum, belongs to that species and 

that the alveoli are "too large to fit even the largest of the known cheek-teeth of G. patagonicum". 

However in my opinion this jaw can be tentatively assigned to G. patagonicum based on the 

shape of the dentary, the enlarged diastema between the alveolus for the incisor and the first 

cheek-tooth, the shape and size of the three alveoli and the alveolus that may have housed a 

large procumbent robust incisor.  

There is a possibility however that the dentary tentatively assigned to Gondwanatherium 

patagonicum does not correspond to this species and may correspond to another mammalian 

group and due to the fragmentary nature of this specimen this may even belong to another 

vertebrate group. 
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Description of the jaw 

Bonaparte (1990a) described the incomplete edentulous jaw as having three alveoli with one 

anterior axially elongated alveolus measuring 7 x 6mm, the second alveolus being almost 

quadrangular in shape and measuring 8 x 7mm and the anterior portion of the third in cross 

section is ventrally and externally curved. 

Bonaparte (1990a) suggested that the jaw consists of an edentulous area anterior to the first 

alveolus as this section tapers forward in dorsal view and considers that the size and shape of 

the alveoli correspond reasonably well with the available teeth of G. patagonicum. 

Pascual et al. (1999) measured the alveoli, with the anterior alveolus measuring approximately 

7.5mm in length in length and 6.0 mm in width and the quadrangular alveoli measuring about 

6.2mm long and 7.3 mm wide. 

 

Figure 7.4: Right dentary of Gondwanatherium patagonicum (MACN-PVRN 228)  
(A) lingual, (B) labial and (C) occlusal views. (D) lower Gondwanatherium molariform (MACN-PVRN 23) in 
lingual view. These images are to scale. 

Horizontal Ramus of the Dentary 

MACN Pv-RN 228 is a fragmented right lower jaw that is not complete; the anterior part of 

the dentary from the broken alveolus for the lower incisor (i1) to the anterior portion of the 

third alveolus is present. The dentary becomes wider dorsally, with the anterior part 

measuring 5.51 mm while the posterior part of the dentary measures 10.72mm and is wider.  

The angle between the longitudinal axis of the anterior alveolus and the longitudinal axis of 

the anterior part of the dentary measured along the dorsal edge of the dentary is 

approximately 40°. In comparison for Ferugliotherium windhauseni this is 58° (Kielan-

Jaworowska and Bonaparte, 1996). 
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The length of the jaw fragment is 34.56 mm anterior-posteriorly along the dorsal plane and 

medially the jaw measures 34.87 mm.  

Along the lingual border dorso-ventrally the jaw measures 17.75 mm and 12 mm along the 

labial border. In contrast the width of the G. patagonicum jaw fragment was measured 

approximately by Pascual et al. (1999:378) and considered to be 12 mm and to be "about 

twice the width of the comparable region on the dentary of S. ameghinoi." 

The jaw fragment of Sudamerica ameghinoi was not measured by Pascual et al. (1999), but 

herein it is measured using a high resolution resin cast and the following measurements were 

taken: length of the jaw from incisor alveoli to the distal border of the alveoli from the last 

cheek-tooth is approximately 35.35mm.  

The width of S. ameghinoi jaw is considered to be half the width of the G. patagonicum jaw, 

which was measured by the authors as 12.00mm (Pascual et al., 1999:378). 

On the occlusal surface the widest part of the G. patagonicum jaw measures approximately 

12.05mm, while in S. ameghinoi resin cast, the jaw width is approximately 7.64mm. There is a 

considerable difference in size of the jaw fragments of these two genera, especially in the 

lingual-labial width of the jaw. 

Overall the S. ameghinoi jaw is more gracile and thinner anteriorly-posteriorly jaw, compared 

to the robust and larger G. patagonicum jaw. 

While the jaw assigned to F. windhauseni (Kielan-Jaworowska and Bonaparte, 1996) measures 

approximately 8.6mm in length from the most mesial point close to the incisor alveolus to 

the distal broken border. It thus may have belonged to a small mammal and is much smaller 

compared to Gondwanatherium and Sudamerica. 

Diastema 

The jaw fragment MACN Pv-RN 228, has a distinct edentulous area that is anterior to the 

alveolus of the first cheek-tooth and can be considered the diastema. The diastema measures 

approximately 10.27 mm from the border of the jaw to the mesial border of the anterior 

alveolus. It is difficult to measure correctly the length of the diastema as the alveolus of the 

incisor is not complete. 

The diastema is not dorsally concave as it is in the right lower jaw of Sudamerica ameghinoi 

(Pascual et al., 1999) but it is straight, along the dorsal horizontal plane of the dentary. The 

diastema in the S. ameghinoi jaw measures approximately 10 mm in length (Pascual et al., 1999) 

while the diastema in the F. windhauseni jaw could not be measured due to the breakage on the 

i1 alveolus (Kielan-Jaworowska and Bonaparte, 1996). 
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In dorsal view the area considered as the diastema becomes thinner mesially in a labial-lingual 

direction. At the most mesial point, the jaw is 3.69 mm wide and then widens distally 

measuring 7.39 mm at the wall of the first alveolus. The widening of the diastema in a dorsal 

view also occurs. 

The dentary in the region of the diastema is asymmetrical, the lingual part is vertical and the 

labial part is slightly concave and could represent the mandibular symphysis. 

The total length of the preserved jaw fragment is 34.56 mm anterior-posteriorly along the 

dorsal plane and medially the jaw measures 34.87 mm, while the diastema measures 

approximately 10.27 mm from the border of the jaw to the mesial border of the anterior 

alveolus.  

In the G. patagonicum jaw fragment it is not possible to calculate an exact ratio of the diastema 

length to total jaw length as the jaw is not complete but an estimated ratio is approximately 

3.365141. 

The length of the high-resolution resin cast of S. ameghinoi jaw, measured from the incisor 

alveoli to the distal border of the alveoli from the last cheek-tooth is approximately 35.35mm 

In the S. ameghinoi jaw fragment the diastema measures approximately 10mm in length 

(Pascual et al., 1999). 

In the S. ameghinoi jaw fragment it is not possible to calculate an exact ratio of the diastema 

length to total jaw length as the jaw is not complete but an estimated ratio is approximately 

3.535. 

The diastema in the F. windhauseni jaw could not be measured due to the breakage on the i1 

alveolus, but is measured to be approximately 2.5 mm (Kielan-Jaworowska and Bonaparte, 

1996). An estimated ratio of the diastema length to total jaw length is 3.44. 

Mandibular symphysis 

The anterior part of the mandible is broken however the labial part of the dentary could 

represent the mandibular symphysis. In the Sudamerica ameghinoi jaw the mandibular 

symphysis is unfused and extends distally to a position ventral to the distal margin of the 

second molariform (Pascual et al., 1999: 374).  

It is not know if the mandibular symphysis was unfused in G. patagonicum. However if 

Gondwanatherium is a less derived sudamericid, it can be assumed that the mandibular 

symphysis was unfused as in Sudamerica ameghinoi (Pascual et al., 1999) and other 

multituberculates (e.g. Kielan-Jaworowska et al., 2004). 
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Ventromedial border of the dentary 

 The ventral border is broken away from the symphysis to a position ventral to the margin 

where the alveolar wall separates the mesial alveolus from the second alveolus. At this point 

below the second alveolus, the ventralmedial border of the dentary seems to be more intact 

and inflects ventrally. 

Labial Border of the Dentary 

The entire ascending wall of the labial side of the dentary is not complete and is broken 

dorsally and ventrally. 

The labial side measures approximately 14.63 mm in length and dorso-ventrally measures 

11.52 mm at the anterior end of the jaw. At the posterior end of the jaw measures 

approximately 12.0 mm, as the labial border is extended much higher dorsally. 

The labial border is continuous to the mesial border of the third alveolus and here it is 

broken away exposing the inside of the third preserved alveolus presenting a ventro-lateral 

curvature. There is a small depression below the dorsal edge of the diastema and this may 

represent the mental foramen. 

Lingual Border of the Dentary 

The entire ascending wall of the lingual side of the dentary is not complete and is broken 

dorsally and ventrally. The labial side measures 10.37 mm dorso-ventrally at the anterior part 

of the jaw and 17.75mm at the posterior end of the jaw. The labial side is more complete in 

comparison to the broken lingual side and extends further dorsally. 

Mental foramen 

If MACN Pv-RN 228 is a right lower jaw then on the labial side of the jaw there is a small 

circular depression that is intact and that could be considered the remains of the mental 

foramen. It is most probable that G. patagonicum had one mental foramen as observed on S. 

ameghinoi (Pascual et al., 1999) and F. windhauseni (Kielan-Jaworowska and Bonaparte, 1996). 

In S. ameghinoi the mental foramen is positioned at the lowest part of the diastema and is 

positioned dorsolaterally (Pascual et al., 1999).  

In G. patagonicum the small circular depression is dorso-laterally situated on the dentary and is 

approximately 7.95 mm below the dorsal border of the diastema.  

In F. windhauseni the mental foramen is prominent and situated closer to the ventral part of 

the jaw than the dorsal border. The shortest distance (measured obliquely anteroventrally-

posterodorsally) between the anterior root of the p4 and the posterior margin of the mental 

foramen is 1.5mm (Kielan-Jaworowska and Bonaparte, 1996). 
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Pterygoid fossa 

Not able to be observed in the G. patagonicum jaw as the ventral border is broken away. 

In the S. ameghinoi jaw, the ventral border is also broken away and the full extent and depth of 

the pterygoid fossa is not determined, but the authors establish that due to the preserved 

morphology dorsally, that the fossa may have been extensive (Pascual et al., 1999). 

Ascending ramus 

The entire ascending ramus is broken away.  

In the S. ameghinoi jaw the ascending ramus is also broken away but the anterior part of the 

coronoid process is preserved, demonstrating that it was situated opposite the second 

molariform cheek-tooth. 

Coronoid process 

The coronoid process is not preserved. 

Masseteric fossa 

The masseteric fossa is not discernible. 

Cheek-teeth alveoli 

There are three cheek-teeth alveoli present in the jaw. The anterior most alveolus is 

quadrangular and elongate in shape but not symmetrical; the posterior end of the alveolus is 

wider than the anterior end. The anterior alveolus is slightly oblique in position with respect 

to the longitudinal axis of the anterior part of the dentary (Note: this is the same as the p4 in 

the dentary of Ferugliotherium (MACN RN 975) jaw fragment Kielan-Jaworowska and 

Bonaparte, 1996). 

The lingual border of the anterior alveolar is straight; however the anterior part of the 

alveolus is not perpendicular to this lingual border and forms a sharp point. The labial border 

of the alveolus is a continuation of the anterior border. This alveolus is not rectangular but 

more quadrangular in shape. 

This could mean that the anterior most tooth perhaps a premolar would lie obliquely with 

respect to the longitudinal axis of the anterior part of the dentary. The anterior alveolus is 

8.37mm long 5.52 mm wide in the widest part (posterior) and 4.54 mm wide anteriorly.  

The second alveolus present in the jaw is square in shape and slightly more symmetrical, it 

measures 7.86 mm wide (lingual labially) and 6.31 mm long (anterior-posteriorly). 

The third alveolus or the posterior most alveolus is not complete, thus it is not possible to be 

measured and this alveolus is smaller than the other two and may have housed a smaller 

molariform compared to the other two alveoli. The alveolus is sectioned ?labially and it is 
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possible to observe a ventro-lateral curvature of the alveolus. It seems that the third 

molariform was implanted obliquely (ventro-distally to dorsomesially). 

This also occurs in the jaw of Sudamerica ameghinoi jaw (MPEFCH 534) where the alveolus for 

the fourth cheek-tooth is also implanted obliquely in a ventro-distally to dorso-mesially 

position in the jaw (see Pascual et al., 1999: 374). 

A thick alveolar wall separates the first and second alveoli. The second alveolus is also 

separated from the third by a wall, but this alveolar wall is not intact and is destroyed ?labially.  

Lower incisor 

The lower incisor is not present as the anterior part of the jaw is not intact. 

In the S. ameghinoi jaw the lower incisor is broken away, however in cross section the alveolus 

reveals that the incisor is strongly compressed laterally, flat medially, convex laterally and 

sharply angled ventromedially (Pascual et al., 1999). 

However in the Los Alamitos Formation, isolated incisors have been found that are large 

enough to be attributed to Gondwanatherium patagonicum. MACN Pv-RN 254, originally 

referred to Ferugliotherium windhauseni, is a large laterally compressed incisor that is missing the 

anterior and posterior section (Krause et al., 1992).  

Alveolus for i1 

The jaw fragment is incomplete ventrally and it is not possible to note an elongated alveolus 

for an incisor root that would pass under the jaw inferior to the cheek-tooth roots (also 

observed by Pascual et al., 1999). However there is a small depression present at the most 

mesial part of the jaw and this could represent the anterior alveolus for the i1. 

If the incisor alveolus of G. patagonicum were similar in morphology to that of S. ameghinoi 

then the alveolus would be large, long and continue ventrally through the jaw, beneath the 

cheek-roots and obliquely to the longitudinal axis of the cheek-tooth row. As the jaw is 

broken ventrally and distally, it is not possible to observe this, but the jaw could be ventrally 

broken along the alveolus of the incisor? However the gently curved shape of the isolated 

lower incisor MACN Pv-RN 254 and the narrowing dorsal aspect of the incisor indicate that 

the morphology is similar to S. ameghinoi incisors and it could fit in a similar alveolus as 

observed in S. ameghinoi jaw. 

Incisor 

The jaw fragment of G. patagonicum is incomplete ventrally and it is not possible to note an 

elongated alveolus for an incisor root. 

However, isolated incisors such as MACN Pv-RN 254 have been recovered from the same 

two square meter area that also contained isolated four molariform teeth of Gondwantherium 
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that were recovered from the Estancia Los Alamitos locality. The size of this incisor would 

indicate that it belongs to Gondwantherium patagonicum, the only mammal belonging to the Los 

Alamitos Mammal fauna that is of approximate size for the association (Krause et al., 1992).  

MACN Pv-RN 254 is a large laterally compressed incisor missing the posterior portion and 

the anterior tip. It is considered a lower incisor judging by the curvature and cross section 

shape of the tooth (Krause et al., 1992). 

This tooth has enamel on the whole length, but enamel is restricted to the ventral area of the 

tooth.  

Krause et al. (1992) considered that this incisor assigned to G. patagonicum strongly resembles 

multituberculate lower incisors (specifically to those of taeniolabidoids) due to the restricted 

band of enamel and possesses no trace of prism decussation in the enamel (e.g. Krause et al., 

1992).   

7.6.f Comparisons of Gondwanatherium dentary with Multituberculata. 

Pascual et al. (1999) also do not accept that the jaw fragment that Bonaparte (1990a) 

attributed to Gondwanatherium patagonicum belongs to that species. They do not consider that 

the size and shape of the alveoli correspond well to the available teeth of Gondwanatherium 

patagonicum as observed originally by Bonaparte (1990a). 

A re-assessment of Gondwanatherium jaw with comparison with Ferugliotherium was done by 

Gurovich (2001).  

Gurovich (2001) described new features of the Gondwanatherium dentary and measured the 

known published and unpublished hypsodont cheek-teeth assigned to G. patagonicum housed 

at the MACN. The features observed on the dentary included: a prominent diastema similar 

to Sudamerica ameghinoi and Ferugliotherium and an incisor alveolus that would have 

corresponded to a large robust rodent-like incisor similar to S. ameghinoi and Ferugliotherium 

windhauseni. Other features include an elongated quadrangular first alveolus and two 

remainder quadrangular shaped cheek-teeth alveoli. A transverse dissection of the third 

alveolus demonstrated that the G. patagonicum dentary housed large hypsodont cheek-teeth 

corresponding in shape to those assigned to G. patagonicum and similar to those of S. ameghinoi. 

Gurovich (2001) also presented new measurements and features and concluded that the 

dentary may belong to a mammal with large hypsodont cheek-teeth and probably 

corresponds to G. patagonicum. 

The dentary fragment of Gondwantherium resembles closely that of most multituberculates, 

especially the taeniolabidoid multituberculates (eg Pascual et al., 1999) and particularly 

Catopsalis (see Middleton, 1982) and Taeniolabis and djadochtatherians such as Djadochtatherium 
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and Catopsbaatar (Kielan-Jaworowska and Hurum, 1997). Gondwanatherium dentary is similar to 

the Sudamerica dentary and shares with these multituberculates a dentary that is short and 

deep. They also share the following: a prominent diastema between the incisor and first 

molariform cheek-tooth, an area that could indicate that the alveolus for the incisor was large 

and long, extending underneath the cheek-teeth and obliquely to the longitudinal axis of the 

cheek-teeth and a prominent depression that is similar to a mental foramen and is situated 

mesially to the cheek-teeth.  

Incisor 

See above in incisor description. 

Premolars 

It is not possible to note if the first tooth in place in MACN Pv-RN 254 may have been 

premolariform-like or molariform-like. Judging from the isolated tooth MACN Pv-RN 23 

tentatively assigned to a right lower mf1, this tooth is laterally compressed on the occlusal 

surface and widens towards the crown. This tooth has three cusps lingually and two cusps 

labially. This is similar to Ferugliotherium windhauseni and Sudamerica ameghinoi (e.g. 

Koenigswaldet al., 1999). The lingual lophs or cusps are higher and less worn than the labial 

cusps. This tooth is not blade-like as is observed in lower multituberculate premolars; it is 

similar to the first tooth in place in MPEFCH 534. This is similar to S.ameghinoi. Thus it is 

possible that G. patagonicum possessed a molar-like tooth that is not blade-like or does not 

resemble other multituberculate lower premolars which are blade-like with serrated upper 

margins and oblique ridges that extend along the labial and lingual surfaces (Kielan-

Jaworowska and Hurum, 2001).  

It is very difficult to compare mf1 the first lower G. patagonicum cheek-tooth (mf1) with 

multituberculate lower premolars.  The morphology of this tooth is not similar to a blade-like 

multituberculate premolar. This tooth is a large hypsodont cheek-tooth, covered by a thick 

enamel surface, however it is laterally compressed and elongated in a lingual to labial 

direction and differs in morphology from other isolated G. patagonicum cheek-teeth. 

This cheek-tooth could be a premolar as it is the first cheek-tooth in place in a 

Gondwantherium patagonicum lower jaw. Thus if Gondwantherium like Sudamerica is a derived 

multituberculate then the multituberculate blade-like premolar (pm4) was either lost during 

the evolutionary history of the gondwanatherians or transformed in a very radical way into a 

hypsodont, laterally compressed tooth in the lineage leading to the lineage of Gondwantherium 

and Sudamerica.  However multituberculate blade-like premolars are believed to have evolved 

or developed from teeth with two rows of cusps of equal height (Hahn, 1969).  
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Molariform cheek-teeth 

Bonaparte (1990a:82) stated, that “the size and shape of the alveoli correspond reasonably well to the 

available teeth of G. patagonicum”. 

However Pascual et al. (1999:377) stated that "the alveoli are too large to fit even the largest 

of the known cheek-teeth of G. patagonicum. 

Pascual et al. (1999) measured the alveoli on MACN Pv-RN 228 and measured resin casts of 

the isolated cheek-teeth of G. patagonicum and stated that the teeth are considerably smaller in 

their overall dimensions than the alveoli of MACN Pv-RN 228.  

Herein, the cheek-teeth were measured again and the alveoli present in the jaw.  

The anterior most alveolus is quadrangular and elongate in shape but not symmetrical; the 

posterior end of the alveolus is wider than the anterior end. The anterior alveolus is 8.37mm 

long, 5.52 mm wide in the widest part (posterior) and 4.54mm wide anteriorly.  

The second alveolus present in the jaw is square in shape and slightly more symmetrical, it 

measures 7.86 mm wide (lingual labially) and 6.31 mm long (anterior-posteriorly). 

The third alveolus or the posterior most alveolus is not complete, thus it is not possible to be 

measured and this alveolus is smaller than the other two and may have housed a smaller 

molariform compared to the other two alveoli. The alveolus is sectioned ?labially and it is 

possible to observe a ventro-lateral curvature of the alveolus. It seems that the third 

molariform was implanted obliquely (ventro-distally to dorsomesially). 

The anterior most alveolus corresponds to mf1; the second alveolus corresponds to mf2 and 

the third alveolus to mf3. The size of the Gondwantherium molariforms measured at the 

occlusal surface and then approximately half way down the crown (see Table 7.4) do 

correspond well to the alveolus. It is important to note that the Gondwantherium molariforms 

are wider in an labial to lingual direction and slightly longer in an anterior to posterior 

direction further down the crown compared to the occlusal surface, thus this width will 

accommodate in the alveolus and is wider than the measurements based solely on the 

occlusal surface.  

Gondwanatherium cheek-teeth have more than one longitudinal row of multiple cusps and this 

feature is shared with other gondwanatherians and only found in multituberculate mammals 

(Pascual et al., 1999). Multituberculates have multicusped premolars and molars with 

longitudinal rows of cusps that are of subequal height, however Paulchoffatiidae and 

Pinheirodontidae have molar cusps that may differ in height (Kielan-Jaworowska and 

Hurum, 2001). Haramayids also have more than one longitudinal row of multiple cusps on 
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the molars, however these cusps vary in height considerably (e.g. Simpson, 1928; Jenkins et 

al., 1997).   

The occlusal surface on the Gondwantherium cheek-teeth however is not flat and the lophs or 

cusps on the lingual side may differ in height than the labial side, this is due to wear.  The 

cheek-tooth assigned to mf1 MACN PV RN 23 has more wear on the labial side than the 

lingual side, this is not observed in the Sudamerica ameghinoi mf1 but it is observed in 

multituberculate lower molars. The cheek-tooth assigned to mf2 MACN PV RN 25 also has 

more wear on the labial side and higher lingual lophs. The cheek-tooth assigned to mf3 

MACN PV RN 26 has also more wear on the labial side and higher lingual lophs.  

The isolated Gondwantherium molariform reveals that the orientation of the teeth in the 

Gondwanatherium dentary may have been similar to that observed in Sudamerica ameghinoi jaw, 

with the first cheek-tooth having more lingual cusps (four cusps) in the lingual row than the 

labial row (three cusps) (Pascual et al., 1999). The second cheek-tooth however, has three 

lingual and three labial cusps. In lower molars of multituberculates there are relative fewer 

cusps in the lingual row compared to the labial row. 

Inferred lower jaw movement 

The orientation of the Gondwantherium cheek-teeth and the wear observed on the occlusal 

surface indicates that Gondwanatherium like Sudamerica ameghinoi had a palinal jaw movent 

(Pascual et al., 1999). The palinal jaw movement is also observed in multituberculate 

mammals (e.g. Krause, 1982; Kielan-Jaworowska and Hurum, 2001). On the occlusal surface 

of the Gondwantherium cheek-teeth, wear can be observed on the dentine islands and the 

leading edge of enamel is observed distally and the trailing edges mesially, this supports 

previous inferences by Krause and Bonaparte (1993) on isolated Sudamerica cheek-teeth. This 

pattern of wear demonstrates that during the power stroke of the grinding stroke, the dentary 

was retracted, as is also observed in multituberculate molars (Krause, 1982). 
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7.7 Analysis of dental characters of Lavanify 

The holotype of Lavanify is a well-preserved cheek-tooth (UA 8653; see Figure 7.5) and the 

referred specimen is a fragmentary cheek-tooth (FMNH PM 59520; see Figure.7.6). 

It is a gondwanatherian that possesses prominent and continuous inter-row sheets of 

interprismatic matrix in the dental enamel (Krause et al., 1997). On the occlusal area there is a 

V-shaped dentine island and this tooth lacks enamel on one side of the crown. Lavanify also 

has vertical furrows that extend to the apical tip of the crown and onto the root. 

Diagnosis of Lavanify (after Krause et al., 1997).  

The teeth of Lavanify differ from those of previously known sudamericid genera 

Gondwanatherium and Sudamerica in possessing prominent and continuous inter-row sheets of 

prismatic matrix in dental enamel and at least one cheek-tooth position that has a single, V-

shaped dentine island and lacks enamel on one side of the crown. Differs from 

Gondwanatherium in having cheek-teeth with vertical furrows that extend to the base of the 

crown and onto the root. 

Genus: Lavanify Krause, Prasad, Koenigswald, Sahni and Grine, 1997 

Type species: Lavanify miolaka Krause, Prasad, Koenigswald, Sahni and Grine, 1997 

Distribution: Late Cretaceous (?Campanian) Maevarano Formation of Madagascar. 

7.7.a General morphology of Lavanify cheek-teeth 

The two specimens of Lavanify are hypsodont molariform cheek-teeth (Krause et al., 1997). 

These teeth are tall and similar crown morphology to South American hypsodont 

gondwanatherians. Following Krause et al. (1997), here Lavanify is also tentatively assigned to 

the family Sudamericidiae and shares dental morphology with both Sudamerica ameghinoi and 

Gondwanatherium patagonicum from Argentina. 

These characters include large hypsodont molariforms, strong curvature of the crown and 

presence of cementum on the crown. The occlusal surface is flat with enamel, cementum and 

dentine distributed in a pattern of v-shaped enamel lophed separated by a furrow.  

The vertical furrow extends longitudinally down the crown of the tooth and is filled in with 

cementum. Enamel is present on only one side of the crown (Krause et al., 1997). 

7.7.b Description of teeth  

The holotype (UA8653) is a well preserved cheek-tooth and the referred specimen (FMNH 

PM 59520) is a fragmentary cheek-tooth and tentatively referred to Lavanify miolaka. 

The holotype is a molariform hypsodont cheek-tooth. The crown is approximately 85% of 

the whole height of the tooth and the crown is strongly curved (Krause et al., 1997). 
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 The occlusal surface is worm flat and consists of one loph divided into two lobes, with a 

break along the edge of the second lobe. There is a V-shaped furrow that separates the two 

lobes and the lobes have a dentine border and are surrounded by enamel. There is no enamel 

along the edge of the lobe where the breakage has occurred. The lobe that is not broken 

seems larger than the lobe with the broken edge. The indentation of V-shaped furrow 

extends vertically down the face of the crown and extends the entire height of one side of the 

tooth; the indentation is filled with cementum down the crown of the tooth. 

Enamel is only present on one part of the crown and is absent on the other part where there 

is a distinct vertical enamel-dentine edge. The holotype UA 8653 also possess small circular 

enamel prisms that are aligned in rows, these rows of enamel prisms are separated by 

prominent and continuous bands of interprismatic material (Krause et al., 1997). 

A
B

Enamel-dentine
junction

Enamel

Cementum

Dentine

 

Figure 7.5: Lavanify miolaka UA 8653 (holotype). 
(A) side view, (B) occlusal view. Modified from Krause et al. (1997). 

FMNH PM 59520 is a large robust tooth; it is molariform and hypsodont with a curved 

crown. It is slightly less curved however compared to UA 8653 (Krause et al., 1997). It has a 

flat worn occlusal surface that has a similar pattern to the occlusal surface of the isolated 

teeth of Gondwanatherium and also possesses rows of small circular enamel prisms that are 

separated by prominent inter-row sheets. 

FMNH PM 59520 possesses an infundibulum that invaginates deeply the crown from the 

occlusal surface. This infundibulum contains cementum and is not present in UA 8653. 

Krause et al. (1997) also recognized a second infundibulum on the surface of FMNH PM 
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59520 but there is breakage across the occlusal surface and it is not possible to detect 

whether this is a cementum filled furrow or a second incompletely preserved infundibulum. 

Krause et al. (1997) stated that the presence of an infundibulum or perhaps two indicates that 

FMNH PM 59520 may represent a different tooth position from the holotype. 
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Figure.7.6: Lavanify miolaka FMNH PM59520  
(A-B) side views, (C) occlusal view. Modified from Krause et al. (1997). 

The isolated nature of these two teeth make it impossible to recognize whether the 

specimens represent upper or lower teeth or whether they represent molars or premolars. 

The Lavanify mioloka FMNH PM59520 is very similar in morphology to Gondwantherium tooth 

MACN Pv-RN 1027. 

7.7.c Measurement of Lavanify teeth 

The height of the holotype (UA 8653) is 11.2mm and its length is approximately 3.4mm and 

width 3.2mm.  FMNH PM 59520 is also tentatively referred to as Lavanify as well and is also 

a large tooth. Its preserved height is 9.8mm, while its length and width cannot be determined. 

7.7.d Lower dental formula 

As only the holotype and referred specimens are known it is not possible to discern the lower 

dental formula of Lavanify. Due to the morphology observed by Krause et al. (1997) the 

holotype of Lavanify may be assigned tentatively to a lower molariform. 

7.7.e Size and morphology of lower incisor 

The lower incisor is not known. 
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7.8 Analysis of dental characters of unnamed Indian genus 

In addition to these two formally named Late Cretaceous genera from Argentina and 

Madagascar respectively, isolated teeth from the Late Cretaceous (Maastrichtian) Deccan 

Intertrappean sequence of India, were referred by Krause et al. (1997) to Sudamericidae.  The 

unnamed Indian genus was discovered in the Naskal Locality andhra Pradesh, Central India 

in the Upper Cretaceous (Late Maastrichtian) Deccan Intertrappean sequence (Krause et al., 

1997). The specimen (VPL/JU/NKIM/25) is a fragmentary cheek-tooth (see Figure 7.7). 

Krause et al. (1997) stated that the specimen is too incomplete to assign it a genus and 

species but it has clear characteristics that are unique to the Sudamericidae among Cretaceous 

mammals. It is a small tooth approximately 6mm high and resembles the cheek-teeth of 

Lavanify miolaka with the following features: a molariform hypsodont cheek-tooth, curved 

along its height, possessing a flat occlusal surface with an infundibulum present on the 

occlusal surface that invaginates far into the crown. The interprismatic enamel matrix is thick 

and is organized into distinct inter-row sheets that anastomoses around the prisms and are 

well-organized into continuous separate bands as observed in Lavanify.  

These characters are considered synapomorphic for both Lavanify and the Indian form (e.g. 

Krause et al., 1997). The Indian form also possesses a prominent cementum-filled vertical 

furrow that extends throughout the entire height on the side of the crown. Krause et al. 

(1997) were not able to demonstrate if the Indian form has enamel absent on one side of the 

crown as is the case for Lavanify. 

 

Figure 7.7: Unnamed sudamericid from India 
(A-B) side views, (C) occlusal view. Modified from Krause et al. (1997). 
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7.9 Analysis of dental characters of Sudamerica  

7.9.a Diagnosis of Sudamerica.  

The teeth of Sudamerica are hypsodont large and curved throughout the height of the tooth. 

The occlusal surface is somewhat flat with prominent furrows and lophs. The vertical 

furrows extend to the base of the crown but and onto the root simlar to Lavanify. 

Differs from Gondwanatherium in having smaller hypsodont cheek-teeth. Differs from 

Gondwanatherium in have a similar occlusal surface width to crown width and having vertical 

furrows that extend vertically down the crown and onto the root. Differs from Ferugliotherium 

in having four lower hypsodont molariforms. 

Genus Sudamerica Scillato-Yané and Pascual, 1984. 

Comments: Previously Scillato-Yané and Pascual (1985) proposed that Sudamerica ameghinoi 

be classified as a member of Xenarthra. 

The description of the tooth into a new genus and species by Scillato-Yané and Pascual 

(1985:173) was as follows in Spanish:  

"Molariforms entre hipsodontes e hipselodontes, contorneados por una gruesa capa de esmalte, que forma tres 

pliegues de cada lado, opuestos, de caras lisas, con fossetas mediales entre cada uno y delimitando así cuatro 

lóbulos simétricos a lo largo del prisma; superficie de masticación con el esmalte en un nivel superior al de la 

dentina interna." 

The species type was described as a probably a lower right molariform (UNP 79-II-18-1) and 

diagnosed as being the same as the genus (Scillato-Yané and Pascual, 1985). 

7.9.b General morphology of Sudamerica cheek-teeth 

Sudamerica ameghinoi has large sized hypsodont cheek-teeth that are curved throughout the 

height of the tooth and possesses prominent furrows on both the lingual and labial sides of 

the crown. The furrows extend far down the crown towards the midline of the tooth and 

cervically onto the root area. There is an infundibulum present that extends far vertically into 

the molariform cheek-tooth crown. There is cementum present inside the enamel wall of the 

cheek-teeth and inside the infundibulum (Krause et al., 1997). In most cheek-teeth there is an 

open root that demonstrates a continuos growth; however there are some cheek-teeth with a 

closed conical root. In the cheek-teeth that have a closed conical root a typical cementum 

layer could be observed on the outer part of the root as also observed in Gondwanatherium 

cheek-teeth by Sigogneau et al. (1991). 

The cheek-teeth are composed of three mineralised biogenic substances, enamel, dentine and 

cementum. Since these substances differ in hardness, their alternation on the occlusal plane 

of the teeth creates a self-renewing surface. These cheek-teeth have a thick enamel layer on 
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the crown that extends to the cervical part of the root area (e.g. Sigogneau-Russell et al., 

1991).  

Occlusal surface 

The occlusal surface consists of transverse lophs that have enamel borders and are filled in 

with dentine (see Figure 7.7). In between each loph there is a cementum surface that is also 

distinguished as a transverse furrow by Krause and Bonaparte (1993). These transverse 

furrows on the occlusal surface also continue longitudinally down the crown of the tooth and 

form indentations or furrows that open onto the lingual and labial face of the crown.  

Sudamerica molariforms are variable and the occlusal surface may have four, three or two 

enamel transverse lophs, some may have these lophs connected transversally via an enamel 

bridge (in an anterior-posterior direction) or some may have a central enamel islet (e.g. 

Koenigswald et al., 1999). The variability of the occlusal surface is related to the wear from 

different levels of abrasion and also is due to the tooth position.  

The number of transverse enamel lophs varies between cheek-teeth of different tooth 

positions (e.g. Koenigswald et al., 1999). These lophs can be connected via a central crest or 

an enamel bridge (e.g. Koenigswald et al., 1999). This central enamel crest is only visible in 

some teeth and occurs when the enamel islets on the teeth are worn. Enamel islets on the 

other hand are found in less worn teeth or teeth that belong to younger animals and do not 

indicate a tooth position (Koenigswald et al., 1999).  

The enamel islets are visible on the anterior and posterior caps and also in the centre of the 

occlusal surface between the synclines (e.g. Koenigswald et al., 1999: Figure 4). 

Koenigswald et al. (1999) showed the changing morphology that occurs in a single tooth 

from wear demonstrated by serial sections of the same tooth. On the occlusal surface of the 

young tooth there are enamel islets of type 1 on the anterior and posterior caps of the tooth, 

while on serial sections taken further down the tooth crown such at 3.86mm down the crown 

the enamel islets are not there. The further the sections are taken down the tooth crown, the 

thicker the enamel border of the lophs become, less dentine is exposed and the pulp cavity 

becomes more exposed (see Figure 4, Koenigswald et al., 1999). 

The cheek-teeth that are unworn or have little wear usually are about four to five times 

higher than wide (lingual –labially) (Koenigswald et al., 1999). 

In young teeth the enamel islets are filled with cementum that continuos some way down the 

tooth crown. The enamel islets that appear on the occlusal surface are formed by cups or 

invaginations in the tooth crown that are filled with cementum and can be considered similar 

to infundibulums in extant mammal teeth such as horses.  
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When the tooth crown has been worn down during tooth wear, the infundibulum also wears, 

the cementum is worn away and the enamel islets are no longer visible, instead the pulp 

cavity is exposed. 

 

Figure 7.8 Occlusal surface of Sudamerica molariform. 
 

Crown 

The Sudamerica cheek-teeth are hypsodont, with a long crown (see Figure 7.9). The crown 

consists of four faces, anterior (mesial), posterior (distal), lingual and labial. 

The entire crown is covered by a thick enamel layer that forms indentations or furrows down 

the crown face on both the lingual and labial sides. These furrows are continuations of the 

space between each enamel lophs on the occlusal surface and continue longitudinally down 

the crown face. The furrows are also filled with cementum but in some teeth this cementum 

is absent due to post taphonomical abrasion wear. 

The cheek-teeth when housed within the mandible were surrounded by a thick layer of 

cementum (Pascual et al., 1999). But in isolated teeth the cementum has been removed due 

to post mortem taphonomical abrasion along with facets of contact between neighbouring 

teeth (e.g. Koenigswald et al., 1999).  

Koenigswald et al. (1999: Figures 3A, 5) observed, however, that in one tooth specimen MLP 

90-II-12-71 these tooth facets are preserved. 
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The crown of each individual tooth varies in length and this is due to wear from mastication, 

attrition and general wear.  

Root 

In some specimens of Sudamerica ameghinoi molariforms, it is possible to observe a single 

conical root that can be recognized among cheek-teeth housed at the MACN and is also in 

Sudamerica ameghinoi teeth observed by Koenigswald et al. (1999) housed at MLP. 

It is probable that this conical root may have formed late in the tooth life and the life of the 

mammal.  

The root in Sudamerica ameghinoi and Gondwantherium patagonicum molariforms probably consists 

of the dental pulp, surrounded by dentine and cementum as it occurs in extant mammals. 

When this root is observed in these specimens, it is closed, however in many other specimens 

the root has not formed and is opened (see Figure 7.9). 

In teeth where no true root is observed, the root is open, these teeth probably belong to 

young animals. While in an aged animal attrition has reduced the original tooth length and a 

true root is forming. 

In some extant mammals such as rodents, the reduced length of the tooth lost by attrition is 

compensated by apical hypetropy at the root end, thus the crown appears to be perched on a 

stub of secondary dentine (as observed in rodent hypsodont heptaxodontine Elasmodontomys 

obliquus by MacPhee and Flemmings, 2003). 

 388



Chapter 7 Analysis and interpretation of Gondwanatheria from Argentina 

|  

Figure .7.9: Crown morphology of Sudamerica cheek-teeth. 
A) Labial view of crown B) Lingual view of crown. 

Molariform morphologies 

It is difficult to assign the individual cheek-teeth of Sudamerica ameghinoi to a premolar or 

molar loci. Previously this was strongly influenced by the assumption that gondwanatherians 

including Sudamerica ameghinoi were multituberculates and like multituberculates had to 

possess a blade-like premolar 4. Koenigswald et al. (1999) recognized eight molariform 

morphological categories based on the two anterior molariforms preserved and two posterior 

alveoli in the right mandible (MPEFCH 534). They assumed that there are four lower 

molariforms mf1, mf2, mf3 and mf4 and four upper molariforms MF1, MF2, MF3 and MF4. 

These authors used dimensions, matching occlusal morphologies and other information such 

as the crown structure and implantation to support this inference (see Koenigswald et al., 

1999: Table 1 and Figure 5). They also observed that the mf2 and mf3 as well as MF2 and 

MF3 are very similar in that their allocation is of minor reliability. 

Following are morphological observations that are used to distinguish upper and lower 

molariform types. 
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Lower molars can be distinguished by the following features: 

• Long lingual crown face with a shorter labial crown face. 

• Labial face of crown is concave in mf2 and mf3, while the lingual face is convex.  

• Longer lingual lobes, shorter labial lobes on the occlusal surface. 

• Labial lobes are higher (less worn) than the flatter (more worn) lingual lobes on the 

occlusal surface. 

• Dentine is flushed with enamel on leading edge and found posteriorly. 

• Dentine is eroded on trailing edges leaving a step between dentine and enamel and 

found anteriorly. 

Upper molars can be distinguished by the following features: 

• Short lingual crown face with a longer labial crown face. 

• Labial face of crown is convex, the lingual face is concave. 

• Longer labial lobes and shorter lingual lobes on the occlusal surface. 

• Lingual lobes are higher (less worn), labial lobes are flatter (more worn) on the 

occlusal surface. 

• Dentine is flushed with enamel on leading edge and found anteriorly 

• Dentine is eroded on trailing edges leaving a step between dentine and enamel and 

this feature is found posteriorly. 

However there are other morphologies of the molariforms observed in the teeth belonging 

to Sudamerica ameghinoi housed at the MACNPV-CH (Chubut Collection) and thus will be 

described in detail below. 

It is not possible to distinguish which of the teeth are deciduous and the majority of teeth 

observed and described are considered secondary teeth. 

General Sudamerica ameghinoi dental morphology (see Figures 7.8, 7.9): 

The two molariforms observed in the jaw MPEFCH 534 represent a right mf1 and right mf2. 

These teeth have the following general characteristics: 

mf1 

Occlusal surface 

• 3 lophs 

• 4 lobes lingually, 3 lobes labially 

• Anterior most loph bifurcated on the lingual side 

• Lingual lobes elongated end in rounded and/or pointed tips 

• Labial lobes less elongated and end in pointed and/or square tips. 
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• Lingual lobes somewhat flattened compared to higher labial lobes 

• Rectangular/oblong in occlusal view surface 

Crown 

• Laterally compressed  

• Crown face is slightly concave lingually or flat lingually 

• Crown face is slightly convex labially 

• Anterior face of crown is convex 

• Posterior face of crown is concave 

mf2 

Occlusal surface 

• 3 lophs 

• 3 lobes lingually , 3 lobes labially 

• Anterior loph slightly larger in lingual-lab direction compared to posterior loph 

• Lingual lobes elongated, end in a rounded and/or pointed tip 

• Labial lobes less elongated (shorter), end in a rounded and/or square tip 

• Lingual lobes flatter compared to higher labial lobes 

• Rectangular/square shaped in occlusal view 

• More wear (flatter) on anterior part of occlusal surface 

• Less wear (higher) on posterior part of occlusal surface 

Crown 

• Less laterally compressed than mf1  

• Crown face is slightly concave lingually and slightly convex labially 

• Anterior face of crown is convex while posterior face is concave 

The other lower molariforms mf3 and mf4 are considered to have the following 

characteristics based on observations of molariforms from the MACN collection and from 

Koenigswald et al. (1999). 

mf3 

Occlusal surface 

• 3 lophs 

• 3 lobes lingually , 3 lobes labially 

• Anterior loph slightly larger in lingual-lab direction compared to posterior loph 

• Lingual lobes elongated, end in a rounded and/or pointed tip 
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• Labial lobes less elongated (shorter), end in a rounded and/or square tip 

• Lingual lobes flatter compared to higher labial lobes 

• Square shaped in occlusal view 

• More symmetrical and square shaped compared to mf2 and mf3 

• More wear (flatter) on anterior part of occlusal surface 

• Less wear (higher) on posterior part of occlusal surface 

Crown 

• Crown more symmetrical and square-shape in form compared to mf2 and mf3 

• Less laterally compressed than mf1  and mf2 

• Crown face is slightly concave lingually and slightly convex labially 

• Anterior face of crown is convex and posterior face is concave 

• Smaller than mf2 

mf4 

Occlusal surface 

• 2 lophs 

• 2 lobes lingually , 2 lobes labially 

• Anterior loph slightly larger 

• Longer lingual lobes, shorter labial lobes 

• More occlusal wear posteriorly   

Crown 

• Crown more symmetrical and square-like in form compared to mf2 and mf3 

• Less laterally compressed than mf1  and mf2 

• Crown face is slightly concave lingually and slightly convex labially 

• Anterior face of crown is convex and posterior face is concave 

• Smaller than other lower molariforms 

All three lophed observed that are lower molariforms (mf2/mf3) all have a long, convex 

lingual face and have long lingual lobes and short labial lobes. 

The right lower mf2/mf3s have crowns that curve posteriorly (to the back of the jaw) while 

the left mf2/mf3s have crown that curve anteriorly. Thus it is possible to identify a right or 

left lower mf2 mf3. 
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7.9.c Description of teeth housed at MACN 

All 69 Sudamerica molariform teeth from the MACN collection were observed and described.  

As all the teeth in the MACN are isolated, problems of orientation (labial−lingual, anterior-

posterior) have arisen and the association of the teeth into dentitions especially upper 

dentition is a matter of judgement. 

A few examples of different tooth types are described as follows. For more information on 

the other molariforms from the MACN collection see summary of these descriptions in the 

Tables in Appendix A. 

 

MACN Pv-CH 1917 Upper Left MF3 (See Drawing in Table 1 Appendix B) 

Comments: This is a complete but slightly worn tooth. It is symmetrical. It does not have 

the characteristics of a lower molariform and thus is tentatively considered an upper 

molariform, either MF3 or MF4. MF3s are strongly bent lingually and possess more 

symmetrical lophs compared to MF4s; therefore I can tentatively assign this tooth to a MF3 

position. As no known upper molariforms are correctly identified the concave face of the 

crown is assumed as the lingual face. Thus the lingual face of the crown is concave and the 

crown bends posteriorly. The flatter more worn section of the occlusal surface is assumed as 

the anterior part of the occlusal surface, as in lower molariforms the posterior part of the 

occlusal surface is more worn and coincides with the posterior movement of the jaw during 

occlusion. This tooth is tentatively assigned to left MF3, however the lingual side may be 

convex as in extant rodents, then this tooth may also be a right MF3. 

Other Sudamerica ameghinoi molariforms assigned to as left MF3s are:  MACN Pv-CH 1928, 

MACN Pv-CH 1969, MACN Pv-CH 1483 and MACN Pv-CH 1977.  

Occlusal surface 

The occlusal surface is slightly symmetrical, square-like in shape and has three lophs 

consisting of three lingual and three labial lobes. The anterior loph and posterior loph are 

relatively the same size; however, the posterior loph is slightly larger than the anterior one. 

The occlusal surface is not flat. The labial lobes are higher than the lingual lobes that are 

flatter or more worn. The labial lobes are also longer. The lingual lobes terminate with a 

square enamel border end on the lingual side, while the labial lobes terminate in a pointed 

more rounded enamel edge on the labial side. 

The anterior enamel border of the posterior loph has a crenulation or keel or distinct groove. 

This groove indicates that the tooth represents an early stage of wear. There are islets 

observed on the occlusal surface. These islets are observed in the central axis of the tooth 
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and occur during a later stage of tooth formation and are tentatively assigned to IS2 (see 

Figure 4, Koenigswald et al., 1999). 

Crown 

This tooth has a distinct crown curvature whereby the crown curves towards the front or 

mesially. The anterior crown face is concave with a distinct curvature of the crown and this 

curvature is more prominent at the mid section of the crown. The crown is also bent or has a 

concave curvature on the lingual side and this is also observed by Koenigswald et al. (1999) 

on MLP 90-II-12-90; 92 (right) and 70, 80 (left). The crown is not compressed in a lingual 

labial direction.  

This tooth has two furrows on the labial side and two furrows down the lingual side. The 

furrows on both the lingual and labial side are continuous down the crown towards the root 

and continue down the crown base and terminate at the base edge of the crown. However on 

the lingual side the furrows are not uniform at the base of the crown compared to the labial 

side that are more uniform. The labial face of the tooth is also more continuous and longer 

than the lingual side.  

Root 

At the apical tip of the crown the enamel edges of the crown become slightly constricted and 

the width of the crown slightly decreases as if this is the beginning of the formation of the 

neck of the crown and thus a conical open root. At the apical tip or root end it is possible to 

observe the thickness of the enamel crown walls and how this is filled with a hard substance 

that may be dentine.  

It is interesting to note that on the labial face the central enamel furrow that lies between the 

two furrows, extends further down the apical tip towards the root and is longer and begins to 

curve over to form the beginnings of a conical open root. 

However there is no true root conserved or formed at the apical tip of the crown but the 

crown begins to constrict at the apical tip as if in the process of forming a root. The enamel 

middle furrow on the lingual face of the crown is also slightly broken at the apical tip of the 

crown.  

 

MACN Pv-CH 1935 Upper Right MF3 (See Drawing in Table 1 Appendix B) 

Comments: This tooth is complete, symmetrical and can be considered a right upper, either 

MF3 or MF4.  Other Sudamerica ameghinoi molariforms assigned to as right MF3s is: MACN 

Pv-CH 1940. 
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Occlusal surface 

The occlusal surface is symmetrical, square-like in shape and has three lophs, three lingual 

lobes and three labial lobes. The anterior loph is slightly smaller than the posterior loph. The 

middle loph is longer in a lingual-labial direction and slightly narrower than the other lophs. 

The posterior labial lobe is partly broken. 

The occlusal surface is not flat. The labial lobes are slightly higher than the lingual lobes that 

are flatter or more worn. The labial lobes of each loph are longer than the lingual lobes. The 

lingual lobes terminate with a square enamel border, while the labial lobes terminate in a 

pointed more rounded enamel edge on the labial side. The lophs are connected to each other 

via a transverse enamel crest. There are labial and lingual synclines between each loph on the 

lingual and labial side of the enamel crest. 

Three enamel islets are observed in the middle of each loph. The posterior enamel islet is 

directly in the middle of the loph and is circular and may correspond to IS1, due to early 

stages of wear. However there are two other lophs that are less circular, asymmetrical and are 

located underneath the enamel crest between the posterior and middle loph and between the 

middle and anterior loph. These enamel islets may correspond to IS2 (see Koenigswald et al., 

1999) and correspond to a more advanced wear. 

There are some anterior-posterior wear striations on the enamel border of the occlusal 

surface and can be observed on the posterior lingual lobe. 

On the middle and anterior loph the leading and trailing edges are observed. 

Crown 

This tooth has a distinct crown curvature whereby the crown curves towards the front or 

mesially. The anterior crown face is concave and this curvature is more prominent at the mid 

section of the crown. The crown is concave on the lingual side, while the labial face is more 

convex. The crown is not compressed in a lingual labial direction.  

The crown is wider at the occlusal surface and narrows towards the root end. 

This tooth has two furrows on the labial side and two furrows down the lingual side.  

The furrows on both the lingual and labial side are continuous down the crown and 

terminate at the base edge of the crown. However on the lingual side the furrows with the 

cementum become narrower at the base of the crown compared to the labial side.  

The labial face of the tooth is also more continuous, longer and curves over the root end 

compared to the lingual side.  
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Root 

At the apical tip of the crown the enamel edges of the crown become constricted and the 

width of the crown slightly decreases however the root is opened. At the apical tip or root 

end it is possible to observe the thickness of the enamel crown walls and how this is filled 

with dentine.  

This tooth is identified as an upper right MF3. However there is a possibility it may be is a 

lower right mf3. 

 

MACN Pv-CH 1921 Upper Right MF4 (See Drawing in Table 1 Appendix B) 

Comments: The material consists of a fairly complete but worn single cheek-tooth, 

identified tentatively as an upper right MF4 molariform.  

Other Sudamerica ameghinoi molariforms assigned to as right MF4s are: MACN Pv-CH 1945, 

MACN Pv-CH 1958, MACN Pv-CH 1920 and MACN Pv-CH 1960. These MF4s are less 

symmetrical than MF3s with a clear difference in the length of the lingual and labial lobes. 

Occlusal surface 

The occlusal surface is symmetrical, square-like in shape and has three lophs consisting of 

three lingual and three labial lobes. The anterior loph is broken and it is not possible to detect 

if it is larger than the posterior loph; the middle loph is longer in a lingual-labial direction 

than the two other lophs. The labial lobes are longer than the lingual lobes and end in 

pointed rounded tips. The lingual lobes end in square-like tips.  Both the anterior and 

posterior lophs are partially broken and the middle loph is quite complete. 

The lophs are all joined together via an enamel crest. 

It is possible to detect a slight enamel islet or the beginnings of an enamel islet in the centre 

of the tooth on the dentine of the middle loph. It is not possible to detect this on the anterior 

loph and the posterior loph as these are broken, but there is a furrow that continues deep 

down the tooth crown that may represent the deeper part of the enamel islet. These islets are 

observed on the occlusal surface and may represent the beginnings of enamel islet type 3 as 

defined by Koenigswald et al. (1999). It is difficult to discern the occlusal wear as it is partially 

broken away on the anterior and posterior edge of the occlusal surface, yet the surface is 

somewhat higher in the lingual side. 

Crown 

The crown is not so straight and it is slightly bent distally. The lingual side is slightly concave 

and the labial side is slightly convex. There is a distinct bend of the crown on the anterior 

face forming a concavity of the face of the crown.  
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This tooth has two furrows on the labial side and two furrows down the lingual side. The 

difference is that the furrows on the lingual side are not continuous down the crown tip and 

terminate just before the apical tip of the crown, while on the labial side the furrows continue 

to the apical tip of the crown. The labial face of the tooth is also more continuous and longer 

than the lingual face.  

Root 

At the apical tip of the crown the enamel edges of the crown become constricted and the 

width of the crown narrowing as if this is the beginning of a root. At the apical tip or root 

end, the root end is open and it is possible to observe the thickness of the crown walls and 

how this is filled with dentine. 

The width of the crown is similar down the crown from the occlusal surface towards the 

apical tip of the crown, but begins to narrow as if the beginnings of the formation of a 

conical root. However there is no evidence of a true root formed.  

 

MACN Pv-CH 1978 Upper Left MF4 (See Drawing in Table 1 Appendix B) 

Comments: The tooth is a very intact and well preserved lower molariform. It has very little 

wear on the occlusal surface and probably belongs to a young individual.  This tooth is 

assigned to an upper left MF4. 

This is a complete but slightly worn tooth. It is asymmetrical. It does not have the 

characteristics of a lower molariform and thus is tentatively considered an upper molariform, 

either MF3 or MF4. MF3s are strongly bent lingually and possess more symmetrical lophs 

compared to MF4s, therefore as this tooth has asymmetrical lophs I can tentatively assign 

this tooth to a MF4 position. As no known upper molariforms are correctly identified the 

concave face of the crown is assumed as the lingual face. Thus the lingual face of the crown 

is concave and the crown curves anteriorly. The flatter more worn section of the occlusal 

surface is assumed as the anterior part of the occlusal surface. In upper molars the anterior 

part of the occlusal surface is more worn and the posterior part less worn this coincides with 

the posterior movement of the jaw during occlusion. This tooth is tentatively assigned to left 

MF4, however the lingual side may be convex as in extant rodents, then this tooth may also 

be a right MF3. 

Other Sudamerica ameghinoi molariforms assigned to as left MF4s is:  MACN Pv-CH 1964. 

Occlusal surface 

The occlusal surface is asymmetrical, square-like in shape and has three lophs; three lingual 

and three labial lobes. The anterior loph is only slightly larger than the posterior loph; 
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however the middle loph is larger than the two other lophs and slightly longer in a lingual 

labial direction compared to the other two lophs. There is a clear distinction between the 

lingual and labial lobes and the labial lobes are longer than the lingual lobes. The labial lobes 

end in a rounded point. The anterior and posterior lingual lobes end in a pointed end, the 

middle labial lobe ends in a square tip. There is also wear on the pointed ends of the labial 

lobes and these ends seem to flatten outwards. The occlusal surface is very asymmetrical. 

The posterior loph is concave C-shaped facing anteriorly, the middle loph is narrow and the 

anterior loph is concave C shaped facing posteriorly. The anterior enamel border of the 

posterior loph is bifurcated.  

The lophs are connected to each other by enamel transverse crest that occur along the 

midsection of the occlusal surface. There are three enamel islets: one on the posterior loph, 

circular in shape that may represent IS1 and two other islets that are found directly 

underneath the enamel crests. These enamel islets represent IS2 and have a small circular 

indentation forming a hole in the dentine. 

There is also a slight groove in the dentine on the anterior loph that seems to be the remains 

of an eroded enamel islet.  

It is possible to discern that there is occlusal wear on the occlusal surface where the labial 

lobes are worn flatter than the lingual lobes. The leading and trailing edge of the enamel is 

observed on the dentine island between the anterior lingual lobe and middle lingual lobe. The 

leading edge is observed on anteriorly and the trailing edge observed posteriorly and this 

coincides with upper molariforms. There are also distinct wear striations on the enamel lophs 

of the occlusal surface that represent a clear anterior posterior movement of the jaw during 

mastication. There are small lingual and labial synclines observed on the occlusal surface. 

Crown 

The crown is not straight and it is bent distally. The lingual side is concave and the labial side 

is convex. There is a distinct bend of the crown on the posterior face forming a concavity of 

the face of the crown.  

This tooth has two furrows on the labial side and two furrows down the lingual side. The 

furrows on the labial side are continuous down to the broken apical tip of the crown but 

become more constricted and decrease in width. The labial face of the tooth is more 

continuous and longer than the lingual face. The longitudinal enamel lophs continue down 

the face of the crown and it can be observed that the anterior longitudinal loph is much 

larger than the posterior loph.  
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On the anterior face of the crown there is a small furrow that originates at the bi-lobed 

posterior loph in the occlusal surface and continues longitudinally down the crown. This 

furrow does not continue down all the way down the face of the crown and is filled with 

cementum closer to the apical root end. 

At the apical tip of the crown the enamel edges of the crown become constricted and the 

width of the crown slightly narrows. 

Root 

At the apical tip of the crown a conical closed root has formed.  

The root consists of the thick enamel border, forming the square edge of the root; the labial 

face of the root is longer and curved over the lingual face. 

 

MACN Pv-CH 1927 Upper Right MF1 (See Drawing in Table 1 Appendix B) 

Comments: The material consists of a fairly complete single cheek-tooth, identified 

tentatively as a right upper molariform MF1 and is similar in morphology to MF1 observed 

by Koenigswald et al. (1999). Other Sudamerica ameghinoi molariforms assigned to as right 

MF1s are: MACN Pv-CH 1952, MACN Pv-CH 1982 and MACN Pv-CH 1983.  

Occlusal surface 

The occlusal surface is very complete and is oval in shape and not square shaped as in the 

other cheek-teeth with three lophs.  

This tooth is four lophed with four lingual and four labial lobes. The posterior loph and the 

two middle lophs are intact but the anterior loph is broken.  

It can be observed that the posterior loph is intact and slightly smaller than both middle 

lophs. It may have been nearly the same size or smaller than the anterior loph, with the 

posterior middle loph and the anterior middle loph larger in size than the anterior and 

posterior loph. It can be observed that the posterior middle loph (3rd loph from the anterior 

end) is longer than the other three lophs. 

The occlusal surface is not flat and the lingual lobes are less worn and higher than the labial 

lobes. The labial lobes are longer than the lingual ones. The lingual and labial ends of the four 

lophs all terminate in a rounded end except for the labial end of the posterior loph that has a 

more pointed end. The lophs are not all joined together by an enamel bordered crest. The 

anterior and posterior enamel borders of each loph has little enamel spurs.  

It is possible to detect enamel islet in the middle of each loph and these islets may represent 

enamel islet type 2 (IS2) as defined by Koenigswald et al. (1999). There are also enamel islets 

on the posterior loph or cap and it is assumed that there was an enamel islet on the anterior 
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loph or cap but this loph is broken, these enamel islets on the posterior and anterior loph are 

interpreted as enamel islets type 1 and form at early stage of wear.  

There are some anterior-posterior wear striations on the enamel border of the occlusal 

surface.  

The leading and trailing edge of the enamel is observed on the posterior loph, the middle 

loph and the second most posterior loph (i.e. third loph) that are revealed by the differently 

abraded dentine. On the posterior loph the anterior arm of the lingual lobe has a leading edge 

where the dentine is flushed with enamel (anteriorly) and on the posterior edge of the lingual 

lobe a trailing edge can be observed where the dentine is eroded and forms a clear step with 

the enamel border (e.g. Krause, 1982).  

Crown 

The crown of the tooth is wider at the occlusal surface and then becomes narrower and more 

constricted towards the apical tip of the crown. The crown is quite straight. The lingual side 

is slightly concave and the labial side is slightly convex. The labial face is extended more 

towards the apical tip of the crown and the lingual face is shorter.  

This tooth has three furrows on the labial side and three furrows on the lingual side. 

However these furrows are filled with cementum closer to the occlusal surface and then 

midway down the crown the furrows no longer are filled with cementum but are hollow. The 

posterior enamel loph that continues down the apical tip of the crown is larger than the other 

three longitudinal lophs. However the anterior longitudinal loph is totally broken down the 

crown face and is smaller.  

Root 

At the apical root tip the enamel edges of the crown become slightly more constricted and 

the width of the crown decreases and an open root is observed. The apical tip or root end is 

open and it is possible to observe the thickness of the enamel crown walls and how these are 

divided by enamel walls that make up the longitudinal enamel lophs. These enamel tubules 

are filled with dentine. 

This tooth is asymmetrical, laterally compressed and can be considered an upper tooth and 

thus a left upper MF1.  

 

MACN Pv-CH 1976 Upper left MF1 (See Drawing in Table 1 Appendix B) 

Comments: The material consists of a fairly complete single cheek-tooth, identified 

tentatively as a left upper molariform MF1. This tooth is very complete at the occlusal 

surface. It probably represents a young tooth due to the limited wear at the occlusal surface.  
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Other Sudamerica ameghinoi molariforms assigned to as left MF1s are: MACN Pv-CH 1934, 

MACN Pv-CH 1933 and MACN Pv-CH 1944. 

Occlusal surface 

The occlusal surface is very complete and is oval in shape. This tooth is four lophed and has 

four lingual and four labial lobes.  

The anterior loph is not bifurcated but is separated lingual and labially by an enamel islet. The 

posterior loph is slightly larger than the anterior loph. The middle lophs are elongated. The 

labial lobes end in a pointed tip, the lingual lobes end in a rounded tip. The anterior lingual 

lobe ends in a square tip. 

The occlusal surface is not flat and the lingual lobes are slightly more worn and slightly flatter 

than the labial lobes. The lingual lobes seem slightly shorter than the labial ones. The lophs 

are not all joined together by a transverse enamel crest.  

There are enamel spurs on each loph will may connect in later stages of wear to form 

parasagittal crest that cross the transverse valleys. The anterior loph and middle loph are 

separated by a wide cementum valley. An enamel islet is present on the anterior and posterior 

caps on the occlusal surface. These represent IS1 and indicate early wear on the tooth 

surface. There are also small grooves across the mid section of the occlusal surface with small 

circular deep indentations in the dentine in the middle of the groove.  

There are some indications of anterior-posterior wear striations on the enamel border of the 

occlusal surface. It is possible to observe the identification of trailing and leading edges in the 

anterior middle loph. 

There is also slightly more wear on the anterior part of the occlusal surface compared to the 

posterior part. 

Crown 

The crown is very straight and long. The lingual side is slightly concave and the labial side is 

slightly convex. The labial face is extended more towards the apical tip of the crown, curling 

over the root tip and the lingual face is shorter. The anterior face of the crown is also 

concave. 

This tooth has three furrows on the labial side and three furrows down the lingual side. The 

enamel lophs continue down the crown face, towards the apical tip of the crown.  

Midway down the crown there are some indentations on the enamel of the lingual face.  

The crown is uniform but constricts in width near the base. 
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Root 

It is not possible to discern if this is the beginning of the formation of a closed root. At the 

apical tip or root end it is possible to observe the thickness of the crown walls, divided by 

inner enamel walls. These are the inner walls that make up the longitudinal enamel lophs. The 

labial enamel face of the crown curves over the crown base and is not joined to the enamel 

wall of the lingual face. 

 

MACN PV CH 1919 Upper left MF2 (See Drawing in Table 1: Appendix B) 

Comments: The material consists of a fairly complete but worn single cheek-tooth, 

identified tentatively as a left upper molariform MF2. 

Other Sudamerica ameghinoi molariforms assigned to as left MF2s are: MACN Pv-CH 1937, 

MACN Pv-CH 1939 and MACN Pv-CH 1951 (right MF2). 

Occlusal surface 

The occlusal surface is very complete and is oval or ecliptic shape and is not square-like in 

shape. It is four lophed and consists of four lingual and four labial lobes. The anterior and 

posterior lophs are similar in size but the anterior loph can be observed to be slightly larger. 

The two middle lophs are similar in size and are longer than the anterior and posterior lophs 

(caps).  

The occlusal surface is not flat and the lingual lobes are less worn and higher than the labial 

lobes. The lingual lobes are also shorter than the labial ones. The anterior and posterior loph 

have both lingual and labial ends that terminate in a pointed tip, while the middle two lophs 

have ends that terminate in a more rounded and has a slightly square-like tip. The lingual lobe 

of the posterior middle loph ends in a square enamel tip. The lophs are all joined 

transversally together via an enamel transverse crest. It is possible to detect a slight enamel 

islet in the middle of each loph and these islets may represent the beginnings of enamel islet 

type 3 as defined by Koenigswald et al. (1999). 

The occlusal surface is more worn towards the anterior portion of the tooth more so than 

the posterior portion and this may also infer the backwards motion of the jaw during the 

power stroke. There are some anterior-posterior wear striations on the enamel border of the 

occlusal surface.  

Crown 

The crown is quite straight however it is slightly bent lingually. The lingual side is slightly 

concave and the labial side is slightly convex. 
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The crown of the tooth is wider at the occlusal surface and then becomes more constricted 

towards the apical tip of the crown forming a single conical root.  This tooth has a distinct 

conical root that is not preserved in other molariforms. 

Root 

Here a conical root is clearly visible.  This root can be considered closed, as it is not possible 

to observe the inner pulp or crown dentine. The root has formed at the point where the 

apical end of the crown has become narrower and constricted. The root has a thick enamel 

layer and at some places the root is covered in cementum. The root has a flat face on the 

lingual side of the crown and a convex face on the labial side of the root. 

Thus this tooth is asymmetrical; it has a curved crown and can be considered an upper tooth 

and thus an upper left MF2. 

 

MACN Pv-CH 1954 Upper Right MF2 (See Drawing in Table 1: Appendix B) 

Comments: The material consists of a fairly complete single cheek-tooth, identified 

tentatively as a right upper molariform MF2.  It is a tooth with a straight crown.  

Other Sudamerica ameghinoi molariforms assigned to as right MF2s are: MACN Pv-CH 1968, 

MACN Pv-CH 1970 and MACN Pv-CH 1980.  

Occlusal surface 

The occlusal surface is complete and is oval elliptic shape. It is four lophed and consists of 

four lingual and four labial lobes. The anterior loph is smaller than the other three lophs. 

However the posterior loph is slightly elongated but concave in shape like a C that faces 

anteriorly. The two middle lophs are rectangular in shape, similar in size and are longer than 

the anterior and posterior lophs (caps).  

The occlusal surface is not symmetrically flat, with more wear observed on the posterior part 

of the occlusal surface compared to the less worn anterior side. The lingual lobes are slightly 

shorter than the labial ones and end in a square tip. The anterior loph ends in a pointed tip 

both lingually and labially. The anterior middle labial and lingual lobe ends in a square tip. 

The posterior middle loph ends in rounded tip lingually and square tip labially and the 

posterior labial lobe ends in a pointed tip. The posterior loph is not c-shaped but has an 

indentation on the occlusal surface which continues down the crown face. This is observed 

in all MF2s. 

The lophs are all connected together by an enamel crest. There are labial and lingual synclines 

between the anterior middle, posterior middle and anterior lophs.  
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There are no enamel islets observed on the occlusal surface; however there are grooves in the 

dentine. It is not possible to observe an asymmetrical pattern of dentine abrasion that can be 

observed in other gondwanatherian teeth as the dentine is very worn on the occlusal surface. 

It is also possible to observe that the occlusal surface is more worn towards the posterior 

portion of the tooth more so than the anterior surface and this may also infer the backwards 

motion of the jaw during the power stroke. There are some anterior-posterior wear striations 

on the enamel border of the occlusal surface.  

Crown 

The crown is quite straight, it is slightly concave lingually and the labial side is slightly convex. 

The crown of the tooth is wider at the occlusal surface and then becomes slightly more 

constricted towards the apical tip of the crown however no closed root is observed.  

This tooth has three furrows on the lingual side and three down the labial side. These 

furrows are wider near the occlusal surface and then become narrower down the face of the 

crown towards the apical root end. The labial face seems slightly more continuous and longer 

than the lingual face. The labial face is continuous and begins to curve at the apical end. The 

furrows on the labial side are wider at the top of the crown then become narrower towards 

the apical root end. The posterior cementum furrow on the labial face of the crown is very 

distinctly narrower towards the apical end of the root compared to the other longitudinal 

furrows. 

Root 

This tooth represents a later stage of wear and the root is open. However the enamel layer is 

very limited at the apical tip and a dentine inner core is observed. Here at the apical end, the 

crown has become narrower and constricted.  The root has a flat face on the lingual side of 

the crown and a convex face on the labial side of the crown. Three deep funnels are observed 

at the apical tip end that maybe the result of the inner core between the folding of the 

longitudinal enamel lophs and longitudinal furrows. 

 

MACN Pv-CH 1936 lower Left mf1 (See Drawing in Table 1: Appendix B) 

Comments: This tooth is fairly complete and only slightly worn. The occlusal surface is very 

complete and can be tentatively identified as lower anterior tooth and as a left mf1. 

Other Sudamerica ameghinoi molariforms assigned to as left mf1s are: MACN Pv-CH 1961, 

MACN Pv-CH 1967 and MACN Pv-CH 1979. 
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Occlusal surface 

The occlusal surface is asymmetrical and has three lophs labially and lingually but the anterior 

most loph is bifurcated. The anterior loph is divided into two lingual lobes. Altogether there 

are four lingual lobes and three labial lobes. The middle loph and the posterior loph are 

joined together by an enamel bridge that has a dentine filled surface. The anterior loph is 

joined to the middle loph at mid section of the occlusal surface but no crest has formed 

between the anterior and middle loph. 

The occlusal surface is somewhat flat but the labial lobes are higher and the lingual lobes 

flatter. It is difficult to discern if the labial lobes are shorter than the lingual lobes as observed 

by Koenigswald et al. (1999) who observed that in mf1s the labial lobes are shorter than the 

lingual. 

There are three islets observed, one in each loph. These islets are described as IS3 by 

Koenigswald et al. (1999) and originate at the apical tip of the tooth from a syncline. These 

islets are diamond shaped in the middle and posterior loph and semi-circular shaped in the 

anterior loph and are not very deeply etched into the dentine.  

Crown 

This tooth has a very long intact crown and is very compressed in a lingual labial direction. 

This tooth corresponds to a younger individual as there is little wear observed.  

The crown has three longitudinal enamel lophs that extend down the labial face and two 

furrows. On the lingual face there are four longitudinal enamel lophs that extend down the 

lingual face with three furrows. The lingual face is flat and slightly concave and the labial face 

slightly convex. 

The lophs on the labial face are wider with the anterior loph being wider than the other two 

longitudinal lophs. The two longitudinal furrows on the labial face are wider at the occlusal 

surface and are narrower towards the apical root tip. 

On the lingual face the enamel lophs are similar in width but the furrows become narrower 

towards the apical root end of the crown. 

This tooth has an obvious crown curvature whereby the crown curves distally and this 

curvature is more distinct at the apical tip of the crown.  

Root 

There is an open root observed and this root has not closed at the apical tip of the crown. 

However the bottom of the crown is broken. This exposes the inner part of the tooth and 

perhaps the pulp cavity or dentine core. The lingual side of the crown has more conserved 

cementum over the enamel compared to the labial side of the crown.  
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MACN Pv-CH 1924 lower Right mf1 (See Drawing in Table 1: Appendix B) 

Comments: The material consists of a fairly complete and only slightly worn single cheek-

tooth, identified tentatively as a right lower (premolar 4) mf1. 

Other Sudamerica ameghinoi molariforms assigned to as right mf1s are: MACN Pv-CH 1948, 

MACN Pv-CH 1953 and MACN Pv-CH 1955.  

Occlusal surface 

The occlusal surface is very and asymmetrical and has three lophs labially and lingually. The 

anterior most loph is bifurcated and forms a forked shaped structure and is divided into two 

lingual lobes. Altogether there are four lingual lobes and three labial lobes. The middle loph 

and the posterior loph are joined together by a transverse enamel crest. The anterior loph is 

joined to the middle loph at mid section of the occlusal surface also by a transverse enamel 

crest. 

The occlusal surface is somewhat flat but the labial lobes are higher and the lingual lobes 

flatter. The labial lobes are somewhat shorter in length than the lingual as seen in the 

specimens described by Koenigswald et al. (1999).  

There are three enamel islets present, one in each loph on the occlusal surface. These islets 

are described as enamel islet type 3 by Koenigswald et al. (1999) and originate at the apical tip 

of the tooth from a syncline. These islets are oblong in shape in the middle and posterior 

loph and semi-circular shaped in the anterior loph and are all very deeply etched into the 

dentine. It is difficult to discern the occlusal wear on the occlusal surface as it is partially 

broken or worn yet the surface is somewhat higher in the labial side, with more wear on the 

lingual side. 

The leading and trailing edge of the enamel can not be observed as overall the occlusal 

surface is not worn homogenously.  

Crown 

This tooth has a slight crown curvature whereby the crown curves towards the back or 

distally and this curvature is slightly more distinct at the apical tip of the crown. The crown is 

laterally compressed in a lingual labial direction. 

The crown is not straight, it is convex on the lingual side and the labial side is slightly 

concave. There is a slight bend of the crown on the posterior face forming a concavity of the 

face of the crown.   
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This tooth has two furrows on the labial side and furrows down the lingual side. However 

the cementum on the furrows on the lingual side has worn away leaving hollow furrows 

down the crown face with some remnants of cementum at the apical tip of the crown.  

The furrows on the labial side continue down the crown face but seem to decrease in width 

and constrict at the apical tip of the crown, while on the lingual side the furrows continue to 

the broken tip of the crown. It is not possible to discern if the lingual face is longer than the 

labial face as it is broken at the crown apical tip, but considering this is a lower tooth then it is 

assumed that in an intact lower molariform, the lingual face of the tooth is also more 

continuous and longer than the labial face. 

Root 

There is no closed root conserved at the apical tip of the crown. The apical end of the crown 

is broken. However it seems that the crown has began to constrict or narrow in width at the 

apical tip of the conserved crown. 

The apical tip or root end is open and it is possible to observe the thickness of the enamel 

crown walls and how this is filled with dentine. This tooth does seem to be an old tooth as it 

has a short crown however no closed root is observed. 

 

MACN Pv-CH 1981 lower right mf2 (See Drawing in Table 1: Appendix B) 

Comments: This tooth consists of a large three-lophed molariform with a straight crown 

and can be tentatively identified as a lower right mf2. Other Sudamerica ameghinoi molariforms 

assigned to as mf2s are: MACN Pv-CH 1938, MACN Pv-CH 1918, MACN Pv-CH 1949 and 

MACN Pv-CH 1956 (right mf2s) and MACN Pv-CH 1931 (left mf2). 

Occlusal surface 

The occlusal surface is quite symmetrical, square-like in shape and has three lophs; three 

lingual and three labial lobes. The anterior loph is larger than the posterior loph. The labial 

lobes are short compared to the longer lingual lobes. The lingual lobes are slightly broken at 

the lingual end. The anterior and posterior lingual and labial lobes end in a pointed tip.  The 

middle labial lobe ends in a square-like point. 

The anterior loph is C-shaped; concave with the arms of the C facing posteriorly, the middle 

loph is rectangular in shape, while the posterior loph is also C-shaped, concave with the arms 

of the C facing anteriorly. The lophs are connected via transverse enamel crests. There are 

labial and lingual synclines observed along the enamel bridge between each loph. 

The occlusal surface is not evenly worn and it is possible to observe that the lingual side is 

more worn than the higher labial side. 
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There are no enamel islets observed on the occlusal surface, however small grooves in the 

dentine can be observed in the anterior and posterior loph. The tooth has worn down, 

wearing the enamel border of the islets away and leaving a slight groove in the dentine  

forming on the central axis of the tooth and seem to separate each loph. 

This is an upper molariform and the leading edge and trailing edges can be observed on the 

anterior and middle loph.  

Crown 

The crown is uniform in width but begins to narrow in width at the base of the crown. 

This tooth has two furrows on the labial side and two furrows down the lingual side. The 

furrows on both the lingual and labial side are continuous down the crown and continue 

down the crown apical tip and terminate at the apical tip edge of the crown. 

The furrows on the labial side become narrower near the apical end. On the lingual face, the 

furrows also narrow towards the apical root end, however these furrows continue to the root 

tip and do not terminate before the tip as in the labial face. 

The lingual face of the tooth is also more continuous and longer than the labial side. The 

tooth has a long crown and the lingual side of the crown is convex and the labial side is 

concave.  The posterior face of the crown is slightly concave; the anterior face of the crown 

is slightly convex. 

Root 

At the apical tip of the crown, the crown narrows forming an open root. The lingual face of 

the crown curves over at the apical root end forming the root face. 

The crown has curves posteriorly at the root end.  

 

MACN Pv-CH 1922 lower left mf3 (See Drawing in Table 1: Appendix B) 

Comments: This tooth consists of a small three-lophed molariform, worn and can be 

tentatively identified as a lower left mf3. 

Other Sudamerica ameghinoi molariforms assigned to as right mf3s are: MACN Pv-CH 1926, 

MACN Pv-CH 1941, MACN Pv-CH 1943 and MACN Pv-CH 1965. 

Occlusal surface 

The occlusal surface is symmetrical, square-like in shape and has three lophs that consist of 

three lingual and three labial lobes. The anterior loph is somewhat larger than the posterior 

loph, the middle loph longer than the two other lophs, in a lingual labial direction. The 

lingual lobes are longer than the labial lobes, the middle loph end in square-like ends.  
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The posterior lophs is partially broken with the labial anterior lobe totally broken but the 

middle and posterior loph are both complete. 

The lophs are all joined together via an enamel bordered crest. 

It is possible to detect enamel islets in the middle of each loph. These enamel islets observed 

on the enamel on the occlusal surface are narrowly elliptic in shape with an enamel border 

and may represent the beginnings of enamel islet type 2 as defined by Koenigswald et al. 

(1999). They are very similar to islet type 1 that are usually found on the anterior and 

posterior lophs or caps but in this tooth there is an islet in the middle loph as well. 

It is possible to discern that there is occlusal wear on the occlusal surface with the labial side 

being less worn and somewhat higher than the lingual side as observed in other lower 

molariforms. There is slightly more wear on the posterior part of the occlusal surface 

compared to the anterior (mesial) part. 

The leading and trailing edge of the enamel is observed on the lingual lobe of the anterior 

loph and part of the labial lobe and these are revealed by the differently abraded dentine. The 

anterior arm of the lingual lobe has a trailing edge where the dentine is eroded and forms a 

clear step with the enamel border, while the posterior arm of the anterior lingual lobe the 

leading edge is observed where the dentine is flushed with enamel.  

Crown 

The crown is not straight and it is slightly bent distally. The lingual side is slightly convex and 

the labial side is slightly concave. There is a distinct bend of the crown on the posterior face 

forming a concavity of the posterior face of the crown.  

This tooth has two cementum filled furrows on the labial side and two cementum filled 

furrows down the lingual side. The difference is that the furrows on the labial side are 

continuous down to the broken apical tip of the crown but become more constricted and 

decrease in width, while on the lingual side the furrows continue to the apical tip of the 

crown and do not become constricted in width. The lingual face of the tooth is also more 

continuous and longer than the labial face.  

Root 

At the apical tip of the crown the enamel edges of the crown become constricted and the 

width of the crown narrows as if this is the beginning of the formation of a conical root. At 

the apical tip or root end it is possible to observe the thickness of the crown walls and how 

this is open and filled with dentine. There are three canals observed on the apical end that are 

surrounded by the enamel and filled with a dentine. 
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The width of the crown is similar down the crown from the occlusal surface towards the 

apical tip of the crown, but begins to decrease as if the beginnings of a root. However there is 

no evidence of a true root formed.  

Thus this tooth is more symmetrical and is smaller than mf2s which are all three lophed, but 

the anterior loph is larger than the posterior loph.  

 

MACN Pv-CH 1950 lower Left mf3 (See Drawing in Table 1: Appendix B) 

Comments: This tooth consists of a small three-lophed molariform, worn and can be 

tentatively identified as a lower left mf3. 

Other Sudamerica ameghinoi molariforms assigned to as left mf3s are: MACN Pv-CH 1946 and 

MACN Pv-CH 1922. 

This tooth is tentatively identified as a left mf3. It is a large tooth and it is identified as a left 

mf3 due to the square shape of the molariform and that it is not compressed laterally. 

Occlusal surface 

The occlusal surface is symmetrical, square-like in shape and has three lophs; three lingual 

and three labial lobes. The occlusal surface is intact and well preserved. It is observed that the 

anterior loph is slightly larger than the middle and posterior loph. The anterior loph is C-

shaped facing posteriorly and the posterior loph is C-shaped facing anteriorly, the middle 

loph is narrow and more rectangular in shape. 

The lophs are all joined together via an enamel crest. There are labial synclines and lingual 

synclines observed on the occlusal surface. 

There are grooves in the middle of each loph present along the central axis of the occlusal 

surface. These grooves may represent a later stage of wear of the tooth such as IS3.  

It is also possible to observe the distinct leading edge and trailing edge on the enamel.  

Crown 

The crown is not straight and slightly curved distally. Part of the cementum layer has broken 

away at the anterior occlusal end of the crown and this reveals the enamel layer. The rest of 

the crown is covered with cementum. This tooth has a short crown. The lingual face is 

slightly convex, while the labial face is concave. 

The lingual face of the root is not as long as the labial face and at the apical tip of the labial 

face cementum is present and covers the enamel layer of the crown. 

Root 

The tooth crown is quite worn down and there is a distinct presence of a conical closed root 

at the end of the crown. 
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 The apical end of the crown is constricted and narrow with the width at the occlusal surface 

of the crown much larger than at the narrow constricted root end. The root is conical but has 

a square apical end and there is a small circular canal at the middle of the root surrounded by 

the thick enamel crown wall that is in turn surrounded by a thinner cementum wall. This 

tooth represents a closed conical root which is covered by cementum. 

MACN Pv-CH 1929 lower right mf4 (See Drawing in Table 1: Appendix B; See 

Scanning electron micrograph in Appendix B) 

Comments: This tooth consists of a small two-lophed molariform, worn and can be 

tentatively identified as a lower right mf4.  

Other Sudamerica ameghinoi molariforms assigned to mf4s are: MACN Pv-CH 1484 (right mf4) 

and MACN Pv-CH 1932 (left mf4). 

Occlusal surface 

The occlusal surface is asymmetrical, square-like in shape and has two lophs consisting of 

two lingual and two labial lobes. This tooth is laterally compressed in an anterior-posterior 

direction and this can be observed at the occlusal surface continuing to the apical tip of the 

crown. The other right mf4 MACN Pv-CH 1484 is not as compressed as this tooth. This 

tooth is relative small compared to mf1, mf2 and mf3. The anterior loph is slightly larger 

than the posterior one and more elongated lingual-labially compared to the posterior loph. 

The posterior loph is worn down lower and not at the same height as the anterior loph. The 

occlusal surface also seems to be compressed in a slight anterior-posterior direction. The 

lingual lobes end in a point. The anterior labial lobe ends in a wide square edge. The anterior 

and posterior loph are joined together via an enamel crest. 

There are two enamel islets observed on the occlusal surface, situated on the transverse 

section of the occlusal surface on the anterior and posterior loph. These enamel islets are 

situated on the anterior and posterior cap of the tooth but are not symmetrical or identical 

and may be considered enamel islets type 2 instead of type 1 that only appear on the anterior 

and posterior caps of less worn teeth (Koenigswald et al., 1999). 

The enamel islet on the anterior loph is narrowly elliptic in shape and very elongated, while 

the enamel islet on the posterior loph is more circular and rounded. However this asymmetry 

in the islets can be due to the laterally compressed form of the tooth. 

It is difficult to discern the occlusal wear on the occlusal surface as it is compressed perhaps 

due to post-mortem taphonomical processes. 

However it is possible to observe that there posterior side of the occlusal surface is more 

worn down than the anterior side.  
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It is not possible to observe the leading and trailing edge of the enamel. However these 

leading and trailing edges were observed by Krause and Bonaparte (1993) in MACN Pv-CH 

1484 and confirm that the leading edge is posterior to the dentine island and the trailing edge 

anterior to the dentine island, confirming the backwards movement of the jaw during the 

power stroke of the grinding cycle. 

Crown 

The crown is not straight and it is slightly bent distally. The lingual side of the crown is 

slightly convex and the labial side is slightly concave. The anterior face of the crown is 

convex and the posterior face is concave, as observed in other lower Sudamerica molariforms.  

This tooth has one furrow on the labial side and one on the lingual side. There are two more 

furrows observed but these are on the posterior face of the crown and one does extend 

down the crown terminating before the tip. These furrows and folds of enamel that are 

found on the posterior face of the crown could in fact be from the labial face, but as the 

crown has been compacted, laterally compressed and changed due to post mortem abrasion 

these furrows appear to be on the posterior face of the crown. There are no furrows or 

infolds of enamel on the anterior face of the tooth. 

The labial face of the tooth is covered by an enamel layer and seems slightly more continuous 

and longer than the labial face.  

Root 

At the apical tip of the crown the enamel edges of the crown become constricted and the 

width of the crown narrows. The apical tip or root end is open. This tooth is a very small 

tooth, with two lophs on the occlusal surface and may be assigned to a lower right mf4. This 

tooth is very similar to the MACN Pv-CH 1484, that was originally interpreted as a lower 

right m2 by Bonaparte et al. (1993: Fig 4C) and Bonaparte and Krause (1993; Figure 1 and 

3C).  

 

MACN Pv-CH 1942 lower right mf1 and mf2 (See Drawing in Table 1: Appendix B; 

See Scanning electron micrograph in Appendix B). 

Comments: This specimen corresponds to two broken molariforms joined together with 

cementum. This may correspond to a right mf1 and a right mf2 joined together at the apical 

end. 

Occlusal surface 

It is broken and can not be observed. 
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Crown 

The crown consists of a labial and lingual side and represents two teeth cheek joined. There 

is an overall distinct crown curvature observed and both the two joined cheek-teeth are 

curved distally. This specimen is very laterally compressed. The labial side of the crown 

seems longer and more intact and is slightly concave, the lingual side is not as complete as the 

labial side and is shorter and is flat with a slight convex curvature.  

On the first cheek-tooth there are three intact longitudinal enamel lophs and one that is 

broken and thus this tooth has a total of four longitudinal enamel lophs and three furrows. It 

is not possible to observe the longitudinal enamel lophs or furrows on the lingual side of the 

cheek-tooth is completely covered in cementum but it could be assumed that the lingual side 

has three enamel longitudinal lophs and is similar to the labial side with four enamel 

longitudinal lophs and three furrows. 

In between the first cheek-tooth and the next one, is a cementum wall that seems to cover 

most of the crown of both teeth on the lingual side. The second cheek-tooth is covered with 

cementum on the labial side, while on the lingual side only two broken longitudinal enamel 

lophs are observed.  The second cheek-tooth also has a concave labial face but it is hard to 

determine the lingual face as it is quite broken. However the lingual face seems flatter and 

perhaps convex compared to the labial face. 

Root 

It is not possible to observe the root as the apical end of both teeth is broken away. However 

it is interesting to note that there is a cementum layer present towards the apical end of the 

crown of the tooth. The cementum on the labial crown face is continuous and seems to form 

a transverse line or indentation at the base of the tooth near the apical end of the tooth. This 

line or indentation may be the area where the crown of the tooth is inserted in the jaw. 

However this is not observed on the lingual crown face and may be due to the broken apical 

end of the lingual face.  These teeth may represent older individual tooth types. 

 413



Chapter 7 Analysis and interpretation of Gondwanatheria from Argentina 

The following molariforms can not be identified (See Drawing in Table 1: Appendix 

B) 

MACN Pv-CH 1923, MACN Pv-CH 1925, MACN Pv-CH 1930, MACN Pv-CH 1947, 

MACN Pv-CH 1957, MACN Pv-CH 1959, MACN Pv-CH 1962, MACN Pv-CH 1963, 

MACN Pv-CH 1966, MACN Pv-CH 1971, MACN Pv-CH 1972, MACN Pv-CH 1973, 

MACN Pv-CH 1974 and MACN Pv-CH 1975. 

 

7.9.d Lower and upper dental formula 

Isolated Sudamerica cheek-teeth have been previously assigned to premolars and molars based 

on comparisons between multituberculate dentition (Krause and Bonaparte, 1993). Sudamerica 

cheek-teeth have been described as m1 and m2 (M1s and M2s Krause and Bonaparte, 1993). 

For example some Sudamerica ameghinoi cheek-teeth are described as a right m1 (MACN Pv-

CH 1483) and a right m2 (MACN Pv-CH 1484).  

However Koenigswald et al. (1999) stated that all cheek-teeth attributed to Sudamerica should 

be termed as molariforms and only eight morphologies can be recognized. Thus the lower 

dental formula of Sudamerica ameghinoi would be mf1-4 and the upper dental formula would 

be Mf1-4. 

However if isolated Sudamerica cheek-teeth are assigned to premolar loci or to deciduous 

teeth then the lower and dental formula will change. 

Another option that can be considered is that the first two teeth in the Sudamerica jaw are 

molarized premolars and the two alveoli are loci for two molars. This has not been 

considered by other authors in the past as it was thought impossible that blade-like premolars 

undergo molarization in any mammalian lineage. However this has been observed in 

kangaroos (Prideaux, 2004). 

7.9.e Size and morphology of lower incisor 

A partial lower incisor is conserved in the dentary of Sudamerica MPEFCH 534 (Pascual et al., 

1999). This signifies that Sudamerica had a pair of large, euhypsodont, laterally compressed 

lower incisors with a ventro-labially restricted lower enamel band (Pascual et al., 1999). 

MPEFCH 534, is a dentary where an intra-alveolar portion of the lower incisor is directly 

under the two last molariforms mf3 and mf4. As observed by Koenigswald et al. (1999) the 

two last molariform alveolar in the MPEFCH 534 would demonstrate that these two 

molariforms are bent, with mf3 bent laterally and mf4 posteriorly. In comparison mf1 and 

mf2, both in place in MPEFCH 534, are not bent but are molariforms with a straighter 

longer crown and are implanted labially to the incisor (Koenigswald et al., 1999). 
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MLP 90-II-12-560, another specimen attributed to a Sudamerica lower incisor by Koenigswald 

et al. (1999) is from the same Paleocene locality and levels as the type of S. ameghinoi. 

Koenigswald et al. (1999) observed it to share the same dimensions and shape with the 

incisor that is partially exposed in MPEFCH 534. 

This isolated incisor in cross section is slightly kidney shaped and has a shallow concave 

surface in the mesial face and a rounded lateral face (Koenigswald et al., 1999). The labial face 

of the incisor fragment is also rounded and the enamel is thickest at this point and continues 

to the lateral side where the thickness is reduced (Koenigswald et al., 1999). 

The isolated incisor of Sudamerica was compared with an isolated incisor attributed to 

Gondwanatherium (KOE 2862 see Koenigswald et al., 1999: Figure 6) and the authors 

considered both genera had a similar cross-section of the incisor with the labial side of the 

Gondwanatherium incisor more pointed than that of Sudamerica. 

The morphology and size of the lower incisors in Sudamerica and other gondwanatherians is 

very similar to those seen in taeniolabidid and non-taeniolabidid multituberculates (Kielan-

Jaworowska et al., 1987; Engelmann et al., 1990; Krause et al., 1992).  Primitive 

multituberculates such as paulchoffatiids do not have such incisors. Thus it is believed that 

procumbent, incisors that possess a fully restricted ventro-labial band of enamel are derived 

and this is a derived condition within Multituberculate (e.g. Simmons, 1993; Kielan-

Jaworowska and Hurum, 1997). The limited band of enamel is believed to have appeared at 

least four times in Multituberculata including in Glirodon, Eobaatar, Neoliotomus and in five 

groups of non-ptilodontoidean Cimolodonta (Kielan-Jaworowska and Hurum, 2001). 

7.9.f Morphology and orientation of lower molariform cheek-teeth 

As noted before gondwanatherian cheek-teeth were assigned to premolar or molar loci 

compared to multituberculate dentition (e.g. Krause et al., 1992; Krause and Bonaparte, 

1993). However Koenigswald et al. (1999) recognize Sudamerica cheek-teeth as molariform 

cheek-teeth. 

mf1  

The most anterior cheek-tooth in the Sudamerica ameghinoi jaw (MPEFCH 534) and the 

following isolated teeth from the MLP collection MLP 90-II-12-75, 82, 94, and 100 are 

considered right molariforms (mf1) and MLP 90-II-12-120 is considered a left molariform 

(mf1).  

From above, or from an occlusal view the most anterior tooth observed in the jaw MPEFCH 

is more slender or constricted in the anterior portion, it is substantially longer than wider and 

broader mesially than distally.  
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This tooth and all other mf1s are all characterized by a clear asymmetry on the occlusal area. 

The occlusal area is flat but somewhat higher in the labial side (for a right mf1) and more 

worn down in the lingual side. The occlusal surface has three labial and four lingual lobes 

with the first lophs bifurcated lingually but united labially to form a ‘forked” pattern 

(Koenigswald et al., 1999). The labial lobe of the each loph is shorter than the lingual lobe. 

On the occlusal surface there is a lingual syncline between each loph that extends down to 

the base of the crown and some specimens may show variations of a shallow labial syncline 

at the anterior cap that is more obvious at the lower part of the crown (Koenigswald et al., 

1999).  

Some mf1s show variation on the occlusal surface with the formation of a “keel” in the 

anterior edge of the anterior cap (Koenigswald et al., 1999). The anterior cusp is usually very 

rounded. 

As observed by Koenigswald et al. (1999) and in isolated mf1s e.g. MACN Pv-CH 1936, the 

tooth in lateral view is somewhat inclined backwards and they suggested that the occlusal 

surface is oblique to the growing axis, with the tooth curving strongly backwards at the base 

of the crown. The authors suggested that this inclination of the tooth may imply that mf1 

may have erupted with a rotation and the tooth erupted first upwards and then rotated 

backwards. This they suggest also supports the inferred backward movement of the jaw 

during the power stroke. The tooth has only one conical root even though the occlusal 

surface is multilobed. The root is conical and open. 

As stated by Koenigswald et al. (1999) the occlusal surface of mf1 of Sudamerica ameghinoi with 

the “forked” structure of the anterior most loph is also found in teeth belonging to 

Ferugliotherium windhauseni and suggested homology between these teeth. 

However these teeth and those that are similar and housed at the MACN are more laterally 

compressed and are different from the teeth (mf2), the next corresponding tooth in the 

dental series. This suggests that mf1 is quite different from mf2, different in occlusal 

morphology and overall size and shape. It is intresting to note that mf1 is more laterally 

compressed and is somewhat similar to a laterally compressed multituberculate blade-like 

premolar. 

mf2  

The second most anterior cheek-tooth in the right jaw MPEFCH 534 is identified as mf2 and 

is also the following isolated teeth housed at the MLP, identified as such by Koenigswald et 

al. (1999) MLP 90-II-12-77 (left mf2), MLP 90-II-12-561 (right) and MLP 90-II-12-84 

(right). The occlusal surface of mf2 is characterized by the presence of three lophs and is 
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more symmetrical than mf1 (premolar). The lophs are morphologically different, the anterior 

loph is larger than the posterior loph and the middle loph is longer in a labial-lingual 

direction. The occlusal area is flat but somewhat higher in the labial side (for a right mf2) and 

more worn down in the lingual side. The labial lobe of the each loph is shorter (in a labial 

lingual direction) than the lingual lobe. The teeth assigned to mf2 also have a straight crown 

compared to the anterior most mf1s (Koenigswald et al., 1999). 

mf3  

In the lower jaw, the second most posterior tooth locus would house the third lower cheek-

tooth and is assigned as mf3 by Koenigswald et al. (1999). Koenigswald et al. (1999) 

identified the isolated cheek-tooth MPEFCH 562 as a right mf3 and MPEFCH 549 as a 

left mf3. These teeth also are identified as possessing three lophs on the occlusal surface with 

a clear symmetry. It is most probable that if this is the case, this tooth would also have higher 

labial lobes in each loph, with the labial lobe of each loph being shorter or more worn than 

the lingual lobes. Koenigswald et al. (1999) stated that the difference between mf2 and mf3 is 

that mf2 is slightly larger than mf3. 

All cheek-teeth assigned to mf2 and mf3 loci are hypsodont and very molar-like, they are 

quadratic in the occlusal area shape with a rounded posterior edge of the posterior loph and 

are generally similar to multituberculates lower molars such as the paulchoffatiid e.g. 

Kuehneodon, Meketibolodon (Hahn and Hahn, 1998b, 1998c); Guimarotodon: (Hahn and Hahn, 

1998b, 1998c); Bolodon (Kielan-Jaworowska and Ensom, 1992) which are also symmetrical 

and are rounded and quadratic in shape (Sigogneau-Russell, 1991).  

Multituberculate and haramiyid lower molars are also similar in that they both share the 

presence of having more than one longitudinal row of multiple cusps (e.g. Hahn, 1969; 

Clemens and Kielan-Jaworowska, 1979; Hahn and Hahn, 1998b). 

mf4  

In the lower jaw most posterior tooth locus would house the fourth lower cheek-tooth and is 

assigned as mf4 by Koenigswald et al. (1999). Koenigswald et al. (1999) identified the isolated 

cheek-tooth MLP 90-II-12-86 as a ?left mf4. This tooth is a characteristic Sudamerica cheek-

tooth and is only two lophed and very small in comparison to mf1-3. These teeth are 

described by Koenigswald et al. (1999) as having a body that is strongly bend backwards and 

outwards near the base. They stated that this tooth overall form fits well for the dimensions 

presented in the last alveolus of the mandible MLP 90-II-12-534.  

The teeth assigned to mf4 here, also have two lophs that are asymmetrical. Teeth assigned to 

mf4 are smaller and have a larger anterior loph, with long lingual lobes that finish in a 
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pointed tip compared to the shorted labial lobes that have a square end. The mf4s observed 

in the MACN collection are much smaller that other cheek-teeth and might even represent 

deciduous Sudamerica cheek-teeth or deciduous premolars. 

All cheek-teeth assigned to mf4 are hypsodont and have a symmetrical square occlusal 

surface, they have two lophs on the occlusal surface that continue longitudinally down the 

crown forming two longitudinal lophs, with one longitudinal furrow. These teeth have a very 

distinct wear on the occlusal surface with more wear on the posterior part of the occlusal 

surface and less wear on the anterior part of the occlusal surface. In other molariforms this 

wear is not as distinctive and evident.  

7.9.g Morphology and orientation of upper molariform cheek-teeth 

The orientation of upper molariform cheek-teeth of Sudamerica is based solely on morphology 

and comparisons with lower cheek-teeth morphologies and orientation. Upper molariforms 

are considered to be straight and high by Koenigswald et al. (1999) however some of the 

molariforms that are assigned to upper molars here such as MACN Pv-CH 1917 have a 

distinct lingual concave curvature of the crown.  

MF1 

The first upper molar is represented by different specimens based on observations by 

Koenigswald et al. (1999) and these are the teeth assigned to MF1 by these authors: MLP 90-

II-12-531, 93, 96 (left MF1) and KOE 3311 and MLP 90-II-12-97. The authors compared 

the elongated mf1 and stated that the lower mf1 should have an antagonist of similar length 

and with four lophs.   

The MF1 have a high length/width ratio based on observations by Koenigswaldet al. (1999: 

Table 1) compared to other four lophed upper molariforms. The length/width ratio is based 

on the occlusal length (anterior to posterior loph) and width (lingual to labial).  

MF1 are characterized by possessing a straight crown that is not curved lingually like MF3 

and MF4. However MF1s such as MACN Pv-CH 1917 do have concave lingual face and the 

crown curves anteriorly to the front. 

Other characteristics observed by Koenigwald et al. (1999) of MF1 are that they have a 

distinct anterior and posterior cap and two transverse lophs in between with the caps being 

transversally shorter than the middle lophs; MF1 have five enamel islets on the central axis 

when they are young teeth and during wear these islets disappear. 

Koenigswaldet al. (1999) however have observed a specimen MLP 90-II-12-96 that 

demonstrates an additional syncline that forks at the anteriormost lingual loph and thus this 

tooth is not a four lophed molar but a five lophed one. They stated that this tooth has five 
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lingual lobes and four labial lobes and it was a variable feature. There are other teeth 

observed by Koenigswaldet al. (1999) such as MLP 90-II-12-97 that has a slight indication of 

this syncline, while other MF1s observed have a rounded anterior lingual loph.  

All teeth assigned to MF1 from the MACN collection have oval elongated occlusal surface 

characterized by long labial lobs, short lingual lobes, four lophs and large posterior lophs 

compared to the anterior loph. However the MF1 from the MACN collection have anterior 

and posterior lophs of similar size such as as MACN Pv-CH 1952 and MACN Pv-CH 1927. 

These teeth have a more elongated occlusal surface compared to MF2 and this can be 

observed in the length to width ration calculated by the measurement of the length of the 

occlusal surface (anterior to posterior direction) divided by the width of the occlusal surface 

(lingual to labial direction). 

MF2 

Teeth assigned to MF2 or upper second molariforms by Koenigswaldet al. (1999) are also 

four lophed. This teeth have a smaller length/width ration compared to MF1s and thus have 

an overall smaller occlusal area. Koenigswaldet al. (1999) observed that two specimens 

represent MF2 MLP 90-II-12-81 and MLP 90-II-12-71 (both left ML2). These teeth are 

described as four lophed teeth, with a small posterior loph compared to the anterior one. 

However the size of the posterior loph varies in the two specimens studied by Koenigswaldet 

al. (1999) stating that it was due to wear: the shape of the loph decreases with wear and 

specimen MLP 90-II-12-81 is younger compared to MLP 90-II-12-71. 

All teeth assigned to MF2 from the MACN collection have long labial lobes, larger anterior 

lophs and small posterior lophs that are bifurcated, such as MACN Pv-CH 1980. The teeth 

are characterized by a long straight crown and there is slightly more distinct lophs, 

demonstrating a more symmetrical occlusal pattern compared to MF1s. 

MF3 

MF3 are three-lophed teeth and share the following characteristics: 

MF3 is more labio-lingually asymmetrical compared to MF1 or MF2. 

The MF3 have shorter lingual lobes than labial lobes and are strongly bent lingually, this can 

be observed in MACN Pv-CH 1977 and MACN Pv-CH 1978. 

MF3 are shorter compared to young individuals assigned to MF1 and MF2. 

The teeth assigned to MF3 by Koenigswald et al. (1999) are MLP 90-II-12-90; MLP 90-II-12-

92 (right MF3), MLP 90-II-12-70; MLP 90-II-12-80 (left MF3). However the MLP 90-II-12-

92 can not be a right MF3 as the labial lobes are longer than the lingual lobes as seen in 

Koenigswald et al. 1999 Fig 2A and B.  
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MF4 

Teeth assigned to MF4 loci by Koenigswaldet al. (1999) are three lophed and are quite large 

in comparison to other three lophed teeth as the authors stated that MF4 are only slightly 

smaller than MF3. These teeth have a distinct concave lingual face. On the occlusal surface 

they possess more symmetrical lophs compared to MF3s and also possess short lingual lobes 

and longer labial lobes such as MACN Pv-CH 1920.  
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7.10 Premolars, molars or molariforms 

The criteria commonly used for assessing dental homology first proposed by Owen (1868), 

has been based on bony position, occlusal relationships and tooth replacement. Historically 

mammalian teeth were classified as premolars or molars based on the presence of 

diphyodonty or if replacement occurred for that tooth.  

Owen (1840-1845) (see Owen, 1845) defined premolars as those postcanine teeth anterior to 

and including the last tooth that has a deciduous precursor; while molars were defined as 

those non-replaced teeth posterior to the last premolar. Under Owen’s system individual 

teeth are numbered consecutively from anterior to posterior within each category and ideally 

these numbers should reflect homology to the a similar designated tooth in another animal. 

This system works well for most of the extant placental mammals but it is difficult to apply 

to metatherians (Archer, 1978; Westergaard, 1983) or to any fossil mammal not closely 

related to living forms (e.g. McKenna, 1975; Clemens and Lillegraven, 1986; Greenwald, 

1988).  

The problem arises due to the fact that Owen’s classification relies solely on developmental 

criteria and secondly on position and not at all on morphology to establish dental homology 

(e.g. Greenwald, 1988). With extinct taxa these developmental data are not usually available 

and thus the hypothesis of dental homologies can only be based on positional and 

morphology data. While Luckett and Maier (1982) argued that to assess tooth homologies 

data is needed from occlusal relationships, the development of dental lamina, successional 

lamina and enamel organs, rather than the tooth morphologies or patterns of tooth 

eruptions. But this only works well with extant placental mammals where embryological data 

can be utilized. 

It has also proven to be useful to establish tooth homologies in living marsupials (Archer, 

1978). In the case of extinct mammals such as multituberculates and gondwanatherians the 

only dental data available are morphological and positional with developmental data being 

very rare and embryological data being non existent (e.g. Greenwald, 1988).  

Another character that can be used is the overall morphology of the tooth and its position in 

the jaw.  

Tooth shape rather than occlusal relationships or bony position have been used to identify 

incisors, canines and premolars in therians especially in those therians that have greatly 

modified their dentition (e.g. Osborn, 1978; Schwartz, 1980) and recently ontogenetic 

analysis of dentition in extant therians marsupials and placentals has been used by Luckett 

and Maier (1982) to assess tooth homologies in extant therian mammals. 
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When multituberculate dentition was first examined by Simpson (1928, 1929) he used 

familiar dental nomenclature and descriptions, however he stated he was not implying 

homologies with therian teeth. Simpson (1928, 1929) used terms such as “molar” and 

“premolar” when describing multituberculate dentition but these descriptive terms were 

exclusively based on morphology and relative position and not used to convey information 

on tooth replacement (e.g. Greenwald, 1988). Much later, when the first evidence of tooth 

replacement in multituberculate dentition was reported by Szalay (1965) and Greenwald 

(1988), these dental terms were able to actually suggest and reflect replacement patterns 

similar to those seen in placental mammals.  

This in addition is the case for gondwanatherians, authors use the terms “molariform” and 

“premolar or molar” to describe gondwanatherians teeth but these descriptive terms are 

solely based on tooth position and morphology and not on tooth replacement. Only when 

deciduous teeth are preserved in situ can these dental terms actually suggest replacement 

patterns as in other mammals. 
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7.11 Comparison of Gondwanatherium with other gondwanatherians and 

homology of cheek-teeth 

Gondwanatherium cheek-teeth have a very similar overall dental morphology compared to 

Sudamerica cheek-teeth. The difference between the two is that Gondwanatherium possesses 

larger more robust cheek-teeth compared to Sudamerica. Morphologies between 

Gondwantherium, Sudamerica and Ferugliotherium are very similar and some molariforms of 

Sudamerica may be homologous to Ferugliotherium cheek-teeth (e.g. Koenigswald et al., 1999).  

Both Sudamerica ameghinoi and Gondwantherium patagonicum share the following features in 

common:  

Occlusal morphology 

Both share a similar occlusal morphology based on transverse enamel lophs filled with 

dentine separated by transverse furrows that may be filled with cementum. 

Both share the presence of enamel islets that have an enamel border and may be filled with 

cementum. These may be hollow and be formed by an invagination or infundibulum that lies 

longitudinally down the crown. Gondwantherium shares with Ferugliotherium the presence of 

longitudinal rows of cusps on the lingual, middle and labial sides of the occlusal surface. 

 
Figure 7.10: Diagrammatic view of cusps orientated in longitudinal rows on Gondwantherium patagonicum 
molariforms. A) MACN Pv-RN 22 and B) MACN Pv-RN 24. Cusps are represented by circles. Lingual (Li), 
Labial (La), Middle (M). Cusps are oriented by numbers, with the anterior to the right. 
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Crown morphology 

Both have large hypsodont molariform cheek-teeth that are ever growing with a single open 

root that may, in later stages of wear and thus later ontogenetic stages, may close over and 

form a closed single, conical root covered with cementum. 

Both have longitudinal enamel lophs that continue down the face of the crown and 

longitudinal furrows that may be filled with cementum. 

Both have lower molariforms with crowns that consist of a long convex lingual face and a 

shorter labial concave face. These lower molariforms have an occlusal surface that consists of 

long lingual lobes and shorter labial lobes.  

Both have upper molariforms with crowns that consist of a long convex labial face and a 

shorter lingual concave face. These lower molariforms have an occlusal surface that consists 

of long labial lobes and shorter lingual lobes. 

Incisor 

The Sudamerica jaw specimen bears the root of a large central incisor (Pascual et al., 1999) and 

the cross section visible in the alveolus of the jaw demonstrates that the incisor was strongly 

compressed laterally, flat medially, convex laterally, rounded dorsally and with a restricted 

band of enamel that is ventrolabially restricted (Pascual et al., 1999). 

The Gondwanatherium incisor MACN Pv-RN 970/ MACN Pv-RN 254 is a large laterally 

compressed incisor and is not complete. It is curved and as judging by the curvature and 

cross-section shape this can be attributed to a lower incisor from the right side. In coronal 

cross section, the crown is oval in shape and is narrower dorsally than ventrally, with a 

concave medial side and a convex lateral side (e.g. Krause et al., 1992). 

The enamel microstructure of both the Sudamerica and Gondwantherium incisors was compared 

by Koenigswald et al. (1999) however it is not known what specimens were used by these 

authors in their study. The authors stated there are similarities in the schmelzmuster of the 

incisors, with similarities in the presence of a combination of radial and tangential enamel 

with an IPM that is straight from the enamel-dentine junction towards the OES.  

Koenigswald et al. (1999) stated that the characteristics of the enamel found on the 

Gondwantherium incisor demonstrates that Gondwantherium is more derived than Sudamerica 

since the tangential enamel is better developed. The composition of the enamel changes from 

the lateral to mesial sides of the enamel band and the schmelzmuster in both genera is 

different from that found in rodent and lagomorph incisors that are homogeneous 

throughout (Koenigswald et al., 1999). They stated that the combination of tangential and 

radial enamel is also found in ptilodontoid multituberculates (Sahni, 1979) and some 
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marsupials (e.g. Koenigswald and Pascual, 1990) but this is not a synapomorphic character as 

the arrangement within the schmelzmuster is different.  

The schmelzmuster differs in the Gondwanatherium incisor specimen compared to the 

Sudamerica incisor specimen studied by Koenigswald et al. (1999). The authors stated there are 

distinct differences with the position of the radial enamel in the incisor section studied in the 

two genera and the directions of the prisms in the ‘neutral area’; of the enamel in the two 

genera. It is interesting to note that the findings presented by Koenigswaldet al. (1999) 

suggest that Gondwantherium has differentiated incisor enamel compared to Sudamerica and the 

differences indicate that both taxa have had different evolutionary histories and are not direct 

descendents.  

7.11.a Comparison of gondwantherian molariforms with multituberculate teeth 

Gondwanatherian cheek-teeth share features with multituberculate cheek-teeth. These 

features include the possession of molars or cheek-teeth with two or more rows of 

longitudinal aligned cusps; palinal (posterior) direction of dentary during power stroke of 

grinding cycle; small prismatic enamel (e.g. Krause et a. 1992).  

The gondwanthere Ferugliotherium has a similar premolar morphology and possesses anterior 

upper premolars with conical cusps with radiating ridges and lower premolars with apical 

serrations from which arcuate buccal and lingual ridges descend (Krause and Bonaparte, 

1993). 

Lower premolars of multituberculates have apical serrations from which arcuate labial and 

lingual ridges descend (Krause et al., 1992; Simmons, 1993). Lower molariforms of 

gondwanatherians do not have apical serrations similar to multituberculate premolars 

however an isolated tooth assigned to Ferugliotherium windhauseni does have apical serrations 

similar to a multituberculate premolar (Kielan-Jaworowska and Bonaparte, 1996). Other 

gondwanatherians Sudamerica and Gondwanatherium both possess hypsodont cheek-teeth that 

may, despite their hypsodont nature, correspond to multituberculate or multituberculate-like 

premolars due to the elongate and laterally compressed shape of the tooth. This is so, even if 

there are no arcuate labial and lingual serrations and ridges descending down the crown as are 

observed in lower fourth blade-like premolars of multituberculates. 

Pascual et al. (1999) and Koenigswald et al. (1999) regarded that all Sudamerica mf1 teeth are 

molariforms, however it is important to note that all mf1s do share morphological 

characteristics with multituberculate premolars. 
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Sudamerica mf1s and Gondwantherium mf1s differ from all other gondwanthere cheek-teeth; 

mf1s are elongated teeth and in occlusal view the crown is more slender or pinched in the 

anterior portion and substantially longer that wider.  

The mesial part is broader than the distal part and slightly tapers towards the rounded 

posterior end. These teeth are all characterized by a clear symmetry on the occlusal area. The 

occlusal area is flat but somewhat higher in the labial side (for a right mf1) and more worn 

down in the lingual side.  

The occlusal surface has three labial and four lingual lophs with the first two lophs separated 

lingually but united labially to form a ‘forked” pattern (Koenigswald et al., 1999).  

The labial lobes of each loph are also shorter than the lingual lobes. On the occlusal surface 

there is a lingual syncline between each loph that extends down to the base of the crown and 

some specimens may show variations of a shallow labial syncline at the anterior cap which is 

more obvious at the lower part of the crown (Koenigswald et al., 1999).  

7.11.b Comparison of gondwanatherian molariforms with haramiyid isolated teeth 

Sudamerica mf1s and Gondwantherium mf1s are similar in the occlusal surface morphology to 

isolated haramiyid teeth attributed to premolars, such as Staffia aenigmatica from the Upper 

Jurassic Tendaguru beds of Tanzania (Heinrich, 1999) and Thomasia from the Late Triassic 

and Early Jurassic of Europe (e.g. Plieninger, 1847, Simpson, 1928, Parrington, 1947, Peyer, 

1956, Hahn, 1973, Clemens, 1980, Sigogneau-Russell, 1989, Sigogneau-Russell and Hahn, 

1994, Butler and McIntyre, 1994). 

Staffia identified by Heinrich (1999) as a right lower posterior premolar has a tooth crown 

which seen from above is also slender, pinched or restricted in the anterior portion and 

substantially longer than wider. It is a tooth that is broader mesially than distally and slightly 

tapers towards the rounded posterior end. The tooth has an anterior margin that is 

transverse, rounded and indented that recedes towards the labial margin. The lingual side of 

the tooth curves over the occlusal surface forming a higher lingual side. The lingual margin of 

the tooth has also two slight indentations that correspond to the external openings of the 

lingual synclines (LS1 and LS2) and there are three labial synclines on the labial side (BS1-BS3) 

(see Heinrich, 1999: Fig 2) .The posterior border of the premolars are rounded. 

Haramiyid cheek-teeth like multituberculate cheek-teeth and gondwanatherian cheek-teeth 

have two rows of longitudinal aligned cusps. However haramiyid cheek-teeth have cusps that 

decrease in height posteriorly and border a central basin and are either limited anteriorly by 

one cusp (premolars) or by two cusps (molars), while posteriorly there may be a rounded 

cusp or the posterior rim of the occlusal surface is rounded and u-shaped (e.g. Hahn, 1973; 
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Sigogneau-Russell 1989; Sigogneau-Russell and Hahn, 1994; Butler and McIntyre 1994; 

Heinrich, 1999). 

Based on the jaw of Haramiyavia from Upper Triassic of Greenland the lower cheek-teeth 

possess the highest mesial cusps (row A: Hahn, 1973) that are now identified as the lingual 

row, while the labial row has the lowest cusps (Jenkins et al., 1997 and previously suggested 

by Hahn, 1973; Sigogneau-Russell, 1989; and Butler and McIntyre, 1994). 

While in Sudamerica the lower cheek-teeth possess a higher labial side compared to the lingual 

(e.g. Pascual et al., 1999; Koenigswald et al., 1999) and in lower Gondwantherium molariforms 

the lingual lophs are higher than the flatter worn labial lophs. 

Staffia has three labial cusps and three lingual cusps that lack enamel but still possess dentine 

between the lingual cusp L3 and the labial cusp B2. There is still some presence of enamel at 

the base of the cusps and the floor of the central basin (between the cusps) and the synclines 

(Heinrich, 1999). The labial row of cusps however does not extend as far anteriorly as the 

lingual row. The lingual cusps are larger than the labial ones with the anterior most lingual 

cusp the largest and with the cusps declining in size posteriorly as do the labial cusps 

(Heinrich, 1999). These cusps like those of Sudamerica and Gondwantherium are separated by 

small transverse groove or synclines that continue down the base of the crown.  

Staffia resembles the lower tooth crown pattern of the lower posterior premolars of Thomasia 

(Sigogneau-Russell, 1989 tooth group I) than the anterior molars of Thomasia (Sigogneau-

Russell, 1989 tooth group II) and thus Staffia is identified by Heinrich (1999) as a posterior 

lower right premolar. Staffia is different from other haramiyids but similar to 

gondwanatherians with the presence of well-developed rounded synclines between the cusps 

that continue down the brachyodont crown of the tooth. However Staffia does have roots 

presence and they may have broken away, Heinrich (1999) stated that judging from the cross 

section of the tooth base, the anterior root may have been wider transversally than the 

posterior root. The posterior root was compressed lingual-labially and extended 

longitudinally. However Sudamerica ameghinoi and Gondwantherium patagonicum cheek-teeth have 

long crowns, with wide apical root area that are characteristic of hypsodont cheek-teeth with 

open roots.  

Incisor 

Gondwantheres share with haramayids and multituberculates the presence of procumbent 

lower incisor and a substantial diastema (e.g. Jenkins et al., 1997). 

The Gondwantherium incisor MACN Pv-RN 254 shares many characteristics with 

multituberculates incisors especially with taeniolabidoids due to the restricted band of enamel 
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(e.g. Krause et al., 1992). The Sudamerica ameghinoi and Gondwantherium incisors are similar in 

morphology to multituberculate incisors and resemble multituberculate incisors. Both 

Sudamerica and Gondwantherium have incisors that possess a combination of radial and 

tangential enamel (Koenigswaldet al., 1999) and this is also found in ptilodontoild 

multituberculates (Sahni, 1979). All gondwanthere incisors including Ferugliotherium windhauseni 

have a restricted band of enamel (Krause and Bonaparte, 1993; Pascual et al., 1999), a feature 

that is only observed in multituberculate incisors (e.g. Krause and Bonaparte, 1993) and are 

strongly compressed laterally, flat medially and have a convex side laterally.  

The Gondwantherium incisor MACN PV-N 254 has no trace of prism decussation in the 

enamel and this is also the case for multituberculate enamel (Krause et al., 1992). This is 

another feature that unites multituberculates with gondwanatherians. 

In extant and extinct rodent enamel prism decussation is present (e.g. Krause et al., 1992).  

However the absence of prism decussation has been observed in the plesiomorphic prismatic 

enamel of Mesozoic mammal (e.g. Wood and Stern, 1997) and absence of prism decussation 

is primitive for mammals. No prism decussation or change of direction of prisms has been 

observed in mammals with plesiomorphic prismatic enamel, instead the prisms are arranged 

in a parallel, radial orientation outward from the dental enamel junction or tilted towards the 

apex of the cusp at an angle of approximately 45º to a more horizontally oriented 

interprismatic matrix (Wood et al., 1999). 
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7.11.c Morphology and analysis of Sudamerica ameghinoi dentary 

The following are features from the right lower jaw (MPEFCH 534) of Sudamerica ameghinoi 

described by Pascual et al. (1999) (see Figure 7.11). 

Based on this analysis of the specimens, that contains two molariforms mf1 and mf2 and 

alveoli for two more molariform (mf3 and mf4), the authors casted doubt on the hypothesis 

that gondwanatherians were multituberculates and from this jaw the authors regarded 

Gondwantheria as Mammalia incertae sedis. The jaw measures 4.25 cm from the alveolus tip to 

the distal end. 

 

Figure 7.11. Drawing of Sudamerica ameghinoi (MPEFCH 534). 
Right dentary in (A) labial, (B) lingual and (C) occlusal views. Modified from Pascual et al. (1999) 

Horizontal ramus of the dentary 

The dentary is virtually complete from the alveolus of the incisor to the distal border of the 

alveolus for the last cheek-tooth. The horizontal ramus is observed by Pascual et al. (1999) to 

be short and deep. This is interpreted as the length of the dentary being not very long in a 

mesial to distal direction and the dentary being deep from the ventromedial border to the 

ventrodistal border. 

Diastema 

There is a diastema visible between the alveoli for the incisor and the first cheek-tooth. The 

diastema measures approximately 10mm long. The diastema is dorsally concave. It is difficult 

to measure the exact length of the diastema due to the breakage of the root. 
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Mandibular symphysis  

The mandibular symphysis is unfused and extends distally to a position ventral to the lowest 

point of the diastema. 

The dentary  

The ventromedial border of the dentary is intact from the symphysis to a position ventral to 

the distal margin of the second molariform cheek-tooth, where it forms a sharp and inflected 

margin. 

The ventral border of the dentary is broken away below the alveoli for the third and fourth 

molariform cheek-teeth. As a consequence it is difficult to observe the full extent and depth 

of the pterygoid fossa. 

Pterygoid fossa 

The pterygoid fossa is not visible due to the broken ventral border of the dentary. However, 

the observed morphology dorsally suggests that the fossa may have been extensive. 

Mental foramen 

The mental foramen is prominent and positioned near the lowest point of the diastema, on 

the dorsolateral aspect of the dentary. 

Ascending ramus 

The entire ascending ramus is broken away, but the anterior part of the base of the coronoid 

process is preserved. 

Coronoid process 

Only the base of the coronoid process is preserved, demonstrating that it was situated 

opposite to the second molariform cheek-tooth. 

Masseteric fossa 

The anterior border of the masseteric fossa is not visible. 

Lower incisor 

The extra alveolar portion of the lower incisor in the jaw MPEFCH 534 is broken away. The 

cross section that is visible in the alveolus reveals that the tooth is strongly compressed 

laterally, flat medially, convex laterally, sharply angled ventromedially and rounded dorsally. 

Also visible is a ventrolabial restricted band of enamel. 

Measurements of lower incisor 

The lower incisor measures 2.4mm wide and 6.0mm high at the rim of the alveolus. 

The position and shape of the mandibular symphysis indicate that the medial aspect of the 

incisor was pressed against its counterpart on the left side. 

 430



Chapter 7 Analysis and interpretation of Gondwanatheria from Argentina 

Root of the lower incisor 

The root is long and extends posteriorly to the distal border of the last cheek-tooth alveolus. 

The portion that is visible is not complete enough to determine if the enamel is present on 

the ventral aspect of its distal terminus.  

The lower incisor lies obliquely in the jaw. Its root passes medially and ventrally to the roots 

of the first cheek-tooth but directly ventral to those of the last cheek-tooth. 

Cheek-teeth in place in MPEFCH 534 

There are four cheek-teeth in MPEFCH 534 that include two visible cheek-teeth and two 

alveoli. 

First cheek-tooth mf1 

This tooth is oval in occlusal outline. It is narrower on the mesial end than distal end. It is a 

high crowned molariform that probably formed roots sometime throughout its lifecycle. It 

measures 6.60 mm long from an anterior to posterior direction and 3.71 mm wide in a lingual 

to labial direction. 

Second cheek-tooth mf2 

This tooth is shorter and slightly broader than the first. It is a high crowned molariform that 

probably formed roots sometime throughout its lifecycle It measures 4.95 mm long from an 

anterior to posterior direction and 4.54 mm wide in a lingual to labial direction. 

Third alveolus 

 There is no cheek-tooth visible. However the alveolus measures approximately 4.0 mm long 

in an anterior to posterior direction and approximately 4.0mm wide in a lingual to labial 

direction. 

Fourth alveolus 

There is no cheek-tooth visible. The length and width cannot be estimated from the alveolus 

since the margins of the alveolus are broken away but appears to have been small relative to 

the second cheek-tooth. The alveolus for the fourth cheek-tooth is unusual as it was 

implanted obliquely (ventrodistally to dorsomedially). 

7.11.d Comparisons of Sudamerica dentary with those of multituberculates 

The dentary of Sudamerica resembles closely that of multituberculates, especially the 

taeniolabidoid multituberculates (eg Pascual et al., 1999) and particularly Catopsalis (see 

Middleton, 1982), Taeniolabis and djadochtatherians such as Djadochtatherium and Catopsbaatar 

(Kielan-Jaworowska and Hurum, 1997). Sudamerica dentary, observed by Pascual et al. (1999) 

shares with these multituberculates a dentary that is short and deep and possesses a 

prominent diastema between the incisor and first molariform cheek-tooth.  
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Other features observed by Pascual et al. (1999) in the Sudamerica dentary that closely 

resembles these features observed in multituberculate dentaries are: a coronoid process that 

originates far anteriorly; a long, large alveolus for the incisor that lies beneath the cheek-teeth 

and lies obliquely to the longitudinal axis of the cheek-tooth row; a prominent mental 

foramen that is situated mesially to the cheek-teeth; and a large pterygoid fossa. 

Incisor 

The partial lower incisor in the dentary of MPEFCH 534 demonstrates that S.ameghinoi 

possessed a pair of large laterally compressed lower incisors, each with ventrolabially 

restricted enamel.  

The morphology and size of the partial lower incisor in the dentary of Sudamerica ameghinoi is 

very similar and resembles taeniolabidoid and other non-taeniolabidoid multituberculates 

incisors (e.g. Kielan-Jaworowska et al., 1987; Engelmann et al., 1990; Krause et al., 1992; 

Simmons, 1993).  However, the paulchoffatiids do not have similar incisors and have 

procumbent gliriform incisors with enamel that is fully restricted ventrolabially and is 

considered as a more derived condition (e.g. Simmons, 1993). Also the lower incisor of the 

Plagiaulacida is completely covered with enamel that is prismless (except Glirodon and 

Eobaatar that has restricted enamel on the lower incisor that is not prismless but 

gigantoprismatic). The enamel of Sudamerica incisor was studied by Koenigswaldet al. (1999: 

Figure 6) and demonstrated to be composed of radial enamel, tangential enamel and a thick 

plex. 

Premolars 

The first molariform tooth in place in MPEFCH 534 demonstrates that S.ameghinoi possessed 

a molar-like tooth that is not blade-like or does not resemble other multituberculate lower 

premolars that are blade-like with serrated upper margins and oblique ridges that extend 

along the labial and lingual surfaces (Kielan-Jaworowska and Hurum, 2001).  

It is very difficult to compare mf1 the first lower cheek-tooth in place in MPEFCH 534 with 

multituberculate lower premolars.  This tooth is a large hypsodont cheek-tooth, covered by a 

thick enamel surface; however it is elongated, laterally compressed in a lingual to labial 

direction and differs in morphology from the second cheek-tooth in place in MPEFCH 534. 

This cheek-tooth could only be considered a premolar as it is the first cheek-tooth in place in 

the Sudamerica lower jaw. Thus if Sudamerica is a derived multituberculate then the 

multituberculate blade-like premolar (pm4) was either lost during the evolutionary history of 

the gondwanatherians or transformed in a very radical way into the hypsodont condition and 
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transformed into  hypsodont laterally compressed tooth in the lineage leading to Sudamerica.  

This is possible as it has been observed in other mammalian lineages (see Chapter 5). 

However multituberculate blade-like premolars are believed to have evolved or developed 

from teeth with two rows of cusps of equal height (Hahn, 1969).  

Molariform cheek-teeth 

Sudamerica cheek-teeth in the MPEFCH 534 have more than one longitudinal row of multiple 

cusps and this feature is shared with other gondwanatherians an multituberculate mammals 

(Pascual et al., 1999). Multituberculates have multicusped premolars and molars with 

longitudinal rows of cusps that are of subequal height, however Paulchoffatiidae and 

Pinheirodontidae have molar cusps that may differ in height (Kielan-Jaworowska and 

Hurum, 2001). Haramayids also have more than one longitudinal row of multiple cusps on 

the molars, however these cusps vary in height considerably (e.g. Simpson, 1928; Jenkins et 

al., 1997).   

The occlusal surface on the Sudamerica cheek-teeth however is not flat and the lophs or cusps 

on the lingual side differ in height than the labial side, this is due to wear.  The first and 

second molariform in MPEFCH 534 demonstrate that Sudamerica lower molariforms have 

somewhat higher lophs on the labial side (e.g. Pascual et al., 1999). This is also observed in 

lower Ferugliotherium windhauseni molars such as MLP 88-III-228-1 and MACN Pv-RN 174. 

Pascual et al. (1999) indicated that a lower unworn specimen of Ferugliotherium (MLP 88-III-

28-1) that is described by Krause (1993) as a right m1 reveals that the cusps on the buccal 

(labial) side are higher than the lingual row.  

However this specimen, when compared with Sudamerica first lower molariform (mf1) can be 

clearly identified as a left m1 (also observed by Pascual et al., 1999: Figure 2) and the lingual 

cusps described by Krause (1993) are really the labial cusps and the labial cusps described by 

Krause (1993) are the lingual cusps. This indicates that specimen MLP 88-III-28-1 of 

Ferugliotherium windhauseni is a left m1 and has four lingual cusps and three labial cusps with 

higher labial cusps, a feature that is observed in Sudamerica mf1s. 

The molariform in the MPEFCH 534 reveals the orientation of the teeth in the dentary, with 

the first cheek-tooth having more lingual cusps (four cusps) in the lingual row than the labial 

row (three cusps) (Pascual et al., 1999). The second cheek-tooth has three lingual and three 

labial cusps. In lower molars of multituberculates there are relative fewer cusps in the lingual 

row compared to the labial row. 

Due to this distinct cusp morphology, gondwanatherians were believed to represent a 

multituberculate clade with the presence of transverse ridges (lophs) and furrows on the 
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gondwanatherians cheek-teeth considered by Krause et al. (1992); Krause and Bonaparte 

(1993) and Kielan-Jaworowska and Bonaparte (1996), to be an autapomorphy of 

Gondwantheria.  

Inferred lower jaw movement 

The orientation of the cheek-teeth in MPEFCH 534 and the wear observed on the occlusal 

surface indicates that Sudamerica ameghinoi had a palinal jaw movent (Pascual et al., 1999). The 

palinal jaw movement is also observed in multituberculate mammals (e.g. Krause, 1982; 

Kielan-Jaworowska and Hurum, 2001). On the occlusal surface of the cheek-teeth in 

MPEFH 534 wear can be observed on the dentine islands and the leading edge of enamel is 

observed distally and the trailing edges mesially, this supports previous inferences by Krause 

and Bonaparte (1993) on isolated Sudamerica cheek-teeth. This pattern of wear demonstrates 

that during the power stroke of the grinding stroke, the dentary was retracted, as is also 

observed in multituberculate molars (Krause, 1982). 

However Pascual et al. (1999) stated that the posterior directed power stroke of the grinding 

stroke cycle, a feature that is shared between multituberculates and gondwanatherians does 

not support any phylogenetic relationships between gondwanatherians and multituberculates.  

However this feature is used in the phylogeny of Mesozoic mammals by Luo et al. (2002). 

This feature is also shared by the tritylodontids, Haramiyavia (Butler, 2000 but see Jenkins et 

al. 1997), ‘plagiaulacidans’ and cimolodontan multituberculates. It is also used herein in the 

gondwanatherian phylogeny. This feature may be a unique feature shared by the 

multituberculates and gondwanatherians and perhaps by the allotherians, however this 

feature is convergent with the tritylodontids and may have evolved a few times in synapsid 

evolution. 

7.11.e Comparisons of Ferugliotherium dentary with other gondwanatherians  

The dentary fragment tentatively assigned to Ferugliotherium by Kielan-Jaworowska and 

Bonaparte (1996) has a similar morphology to Sudamerica dentary. 

The dentary fragment tentatively assigned to Gondwanatherium patagonicum (MACN Pv-RN 

228) by Bonaparte (1990a) also shares similar morphological features. 

All three dentaries are short and deep and possess a prominent diastema between the central 

lower incisor and first cheek-tooth (e.g. Pascual et al., 1999; Kielan-Jaworowska and 

Bonaparte, 1996). 

This diastema observed in all three specimens has a concave ventral border and tapers 

becoming wider posteriorly (closer to the cheek-teeth alveoli) (e.g. Bonaparte, 1990a; Pascual 

et al., 1999; Kielan-Jaworowska and Bonaparte, 1996). 
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Both Ferugliotherium and Sudamerica dentary possess a large, long and deep alveolus for the 

incisor that passes directly beneath the roots of the cheek-teeth in the jaw and extends all 

along the preserved part of the preserved dentaries studied (e.g. Pascual et al., 1999; Kielan-

Jaworowska and Bonaparte, 1996). However this is not observed in the Gondwantherium 

dentary due to the breakage at the anterior portion. Based on the isolated incisor (MACN Pv-

RN 254) and incisor fragments discovered from the Los Alamitos Formation and attributed 

to Gondwantherium patagonicum, it is possible to detect that Gondwantherium probably possessed 

a pair of large lower incisors with a gental curvature, that were considerably long and high 

and similar to the Sudamerica ameghinoi incisor (e.g. Krause et al., 1992). 

Both Sudamerica ameghinoi and Gondwantherium patagonicum had large hypsodont cheek-teeth and 

this is consistent with the alveoli in the Gondwantherium dentary and the Sudamerica dentary. 

The first alveoli in the Gondwantherium dentary is axially elongated and would house a laterally 

compressed molariform such as MACN Pv-RN 23 that is similar to mf1 house in the 

Sudamerica ameghinoi dentary (Pascual et al., 1999).  

The second alveolus in the Gondwanatherium dentary is more symmetrical and quadrangular in 

shape and would house a G.patagonicum tooth that is more quadrangular in shape such as 

MACN PV RN 25 that is similar to mf2 the second molariform housed in the Sudamerica 

ameghinoi dentary (Pascual et al., 1999).  

The third alveoli in the Sudamerica ameghinoi dentary is smaller suggesting that the third cheek-

tooth was slightly shorter and narrower than the second cheek-tooth (Pascual et al., 1999) 

and also quadrangular in shape. The third alveoli in the Gondwantherium dentary is not 

completely preserved but demonstrates that it is ventrally and externally curved (Bonaparte, 

1990a) and would house a molariform similar to MACN PV RN 26. 

The fourth alveolus is not preserved in Gondwanatherium dentary, however it is preserved in 

the Sudamerica dentary and it demonstrates that the tooth was planted obliquely (ventrodistally 

to dorsomesially) in the jaw (Pascual et al., 1999).  As noted by Pascual et al. (1999) the 

isolated cheek-teeth of Gondwantherium and Sudamerica do have crowns and roots that are 

oblique to the occlusal plane (e.g. Krause and Bonaparte, 1993). 

No alveoli are preserved in the Ferugliotherium dentary so it is not possible to compare the 

cheek-teeth with Sudamerica and Gondwnatherium. However, if the dentary MACN Pv-RN 975 

does correctly refer to Ferugliotherium windhauseni and the isolated cheek-teeth discovered from 

the Los Alamitos Formation are correctly assigned to Ferugliotherium windhauseni then this 

would confirm that Ferugliotherium also possessed quadrangular cheek-teeth very similar in 
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occlusal pattern to Sudamerica ameghinoi and Gondwanatherium patagonicum molariforms. Thus it 

could be expected to find similar shaped alveoli in the dentary of Ferugliotherium windhauseni. 

What other mammal teeth from Los Alamitos are large enough to be able to fit reasonably 

well in the alveoli of the MACN Pv-RN 228 jaw. The only possible candidate is the 

mammal G.patagonicum. 
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7.12 Occlusion in Gondwantheria 

An important feature observed in the Sudamerica right lower jaw is that the first molariform 

mf1 lies more labially to the jaw axis in comparison to the second lower molariform mf2. The 

second lower molariform mf2 is displaced lingually with respect to mf1. This signifies that 

there is a difference in molar occlusion between these two molariforms and their 

corresponding occluding upper molariforms. This may also have observed in upper 

molariforms. 

This is also observed in Multituberculates and is a diagnostic feature of Multituberculata (e.g. 

Butler and Hooker, 2005). This occurs in the upper molars of multituberculates where M2 is 

displaced lingually with respect to M1 so that the central groove observed in M1 is worn by 

the labial cusp row of m1, while the central groove of M2 is worn by the lingual cusp row of 

m2. 

It may be correctly noted that like in multituberculates, the central longitudinal groove 

observed in Sudamerica and Gondwanatherium molariforms and Ferugliotherium molars is also an 

indication of wear from the occluding tooth.  

In multituberculates molars like gondwanatherian molars there is a lingual row of cups and 

labial row of cusps.  However there may also be a middle row of cusps in unworn teeth of 

Gondwanatherium and Ferugliotherium that becomes worn in adult teeth. This is also the case for 

Cimolodonta where there is an additional (third) cusp row on the upper molars and when the 

upper molar occludes with the lower molar in cross section. The upper molar embraces the 

two rows of the lower molar cusps in a more symmetrical way (Kielan-Jaworowska et al., 

2004). Thus cimolodontans have more horizontally worn molar cusps and the wear facets 

face upwards on the lower molars and downwards on the upper molars. However this has 

not been observed in Gondwantheria. 

 During occlusion in other multituberculate the lingual row of cusps on the M2 has wear on 

the buccal surface and not along the lingual edge and this is formed by the occlusion with the 

lingual row of m2. In contrast the lingual surface of the M2 has no contact with the lingual 

row of m2 (e.g. Butler and Hooker, 2005).  

The mf2 in the lower right jaw of Sudamerica (see Figure 7.11) demonstrates that there is 

distinctive wear on the lingual lobes (there are no cusps observed) however these lobes are 

not flatly worn, but have more wear on the buccal part of the lobes or down the central 

longitudinal groove. This wear may be a result from the occlusion of the upper MF2, 

whereby the lingual row of MF2 wears on the lingual cusp row of mf2. Thus there would be 
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expected to be less wear on the upper molariforms compared to the lower molariforms in 

Sudamerica and perhaps in other gondwanatherians (see Figure 7.11).  

This also occurs in second lower molars and second upper molars in multituberculates, the 

labial cusps on the upper teeth occlude with the middle of the occlusal surface on lower 

molars leaving a ridge between the rows of cusps (see Figure 7.13C). 

 
Figure 7.12: Diagrammatic representation of occlusion in Sudamerica ameghinoi molariforms. A) Upper left 
molariform, B) Upper right molariform, C) lower left molariform and D) lower right molariform. 

Butler and Hooker (2005) postulate the evolution of occlusal patterns between Allotheria and 

Mammaliaformes. The most plesiomorphic condition as in found in Sinoconodon (Figure 

7.13A) has no occlusal contact, while in Allotheria (Figure 7.13B-C) there is some occlusion 

which occurs with the formation of supplementary cusps that occur in rows, in 

Morganucodonts the shearing is unilateral and transverse (Figure7.13D) and in 

symmetrodonts the cusps are arranged in triangles that form mesial and distal wear facets 

(Figure 7.13E). The Gondwanatheria occlusal pattern is very similar to that which occurs in 

Allotheria with cusps in rows and with horizontal palinal grinding as seen in Figure 7.13I. 
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Figure 7.13: Diagrams to illustrate postulated evolution of occlusion modified from Butler and Hooker (2005). 
A–E. Occlusion observed between Allotheria and Mammaliaformes. The teeth are seen mesiodistally, buccal 
to the left. Arrows indicate direction of the power stroke. A) Plesiomorphic condition, e.g., Sinoconodon, with 
no occlusal contact. B), C) Opposition develops by formation of supplementary cusp−rows in Allotheria; B is a 
hypothetical transitional stage. D) Unilateraltransverse shearing in morganucodonts. E) Rearrangement 
(triangulation) of cusps, as in symmetrodonts, resulting in mesially and distally facing wear facets. Grey (F–I) 
represents the Allotherians and illustrates the stages in the evolution of palinal occlusion. Teeth seen in side 
view, distal to the left. F) Vertical crushing in Theroteinus. G) Distally oblique crushing in Millsodon. H) Basin 
grinding with palinal movement in Thomasia. I) Horizontal palinal grinding in multituberculates.  

Both multituberculates and haramiyidans have two longitudinal rows of cusps (see Figure 

7.14 Ai-Aii, Bi-Bii), of which the labial row of the lower occluded in the valley between the 

lingual and labial upper rows (Butler, 2000) and this type of occlusion is also found in 

Gondwantheria and this type of occlusion disallows or prevents transverse jaw movements 

(e.g. Kielan-Jaworowska et al., 2004). Some haramiyids and multituberculates as well as 

gondwanatherians had a backward longitudinal (palinal) power stroke, while other Jurassic 

mammals had transverse jaw movement. 

Thus multituberculates have a horizontal palinal grinding movement (see Figure 7.13I and 

Figure 7.14C) where cups on the lingual row of the upper molars occlude in the central 

furrow of the lower molars.  However the mode of occlusion differs in Plagiaulacidae, 

primitive and advanced Ptilodontidae and Taeniolabididae and this was observed by Simpson 

(1929) (See Figure 7.14D-G). In multituberculates such as “plagiaulacidans” the lingual row 

in the lower molar remains high and there is wear in the labial part of the lingual row, while 

the labial row is lower and more worn (e.g. Kielan-Jaworowska et al., 2004). In upper 
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“plagiaulacidans” molars there is a reversed pattern and the labial row of cusps are high and 

are worn on the lingual side while the lingual lobes are worn.  

This is also observed in paulchoffatiid multituberculates from Portugal (Hahn, 1993) and is 

also observed in early Cimolodonta from Early-Late Cretaceous boundary (Eaton and Cifelli, 

2001) and the Late Cretaceous (Eaton, 1995) that have been assigned to the Paracimexomy 

group by Kielan-Jaworowska and Hurum (2001) and Kielan-Jaworowska et al. (2004). 

However in Cimolodonta the pattern of occlusal is different than in “plagiaulacidans” due to 

an extra row of cusps on the upper molars. Thus in cimolodontans there is the formation of 

a more horizontal wear with the facets on the lower molars facing upwards and the facets on 

the upper molars facing downwards.  

As stated by Kielan-Jaworowska et al. (2004) there is an evolution in the changes in occlusion 

that occurred from the  “plagiaulacidan” to the cimolodontan  lineage  and presently it is not 

known if this occurred once, or in parallel in various cimolodontan groups. 

Gondwantheres have a different occlusal pattern where there is more wear on the lingual side 

of the lower molariforms and less wear on the labial side, with the upper molariforms 

showing a reversed pattern, more wear on the labial side and less on the lingual side. This is 

more prominent in Sudamerica molariforms and less prominent in Gondwantherium and 

Ferugliotherium. This may be due to the hypsodont nature of Sudamerica and due to the extra 

rows of cusps observed in Ferugliotherium and Gondwanatherium upper and lower molariforms. 
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Figure 7.14: Ai-Aii) Comparison of molar cusp patterns in a haramiyid (Thomasia) and (Bi-Bii) 
multituberculate (paulchoffatiid), lower molars stippled, arrows suggest jaw movement, L=upper lingual 
cusps, l=lower lingual cusps, B=upper Buccal cusps, b=lower buccal cusps, cusps in haramiyid are a and 
b(lower) and A and B (upper) modified from Kielan-Jaworowska et al. (2004). C) Diagrammatic 
representation of occlusal relationships in multituberculates between upper and lower last premolars (top), 
first molars (middle) and second molars (bottom) with lower teeth shaded and lower cusps represented by 
circles, upper cusps as solid, modified from Kielan-Jaworowska et al. (2004). Diagrammatic cross sections 
through upper and lower molars in (D) Plagiaulacidae, (E) Primitive Ptilodontidae, (F) Advanced Ptilodontidae 
and (G) Taeniolabididae, modified from Kielan-Jaworowska et al. (2004). 
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7.13 Comparison of dental characters with Multituberculata 

Incisors of Gondwanatherium and Sudamerica are identical to those seen in taeniolabidoid and 

several non-taeniolabidoid multituberculates (Kielan-Jaworowska et al., 1987; Engelmann et 

al., 1990; Krause et al., 1992; Simmons, 1993; see Pascual et al. (1999:376). The enamel of the 

lower incisors in gondwanatherians have enamel which is restricted to the ventro-labial 

surface of the tooth, this feature is shared with several multituberculates. This feature is a 

derived feature in multituberculates (see Kielan-Jaworowska and Hurum, 2001).  

Gondwanatherians share features with multituberculates and both share the possession of 

molars or cheek-teeth with two rows of longitudinal aligned cusps, palinal (posterior) 

direction of dentary during power stroke of grinding cycle and a a pair of robust  lower 

incisors (e.g. Krause and Bonaparte, 1993).  

Ferugliotherium possesses anterior upper premolars with conical cusps with radiating ridges and 

lower premolars with apical serrations from which arcuate buccal and lingual ridges descend 

(Krause and Bonaparte, 1993). 

Lower premolars of multituberculates have apical serrations from which arcuate labial and 

lingual ridges descend (Krause et al., 1992; Simmons, 1993). This type of morphology with 

distinct apical serrations on a blade-like premolar is not observed in any gondwanatherian 

except the premolar tooth from the Ferugliotherium jaw MACN Pv-RN 975 (Kielan-

Jaworowska and Bonaparte, 1996). Other gondwanatherians Sudamerica and Gondwanatherium, 

both possess hypsodont cheek-teeth that may, despite their hypsodont nature, correspond to 

multituberculate or multituberculate-like premolars due to the elongate and laterally 

compressed shape of the tooth even if there are no arcuate labial and lingual serrations and 

ridges descending down the crown as is observed in lower fourth blade-like premolars of 

multituberculates. 

As stated previously Pascual et al. (1999) and Koenigswald et al. (1999) regarded that all 

Sudamerica mf1 teeth are molariforms, however it is important to note that all mf1s do share 

morphological characteristics with multituberculate premolars. 

Sudamerica mf1 differ from all other Sudamerica cheek-teeth, mf1s are elongated teeth and in 

occlusal view the crown is more slender or pinched in the anterior portion and substantially 

longer that wider.  

The mesial part is broader than the distal part and slightly tapers towards the rounded 

posterior end. These teeth are all characterized by a clear symmetry on the occlusal area. The 

occlusal area is flat but somewhat higher in the labial side (for a right mf1) and more worn 

down in the lingual side.  
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The occlusal surface has three labial and four lingual lophs with the first two lophs separated 

lingually but united labially to form a ‘forked” pattern (Koenigswald et al., 1999).  

The labial lobes of the each loph is also shorter that the lingual lobes. On the occlusal surface 

there is a lingual syncline between each loph that extends down to the base of the crown and 

some specimens may show variations of a shallow labial syncline at the anterior cap that is 

more obvious at the lower part of the crown (Koenigswald et al., 1999).  
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7.14 Comparison of gondwanthere dental characters with haramiyids  

Dental characteristics of gondwanatherians are compared to those of haramiyids, as 

multituberculates may be related from haramiyids. Multituberculates have a bilateral 

longitudinal grinding action involving rows of cusps; this is also observed in 

gondwanatherian dentition. It is not observed in any other crown group mammals (which 

have dentitions that operate in unilateral transverse shearing action with occluding cusps). 

Thus it is thought perhaps that the palinal jaw movement may have evolved from the orthal 

crushing jaw movement as seen in early allotherians and this can be visualised in the series of 

allotherian Theroteinus-Millsodon-Thomasia-multituberculate (e.g. Butler and Hooker, 

2005).  

The dental characteristics of Staffia, a haramayid from Tanzania can be compared with 

gondwanatherian dental characteristics. In Staffia, a lower premolar 4 has been described by 

Heinrich (1999). Staffia premolar four is also a slender tooth; it is larger length-wise than 

width-wise and broader mesially than distally. Staffia also has synclines (valleys) and these are 

not found in other previously described haramiyids (see Heinrich, 1999:163). Sudamerica and 

Gondwanatherium and Ferugliotherium all have synclines as well. 

Sudamerica mf1s are similar in the occlusal surface morphology to isolated haramiyid teeth 

attributed to premolars, such as Staffia aenigmatica from the Upper Jurassic Tendaguru beds of 

Tanzania (Heinrich, 1999) and Thomasia from the Late Triassic and Early Jurassic of Europe 

(e.g. Plieninger, 1847; Simpson, 1928; Parrington, 1947; Peyer, 1956; Hahn, 1973; Clemens, 

1980; Sigogneau-Russell, 1989; Sigogneau-Russell and Hahn, 1994; Butler and McIntyre, 

1994). 

Staffia identified by Heinrich (1999) as a right lower posterior premolar has a tooth crown 

that seen from above is also slender, pinched or restricted in the anterior portion and 

substantially longer than wider. It is a tooth that is broader mesially than distally and slightly 

tapers towards the rounded posterior end. The tooth has an anterior margin that is 

transverse, rounded and indented, that recedes towards the labial margin. The lingual side of 

the tooth curves over the occlusal surface forming a higher lingual side. The lingual margin of 

the tooth has also two slight indentations that correspond to the external openings of the 

lingual synclines (LS1 and LS2) and there are three labial synclines on the labial side (BS1-BS3) 

(see Heinrich, 1999, Fig 2) .The posterior border of the premolars are rounded. 

Haramiyid cheek-teeth like multituberculate cheek-teeth and gondwanatherian cheek-teeth 

have two rows of longitudinal aligned cusps. However haramiyid cheek-teeth have cusps that 

decrease in height posteriorly and border a central basin and are either limited anteriorly by 
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one cusp (premolars) or by two cusps (molars), while posteriorly there may be a rounded 

cusp or the posterior rim of the occlusal surface is rounded and u-shaped (e.g. Hahn, 1973; 

Sigogneau Russell, 1989; Sigogneau-Russell and Hahn, 1994; Butler and McIntyre, 1994; 

Heinrich 1999). 

 Based on the jaw of Haramiyavia from Upper Triassic of Greenland the lower cheek-teeth 

possess the highest mesial cusps (row A: Hahn, 1973) that are now identified as the lingual 

row, while the labial row has the lowest cusps (Jenkins et al., 1997 and previously suggested 

by Hahn, 1973; Sigogneau-Russell, 1989; and Butler and McIntyre, 1994). 

While in Sudamerica the lower cheek-teeth possess higher less worn cusps on the labial side 

compared to the lingual (e.g. Pascual et al., 1999; Koenigswald et al., 1999). 

Staffia has three labial cusps and three lingual cusps that lack enamel but still possess dentine 

between the lingual cusp L3 and the labial cusp B2. There is still some presence of enamel at 

the base of the cusps and the floor of the central basin (between the cusps) and the synclines 

(Heinrich, 1999). The labial row of cusps however does not extend as far anteriorly as the 

lingual row. The lingual cusps are larger than the labial ones with the anterior most lingual 

cusp the largest and with the cusps declining in size posteriorly as do the labial cusps 

(Heinrich, 1999). These cusps like those of Sudamerica are separated by small transverse 

groove or synclines that continue down the base of the crown.  

The tooth morphology of Staffia resembles the lower tooth crown pattern of the lower 

posterior premolars of Thomasia (Sigogneau-Russell, 1989 tooth group I) more than to the 

anterior molars of Thomasia (Sigogneau-Russell, 1989 tooth group II) and thus Staffia is 

identified by Heinrich (1999) as a posterior lower right premolar. Staffia is different from 

other haramiyids but similar to gondwanatherians with the presence of well-developed 

rounded synclines between the cusps that continue down the brachyodont crown of the 

tooth. However Staffia does have roots presence and they may have broken away. Heinrich 

(1999) stated that judging from the cross section of the tooth base; the anterior root may 

have been wider transversally than the posterior root. The posterior root was compressed 

lingual-labially and extended longitudinally. However Sudamerica ameghinoi cheek-teeth have 

long crowns that are characteristic of hypsodont cheek-teeth with open root.  
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8. Chapter 8 Gondwanatheria: A Cladistics study based on 
morphology 

8.1 Previous phylogenetic analyses 

Previous cladistic studies on gondwanathere relationships have been attempted to some 

degree by other authors. 

Krause and Bonaparte (1993) published a cladogram summarizing the phylogenetic 

hypothesis of the relationships between gondwanatherians. Their study was based on 11 

dental characteristics obtaining one cladogram. The authors presented a reassessment of the 

phylogenetic interrelationships between Ferugliotherium, Gondwanatherium and Sudamerica 

creating a new superfamily Gondwanatherioidea Mones, 1987 to include the families 

Ferugliotheriidae and Sudamericidae. However the authors stated that further revision of the 

classification and relationships between gondwanatherians and other mammal groups was 

needed (See Figure 8.1 below). 

 

Figure 8.1: Cladogram summarizing the phylogenetic hypothesis of relationships presented by Krause and 
Bonaparte (1993). 

In their study, Krause and Bonaparte (1993) defined the derived states for the node A uniting 

Ferugliotherium, Gondwanatherium and Sudamerica (see Figure 8.1 above) as follows: 

(i) prominent transverse ridges (lophs) and furrows on molar crowns, 

(ii) both upper and lower incisors enlarged and procumbent with a restricted band of enamel 

(unknown in Sudamerica and convergent upon condition in Taeniolabodoidea), 

(iii) presence of small circular prisms in enamel (convergent upon condition in derived 

ptilodontoids, Neoliotomus and Liotomus). 

For node B derived states uniting Gondwanatherium and Sudamerica are: 
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(i) large size, (ii) hypsodont molars, (ii) prominent furrows on the sides of molars, (iv) 

cementum present on at least the roots of molariform teeth and (v) molars with 

longitudinally sloping occlusal plane. 

For node C the derived character states of Sudamerica are:  

(i) furrows on sides of molars extending far towards the midline of tooth and cervically to the 

base of the crown, 

(ii) cementum is present on the sides of the crown and in furrows and fossae on the occlusal 

surface and  

(iii) tendency for more connections (enamel crests or bridges) between the enamel ridges 

(lophs) on the molars, particularly along the midline. 

Based on their studies Krause and Bonaparte (1993) erected the new superfamily 

Gondwanatherioidea, which included the families Ferugliotheriidae and Sudamericidae. 

Another phylogenetic analysis was carried out by Pascual et al. (1999: Table 1) to study the 

relationships of the gondwanatherians with other groups.  

The authors published a character table comparing the characters of Sudamerica dentary and 

the distribution of these characters with tritylodontid cynodonts, haramiyids and other 

multituberculate taxa such as Paulchoffatia, Plagiaulacoidea, Ptilodontoidea, Taeniolabidoidea 

and Djadochtatheria. However Pascual et al. (1999) did not publish a cladogram with their 

results. 

Pascual et al. (1999) listed 18 characters of Sudamerica which were exhibited by the Sudamerica 

dentary MPEFCH 534 and other specimens that are not attributed to the genus. Pascual et al. 

(1999) stated that the characters are assumed to be found in all gondwanatherians. The 

characters studied included 6 characters in the dentary, 4 characters related to the lower 

incisor, 1 character related to the lower canine, 5 characters related to the lower molariform 

cheek-teeth and 2 characters in the enamel microstructure (see Pascual et al., 1999). 

The characters were studied to see if they were distributed among other groups that are 

considered to superficially resemble Sudamerica such as tritylodontid cynodonts, haramiyids 

and the multituberculate taxa Paulchoffatia, other Plagiaulacoidea, Ptilodontoidea, 

Taeniolabidoidea and Djadochtatheria. 

Pascual et al. (1999) compared gondwanatherians with haramiyids and compared the dentary 

of Sudamerica with the dentary of Haramiyavia from the Late Triassic of Greenland (Jenkins et 

al., 1997). Haramiyavia was selected as it is considered to be the best representative of the 

haramiyids (e.g. Luo et al., 2002). 

Pascual et al. (1999) stated that the comparison of Haramiyavia and Sudamerica suggest that 
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gondwanatherians and haramiyids are not related, possibly based on the large chronological 

and geological distances that separates them. 

Although both groups do share features distributed on the dentary, both share an unfused 

mandibular symphysis, a diastema and the presence of more than one longitudinal row of 

multiple cusps on molariform cheek-teeth. 

Pascual et al. (1999) stated that these features are either primitive or are convergent and the 

two groups can not be related as there are also significant and numerous dissimilarities 

between the two groups.  

On the other hand haramiyids share many dental features with multituberculates. They share 

a similar molar morphology with the presence of more than one longitudinal row of multiple 

cusps on molariform cheek-teeth. This dental character (longitudinal row of multiple cusps) 

is significant as it is used by Butler (2000), in the diagnosis of Subclass Allotheria. Thus, is it 

the presence of more than one longitudinal row of multiple cusps a primitive feature 

characteristic of early mammals or is it a derived feature found in only the allotherians 

including the gondwanatherians? 

Haramiyids are considered by Butler (2000) to have a large amount of suggestive 

resemblances with multituberculates and are regarded as an offshoot group from the 

multituberculate stem. He considered both the Haramiyida and Multituberculata to make up 

the Allotheria clade with a separate history going back to the Triassic (Butler, 2000). 

In their phylogenetic analysis Pascual et al. (1999) also compared the Sudamerica dentary with 

Tritylodontidae and Multituberculata. They observed that the Sudamerica jaw shares with the 

Tritylodontidae (Kühne, 1956) and Multituberculata (Hahn, 1969,1993; Simmons, 1993) the 

presence of an unfused mandibular symphysis, well-developed diastema, anterior position of 

coronoid process, inferred palinal movement of the dentary during chewing (Crompton, 

1972) single lower incisor, absence of lower canine, more than one longitudinal row of 

multiple cusps on molariform cheek-teeth and cusps on molariform cheek-teeth of sub equal 

height. 

Pascual et al. (1999) stated that if Sudamerica is a multituberculate then it only shares one 

character with multituberculates that is not shared with Tritylodontidae and this is the 

presence of  a large pterygoid fossa (character 3).  

However if the palinal jaw movement occurred due to convergence in both the 

Tritylodontidae and the Multituberculata then it is not a valid character to be used to 

demonstrate phylogeny. The palinal occlusion evolved in herbivorous cynodonts and occurs 

in the Traversodontidae and Tritylodontidae and is considered to have occurred 
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independently of the allotherians (Butler, 2000). 

The palinal jaw movement is a valid character that gondwanatherians share with 

multituberculates and should be considered and not be discarded because it is found in the 

Tritylodontidae, an herbivorous family of cynodonts. The tritheledontids and tritylodontids 

are not related to the origin of mammals and it has been recently demonstrated by Bonaparte 

et al. (2003) that two genera of Brazilian non-mammalian cynodonts Brasilodon and 

Brasilitherium from the Late Triassic of Brazil are the sister-group to mammals. Bonaparte et 

al. (2003) suggest that these Brazilian cynodonts are more closely related to mammals than 

are the tritheledontids or the tritylodontids. Thus gondwanatherians and multituberculates do 

not have a common ancestry with Tritylodontidae and thus this feature would have 

developed independently from the tritylodontids. 

Pascual et al. (1999) stated that the presence of a large pterygoid fossa is not a significant 

character to use in gondwanatherian phylogenetic analysis as the Sudamerica dentary is 

incomplete in the posterior part of the dentary. They also state the presence of four or more 

molariforms cheek-teeth is also shared with Tritylodontidae and not with the 

multituberculates. However this is assuming that all the four cheek-teeth in the Sudamerica jaw 

are molars it is a possibility that the first two cheek-teeth are in fact premolars and the two 

last cheek-teeth are molars or all cheek-teeth are molars andthe last two cheek-teeth are 

supernumerary molars. 

In relation to the Sudamerica cheek-teeth number, Pascual et al. (1999) state that there is not 

enough supporting evidence for the following two theories: 1) not enough evidence to 

attribute either the first two cheek-teeth as premolars that have evolved from laterally 

compressed blade-like premolars; 2)that sudamericids are multituberculates with two extra 

molars.  However as stated by Pascual et al. (1999) no other group of mammals are known to 

have had the addition of supernumerary molars. 

Sudamerica jaw possesses lower molariform teeth with transverse ridges. Sudamerica first lower 

premolar has more cusps in the lingual row than in the labial row. This can only be seen in 

the first cheek-tooth. These characters are unique to Sudamerica and perhaps to all 

gondwanatherians and are not known in other multituberculates or tritylodonts (Pascual et 

al., 1999). 

Thus in their analysis Pascual et al. (1999) acknowledge that multituberculates and Sudamerica 

both share the following dental characters: 1) the length and orientation of the lower incisor 

root is oblique to the axis of the cheek-tooth row (Pascual et al. 1999:table 1:character 10) 

and this is shared with all multituberculates except Paulchoffatia; 2) Sudamerica has prismatic 
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enamel and this is shared with the ptilodontids, taeniolabidoids, djadochtatherians and some 

plagiaulacoids; 3) Sudamerica has the presence of small circular enamel prisms (Pascual et al. 

1999:Table 1:character 18) and these are shared with derived ptilodontids (although also 

present in some taeniolabidoids); 4) the presence of a short and deep horizontal ramus on the 

dentary; and 5) a laterally compressed lower central incisor with a ventrolabially restricted 

band of enamel (Pascual et al. 1999:table 1:characters 5, 8 and 9) are characters that are 

shared uniquely with taeniolabidoids and djadochtatherians and some plagiaulacoids such as 

Eobaatar and the “Morison multi” (Simmons, 1993). 

Based on these shared characters Pascual et al. (1999) conclude that if the gondwanatherians 

are not multituberculates then all the characters that they share with the multituberculates 

must be convergent. They also state that within Multituberculata the taeniolabidoids and the 

djadochtatherians share features which appear to have developed independently several times 

and if this is possible then it is not surprisingly that the presence of these features may be 

found in other groups of mammals and may also be convergent, if it is present in other 

groups of mammals.  

Notwithstanding a more detailed phylogeny of the gondwanatherians is needed and can also 

include other gondwanatherians Ferugliotherium and Gondwanatherium. A detailed phylogeny is 

needed to re-establish relationships between the gondwanatherians, especially when better 

material is available. 

However Pascual et al. (1999) state that a detailed phylogeny can not be accomplished as 

there are uncertainties in the gondwanatherian relationships coupled with controversial 

relationships of multituberculates and that more complex material is needed. 

There is, however sufficient fossil material available belonging to the gondwanatherians, as 

well as new phylogenetic studies that have recently been carried out on multituberculate 

phylogeny (Kielan-Jaworowska and Hurum, 2001) along with new phylogenies established on 

Mesozoic mammals in general (Luo et al., 2002; Kielan-Jaworowska et al. 2004) that may help 

to come closer in understanding gondwanatherian relationships and origin. 

Apart from these two mentioned studies no other cladistic analysis on gondwanatherians has 

been completed as of yet.  Here an attempt on gondwanathere relationships is carried out 

using available dental remains. 

As demonstrated by Kielan-Jaworowska et al. (2004:523) “if appropriate and informative dental 

characters are included, phylogenetic relationships of the incomplete dental taxa of Mesozoic mammals can be 

resolved in the combined analysis of both incomplete Mesozoic mammals”. 
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To do so, firstly a cladistic dataset was recently published by Luo et al. (2002) and slightly 

expanded by Kielan-Jaworowska et al. (2004) using recently discovered taxa (Martin 2002; 

Rauhut et al., 2002).  
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8.2 Gondwanatheria phylogenetic analysis 

There will be two phylogenetic analyses attempted here: 

1) To determine the position of Gondwanatheria in relation to other Mesozoic 

Mammals 

In this phylogenetic analysis the position of the two Gondwanatheria families Sudamericidae 

and Ferugliotheriidae in relation to other Mesozoic mammals is analysed. The outgroups that 

are used are Probainognathus, tritylodontids and tritheledontids (non-mammalian cynodonts).  

2) To determine the position of Gondwanatheria in relation to multituberculates and 

other allotheria 

In the second phylogenetic analysis (see section 8.3) the ingroup in study consist of the three 

genera of Gondwanatheria: Ferugliotherium, Gondwanatherium and Sudamerica. As the 

Gondwanatheria have been classified in the past as the Multituberculata (Bonaparte, 1986; 

Krause and Bonaparte, 1990), the Multituberculata will also be studied and used in this 

analysis.  

Data: 

Both analyses use all gondwanathere specimens available from the MACN collection, 

including published and unpublished material including published information from 

characters observed by other authors. All material that has been previously attributed to 

Gondwanatheria is here observed. This is in contrast to Kielan-Jaworowska et al. (2004) that 

do not consider that the dentary with a blade-like?p4 and some upper premolars of 

multituberculate pattern, (tentatively assigned, respectively, by Kielan-Jaworowska and 

Bonaparte (1996) and by Krause, Kielan-Jaworowska and Bonaparte (1992: Figure 2C–F) to 

Ferugliotherium) belong to Ferugliotherium and place them in Multituberculata incertae sedis.  

However here, this material is considered tentatively as Ferugliotherium. 

However because data used here is very incomplete, other interpretations of 

gondwanatherians relationships are also possible. 
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8.3 Morphology, Analytical method and Results used for Phylogenetic 

interpretation of the Gondwanatheria with representatives of Mesozoic 

mammals 

The phylogenetic analysis is performed here to analyse the position and relationships of 

gondwanatherians in relation to representatives of Mesozoic mammals using the data matrix 

developed in Luo et al. (2002) and modified by Kielan-Jaworowska et al. (2004). For the 

gondwanatherians only characters from the external dental morphology, jaw morphology and 

jaw occlusion could be scored. 

Election of the outgroup 

In the phylogenetic analysis with gondwanatherians and Mesozoic mammals, the outgroup 

election follows Luo et al. (2002). In their analysis the authors use three non−mammalian 

cynodont groups: Probainognathus, tritylodontids and tritheledontids. These non-mammalian 

groups are included in their analysis and here because as stated by Luo et al. (2002:7) “they 

provide a more accurate assessment of the distributions of relevant anatomical characters outside mammals; 2) 

to insure a more comprehensive documentation for anatomical evolution through the cynodont mammal 

transition; and 3) to use Probainognathus as outgroup for rooting the tree by the phylogenetic 

algorithms.”  

Characters: 

As stated by other authors, character selection and state scoring is a very subjective exercise 

and with this, investigators may introduce bias in their phylogenetic analysis. 

However as this analysis pertains to the craniodental system, particularly to dental features 

due to fossil preservation and availability this is also a major bias in itself. 

In order to make this analysis as little biased as possible, no premolar or molar homologies 

were assumed for Sudamericidae cheek-teeth. Therefore the character states related to 

premolar teeth for Sudamericidae were ordered as  ? (unknown).  In this phylogenetic 

analysis, only 49 out of the 277 possible morphological characters available were observed 

and used for the Ferugliotheriidae and Sudamericidae.  

The character table (matrix) was assembled using data from Luo et al. (2002) and Kielan-

Jaworowska et al. (2004). It was originally composed of 275 characters however two 

additional characters related to gondwanatherian dentition were added (character 276 and 

277 see below). 

For a full list of morphological characters (275) and taxon matrix see the character list and 

matrix in the Appendix in Luo et al. (2002).  
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This dataset sampled includes 47 Mesozoic mammal groups, 3 advanced non-mammalian 

cynodont representatives and 277 morphological characters (dental, cranial and postcranial). 

The Mesozoic mammal taxa that were used in this analysis included stem mammals and 

major extinct groups within crown Mammalia, together with living and fossil representatives 

of the three living clades: Monotremata, Marsupialia and Eutheria (Luo et al. 2002) including 

Asfaltomylos and Nanolestes (Rauhut et al., 2002; Martin, 2002; Kielan-Jaworowska et al., 2004). 

The three non-mammalian cynodont groups were used as outgroups following Luo et al., 

(2002). Gondwanatheria is represented by Family Sudamericidae (Sudamerica and 

Gondwanatherium) and Ferugliotheriidae (Ferugliotherium). Multituberculata is represented by 

“Plagiaulacidans” and Cimolodontans. 

The character table was saved as a nexus file (nex) using Nexus Data Editor Version 0.5.0 

(Page, 2001) and was analysed under NONA program version 2.0 (Goloboff, 1993) in 

interface with Winclada version. 0.9.9+ (BETA). In this analysis all multistate transformation 

series were treated as unordered.  

 

Additional characters/states added: 

The additional characters added are Character 276: Prominent transverse ridges and furrows 

on occlusal surface of molariform teeth, States are (0) absent, (1) present; and Character 277: 

Forked anterior pattern on first lower molar or molariform tooth, States are (0) absent, (1) 

present. These two characters were added as they are observed in the Gondwanatheria, 

however they are not observed in the other Mesozoic mammals. 

For character 111: Postcanine roots, an extra character state was added, state (3) hypsodont 

root. This state was added as this is mutually exclusive to the other character states and 

corresponds to the root type observed in the taxon Sudamericidae. 

In the other characters related to the molars, the term molariform was added when the 

characters were describing molar teeth. 

In this analysis the following character matrix was observed for Sudamericidae and 

Ferugliotheriidae: 

Of the 46 characters observed for Sudamericidae and Ferugliotheriidae, 8 are from the lower 

jaw, 35 are dental characters and 2 are related to jaw occlusion. Below is the character matrix 

used in the cladistic analysis only for Ferugliotheriidae and Sudamericidae (Table 8.1) and a 

table (Table 8.2) with the list of characters used that were scored from Luo et al. (2002). 
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Ferugliotheriidae 
1?1?2  11???  1??1?  1????  ?????  ???30  100??  2232?  ??4?? ?????  ?0??0  ?00??  ?????  
?????  ?????  00???  ???0?  1541?  1??3?  ?????  ?10?1   ?23?2  1???1  022??  ?????  ?????  
?????  ?????  ?????  ?????  ?????  ?????  ?????  ?????  ?????  ?????  ?????  ?????  ?????  
?????  ?????  ?????  ?????  ?????  ?????  ?????  ?????  ?????  ?????  ?????  ?????  ?????  
?????  ?????  ???20  11 
 
Sudamericidae 
1?1?2  11???  1??1?  1????  ?????  ?????  ?????  ??32?  ??4??  ?????  ?0??0  ?000?  ?????  
?????  ?????  00???  ???01  1541?  1??3?  ?????  ?10?1  ?2??1  3???1  022??  ?????  ?????  
?????  ?????  ?????  ?????  ?????  ?????  ?????  ?????  ?????  ?????  ?????  ?????  ?????  
?????  ?????  ?????  ?????  ?????  ?????  ?????  ?????  ?????  ?????  ?????  ?????  ?????  
?????  ?????  ???20  11 
 

Table: 8.1: Character Matrix of 277 characters for Ferugliotheriidae and Sudamericidae 

 

Char 
No. Character definition Following Luo et al. (2002) Character state scored in Gondwanatheria (state 

in bracket) 

1 ‘Postdentary trough (behind the tooth row’)  Absent (1) 

3 ‘Overhanging medial ridge above the postdentary trough (behind 
tooth row)’ Absent (1) 

5 ‘Degree of development of Meckel’s groove in adults’ Vestigial or absent (2) 
6 'Mandibular symphysis' Unfused (1) 
8 'Angular process' Unknown (?) 

11 'Coronoid (or bit attachment scar) in adults' Absent (1) 

14 ‘The splenial as a separate element (as indicated by its scar on 
the dentary) in adult’ Absent (1) 

16 'Pterygoid fossa on the medial side of the mandible' Present (1) 
20 ‘Anteroventral extension of the masseteric fossa’ Unknown (?) 

26 ‘Alignment of the erupting ultimate molar to the anterior margin 
of the dentary coronoid process’ 

Ultimate functional molar erupts medial to the 
coronoid process (0) 
For Sudamericidae: unknown (?) 

29 ‘Ultimate lower premolar- arrangement of principal cusp a, cusp 
b (if present) and cusp c’ For Ferugliotheriidae: Premolar multicuspate and 

blade-like (3)  
For Sudamericidae: unknown (?) 

30 ‘Ultimate lower premolar- Posterior (distal) cingulid or cingular 
cuspule d’ For Ferugliotheriidae (0) absent 

 
For Sudamericidae: unknown (?)  

31 'Ultimate lower premolar-Outline' 
For Ferugliotheriidae: Blade-like (1) 

For Sudamericidae: unknown (?) 
32 ‘Labial cingulid of the ultimate lower premolar’ 

For Ferugliotheriidae: Absent or vestigial (0) 
For Sudamericidae: unknown (?) 33 ‘Lower premolars lingual cingulid’ For Ferugliotheriidae: Absent or vestigial(0) 
For Sudamericidae: unknown (?) 

37 ‘Penultimate lower premolar - arrangement of main cusp a, cusp 
b (if present) and cusp c’ For Ferugliotheriidae: Premolars with multiple cusps 

in longitudinal row(s) (2) 

38 'Alignment of main cusps of the posterior lower molar (s) (m3 or 
more posterior if present)' Multiple longitudinal multicuspate rows (3) 

39 'Alignment of main cusps of the anterior lower molar (m1) 
(molariform)' Multiple longitudinal rows (2) 

43 ‘Relationships between the cusps of the opposing upper and 
lower molars’ 

Lower multicuspate rows alternately occlude 
between the upper multicuspate rows (4) 

52 ‘Posterior lingual cingulid of the lower molar-molariform’ Absent or weak (0) 
55 ‘Mesial transverse cingulid above the gum’ Absent (0) 

57 ‘Postcingulid (distal transverse cingulid) on the lower molars-
molariforms’ Absent (0) 
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Char 
No. Character definition Following Luo et al. (2002) Character state scored in Gondwanatheria (state 

in bracket) 

58 ‘Interlocking mechanism between two adjacent lower molar-
molariforms’ Absent (0) 

For Sudamericidae: Last three postcanines forming a 
series of posteriorly decreasing size: penultimate 
molar is larger than the ultimate molar but smaller 
than the preceding molar-molariform (see Luo et al. 
2002) (0) 

59 'Size ratio of the posterior lower molars-molariforms' 

For Ferugliotheriidae: unknown (?) 

76 ‘Morphology of labial cingulum of the upper molars-molariforms’ Absent or weak (0) 

77 ‘Upper molars-molariforms with a functional lingual protocone or 
pseudoprotocone that grinds against a basin on the lowers’ Absent (0) 

84 ‘Upper molar-molariform interlock’ Absent or weak (0) 
For Sudamericidae: 3 main cusp or fewer (1) 85 ‘M1 (upper first molariform)- number of cusps within the main 

functional straight cusp row’ For Ferugliotheriidae: unknown (?) 

86 ‘Multi-cuspate m1 (lower first molariform)  -  number of cusps 
within the main functional straight multi-cusp row’ 4 main functioning cusps or more (1) 

87 'Outline of m1' Rectangular or slightly rhomboidal (5) 
88 'Aspect ratio of M1' Rectangular or nearly so (4) 

89 ‘Multi-cuspate row in the upper molars (molariforms)- cusp 
height gradient between the individual longitudinal rows of cusps’

Distal cusp highest, with a gradient of anteriorly 
decreasing height (1) 

91 ‘Multicuspate M2 (second upper molariform) with longitudinal 
multicuspate rows- lingual offset with M1’ 

m2 labial row occludes to the labial side of the M2 
labial row (1) 

93 'Functional development of occlusal facets on individual molar 
cusps' wear facet matches upon the eruption of teeth (2) 

94 'Topographic relationships of wear facets to the main cusps' multicuspate series, each cusp may support 2 wear 
facets (3) 

102 'Development of the distal metacristid ' Absent (1) 

103 ‘Differentiation of wear facet  5 and 6 on the labial face of 
entoconid’ Absent (0) 

105 'Number of lower incisor' 2 or fewer (1) 
107 'Lower canine' Absent (2) 

For Sudamericidae: unknown (?) 108 'Total number of lower premolars' For Ferugliotheriidae: 2 or fewer (3) 
For Sudamericidae: 4 to 5 molars (molariforms) (1) 110 'Number of lower molars or molariforms postcanines' For Ferugliotheriidae: 3 molar or fewer (2)  
For Sudamericidae: hypsodont root (3) 111 ‘Lower postcanines roots' 
For Ferugliotheriidae: root divided (1) 

115 'Procumbent and enlargement of the anterior-most lower 
incisors' Present (1) 

116 ‘Bicuspate second upper incisor’ Absent (0) 
117 'Enlarged diastema in the lower incisor-canine region' Present and behind the posterior incisor (2) 
118 'Enamel microstructure' plesiomorphic prismatic enamel (2) 
274 'Direction of jaw movement during occlusion ' 'dorsoposterior movement' (2) 
275 'Mode of occlusion as inferred from the mandibular symphysis' Bilateral (with more or less rigid symphysis) (0) 

276 ‘Prominent transverse ridges and furrows on occlusal surface of 
molariform teeth’ Present (1) 

277 ‘Forked anterior pattern on first lower molar or molariform tooth’ Present (1) 

Table 8.2: Table with characters scored in Gondwanatheria for phylogenetic analysis. Modified from Luo et al. 
(2002).  

Heuristic search: 

An unconstrained heuristic search was carried out with multiple TBR + TBR. This method 

searches for trees using tree bisection-reconnection method of branch-swapping, then 

repeats this process the number of times indicated in the number of replications box. 
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The search included a maximum of 10 000 trees to hold, 1000 replication number with 10 

starting trees to hold per repetition. This strategy was used to maximize the number of 

distinct starting trees (by having a high number of replications), the number of trees kept in 

each replication was reduced by having a starting trees per repetition low and the results were 

collected and branch swapped for more complete results using multiple TBR + TBR. 

The heurist search revealed five equally most parsimonious trees for the data matrix of 50 

taxa and 277 characters. The length of each equally parsimonious is 903 steps. The 

consistency index (CI) of each equally parsimonious tree is 0.46 and the retention index (RI) 

is 0.76.  

The strict consensus tree of the 5 equally most parsimonious trees depicting relationships 

with Mesozoic Mammals including the two families of Gondwanatheria (Figure 8. 2) reveals 

an overall stable topology. The length of the strict consensus tree is 905 steps with a 

consistency index of 0.46 and a retention index of 0.76. 

The consensus tree (see Figure 8.2) resulted with the multituberculates ‘plagiaulacidans’ and 

cimolodontans grouped together with Ferugliotheriidae and Sudamericidae all forming an 

unresolved polytomy. In this consensus tree Ferugliotheriidae and Sudamericidae grouped 

together forming a clade, with Sudamericidae as the more derived taxon. 

Trees with polytomies should always be interpreted with caution because they can be used to 

indicate either a multiple speciation event ("hard", Maddison 1989) or uncertainty about 

relationships ("soft"). Polytomies can result from either inadequate or inappropriate data or 

from near-simultaneous divergences (hard polytomy) (Maddison 1989). 

The unknown character states for the characters (Character 29, 31 and 108) related to 

premolar or molar tooth positions for Sudamericidae may be responsible for the polytomy 

that form within Multituberculata and Sudamericidae and Ferugliotheriidae.  

This clade was supported by a total of 25 derived character states. Six of which were non-

homoplastic and thus are synapomorphies used to group ‘plagiaulacidans’, cimolodontans 

with Ferugliotheriidae and Sudamericidae.  These non-homoplastic synapomorphies are 

listed below. Sudamericidae and Ferugliotheriidae were grouped in a clade supported by two 

non-homoplastic synapomorphies: Character 276 ‘Prominent transverse ridges and furrows 

on occlusal surface of molariform teeth’, State= (1) present and Character 277 ‘Forked 

anterior pattern on first lower molar or molariform tooth’, State (1) =present. 

Sudamericidae was separated from Ferugliotheriidae with two character, a non-homoplastic 

synapomorphy Character 111 ‘postcanine roots’ with state (3) hypsodont and a homoplasy, 
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Character 110 ‘Number of lower molars or molariforms postcanines’ state (1)=with 4 to 5 

molars (molariforms). 

“Plagiaulacidans” and Cimolodontans were separated by one non-homoplastic 

synapomorphy only found in Cimolodontans Character 89 ‘Lower molars with multicuspate 

row- U-shaped ridge’  state (0)=U-shaped ridge (anterior crest) absent at the mesial end of 

the lower molar enclosing the valley-basin between longitudinal cusp rows. 

Alternative analysis with different character states for Sudamericidae 

To try to determine why a polytomy may have occurred between the multituberculates and 

Ferugliotheriidae and Sudamericidae an alternative analysis was carried out. 

These analyses were used to further determine the effects of different character states related 

to premolar and molar character.  

In the alternate analysis it is assumed that the first two teeth in Sudamericidae are premolar 

molariforms, hypsodont and non-blade-like and the last two teeth in the Sudamerica dentary 

are molars and change the following characters: character 29: state (2)-premolar with 

multicusps in longitudinal row(s);  character 31: state (3) -transversely wide, hypsodont; 

character 108: number of premolars state (3)-2 or fewer and character 110: number of lower 

molars or molariforms postcanines state (2)- 3 molars or fewer.  

Using these different character states 5 most parsimonious trees are formed, with a length of 

905, (CI) = 0.46, (RI) =0.76 and one strict consensus tree (see Figure 8.4) with a length of 

907 and (CI)=0.46, (RI) = 0.76. This consensus tree does not show a polytomy for the 

multituberculates with Ferugliotheriidae and Sudamericidae (see detail of this consensus tree 

Figure 8.5).  

Non-homoplastic synapomorphies 

The following are the non-homoplastic synapomorphies that are present in all the five most 

parsimonious trees and in the strict consensus tree (Figure 8.2; 8.3 ) which forms an 

unresolved polytomy group for the multituberculates with Ferugliotheriidae and 

Sudamericidae. 

Character 20, state (1): The anteroventral extension of the masseteric fossa, whereby the 

anterior extension lies below the ultimate premolar. 

Character 21, state (2): The orientation of the dentary peduncle and condyle. This character 

was not observed in Gondwanatheria, however it was chosen by NONA as a non-

homoplastic character shared by “plagiaulacidans”, cimolodontans and Gondwanatheria. 
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In the ‘plagiaulacidans’ and cimolodontan multituberculates it extends vertically for the entire 

depth of the horizontal ramus of the mandible, it is confluent with the horizontal ramus and 

lacks a peduncle and the dentary articulation is posteriorly directed. 

Character 29, state (3): Ultimate lower premolar-arrangement of principal cusp a, cusp b (if 

present) and cusp c, the premolar has multicusps that arranged in longitudinal rows and in 

the case for Ferugliotherium the premolar is blade-like and multicuspate. 

Character 31, state (1): The outline of the ultimate lower premolar, it is blade-like (state 1) in 

Ferugliotherium and not known in Sudamerica and Gondwanatherium.  

Character 91, state (1): Multicuspate M2 with longitudinal multicuspate rows- lingual offset 

with M1 whereby the m2 labial row occludes to the labial side of the M2 labial row 

Character 207, state (2): Orientation of the anterior part of the lateral flange (modified from 

Luo, 1994; Rougier et al., 1996) it is medially directed and contracting the promontorium in 

‘plagiaulacidans’ and cimolodontans. This character is not observed in Sudamericidae or 

Ferugliotheriidae. 

Character 245, state (2): Overhanging roof of orbit is formed by the frontal in 

‘plagiaulacidans’ and cimolodontans. This character is not observed in Sudamericidae or 

Ferugliotheriidae. 

Homoplastic characters 

The following characters are homoplasies for the clade which unites ‘plagiaulacidans’, 

cimolodontans and Sudamericidae with Ferugliotheriidae in the unresolved polytomy in the 

consensus tree (See Figure 8.3): Character 5, 11, 17, 20, 21, 22, 25, 29, 31, 36, 37, 38, 39, 42, 

43, 52, 76, 83, 85, 86, 87, 88, 91, 94, 105, 106, 107, 110, 117 185, 188, 205, 207, 221, 237, 239, 

245, 274 and 275.  

In all the trees obtained, ‘plagiaulacidans’, cimolodontans and Gondwanatheria share the 

presence of these characters, however some of these characters related to the skull 

morphology are not observed in Gondwanatheria as there is no cranial fossil material known 

for Sudamericidae and Ferugliotheriidae. The list of characters and states is as follows: 

-Absence or vestigial Meckel’s groove in adults (Ch. 5);  

-Absence of coronoid or its attachment scar in adults (Ch. 11);  

-Absence of the medial pterygoid ridge (shelf) along the ventral border of the coronoid part 

of the mandible (Ch.17);  

-Anteroventral extension of the masseteric fossa below the ultimate premolar (Ch. 20);  

-Orientation of the dentary peduncle and condyle with the dentary articulation extending 

vertically (Ch. 21);  
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-Shape and relative size of the dentary articulation, the condyle is mediolaterally narrow and 

vertically deep, forming a broad arc in lateral outline, either ovoid or triangular in posterior 

view(Ch. 22); 

-Tilting of the coronoid process of the dentary (measured as the angle between the imaginary 

line of the anterior border of the coronoid process and the horizontal alveolar line of all 

molar the coronoid process less reclined (135-145) (Ch. 25); 

-Ultimate lower premolars, arrangement of principal is multicuspate and blade-like (Ch. 29); 

-The outline of the ultimate lower premolar, blade-like (Ch. 31); 

-The penultimate lower premolar has multicuspate row(s) (Ch. 36); 

-Penultimate lower premolar- principal cusps are arranged with multiple cusps in longitudinal 

row(s) (Ch. 37); 

-Alignment of main cusps of the posterior lower molar (s) (m3 or more posterior if present) 

with multiple longitudinal multicuspate rows (Ch. 38); 

-Alignment of main cusps of the anterior lower molar (m1) with multiple longitudinal rows 

(Ch. 39); 

-Precise opposition of the upper and lower molars is present where one lower molar 

sequentially contacts more than one upper molar (Ch. 42); 

-The relationships between the cusps of the opposing upper and lower molars are such that 

the lower multicuspate rows alternately occlude between the upper multicuspate rows (Ch 

43); 

-Posterior lingual cingulid of the lower molar is absent or weak(Ch. 52); 

-Morphology of the labial cingulum of the upper molars is absent (Ch. 76); 

-Upper molars cuspule E is absent (Ch. 83); 

-M1 (first upper molariform tooth)- number of cusps within the main functional straight 

cusp row with 4 main cusps or more (Ch. 85); 

-Multi-cuspate m1- number of cusps within the main functional straight multi-cusp row with 

4 main functioning cusps or more (Ch. 86); 

-Outline of m1 (first molariform) rectangular or slightly rhomboidal (Ch. 87); 

-Aspect ratio of M1 (upper first molariform) rectangular or nearly so (Ch. 88); 

-Multicuspate M2 with longitudinal multicuspate rows- lingual offset with M1, the m2 labial 

row occludes to the labial side of the M2 labial row (Ch. 91); 

-Topographic relationships of wear facets to the main cusps, the main cusps are multicuspate 

series and each cusp may support 2 wear facets (Ch. 94); 

-Number of lower incisor, 2 or fewer (Ch. 105); 
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-Upper canine is absent (Ch. 106); 

-Lower canine is absent (Ch 107); 

-Number of lower molars or molariforms postcanines, 3 or fewer (Ch. 110); 

-Enlarged diastema in the lower incisor-canine region is present and behind the posterior 

incisor (Ch. 117); 

-Postglenoid depression on squamosal is present (Ch. 185); 

-The postglenoid process is absent (Ch. 188); 

-The trigeminal nerve (V) has a double trigeminal foramina within the anterior lamina in 

addition to the trigeminal foramen at anterior lamina border with alisphenoid (Ch 205); 

-The orientation of the anterior part of the lateral flange is medially directed and contracting 

the promontorium (Ch. 207); 

-Site for the attachment of the tensor tympani muscle on the petrosal, present on an oval 

shaped fossa (although the position of the fossa may be variable) (Ch. 221); 

-The bony secondary plate is ending anterior to the posterior end of the tooth row (Ch. 237); 

-The pterygopalatine ridges are present (Ch. 239); 

-Overhanging root of the orbit is formed by the frontal (Ch. 245);  

-Direction of jaw movement during occlusion in a dorsoposterior movement (Ch. 274) and 

-Mode of occlusion as inferred from the mandibular symphysis is bilateral with more or less 

rigid symphysis (Ch. 275). 
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Figure 8.2: Strict consensus showing phylogenetic relationships of all major mammal lineages including 
Sudamericidae and Ferugliotheriidae.   
Strict consensus tree length: 905 steps with a consistency index of 0.46 and a retention index of 0.76. 
Multistate characters unordered.  
1: Crown-group Mammalia and 2: Node of clade for multituberculates and Gondwanatheria.  
Grey shade denotes the group that houses Gondwanatheria nested within Multituberculata.  
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Figure 8.3: Detail of strict consensus tree (Figure 8.2) showing a polytomy.  
The length of the strict consensus tree length is 905 steps with a consistency index of 0.46 and a retention 
index of 0.76. Multistate characters unordered.  
Black shaded circles indicate non-homoplasy synapomorphies, white circles indicate homoplastic character. 
Number at top of circle indicates character number, number below circle indicates character state.  
Arrow indicates continuation of branch at the node. 
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Figure 8.4: Alternate consensus tree with phylogenetic relationships of all major mammal lineages including 
Sudamericidae and Ferugliotheriidae.   
Strict Consensus tree with tree length: 907 and (CI) =0.46, (RI) = 0.76. Multistate characters unordered.  
1: is crown-group Mammalia and  2: Node of clade for multituberculates and Gondwanatheria.  
Grey shade denotes the group that houses Gondwanatheria nested within Multituberculata.  
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Figure 8.5: Detail of alternate consensus tree. For this result different character states are used for 
Sudamericidae but the same maximum number of trees to hold and repetition number are followed. The 
heurist search results with 5 most parsimonious trees, with a length of 905 and (CI) =0.46, (RI) = 0.76 and 
one strict consensus tree with a length of 907 and (CI)=0.46, (RI) = 0.76. Black circles are non homoplastic 
synapomorphies, white circles are homoplasies. Number above each circle represent the character number 
and numbers below represent character state. 

Discussion 

In recent years gondwanatherians have been regarded as edentates (Scillato-Yané and 

Pascual, 1984), multituberculates (e.g. Krause and Bonaparte, 1993) or sharing common 

ancestry with multituberculates. They are also believed to have developed multituberculate-

like features convergently (e.g. Pascual et al., 1999). They also have been accepted as a 

previously unrecognized clade of mammals with unknown origins that have converged with a 

multituberculate pattern in response to similar adaptive pressures (Jenkins, 1990) belonging 

to an unknown subclass and as Mammalia incertae sedis (e.g. Pascual et al., 1999; Kielan-

Jaworowska et al., 2004). 

In this analysis Sudamericidae and Ferugliotheriidae are both shown to share six 

synapomorphies with “Plagiaulacidans” and Cimolodontans. 

 These non homoplastic synapomorphies are discussed below:  

Dental features (Characters 29, 31, 36, 37, 38, 39, 42, 43, 52, 76, 83, 85, 86, 87, 88, 91, 94, 

105, 106, 107, 110 and 117) 

Gondwanatheria share with ‘plagiaulacidans’ and cimolodontans the following features:  

-Ultimate lower premolars which are multicuspate, they have two rows of cusps and lophs , 

this character was not observed for Sudamerica and Gondwanatherium (character 29 state ?) 

however it was observed for Ferugliotherium and scored as lower premolars are multicuspate 

and blade-like (character 29, state 3), this character is a non-homoplastic synapormorphy for 

‘plagiaulacidans’ and cimolodontans, Sudamericidae and Ferugliotheriidae; 
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-The outline of the ultimate lower premolar is blade-like in ‘plagiaulacidans’  and 

cimolodontans (Character 31, state 1) and  laterally compressed in Gondwanatheria 

(character 31, state 0); 

-The penultimate lower premolar has multiple rows of cusps in Gondwanatheria and 

‘plagiaulacidans’ and cimolodontans (Character 36); 

-The lower penultimate premolars have multiple cusps in longitudinal row for 

Gondwanatheria, ‘plagiaulacidans’ tritylodontids and Haramiyavia (Character 37); 

-The alignment of main cusps of the posterior lower molar (s) (m3 or more posterior if 

present) occurs in Ferugliotheriidae and Sudamericidae along with the multituberculates with 

multiple longitudinal multicuspate rows (Ch. 38); 

-The alignment of main cusps of the anterior lower molar (m1) with multiple longitudinal 

rows occurs as multiple longitudinal rows in Ferugliotheriidae and Sudamericidae along with 

the multituberculates (Ch. 39); 

-There is precise opposition of the upper and lower molars where one lower molar 

sequentially contacts more than one upper molar in Gondwanatheria, ‘plagiaulacidans’, 

cimolodontans, tritylodontids and Haramiyavia (Character 42); 

-The relationships between the cusps of the opposing upper and lower molars is such that 

the lower multicuspate rows alternately occlude between the upper multicuspate rows in 

Gondwanatheria, ‘plagiaulacidans’, cimolodontans, tritylodontids and Haramiyavia (Character 

43); 

-The posterior lingual cingulid of the lower molar is absent or weak for all equally 

parsimonious trees and for the consensus tree(Ch. 52); 

-The  morphology of the labial cingulum of the upper molars is absent in Probainognathus, 

tritylodontids, Sinoconodon, Hadrocodium, Gondwanatheria, ‘plagiaulacidans’, cimolodontans, 

Dryolestes, Henkelotherium,  tritylodontids and Haramiyavia (Character 76); 

-In the upper molars cuspule E is absent in tritylodontids, Priacodon, Trioracodon, 

‘plagiaulacidans’, cimolodontans and Haramiyavia, it is unknown in Gondwanatheria 

(Character 83); 

-The M1 (first upper molariform tooth)- number of cusps within the main functional straight 

cusp row with 4 main cusps or more in Sudamericidae and the multituberculates but is 

ambiguous for Ferugliotheriidae in all the most parsimonious trees and in the consensus tree 

(Ch. 85); 
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-The multi-cuspate m1- number of cusps within the main functional straight multi-cusp row 

with 4 main functioning cusps or more for Sudamericidae, Ferugliotheriidae and the 

multituberculates in all the parsimonious trees and in the consensus tree (Ch. 86); 

-The outline of m1 (first molariform) is rectangular or slightly rhomboidal for Sudamericidae, 

Ferugliotheriidae and the multituberculates in all the parsimonious trees and in the consensus 

tree (Ch. 87); 

-The aspect ratio of M1 (upper first molariform) rectangular or nearly so for  Sudamericidae, 

Ferugliotheriidae and the multituberculates in all the parsimonious trees and in the consensus 

tree (Ch. 88); 

-The topographic relationships of wear facets to the main cusps, the main cusps are 

multicuspate series and each cusp may support 2 wear facets. It is observed in 

Gondwanatheria, ‘plagiaulacidans’, cimolodontans, tritylodontids and Haramiyavia (Character 

94); 

-The number of lower incisor, 2 or fewer for Sudamericidae, Ferugliotheriidae and the 

multituberculates in all the parsimonious trees and in the consensus tree (Ch. 105); 

-Upper canine absent, this character is ambiguous for Sudamericidae, Ferugliotheriidae and 

‘plagiaulacidans’ in all the parsimonious trees and in the consensus tree (Ch. 106); 

-The lower canine is absent in Gondwanatheria, ‘plagiaulacidans’, cimolodontans, 

tritylodontids and Ornithorhynchus and Obdurodon (Character 107);  

-Number of lower molars or molariforms postcanines, 3 or fewer (Ch. 110), this character is 

4 to 5 molars (state 1) for Sudamericidae and 3 molar or fewer  (state 2) for  

Ferugliotheriidae, cimolodontans and ‘plagiaulacidans’  in all the parsimonious trees and in 

the consensus tree. 

-There is an enlarged diastema in the lower incisor-canine region, behind the posterior incisor 

in Gondwanatheria, ‘plagiaulacidans’, cimolodontans and tritylodontids (Character 117). 

Dentary characters: (Characters 5, 11, 17, 20, 21, 22 and 25) 

-Multituberculates and other mammals such as eutherians, marsupials and including 

Vincelestes, Ornithorhynchus and Obdurodon have been observed to have an absent or vestigial 

Meckel’s groove in adults (Luo et al., 2002). A meckel’s groove was not observed in the 

Sudamerica dentary and thus is assumed to not be present in Sudamericidae and 

Ferugliotheriidae (Ch. 5); 

-In multituberculates and other mammals the coronoid or its attachment scar in adults is 

absent (Luo et al., 2002). A meckel’s groove was not observed in the Sudamerica dentary and 

assumed not to be present in Sudamericidae and Ferugliotheriidae. It is reasonable to note 
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that a meckel’s groove is not present in Gondwanatheria as it is only present in primitive 

mammals (Ch. 11); 

-The medial pterygoid ridge (shelf) along the ventral border of the coronoid part of the 

mandible was not observed in the Sudamerica dentary, as occurs in other multituberculates 

(Ch.17), thus this character was scored as unknown (?) for both Sudamericidae and 

Ferugliotheriidae; 

-The anteroventral extension of the masseteric fossa is observed to be anterior below the 

ultimate premolars in Sudamerica and thus assumed for other gondwanatherians, it is also 

anterior below the ultimate premolar in ‘plagiaulacidans’  and cimolodontans (Luo et al., 

2002) (Ch. 20); 

-Orientation of the dentary peduncle and condyle with the dentary articulation extending 

vertically is unknown in gondwanatherians, while it extends vertically for the entire depth of 

the horizontal ramus of the mandible in ‘plagiaulacidans’  and cimolodontans (Ch. 21); 

-The shape and relative size of the dentary articulation is unknown in gondwanatherians but 

in ‘plagiaulacidans’  and cimolodontans, Dinnetherium, Priacodon, Trioracodon, Jeholodens the 

condyle is mediolaterally narrow and vertically deep, forming a broad arc in lateral outline, 

either ovoid or triangular in posterior view (Ch. 22). 

The tilting of the coronoid process of the dentary (Ch. 25) is unknown in Sudamericidae and 

Ferugliotheriidae. In a slow optimization Ch. 25 is ambiguous for Ferugliotheriidae, 

Sudamericidae and Cimolodontans in all 5 most parsimonious trees and the strict consensus, 

however it is not ambiguous for  ‘plagiaulacidans’ or at the base of the clade that joins the 

multituberculates with Ferugliotheriidae with Sudamericidae. Ambiguous characters are 

simple characters with high probability of homoplasy.  

Cranial characters (Character 185, 188, 205, 207, 221, 237, 239 and 245) 

No cranial characters are present in gondwanatherians due to the limited fossil record. Thus 

cranial characters are not useful for determining relationships between Sudamericidae and 

Ferugliotheriidae with the other Mesozoic mammal taxa. However there are 7 cranial 

characters observed for ‘plagiaulacidans’  and cimolodontans , two of these (Character 207 

and 245 , see above) are non-homoplastic synapomorphies in all the most parsimonious trees 

and for the unresolved clade formed by Gondwanatheria, ‘plagiaulacidans’ and 

cimolodontans in the consensus tree. 

In a slow optimization Ch. 185, 188, 207, 221, 237, 239 and 245 is ambiguous for 

Ferugliotheriidae and Sudamericidae in all 5 most parsimonious trees and the strict 
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consensus, however it is not ambiguous at the base of the clade that joins Ferugliotheriidae 

with Sudamericidae. 

In a slow optimization Ch. 205 is ambiguous for Ferugliotheriidae, Sudamericidae and 

cimolodontans in all 5 most parsimonious trees and the strict consensus, however it is not 

ambiguous for  ‘Plagiaulacidans’ or at the base of the clade that joins the multituberculates 

with Ferugliotheriidae with Sudamericidae. Ambiguous characters are simple characters with 

high probability of homoplasy.  

Occlusion character (Character 274 and 275) 

The mode of occlusion as inferred from the mandibular symphysis (Crompton and Luo, 

1993; Luo, 1994) is bilateral (with more or less rigid symphysis) (Ch. 275) in the following: 

tritylodontids (following Crompton, 1974; Sues, 1985), tritheledontids, Haramiyavia, 

‘plagiaulacidans’, cimolodontans (following Wall and Krause, 1992), Sinoconodon (rigid 

symphysis) (Luo et al., 2002). 

The mandibular symphysis is unfused in: tritheledontids, Sinoconodon, Morganucodon, 

Megazostrodon, Dinnetherium, Kuehneotherium, Haldanodon, Gobiconodon, Amphilestes, Jeholodens, 

Priacodon, Trioracodon, ‘plagiaulacidans’,  cimolodontans, Vincelestes, Dryolestes, Henkelotherium, 

Amphitherium, Peramus, Kielantherium, Deltatheridium, Didelphis, Kokopellia, Pucadelphys, Erinaceus, 

Asioryctes, Prokennalestes (Luo et al., 2002). It is unfused in Sudamericidae and 

Ferugliotheriidae.  

Direction of jaw movement during occlusion (Ch. 274) 

In Sudamericidae and Ferugliotheriidae the jaw movement is posteriorly directed with a 

palinal jaw movement and this has been observed on isolated cheek-teeth and on 

observations in the cheek-teeth in MPEFCH- 534 (e.g. Krause et al., 1992; Pascual et al., 

1999). The direction of jaw movement during occlusion is inferred as a dorsoposterior 

movement in Sudamericidae and Ferugliotheriidae. Gondwanatheres like multituberculates 

retracted their mandible when molars were in occlusion indicating a palinal jaw movement 

rather than orthal (Krause, 1982). Gondwanatheres like multituberculates have longitudinal 

striations on the molars and molariforms and this indicates no transverse component to the 

jaw movement during the power stroke (e.g. Krause et al. 1992; Pascual et al., 1999). 

Multituberculates like rodents have bilateral occlusion. This means that there is a unilateral 

component where food is chewed between the upper and lower teeth on either the left or the 

right side. However in rodents there is also a transverse component during the power stroke 

(e.g. Langenbach and Van Eijden, 2001). Rodents such as octodontids have a propalinal 

bilateral displacement and an oblique unilateral jaw displacement (Olivares, Verzi and 

 473



Chapter 8 Gondwanatheria: A cladistics study based on morphology 

Vassallo, 2003) and multituberculates and gondwanatheres have a palinal bilateral 

displacement (e.g. Krause, 1982; Krause et al. 1992). 

Synapomorphies for Gondwanatheria 

Characters 276 (presence of prominent transverse ridges and furrows on molariform teeth) 

and 277 (presence of forked anterior pattern on first lower molar or molariform tooth) are 

synapomorphies (the possession of apomorphic features by two or more taxa in common 

(i.e. the features are shared, derived) for Gondwanatheria. These characters have not been 

mentioned before in other phylogenetic analysis on Gondwanatheria (e.g. Pascual et al. 1999; 

Krause et al. 1992). 
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8.4 Phylogenetic interpretation of the Gondwanatheria from Argentina with 

representatives of multituberculate mammals 

A phylogenetic analysis was carried out with Gondwanatheria (Ferugliotherium, 

Gondwanatherium and Sudamerica) scored against multituberculate families using a total of 34 

morphological characters. This analysis is based on Kielan-Jaworowska and Hurum (2001), 

Krause and Bonaparte (1993); Krause et al. (1992) and Pascual et al. (1999). The characters 

used and their score are listed in Table 8.2. This analysis was attempted due to the close 

relationships and resemblance observed between gondwanatherians and multituberculates. A 

study of this nature has previously never been carried out before and it is interesting to see 

the results based on phylogenetic analysis. 

From this a matrix was made using Nexus data editor version 0.5.0 (Page, 2001) and was 

analysed under NONA program version 2.0 (Goloboff, 1993) in interface with Winclada 
version. 1.00.08 (Nixon, 2002) using a heuristic search.  

The following taxa were used in this phylogenetic analysis: 

Outgroup (tritylodontids), Haramiyavia, Ctenacodon, Zofiabaatar, Glirodon, Meketichoffatia, 

Paulchoffatia, Henkelodon, Kuehneodon, Bolodon, Plagiaulax, Eobaatar, Arginbaatar, Cimexomys, 

Boffius, Meniscoessus, Buginbaatar, Cimolodon, Ectypodus, Mesodma,  Ptilodus, Neoliotomus, 

Pentacosmodon, Catopsbaatar, Kamptobaatar, Chulsanbaatar, Kryptobaatar, Nemegtbaatar, Eucosmodon, 

Stygimys, Microcosmodon, Lambdopsalis, Taeniolabis, Kogaionon, Sudamerica,  Gondwanatherium and  

Ferugliotherium. No other gondwanatherian taxa were used due to the very limited fossil 

material available of the unnamed Indian taxa and Lavanify from Madagascar. 

These ingroup taxa were selected following Kielan-Jaworowska and Hurum (2001). The two 

haramiyid taxa Staffia (Heinrich, 1999) from the Late Jurassic of Tanzania, Africa and 

Thomasia (e.g. Butler and MacIntyre, 1994; Kielan-Jaworowska et al., 2004) from the Late 

Triassic of Europe, were not added as these taxa are based on very limited material, such as 

isolated dental remains and were not used in Kielan-Jaworowska and Hurum (2001).  

Outgroup 

Finding an outgroup for the Gondwanatheria is difficult as the Gondwanatheria origins are 

not known, nor are Gondwanatheria relationships known. This is similar to the problems 

encountered by Kielan-Jaworowska and Hurum (2001) when finding an outgroup for 

Multituberculata. Kielan-Jaworowska and Hurum (2001: 393) state “The problem is that the 

origins of the Multituberculata are obscure and in recent phylogenetic analyses of early mammals, 

multituberculate relationships have been a subject of vigorous controversy”. In their study the authors 

chose Haramiyida as the outgroup of the Multituberculata.  

 475



Chapter 8 Gondwanatheria: A cladistics study based on morphology 

In this phylogenetic analysis, the tritylodontids were elected as the outgroup of the 

Gondwanatheria and Multituberculata. However Kielan-Jaworowska and Hurum (2001) did 

not use tritylodontids as their outgroup but a hypothetical ancestor and they used characters 

of a hypothetical ancestor in the taxon-character matrix on Haramiyida-Multituberculata-

Gondwanatheria relationships.  

Characters 

This analysis is based on characters and data from the previous work on multituberculate 

morphology and systematics by Kielan-Jaworowska and Hurum (2001) and on characters 

used by Pascual et al. (1999), Krause et al. (1992) and Krause and Bonaparte (1993). 

Some modifications were made and extra characters 18, 32, 33 and 35 were added. All 

characters have the same weight and the multi-state characters were treated as unordered. 

Character 18- Prominent transverse ridges and furrows on molariform teeth was added. 

Character 32- Hypsodont molariforms; 

Character 33- Prominent furrows on sides of  molars/molariforms; 

Character 35- Forked anterior pattern on first lower molar or molariform tooth. 

The character definition and states are presented below in Table 8.3. 

For Sudamerica and Gondwanatherium no premolar homology was assumed and thus all the 

teeth assigned to Sudamerica and Gondwanatherium were considered molariforms (upper and 

lower). However the blade-like premolar 4 was observed for Ferugliotherium.  

The character table was saved as a nexus file (nex) using Nexus Data Editor Version 0.5.0 

(Page, 2001) and was analysed under NONA program version 2.0 (Goloboff, 1993) in 

interface with Winclada version. 0.9.9+ (BETA). In this analysis all multistate transformation 

series were treated as unordered.  

Heuristics 

An unconstrained heuristic search using NONA version 2.0 (Goloboff, 1993) was carried out 

with multiple TBR + TBR. This method searches for trees using tree bisection-reconnection 

method of branch-swapping, then repeats this process the number of times indicated in the 

number of replications box. 

The search included a maximum of 10 000 trees to hold, 1000 replication number with 10 

starting trees to hold per repetition. This strategy was used to maximize the number of 

distinct starting trees (by having a high number of replications), the number of trees kept in 

each replication was reduced by having the starting trees per repetition low and the results 

were collected and branch swapped for more complete results using multiple TBR + TBR. 
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In the analysis 10000 equally parsimonious trees of 73 steps were obtained. These trees had a 

consistency index of 0.54 and a retention index of 0.76. One strict consensus tree was 

formed with 150 steps and a consistency index of 0.26 and a retention index of 0.21 (see 

Figure 8.6). All the branches in this tree collapsed forming a polytomy with the ancestor and 

all the multituberculates. In the strict consensus the clade for Sudamerica, Gondwanatherium and 

Ferugliotherium is resolved with Sudamerica and Gondwanatherium being the most derived of the 

three taxa. Lambdopsalis and Taeniolabis are resolved in a clade with both taxa as sister groups. 

In the analysis by Kielan-Jaworowska and Hurum (2001) a similar consensus tree was 

generated in their computer analysis by Kielan-Jaworowska and Hurum (2001) using PAUP 

version 4.0b4a (Swofford, 1998). In their analysis, two main groups were produced, one 

containing all ‘Plagiaulacida’ and Arginbaataridae, the other containing all of the 

Cimolodonta. In the first group obtained by the authors, all the branches collapsed forming a 

polytomy; in the second group also formed a polytomy, except for two cases: Lambdopsalis 

with Taeniolabis and Eucosmodon with Stygimys. Because of the poor resolution obtained by the 

authors they refrained from publishing the cladogram and presented instead a manual 

cladogram. 

In the cladogram presented by Kielan-Jaworowska and Hurum (2001: text Fig. 2), the 

hypothetical interrelationships of the Multituberculata demonstrate a very high level of 

homoplasy in multituberculate evolution with several characters appearing two, three or four 

times, this could have also caused the polytomy in their computerized analysis. 

Other authors Rougier et al. (1997) also attempted a preliminary cladistic analysis using 

modified versions of Simmons’ (1993) matrix with 50 taxa and 67 characters. Their analysis 

yielded a great amount of equally parsimonious trees (20 000) and a very poor resolution of 

the strict consensus tree. The authors state that the large amount of trees and poor resolution 

is probably based on the large amount of missing data. This is also the case for this analysis 

as many of the taxa in this analysis are based on isolated teeth and fragmentary dental. 
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Char 
No. 

Character definition Following Kielan-
Jaworowska and Hurum, 2001) 

States  

1 Horizontal ramus short and deep 0=absent     1=present 
2 Mandibular symphysis 0= fused      1=unfused 
3 Pterygoid fossa 0=absent      1=present 
4 Well developed diastema behind posterior 

incisor 
0=absent      1=present 

0= Coronoid process does not begins far anteriorly in relation 
to the cheek-teeth 

5 Location of the coronoid process in relation 
to the  cheek-teeth or cheek-teeth alveoli: 

1= Coronoid process begins far anteriorly and is situated  
opposite to the anterior cheek-teeth 

6 Inferred palinal jaw movement direction 0=absent          1=present 
0= three or more lower incisors 7 Pair of single lower incisors 
1=two or one pair of lower incisors 
0=robust and compressed 8 Lower incisor 
1=gracile 
0= enamel covering incisor in uniform thickness 
1=enamel restricted to ventral-labial surface of lower incisor 

9 Enamel of lower incisor covering lower 
incisor in uniform thickness 

2=enamel thicker on ventral-labial surface of lower incisor 
10 Root of lower incisor lies oblique to axis of 

cheek-teeth 
0=absent      1=present 

11 Canine 0=present     1=absent 
0=three or more present 12 Number of lower cheek-teeth (molariforms 

or molar like): 1=two or less present 
0=two or more rows of subequal well-separated cusps 
1=with anterior cuspidate cingulum and  a large buccal cusp 

13 Cusps on m1/first lower molariform 

2=with two rows of cusps both tending to coalesce 
0=two rows or more of well-separated rows of cusps 
1=basin shaped 

14 Cusps on m2 (second lower molariform) 

2=with buccal cusps coalesced 
15 Cusps of approximately equal height in 

lower molariforms 
0=absent  1=present 

0=4:4 cusp count or lower present  
1=5:4 cusp count  

16 M1/first upper molariform cusp count  

2=6:4 cusp count or higher 
0=cusp count 2-3:2-3  
1=cusp count 1  

17 M2/second upper molariform cups count  

2=cusp count 4-5:2-6 
18 Presence of prominent transverse ridges 

and furrows on molariform teeth 
0=absent  1=present 

19 More cusps on lingual row of first lower 
molariforms compared to labial row 

0= absent 1= present 

0=5 
1=4 
2=3 

20 Number of upper premolars 

3=2 or1 
21 More than one row of multiple cusps on 

upper molariforms 
0=present 1=absent 

0= Cusps of subequal height on upper molariforms absent 22 Cusps of subequal or equal height on upper 
molariforms 1= Cusps of subequal height on upper molariforms present 

23 Transverse ridges or lophs on upper 
molariforms 

0=absent      1=present 

24 Prismatic enamel on cheek-teeth: 0=absent (= Preprismatic of Simmons, 1993)      1=present 
26 Lower premolar 1 0=present      1=absent 
27 Lower premolar 2 0=present      1=absent 
28 Lower premolar 3 0=present    1 =absent 
29 Lower premolar 4 0=absent      1=present 
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Char 
No. 

Character definition Following Kielan-
Jaworowska and Hurum, 2001) 

States  

0=in lateral view rectangular 30 Lower premolar 4 
1=in lateral view blade-like and arcuate 
0=three present 31 Number of upper incisor 
1= two or one pair present 

32 Hypsodont molariforms/molars 0=absent      1=present 
33 Prominent furrows on sides of hypsodont 

molars 
0=absent      1=present 

34 Molar enamel 0=smooth, not ornamented 1=covered with grooves, pits and 
ridges. 

35 Forked anterior pattern on first lower molar 
or molariform tooth 

0=absent       1=present 

Table 8-3: Table with characters scored for Gondwanatheria and multituberculates in this phylogenetic 
analysis.  
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 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
Tritylodontids 0 1 0 1 1 1 1 0 0 0 1 0 0 ? 1 ? ? 0 0 0 0 1 1 0 0 ? ? ? ? ? ? 0 0 ? 0 
Haramiyavia 0 ? ? 0 0 1 0 ? ? ? 0 0 0 ? 0 ? ? 0 0 ? 0 0 ? 0 0 ? ? ? ? ? ? 0 0 ? 0 
Staffia ? ? ? ? ? 1 ? ? ? ? ? ? 0 ? 0 ? ? 0 0 ? 0 0 ? ? ? ? ? ? 1 0 ? 0 0 ? 0 
Thomasia ? ? ? ? ? 1 ? ? ? ? ? ? 0 ? ? ? ? 0 0 ? 0 ? ? ? ? ? ? ? ? ? ? 0 0 ? 0 
Ctenadodon 1 1 1 1 1 1 1 0 0 1 ? 1 0 0 1 0 0 0 0 0 0 1 0 ? ? 0 0 0 1 1 0 0 0 0 0 
Zofiabaatar 1 1 1 1 1 1 1 0 ? 1 ? 1 0 ? 1 0 ? 0 0 ? 0 1 0 ? ? 0 0 0 1 0 ? 0 0 0 0 
Glirodon 1 1 1 1 1 1 1 0 2 1 0 1 0 0 1 0 0 0 0 0 0 1 0 1 1 0 0 0 1 0 0 0 0 0 0 
Mecketichoffatia 1 1 1 1 1 1 1 ? ? ? 0 1 ? ? 0 ? ? 0 0 0 0 0 ? 0 0 ? ? ? ? ? 0 0 0 ? 0 
Paulchoffatia 1 1 1 1 1 1 1 0 0 0 ? 1 1 1 0 0 1 0 0 ? 0 0 0 ? ? 0 0 0 1 0 ? 0 0 1 0 
Henkelodon 1 1 1 1 1 1 1 ? ? 1 1 1 ? ? 0 ? ? 0 0 0 0 0 ? ? ? ? ? ? ? ? 0 0 0 1 0 
Kuehneodon 1 1 1 1 1 1 1 0 0 1 0 1 1 1 0 0 1 0 0 1 0 0 ? 0 0 0 0 0 1 1 0 0 0 1 0 
Bolodon 1 1 1 1 1 1 1 0 0 1 ? 1 2 2 1 0 ? 0 0 0 0 1 ? 0 0 0 0 0 1 0 ? 0 0 1 0 
Plagiaulax 1 1 1 1 1 1 1 0 0 1 ? 1 ? ? 1 ? ? 0 0 ? 0 1 ? ? ? 1 0 0 1 0 ? 0 0 ? 0 
Eobaatar 1 1 1 1 1 1 1 0 2 1 ? 1 2 2 1 0 0 0 0 0 0 1 ? 1 1 1 0 0 1 0 ? 0 0 1 0 
Arginbaatar 1 1 1 1 1 1 1 0 0 ? 0 1 0 ? 1 0 ? 0 0 0 0 1 0 0 1 1 0 0 1 1 ? 0 0 0 0 
Cimexomys 1 1 1 1 1 1 1 0 0 ? ? 1 0 0 1 2 0 0 0 1 0 1 0 1 1 0 0 1 1 1 ? 0 0 1 0 
Boffius 1 1 1 1 1 1 1 0 1 ? ? 1 ? ? 1 ? ? 0 0 ? 0 1 ? 1 1 ? ? ? ? ? ? 0 0 ? 0 
Meniscoessus 1 1 1 1 1 1 1 0 0 ? 1 1 0 0 1 1 2 0 0 1 0 1 ? 1 1 1 1 0 1 1 1 0 0 1 0 
Buginbaatar 1 1 1 1 1 1 1 0 0 ? ? 1 0 0 1 2 0 0 0 ? 0 1 ? ? ? 1 1 1 1 1 ? 0 0 0 0 
Cimolodon 1 1 1 1 1 1 1 ? 0 ? ? 1 0 0 1 2 2 0 0 1 0 1 0 1 1 1 1 0 1 1 ? 0 0 1 0 
Ectypodus 1 1 1 1 1 1 1 1 0 ? 1 1 0 0 1 2 2 0 0 1 0 1 ? 1 2 1 1 0 1 1 1 0 0 1 0 
Mesodma 1 1 1 1 1 1 1 1 0 ? 1 1 0 0 1 2 0 0 0 1 0 1 ? 1 2 1 1 0 1 1 1 0 0 1 0 
Ptilodus 1 1 1 1 1 1 1 1 0 ? 1 1 0 0 1 1 2 0 0 1 0 1 ? 1 2 1 1 0 1 1 1 0 0 1 0 
Neoliotomus 1 1 1 1 1 1 1 0 2 ? ? 1 0 0 1 2 2 0 0 1 0 1 ? 1 2 1 1 0 1 1 ? 0 0 1 0 
Pentacosmodon 1 1 1 1 1 1 1 ? ? ? ? 1 0 0 1 0 0 0 0 ? 0 1 ? 1 1 1 1 1 1 1 ? 0 0 0 0 
Catopsbaatar 1 1 1 1 1 1 1 0 2 ? 1 1 0 0 1 0 0 0 0 2 0 1 ? 1 1 0 1 0 1 0 1 0 0 0 0 
Kamptobaatar 1 1 1 1 1 1 1 0 1 ? 1 1 0 0 1 0 0 0 0 1 0 1 ? 1 1 1 1 0 1 1 1 0 0 0 0 
Chulsanbaatar 1 1 1 1 1 1 1 0 2 ? 1 1 0 0 1 0 0 0 0 1 0 1 ? 1 1 1 1 0 1 1 1 0 0 0 0 
Kryptobaatar 1 1 1 1 1 1 1 0 2 ? 1 1 0 0 1 0 0 0 0 1 0 1 ? 1 1 1 1 0 1 1 1 0 0 0 0 
Nemegtbaatar 1 1 1 1 1 1 1 0 2 ? 1 1 0 0 1 1 0 0 0 1 0 1 ? 1 1 1 1 0 1 1 1 0 0 0 0 
Eucosmodon 1 1 1 1 1 1 1 0 2 ? 1 1 0 0 1 1 2 0 0 2 0 1 ? 1 1 1 1 0 1 1 1 0 0 0 0 
Stygimys 1 1 1 1 1 1 1 0 2 ? 1 1 0 0 1 2 0 0 0 1 0 1 ? 1 1 1 1 0 1 1 1 0 0 0 0 
Microcosmodon 1 1 1 1 1 1 1 0 2 ? ? 1 0 0 1 2 0 0 0 ? 0 1 ? ? ? 1 1 0 1 1 ? 0 0 0 0 
Lambdopsalis 1 1 1 1 1 1 1 0 2 ? 1 1 0 0 1 1 2 0 0 3 0 1 ? 1 1 1 1 0 1 2 1 0 0 0 0 
Taeniolabis 1 1 1 1 1 1 1 0 2 ? 1 1 0 0 1 2 2 0 0 3 0 1 ? 1 1 1 1 0 1 2 1 0 0 0 0 
Kogaionon 1 1 1 1 1 1 1 ? ? ? 1 1 ? ? 1 ? ? 0 0 1 0 1 ? ? ? ? ? ? ? ? 1 0 0 0 0 
Sudamerica 1 1 1 1 1 1 1 0 2 1 1 0 0 0 1 0 0 1 1 ? 0 1 1 1 2 ? ? ? ? ? ? 1 1 1 1 
Gondwanatherium 1 1 ? 1 1 1 1 0 2 1 1 0 2 2 1 0 0 1 1 ? 0 1 1 1 2 ? ? ? ? ? ? 1 1 1 1 
Ferugliotherium 1 1 ? 1 1 1 1 0 2 1 1 1 2 2 1 0 0 1 1 3 0 1 1 1 2 1 1 1 1 0 ? 0 0 1 1 
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8.5.a Analysis of characters used in Phylogenetic analysis of Gondwanatheria with 

Multituberculata 

The characters analysis presented here used data from previous multituberculate studies 

(Kielan-Jaworowska and Hurum, 2001; Luo et al., 2002).  

Luo et al. (2002) and Kielan-Jaworowska et al. (2004) in their Mesozoic mammal 

phylogenetic analysis used characters observed in the cimolodontans and ‘plagiaulacidans’. 

The cimolodontans include the Late Cretaceous cimolodontans from the Suborder 

Cimolodonta McKenna, 1975 (e.g. Djadochtatherioidea). The paraphyletic ‘plagiaulacidans’ 

are represented by the Jurassic and Early Cretaceous Paulchoffatiidae.  

In this phylogenetic analysis numerous dental and cranial characters are used as in previous 

multituberculate interrelationships analyses (Archibald, 1982; Krause and Carlson, 1987; 

Simmons, 1993; Kielan-Jaworowska and Hurum, 1997; Rougier et al., 1997; Kielan-

Jaworowska and Hurum, 2001). As following Kielan-Jaworowska and Hurum (2001) no 

postcranial characters are used in this analysis as the skeleton is known only in a few 

multituberculate taxa (see Krause and Jenkins, 1983 and Kielan-Jaworowska and Gambaryan, 

1994 for reviews). 

Kielan-Jaworowska and Hurum (2001) added in their phylogeny, two new dental characters 

that are often associated together: cusp fusion and cusp ornamentation and separated cusps 

with smooth enamel. These features have rarely been used in previous phylogenetic analyses 

or mentioned in descriptions; however Kielan-Jaworowska et al. (1987) recognised the 

presence of cusp coalescence and grooves in m2 of Eobaatar and Kielan-Jaworowska and 

Ensom (1992) have also used both characters in their diagnosis of the Plagiaulacidae 

(including Eobaatarinae). 

Kielan-Jaworowska and Ensom (1992) demonstrated that members of the Plagiaulacidae 

differ in these characters from members of the Allodontidae. 

In their analysis of gondwanatherian relationships and in particular with Ferugliotherium, 

Krause et al. (1992) also used both dental characters (coalescence of cusps and grooves). 

Ferugliotherium was observed to have grooves on M1 (MACN Pv-RN 248) and m1 (MACN 

Pv-RN 253) and observed to possess coalesced cusps on the peripheral cusps on the buccal, 

posterior and lingual cusps of M1 (MACN Pv-RN 248) as also occurs in plagiaulacids.  

The dental characters observed on Ferugliotherium by Krause et al. (1992) so as to place this 

gondwanatherian genus within the Multituberculata -later assigned to Mammalia incertae sedis 

(see Pascual et al., 1999). 
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 Krause et al. (1992) also commented on the presence of grooves in the Ptilodontoidea on 

both upper and lower molars and their absence from the Taeniolabidoidea. 

This characters related to the enamel texture (smooth, not orientated, or with grooves, pits 

and ridges) is added in the character list (character 34) following Kielan-Jaworowska and 

Hurum (2001). The other character is “molar cusps that are well separated or tending to 

coalesce” and is also used following Kielan-Jaworowska and Hurum (2001). However this 

character is only used in the character list with respect to lower molars (characters 13 and 14). 

Coalescence of cusps does not occur in the Haramiyidae (but it occurs in the Theroteinidae) 

(e.g. see figures in Hahn, 1973; Sigogneau-Russell, 1989; and Butler and MacIntyre, 1994). 

Kielan-Jaworowska and Hurum (2001) regard the presence of well-separated cusps as 

plesiomorphic, while coalesced cusps (cusps that fuse together) are derived. 

Similarly the ornamentation of grooves and pits does not occur in the Haramiyidae and 

smooth enamel is regarded as plesiomorphic, while ornamented enamel is interpreted to be 

derived (Kielan-Jaworowska and Hurum, 2001). 

Coalescence of molar cusps and presence of basal grooves was observed by Krause et al. 

(1992) in Ferugliotherium m1 (see Chapter 7, Figure 7.2) and these authors regarded 

Ferugliotherium to be more derived than members of the Paulchoffatoidea and also considered 

more primitive than any known cimolodonts. 

In all Ferugliotherium molars the cusps are not distinctively separated between each other and 

instead coalesce as noted by Krause et al. (1992) and as also observed in other 

multituberculates (e.g. Kielan-Jaworowska et al., 2004). This makes it hard to observe an 

overall pattern however it is possible to note, as presented in Figure 7.2; that there is an 

overall pattern of three rows of cusps in upper molars that are aligned in a same (mesial to 

distal) direction and two rows of cusps in lower molars that are aligned in a mesial to distal 

direction. 

Coalesced cusps are also observed in Gondwanatherium (MACN Pv-RN 23), as the cusps are 

not distinctly separated and do seem to come together. Cusps on Gondwanatherium are 

orientated in longitudinal rows (see Figure 7.10). These cusps (also present in Ferugliotherium) 

coalesce and are not distinct, however as Gondwanatherium is hypsodont the cusps are very 

worn and the assessment of the degree of coalescence in these specimens is also difficult to 

detect. 

This is also the case for Sudamerica molariforms; it is very difficult to observe conical cusps on 

Sudamerica molariforms and difficult to observe any degree of coalescence.  
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Following Kielan-Jaworowska and Hurum (2001) it is difficult to define both characters in 

some instances and if only one of the teeth in a given taxon is observed to present 

coalescence of ornamentation it is scored as having coalesced cusps or ornamented enamel. 

In other multituberculate families, such as the Plagiaulacidae and Eobaataridae (Kielan-

Jaworowska and Hurum 2001), all known genera show a tendency toward cusp fusion or 

coalesced cusps (at least in peripheral aspect) and this character seems to be  associated with 

the presence of ornamentation of grooves and pits. However in other multituberculates such 

as Allodontidae, Glirodon and all Djadochtatherioidea, the molar cusps are well separated and 

not coalesced and this is associated with smooth molar enamel. Thus as the enamel in 

Sudamerica is not smooth, but ornamented, then if cusps are present and not worn (due to the 

hypsodont nature) then we would expect the cusps to be coalesced or fused as in other 

multituberculates. 

Characters that have been added in this analysis are the presence of hypsodont molars 

(character 32) as observed in Gondwanatherium and Sudamerica and the absence of hypsodont 

molars as observed in all multituberculates, Ferugliotherium and Haramiyidae. This presence of 

hypsodont molars is considered derived and the absence of hypsodont molars and presence 

of brachyodont molars with roots is considered plesiomorphic. Other characters related to 

this include the presence of prominent furrows on the sides of the molars (character 33). 

This character is observed only in Sudamerica and Gondwanatherium and is probably related to 

hypsodonty, it is thus considered a derived character, while absence of prominent furrows is 

plesiomorphic. 

Other characters from the character list are discussed below. 

1. Horizontal ramus of the dentary 

The horizontal ramus of the dentary is short and deep in Sudamerica, Taeniolabidoidea and 

Djadochtatheria (Pascual et al., 1999). It is observed to be short and deep on the 

Ferugliotherium dentary. 

2. Mandibular symphysis 

The mandibular symphysis is unfused in multituberculates ‘plagiaulacidans’,  cimolodontans 

(Kielan-Jaworowska et al., 2004). It is unfused in Sudamerica, Ferugliotherium and 

Gondwanatherium. 

It is also unfused in tritheledontids and Sinoconodon, Morganucodon, Megazostrodon, Dinnetherium, 

Kuehneotherium and most mammals such as Vincelestes, Dryolestes, Henkelotherium and 

Amphitherium, (see Luo et al., 2002).  

It is not preserved in Haramiyavia. 
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3. Pterygoid fossa 

The pterygoid fossa is present in ‘plagiaulacidans’ and  cimolodontans. It is not preserved in 

Haramiyavia. It is large in size in the Paulchoffatia, other Plagiaulacoidea, Ptilodontoidea, 

Taeniolabidoidea and Djadochtatheria, as well as in the Sudamerica jaw (Pascual et al., 1999). It 

is not possible to observe it in the Gondwanatherium jaw. 

4. Well developed diastema 

The diastema is enlarged in the lower incisor-canine region. It is present and lies behind the 

posterior incisor in most multituberculates ‘plagiaulacidans’  and cimolodontans  (Kielan-

Jaworowska et al., 2004). It is present in Sudamerica (Pascual et al., 1999) and Ferugliotherium 

jaw (Kielan-Jaworowska and Bonaparte, 1996) and the jaw assigned to Gondwanatherium 

(Bonaparte, 1990; Gurovich, 2001). In Haramiyavia there is a large diastema between i3 and i4, 

but there is no diastema behind the canine. The diastema is well-developed in Paulchoffatia, 

other Plagiaulacoidea, Ptilodontoida, Taeniolabidoidea and Djadochtatheria. 

5. Location of the coronoid process in relation to the cheek-teeth or cheek-teeth 

alveoli 

The coronoid process begins far anteriorly in Paulchoffatia, other Plagiaulacoidea, 

Ptilodontoidea, Taeniolabidoidea, Djadochtatheria and Sudamerica (Pascual et al., 1999). In all 

multituberculates the masseteric muscles are inserted more anteriorly and the masseteric 

fossa and coronoid process are situated more anteriorly than all mammals (e.g. Kielan-

Jaworowska et al., 2004). This is observed in Sudamerica and is assumed for Gondwanatherium 

and Ferugliotherium both with backward (palinal) powerstroke. 

6. Inferred palinal jaw movement 

The direction of jaw movement during occlusion is dorsoposterior in tritylodontids 

(Crompton, 1972) and Haramiyavia (Butler 2000 but see Jenkins et al., 1997 who states that 

Haramiyavia has an orthal movement of the jaw and not palinal as in multituberculates). All 

multituberculates including ‘plagiaulacidans’ and cimolodontans have inferred palinal jaw 

movement. Here the jaw movement for Haramiyavia, Thomasia and Staffia is scored as palinal. 

This is observed in Sudamerica and Ferugliotherium (Krause et al., 1992) and is assumed for 

Gondwanatherium all with backward (palinal) powerstroke. 

7. Pair of single lower incisor 

In ‘plagiaulacidans’, cimolodontans multituberculates there are two pairs of lower incisors or 

fewer (Kielan-Jaworowska et al., 2004). In Haramiyavia there are three or more lower incisors. 

In Sudamerica there is one single pair of lower incisors as observed in the jaw MPEFCH 534 
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and dentary for Ferugliotherium, this is also observed for the Gondwanatherium dentary fragment 

(MACN Pv-RN 228) that it may have housed only ?one pair of lower incisors. 

8. Robust or gracile lower incisor 

The lower incisor is robust in the ancestor, Ctenacodon, Zofiabaatar, Glirodon, Paulchoffatia, 

Bolodon, Plagiaulax, Eobaatar, Arginbaatar, Cimexomys, Boffius, Meniscoessus, Buginbaatar, 

Neoliotomus, Catopsbaatar, Kamptobaatar, Chulsanbaatar, Kryptobaatar, Nemegtbaatar, Eucosmodon, 

Stygimys, Microcosmodon, Lambdopsalis, Taeniolabis (Kielan-Jaworowska and Hurum, 2001). It is 

also observed to be robust and enlarged in Sudamerica (Pascual et al., 1999), Ferugliotherium 

(Krause and Bonaparte, 1993) and in the incisors assigned to Gondwanatherium (Krause and 

Bonaparte, 1993). 

It is gracile in the tertiary taxa Ectypodus (Tertiary), Mesodma (Late Cretaceous to Late 

Paleocene) and Ptilodus (Paleocene) (Kielan-Jaworowska and Hurum, 2001). 

9. Enamel of lower incisors  

The enamel of the lower incisor is uniform in thickness in the supposed ancestor, Ctenacodon, 

Bolodon, Plagiaulax, Arginbaatar, Cimexomys, Meniscoessus, Buginbaatar, Cimolodon, Ectypodus, 

Mesodma, Ptilodus. It is thicker on the ventro-labial surface in Boffius and Kryptobaatar. The 

enamel is completely restricted to the ventrolabial surface of the tooth in Kryptobaatar, 

Nemegtbaatar, Eucosmodon, Stygimys, Microcosmodon, Lambdopsalis, Taeniolabis.  In Sudamerica, 

Ferugliotherium and Gondwanatherium the enamel is also restricted to the ventrolabial surface of 

the tooth. 

10. Root of lower incisor 

The root of the lower incisor lies oblique to the axis of the cheek-teeth. This is not present in 

Haramiyavia. 

It is present in Plagiaulacoidea, Ptilodontoidea, Taeniolabidoidea and Djadoochtatheria and 

Sudamerica (e.g. Pascual et al., 1999). This is also assumed for Ferugliotherium and 

Gondwanatherium as the dentary of these gondwanatherians indicates that there was a robust, 

long hypsodont incisor that would grow dorsally to the cheek-tooth row and would grow 

obliquely to the axis of the cheek-teeth and is observed in the isolated incisors assigned to 

Gondwanatherium and Ferugliotherium. 

11. Lower canine 

In Haramiyavia the lower canine is present and small. In ‘plagiaulacidans’ and cimolodontan 

multituberculates it is not present. 

It is present in hypothetical ancestor and the following multituberculate taxa Glirodon, 

Meketichoffatia, Kuenhneodon, Arginbaatar. 
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It is absent in: Henkelodon, Meniscoessus, Ectypodus, Mesodma, Ptilodus, Catopsbaatar, Kamptobaatar, 

Chulsanbaatar, Kryptobaatar, Nemegtbaatar, Eucosmodon, Stygimys, Lambdopsalis, Taeniolabis, 

Kogaionon, Sudamerica (Pascual et al., 1999), Ferugliotherium (Kielan-Jaworowska and Bonaparte, 

1996) and Gondwanatherium (Bonaparte, 1990).  

12. Number of lower cheek-teeth (molariform or molar) 

The number of lower cheek-teeth refers to either molars, molariforms or molar-like 

postcanine. Haramiyavia has three molars or fewer. It is not possible to define how many 

cheek-teeth were present in Staffia or Thomasia. However they may have had three in each 

quadrant as is present in Haramiyavia. 

All multituberculates including ‘plagiaulacidans’ and cimolodontans have two lower molars. 

Sudamerica and Gondwanatherium are here regarded to have four lower molariforms based on 

the evidence from Sudamerica dentary (Pascual et al. 1999) (but see discussion in Chapter 7 for 

alternate view). Based on the Ferugliotherium dentary and the isolated cheek-teeth found in the 

vicinity to this dentary and detailed study by Krause et al. (1992), Ferugliotherium is assumed to 

have two lower molars. 

13. Cusps on m1 

There are multiple rows of cusps in tritylodontids, Haramiyavia, ‘plagiaulacidans’ and 

cimolodontans (e.g. Luo et al., 2002). There are more than one row of multiple cusps in 

Ferugliotherium, Gondwanatherium and Sudamerica (e. g Krause and Bonaparte, 1993). See above 

for discussion on this character. 

14. Cusps on m2 

The cusps on m2 are mentioned above in the discussion for this character. 

There are multiple rows of cusps in m2 as in m1. 

15. Cusps height in lower molariforms 

Cusps are of approximately subequal height in all multituberculates, as well as in Sudamerica, 

Ferugliotherium and Gondwanatherium, (except Paulchoffatiidae and Pinheirodontidae where 

molar cusps may differ in height). In this analysis, members of Paulchoffatiidae (e.g. 

Meketichoffatia, Kuehneodon, Paulchoffatia and Henkelodon) were analysed however the 

Pinheirodontidae, which are based on several but isolated teeth were not used by Kielan-

Jaworowska and Hurum (2001) and are not used here. Cusps are of unequal height in 

Haramiyavia. 
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16. m1 cusp count 4:4 or lower 

The molar that is regarded as an m1 for Ferugliotherium (MACN Pv-RN 174) by Krause et al. 

(1992) has only two rows of cusps compared to MACN Pv-RN 248 which has three rows of 

cusps clearly coalesced. 

Tooth MACN Pv-RN 253 is similar to MACN Pv-RN 248 and is observed to have two rows 

of cusps with a formula of 4 lingual cusps and three labial cusps and is also assumed to be a 

right lower m1. Thus the lower molars of Ferugliotherium have two rows of cusps. 

Sudamerica has three lophs (4 lingual cusps and three labial cusps) on the first molariform and 

three lophs on the second molariform (three lingual lobes and three labial lobes see Figure 

7.8); this is also assumed for the 3rd molariform that is not present in the Sudamerica jaw. It is 

assumed that the third molariform had three lophs (three lingual lobes, three labial lobes) and 

thus may have had 3 lingual cusps and three labial cusps. This may be also the case for 

Gondwanatherium (see alternate interpretations in Chapter 7). (Also see Kielan-Jaworowska and 

Hurum (2001) for discussion regarding the m1 cusp count in multituberculates). 

17. m2 cups count 2-3:2-3 

The cusps in m2 is also a feature observed in this analysis. Krause et al. (1992) observe that 

the m2 in Ferugliotherium MACN Pv-RN 20 had a cusp formula of 2?:2. They observe that it is 

more derived than the paulchoffatiids which only have a cusp formula of 0:1. 

In the Sudamerica dentary the second lower tooth corresponds to the second lower 

molariform. This tooth has three lingual lobes and three labial lobes and has a molar cusp 

count of 3:3. This is also the case for Gondwanatherium (see Kielan-Jaworowska and Hurum 

(2001) for cusp count in m2 discussion in multituberculates). 

18. Presence of transverse ridges or lophs on lower molariforms 

This character is only present in the gondwanatherians and is seen here as a derived 

character. 

19. More cusps on lingual row of first lower molariforms compared to labial row 

In the first molariform in the Sudamerica dentary there are more lingual lophs than labial 

lophs. In Ferugliotherium m1 MACN Pv-RN 253 and MACN Pv-RN 248, both are observed 

to have two rows of cusps with 4 lingual cusps and three labial cusps. This is also the case for 

Gondwanatherium, thus they have more cusps on the lingual row compared to the labial row. 

This is not common for other multituberculates except for the Paulchoffatioidea (Hahn and 

Hahn, 2003) such as Hahnodon taqueti from the Early Cretaceous of Morocco (Sigogneau-
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Russell, 1991). This feature is probably a derived feature and a non-homoplastic 

synapomorphies for Gondwanatheria. 

20. Number of upper premolars 

It is assumed that Ferugliotherium may have had two pair of upper premolars (e.g. Krause et al, 

1992). This is unknown for Sudamerica and Gondwanatherium. See Kielan-Jaworowska and 

Hurum (2001) for multituberculates. 

21. More than one row of multiple cusps on upper molariforms 

Multituberculates compared to other Mesozoic mammals have more than one row of 

multiple cusps on lower molariforms and upper molariforms. This is also the case for 

haramiyids and for gondwanatherians. 

22. Cusps of subequal or equal height on upper molariforms 

In all multituberculates, cusps are of approximately subequal height. This also occurs in 

Sudamerica, Ferugliotherium and Gondwanatherium. (except Paulchoffatiidae and Pinheirodontidae 

where molar cusps may differ in height). In this analysis, members of Paulchoffatiidae (e.g. 

Meketichoffatia, Kuehneodon, Paulchoffatia and Henkelodon) were analysed however as the 

Pinheirodontidae are based on isolated teeth this taxa was not used in the analysis by Kielan-

Jaworowska and Hurum (2001) and were not used here. 

 Cusps are of unequal height in Haramiyavia. 

23. Transverse ridges or lophs on upper molariforms 

This character is only present in the gondwanatherians Sudamerica, Ferugliotherium and 

Gondwanatherium and is seen here as a derived character. 

24. Prismatic enamel on cheek-teeth 

The enamel microstructure is prismless of synapsid columnar enamel in tritylodontids, 

Haramiyavia, ‘plagiaulacidans’ (e.g. Kielan-Jaworowska et al., 2004), Meketichoffatia, Kuehneodon 

and Boldon (Kielan-Jaworowska and Hurum, 2001). 

In cimolodontans the enamel is plesiomorphic prismatic (e.g. Kielan-Jaworowska et al., 

2004), also in Glirodon, Eobaatar, Arginbaatar, Cimexomys, Boffius, Meniscoessus, Cimolodon, 

Pentacosmodon, Catopsbaatar, Kamptobaatar, Chulsanbaatar, Kryptobaatar, Nemegtbaatar, Eucosmodon, 

Stygimys, Lambdopsalis, Taeniolabis, Ectypodus, Mesodma, Ptilodus and  Neoliotomus (Kielan-

Jaworowska and Hurum, 2001). Furthermore it is prismatic in Gondwanatherium (Krause and 

Bonaparte, 1993), Sudamerica (Pascual et al., 1999) and Ferugliotherium (Krause and Bonaparte, 

1993). 
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25. Small, circular enamel prisms on cheek-teeth 

The enamel microstructure is gigantoprismatic in Glirodon, Eobaatar, Arginbaatar, Cimexomys, 

Boffius, Meniscoessus, Cimolodon, Pentacosmodon, Catopsbaatar, Kamptobaatar, Chulsanbaatar, 

Kryptobaatar, Nemegtbaatar, Eucosmodon, Stygimys, Lambdopsalis and Taeniolabis. 

It is small prismatic in Ectypodus, Mesodma, Ptilodus , Neoliotomus, Sudamerica (Pascual et al., 

1999), Ferugliotherium (Krause and Bonaparte, 1993) and Gondwanatherium (Krause and 

Bonaparte, 1993). 

26. Lower premolar 1 

The following have a lower premolar 1 present: Ctenacodon, Zofiabaatar, Glirodon, Paulchoffatia, 

Kuehneodon, Bolodon, Cimexomys and Catopsbaatar. 

The other multituberculates have the premolar 1 absent. These are Plagiaulax, Eobaatar, 

Arginbaatar, Meniscoessus, Buginbaatar, Cimolodon Ectypodus, Mesodma, Ptilodus, Neoliotomus, 

Pentacosmodon, Kamptobaatar, Chulsanbaatar, Kryptobaatar, Nemegtbaatar, Eucosmodon, Stygimys, 

Microcosmodon, Lambdopsalis and Taeniolabis. It is absent in Ferugliotherium and unknown for 

Sudamerica and Gondwanatherium.

27. Lower premolar 2 

The lower premolar 2 is present in some multituberculates (see Kielan-Jaworowska and 

Hurum, 2001). The lower 2 is absent in Meniscoessus, Buginbaatar, Cimolodon, Ectypodus, Mesodma, 

Ptilodus, Neoliotomus, Pentacosmodon, Catopsbaatar, Kamptobaatar, Chulsanbaatar, Kryptobaatar, 

Nemegtbaatar, Eucosmodon, Stygimys, Microcosmodon, Lambdopsalis and Taeniolabis (see Kielan-

Jaworowska and Hurum, 2001). It is not observed in the Ferugliotherium dentary. It is not 

known for Sudamerica and Gondwanatherium.

28. Lower premolar 3 

The lower premolar 3 is present in some multituberculates (see Kielan-Jaworowska and 

Hurum, 2001). The lower 3 is absent in some multituberculates including Taeniolabis, 

Lambdopsalis, Stygimys, Buginbaatar, Pentacosmodon and Eucosmodon (see Kielan-Jaworowska and 

Hurum, 2001). The lower premolar 3 is absent in Ferugliotherium based on the morphology of 

the Ferugliotherium dentary. The lower premolars are not known for Sudamerica and 

Gondwanatherium. 

29. Lower premolar 4 

The lower premolar 4 is present in all multituberculates. It is present in the Ferugliotherium 

dentary (Kielan-Jaworowska and Bonaparte, 1996). The lower premolars are not known for 

Sudamerica and Gondwanatherium. 
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 30. Shape of lower premolar 4 

In multituberculate the lower premolar 4 can be rectangular, arcuate or triangular in lateral 

view. It is rectangular in Zofiabaatar, Glirodon, Paulchoffatia, Bolodon, Plagiaulax, Eobaatar  and 

Catopsbaatar. It is rectangular for Ferugliotherium. 

It is arcuate in Ctenacodon, Kuehneodon, Arginbaatar, Cimexomys, Meniscoessus, Buginbaatar, 

Cimolodon, Ectypodus, Mesodma, Ptilodus, Neoliotomus, Pentacosmodon, Kamptobaatar, Chulsanbaatar, 

Kryptobaatar, Nemegtbaatar, Eucosmodon, Stygimys, Microcosmodon.  

It is triangular in Lambdopsalis and Taeniolabis. 

31. Upper incisor 

The following have three pairs of upper incisors: Ctenacodon, Glirodon, Meketichoffatia, 

Henkelodon, Kuehneodon and Bolodon. 

The following have two or less pairs of upper incisors:  Meniscoessus, Ectypodus, Mesodma, 

Ptilodus, Catopsbaatar, Kamptobaatar, Chulsanbaatar, Kryptobaatar, Nemegtbaatar, Eucosmodon, 

Stygimys, Lambdopsalis, Taeniolabis and Kogaionon. It is assumed that the gondwanatherians also 

possessed at least one pair of upper incisors to correspond with the lower incisors. Upper 

incisors were also attributed to Ferugliotherium with enamel fully restricted to the labial surface 

by Krause et al. (1992). However it is placed as ? unknown for the three gondwanatherian 

taxa. 

32. Hypsodont molariforms 

This character is only observed in Sudamerica and Gondwanatherium. It is absent for all 

multituberculates and Haramiyavia .The absence of hypsodont molariforms is a plesiomorphic 

feature. 

33. Prominent furrows on sides of hypsodont molars 

This character is only observed in Sudamerica and Gondwanatherium. It is absent for all 

multituberculates and Haramiyavia. 

34. Molar enamel 0=smooth, not ornamented 1=covered with grooves, pits and ridges 

See above in discussion about enamel ornamentation. 

35. Forked anterior pattern on first lower molar or molariform tooth  

This character is only observed in Sudamerica and Gondwanatherium. It is absent for all 

multituberculates and Haramiyavia. 
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8.6 Results and Phylogenetic conclusion 

In this study the position of Ferugliotherium, Gondwanatherium and Sudamerica was analysed in 

relation to multituberculate relationships. However it is important to note here that the 

resolution of multituberculate relationships was not the principal aim of this study.  

The study obtained many (10 000) most parsimonious trees and one strict consensus tree that 

was unresolved with a polytomy (see Figure 8.6).  

As stated previously an unresolved polytomy may be due to either inadequate or 

inappropriate data, or from near-simultaneous divergences (hard polytomy) (Maddison 1989). 

In this analysis there is inadequate data and it is probably also valid to note that 

Multituberculata are a group that have undergone over 100 million years of evolutionary 

history and many divergence events. 

In this analysis, 10 000 most parsimonious trees were obtained and in the majority of the 

10000 most parsimonious trees, multituberculates form a clade with the tritylodontids as the 

sister group. As there is limited information on the haramiyids such as Staffia and Thomasia 

these taxa were removed as they resulted in a non- resolution of trees. 

In the majority of the 10 000 most parsimonious trees and in the consensus tree (see Figure 

8.6) the genera Ferugliotherium, Sudamerica and Gondwanatherium formed a clade that is 

supported by a total of 5 derived character states characters  18(1), 19(1), 23(1), 25(2) and 

35(1). 

Four of which were non-homoplastic and thus are synapomorphies used to group 

Ferugliotherium, Sudamerica and Gondwanatherium in the Gondwanatheria clade.  These non-

homoplastic synapomorphies for Gondwanatheria are characters 18 (1), 19(1), 23(1) and 

35(1). 

In the majority of the most parsimonious trees and in the strict consensus tree the clade of 

Gondwanatherium and Sudamerica is supported by the following character states 12(0), 32(1) and 

33(1). Both characters 32(1) and 33(1) are non-homoplastic and thus synapomorphies for this 

clade to group these two genera. Character 12(0) is homoplastic. In these trees Ferugliotherium 

is more plesiomorphic than Gondwanatherium and Sudamerica and the homoplasies for 

Sudamerica in the majority of the most parsimonious trees are characters 13 (0) and 14(0). 

In this analysis, the majority of equally parsimonious trees formed different scenarios or 

arrangements in relation to gondwanatherian relationships with other multituberculates. One 

of these scenarios that occurred in the majority of most parsimonious trees consists of a 

larger clade which houses the Gondwanatheria clade along with the genera Bolodon, Plagiaulax 

and Eobaatar: This larger clade is supported by one non-homoplastic synapomorphy the 
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presence of cusps on m1 (first lower molariform) with two or more rows of cusps both 

tending to coalesce (character 13 with state 2). 

As stated by Krause et al. (1992) Ferugliotherium as well as the other gondwanatherian genera 

are clearly more derived than Haramiyids as they all possess prismatic enamel and molar 

cusps of approximately equal height. Krause et al. (1992) state that the presence of prismatic 

enamel, with the coalescence of molar cusps and presence of basal grooves, along with the 

cusp formula and shape of m2 all help support that Ferugliotherium is probably more derived 

than Paulchoffatoidea. This is probably the case for the other gondwanatherians. 

In this analysis all the trees support that the genus Paulchoffatia is more plesiomorphic than 

Ferugliotherium and the other gondwanatherians. 

Krause et al. (1992) also state that the tentative inferred presence of two lower premolars in 

Ferugliotherium, along with the low cusp formulae of m1 and M1 provide evidence that 

Ferugliotherium was more primitive than cimolodonts and consider Ferugliotherium to have 

reached a plagiaulacoid grade of evolution and that it is a tentative derived plagiaulacoid. 

However they added that Ferugliotherium also shares derived features with other derived 

plagiaulacoids and is more similar to the plagiaulacoid from the Morrison Formation 

(Engelmann et al., 1990). 
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Figure 8.6: Strict consensus tree of Multituberculata taxa and gondwanatherian genera with 150 steps and a 
consistency index of 0.26 and a retention index of 0.21 Grey shade denotes group that houses 
Gondwanatheria. Black circles are non homoplastic synapomorphies, white circles are homoplasies. Number 
above each circle represent the character number and numbers below represent character state 
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8.7 Allocation within the Multituberculata 

In the past three multituberculate suborders were recognized by most workers 

(Plagiaulacoidea, Taeniolabidoidea and Ptilodontoidea and sometimes Haramiyoidea) 

(Clemens and Kielan-Jaworowska, 1979; Hahn, 1993). 

Recently Kielan-Jaworowska and Hurum (2001) carried out a phylogenetic analysis where 

they divided the order Multituberculata into two suborders 1) the paraphyletic suborder 

‘Plagiaulacida’ Ameghino, 1889; Simpson, 1925 (nomen correctum McKenna, 1971, ex 

Plagiaulacoidea) and 2) the monophyletic suborder Cimolodonta McKenna, 1975 together 

with one family Arginbaataridae that resides in a suborder incertae sedis. 

However attempts at cladistic analyses of multituberculate have been carried out in the past 

by several authors (see Kielan-Jaworowska et al., 2004 for recent review). Most authors agree 

that multituberculate systematic is very problematic due to the incompleteness of the fossil 

record for Multituberculata (e.g. Kielan-Jaworowska and Hurum, 2001; Rougier et al., 1997). 

In their analysis Krause et al. (1992) were not able to determine the phylogenetic position of 

Ferugliotherium relative to other multituberculates due to the insufficient material known at 

that time. However they did attempt to consider a number of characters observed in 

Ferugliotherium that are considered important in multituberculate systematics and were also 

used here in this analysis. These characters are related to molar cusp morphology such as 

cusp height, absence/presence of prismatic enamel, prism pattern, enamel on i1, shape of i1, 

presence/absence of anterior lower premolars, m1 cusp formula, m2 cusp formula and 

shape, presence/absence of enamel on I2, presence/absence of anterior upper premolars, 

M1 cusp formula, size of m1 relative to m2, development of lingual row of cusps on M1 and 

the presence of peripheral coalescence of cusps and grooves in molars.  

Other characters related to jaw occlusion and jaw morphology were not used by Krause et al. 

(1992), these characters such as the inferred jaw occlusion are also important in 

multituberculate phylogenies.  

The results here demonstrate that the Gondwanatheria are a monophyletic clade that lay 

nested within the Multituberculata.  

The tree morphology that was consistent in the most parsimonious trees demonstrates that 

Gondwanatheria lies within the Multituberculata and next to Bolodon, Eobaatar and Plagiaulax 

(Figure 8.3B) and this clade is supported by the homoplasies: characters 13 (2) (cusps on m1 

with two rows of cusps both tending to coalesce). Plagiaulax is only known from dentary with 

incisor, premolars and alveoli for molars, it differs from Bolodon by having three lower 
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premolars with p1 lost and a large incisor. Plagiaulax is known from the Early Cretaceous of 

(Berriasian) of Southern England, Dorset.  

Eobaatar Kielan-Jaworowska, Dashzeveg and Trofiov, 1987 belongs to the Family 

Eobaataridae and Eobaatar is also known from the Early Cretaceous (Early Barremian) of 

Spain and Early Cretaceous (Aptian or Albian) of Mongolia (Kielan-Jaworowska et al., 2004).  

This family was also stated to share with Ferugliotherium “ornamentation on the molars in 

form of grooves and pits” (e.g. Kielan-Jaworowska et al., 2004). This family is distributed in 

the Early Cretaceous of China, Spain and Mongolia. 

It is interesting to note that in these most parsimonious trees the genera that lie close to the 

Gondwanatheria genera are both from the Early Cretaceous of Europe. If gondwanatherians 

are multituberculates that evolved from a Laurasian ancestor or evolved from a Laurasian 

multituberculate stock then this could demonstrate why they share characters with two 

genera from the Early Cretaceous of Europe. The coalescence of cusps (or cusps that are not 

very well separated) may have began to occur in the Jurassic Laurasian multituberculates and 

is found in the paulchoffatiid line (Late Jurassic and Early Cretaceous of Europe)  and 

plagiaulacid lines (Early Cretaceous of England and possibly Late Jurassic of United States) 

(Kielan-Jaworowska and Hurum, 2001). 

In conclusion it can be noted that an attempt at multituberculate relationships with 

gondwanatherians was made here. In this attempt the consensus tree that was attained was a 

polytomy and unresolved. It is important to reiterate that this has also occurred in a previous 

multituberculate phylogenetic analysis where the consensus tree was unresolved and a 

polytomy was obtained (e.g. Rougier et al., 1997) and where an analysis did not yield results 

that were robust or well resolved (Kielan-Jaworowska and Hurum, 1997, 2001). Other 

analysis, using multituberculates have also been problematic (e.g. Sereno and McKenna, 

1995; Rougier et al., 1996). In the last 10 years many papers have been published on 

multituberculate relationships (e.g. Miao, 1993; Kielan-Jaworowska and Hurum, 2001) with 

many unresolved problems concerning their origin (see Kielan-Jaworowska et al., 2004). This 

could be due to the limited and fragmentary nature of multituberculate fossils and large 

amount of missing data. 

In relation to this, gondwanatherian relationships in relation to other mesozoic mammals are 

shown to be a very sensitive issue based on the fragmentary and limited material available. 

Further material is needed to ensure a proper analysis and proper evaluation of 

gondwanatherian origins and relationships in relation to other Mesozoic mammals. 
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As stated by Kielan-Jaworowska et al. (2004: 517) “Relationships of Gondwanatheria to other 

mammals are unresolved, although it is evident that this group is monophyletic with several highly distinctive 

dental autapomorphies”. However it can be underlined that gondwanatherians do share dental 

characters with other members of the Multituberculata and an option that certainly can not 

be discarded is that Gondwanatheria either may be considered a sister group to the 

Multituberculata or may even be a component of the large unresolved clade of 

Multituberculata. 
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9 Chapter 9 Hypsodonty, diet and ecology of  
gondwanatherians 

9.1 Introduction and review of hypsodonty 

The term hypsodonty has been defined and used by different authors in different ways. 

Recently Koenigswald et al. (1999) reviewed the definition of hypsodonty in relation to 

gondwanatherian teeth. 

However it was Van Valen (1960) who first proposed the term hypsodonty to express the 

relation between the antero-posterior length and the dorso-ventral height in teeth and thus 

teeth which were observed to be higher than longer would be described as hypsodont.  

Janis (1988) adapted this terminology using the term “hypsodont” when referring to 

mammalian cheek-teeth and used this term to distinguish low crowned brachyodont and 

bunodont teeth from hypsodont teeth. Janis (1988:368) states that low crown cheek-teeth are 

those where “the regular mammalian condition where the base of the crown of the newly erupted unworn 

cheek-tooth is visible at the junction of the tooth with the bone of upper or lower jaw… ” While in 

hypsodont mammals “the base of the tooth is continued within the body of the jaw. That is, the tooth is 

elongated from the crown to root over the normal mammalian condition and, as the tooth wears down during 

the course of the animal’s lifetime, the tooth continues to erupt until the base of the tooth becomes level with the 

junction of the jaw.” 

Janis (1988) also follows Mones (1982) in describing hypsodonty in a tooth, when the height 

of an unworn crown of a tooth usually exceeds the anterior-posterior dimensions of the 

tooth.  

On the other hand Koenigswald (1980) used the relation between the height and the labio-

lingual width; this takes into account several taxa where the first or the last tooth of the tooth 

row is elongated such as arvicolines or artiodactyls. Koenigswald et al. (1999) define the term 

hypsodonty as a more descriptive term where it can be used to distinguish between rooted 

and continuously growing teeth. Other authors such as Patterson and Pascual (1972) 

regarded the term hypsodont to describe high-crowned teeth with roots and hypselodont for teeth 

which have no roots. Mones (1982) used the same definitions but used protohypsodont instead 

of hypsodont and euhypsodont instead of hypselodont. Mones (1982) described an evolutionary 

transition from protohypsodont to euhypsodont when roots form only in very old 

individuals. Koenigswald et al. (1999) state that in Sudamerica ameghinoi the roots are definitely 

formed in the molariforms but are rarely preserved and thus are protohypsodont.  

Koenigswald et al. (1999) distinguish the difference between external and internal 

hypsodonty. They describe external hypsodonty as characterized by large extruding teeth and 
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this term is restricted to the anteriormost part of the dentition such as the incisors and 

canines. The authors define three types of external hypsodonty. The first type of external 

hypsodonty serves as a weapons or social interactions such as the teeth in saber-toothed cats 

or thylascosmilid marsupials, the tusks of elephants, walruses and incisors in hippos and 

rhinos. 

The second type of external hypsodonty occurs in the procumbent incisors of marsupials 

where most of the anteriormost teeth are hypsodont but do not have an antagonist of a 

similar shape or size. 

A third type of external hypsodonty is found in groups of mammals with teeth that are in 

pairs and of similar size or shapes such as the incisors of rodents. These external hypsodont 

teeth are mainly used for food processing, but also can be used for digging and social contact. 

Koenigswald et al. (1999) observe that the third type of external hypsodonty is functionally 

involved in the transition to teeth which are classified as internally hypsodont. 

Koenigswald et al. (1999: 276) described internal hypsodont teeth as those “which extrude 

only very little above the bony rim of the maxilla or mandible but they provide much material 

for abrasion”.   

“Internal hypsodont teeth” is a term designated for cheek-teeth and the function of these 

teeth is exclusively for food processing. These cheek-teeth always have antagonists of similar 

shape (Koenigswald et al., 1999).  

The internal hypsodont cheek-teeth have an exposure of dentine on the occlusal surface at a 

very early stage of wear and the exposure of the soft dentine and hard enamel surface forms a 

self-sharpening occlusal surface of the tooth together with a blade-like cutting edge. This self-

sharpening occlusal surface becomes efficient when there is a tooth-food contact, in contrast 

to tooth-tooth contact which results in a polished surface which is blunt (Koenigswald et al., 

1999). During the power stroke of the bite, due to the tooth-food contact a cutting edge 

forms which forms usually in the plane of the direction of the power stroke (Koenigswald et 

al., 1999). 

The incisors of Sudamerica ameghinoi are described by Koenigswald et al. (1999) as being 

rodent-like and having the external hypsodonty of type three and the cheek-teeth are typically 

internal hypsodont with a function for processing abrasive food.  

Koenigswald (1980) and Koenigswald et al. (1994) analysed different hypsodont rodent 

molars and defined three basic types of hypsodont occlusal profiles types A, B and C. These 

types describe the regularities in the vertical orientation of the enamel plates forming the 

cutting edges and different ways of reduction. The Type A is the most primitive hypsodont 
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occlusal profile. Types B found in arvicoline rodent molars and Type C found in Chinchilla 

molars are both independently derived from Type A (Koenigswald et al., 1999).  

Sudamerica ameghinoi was described by Koenigswald et al. (1999: 276) as “Type A, the most 

primitive condition where the vertical lophs of the occlusal zone are vertical towards the 

occlusal surface and thus the enamel plates on both sides form cutting edges with the dentine 

core in between”. Gaps are formed between the tooth elements and these are often filled 

with cementum. Sudamerica molariforms have transverse lophs which are vertical to the 

occlusal surface and the enamel thickness is not reduced.   

This would indicate that Gondwanatherium molars are also “Type A” and the most primitive 

hypsodont occlusal profile where the vertical lophs of the occlusal surface are also vertical 

towards the occlusal surface forming cutting edges with dentine core in between. 

Hypsodonty is interpreted as an adaptation to the increased abrasive wear in teeth (Van 

Valen, 1960; Romer, 1970; Fortelius, 1985). Incidence of hypsodont cheek-teeth is found in a 

number of living and extinct mammal lineages including ungulates, rodents and equids. 

Hypsodont teeth or high crowned cheek-teeth undergo an increased crown height however 

hypsodont cheek-teeth are no more mechanically resistant to abrasion than low-crowned 

teeth, the extra height of the tooth crown means there is more tooth to wear over the 

animal’s lifetime (e.g. Theodor, 2002). 

It is also more costly for the animal to develop hypsodont every growing teeth not only due 

to the material (enamel and dentine) that is needed to produce them, but due to the changes 

that have occurred in the jaws to accommodate these high crowned teeth. Different internal 

mechanisms are involved with a tooth becomes “hypsodont” and keeps forming a crown 

instead of forming a root and this will be discussed later. These mechanisms would probably 

have evolved changes not only in the tooth but in the jaw, such that hypsodont teeth are 

usually somewhat larger than brachyodont teeth, but it may have also coincided with changes 

in the skull, skull musculature and postcranial skeleton. In modern ungulates, hypsodont 

species are much larger and form larger herds (Jarman, 1974) and this increase in body size 

would have also caused changes in the body plan (see Mendoza et al., 2002 for 

morphological features of the ungulate skull, mandible and dentition that are well correlated 

with dietary adaptations). 

Hypsodont teeth may have evolved in the different mammalian herbivorous lineages in 

response to increased abrasion, this may have been by the silica secreted by grasses (Jacobs et 

al., 1999) or by the grit in the environment that is stuck to the grass food (Janis and Fortelius, 

1988; Janis, 1988). 
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Traditionally the evolution of hypsodont cheek-teeth was related to a number of different 

factors such as a diet of fibrous grasses and a grazing habitat (Janis, 1988). 

Some authors such as Fortelius (1985) considers the evolution of hypsodonty in herbivorous 

mammals to probably be related to simple abrasion, increased abrasion and increased food 

processing. Fortelius (1985) defines simple abrasion as abrasion in the diet, brought about by 

the ingestion of phytoliths usually found in abrasive grasses, or may be formed from the 

deposition of abrasive material such as grit on food sources and from high occlusional stress. 

Increased abrasion is brought about by the mastication of a large quantity of low quality food 

and it may be independent of abrasiveness in the food, for example horses can eat large 

quantities of low quality forage as there is no physical restriction to food passage in their 

digestive system and food passes through quickly. However as stated by Fortelius (1985) diets 

with low quality food usually includes food with a highly abrasive natures such as fibrous 

grasses.  

The third factor considered by Fortelius (1985) to be related to the evolution of hypsodonty 

is increased food processing in herbivorous mammals due to increased energy demands. 

Although hypsodonty is traditionally associated with a grazing habitat other functional 

demands besides a diet of fibrous grasses may lead to the evolution to hypsodont teeth. 

Janis (1988) in her study of hypsodonty indices in ungulate mammals established that the 

most important issue in determining hypsodonty is the grit and abrasive material accumulated 

on food ingested by the animal during feeding. She demonstrated that mixed feeders 

mammals feed in open habitats and ingest a diet that may be low in grass material and ingest 

a diet that is less fibrous in quality than fresh grass. However these mixed feeders in open 

habitats consume large amounts of dust and grit along with their food. 

Open and closed habitats refer to the degree of tree coverage: closed habitats include forests, 

closed woodlands and woodlands. While open habitats are environments which are 

predominated by bushlands, grasslands and shrub lands (e.g. Mendoza et al., 2002). In living 

ungulates browsers usually live in closed habitats and grazers live in open habitats but there 

are some exceptions to this (Janis, 1988). 

Janis (1988) established a standard of what is hypsodonty in living ungulate species with other 

living species and with fossil ungulate taxa. 

Examples are the camelids. In the Miocene, the  camelids were more hypsodont than their 

Oligocene ancestors as a result of the newly formed savanna environment (Scott, 1937), 

modern camel species however which are more hypsodont than the Miocene taxa (Janis, 
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1984) are not grazers but fall in the category proposed by Janis (1988) as mixed feeders in 

open habitat. 

Ungulate mammals’ habitat preference may be more important than dietary preferences 

when determining the degree of hypsodonty (Janis, 1988). Ungulates feeding in open habitats 

at ground level are more hypsodont than ungulates living in closed habitats, regardless of 

food preferences (Janis, 1988). In ungulates, an important variable in determining 

hypsodonty is the accumulated dust and grit on food consumed in more open habitats rather 

than the level of fibre in the diet (Janis, 1988). 
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9.2 Evolution of hypsodonty in South America 

The evolution of hypsodonty in the gondwanatherians may have fit in the category proposed 

by Janis (1988) “mixed feeders in open habitat” and not grazers and may have also been due 

to the simple abrasion described by Fortelius (1985) whereby abrasive material such as grit is 

deposited on the food or high occlusal stress. 

This may be the case for the gondwanatherians, the first known mammals to develop 

hypsodonty in South America during the Late Cretaceous. Hypsodonty evolved in the 

gondwanatherians and may have evolved secondary as Ferugliotherium, another 

gondwanatherian from the Late Cretaceous of Los Alamitos did not have hypsodont molars, 

but brachyodont molars. 

It can be assumed that in the Late Cretaceous these mammals were not grass eaters as the 

earliest known record of grasslands occurs in the Eocene. However  monocotyledons do 

appear in the Cretaceous (including the lilies, orchids, grasses, palms) however the grasses 

(rich in silica) appeared first in the Eocene and proliferated during the Oligocene, thus 

transforming much of the earth’s arid and semi-arid regions into grassland habitats.   

It is not known why the oldest known hypsodont mammals evolved in Southern South 

America during the Cretaceous and similarly even in Gondwana, due to the presence of 

gondwanatherians from Madagascar and India with hypsodont teeth in the Late Cretaceous.  

Even though there is an abundance and diversification of mammals during the Late 

Cretaceous (approximately 80to 65 Mya) in South America, there is no other hypsodont 

mammal known from the Late Cretaceous Los Alamitos Formation (Bonaparte, 1990) or 

from any Mesozoic formations of South America.  

In Patagonia during the Late Cretaceous the majority of mammals known are short crowned 

brachyodont types. From the Patagonian Los Alamitos Formation (Campanian-

Maastrichtian) a diverse assemblage of short crowned mammal fauna including dryolestids 

(mesungulatids, reigitherids, dryolestids) and the brachyodont multituberculate Ferugliotherium 

is known, along with the short crowned mammal fauna from La Colonia Formation that is a 

very derived and taxonomically distinct, as well as a single mammalian specimen from Allen 

Formation (Maastrichtian) suggesting a similar fauna to that from Los Alamitos (e.g. Rougier 

et al., 2003). 

However hypsodonty was an significant evolutionary direction for the gondwanatherians as 

this group also diversified into the Paleocene with Sudamerica ameghinoi the first known 

mammals to develop hypsodonty in the Cenozoic of Southern South America. Thus in 
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southern South America, hypsodonty was carried over through the Cretaceous-Tertiary 

extinction into the Early Paleocene. 

If the presence of gondwanatherians in Antarctica during the Eocene is verified (Goin et al., 

in press) then this signifies that the hypsodont gondwanatherians may have been successful 

during a longer part of the Cenozoic, well into the Eocene in the southern land masses. 

Other fossil mammal groups that developed hypsodonty in South America during the 

Cenozoic were the archaeohyracids, who were among the first members of the Notoungulata 

to develop hypsodont teeth (e.g. the late Eocene Casamayoran Eohyrax; Simpson, 1967).  

Much later in the Cenozoic hypsodonty became an important adaptation in the evolution of 

herbivorous mammals in southern South America. This is observed in the newly discovered 

Tinguirirican faunas (31.5-36 Mya) from the Chilean Andes and Argentinean Patagonia 

(Flynn et al., 2003). This fauna from the Eocene-Oligocene transition include the first 

stratigraphic occurrences of taxa such as caviomorph rodents, interatheriine interatheriids; 

Deseadan and younger clade of notohippids, diagnosed by hypsodont lower incisors; 

archaeohyracids and a clade of groeberiid marsupials (e.g. Flynn et al., 2003). The Tinguiririca 

Fauna also includes the earliest known rodents from South America and the world's oldest 

mammalian herbivore assemblage dominated by species with hypsodont cheek-teeth.  

The diversity and domination of hypsodont Tinguirrica mammal fauna during this period 

may be related to the climatic and environmental change that appears during the Eocene–

Oligocene.. The hypsodont herbivores (which are usually inferred to be grazers), imply that 

open habitats (woodlands to savannas) and grasslands appeared in South America some 15 

million years earlier than elsewhere on other continents. Flynn et al. (2003 ) state that 

hypsodont faunas and their habitat occur during the Eocene/Oligocene boundary and 

correlate with the climatic changes occurring at that time such as climatic deterioration and 

Paleoenvironmental events. 

It can not be determines if dominance of this early hypsodont mammal fauna in South 

America reflects the origin of earlier diversification of grasses in South America, or is a 

response to the Andean Tectonics  or based on sensitivity of the South American floras in 

relation to general global climatic changes (e.g. Wyss et al., 1996).  

However it can be noted that during the Eocene-Oligocene transition, the great diversity of 

hypsodont mammals in southern South America may be related to the global events which 

resulted in cooler, drier climates with more open habitats (e.g., MacFadden, 1985; Pascual 

and Ortiz Jaureguizar, 1990; Wyss et al., 1993, 1994, 1996; Pascual et al., 1996; Flynn and 

Wyss, 1998, 1999; Kay et al., 1999; Croft, 2001; Flynn et al., 2003). The changes related to a 
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more open environment would have favored more hypsodont herbivores as is observed in 

extant herbivorous mammals in open habitats (e.g. Janis, 1988). Thus in Southern South 

America, by the Tinguirirican a whole fauna of hypsodont mammals had diversified and were 

more suitable as a result of their hypsodont dentition to the dramatic changes in climate and 

habitat during the Eocene-Oligocene transition (Flynn et al., 2003). 

Thus the abundance of hypsodont mammals in the middle Tertiary of South America has 

been suggested to indicate the beginnings of grassland habitats. This has also led to the 

concept of “precocious hypsodonty” for the South American notoungulates (Patterson and 

Pascual, 1972) in comparison to North American hypsodont equids, who evolved 

hypsodonty later on approximately 15 to 20 Mya. It is also presumed that middle tertiary 

hypsodont mammals fed on C3 grasses (e.g. MacFadden, 2000) which differs from modern 

terrestrial grasslands that have predominantly C4 grasses. 

However as previously noted, hypsodonty had already been initiated by the Late Cretaceous 

in the Southern hemisphere and this may have been done so based on a quick evolutionary 

response to the dramatically changing climates and habitats in the southern continents during 

the Cretaceous.  

Environment that may have contributed in the evolution of hypsodonty in southern 

South America 

In living mammals there is a link between food properties, dental wear and environmental 

conditions and this can be used to link living mammals with fossil mammals. 

Increased tooth height or hypsodonty is essentially an adaptive response to increasing 

demands for wear tolerance and functional durability. This is usually influenced by the 

evolution of more fibrous or abrasive plants that in turn are related to environments that are 

more open and that maintain arid-adapted vegetation (Van Valen, 1960; Fortelius, 1985; Janis 

and Fortelius, 1988; Solounias et al., 1994; Fortelius and Solounias, 2000).  

Recent studies of fossil mammal data such as those by Damuth (1993) and  Fortelius et al. 

(1996) suggest that details about regional ecology are recorded in the dental morphology of 

fossil mammals (Fortelius and Hokkanen, 2001; Jernvall and Fortelius, 2002). There are many 

factors related to the evolution of hypsodonty in mammals and as stated by Fortelius et al. 

(2002) these factors increase with increasing aridity and openness of the landscape (plants 

have increased fibre content and thus increased abrasiveness due to intracellular silica or 

extraneous dust, however these plants have a decreased nutritive value) (Fortelius, 1985; 

Janis, 1988; Janis and Fortelius, 1988). Hypsodonty may be related to dryness of the 

vegetation and this is termed by Fortelius et al. (2002) as ‘generalized water stress’, which can 

 507



Chapter 9 Hypsodonty, diet and ecology of gondwanatherians 

either be an overall conditions, or could be regular event with extremes in the environment 

such as those bought about by a dry season. 

Preliminary analysis suggests that there is, indeed, a strong relationship between local 

mean hypsodonty and local mean annual precipitation in modern mammal communities 

(Damuth and Fortelius, 2001), suggesting that hypsodonty is indeed a good indicator for 

palaeoprecipitation. 

For example the evolution hypsodonty in tertiary horses probably involved a change in diet 

from a shift of browsing on soft herbaceous plants to grazing on harsh siliceous grasses. 

These changes in turn are also associated with increasing aridity on the Great Plains of the 

middle and late Tertiary (e.g. Stirton, 1947). 

It has also been suggested that the appearance of widespread sandy deposits in the Great 

Plains together with the appearance of bunch grass (Stipidum also referred to as the extant 

genus Stipa ) (Elias, 1935) and increasing aridity is related to the onset of hypsodonty in 

horses (Stirton, 1947). 

Thus it is important to point out the general environmental conditions during the Late 

Cretaceous in South America. At the end of the Mesozoic Era some areas of southern South 

America was characterized by flooding events that continued until the Danian, with the 

southern tip of South America becoming an archipelago similar to what is known today in 

Java Flores (Bond, 1995). Only at the end of the Danian did conditions shift in southern 

South America, with a marine regression and plate emergence. 

It is clearly known that during the Late Cretaceous to Early Cenozoic (~80–40 Mya) interval, 

some restricted areas of southern South America consisted of warm and humid tropical-

temperate forest environments (Pascual and Ortiz-Jaureguizar, 1990), but by the mid-

Cenozoic great environmental changes such as increased aridity and cooling had already been 

established. 

As hypsodonty of cheek-teeth was already initiated by the Late Cretaceous in Southern South 

America, India and Madagascar then we can assume that environmental changes such as 

increased aridity may have occurred in some isolated areas and hypsodonty may have come 

about in turn in response to increased abrasion, whether by the silica secreted by grasses or 

by grit in the environment stuck to plant foods. 

Hypsodonty in South America may be related to Jurassic volcanism in southern South 

America (e.g. Mussacchio and Volkheimer, 1990; Féraud et al., 1999) and later erosion that 

occurred during the Late Jurassic to the Late Cretaceous.  Volcanism occurred during the 

Mid-Jurassic in Patagonia for the duration of 43 Ma and this precedes the opening of the 
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Atlantic seafloor (Aragón et al., 2005). In the Somun-Cura Massifs of Patagonia, the 

stratovolcano belts and ignimbrite plateau of the Mesozoic Patagonian volcanism and 

basement were also exposed to erosional processes (Aragón et al., 2003). Volcanism was also 

prevalent in the Late Jurassic in other parts of Gondwana such as the basalt deposits of the 

Deccan traps of India and the Drakensberg basalts of South Africa . In Patagonia the 

volcanic poroclastic episodes were extensive and repeated throughout the whole Jurassic 

period (Mussacchio and Volkheimer, 1990). In the andean Patagonian there was an increase 

in volcanic activity during the deposition of the Chubut Group during the Aptian ( Salfity 

and Zambrano, 1990; Skarmeta and Charrier, 1976; Ramos, 1979) and reflects an intense 

tectonic activity during this period in contrast to a  relative calmer period in the Atlantic 

sector.  

The frequent volcanism that occurred from the middle Jurassic to the Cretaceous in 

Patagonia may have then contributed to an accumulation of volcanic ash and grit in that area 

and this in turn may have been a factor that increased hypsodont in late Cretaceous mammals 

related to increased grit and dust in vegetable matter during the Cretaceous in Patagonia. 

It can be noted that perhaps erosion events during the Late Cretaceous may have contributed 

to the expansion of open habitats and habitats represented by higher grit levels. 

Volcanism also was prevalent in southern South America during the beginning of the Early 

Cenozoic and this has been previously hypothesised to have caused the formation of wide 

spread open habitats, the introduction of higher grit levels and the beginning of grass lands in 

South America. 

However hypsodonty in the gondwanatherians may not be attributed to the presence of 

grasslands (as grasslands are known only from the Eocene) but increased aridity during this 

time would be related to increase abrasive wear in herbivorous mammalian dentition. The 

presence of increased wear may be due to an increase in the spread of more open habitats 

with higher grit levels. 

If there is the possibility that the evolution of hypsodonty in the Cretaceous in Gondwana is 

related to the evolution and early spread of silica-bearing grasses then it is interesting to 

comment about the evolution of grasses in South America. 

During the last 10 years an increase in the discovery of Cretaceous fossils of flowering plants 

has helped increase the knowledge of flowering plant evolution (e.g. Bremer, 2000). Many 

new Cretaceous flowering plant fossils have been described (Gandolfo et al., 1998; Crane et 

al., 1995; Crane et al., 1994).  
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Monocots fossils are also known from the Late Cretaceous (Chmura, 1973; Hickey, 1991; 

Voight, 1981; Harley, 1996; Rodríguez-de la Rosa et al., 1994; Knobloch and Mai, 1986; 

Linder, 1987) and 14 lineages of monocot flowering plants have also been tentatively 

hypothesized to date back to the Early Cretaceous (Bremer, 2000). However the origin of 

grasses can only be dated by the appearance of grass pollen in the fossil record.  The grass 

pollen is very distinctive, being nearly spherical and with a single pore and distinguished by 

minute channels or holes that penetrate the outer pollen wall (e.g. Kellogg, 2001). The earliest 

grass pollen record is from the Paleocene of South America and Africa approximately 60 to 

55 million years ago (Jacobs et al., 1999). There is also some reported grass fossil from the 

Paleocene/Eocene of Tennessee, North America (Crepet and Feldman, 1991). Additional 

fossil pollen grains that may be attributed to grasses or grass relatives have also been 

discovered in the Maastrichtian of Africa and South America. However due to the 

preservation it is impossible to tell if the pollen had channels in the outer wall, a feature that 

is characteristic of grass pollen (Linder, 1987; Jacobs et al., 1999). 

Recently dinosaur coprolites have been found in the Late Cretaceous of India from the 

volcanic Deccan Traps and in these coprolites, phytoliths from conifers, cycads and grasses 

have been recovered (Prasad et al., 2005). A large amount of taxonomic diversity of the 

phytoliths were recovered and include at least five taxa from the Poaceae subclade and 

suggests that the Poaceae were diversified in Gondwana before India become geographically 

isolated. This signifies there probably were a large variety of grasses in Gondwana in the Late 

Cretaceous and now assumes that herbivorous dinosaurs such as titanosaurids (Diplodocus) 

may have munched away on grasses and early mammals such as the gondwanatherians may 

have also had these grasses with high silica content as part of their diet. 
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9.3 Formation of hypsodont teeth and brachyodont teeth in extant mammals 

The hypsodont tooth was an evolutionary novelty in early mammals not only in the incisor 

but in cheek-teeth. Hypsodont molars are probably a secondary evolutionary step from more 

primitive brachyodont molars as hypsodont molars are only seen in the Late Cretaceous in 

Gondwanatherium, while brachyodont molars are found in different lineages of Mesozoic 

mammals way before the Cretaceous, for example they are present in multituberculates in the 

Jurassic. Hypsodont incisors separated by a large diastema is however a more “primitive” 

feature than hypsodont molars as they are found in the tritylodonts in the Triassic and in 

other lineages of mammals and may have evolved independently in several lineages over 

time.  

To try to understand why the gondwanatherians evolved hypsodont molars in the Cretaceous 

in Gondwana it is important to understand how hypsodonty works in extant mammals and 

how it comes about in different species. 

The development of tooth types and tooth shapes such as hypsodonty and brachyodonty in 

extant mammals thus would be a good indicator to use to compare the development of 

hypsodonty in extinct mammals.  

General mammal tooth formation 

In the mammalian tooth, the epithelial stem cell niche is very distinctive structure that plays 

an important role in the evolution of teeth and is important in making regulatory decisions 

during the formation of different tooth types such as brachyodont and hypsodont (e.g. 

Tummers, 2004). These developmental decisions are linked to evolutionary adaptations and 

the appearance of evolutionary innovations.  

Mammalian tooth shape forms from the folding and growth of epithelium and neural crest-

driven mesenchyme. During the folding stages the inner enamel epithelium differentiates and 

gives rise to the ameloblasts (that from enamel) while the mesenchyme below gives rise to the 

odontoblasts (that form dentine) (Butler, 1956; Jernvall and Thesleff, 2000). 

There are different stages in tooth formation beginning at the bud stage, followed by the cap 

stage, then the bells stage and finally eruption of the tooth occurs. 

In the early stages the development of the tooth is regulated by interactions between the 

epithelial and mesenchymal tissues (Jernvall and Jung, 2000) and this too occurs in other 

epithelial appendages such as hairs and glands (Jernvall and Thesleff, 2000). 

In the bud stage the individual teeth become visible and form a tooth bud that is seen as 

outgrowths in the dental lamina. As the bud tip folds, a cap-resembling structure that 
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surrounds the mesencymal dental papilla is formed and here the molar shape of the 

individual tooth begins to take place. 

In the cap stage the formation of the future tooth crown base occurs and the primary 

enamel knot at the tip of the tooth bud is formed. The primary enamel knot is a signalling 

centre that interacts with surrounding tissues and secrets molecular signals for development. 

It is an organizing centre that regulates the development of the tooth shape and induces the 

formation of secondary enamel knots which will later form the future tips of each cusp on 

each tooth (Jernvall, 1995). 

The cap stage is where the tooth cap is formed and the tip of the tooth cap becomes the tip 

of the cusps. The sides of the cap will continue to grow downwards forming the cervical loop 

and the root of the tooth. Thus during the transition from bud to cap stage the cervical loop 

is formed and this structure will later become the adult epithelial stem cell niche in 

continuously growing teeth (Tummers, 2004). The cervical loop is made of several different 

epithelial layers and is found in both incisors and molars (e.g. Tummers, 2004).  

During the cap stage period the cervical loops are formed that will either construct the 

epithelial stem cell niche in continuous growing teeth or Hertwig’s epithelial root sheath 

(HERS) in teeth that do not have continuous growth and form a root. 

Thus during mammalian tooth formation, the crown of the tooth is covered with epithelium, 

as the tooth erupts the epithelium is exposed to the oral cavity and disappears. However at 

the apical end of the tooth an epithelial structure known as the cervical loop is present and 

this is formed during the early formation of the tooth crown at the cap stage.  

Thus during the period when the crown development is advanced, then the cervical loop has 

two options, it can continue its fate of being a crown and continue enamel production or it 

can become a root.  

Following the cap stage, is the bell stage where there is more extensive growth and folding 

of the dental epithelium and differentiation of cell types. 

During the bell stage the cervical loop keeps extending and the epithelium near the occlusal 

face side folds in patterns which will later correspond to cusps of the tooth. The crown 

foundations are then formed. Then after this, during post natal development the roots are 

formed which is preceded by changes in the cervical loop area, the root epithelium no longer 

differentiates into ameloblasts that produce enamel matrix, but instead the root epithelium 

forms the Hertwig’s epithelial root sheath in the cervical loop area and the epithelial cell rests 

of Malassez, which then forms the root (e.g. Tummers, 2004). 
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Cervical loop for root and crown formation 

In brachyodont mouse molars the cervical loop stops forming the crown and switches over 

to form a root, while in the vole molar  that is every growing, the cervical root only partially 

switches over and it thus still maintains the ability in the cervical loop to keep of producing 

crown (Tummers, 2004).  It is interesting to note that once the cervical loop has switched 

over to start making the root, it can no longer switch back to form crown and thus this 

switch is unidirectional (Tummers, 2004). There is a thus a progression from brachyodont, to 

hypsodont and then to hypselodont teeth and this progression (Tummers, 2004) is an event 

that is regulated by the stem cell niche and the patterning of the proximal distal axis 

(Tummers and Thesleff, 2003). 

Brachyodont teeth have the stem cell niche maintained for a short period and the stem cells 

are lost early on the consequence of this, is the formation of a short crown growth and a 

relatively long growth of the root. On the other hand in hypsodont teeth, the stem cell niche 

is maintained for a longer period with the crown formation also lasting for a longer period of 

growth and then the stem cell niche is lost and root formation starts. This results in a tooth 

with a high crown and a short root. In contrast in hypselodont teeth the stem cell niche is 

maintained for an indefinite time and so crown formation is also maintained for an indefinite 

time with root formation being postponed. 

However in hypselodont teeth the crown formation continues but a small part of the crown 

is converted to root in order to anchor the tooth to the jaw and as stated by Tummers (2004) 

thus in continuously growing teeth (hypselodont) root formation can occur simultaneously 

with crown formation. In hypsodont teeth a similar process may occur as root formation is 

postponed for a long period of time until the root is formed. 

Gondwanatherian teeth are hypsodont and these mammals may have had the ability to have 

crown formation lasting for a long period of time until the time that the stem cell niche is lost 

and root formation starts, resulting in teeth such as those of Sudamerica and Gondwanatherium 

where there is a high crown and a short root. 

It can be noted that there is an evolutionary drive from low crowned teeth to high crowned 

teeth and this is what occurred during the increase of hypsodonty in the Cenozoic related to 

changes in the environment, whereby a drier climate results in increased fibrous vegetation 

and increased wear on teeth (Jernvall and Fortelius, 2002). 

Thus continuously growing or hypselodont teeth is an extreme form of hypsodonty. 

Different tooth types such as brachyodont and hypsodont are generated by extending the 

maintenance of the stem cell niche: thus in low crowned brachyodont teeth the stem cell 
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niche is maintained for a short period and this results in a low crown, while in high-crowned 

teeth the stem cell niche is extended resulting in a longer growth period of the crown, while 

in continuos growing teeth that never form roots the stem cell niche is maintained 

indefinitely (Tummers, 2004). It is also important to note that there are two types of 

continuously growing teeth: type 1) where the crown continues growing and type 2) where 

the root continuous growing. The type 2 is rarer in mammals and is found in the Edentates. 

Tummers (2004) who studied the continuous growing incisors in mice genes observed that in 

the transgenic k14-Eda overexpressing mouse the continuously growing incisor is 

transformed from being a type 1 (crown type) to type 2 (root type) and has a similar structure 

and histology to an edentate tooth. In the mouse incisor the stem cell niche does not adopt 

the typical root structure which is known as Hertwig’s epithelial root sheath (HERS)  that is 

normally  present in mouse molars, but it transforms into a continuously growing crowns 

(e.g. see Tummers, 2004). Thus there is a regulatory flexibility that allows for flexibility in the 

regulation of crown height and results in different ratios of crown and root surfaces in each 

tooth. Another observation by Tummers (2004) is that teeth can also have partial 

conversions between the crown and the root surface and this result in teeth such as rodent 

incisors with enamel on the front or the crown and dentine on the back or root of the tooth. 

This regulation independence is what has allowed for flexibility in the development of 

different tooth types and for variation in the evolution of tooth types as the regulation of the 

epithelial stem cell niche seems to be flexible and this has allowed for evolutionary novelty. 

In regards to gondwanatherian dentition then it is easy to comprehend that different tooth 

types, such as hypsodont and brachyodont can be found in different closely related species of 

the same group.  
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9.4 Formation of brachyodont and hypsodont tooth types in different species 

It has been well documented and demonstrated in fossil record that environmental factors 

influence mammalian molar types and shape (e.g. Hunter and Jernvall, 1995; Jernvall et al., 

1996), however what causes the basis of this evolutionary change is largely unknown (e.g. 

Jernvall, 1995; Butler, 1995). 

Recent genetic studies on extant mammals by Keränen et al. (1998), however demonstrate 

that difference in tooth types or different molar morphologies between different taxa is not 

an extensive long evolutionary morphological process that occurs in different mammalian 

lineages but that mammals with different tooth types can be indeed genetically very similar 

and thus belong to phylogenetically related lineages.  

In order to study tooth shape evolution in similar species the authors Keränen et al. (1998) 

explored the developmental mechanisms of tooth shape evolution by comparing the gene 

activities that were in use during shape development in the first lower molar. They did this 

with two species of muroid rodents: the house mouse and the sibling vole (Arvicolidae, 

Microtus rossiaemeridionalis, formerly known as M. epiroticus). The vole and mouse lineages are 

not so diverged and based on immunological evidence, the mouse and vole lineages have 

been suggested to have diverged in the Miocene, approximately 20–25 million years ago 

(Nikoletopoulos et al., 1992), however the ecological radiation of voles began much later on  

in the Pliocene (Guthrie, 1965). These species were used as both are similar in body size and 

have the same gestation time and equal number of teeth (3 molars and 1 incisor in each jaw 

quadrant) however the first molar of the mouse in brachyodont and the first molar of the 

vole is hypselodont (ever-growing). 

These authors found that even though hypselodont (vole) and brachyodont (mouse) molars 

are morphologically very different, the relationships of the gene expression patterns 

compared to the morphologies are very similar. They also found that the formation of cusps 

in the different tooth types was associated with a secondary enamel knot that expresses the 

same set of genes, thus based on the genes studied by the authors, they found that the 

general cusp pattern in both types of molars result not from different genes but repetitions of 

the same molecular cascade. They state that cusps are serially homologous and that new 

genes are not really required for the evolution of new cusps. Does this signify that cusps and 

tooth differences are not really an adequate feature to define new distinctly different species 

(see Jernvall and Jung, 2000; Kangas et al., 2004). It is interesting to note that Keränen et al. 

(1998) state that the vole lineage may have had a species turnover rate of some hundred or 

thousands of years and thus this signifies that molar morphogenesis does not take a long time 
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to achieve and arises easily. They conclude that changes in mammalian dentition such as the 

evolution of new cusps or perhaps the evolution of hypsodont molars from a brachyodont 

ancestor would not be a difficult task and would occur in evolution in a relatively simple 

manner where only slight changes are needed in the mechanisms that define the pattern of 

molar morphogenesis. Thus changes and variation in cusps would result from variations in 

the regulation of gene expression and this would produce changes in growth rate and the 

timing of secondary enamel knot formation. There is still more research needed to discover 

which genes are more relevant to changes and evolution in mammalian tooth shapes and 

cusps. Thus in relation to Gondwanatheria it does not seem unusual to have both 

brachyodont and hypsodont dental types (see Figure 9.1) in the same group and even 

perhaps this may be possible in the same family, as this is shown to occur in related species 

of extant rodents. 

Based on the new discoveries on extant mammal dentition by Kangas et al. (2004) and 

Jernvall and Jung (2000) where dental characters are found to be nonidependent it can be 

said that the evolution of mammalian dental features is more complicated that previously 

thought, with more flexibility in the variation, tooth type and form.  
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Figure 9.1: Gondwanatherians from different families show how different species that are closely related can 
have different tooth types, but all share the characteristic hypsodont multituberculate incisor. With detail of the 
hypsodont and brachyodont tooth types found in Gondwanatheria. Not to scale. Multituberculate skulls of 
Plagiaulax modified from Kielan-Jaworowska and Nessov (1992). 

 517



Chapter 9 Hypsodonty, diet and ecology of gondwanatherians 

9.5 Hypsodont teeth in Sudamericidae 

Sudamerica ameghinoi and Gondwanatherium patagonicum are fossil mammal species with high 

crowned cheek-teeth. Their cheek-teeth were first defined as hypsodont by Scillato-Yané and 

Pascual (1984); Van Valen (1988); Bonaparte (1990a;b); Bonaparte et al. (1993); Krause and 

Bonaparte (1990a, 1993); Sigogneau-Russell et al. (1991); Krause et al. (1997); Pascual et al. 

(1999); Koenigswald et al. (1999) and others. 

However there has been much discussion and confusion in the past regarding the definition 

of hypsodont teeth and hypselodont teeth (see Mones, 1982; See Koenigswald et al., 1999). 

Thus as Sudamerica ameghinoi and Gondwanatherium patagonicum are considered the earliest 

mammals to develop hypsodont cheek-teeth with Gondwanatherium patagonicum developing 

high crowned cheek-teeth with thick cementum by the Late Cretaceous, then the definition 

of hypsodont must be discussed here as it does involve these taxa. 

Both Sudamerica ameghinoi and Gondwanatherium patagonicum possess high-crowned cheek-teeth 

that continue to grow throughout the lifetime of the animal with an open root, however at 

some stage of the lifetime of the animal the root closes and growth of the crown may stop. 

Only a few isolated cheek-teeth from the MACN collection have a root preserved and this is 

also the case for cheek-teeth housed at the MLP (Koenigswald et al., 1999). 

If gondwanatherians had true ever-growing cheek-teeth then they would never form closed 

roots throughout the life.  

However, in extant mammals such as the modern horse (Equus caballus) considered as having 

ever growing hypsodont cheek-teeth, true roots are formed in very old individuals.  

For example: Kirkland et al. (1996) studied the permanent mandibular cheek-teeth of the 

modern horse, at the time of eruption and throughout the growth of the cheek-teeth. At the 

time of eruption the cheek-teeth consisted of an exposed crown and a reserve crown with a 

widely dilated apex, the mandibular cheek-teeth did not have a distinct pulp chamber, roots, 

or evidence of root formation. However, within 2 years after eruption, mesial and distal roots 

and a pulp chamber were present. A distinct pulp chamber, communicating with the pulp 

horns and both root pulp canals, was identifiable for 4 to 5 years from the time of root 

formation. While at 6 to 8 years after eruption each cheek-tooth consisted of 2 unattached 

compartments, made up of a root canal, pulp chamber and 2 or 3 pulp horns. 

Thus, did the gondwanatherians have truly ever-growing cheek-teeth,  i.e., tissue competency 

does not terminate, so tooth pattern is continually generated in much the same way for the 

life of the animal (also euhypsodonty of Mones, 1982)? Did gondwanatherians have ever 
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growing teeth that are defined as teeth with a high crown that do form roots throughout the 

lifespan of the individual but only by very old individuals? 

As stated by MacPhee and Flemming (2003) root closure of a hypsodont tooth is possible in 

old animals and in this case apical hypertrophy would not be expected to occur. If the 

growing end of a hypsodont tooth becomes contorted or loses competency or efficiency, the 

tooth pattern will also change (MacPhee and Flemming, 2003). Hypsodont teeth also 

generally have an apical end that remains wide open. This apical end is the growing end of 

the tooth where new tissues are formed. 

Koenigswald et al. (1999) considered Sudamerica ameghinoi to have hypsodont cheek-teeth and 

defined hypsodont in a descriptive way; they followed Mones (1982) who recognizes a 

morphological criteria to define hypsodont teeth using the term protohypsodont to describe 

high-crowned cheek-teeth with roots (the term hypsodont used by Patterson and Pascual, 

1972). 

Koenigswald et al. (1999) also used the term internal hypsodont to describe teeth that 

extrude only a little above the bony edge of the maxilla or mandible and are used for food 

abrasion. They thus used the term internal hypsodont to describe Sudamerica cheek-teeth and 

“external hypsodont” to describe large extruding teeth restricted to the anterior part of the 

dentition such as incisors. 

Hypsodonty has been suggested in gondwanatherians to be achieved via crown elongation in 

contrast to Xenarthran hypsodonty that is produced by the elongation of the root (Jenkins, 

1990a; Van Valen, 1988; Sigogneau-Russell et al., 1991; Krause and Bonaparte, 1993). 

In true hypsodont teeth, the root is open; the root sheath of the developing tooth is in broad 

contact with the capillary beds of the dental papilla (e.g. MacPhee and Flemming, 2003). In 

the dental papilla the surface epithelial cells are induced to form odontoblasts that eventually 

form the dentine of the root. The odontoblast differentiation and matrix mineralization is 

capable to continue a longitudinal growth of the crown throughout the lifetime of the tooth.  

However in a closed root the differentiation of the odontoblasts has terminated or slowed 

down and no new dentine can be produced. Only secondary dentine (see above) can be 

deposited via apical hypertrophy in closed rooted teeth. This is considered only to occur in 

teeth where the tooth does grow but only via the deposition of secondary dentine via root 

apical hypertrophy (MacPhee and Flemming 2003). Secondary dentine only is produced after 

the root has erupted and the root has formed and only forms as a result of irritation from 

caries, abrasion and injury. Notwithstanding this process can add longitudinal length to a 

tooth with closed roots. 
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Here Sudamerica and Gondwanatherium cheek-teeth can be described as hypsodont when they 

possess an open root and are ever growing, however at some point in their lifetime the root 

closes and only secondary dentine can be formed. At this point when a closed root is formed 

as is observed in some cheek-teeth of Sudamerica ameghinoi and Gondwanatherium patagonicum 

then the cheek-teeth are termed as protohypsodont (sensu Mones 1982).  

At this stage when a true closed root has formed, longitudinal growth of the crown can occur 

but only via apical hypertrophy. However this is not observed in Gondwanatheria (Vucetich 

pers. comm.).  During this time the tooth can continue to wear due to the effects of attrition.  
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9.6 Diet and ecology of gondwanatherians 

It is very difficult to interpret the diet of gondwanatherians, however in ungulates, 

hypsodonty and shape of the muzzle are used to interpret paleodiet and it is generally 

accepted that most hypsodont mammals feed on grasses in open habitats. 

As the shape of the ungulate muzzle is used to interpret paleodiet, grazers have a broad 

muzzle which is used for feeding on large quantities of low-lying forage, while browsers 

generally have a much narrow muzzle which is used to manipulate objects such as branches 

to select more succulent forage. On the other hand, intermediate feeders have generally 

muzzles that are in between widths (Janis and Ehrhardt, 1988; Solounias et al., 1988; 

Dompierre and Churcher, 1996). 

It would be important thus to discover a complete gondwanthere jaw to be able to interpret 

what type of muzzle the gondwanatherians may have had and thus infer more on their diet. 

Gondwanatherians with a hypsodont dentition may have had a diet with high fibre such as 

bark, or leaves or with accumulated dust, grit and dirt. The gondwanatherians could have also 

ingested grass as at least five taxa from extant grasses (Poacea) were present on the Indian 

subcontinent during the latest Cretaceous (Prasad et al., 2005) and perhaps were also present 

in other parts of Gondwana such as Argentina. 

Koenigswald et al. (1999) suggested that Sudamerica ameghinoi may have had a similar diet to 

extant semi aquatic mammals such as beavers (Castor canadensis) and the murid Ondatra. They 

interpret Sudamerica ameghinoi to be fossorial eating such food as roots or vegetation with a 

high abrasive content. Extant beavers have hypsodont incisors and molars and their diet is 

very specific and includes several kinds of herbaceous plants as well as the leaves, twigs and 

bark of most species of woody plants that grow near water and include the cambium (inner 

moist layer beneath the bark) (Jenkins and Busher, 1979).  

If Sudamerica ameghinoi and Gondwanatherium patagonicum had a similar diet to extant beavers 

they may have both had to a strictly herbivorous diet made up of leaves, stems and roots of 

plants with a high abrasive nature. They may also have included cambium in their diet.  

A diet that is strictly herbivorous includes vegetation that has a high cellulose content that 

makes it abrasive and this also possesses problems for its digestion in herbivorous mammals. 

Different parts of plants have different percentages of cellulose present (Janis and Fortelius, 

1988). Stems have more cellulose than leaves and leaves have more cellulose in their cell walls 

than do reproductive or storage structures such as fruits or roots 

Koenigswald et al. (1999) suggest that Sudamerica ameghinoi to be semi aquatic and fossorial 

mammal. They add that both Sudamerica and the fossil monotreme Monotrematum 
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sudamericanum (Pascual et al., 1992) both from the same locality of Punta Peligro may have 

lived in a similar habitat to that of the modern platypus. They state that Monotrematum was 

also probably semi-aquatic and fossorial sharing a similar habitat to that of its living relatives. 

However the living semi-aquatic monotreme the platypus Ornithorhynchus anatinus is fossorial 

but not herbivorous. It is commonly found in rivers and streams flowing to the east and 

south coasts of eastern Australia, from around Cooktown in the north of Queensland to 

Tasmania (Grant and Smith, 1998). The extant platypus habitat consists of freshwater 

streams where the banks are suitable for building stable burrows and prefer areas where there 

are trees, shrubs and grassy banks, which help to provide insects and other invertebrates for 

the platypus to feed on. 

Extant platypus are not herbivorous but carnivorous and their diet has been studied based on 

the investigation of the storage of food in the cheek-pouches which lie next to the horny 

grinding pads that replace teeth in the adult (Grant and Smith, 1998). Food items are 

collected and stored in the pouches while the animal forages and then are masticated and 

finally grounded (e.g. Grant and Smith, 1998). The diet of extant platypus may consist of 

benthic invertebrate species such as insect larvae as well as free swimming species such as 

shrimps, crayfish, beetles, water bugs and tadpoles.  

If Sudamerica ameghinoi lived in a similar habitat to that of the living platypus of Australia 

(Koenigswald et al., 1999) this habitat must have consisted of both riverine and riparian 

features with consolidated banks covered by vegetation such as reeds and overhanging by 

trees that may have also been used by the South American Paleocene monotreme 

Monotrematum patagonicum for building resting and nesting burrows such as the extant 

Australian platypus. The extant platypus uses this habitat to digs short burrows for resting 

(Burrell, 1927; Grant, 1983, 1995; Serena, 1994) and longer more complex ones for breeding 

and for the hatching to remain after birth (Burrell, 1927; Temple-Smith, 1973; Grant and 

Griffiths, 1992; Grant, 1995).  

A strictly herbivorous diet is not inferred for Ferugliotherium with short brachyodont cheek-

teeth and upper and lower hypsodont incisors. Ferugliotherium with typically multituberculate 

dentition is inferred to have palinal jaw movement with the jaw moving from back to front 

rather than orthal (Krause et al., 1992). The lower incisors of Ferugliotherium are also similar to 

other multituberculates such as the taeniolabidoids, however it is not known if the incisors 

were ever-growing (hypselodont) or hypsodont (ever-growing to an extent and then forming 

a closed root) as the incisors are not completely preserved. In comparison Ptilodus a large 

multituberculate with similar dentition, is inferred to be omnivorous by Krause (1982) and is 
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inferred to have had a varied diet that also includes hard food items such as seeds and nuts. 

Ferugliotherium can also be inferred to have had an omnivorous or even insectivorous diet 

based on its small size deduced from the small size of its teeth, such as that extant small 

mammals such as Australian marsupials are insectivorous or carnivorous or omnivorous and 

mammals of small size derive most of their protein from insects.  

The incisors were probably self sharpening and could be used for slicing or gnawing such as 

in other multituberculates (e.g. Krause, 1982). The blade-like p4 in the Ferugliotherium jaw 

could be used for slicing seeds such as other multituberculate blade-like p4.  

Another interesting extant mammal is the nabarlek (Petrogale concinna) is the smallest of the 

rock wallabies marsupial. It is unique among all marsupials in that it can continue to produce 

more than the normal four molar teeth. This mammal has a seemingly unlimited supply of 

supernumerary molars which continue to erupt throughout its life (e.g. Flannery, 2004). 

This mammal prefers grasses rich in silica and this abrasive food may explain why the animal 

can continually replace its grinding teeth. This may also help to explain why mammals such as 

the gondwanatherians have such a unique dentition and have evolved hypsodonty so early 

already by the Late Cretaceous. 

The paleoenvironment of Los Alamitos Formation indicates that it represents a fresh water 

environment with meandering rivers (based on the alternating levels of sandstone and 

siltstone) or larger bodies of water such as lagoons. The paleoenvironment according to 

Andreis (1987) is of a lacustrine environment with mixed shallow marine sediments indicated 

by the presence of glauconite.  
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10 Chapter 10 Biogeographic implications of  
gondwanatherians 

Mammals in the southern latitudes underwent a great diversity during the Late Jurassic and 

Cretaceous, however there is a limited knowledge available based on the paucity of fossil 

remains. It is considered that plate tectonics had great impact on the evolution of dinosaurs 

and other terrestrial faunas during this period and this can also be said about early mammals. 

The presence of the gondwanatherians in Argentina, possibly Antarctica (Goin et al., in 

press), India, Madagascar and probably Tanzania (Krause et al., 2003) has important 

implications in the evolutionary history and biogeography of mammals in Gondwana during 

the Cretaceous.   

Currently there is paleontological evidence which supports a cosmopolitan distribution of 

gondwanatherians throughout Gondwana (see Krause et al., 1997).  

10.1 Review of Gondwana Mesozoic paleobiogeographical models 

Plate tectonic theory hypothesis that the earth and the surface of the earth is broken up into 

large plates which change in size and position over time. These plates move together and 

produce geological activity such as earthquakes, volcanoes and build mountain ranges.  

During the Mesozoic, the Indian subcontinent, Africa, Australia, Madagascar and South 

America all formed the southern supercontinent Gondwana. In relations to the Gondwanan 

plate tectonic models there is a general consensus that Madagascar was part of Africa prior to 

rifting away from Africa and was situated next to present-day Somalia, Kenya and Tanzania 

(see Krause et al., 1999; Coffin and Rabinowitz, 1992). During the Late Jurassic there was sea 

floor spread activity between the rifted margins of east Africa and northern Madagascar. 

Later in the Early Cretaceous (130-125 Mya) Madagascar began to move south-south-

eastwards along the fault called the Davis Fracture Zone until it reached its current position, 

approximately 400km east of the coast of Mozambique  (See Krause et al., 1999).  

Madagascar was still in contact with the Indian subcontinent via the Seychelles islands group 

until approximately 88 Mya (Late Cretaceous).  This is when the Indian subcontinent and the 

Seychelles block began moving north-eastwards towards Eurasia and separated from 

Madagascar (see Krause et al., 1999).   

However the timing and sequence of the rest of the Gondwana supercontinent break up still 

remains unclear and controversial (e.g. Smith et al., 1994; Scotese, 1997; Hay et al., 1999). 
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General paleogeographic reconstructions 

Several paleogeographic reconstructions depict the disassembly of the southern 

supercontinent, Gondwana, during the Cretaceous, with Indo-Madagascar separating from 

Antarctica about 125 Mya, South America separating from Africa before 100 Mya and finally 

Madagascar separating from the Indian subcontinent at 85 to 90 Mya (Ziegler et al., 1982; 

Barron, 1987; Scotese et al., 1988; Scotese, 1991; Pitman et al., 1993; Smith et al., 1994).  

Much later, during the Oligocene (33-27 Mya), South America  separated from Antarctica  

(Ziegler et al., 1982; Barron, 1987; Scotese et al., 1988; Scotese, 1991; Pitman et al., 1993; 

Smith et al., 1994).  This hypothesis predicts that there would be greater similitude between 

the elements of the terrestrial biota of the Late Cretaceous in South America and Africa than 

those of Indo-Madagascar and South America (see Sampson et al., 1998). 

Paleocoastline reconstructions show that several Gondwana landmasses were separated by 

intervening seaways early in the Cretaceous (Smith et al., 1994; Roeser et al., 1996) but still 

connected by key land bridges. These paleocoastline reconstructions suggest that the Indian 

subcontinent and Madagascar separated from Australia, Antarctica, Africa and South 

America approximately 148 Mya (Williams, 1986), with India moving north and “docking” 

into Eurasia during the Early Eocene (approximately 50 Mya) (Besse et al., 1984; Patriat and 

Achache, 1984; Besse and Coutillot, 1988). 

These reconstructions also assume that South America began separating from Africa before 

100 Mya and finally Madagascar separating from the Indian subcontinent at 85 to 90 Mya 

(Ziegler et al., 1982; Barron, 1987; Scotese et al., 1988; Scotese, 1991; Pitman et al., 1993; 

Smith et al., 1994).   

“Africa First Model” 

Other alternative reconstructions such as the “Africa First Model” states that all the 

landmasses were connected and only Africa split away in the Early Cretaceous 

(approximately 120-140 Mya) (Sampson et al., 1998; Hay et al., 1999), while the rest of the 

gondwanan landmasses remained unified by two key land bridges until the end of the 

Cretaceous (approximately 90-80 Mya see Figure 1 in Sereno et al., 2004). This model shows 

that Africa was isolated from other Gondwanan landmasses in the Early Cretaceous 

(approximately 140-120 Mya) by a circum-African seaway, while the other Gondwanan 

landmasses were still united but later separated in the Late Cretaceous (approximately 80 

Mya). 

The “Africa First Model” suggests that the passage A (Walvis Ridge, Rio Grande between 

northern South America and Africa) separated earlier on in the Early Cretaceous and that the 

 529



Chapter 10 Biogeographic implications of gondwanatherians 

land bridge B (Palmer Land Block, South Georgia Island Terran between southern South 

America and southern Antarctica) and Land Bridge C (Kerguelen Plateau, Gunnerus Ridge 

between northern Antarctica and Australia) both separated in the Late Cretaceous 

(approximately 90-80 Mya) (Sampson et al., 1998; Hay et al., 1999).  

Hay et al. (1999) postulate that there was a subaerial link between Madagascar and India and 

Antarctica across the Kergulen Plateau that lasted until as late as 80 Mya, much later than the 

separation between Africa and South America. 

Sampson et al. (1998) consider in their revised paleogographic reconstruction of Gondwana 

that subaerial links were still retained among the Gondwanan landmasses exclusive of Africa 

and lasted up until 80 Mya in the Late Cretaceous. In the Late Cretaceous Madagascar and 

the Indian Subcontinent were still attached to Antarctica via an isthmus comprising of the 

Kerguelen Plateau and several other terrains. During the end of the Mesozoic and up to the 

Oligocene South America was still attached to Antarctica.  

Both these reconstruction (Sampson et al., 1998; Hay et al., 1999) would imply that there is a 

greater similarity between the Late Cretaceous terrestrial biota of South America and Indo-

Madagascar (via Antarctica) than between South America and Africa. This also implies that as 

Africa had separated from South America earlier on, then the fauna of Africa would have 

evolved in isolation and exhibit increasing endemism. 

“Pan Gondwana” Model 

Another alternative reconstruction that is similar to the most recent paleocoastline maps of 

Scotese (2001) is proposed by Sereno et al. (2004) based on recent abelisauroid dinosaur 

evidence in Africa. This model suggests that three passages connected the major Gondwanan 

landmasses during the Early Cretaceous and these passages are (A) Walvis Ridge, Rio 

Grande, (B) Palmer Land Block, South Georgia Island Terrane and (C) Kerguelan Plateau, 

Gunnerus Ridge.  

The “Pan Gondwana” model argues that passage A (Between northern South America and 

West Africa) was only separated at the end of the Early Cretaceous and that by the end of the 

Albian or beginning of the Early Cretaceous was there a deep equatorial seaway between 

Africa and South America. This signifies that Africa and South America were not separated 

from each other by a circum- African seaway in the Early Cretaceous (140-120 Mya) but may 

have still had some sort of trans-Atlantic interchange up to 95 Mya (Sereno et al., 2004). 

This theory is supported by recent abelisauroid dinosaur material from the Cretaceous of 

Niger affirming that abelisauroid dinosaurs and their ancestors were present also in Africa 

(Sereno et al., 2004) as well as South America – Argentina (e.g. Bonaparte, 1985; Bonaparte et 
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al., 1990), India (Huene and Matley, 1933; Wilson et al., 2003) and Madagascar (Sampson et 

al., 1998, 2001; Carrano et al., 2002). These finds provide evidence that there was a still faunal 

exchange among Gondwanan landmasses until the end of the Early Cretaceous 

(approximately 10 Mya). 

Geographic isolation of Gondwanan landmasses and fauna support 

Several gondwanan landmasses are believed to have been fully isolated geographically before 

the final separation of the entire landmass. Such geographic isolation can bring about 

endemism in both flora and fauna and examples of this is what occurred to the Cenozoic 

biota of Australia, Madagascar and South America. 

The Indian subcontinent together with Madagascar separated from Africa approximately 148 

Mya (Williams, 1986) and started drifting northwards. Thus during this isolation period it is 

expected that the Indian biota would have to exhibit similar endemism. However this is not 

the case as fossil elements such as Gondwanatherians that have been found in the Late 

Cretaceous of India, Madagascar and Argentina and perhaps Antarctica which have been 

interpreted as “Gondwanan” (e.g. Rana and Wilson, 2003).  

The “Gondwanan” fossil remains imply that the Indian subcontinent would have had some 

sort of connection with other landmasses such as Madagascar and South America and this 

may have been via the Kerguelen Plateau (Krause et al., 1997), or as stated by Rana and 

Wilson (2003) this could also signify that the original “Gondwana” biota would have 

remained on the Indian subcontinent during its isolation as it rifted northwards (Prasad et al., 

1995). Whereas the “Laurasian” fossil elements consists of eutherians mammals and includes 

two species of Deccanolestes from the Intertrappean beds of Naskal and Rangapur , Andhra 

Pradesh, Central India (Prasad and Sahni, 1988; Prasad et al., 1994, Rana and Wilson, 2003) 

and the species Sahnitherium rangapurensis from Rangaur Andhra Pradesh, Central India (Rana 

and Wilson, 2003). These “Laurasian” eutherian mammals fossils imply that India may have 

been connected to Eurasia and this could be based on an indirect connection via an early 

collision (Jaegar et al., 1989) or by an indirect connection via Africa (Briggs, 1989). 

However from the same locality of the Late Cretaceous Intertrappean beds of Naskal, 

Andhra Pradesh in central India the unnamed gondwanatherian is known (Krause et al., 

1997). Indicating that the Indian subcontinent did not undergo a strict faunal endemism but 

contained both “Gondwanan” and “Laurasian” elements. 

Gondwanatherian mammals found in India (see Figure 7.7) are tentatively placed in the 

Sudamericidae (Krause et al., 1997) and imply that they belong to the same family of 

Sudamerica and Gondwanatherium from Argentina. These fossil remains do all share similar 
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dental characters related to large hypsodont cheek-teeth, covered in thick enamel, with 

cementum filled furrows and a flat occlusal face. The un-named Indian form probably does 

belong to the same family as the Argentinean and Malagasy gondwanatherians and could 

have evolved from a similar ancestor in the Early Cretaceous when South America was still in 

contact with the Indian Subcontinent. The sudamericids from the Indian Subcontinent may 

have evolved in isolation during the Cretaceous as India started drifting northwards, but 

these mammals seem to have retained their hypsodont nature and similar dental features as 

those from Argentina and Madagascar. 
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10.2 Paleobiogeography of the Gondwanatheria 

Mesozoic mammals were first discovered recently in Gondwana(Bonaparte and Soria, 1985), 

however many new specimens have been discovered in the last decades in Gondwanan 

continents including Australia, South America India and Africa (see review in Chapter 2). 

In South America, specifically in the Jurassic and Cretaceous of Argentina these discoveries 

are helping shape our vision on mammalian evolution in Gondwana. 

One of the far most significant Mesozoic vertebrate and mammal localities in Argentina is 

the Campanian-Maastrichtian Los Alamitos Formation (e.g. Bonaparte, 1990) and includes an 

assorted vertebrate fauna  (see chapter 6 on Los Alamitos Vertebrate fauna) and a similarly 

diverse mammalian assemblage including such groups as dryolestids (mesungulatids, 

reigitherids, dryolestids), triconodonts and gondwanatherian multituberculates (e.g. 

Bonaparte, 1986, 1987, 1990, 1992, 1994, 2002; Pascual et al., 2000; Rougier et al., 2000, 

2003). 

Another Argentinean Mesozoic mammal site is La Colonia Formation and includes a highly 

derived and taxonomically distinct fauna, including a reported multituberculate (Rougier and 

Apesteguía, 2004) as well as a single mammalian specimen from Allen Formation 

(Maastrichtian) suggesting a similar fauna to that from Los Alamitos (e.g. Rougier et al., 

2003). This abundance and diversification of mammalian faunas during the Late Cretaceous 

(80 to 65 Mya) in southern South America may also be supported by South America’s 

isolation from other northern continental land masses at the time.  

During the Cretaceous South America maintained connections with Antarctica well into the 

Cenozoic (until approximately 36 Mya) (Lawver et al., 1992) and inturn Antarctica was 

connected to Australia. By the Late Cretaceous (approximately 80-65 Mya) however, South 

America had probably completely separated from Africa.  

Bonaparte (2002) states that there are several reasons why the Los Alamitos faunal 

assemblage which includes the gondwanatherian mammals may have not been an isolated 

assemblage of mammals that lived and evolved only in that part of southern South America. 

These reasons include the presence of similar Los Alamitos faunal assemblage such as 

titanosaurid dinosaurs recorded in other parts of South America, India and Madagascar 

(Salgado and Coria, 1993); the presence of hadrosaurid dinosaurs that are also found in 

North America (Bonaparte and Rougier, 1987); the presence of meiolanid turtles recorded in 

Patagonia and Australia and chelid turtles from other regions of South America (De Broin, 

1987); presence of pipid and leptodactylid frogs in Africa and other regions of South America 

(Báez, 1987); presence of abelisaurid therapods in Madagascar (Sampson et al., 1998) and 
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India (Huene and Matley, 1933; Wilson et al., 2003) and Africa (Sereno et al., 2004); and the 

presence of boid snakes in Madagascar (Hoffsetter, 1961) also from other localities in 

Argentina and Brazil, together with the presence of gondwanatherians in India, Madagascar 

(Krause et al., 1997) perhaps Tanzania (Krause et al., 2003) and Antarctica (Reguero et al., 

2002; Goin et al., in press). 

 Other authors such as Sigogneau-Russell and Ensom (1998), state that the mammals of Los 

Alamitos Formation are endemic only to that area of South America and base this on the 

isolation of South America during that time.  

However based on other similar fauna evidence in other parts of Gondwana it is most 

probable that the Los Alamitos gondwanatherians and other Los Alamitos mammal fauna 

(e.g. Bonaparte, 2002) did not evolve in isolation but were part of a widespread fauna found 

in other gondwanan landmasses. 

Another alternative suggestion related to the presence of gondwanatherians in India is that 

these mammals maintained their conservative dental morphologies obtained from their 

Jurassic “Laurasian” ancestors and kept these features when the Indian subcontinent drifted 

northwards during the Cretaceous. This could explain the similarities between the hypsodont 

Indian, Malagasy and Argentinean gondwanathers. If this is the case then hypsodont 

morphologies shared between these genera may have evolved before the Late Cretaceous 

when South America had contact with the Indian Subcontinent and Madagascar. 
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10.3 Presence of multituberculates in Gondwana 

Multituberculates are known from the ?Middle to Late Jurassic to Early Tertiary (Eocene) of 

the Northern Hemisphere and Gondwana (e.g. Kielan-Jaworowska et al., 2004). The only 

regions where multituberculates have not been discovered are in Australia and probably 

Antarctica (but read below). 

Most multituberculates are known from the Northern Hemisphere and probably have 

originated in Laurasia in the Early Jurassic (see Clemens and Kielan-Jaworowska, 1979; 

Kielan-Jaworowska et al., 2004. 

In Gondwana they have been discovered in the Early Cretaceous of northern Africa 

(Morocco) (Sigogneau-Russell, 1991), while gondwanatherian multituberculates have been 

discovered in the Late Cretaceous of Madagascar (Krause and Grine, 1996; Krause, Prasad et 

al., 1997; Krause, 2000), Late Cretaceous of India (Krause et al., 1997), Late Cretaceous of 

South America (Krause et al., 1992; Krause and Bonaparte, 1993), Paleocene of Argentina 

(Krause and Bonaparte, 1993) and if the dental remains from Antarctica are correctly 

assigned to the family Sudamericidae (Goin et al., in press) this would indicate that 

multituberculates are also known from Antarctica and tentatively from Africa (Krause et al., 

2003).  

The multituberculate tooth m2 of Hahnodon taqueti from Morocco considered a paulchoffatid 

by Kielan-Jaworowska and Ensom (1991, 1992) is very different from the molar of 

Ferugliotherium (Krause et al., 1992). Sigogneau-Russell (1991) concludes that due to the 

unique structure of Hahnodon, it can be tentative stated that these North African 

multituberculates have evolved from a Laurasian stock and later separated when North 

Africa was separated from Laurasia since the Late Jurassic. 

Also from Morocco, Hahn and Hahn (2003) described a new species of multituberculate 

Denisodon moroccensis from the Early Cretaceous (?Berriasian). 

The presence of multituberculates in Africa does propose a biogeographic link between 

Africa and Laurasia as stated by Sigogneau-Russell (1991). This connection between Africa 

and Laurasia may have occurred in the middle Jurassic as stated by Sigogneau-Russell (1991). 

However the differences of the mammalian genera from the Early Cretaceous of Morocco 

are significant that implies that from the Early Cretaceous North Africa was already separated 

from Europe and was becoming isolated from the northern continents. 

This may also be the case for Patagonia and southern South America (represented by the Los 

Alamitos Mammal fauna) and can also tentatively be assumed for all of South America (e.g. 

Krause et al., 1992). 
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If Gondwanatheria are indeed multituberculates, then this implies that they may have either 

evolved from a Laurasian stock in the Jurassic and then become isolated with South America 

separated from Laurasia during the Late Jurassic and later Africa. 

Thus we may expect to find gondwanatherians in Africa as is tentatively proposed by the 

discovery of a gondwanatherian like jaw from the Cretaceous of Africa by Krause et al. 

(2003). If this is the case then this does have important implications for the evolutionary and 

biogeographic history of Gondwanan mammals, as the biogeographical and geographical 

history of gondwanatherians will be extended. If there were indeed gondwanatherians on 

Africa during the Cretaceous, then the hypothesis that South Africa and South America had a 

different highly endemic fauna (Africa First model) could be rejected and the “Pan 

Gondwana” Model supported by similar abelisaurid material on both South America and 

Africa (Sereno et al., 2004) would be more likely. 

If Gondwanatherians have evolved from a Laurasian multituberculate stock and are indeed 

found in Africa then these mammals would have already undergone a slightly different 

evolution to the Laurasian multituberculates in the Cretaceous and the evolution of 

hypsodont dentition as present in Gondwanatherium would have already have taken place by 

the Late Cretaceous. 

If Gondwanatherians are indeed known from the Eocene in the Antarctica Peninsula 

(Reguero et al., 2002; Goin et al., in press) then this would imply that they may be related to 

the Argentinean gondwanatherians in particular Sudamerica from the Paleocene of Patagonia. 

Another alternative is that the antartic gondwanathers may have evolved from the Indian-

Madagascar gondwanatherians when Antarctica served as a biotic link between South 

America and Indo-Madagascar during the Late Cretaceous. This biotic link also supports the 

presence of abelisauroid theropods (Sampson et al., 1998; Sereno et al., 2004) and also may 

be the case for other vertebrates such as peirosaurid and notosuchid crocodyliforms (Buckley 

and Brochu, 1999; Buckley et al., 2000) that are found in both the Late Cretaceous of South 

America and Indo-Madagascar. However Sereno et al. (2004) state that the presence of 

notosuchian crocodylomorphs and gondwanatherian mammals no longer supports the 

“Africa-first” model as African crocodylopmorphs of Mid-Cretaceous age (Aptian-Albian) 

are closely related to taxa of South America of comparable age (Buffetaut and Taquet, 1977; 

Sereno et al., 2003). 

Sereno et al. (2004) state that the absence of gondwanatherians on Africa reflects the non-

existent record of mammals on Africa during most of the Cretaceous but this could be 

incorrect based on the tentative jaw discovered in Tanzania by Krause et al. (2003). 
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South America was separated from Africa by the Late Cretaceous, it still maintained 

connections with Antarctica until the  as late as 30 to 35 Mya (Lawver et al., 1992) thus 

providing some sort of connection between the terrestrial biotas of South America and West 

and East Antarctica.  

While Australia and East Antarctica were finally separated in the Early Oligocene (Royer and 

Rollet, 1997) but land connections between Antarctica and South-Eastern Australia were 

probably gone by the Palaogene as sea levels rose (Woodburn and Case, 1996). 

There was probably connection and potential for terrestrial biota interchange between South 

America, Antarctica and Australia during the Mesozoic to Cenozoic and even up to the 

Eocene (e.g. Reguero et al., 2002; Goin et al., in press). 

The gondwanatherians from India, Madagascar and South America may also have had a 

widespread distribution in other parts of South America and perhaps other parts of 

Gondwana including the Cretaceous of Antarctica. 
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11.1 Conclusions 

1. This study provides the first systematic and evolutionary treatment of the Suborder 

Gondwanatheria. It is based on comparative anatomy, ontogeny and on a detailed 

phylogenetic analysis of gondwanatherian mammals (Sudamericidae and Ferugliotheriidae) 

and Mesozoic mammals. The study examines the controversial position of the 

Gondwanatheria in Mesozoic mammal phylogeny and explores the central evolutionary trend 

related to the acquisition of hypsodonty that occurred first in the Gondwanatheria and 

evolved primarily in Gondwana during the Cretaceous. The results of the phylogenetic 

analysis presented here demonstrate that Sudamericidae and Ferugliotheriidae form a clade 

with “Plagiaulacidans” and Cimolodontans (Order Multituberculata). The clade forms an 

unresolved polytomy (Figure 8.2 and 8.3). This can be explained by the limited 

gondwanatherian fossil record and due to the high diversity found in Multituberculata. 

Another explanation for the polytomy is related to the assignation of character states to the 

family Sudamericidae. It is difficult to assign postcanine teeth positions (i.e. molar positions 

or premolar positions) due to the hypsodont nature and to the matching morphology of the 

molariforms in the dental sequence. If premolar and molar positions are assigned to the 

Sudamericidae the consensus tree demonstrates that Ferugliotheriidae and Sudamericidae are 

nested in the Multituberculata clade (see Figure 8.4 and 8.5). However the overall results do 

demonstrate that Sudamericidae and Ferugliotheriidae share many dental features with the 

better known and studied Northern Hemisphere multituberculate mammals, though it is 

difficult to predict if these shared features have occurred by convergence or are based on a 

common ancestor. Nevertheless the results clearly demonstrate that, compared to the other 

Mesozoic mammal taxa, Gondwanatheria have more features in common with 

Multituberculata and even perhaps shared a common ancestor with Multituberculata. These 

characters were observed and described in chapter 7 and the cladistic analysis with the results 

was presented in Chapter 8. It is important to reiterate that this phylogeny may be further 

tested with future discoveries of more cranio-dental remains. 

2. It is more plausible to consider that a radical evolutionary transformation occurred in the 

Gondwanatheria in the premolar morphology (see Chapter 5). Other authors such as Pascual 

et al. (1999) have discarded the possibility that Sudamerica is a multituberculate due to the 

primary reason of the presence of four molariform cheek-teeth in Sudamerica whereas 

multituberculates have only two molars in each jaw quadrant. This in turn supports that 
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Sudamerica ameghinoi and consequently the Suborder Gondwanatheria are not 

multituberculates. The authors remove Sudamerica from Multituberculata as it is difficult to 

assign Sudamerica dentition to premolar and molar loci, because it is considered highly unlikely 

for hypsodont molariforms to have been transformed so radically from a blade-like premolar 

as is known in multituberculate dentition arguing that this radical transformation is not 

known for any mammalian lineage. Based on paleontological evidence and supported by 

phylogenetic analysis, I present new arguments to challenge this reasoning, assuming that 

the first cheek-tooth in place and the second cheek-tooth in place alternately can be 

considered to be hypsodont premolars and the two remainder cheek-teeth hypsodont molars. 

A case that is much more plausible than previously accepted as it has been demonstrated to 

occur in mammalian evolutionary history more specifically in sthenurine kangaroo evolution 

an evolutionary adaptation to sweeping aridity in the environment (Prideaux, 2004). This is 

also possible as recent studies on extant mammalian dentition demonstrate how flexible 

mammalian dental morphologies are.  Alternately early multituberculates such as those from 

the Late Jurassic of Portugal (Hahn, 1969) did not have a typical blade-like premolar instead 

the early multituberculate premolar had two rows of cusps of equal height. 

Gondwanatherians may have retained the molariform premolar from early multituberculates 

that have an additional row of distinct buccal basal cusps on the premolars. This supports the 

theory that blade-like multituberculate premolars may have developed from teeth with two 

rows of cusps of equal height, i.e. molariform type teeth.  

3. An alternative dental formula for Sudamerica can also be considered. The first cheek-

tooth in place in the lower jaw is a premolar and the other three teeth are molars, [a 

condition previously proposed by Pascual et al. (1999)] this corresponds to the ancestral 

three molar pattern found in early allotherians. If this dental formula is proven for Sudamerica 

ameghinoi it would demonstrate that this group attained an extra molar compared to the 

multituberculate dentition due to the acquisition of hypsodonty a transformation that seems 

highly unlikely. Alternatively the presence of one lower premolar and three lower molars may 

have been an ancestral conservative trait carried on from the allotherian dentition.  
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4. The origin of gondwanatherian mammals remains unknown however different scenarios 

are proposed (see Chapter 5).  

a. Gondwanatheria are a hypsodont clade of southern multituberculates. 

b. Gondwanatherians are not multituberculates but are convergent clade. 

c. Ferugliotheriidae is a multituberculate family from Gondwana. Sudamericidae are not 

multituberculates but Mammalia incertae sedis. 

d. Multituberculates are present in Gondwana, but are represented only by a lower 

isolated dentary and two upper premolars. Ferugliotheriidae and Sudamericidae are 

Mammalia incertae sedis.  

5. The study corroborates that the evolution of hypsodonty in mammalian dentition  

occurred initially in Gondwana during the Cretaceous and this is supported by the presence 

of hypsodonty in the Late Cretaceous in the gondwanatherians. The gondwanatherians are 

thus the earliest mammals known to develop such specialized dental characters in their 

postcanine dentition. This may be related to a grinding herbivorous diet, or by changes in the 

environment caused by accumulated grit and dust on vegetable or food matter; or as a result 

of the intense volcanic episodes that occurred during the Jurassic and Cretaceous in South 

America and other parts of Gondwana. Evolution of hypsodonty in the Sudamericidae may 

be responsible for significant changes in the cranialdental system such as the radical 

transformation of hypsodont premolars from blade-like premolars in a multituberculate 

ancestor. 

6. Brachyodont and hypsodont contemporary forms are known in closely related mammal 

species (e.g. sibling vole Microtus agrestis and house mouse Mus musculus). It thus can be 

assumed that forms such as the brachyodont Ferugliotherium and the hypsodont 

Gondwanatherium, bearing the same enamel bands and occlusal morphology of cusps and 

lophs, both from the Late Cretaceous of Argentina were related and phylogenetically close. 

Based on extant mammals it can be said that changes in mammalian dentition such as the 

evolution of new cusps or the evolution of hypsodont molars from a brachyodont ancestor is 

a possible modification as demonstrated by Tummers and Thesleff (2003 and references 

therein) and Kangas et al. (2004) and can occur throughout evolution in a relatively simple 

manner where only slight changes are needed in the mechanisms that define the pattern of 

molar morphogenesis. 

 543



Chapter 11 Conclusions and Epilogue 

7. Hypsodonty was present in the incisor pattern in early forms of multituberculates and 

other early non-mammalian cynodonts such as the tritylodontids. Thus the hypsodont incisor 

pattern was a dental characteristic that has evolved previous to the appearance of hypsodont 

molars and premolars.  

 544



Chapter 11 Conclusions and Epilogue 

11.2 Epilogue 

During the last twenty years many questions have been raised about the evolutionary history 

of gondwanatherian mammals and paleontologists have been trying to put together the 

gondwanatherian mammal puzzle with limited resources at hand consisting of only few and 

scattered pieces.  

I am confident that in the next twenty years with more extensive field work in countries such 

as Argentina and in other southern lands together with advancing technology and with the 

aid of meticulously driven lab research, new material will be discovered that will broaden 

significantly our knowledge in this amazing group of mammals as well as in the evolution of 

mammals in Gondwana during the Mesozoic. 
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Appendix A Measurements of Gondwanatheria Teeth 
 

Table 1 Measurement of Sudamerica ameghinoi cheekteeth housed at MACN 
ID Tooth U/L Position H L a-p L a-pM W a-p W a-pm L/W 
1 MACN PV-CH 1917 Upper LMF3 14.50 4.80 4.80 4.20 4.30 1.14 
2 MACN PV-CH 1918 Lower rmf2 12.80 4.80 4.70 3.80 3.90 1.26 
3 MACN PV-CH 1919 Upper LMF2 12.90 5.30 5.50 4.20 4.20 1.26 
4 MACN PV-CH 1920 Upper RMF4 14.40 4.70 4.80 4.10 4.10 1.15 
5 MACN PV-CH 1921 Upper RMF4 11.10 4.60 4.40 3.90 3.90 1.18 
6 MACN PV-CH 1922 Lower lmf3 8.20 4.50 4.30 3.90 4.00 1.15 
7 MACN PV-CH 1923  NI 11.40 - - - - - 
8 MACN PV-CH 1924 Lower lmf1 10.30 5.60 5.70 3.50 3.50 1.60 
9 MACN PV-CH 1925  NI 12.20 - - - - - 
10 MACN PV-CH 1926 Lower rmf3 6.60 4.40 4.50 4.40 4.50 1.00 
11 MACN PV-CH 1927 Upper RMF1 13.30 5.80 5.00 3.80 3.80 1.53 
12 MACN PV-CH 1928 Upper LMF3 13.00 4.80 4.50 4.20 4.20 1.14 
13 MACN PV-CH 1929 Lower rmf4 11.00 4.00 4.40 2.90 2.70 1.38 
14 MACN PV-CH 1930  NI 11.70 - - - - - 
15 MACN PV-CH 1931 Lower lmf2 7.90 4.70 4.70 4.40 4.50 1.07 
16 MACN PV-CH 1932 Lower lmf4 12.10 4.10 4.40 3.60 3.70 1.14 
17 MACN PV-CH 1933 Upper LMF1 10.50 4.90 5.60 1.90 1.80 2.58 
18 MACN PV-CH 1934 Upper LMF1 13.30 5.80 5.60 3.80 4.00 1.53 
19 MACN PV-CH 1935 Upper RMF3 12.80 4.50 4.40 4.20 4.40 1.07 
20 MACN PV-CH 1484 Lower rmf4 9.70 3.20 3.10 3.80 4.10 0.84 
21 MACN PV-CH 1936 Lower lmf1 16.30 5.60 5.60 2.90 3.00 1.93 
22 MACN PV-CH 1937 Upper LMF2 8.90 5.50 5.50 4.00 3.90 1.38 
23 MACN PV-CH 1938 Lower rmf2 10.60 4.30 4.30 4.40 4.80 0.98 
24 MACN PV-CH 1939 Upper LMF2 11.30 5.80 5.80 4.20 4.30 1.38 
25 MACN PV-CH 1940 Upper RMF3 13.00 4.50 4.60 4.00 3.90 1.13 
26 MACN PV-CH 1941 Lower rmf3 10.20 4.50 4.50 4.20 4.30 1.07 
27 MACN PV-CH 1942 Lower rmf1,rmf2 15.70 - 9.70 - - - 
28 MACN PV-CH 1943 Lower rmf3 12.40 4.90 4.90 4.00 4.10 1.23 
29 MACN PV-CH 1944 Upper LMF1 11.80 5.50 5.00 3.90 4.20 1.41 
30 MACN PV-CH 1945 Upper RMF4 9.30 3.60 3.70 4.10 4.00 0.88 
31 MACN PV-CH 1946 Lower lmf3 11.30 3.50 3.50 3.70 3.70 0.95 
32 MACN PV-CH 1947  NI 7.40 8.90 - - - - 
33 MACN PV-CH 1948 Lower rmf1 10.10 6.30 6.60 3.70 3.70 1.70 
34 MACN PV-CH 1949 Lower rmf2 13.00 5.70 5.60 4.50 4.70 1.27 
35 MACN PV-CH 1950 Lower lmf3 10.30 4.60 5.10 4.90 4.80 0.94 
36 MACN PV-CH 1951 Upper RMF2 9.90 5.70 5.80 3.60 3.70 1.58 
37 MACN PV-CH 1952 Upper RMF1 11.80 5.30 5.20 3.30 3.30 1.61 
38 MACN PV-CH 1953 Lower rmf1 8.50 6.10 6.20 3.20 3.40 1.91 
39 MACN PV-CH1954 Upper RMF2 9.60 6.20 5.90 4.10 4.10 1.51 
40 MACN PV-CH 1955 Lower lmf1 8.50 4.50 5.90 3.20 3.40 1.41 
41 MACN PV-CH 1956 Lower rmf2 13.50 4.40 4.10 3.30 4.10 1.33 
42 MACN PV-CH 1957  NI 13.60 - - - - - 
43 MACN PV-CH 1958 Upper RMF4 12.90 4.50 4.50 4.10 4.50 1.10 
44 MACN PV-CH 1959  NI 11.50 4.10 4.30 - - - 
45 MACN PV-CH 1960 Upper RMF4 13.30 4.20 4.40 4.30 4.70 0.98 
46 MACN PV-CH 1961 Lower Lmf1 10.40 5.40 5.40 3.20 3.30 1.69 
47 MACN PV-CH 1962  NI 13.80 4.6* 4.90 4.00 4.50 1.15 
48 MACN PV-CH 1963  NI 12.90 4.10 3.90 4.20 4.20 0.98 
49 MACN PV-CH 1964 Upper LMF4 9.40 5.00 4.90 4.30 4.30 1.16 
50 MACN PV-CH 1965 Lower rmf3 6.50 3.3* 4.10 4.30 4.10 0.77 
51 MACN PV-CH 1966  NI 12.90 - - - - - 
52 MACN PV-CH 1967 Lower lmf1 12.40 5.10 5.60 3.00 3.20 1.70 
53 MACN PV-CH 1968 Upper RMF2 4.30 5.30 5.30 4.30 4.10 1.23 
54 MACN PV-CH 1969 Upper LMF3 8.60 4.70 4.70 3.90 4.00 1.21 
55 MACN PV-CH 1970 Upper RMF2 8.90 4.10 4.30 3.70 3.70 1.11 
56 MACN PV-CH 1971  NI 8.80 - - - - - 
57 MACN PV-CH 1972  NI 11.90 - - - - - 
58 MACN PV-CH 1973  NI 13.80 - - 4.00 4.10 - 
59 MACN PV-CH 1974 Lower? NI 13.30 4.50 4.60 3.40 3.50 1.32 
60 MACN PV-CH 1975  NI 9.50 - - - - - 
61 MACN PV-CH 1976 Upper LMF1 14.00 6.10 5.90 3.70 4.20 1.65 
62 MACN PV-CH 1483 Upper LMF3 13.20 4.60 4.70 3.60 4.00 1.28 
63 MACN PV-CH 1977 Upper LMF3 13.40 4.80 4.50 4.20 4.30 1.14 
64 MACN PV-CH 1978 Upper LMF4 11.50 4.40 4.40 4.20 4.30 1.05 
65 MACN PV-CH 1979 Lower lmf1 18.40 5.80 5.80 3.30 3.60 1.76 
66 MACN PV-CH 1980 Upper RMF2 10.60 5.60 5.50 3.60 3.60 1.56 
67 MACN PV-CH 1981 Lower rmf2 10.80 4.90 4.80 4.00 4.00 1.23 
68 MACN PV-CH 1982 Upper LMF1 15.20 5.10 5.70 3.60 4.60 1.42 
69 MACN PV-CH 1983 Upper LMF1 10.90 6.00 5.70 3.50 3.40 1.71 
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Table 2 Root Definition of Sudamerica ameghinoi cheekteeth housed at MACN 
ID num teeth root shape root characteristics 

1 MACN PV-CH 1917 Base of crown open, no root formed yet? Base of crown flat on lingual, convex labial 
2 MACN PV-CH 1918 Base of crown open, no root formed yet? Base of crown flat on lingual, convex labial 
3 MACN PV-CH 1919 Conical root complete Base of crown flat on lingual, convex labial 
4 MACN PV-CH 1920 Broken at crown base, no root preserved   
5 MACN PV-CH 1921 Base of crown open, constricted at root end Base of crown flat on lingual, convex labial 
6 MACN PV-CH 1922 Base of crown open, constricted at root end Base of crown flat on lingual, convex labial 
7 MACN PV-CH 1923 Broken at crown base, no root preserved Broken at base 
8 MACN PV-CH 1924 Base of crown open, constricted at root end Lingual side curls over crown base 
9 MACN PV-CH 1925 Broken at crown base, no root preserved Broken at base 

10 MACN PV-CH 1926 Base of crown open, constricted at root end Open crown, observed on lingual side of crown 
11 MACN PV-CH 1927 Base of crown open, no root formed yet? Laterally compressed at root end 
12 MACN PV-CH 1928 Base of crown open, constricted at root end Labial side curls over crown base 
13 MACN PV-CH 1929 Base of crown open, constricted at root end Root open 
14 MACN PV-CH 1930   Broken at base 
15 MACN PV-CH 1931 Broken at crown base, no root preserved Root open 
16 MACN PV-CH 1932 Base of crown open, constricted at root end Root open 
17 MACN PV-CH 1933 Broken at crown base, no root preserved Broken at base 
18 MACN PV-CH 1934 Base of crown open, constricted at root end Open crown, observed on lingual side of crown 
19 MACN PV-CH 1935 Base of crown open, constricted at root end   
20 MACN PV-CH 1484 Base of crown open, constricted at root end Root open 
21 MACN PV-CH 1936 Base of crown open, constricted at root end Root open 
22 MACN PV-CH 1937 Base of crown open, no root formed yet? Base of crown flat on lingual, convex labial 
23 MACN PV-CH 1938 Conical root not present Root open 
24 MACN PV-CH 1939 Base of crown open, constricted at root end Base of crown flat on lingual, convex labial 
25 MACN PV-CH 1940 Conical root broken Broken at base 
26 MACN PV-CH 1941 Base of crown open, constricted at root end   
27 MACN PV-CH 1942   Broken at base 
28 MACN PV-CH 1943 Base of crown open, constricted at root end Root open 
29 MACN PV-CH 1944   Broken at base 
30 MACN PV-CH 1945 Broken at crown base, no root preserved Broken at base 
31 MACN PV-CH 1946 Base of crown open, constricted at root end Broken at base 
32 MACN PV-CH 1947   Broken at base 
33 MACN PV-CH 1948 Base of crown open, constricted at root end Laterally compressed at root end 
34 MACN PV-CH 1949 Base of crown open, constricted at root end Root open 
35 MACN PV-CH 1950 Conical root complete Root closed 
36 MACN PV-CH 1951 Broken at crown base, no root preserved Laterally compressed at root end 
37 MACN PV-CH 1952 Broken at crown base, no root preserved Laterally compressed at root end 
38 MACN PV-CH 1953 Broken at crown base, no root preserved Broken at base 
39 MACN PV-CH1954 Base of crown open, no root formed yet? Laterally compressed at root end 
40 MACN PV-CH 1955 Broken at crown base, no root preserved Root open 
41 MACN PV-CH 1956 Base of crown open, constricted at root end Root open 
42 MACN PV-CH 1957   Broken at base 
43 MACN PV-CH 1958 Base of crown open, constricted at root end Broken at base 
44 MACN PV-CH 1959   Broken at base 
45 MACN PV-CH 1960 Base of crown open, constricted at root end Broken at base 
46 MACN PV-CH 1961 Base of crown open, constricted at root end Laterally compressed at root end 
47 MACN PV-CH 1962   Broken at base 
48 MACN PV-CH 1963   Broken at base 
49 MACN PV-CH 1964 Broken at crown base, no root preserved Labial side curls over crown base 
50 MACN PV-CH 1965 Broken at crown base, no root preserved Root open 
51 MACN PV-CH 1966   Broken at base 
52 MACN PV-CH 1967 Broken at crown base, no root preserved Laterally compressed at root end 
53 MACN PV-CH 1968 Broken at crown base, no root preserved Laterally compressed at root end 
54 MACN PV-CH 1969 Base of crown open, constricted at root end Root open 
55 MACN PV-CH 1970 Base of crown open, constricted at root end Root closed 
56 MACN PV-CH 1971   Broken at base 
57 MACN PV-CH 1972   Broken at base 
58 MACN PV-CH 1973   Broken at base 
59 MACN PV-CH 1974   Broken at base 
60 MACN PV-CH 1975   Broken at base 
61 MACN PV-CH 1976 Base of crown open, constricted at root end Laterally compressed at root end 
62 MACN PV-CH 1483 Base of crown open, constricted at root end Laterally compressed at root end 
63 MACN PV-CH 1977 Base of crown open, constricted at root end   
64 MACN PV-CH 1978 Base of crown open, constricted at root end Labial side curls over crown base 
65 MACN PV-CH 1979 Base of crown open, constricted at root end Laterally compressed at root end 
66 MACN PV-CH 1980 Base of crown open, constricted at root end Base of crown flat on lingual, convex labial 
67 MACN PV-CH 1981 Base of crown open, constricted at root end Base of crown flat on labial, convex lingual 
68 MACN PV-CH 1982 Base of crown open, constricted at root end Root open 
69 MACN PV-CH 1983 Base of crown open, constricted at root end Root open 
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ID Tooth Tooth type Description 

1 MACN PV-CH 1917 Upper. LMF3. Complete and worn. 3 lingual 3 labial lobes. Lingual shorter and flatter (more worn) than labial. Labial longer and higher than lingual. Lingual ends in square tip. Labial ends in rounded/pointed 
tip. 

2 MACN PV-CH 1918 Lower. Rmf2. Complete and worn. 3 lingual 3 labial lobes. Lingual longer than labial. Labial shorter than lingual, but broken. Lingual ends in pointed tip. 
3 MACN PV-CH 1919 Upper. LMF2. Complete. 4 lingual 4 labial lobes. Lingual shorter and flatter than labial. Labial longer and flatter than lingual. 
4 MACN PV-CH 1920 Upper RMF4. Very worn. 3 lingual 3 labial lobes. Lingual shorter than labial. Lingual less worn and higher, labial ore flatter. Labial ends in pointed tip. Lingual ends in square tip. 
5 MACN PV-CH 1921 Upper. RMF4 Complete and worn. 3 lingual 3 labial lobes. Lingual shorter  and flatter than labial. Labial longer and less worn than lingual. 

6 MACN PV-CH 1922 Lower. Lmf3. Complete and worn. 3 lingual 3 labial lobes. Lingual longer and flatter than labial. Labial shorter and les worn than lingual. Lingual ends in pointed tip. Labial ends in rounded /square tip except 
for posterior labial tip that ends in a point. 

7 MACN PV-CH 1923 NI. Incomplete. 
8 MACN PV-CH 1924 Lower. lmf1. Complete and worn. 4 lingual 3 labial lobes. Lingual longer and flatter than labial. Labial shorter and higher than lingual. 
9 MACN PV-CH 1925 NI. Incomplete. 

10 MACN PV-CH 1926 Lower rmf3. Complete and worn. 3 lingual 3 labial lobes. Lingual longer and flatter than labial. Labial shorter and less worn than lingual, partially broken. Lingual ends in pointed tip. Labial ends in rounded-
square tip. 

11 MACN PV-CH 1927 Upper. RMF1. Complete. 4 lingual 4 labial lobes. Lingual shorter and higher than labial. Labial longer and flatter than lingual. Lingual ends in square tip. Labial ends in rounded tip. 
12 MACN PV-CH 1928 Upper LMF3 Incomplete and broken. 3 lingual 3 labial lobes. Lingual shorter than labial. Labial longer and more worn than lingual . Lingual ends in pointed tip. Labial tips broken. 
13 MACN PV-CH 1929 Lower. rmf4. Complete. 2 lingual 2 labial lobes. Lingual shorter  but less worn than labial lobes. Labial longer than lingual and end in pointed tips. 
14 MACN PV-CH 1930 NI. Incomplete. 
15 MACN PV-CH 1931 Lower. lmf2. Complete and worn. 3 lingual 3 labial lobes. Lingual  lobes longer  and more worn than labial. Labial shorter and broken. 
16 MACN PV-CH 1932 Lower. Lmf4. Complete. 2 lingual 2 labial lobes. Lingual longer than labial?. Labial shorter than lingual?. 
17 MACN PV-CH 1933 Lower. lmf1. Incomplete and broken. 
18 MACN PV-CH 1934 Upper. LMF2. Complete and worn. 4 lingual 4 labial lobes. Lingual shorter  and more worn than labial. Labial longer and higher  than lingual. Lingual ends in rounded tip. Labial ends in rounded tip. 
19 MACN PV-CH 1935 Lower. rmf2. Complete. 3 lingual, 3 labial lobes. Lingual longer and flatter than labial. Labial  longer and higher than lingual. Lingual ends in pointed tip. Labial ends in rounded-square tip. 
20 MACN PV-CH 1484 Lower rmf4. Complete. 2 lingual 2 labial lobes. Lingual lobes longer and less worn than labial lobes. Labial shorter  and flatter than lingual. Labial ends in square tip. Lingual ends in pointed tip. 
21 MACN PV-CH 1936 Lower. lmf1. Complete and worn. 4 lingual 3 labial lobes. Lingual longer than labial. Labial shorter than lingual. Lingual ends in pointed tip. Labial ends in rounded tip. 
22 MACN PV-CH 1937 Upper. LMF2. Complete and worn. 4 lingual 4 labial lobes. Lingual shorter than labial. Lingual lobes worn flatter than labial. Labial longer than lingual. Lingual ends in rounded tip. Labial ends in square tip. 
23 MACN PV-CH 1938 Lower. rmf2. Complete and worn. 3 lingual 3 labial lobes. Lingual longer than labial. Labial shorter than lingual. Lingual ends in pointed tip. Labial ends in rounded-square tip. 
24 MACN PV-CH 1939 Upper. LMF2. Complete and worn. 4 lingual 4 labial lobes. Lingual shorter and higher than labial. Labial longer and flatter than lingual. Lingual ends in rounded/square tip. Labial ends in pointed tip. 
25 MACN PV-CH 1940 Upper. RMF3. Worn. 3 lingual 3 labial lobes. Lingual shorter and flatter than labial. Labial longer and higher than lingual. Lingual ends in rounded tip. Labial ends in pointed tip. 
26 MACN PV-CH 1941 Lower. rmf3. Worn. 3 lingual 3 labial lobes. Lingual longer and flatter than labial. Labial longer and higher than lingual. Lingual ends in pointed tip. Labial ends in square tip. 
27 MACN PV-CH 1942 Lower. rmf1,rmf2. Broken. 
28 MACN PV-CH 1943 Lower. Rmf3. Complete and worn. 3 lingual 3 labial lobes. Lingual longer than labial. Labial shorter and less worn than lingual. Lingual ends in pointed tip. Labial ends in square tip. 
29 MACN PV-CH 1944 Upper LMF1. Complete. 4 lingual 4 labial lobes. Lingual shorter and higher than labial. Labial longer and flatter than lingual. Lingual ends in rounded tip. Labial ends in rounded tip. 
30 MACN PV-CH 1945 Upper. RMF4. Broken. 3 lingual 3 labial lobes. Lingual shorter and flatter than labial. Labial longer and higher than lingual. Lingual ends in pointed tip. Labial ends in rounded-square tip. 
31 MACN PV-CH 1946 Lower. Lmf3. Incomplete and broken. 3 lingual 3 labial lobes. Lingual longer and flatter than labial. Labial shorter and higher than lingual. Lingual ends in rounded tip. Labial ends in square tip. 
32 MACN PV-CH 1947 NI. Incomplete, Fragments. 
33 MACN PV-CH 1948 Lower. rmf1. Complete and worn. 4 lingual 3 labial lobes. Lingual longer than labial. Labial shorter than lingual. Lingual ends in pointed tip. Labial ends in rounded tip. 
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ID Tooth Tooth type Description 

34 MACN PV-CH 1949 Upper. LMF4. Broken and worn. 3 lingual 3 labial lobes. Lingual shorter than labial but higher. Labial lobes longer and flatter than lingual. Labial lobes  ends in pointed tip. Lingual lobes broken, ends in 
rounded tip. 

35 MACN PV-CH 1950 Lower. rmf3. Complete and worn. 3 lingual 3 labial lobes. Lingual longer and flatter than labial. Labial shorter and higher than lingual. Lingual ends in pointed tip. Labial ends in rounded tip. 
36 MACN PV-CH 1951 Upper. RMF2 Complete and worn. 4 lingual 4 labial lobes. Lingual lobes shorter than labial. Labial longer than lingual. Lingual ends in rounded-square tip. Labial ends in rounded tip. 
37 MACN PV-CH 1952 Upper. RMF1. Complete. 4 lingual 4 labial lobes. Lingual shorter and higher than labial. Labial longer and flatter than lingual. Lingual ends in square tip. Labial ends in rounded tip. 
38 MACN PV-CH 1953 Lower rmf1. Broken and worn. 4 lingual 3 labial lobes. Lingual longer than labial. Labial shorter than lingual. Labial ends in rounded-square tip. 
39 MACN PV-CH1954 Upper. LMF3. Complete. 4 lingual 4 labial lobes. Lingual shorter but less worn than labial. lobes Labial longer than lingual and more worn. Lingual ends in square tip. Labial ends in rounded tip. 
40 MACN PV-CH 1955 Lower. lmf1. Complete and worn. 4 lingual 3 labial lobes. Lingual longer and flatter than labial. Labial shorter and higher than lingual. Lingual ends in pointed tip. Labial ends in rounded tip. 
41 MACN PV-CH 1956 Lower rmf2. Complete. 3 lingual 3 labial lobes. Lingual longer and flatter than labial. Labial shorter than lingual. Lingual ends in pointed tip. Labial ends in rounded-square tip. 
42 MACN PV-CH 1957 NI. Broken. 
43 MACN PV-CH 1958 Upper. RMF4 Incomplete and broken. 3 lingual 3 labial lobes. Lingual shorter and seem more worn and flatter than labial. Labial longer than lingual. Lingual ends in rounded tip. Labial ends in pointed tip. 
44 MACN PV-CH 1959 NI. Incomplete and broken. 
45 MACN PV-CH 1960 Upper. RMF4. Complete. 3 lingual 3 labial lobes. Lingual shorter and flatter than labial lobes. Labial lobes longer than lingual. Lingual ends in rounded tip. Labial ends in pointed tip. 
46 MACN PV-CH 1961 Lower. Lmf1. Complete and worn. 4 lingual 3 labial lobes. Lingual shorter and flatter than labial. Labial shorter and higher than lingual. Lingual ends in square tip. Labial ends in rounded-square tip. 
47 MACN PV-CH 1962 NI. Incomplete and broken. 
48 MACN PV-CH 1963 NI. Incomplete and broken. 
49 MACN PV-CH 1964 Upper. LMF4. Complete and worn. 3 lingual 3 labial lobes. Lingual shorter and less worn \than labial. Labial longer and very worn and flatter than lingual. Lingual ends in square tip. Labial ends in pointed tip. 
50 MACN PV-CH 1965 Lower. rmf3. Incomplete and broken. 3 lingual 3 labial lobes. Lingual longer than labial. Labial shorter than lingual. Lingual ends in rounded tip. Labial ends in pointed tip. 
51 MACN PV-CH 1966 NI. Incomplete and broken. 
52 MACN PV-CH 1967 Lower. Lmf1. Complete and worn. 4 lingual 3 labial lobes. Lingual longer and higher than labial. Labial shorter and flatter than lingual. Lingual ends in pointed tip. Labial ends in pointed tip. 
53 MACN PV-CH 1968 Upper. RMF2. Broken. 4 lingual 4 labial lobes. Lingual shorter and higher than labial. Labial longer and flatter than lingual. Lingual ends in rounded tip. Labial ends in square tip. 
54 MACN PV-CH 1969 Upper. LMF3. Complete and very worn. 3 lingual 3 labial lobes. Lingual shorter than labial. Labial longer than lingual. Lingual ends in rounded tip. Labial ends in pointed? tip. 
55 MACN PV-CH 1970 Upper. RMF2. Incomplete and broken. 4 lingual 4 labial lobes. Lingual shorter than labial. Labial longer than lingual. Lingual broken. Labial ends in rounded-square tip. 
56 MACN PV-CH 1971 NI. Incomplete and broken. 
57 MACN PV-CH 1972 NI. Incomplete and broken. 
58 MACN PV-CH 1973 NI. Incomplete and broken. 
59 MACN PV-CH 1974 Lower. Rmf1. ? Incomplete and broken. 4 lingual 3 labial lobes. Lingual broken. Labial broken. 
60 MACN PV-CH 1975 NI. Incomplete and broken. 
61 MACN PV-CH 1976 Upper. LMF1. Complete. 4 lingual 4 labial lobes. Lingual shorter and flatter than labial. Labial longer and higher than lingual. Labial ends in pointed tip. Lingual ends in rounded-square tip. 
62 MACN PV-CH 1483 Upper LMF3. Broken and worn. 3 lingual 3 labial lobes. Lingual shorter and flatter than labial. Labial higher than lingual. Labial ends in pointed tip. Linguall ends in rounded-square tip. 
63 MACN PV-CH 1977 Upper. LMF3. Worn. 3 lingual 3 labial lobes. Lingual shorter than labial. Labial longer than lingual. Lingual ends in square tip. Labial ends in pointed tip. 
64 MACN PV-CH 1978 Upper. LMF4. Complete and worn. 3 lingual 3 labial lobes. Lingual shorter and flatter than labial. Labial longer and flatter than lingual. Lingual ends in rounded-square tip. Labial ends in pointed tip. 
65 MACN PV-CH 1979 Lower. Lmf1. Complete. 4 lingual 3 labial lobes. Lingual longer and flatter than labial. Labial shorter and higher than lingual. Lingual ends in rounded tip. Labial ends in rounded tip. 
66 MACN PV-CH 1980 Upper. RMF2 Complete. 4 lingual 4 labial lobes. Lingual shorter than labial. Labial longer than lingual. Lingual ends in square tip. Labial ends in rounded-square tip. 
67 MACN PV-CH 1981 Lower. rmf2. Complete. 3 lingual 3 labial lobes. Lingual longer and flatter than labial. Labial shorter and higher than lingual. Lingual ends in pointed tip. Labial ends in square tip. 
68 MACN PV-CH 1982 Upper. RMF1. Broken. 4 lingual 4 labial lobes. Lingual shorter than labial. Labial longer than lingual. Lingual ends in square/rounded tip. Labial ends in pointed tip. 
69 MACN PV-CH 1983 Upper. RMF1. Complete and worn. 4 lingual 4 labial lobes. Lingual shorter than labial. Labial longer than lingual. Lingual ends in square tip. Labial ends in pointed tip. 
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Tooth Number ID General curvature Complete crown Shape crown Furrows Shape/general Longitudinal lophs 
MACN PV-CH 1917 1 Crown curves distally Complete long Uniform crown, wide at occl. narrow at base Furrows: 2 lingual 2 labial Shape: Not Laterally compressed Long. lophs: 3 lingual 3 labial 
MACN PV-CH 1918 2 Crown Straight Complete long Straight Furrows: 2 lingual 2 labial Shape: Not Laterally compressed Long. lophs: 3 lingual 3 labial 
MACN PV-CH 1919 3 Crown curves distally Complete long Uniform crown, wide at occl. narrow at base Furrows: 3 lingual 3 labial Shape: Not Laterally compressed Long. lophs: 4 lingual 4 labial 
MACN PV-CH 1920 4 Crown Straight Complete long Uniform crown, wide at occl. narrow at base Furrows: 2 lingual 2 labial Shape: Laterally compressed Long. lophs: 3 lingual 3 labial 
MACN PV-CH 1921 5 Crown curves distally Complete long Uniform crown       
MACN PV-CH 1922 6 Crown curves distally Complete long Uniform crown, wide at occl. narrow at base Furrows: 2 lingual 2 labial     
MACN PV-CH 1923 7   Incomplete broken         
MACN PV-CH 1924 8 Crown curves distally Complete short Not straight Furrows: 3 lingual 2 labial Shape: Laterally compressed Long. lophs: 4 lingual 3 labial 
MACN PV-CH 1925 9 Crown curves distally Incomplete broken Straight Furrows: 2 conserved     
MACN PV-CH 1926 10 Crown curves distally Complete short Uniform crown, wide at occl. narrow at base Furrows: 2 lingual 2 labial Shape: Laterally compressed Long. lophs: 3 lingual 3 labial 
MACN PV-CH 1927 11 Crown Straight Complete long Uniform crown, wide at occl. narrow at base Furrows: 3 lingual 3 labial Shape: Laterally compressed Long. lophs: 4 lingual 4 labial 
MACN PV-CH 1928 12 Crown curves distally Incomplete long Uniform crown, wide at occl. narrow at base Furrows: 2 lingual 2 labial Shape: Not Laterally compressed Long. lophs: 3 lingual 3 labial 
MACN PV-CH 1929 13 Crown curves distally Complete long Uniform crown  narrow at base Furrows: 1 lingual 1 labial 2 on posterior Shape: Laterally compressed Long. lophs: 2 lingual 2 labial 
MACN PV-CH 1930 14   Incomplete long Broken     Long. lophs: Broken 
MACN PV-CH 1931 15 Crown curves distally Complete short Uniform crown, wide at occl. narrow at base Furrows: 2 lingual 2 labial Shape: Laterally compressed Long. lophs: 3 lingual 3 labial 
MACN PV-CH 1932 16 Crown curves distally Complete long Uniform crown, wide at occl. narrow at base Furrows: 2 lingual 2 labial Shape: Laterally compressed Long. lophs: 2 lingual 2 labial 
MACN PV-CH 1933 17 Crown Straight Incomplete broken Straight Furrows: 3 conserved   Long. lophs: Broken 
MACN PV-CH 1934 18 Crown curves distally Complete long Uniform crown, wide at occl. narrow at base Furrows: 3 lingual 3 labial Shape: Not Laterally compressed Long. lophs: 4 lingual 4 labial 
MACN PV-CH 1935 19 Crown curves distally Complete long Uniform crown, wide at occl. narrow at base Furrows: 2 lingual 2 labial Shape: Not Laterally compressed Long. lophs: 3 lingual 3 labial 
MACN PV-CH 1484 20 Crown curves distally   Uniform crown, wide at occl. narrow at base Furrows: 1 lingual 1 labial Shape: Laterally compressed Long. lophs: 2 lingual 2 labial 
MACN PV-CH 1936 21 Crown curves distally Complete long Uniform crown Furrows: 3 lingual 2 labial Shape: Laterally compressed Long. lophs: 4 lingual 3 labial 
MACN PV-CH 1937 22 Crown curves distally Complete short Uniform crown, wide at occl. narrow at base Furrows: 3 lingual 3 labial   Long. lophs: 4 lingual 4 labial 
MACN PV-CH 1938 23 Crown curves distally Complete short Uniform crown, wide at occl. narrow at base Furrows: 2 lingual 2 labial Shape: Not Laterally compressed Long. lophs: 3 lingual 3 labial 
MACN PV-CH 1939 24 Crown curves distally Complete long Uniform crown, wide at occl. narrow at base Furrows: 3 lingual 3 labial Shape: Not Laterally compressed Long. lophs: 4 lingual 4 labial 
MACN PV-CH 1940 25 Crown curves distally Complete long Uniform crown, wide at occl. narrow at base Furrows: 2 lingual 2 labial Shape: Laterally compressed Long. lophs: 3 lingual 3 labial 
MACN PV-CH 1941 26 Crown curves distally Complete long Uniform crown, wide at occl. narrow at base Furrows: 2 lingual 2 labial Shape: Not Laterally compressed Long. lophs: 3 lingual 3 labial 
MACN PV-CH 1942 27 Crown curves distally Incomplete broken Broken Furrows: not conserved Shape: Laterally compressed Long. lophs: Broken 
MACN PV-CH 1943 28 Crown curves distally Complete long Uniform crown, wide at occl. narrow at base Furrows: 2 lingual 2 labial Shape: Laterally compressed Long. lophs: 3 lingual 3 labial 
MACN PV-CH 1944 29 Crown curves distally Complete long Uniform crown, wide at occl. narrow at base Furrows: 3 lingual 3 labial Shape: Laterally compressed Long. lophs: 4 lingual 4 labial 
MACN PV-CH 1945 30 Crown curves distally Incomplete broken Uniform crown Furrows: 2 lingual 2 labial Shape: Not Laterally compressed Long. lophs: 3 lingual 3 labial 
MACN PV-CH 1946 31 Crown Straight Incomplete long Straight Furrows: 2 lingual 2 labial   Long. lophs: Broken 
MACN PV-CH 1947 32   Incomplete broken Broken Furrows: 1 conserved   Long. lophs: Broken 
MACN PV-CH 1948 33 Crown curves distally Complete short Uniform crown Furrows: 3 lingual 2 labial Shape: Laterally compressed Long. lophs: 4 lingual 3 labial 
MACN PV-CH 1949 34 Crown curves distally Complete long Uniform crown, wide at occl. narrow at base Furrows: 2 lingual 2 labial Shape: Not Laterally compressed Long. lophs: 3 lingual 3 labial 
MACN PV-CH 1950 35 Crown curves distally Complete short Uniform crown, wide at occl. narrow at base Furrows: not conserved Shape: Not Laterally compressed Long. lophs: 3 lingual 3 labial 
MACN PV-CH 1951 36   Complete long Uniform crown, wide at occl. narrow at base Furrows: 3 lingual 3 labial Shape: Laterally compressed Long. lophs: 4 lingual 4 labial 
MACN PV-CH 1952 37 Crown Straight Complete long Uniform crown Furrows: 3 lingual 3 labial Shape: Laterally compressed Long. lophs: 4 lingual 4 labial 
MACN PV-CH 1953 38 Crown curves distally Incomplete short Uniform crown Furrows: 3 lingual 2 labial Shape: Laterally compressed Long. lophs: 4 lingual 3 labial 
MACN PV-CH1954 39 Crown Straight Complete short Uniform crown, wide at occl. Slightly narrow 

at base 
Furrows: 3 lingual 3 labial Shape: Laterally compressed Long. lophs: 4 lingual 4 labial 
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Tooth Number ID General curvature Complete crown Shape crown Furrows Shape/general Longitudinal lophs 
MACN PV-CH 1955 40 Crown curves distally Incomplete long Uniform crown, narrow at occl. wide at base Furrows: 2 lingual 2 labial Shape: Laterally compressed Long. lophs: 4 lingual 3 labial 
MACN PV-CH 1956 41 Crown Straight Complete long Uniform crown Furrows: 2 lingual 2 labial Shape: Not Laterally compressed Long. lophs: 3 lingual 3 labial 
MACN PV-CH 1957 42 Crown curves distally Incomplete long Broken Furrows: 1 conserved   Long. lophs: Broken 
MACN PV-CH 1958 43 Crown Straight Incomplete long Uniform crown Furrows: 2 lingual 2 labial Shape: Not Laterally compressed Long. lophs: 3 lingual 3 labial 
MACN PV-CH 1959 44 Crown Straight Incomplete broken Uniform crown Furrows: 2 conserved   Long. lophs: Broken 
MACN PV-CH 1960 45 Crown curves distally Complete long Uniform crown Furrows: 2 lingual 2 labial Shape: Not Laterally compressed Long. lophs: 3 lingual 3 labial 
MACN PV-CH 1961 46 Crown curves distally Complete short Uniform crown, wide at occl. narrow at base Furrows: 2 lingual 2 labial Shape: Laterally compressed Long. lophs: 4 lingual 3 labial 
MACN PV-CH 1962 47 Crown curves distally Incomplete broken Broken Furrows: 2 conserved   Long. lophs: Broken 
MACN PV-CH 1963 48 Crown curves distally Incomplete long Broken Furrows: 2 conserved   Long. lophs: Only 2 preserved 
MACN PV-CH 1964 49 Crown curves distally Complete short Uniform crown, wide at occl. narrow at base Furrows: 2 lingual 2 labial Shape: Not Laterally compressed Long. lophs: 3 lingual 3 labial 
MACN PV-CH 1965 50 Crown Straight Complete short Straight Furrows: 2 lingual 2 labial Shape: Laterally compressed Long. lophs: 3 lingual 3 labial 
MACN PV-CH 1966 51 Crown curves distally Incomplete broken Broken Furrows: not conserved   Long. lophs: Broken 
MACN PV-CH 1967 52 Crown curves distally Incomplete long Uniform crown, wide at occl. narrow at base Furrows: 3 lingual 2 labial Shape: Laterally compressed Long. lophs: 4 lingual 3 labial 
MACN PV-CH 1968 53 Crown curves distally Complete short Uniform crown, wide at occl. narrow at base Furrows: 3 lingual 3 labial Shape: Laterally compressed Long. lophs: 4 lingual 4 labial 
MACN PV-CH 1969 54 Crown curves distally Complete short Uniform crown, wide at occl. narrow at base Furrows: 2 lingual 2 labial   Long. lophs: 3 lingual 3 labial 
MACN PV-CH 1970 55   Incomplete broken Straight Furrows: 3 lingual 3 labial   Long. lophs: 4 lingual 4 labial 
MACN PV-CH 1971 56   Incomplete broken       Long. lophs: Broken 
MACN PV-CH 1972 57   Incomplete broken       Long. lophs: Broken 
MACN PV-CH 1973 58 Crown curves distally Incomplete broken Broken     Long. lophs: Broken 
MACN PV-CH 1974 59 Crown curves distally Incomplete broken Uniform crown, wide at occl. narrow at base Furrows: not conserved   Long. lophs: 4 lingual 3 labial 
MACN PV-CH 1975 60   Incomplete broken       Long. lophs: Broken 
MACN PV-CH 1976 61 Crown curves distally Complete long Uniform crown, wide at occl. narrow at base Furrows: 3 lingual 3 labial Shape: Laterally compressed Long. lophs: 4 lingual 4 labial 
MACN PV-CH 1483 62 Crown Straight Complete long Uniform crown, wide at occl. wide at base Furrows: 2 lingual 2 labial   Long. lophs: 3 lingual 3 labial 
MACN PV-CH 1977 63 Crown curves distally Complete long Uniform crown Furrows: 2 lingual 2 labial   Long. lophs: 3 lingual 3 labial 
MACN PV-CH 1978 64 Crown curves distally Complete long Uniform crown Furrows: 2 lingual 2 labial Shape: Not Laterally compressed Long. lophs: 3 lingual 3 labial 
MACN PV-CH 1979 65 Crown curves distally Complete long Uniform crown, wide at occl. narrow at base Furrows: 3 lingual 2 labial Shape: Laterally compressed Long. lophs: 4 lingual 3 labial 
MACN PV-CH 1980 66 Crown Straight Complete short Uniform crown, wide at occl. wide at base Furrows: 3 lingual 3 labial Shape: Laterally compressed Long. lophs: 4 lingual 4 labial 
MACN PV-CH 1981 67 Crown curves distally Complete short Uniform crown, wide at occl. narrow at base Furrows: 2 lingual 2 labial Shape: Laterally compressed Long. lophs: 3 lingual 3 labial 
MACN PV-CH 1982 68 Crown curves distally Complete long Uniform crown, wide at occl. narrow at base Furrows: 3 lingual 3 labial Shape: Not Laterally compressed Long. lophs: 4 lingual 4 labial 
MACN PV-CH 1983 69 Crown curves distally Complete long Uniform crown Furrows: 3 lingual 3 labial Shape: Laterally compressed Long. lophs: 4 lingual 4 labial 

 



 

 

A
ppendix A

 - 8 

A
p

p
en

d
ix A

 M
easu

rem
en

ts of G
on

d
w

an
ath

eria T
eeth

 

Table 5 Three lophed Upper Sudamerica ameghinoi cheekteeth housed at MACN 
No
. 

MACN Tooth 
ID. 

Upper / 
Lower 

Position L/R Lingual 
side 

concave 

Labial 
side 

convex 

Anterior 
loph 

bigger 

Posterior 
loph 

smaller 

Lingual 
lobes 
longer 

Labial 
lobes 

shorter 

Flat 
lingual 
face 

High 
labial 
face 

Flat 
anterior 

part 

Less worn 
posterior 

part 

Convex 
anterior 

face 

concave 
posterior 

face 

Crown 
curves 

anteriorly 

Long 
lingual 
face 

1 MACN PV-CH 
1917 

Upper LMF3 L yes yes No 
same 

No same No 
same 

No 
same 

yes yes no no no no Yes no 

4 MACN PV-CH 
1920 

Upper RMF4 R yes yes no no No No no No flat ? yes no no yes no 

5 MACN PV-CH 
1921 

Upper RMF4 R yes yes ? ? no no Yes yes ? ? no no yes no 

12 MACN Pv-CH 
1928 

Upper LMF3 L yes yes no no no n No No flat no no no no Yes no 

19 MACN PV-CH 
1935 

Upper RMF3 R yes yes No 
same 

No, same no no No No flat no no no no yes no 

25 MACN PV-CH 
1940 

Upper RMF3 R yes yes no no no no no no yes yes no no yes No 

30 MACN PV-CH 
1945 

Upper RMF4 R yes yes ? ? no No no no ? ? no no yes no 

41 MACN PV-CH 
1956 

Lower Rmf23/R
MF3 

? yes yes yes yes No 
same 

No 
same 

Yes 
slight 

Yes 
slight 

yes yes yes Yes slightly no no 

43 MACN PV-CH 
1958 

Upper? RMF4 R yes yes No 
same 

No, same No? No? yes yes ? ? No no yes no 

45 MACN PV-CH 
1960 

Upper RMF4 R yes yes No 
same 

No, same No 
same 

No 
same 

yes yes yes yes no no yes no 

49 MACN PV-CH 
1964 

Upper LMF4 L yes yes No 
same 

No same same same ? ? ? ? no no Yes no 

54 MACN PV-CH 
1969 

Upper LMF3 L yes yes No 
same 

No, same No 
same 

No 
same 

yes yes yes yes No 
concave 

No convex Yes no 

62 MACN PV-CH 
1483 

Upper LMF3 L yes yes No 
same 

No, same No no yes Yes 
flatter 

no no no no yes no 

63 MACN PV-CH 
1977 

Upper LMF3 L yes yes no no No 
shorter 

No 
longer 

no no no no no no yes no 

64 MACN PV-CH 
1978 

Upper LMF4 L yes yes No 
same 

No, same No 
shorer 

No 
longer 

yes Yes 
slight 

Yes 
slight 

Yes slight no no yes no 



Appendix A Measurements of Gondwanatheria Teeth 

Table 6 Measurement of Gondwanatherium patagonicum housed at MACN 
ID Tooth Upper/

Lower 
Position Height Length ant-

post 
Length ant-
post medio 

Width ant-
post 

Width ant-
post medio 

Length/Width 

1 MACN PV-RN 22 Upper Left MF2 9.60 5.47 5.43 4.65 4.88 1.18 
2 MACN PV-RN 23 Lower Right 

mf1/mf2 
14.40 4.76 5.98 3.54 4.59 1.35 

3 MACN PV-RN 24 Lower Left mf4 8.19 4.46 4.56 3.92 4.20 1.14 
4 MACN PV-RN 25 Upper Left MF2 10.51 4.82 4.72 4.72 5.05 1.02 
5 MACN PV-RN 26 Lower Left 

mf4/mf3 
8.46 3.26 3.56 4.06 4.59 0.80 

6 MACN PV-RN 970  Incisor 40.48 6.27 6.37 3.13 3.09 2.00 
7 MACN PV-RN 971 Upper Left incisor 10.44 4.60 4.66 2.95 3.14 1.56 
8 MACN PV-RN 1024  N/I 10.50 3.99 4.70 2.72 3.44 1.47 
9 MACN PV-RN 1025 Lower Left 

molariform 
8.15 1.23 4.17 4.64 4.50 0.27 

10 MACN PV-RN 1026  N/I 8.00 - - - - - 
11 MACN PV-RN 1027 Upper Right 

molariform 
9.73 - - - - - 

12 MACN PV-RN 1028  N/I 6.98 - - - - - 
13 MACN PV-RN 1029 Upper Left 

molariform 
8.65 5.18 5.01 4.76 4.55 1.09 

14 MACN PV-RN 1030  N/I 7.43 - - - - - 
15 MACN PV-RN 1031  Left incisor 8.70 - - - - - 
16 MACN PV-RN 703  N/I - - - - - - 
17 MACN PV-RN 704  N/I - - - - - - 
18 MACN PV-RN 705  N/I - - - - - - 

 

Table 7 This table indicates the measurements of the isolated Gondwanatherium cheek-teeth 
ID Tooth Under/

Lower 
Pos. Height Length ant-

post 
Length ant-
post medio 

Width ant-
post 

Width ant-
post medio 

Length/Width 

2 MACN PV-RN 23 Lower Right mf1 14.40 4.76 5.98 3.54 4.59 1.35 
3 MACN PV-RN 24 Lower Right mf4 8.19 4.46 4.56 3.92 4.20 1.14 
4 MACN PV-RN 25 Lower Right mf2 10.51 4.82 4.72 4.72 5.05 1.02 
5 MACN PV-RN 26 Lower Right mf3 8.46 3.26 3.56 4.06 4.59 0.80 

 

Table 8 Approimate measurement of Ferugliotherium windhauseni teeth housed at MACN 
ID Tooth Upper/Lower Position Height Length Width 
1 MACN PV-RN 20 Lower Right mf2  1.70 1.70 
2 MACN PV-RN 701A Lower Incisor Left in1 2.40 - 1.30 
3 MACN PV-RN 701B Lower Incisor Left in1 - - - 
4 MACN PV-RN 701C Lower Incisor Right in1 - - - 
5 MACN PV-RN 702A Upper Incisor Upper In2 1.50 - 1.10 
6 MACN PV-RN 702B Upper Incisor Upper In2 - - - 
7 MACN PV-RN 702C Upper Incisor Upper In2 1.20 - 0.90 
8 MACN PV-RN 702D Upper Incisor Upper In2 - - - 
9 MACN PV-RN 174 Lower Left mf1 - 2.20 1.60 

10 MACN PV-RN 175 Lower Right mf1 - 2.10 1.4 
11 MACN PV-RN 248 Upper Left MF1 - 2.50 1.70 
12 MACN PV-RN 249 Upper Left premolar P1/P2 - 2.05 1.20 
13 MACN PV-RN 250 Upper Deciduous premolar dP1/dP2 - 1.50 0.70 
14 MACN PV-RN 251 Lower Deciduous? Premolar dP1/dP2 - 0.85 0.50 
15 MACN PV-RN 252 Lower Molariform? - - - 
16 MACN PV-RN 253 Lower Right mf1/mf2 - - 1.50 
17 MACN PV-RN 254 Lower incisor - - - 

 

- Measurements not available 
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Drawing of Sudamerica ameghinoi teeth 
Sudamerica ameghinoi MACN Pv-CH  1917 Upper Left MF3 

   
Occlusal view Lingual view Labial view 

 

Sudamerica ameghinoi MACN Pv-CH  1918 Lower Right mf2 

 

  
Occlusal view Labial view Lingual view 

Sudamerica ameghinoi MACN Pv-CH  1919 Upper Left MF2 

 

  
Occlusal view (ant to right) Lingual view Labial view 
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Sudamerica ameghinoi MACN Pv-CH  1920 Upper Right MF4 

 
 

Occlusal view (ant to left) Lingual view Labial view 

Sudamerica ameghinoi MACN Pv-CH  1921 Upper Right MF4 

 

 
Occlusal view (ant to right) Labial view 

Sudamerica ameghinoi MACN Pv-CH  1922 Lower Left mf3 

  
Occlusal view (ant to right) lingual view Laial view 
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Sudamerica ameghinoi MACN Pv-CH  1923 NI 

  
Occlusal view Side view 

Sudamerica ameghinoi MACN Pv-CH  1924 Lower Left mf1 

 

 
Occlusal view Side view 

Sudamerica ameghinoi MACN Pv-CH  1925 NI 

 

  
Occlusal view Side A view Side B view 
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Sudamerica ameghinoi MACN Pv-CH  1926 Lower Right mf3 

 
Occlusal view (ant to right) Labial view 

Sudamerica ameghinoi MACN Pv-CH  1927 Upper Right MF1 

 
Occlusal view (ant to left) Labial view 

Sudamerica ameghinoi MACN Pv-CH  1928 Upper Left MF3 

 
Occlusal view (ant to right) Labial view 
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Sudamerica ameghinoi MACN Pv-CH  1929 Lower Right mf4 

  
Occlusal view (ant to left) Lingual view Posterior view 

Sudamerica ameghinoi MACN Pv-CH  1930 NI 

  
Occlusal view Side view 

Sudamerica ameghinoi MACN Pv-CH  1931 Lower Left mf2 

 
 

Occlusal view (ant to right) Lingual view 
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Sudamerica ameghinoi MACN Pv-CH  1932 Lower Left mf4 

 
 

Occlusal view Posterior view 

 

Sudamerica ameghinoi MACN Pv-CH  1933 Upper Left MF1 

 
Occlusal view Side view 

 

Sudamerica ameghinoi MACN Pv-CH  1934 Upper Left MF1 

 

 
Occlusal view (ant to left) Labial  view 
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Sudamerica ameghinoi MACN Pv-CH  1935 Upper Right MF3 

  
Occlusal view Labial view Lingual  view 

Sudamerica ameghinoi MACN Pv-CH  1484 Lower Right mf4 

  
Occlusal view Posterior view (labial to right) 

Sudamerica ameghinoi MACN Pv-CH  1936 Lower Left mf1 

 

 
Occlusal view Lingual view Labial view 
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Sudamerica ameghinoi MACN Pv-CH  1937 Upper Left MF2 

Occlusal view Lingual view Labial view 

Sudamerica ameghinoi MACN Pv-CH  1938 Lower Right mf2 

  
Occlusal view (ant to left) Lingual view Posterior view 

Sudamerica ameghinoi MACN Pv-CH  1939 Upper Left MF2 
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Sudamerica ameghinoi MACN Pv-CH  1940 Upper Right MF3 
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Sudamerica ameghinoi MACN Pv-CH  1941 Lower Right mf3 
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Sudamerica ameghinoi MACN Pv-CH  1942 Lower Right mf1,mf2 
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Sudamerica ameghinoi MACN Pv-CH  1943 Lower Right mf3 

 
Occlusal view (ant to right) Labial view 

 
Sudamerica ameghinoi MACN Pv-CH  1944 Upper Left MF1 
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Sudamerica ameghinoi MACN Pv-CH  1945 Upper Right MF4 
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Sudamerica ameghinoi MACN Pv-CH  1946 Lower Left mf3 

  
Occlusal view Labial view 

Sudamerica ameghinoi MACN Pv-CH  1947A NI 

  
Occlusal view Side view 

Sudamerica ameghinoi MACN Pv-CH  1947B NI 

  
Occlusal view Side  view 
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Sudamerica ameghinoi MACN Pv-CH  1948 Lower Right mf1 
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Sudamerica ameghinoi MACN Pv-CH  1949 Lower Right mf2 

 
Occlusal view (ant to right) Labial view 

Sudamerica ameghinoi MACN Pv-CH  1950 Lower Left mf3 

  
Occlusal view(ant to left) Lingual view Labial view 
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Sudamerica ameghinoi MACN Pv-CH  1951 Upper Right MF2 
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Sudamerica ameghinoi MACN Pv-CH  1952 Upper Right MF1 
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Sudamerica ameghinoi MACN Pv-CH  1953 Lower Right mf1 
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Sudamerica ameghinoi MACN Pv-CH  1954 Upper Right MF2 
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Sudamerica ameghinoi MACN Pv-CH  1955 Lower Left mf1 

  
Occlusal view (ant to left) Lingual view Labial View 

Sudamerica ameghinoi MACN Pv-CH  1956 Lower Right mf2 
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Sudamerica ameghinoi MACN Pv-CH  1957 NI 
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Sudamerica ameghinoi MACN Pv-CH  1958 Upper Right MF4 
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Sudamerica ameghinoi MACN Pv-CH  1959 NI 
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Sudamerica ameghinoi MACN Pv-CH  1960 Upper Right MF4 
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Sudamerica ameghinoi MACN Pv-CH  1961 Lower Left mf1 
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Sudamerica ameghinoi MACN Pv-CH  1962 NI 
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Sudamerica ameghinoi MACN Pv-CH  1963 NI 
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Sudamerica ameghinoi MACN Pv-CH  1964 Upper Left MF4 

 
 

Occlusal view (ant right),  Lingual  view Labial view 

Sudamerica ameghinoi MACN Pv-CH  1965 Lower Right mf3 
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Sudamerica ameghinoi MACN Pv-CH  1966 NI 

   
Occlusal view Side A view Side B view 

Sudamerica ameghinoi MACN Pv-CH  1967 Lower Left mf1 
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Sudamerica ameghinoi MACN Pv-CH  1968 Upper Right MF2 
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Sudamerica ameghinoi MACN Pv-CH  1969 Upper Left MF3 

 

Occlusal view (ant to right) Labial view Lingual view 

Sudamerica ameghinoi MACN Pv-CH  1970 Upper Right MF2 
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Sudamerica ameghinoi MACN Pv-CH  1971 NI 
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Sudamerica ameghinoi MACN Pv-CH  1972 NI 

  
Side A view Side B view 

Sudamerica ameghinoi MACN Pv-CH  1973 NI 
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Sudamerica ameghinoi MACN Pv-CH  1974 Lower? NI 
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Sudamerica ameghinoi MACN Pv-CH  1976 Upper Left MF1 
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Sudamerica ameghinoi MACN Pv-CH  1483 Upper Left MF3 
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Sudamerica ameghinoi MACN Pv-CH  1977 Upper Left MF3 
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Sudamerica ameghinoi MACN Pv-CH  1978 Upper Left MF4 

  
Occlusal view Labial view 

Sudamerica ameghinoi MACN Pv-CH  1979 Lower Left mf1 

 

  
Occlusal view Lingual view Labial view 
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Sudamerica ameghinoi MACN Pv-CH  1980 Upper Right MF2 

Occlusal view Lingual side Labial side 

Sudamerica ameghinoi MACN Pv-CH  1981 Lower Right mf2 

  
Occlusal view Labial view Lingual view 

Sudamerica ameghinoi MACN Pv-CH  1982 Upper Left MF1 

  
Occlusal view Lingual view (anterior to right) Labial view  (anterior to left) 
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Sudamerica ameghinoi MACN Pv-CH  1983 Upper Left MF1 
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Sudamerica ameghinoi UNPSJB-Pv 562 Upper MF1/MF2 
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Drawing of Gondwanatherium patagonicum teeth 
Gondwanatherium patagonicum MACN Pv-RN 22 Upper Left MF2 
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Gondwanatherium patagonicum MACN Pv-RN 23 Lower Right mf1/mf2 
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Anterior view Posterior view 
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Gondwanatherium patagonicum MACN Pv-RN 24 Lower Left mf4 
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Gondwanatherium patagonicum MACN Pv-RN 25 Upper Left MF2 
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Gondwanatherium patagonicum MACN Pv-RN 26 Lower Left mf4/mf3 
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Gondwanatherium patagonicum MACN Pv-RN 254 Lower Incisor 

Dorsal view 
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Gondwanatherium patagonicum MACN Pv-RN 1026 NI 
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Gondwanatherium patagonicum MACN Pv-RN 1027 Upper Right Molariform 
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Gondwanatherium patagonicum MACN Pv-RN1028 NI 
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Gondwanatherium patagonicum MACN Pv-RN 1029 Upper Left Molariform 
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Gondwanatherium patagonicum MACN Pv-RN 1025 Lower Left Molariform 
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Gondwanatherium patagonicum MACN Pv-RN 1030 NI 
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Gondwanatherium patagonicum MACN Pv RN 1024 NI 
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Gondwanatherium patagonicum MACN Pv-RN 1031 Left Incisor 
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Gondwanatherium patagonicum MACN Pv-RN 971 Upper Left Incisor 
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Ferugliotherium windhauseni MACN Pv-RN 175 Lower Right mf1 
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Ferugliotherium windhauseni MACN Pv-RN 248 Upper Left MF1 
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Ferugliotherium windhauseni MACN Pv-RN 251 Lower Deciduous? Premolar dP1/dP2 
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Ferugliotherium windhauseni MACN Pv-RN 253 Lower Right mf1/mf2 

 
Occlusal view 

 
Labial view 

 
Labial view 



Appendix B Drawings of Gondwanatheria teeth 

Appendix B - 46 

Drawing of Ferugliotherium windhauseni teeth 
Feruglotherium windhauseni MACN Pv-RN 20 Lower Right mf2 
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Feruglotherium windhauseni  MACN Pv-RN 701A Lower Left Incisor 
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Feruglotherium windhauseni MACN Pv-RN 702A Upper Incisor 

 
Occlusal view 

 
side view 

 

 



Appendix B Drawings of Gondwanatheria teeth 

Appendix B - 48 

 

Feruglotherium windhauseni MACN Pv-RN 174 Lower Left mf1 
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Feruglotherium windhauseni MACN Pv-RN 249 Upper Left Premolar P1/P2 
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Feruglotherium windhauseni MACN Pv-RN 250 Upper Deciduous Premolar dP1/dP2 
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MACN Pv-CH 1942 Lower mf1,mf2 Labial view 
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