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Abstract 

 This thesis is focused on the information that can be gained from examining diprotodontid forelimb and 

hindlimb anatomy in a morphological, functional, palaeobiological, and phylogenetic context. This 

research is complemented through a study of diprotodontid fossil trackways, allowing testing of the 

hypotheses developed through study of skeletal anatomy, as well as providing insights into the 

palaeobiology of taxa that are not evident through study of skeletal anatomy.  

The discovery of an articulated hindlimb of Euowenia grata, from the Warburton River, allowed 

an investigation of the functional capabilities of this taxon (Chapter 2). It is shown that the development 

of the graviportal limb morphology exemplified by Diprotodon optatum was already well underway 

during the early Pliocene in E. grata. It is also suggested that the hindlimb morphology of E. grata is 

indicative of the ability to rear up against trees. In addition, the pedal digits of Pliocene diprotodontines 

demonstrate a similar degree of reduction to that seen later Pleistocene taxa such as D. optatum. 

Pliocene trackways from the Warburton River in central Australia, representing the oldest 

known Australian mammal trackways, are described in Chapter 3. The track-maker is identified as 

Euowenia grata, and the six individual trackways indicate gregarious behaviour in this species. 

Similarities in trackway proportions and pad morphology demonstrate an affinity with D. optatum.  

Australia’s most speciose and best preserved fossil mammal trackway site is described in 

Chapter 4. The trackways provide information about palaeoecological species associations.  Individual 

trackways at the site demonstrate that D. optatum had the ability to vary trackway gauge without 

significantly varying speed. The trackways also record important new information about manual and 

pedal pad morphology.  

 Functional morphological analyses of the hindlimb and forelimb anatomy of diprotodontids are 

presented in Chapter 5. These investigations suggested that the plesiomorphic diprotodontids 

Ngapakaldia and Nimbadon may have been scansorial. This is more remarkable in the latter, given that 

all other Miocene diprotodontid taxa studied demonstrate distinct adaptations towards a terrestrial 

lifestyle. It was also found that the limbs of the Plio-Pleistocene diprotodontines (Euowenia and 

Diprotodon) may have been restricted to a locomotory role, whereas the limbs of the Pleistocene 
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zygomaturine, Zygomaturus, were probably adapted for a wider range of functions including: moving 

over soft substrates, scratch-digging, defence and sexual competition. 

Phylogenetic analyses, based on hindlimb and forelimb morphology (undertaken in Chapter 6), 

demonstrated that significant homoplasy exists in the postcrania of the Diprotodontidae. Functional 

groupings arising from these analyses supported the hypothesis that Ngapakaldia and Nimbadon were 

scansorial. It was also found that forelimb and hindlimb morphological characters fail to consistently 

distinguish between the two diprotodontid subfamilies, instead forcing taxa to group based on their 

locomotory habits. The phylogenetic signal provided here by postcranial morphology consistently placed 

Ngapakaldia outside the other diprotodontids studied, and little or no evidence was found for uniting this 

taxon with Plio-Pleistocene diprotodontines. Postcranial morphology instead indicated that the most 

parsimonious phylogeny involves diprotodontines arising from within the Zygomaturinae during the 

middle Miocene, and suggests that Ngapakaldia should occupy a position basal to both diprotodontines 

and zygomaturines. 
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 1

Palaeobiology and systematics of the Diprotodontidae: inferences from 

post-cranial morphology 

1.1 Introduction to the Diprotodontidae 

 The Diprotodontidae Gill 1872 contains the largest and some of the most enigmatic members of Australia’s 

megafauna. The first member of this family to be described was Diprotodon optatum Owen 1838 and since then 

over 22 genera, consisting of over 40 species, have been described within the Diprotodontidae (Long et al 2002) 

(for a complete list of taxa referred to in this thesis see Appendix 1). In a more recent investigation of the 

intrafamilial relationships of this family Black (2008) considered only 25 diprotodontid species, arranged into 

18 genera, to be valid. The majority of the late Pleistocene members of this family were described in the 19th 

century based on fragmentary and often badly preserved remains. This led to difficulties in assigning specimens 

to a specific taxon and many were subsequently described as new species. Archer (1981) predicted that the 

number of diprotodontid species and genera described was excessive, with sexual dimorphism being responsible 

for much of the observed variability. The first in depth investigation into the phylogenetic relationships of the 

Diprotodontidae was carried out by Stirton et al (1967) who divided the family into four sub-families. These 

were: the Palorchestinae (promoted to familial level by Archer 1981), the Diprotodontinae, the Nototheriinae 

(merged with diprotodontines by Archer 1977) and the Zygomaturinae. 

There are currently two late Pleistocene diprotodontid genera recognized from mainland Australia (Long et al 

2002; Black 2008): Diprotodon and Zygomaturus Macleay 1857, there being some contention as to the number 

of species in each genus (e.g. Price 2008; Black 2008). In the 19th and first half of the 20th century Zygomaturus 

specimens as well as some specimens of Diprotodon, Euryzygoma Longman 1921 and Kolopsis Woodburne 

1967 were referred to the genus Nototherium Owen 1845 (e.g. Owen 1872a; Scott 1915; Scott and Lord 

1920a,b,c; Scott and Lord 1921; Longman 1921). Long et al (2002) suggest that the latter genus may no longer 

be of any taxonomic use while others (e.g. Tedford, pers. comm. 2006; Prideaux, pers. comm. 2008) suggest 

that N. inerme, based on material from Queensland, may still be a valid genus and species. 

Several authors have attempted to revise the Diprotodon genus (De Vis 1888a; Longman 1924; Keble 1945; 

Williams 1982; Price 2008) but the number of species in late Pleistocene diprotodontid genera remains unclear 

due to problems in distinguishing sexual dimorphism, temporal and regional variation (e.g. Stirling and Zeitz 
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1899; Scott and Lord 1920b; Black and Mackness 1999; Murray 1991; Aplin 1983; Price 2008; Price and Piper 

2009). Williams (1982) highlighted the major problem encountered in reviewing species of Diprotodon viz. 

species are described from a single, often incomplete or badly fragmented specimen. Based on thorough 

measurements of Diprotodon specimens from BMNH, AMNH and numerous Australian institutions Williams 

(1982) concluded that two distinct species were recognizable, with the possibility that there were several more. 

Howchin (1930) considered Diprotodon to be a monotypic genus with all specific names regarded as synonyms 

(of D. optatum); this view has come to be widely accepted in more recent diprotodontid phylogenies (e.g. Rich 

1991) though other authors suggest that there are two species (optatum and minor) (Murray 1984) or more 

(Long et al 2002). The most recent review (Price 2008) concluded that Diprotodon is most probably a 

monotypic, highly sexually dimorphic genus. Similarly, Zygomaturus, once classed as several different species 

of Nototherium, has had many species called into question (Lydekker 1894; Scott and Lord 1920c; Archer and 

Bartholomai 1978; Black 2008) and is now considered to have a single late Pleistocene, and several Pliocene, 

representatives (Long et al 2002; Black 2008).  

 The oldest members of the Diprotodontidae are known from sediments thought to be of late Oligocene age 

(e.g. Archer et al 2000, Megirian et al 2004) (though the exact dating of Oligo-Miocene sites in Australia has 

not been possible) and their diversity and abundance throughout the late Tertiary and Quaternary makes them 

extremely useful as biostratigraphic markers. If these taxa are to be used as markers indicating specific Pliocene 

and Pleistocene periods however, it is necessary to both establish accurate dates for sites from this period and 

ensure that the systematics and taxonomy of the relevant genera and species are properly resolved. Black (2008) 

conducted an extensive revision of relationships both within diprotodontoids (families Diprotodontidae and 

Palorchestidae) and of diprotodontians at a familial level. 

 

1.2 Systematic relationships in the Diprotodontidae 

 Most modern authors involved in diprotodontid research refer to the molars as M2-M5 (eg. Hand et al 

1993) rather than the M1-M4 used in the earlier literature (e.g. Stirton et al 1967). This trend was first employed 

by Rich et al (1978) but they did not discuss the reasons behind this change in nomenclature. Archer (1978) 

discussed terminology used to describe marsupial dentitions and concluded that M1 was a deciduous molar and 
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so the remaining four molars seen in many marsupials should be referred to as M2-M5. To avoid confusion with 

the terminology used by earlier authors, molars are referred to as M1-M4 here. 

1.2.1 Sub-family incertae sedis  

1.2.1.1 Nototherium 

Archer (1977) suggested that there was little basis for the separation of the subfamilies Nototheriinae and 

Diprotodontinae and hence the members of the former have often been included in the latter. Scott and Lord 

(1920c) suggested that N. mitchelli stood alone as a highly sexually dimorphic species and that N. victoriae, N. 

tasmanicum, Euowenia robusta and E. grata should all be synonymised into a second species. They also 

suggest the alternative hypothesis that all members of Nototherium (now Zygomaturus) should be considered 

age or sexual variants of a single species. Mahoney and Ride (1975: 80) conducted an in depth review of the 

literature pertaining to Nototherium in order to determine the type species and concluded that N. mitchelli is the 

type, as had been concluded by most previous authors (e.g. Lydekker 1889, Longman 1921) except for Woods 

(1968). This genus has been described as a “taxonomic waste basket” (Black and Mackness 1999) and is widely 

considered of no further use due to confusion over type specimens and referral of most of the species to other 

genera (Long et al 2002). However, there is some evidence that N. inerme is still a valid species, represented by 

specimens from Queensland (Tedford pers. comm. 2006; Archer pers. comm. 2007; Prideaux pers. comm. 

2008). Stirton (1955) discovered specimens at Lake Palankarinna in South Australia of late Miocene or early 

Pliocene age that he believed were referable to Nototherium, though he noted the systematic difficulties 

associated with the placement of several species in this genus. Wells and Tedford (pers. comm. 2006-2009) 

have also discovered specimens from northern South Australia that may represent a Plio-Pleistocene member of 

this genus.  

Species described: 

- dunense De Vis 1888a  

The holotype is a left mandibular ramus with P3-M4 (QMF376). Type locality suggested to be Darling Downs 

by Mahoney and Ride (1975) and may specifically be from Chinchilla. Scott and Lord (1920c) considered this 

species most closely related to Phascolonus but did not give their reasons for this allocation. The similarity of 

this species to Euryzygoma was noted by Stirton (1955). The species has now been reassigned to the latter 

genus (Longman 1921; Black and Mackness 1999; Long et al 2002). 
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- inerme Owen 1845  

The lectotype is part of a right mandibular ramus without ascending ramus an lacking crowns of molars, 

formerly no. 1505 in Royal College of Surgeons of England, believed to be destroyed, type locality Darling 

Downs (Mahoney and Ride 1975). No new type selected. Flower (1884: 732) was the first to suggest that N. 

mitchelli and N. inerme be synonymised, a view reiterated by Lydekker (1887: 162). Scott (1915: 44) 

considered the latter species to be a “young female” and hence the differences noted between the two species to 

instead represent sexual dimorphism. Woods (1968) also synonymised Euowenia robusta with N. inerme and N. 

mitchelli (and selected N. inerme as the type species for the genus) but Mackness (in press) rejected the 

synonymy of these two genera and allocated E. robusta to the new zygomaturine genus Kukaodonta. 

- mitchelli Owen 1845  

The holotype is the posterior part of a left mandibular ramus with badly broken M3-4 M16590 British Museum 

(Natural History), type locality Darling Downs (Mahoney and Ride 1975). Stirton (1955) suggests that this 

species name is invalid as the described distinguishing characters cannot be recognized on the type specimen. 

Multiple authors have suggested that this species should be synonymised with N. inerme as discussed above. 

- tasmanicum Scott 1911  

The holotype consists of a skeleton including a broken cranium and mandible, an atlas vertebra and humerus 

(QVM 1760), type locality is Mowbray Swamp (Mahoney and Ride 1975). This species has since been 

reassigned to Z. trilobus (Black 2008). 

- tasmaniense Noetling 1912  

This species represents an unjustified emendation of Nototherium tasmanicum (Mahoney and Ride 1975). 

Although Noetling (1912) misspelled the specific name, he was the first to suggest that this species did not 

warrant specific separation from the mainland species (i.e. Z. trilobus), a view now widely accepted. 

- victoriae Owen 1872a  

The holotype is a broken left mandibular ramus with symphysis and four molars (M1 broken) (SAM P4986) 

type locality Lake Victoria, Pleistocene (Mahoney and Ride 1975). Lydekker (1887:162) suggested that this 

species should be synonymised with N. mitchelli and Scott (1915) considered this specimen to represent a 

female (on the basis of its smaller incisors) of the latter species. 

- watutense Anderson 1937  
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The holotype is a fragment of a left mandibular ramus with the root of M3 and part of M4 (AMF36311) 

(AMF36312, a right mandibular ramus, belongs to same individual), type locality is a tributary of the Watut 

River PNG (Mahoney and Ride 1975) of Pliocene age (Flannery and Plane 1986). Stirton (1955) noted that this 

species was probably referable to genus Meniscolophus. This species was considered to be the senior synonym 

of Zygomaturus nimborensia, both of which were subsequently reassigned to Kolopsis (Flannery 1994) despite 

statement by the author that they were morphologically more similar to Kolopsoides. The species is currently 

being revised by Mackness, who suggests the specimen may represent a new diprotodontid genus (pers. comm. 

2009). An additional discovery by Menzies et al (2008) has also been tentatively assigned to K. watutense, 

potentially extending the temporal range of the species to the late Miocene (at least 7.4Ma). 

 

1.2.1.2 Sthenomerus De Vis 1883 

Species described: 

- charon De Vis 1883 

As none of the described bones (deciduous premolar, five incisors, proximal femoral shaft and portions of a 

radius and ulna [QM F5470]) were specifically designated the holotype, Mahoney and Ride (1975) consider all 

bones to be syntypes. The material comes from Gowrie Creek in the Darling Downs and De Vis (1883) does not 

figure any of the described material. Scott and Lord (1920c) suggested that S. charon specimens may instead 

represent a species of Nototherium. De Vis (1883) notes that the femoral fragment is more similar to 

Diprotodon than to Nototherium and, given this similarity, it is also possible that the bones described for S. 

charon belong to E. dunense. 

 

1.2.2 Sub-family Diprotodontinae Gill 1872 (sensu Black and Mackness [1999]) 

 The current concept of the Diprotodontinae centres around Archer’s (1977) recognition that Diprotodon 

evolved from a Euryzygoma-like ancestor and that subsequently the group of diprotodontids then referred to the 

Nototheriinae should instead be regarded as diprotodontines (the latter sub-family having precedence). 

 

1.2.2.1 Ngapakaldia Stirton 1967a 

Species described: 
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- bonythoni Stirton 1967a 

The holotype is a highly fractured skull and semi-complete skeleton (SAM P13863) (Mahoney and Ride 1975). 

The section of the Etadunna Formation from which the holotype was found is thought to be late Oligocene in 

age (Woodburne et al 1993). 

- tedfordi Stirton 1967a 

The holotype is a highly fractured cranium and partial skeleton (left radius, ulna, complete manus and nearly 

complete left pes (SAM P13851) (Mahoney and Ride 1975; Munson 1992). This species comes from the 

Etadunna Formation at Lake Ngapakaldi and is also considered to be of late Oligocene age (Woodburne et al 

1993). 

 

1.2.2.2 Pitikantia Stirton 1967a 

 Pitikantia is considered to be most closely related to Ngapakaldia, both of which are currently considered 

to represent the most plesiomorphic diprotodontines (Black and Mackness 1999) and possibly the most 

plesiomorphic diprotodontids (Murray 1986, 1990a; Black 1997). Stirton et al (1967) originally suggested that 

these two species may represent the basal diprotodontids from which all others arose (at the time palorchestines 

were included within the Diprotodontidae). 

Species described: 

- dailyi Stirton 1967a 

The holotype of this specimen consists of the right I1-3, left PP

3 and a right mandible with I  and P -M  

(SAMP13862). 

1 3 3

 

1.2.2.3 Bematherium Tedford 1967 

Species described: 

- angulum Tedford 1967  

The holotype consists of a right mandibular ramus with P3-M3 (M3 partial) and fragments of the ascending 

ramus (BMR CPC7339, now in AM?). Archer (1984) noted the degree of similarity between Ngapakaldia (then 

considered a palorchestid) and Bematherium, being the first to suggest that both taxa may belong to the same 

group. Bematherium was regarded as a junior synonym of Ngapakaldia bonythoni by Black (2008), based on 
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comparison with more complete material than Tedford (1967) had available for study (note: N. bonythoni 

Stirton 1967a has precedence over B. angulum Tedford 1967 by several months). 

 

1.2.2.4 Pyramios Woodburne 1967a 

Species described 

- alcootense 

The holotype is a near complete cranium with left I1, right I3 and left and right P3-M4, CPC6749 in BMR 

Palaeontological collection (Mahoney and Ride 1975), now in AM? Woodburne (1967a) and Stirton et al 

(1967) considered P. alcootense to be the earliest known member of the lineage including Meniscolophus, 

Euryzygoma and Euowenia, i.e. the earliest known (at the time) nototheriine (considered by Archer [1977] and 

authors thereafter to be diprotodontines). 

 

1.2.2.5 Euowenia De Vis 1891 (originally described as Owenia De Vis 1887) 

 De Vis (1887) noted that this genus was more closely related Diprotodon than to Nototherium 

(Zygomaturus) and although this finding has been contested (e.g. Scott and Lord 1920b; Woods 1968), it is now 

widely accepted as being correct (e.g. Black and Mackness 1999). 

Species described: 

- robusta De Vis 1891 

The holotype is a mandible with the posterior half of the right ramus missing (Mahoney and Ride 1975). This 

Pliocene (Murray, 1984) species was considered to be a junior synonym of Nototherium inerme and N. mitchelli 

by Woods (1968) but Mackness (in press) has allocated this species to a new zygomaturine genus. 

- grata De Vis 1887 

The holotype consists of a partial cranium missing most of the posterior part of the skull, left and right I2 and 

right P3-M1 and complete mandible missing right P3 (QM F519). This species may have survived to late 

Pleistocene (Stirton et al 1967; Murray 1984) but is usually considered to have been restricted to the Pliocene 

(Bartholomai and Woods 1976; Pledge 1989; Camens and Wells 2010 see Chapter 2). 

 

1.2.2.6 Meniscolophus Stirton 1955 
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 In his original description, Stirton (1955) noted similarities between Meniscolophus and both Euryzygoma 

and Euowenia but did not attempt to construct a diprotodontid phylogeny. Stirton et al (1967) noted that the 

actual relationships between Meniscolophus and other Nototheriines (Diprotodontines) were not clear but they 

suggested that the taxon was more closely related to Euryzygoma than Euowenia. Black and Mackness (1999) 

considered the opposite to be true. 

Species described: 

- mawsoni Stirton 1955 

The holotype is an incomplete mandible with left and right I1 and P3-M4, a left maxillary fragment containing 

M2-3 and a right M3 (SAM P13647 [UC 44397]) (Mahoney and Ride 1975). 

 

1.2.2.7 Euryzygoma Longman 1921 

 Archer (1984) recognized Euryzygoma as being closely related to Meniscolophus and even suggested that 

they may have been congeneric. Archer also (1977) suggested that E. dunense was closely related to 

Diprotodon and represented a structural antecedent to the latter taxon. 

Species described: 

- dunense 

As described above this species was originally described as a member of the genus Nototherium by De Vis 

(1888a) but was later assigned as the type species of the monotypic genus Euryzygoma by Longman (1921). 

 

1.2.2.8 Diarcodon Stephenson 1963 

 This genus was the first to be allocated to the previously monotypic Diprotodontinae, Stephenson (1963) 

considering the genus to be most closely related to Diprotodon, but from an animal “about the size of a Shetland 

pony”. This taxon appears to have received almost no attention in the literature, Archer (1984) having 

considered it a junior synonym of D. optatum. There is no discussion of its size; it is significantly smaller than 

D. optatum yet is clearly not a juvenile, due to the wear of the second incisor. 

Species described: 

- parvus 
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The holotype of this species consists of a left premaxilla with I1-2 (AMF50099) and the paratype is a worn, right 

I1 (NMV P16155) from “Bone Cave” at the Wellington Caves, NSW (Stephenson 1963). 

 

1.2.2.9 Diprotodon 

 Diprotodon is the best known and widest ranging diprotodontid occurring in Pleistocene fossil deposits 

everywhere in Australia except Tasmania. Lake Callabonna is potentially the best site for resolving Diprotodon 

taxonomy, Stirling and Zeitz (1899) identified two species there (called D. optatum [australis] and D. minor) as 

did Williams (1982) (called D. optatum and D. australis). There is also the potential to identify variation related 

to sexual dimorphism as pouch young have been found in the pouch position of articulated adult specimens 

(Tedford 1973, Pledge 1994), although information identifying which specimen the joey relates to has been lost. 

Murray (1984) noted that two species were recognized viz. D. optatum and D. minor as did Archer (1984), 

although the latter author considered the second species to be D. australis after Williams (1982). Price (2008) 

conducted an extensive review of Diprotodon taxonomy and concluded that a single, highly sexually dimorphic, 

species could be recognized, being D. optatum. Other genera including Dinotherium australe Owen 1843 have 

also been synonymised with D. optatum (Mahoney and Ride 1975). 

Species described: 

- annextans McCoy 1861 

The syntypes include an imperfect mandible with left and right I1 M1-4, (NMV P12109), upper incisors and 

postcranial material (location unknown), type locality Colac, Vic. (Mahoney and Ride 1975). Long et al (2002) 

suggested that, pending further investigation, this may be a distinct species but Price (2008) considered the 

species a junior synonym of D. optatum. 

- australis Owen 1844 

Considered a junior synonym of D. optatum (Mahoney and Ride 1975) Owen mistakenly thought he had called 

D. optatum D. australis and did not refer to the former after the original description. Williams (1982) considers 

this a valid species separate from D. optatum (though the type specimen for the two species is the same one 

described twice, M10796 at the BMNH) citing distinguishing characters of the incisors and shape of the jaw. 

- bennettii Krefft 1873a and then Owen 1877 
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The holotype is a near complete mandible with I1, the posterior lophid of M2 and M3-4 in both rami (BMNH 

47855), type locality Darling downs (Mahoney and Ride 1975). Owen (1877) was unsure of its status as a 

species “it remains to be determined whether the…differences…relate to age, or are sexual or specific”. 

- loderi Krefft 1873b 

The holotype is a palatal portion of a cranium with left and right I1-3P4-M4 (AM F4623), type locality near 

Murrurundi, NSW (Mahoney and Ride 1975). May be a distinct species (Long et al 2002). 

- longiceps McCoy 1865 

Considered a junior synonym of D. annextans (Mahoney and Ride 1975). Supported as separate species by 

Keble (1945) who suggests that characters of the lower incisor and diastema are sufficient to distinguish the 

species, also suggests that this species was smaller that D. optatum (D. australis) with a more slender skull. 

Stirling and Zeitz (1899) suggest that the characters McCoy uses to distinguish this species are within the 

natural variation of D. optatum in the Callabonna deposits. Williams (1982) also stated that this species should 

be synonymised with D. optatum. 

- minor Huxley 1862 

The holotype consists of a fragmentary left maxilla with part of a palate with P4-M2 (BMNH M10771), type 

locality Darling downs (De Vis 1888b, Mahoney and Ride 1975). This species was supported as distinct from 

D. optatum by Stirling and Zeitz (1899) who recognized a smaller morph approximately 2/3 the size of the 

larger from the Lake Callabonna deposit. Scott and Lord (1920a, b) suggested that many of the postcranial 

elements assigned to D. minor instead represented bones of Nototherium (Z. trilobus). Long et al (2002) also 

suggested that this species may be distinct from D. optatum but, as mentioned above, Price (2008) considered 

all other Diprotodon species (viz. D. australis, D. annextans, D. minor, D. longiceps, D. loderi and D. bennettii) 

to be junior synonyms of D. optatum. 

- optatum Owen 1838 

The holotype consists of the anterior extremity of a right mandibular ramus with an incomplete incisor (BMNH 

M10796), type locality Wellington Caves. Despite D. optatum and D. australis having the same type specimen 

Williams (1982) considered the former distinct from the latter based on characters of the incisors and mandible.  
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1.2.3 Sub-family Zygomaturinae Stirton et al 1967 

 Members of the Zygomaturinae have received far more attention, in terms of their phylogenetic 

relationships, than have those of the Diprotodontinae. Murray has been at the forefront in discussing these 

relationships, including studies of Propalorchestes (1986), Alkwertatherium (1990b), New Guinean 

diprotodontids (Murray 1992), Kolopsis yperus (Murray et al 1993) and Neohelos (Murray et al 2000a, b). 

Murray et al (2000a) carried out the most recent published investigation of zygomaturine phylogenetic 

relationships. They noted the likelihood of several zygomaturine lineages existing in the Miocene and the 

subsequent difficulties involved in resolving the phylogenetic affinities of Kolopsoides, Nimbadon, Plaisiodon 

and Neohelos with both more plesiomorphic and more derived taxa. They concluded that from primitive 

zygomaturines (Silvabestius and Alkwertatherium) arose intermediate zygomaturines (Neohelos, Plaisiodon and 

Nimbadon). Murray et al (2000a) go on to suggest that Kolopsoides may represent a side branch most closely 

related to Plaisiodon and that the crown group (composed of Kolopsis, Zygomaturus, Hulitherium and 

Maokopia) is probably derived from a Neohelos-like ancestor. Black (2008) is the only recent researcher to 

have cladistically analysed relationships among the various members of the Diprotodontoidea as a whole. 

 

1.2.3.1 Raemeotherium Rich et al 1978 

 Black and Archer (1997) suggested that there is still some doubt as to whether or not Raemeotherium 

should be included within the Diprotodontidae, referring to Rich et al’s (1978) observation that there were no 

apomorphies in the observed morphology precluding the species representing a primitive macropodoid. Rich et 

al (1978) considered Raemeotherium to represent the most primitive diprotodontid known (Ngapakaldia was 

thought to be a palorchestid at the time as described above) and also remarked on the tentative nature of its 

assignation to the Zygomaturinae. 

Species described: 

- yatkolai Rich et al 1978 

The holotype is a right dentary with I1 and P3-M4 (SAM P19764) from the Oligo-Miocene Namba Formation 

(Rich et al (1978). 
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1.2.3.2 Silvabestius Black and Archer 1997 

 Black and Archer (1997) designated S. johnnilandi as the type species for the genus and considered 

Silvabestius to represent the most plesiomorphic member of the Zygomaturinae, with the possible exception of 

Raemeotherium. 

Species described: 

- johnnilandi Black and Archer 1997 

The holotype of this species is a near complete juvenile skull missing left and right I2-3 and an associated 

mandible missing both coronoid processes (QM F30504, thought to be pouch young of paratype) and the 

paratype consists of a near complete adult skull missing the right I3 (QM F30505); considered to be of late 

Oligocene age (Black and Archer 1997). 

- michaelbirti Black and Archer 1997 

The holotype consists of an almost complete skull, missing left I3 and right I2-3 (QM F20493); also considered to 

be of late Oligocene age (Black and Archer 1997). 

 

1.2.3.3 Alkwertatherium Murray 1990b 

 In the original species description Murray (1990b) notes the difficulty in determining relationships between 

Plaisiodon, Pyramios and Alkwertatherium, suggesting that the latter genus may represent the end member of a 

morphocline of either of the other two genera. Murray (1990b) also suggests that Alkwertatherium represents a 

member on a zygomaturine clade ancestral to both Plaisiodon and Neohelos. More recent studies place 

Alkwertatherium as a basal zygomaturine (Black and Mackness 1999) but in depth cladistic analysis by Black 

(2008) result in the genus variably grouping with Pyramios amongst diprotodontines or Plaisiodon amongst 

zygomaturines. 

Species described: 

- webbi Murray 1990b 

The holotype consists of a near complete, distorted cranium, missing the incisors (SGM 888) and the paratypes 

include associated dentaries missing P3 (SGM 883) and a right dentary fragment with P3-M4 (SGM P892), from 

mid to late Miocene Alcoota (Murray 1990b). 
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1.2.3.4 Nimbadon Hand et al 1993 

 The authors of this genus considered it most closely related to Neohelos but in their phylogenetic 

reconstruction they ally Nimbadon more closely to Plaisiodon. Murray (1990b) suggested that Nimbadon may 

represent a basal zygomaturine, closely related to both Plaisiodon and Neohelos. Black and Archer (1997) also 

noted that Nimbadon occupied a basal zygomaturine position in their analyses. Nimbadon appears to have been 

confined to the middle to early-late Miocene System C deposits of Riversleigh (Black 1997). 

Species described: 

- lavarackorum Hand et al 1993 

The holotype of this species is a left maxillary fragment with a partial P3 and M1-2 (QM F23141) from middle 

Miocene Henk’s Hollow at Riversleigh (Hand et al 1993). The authors (Hand et al 1993) designated this species 

as the type for the genus. 

- scottorrorum Hand et al 1993  

The holotype is a right partial maxilla with P3-M4 (the last three molars missing their buccal margins) (QM 

F23157) from the late Oligocene-early Miocene Fig Tree Site at Riversleigh (Hand et al 1993). Black and 

Archer (1997) suggested that this species should be reassigned to Neohelos and Black (2008: 316) regarded it as 

a chronomorph of N. tirarensis. 

- whitelawi Hand et al 1993  

The holotype of this species consists of a partial palate with RP3-M4 and LP3-M3 (NMV P186506) from the 

middle Miocene sediments of Bullock Creek (Hand et al 1993). This species is considered by Black (2008: 316) 

to be a junior synonym of N. lavarackorum. 

 

1.2.3.5 Neohelos Stirton 1967b 

Species described: 

- tirarensis Stirton 1967b 

Holotype is the posterior part of a left P3 (SAM P13848) (Mahoney and Ride 1975), of late Oligocene-early 

Miocene age (Woodburne et al 1993). 

- stirtoni Murray et al 2000a 
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The holotype of this species is a cranium with complete left and right cheek tooth rows; parts of the right 

squamosal, parietal and zygomatic arch (CPC 22200) from middle Miocene Bullock Creek (Murray et al 

2000a). Murray et al (2000a) also suggest that N. stirtoni may be directly ancestral to K. torus. 

- gadiyanga Named by Black (2008) in a PhD thesis, not officially published.  

Neohelos spA of Murray et al 2000a,b. Mid Miocene in age. 

- gingari Named by Black (2008) in a PhD thesis, not officially published.  

Mid Miocene in age. 

 

1.2.3.6 Plaisiodon Woodburne 1967a 

Species described: 

- centralis Woodburne 1967a 

The holotype of this species is not figured in the original description but consists of a “skull lacking incisor and 

most of left molar dentition, left zygomatic arch and occiput” (CPC 6748, now in AM?); numerous paratypes 

are also listed (Woodburne 1967a). Woodburne (1967a) considered N. tirarensis to represent a near structural 

ancestor for P. centralis but also considered the latter to represent the terminal member of a side branch within 

zygomaturines. 

 

1.2.3.7 Kolopsis Woodburne 1967a 

Flannery (1994), in his discussion of New Guinean diprotodontid systematics, considered Kolopsis to be 

something of a “waste basket” category that should potentially be divided into several lineages. Flannery also 

suggested that all New Guinean diprotodontids (Kolopsis, ‘K.’ watutense, Kolopsoides, Hulitherium and 

Maokopia) may represent a single lineage within the Zygomaturinae. 

Species described: 

- rotundus Plane 1967a  

The holotype is a partial left maxilla with M3-4 and posterior root of M2, posterior two thirds of root of left I1 

and right PP

3and M4 (QMF 3858) (Mahoney and Ride 1975) and is from the Pliocene Otibanda Formation of 

New Guinea (Flannery and Plane 1986). Murray (1992) speculated on the relationship between this species and 

early species of Zygomaturus, hypothesizing that K. rotundus, Hulitherium and possibly all New Guinean 
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diprotodontids may have arisen from within the Zygomaturus clade. In a “stage of evolution” sense, Murray et 

al (1993) consider K. rotundus to sit within the Zygomaturus clade, being more closely related to Z. trilobus 

than to K. yperus or K. torus. 

- torus Woodburne 1967a  

The holotype is a nearly complete cranium (BMR CPC6747, now in AM?) from mid Miocene sediment of 

Alcoota (Woodburne 1967a) 

- yperus Murray, Megirian and Wells 1993 

The holotype includes a right PP

3 and M2 (SGM P92115 [MAGNT]) from the late Miocene-early Pliocene 

Ongeva Local Fauna of Alcoota (Murray et al 1993). Murray et al (1993) suggest that K. yperus is structurally 

intermediate between K. torus and Z. gilli. Murray et al (2000a, b) go further in suggesting that K. yperus is 

structurally antecedent to, and possibly synonymous with Z. gilli. 

 

1.2.3.8 Kolopsoides Plane 1967a 

 Plane (1967b) suggested that this genus may have arisen from a Neohelos-like ancestor. Murray (1992) 

considered all New Guinean diprotodontids to form a clade most closely related to Zygomaturus, while 

Flannery (1994) suggested that they all arose from a Kolopsis like ancestor. Black and Archer (1997) found 

Kolopsoides to be most closely linked to Plaisiodon, a view accepted by subsequent authors (e.g. Black and 

Mackness 1999; Long et al 2002). However, an analysis of diprotodontid relationships carried out by Black 

(2008) supported Murray’s (1992) assertions that Kolopsoides, Kolopsis, Hulitherium and Maokopia formed a 

clade with Zygomaturus; Plaisiodon (or Alkwertatherium) representing the sister taxon to this clade. 

Species described: 

- cultridens Plane 1967a  

The holotype of this species consists of a right I1, P3-M2, M4, left premaxillary fragment, I1 and PP

3, mandible 

with right I , P -M  and left P -M  (CPC 13860 now in AM?) (Mahoney and Ride 1975), from the Pliocene 

Otibanda Formation of New Guinea (Flannery and Plane 1986). 

1 3 4 3 4

 

1.2.3.9 Maokopia Flannery 1992 

Species described: 
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- ronaldi Flannery 1992  

The holotype consists of the front half of a cranium with (AM F83407) and the paratype is a right dentary with 

M2-4 (AM F83408) 

 

1.2.3.10 Hulitherium Flannery and Plane 1986 

Species described: 

- tomasettii Flannery and Plane 1986  

The holotype includes a partial cranium with a partial left P3, M2-3 and partial M4 of both sides, the posterior 

portions of a mandible including a partial right P3 and M1-4 of both sides and several limb bones (holotype 

#25063 in PNG Museum Port Moresby, CPC25718 cast of holotype cranium in AM) (note: the authors refer to 

the molars as 2-5 rather than 1-4). The specimen derives from a late Pleistocene swamp deposit in Pureni, New 

Guinea (Flannery and Plane 1986). The species is thought to be most closely related to Z. trilobus (Flannery and 

Plane 1986; Black 2008) 

 

1.2.3.11 Zygomaturus 

Several other diprotodontid genera are very similar to this Zygomaturus in dental morphology however, apart 

from Z. trilobus, the Zygomaturus species so far described are known from few and fragmented dental 

specimens. As a result their similarity to other zygomaturine genera, particularly Kolopsis, Kolopsoides, 

Maokopia and Hulitherium, cannot be fully investigated. Flannery and Plane (1986) note the similarity of H. 

tomasettii to early species of Zygomaturus but again the poor preservation of the teeth makes determining 

general relationships difficult. Murray (1992) hypothesized that the entire New Guinean diprotodontid radiation 

arose from within the Zygomaturus clade. Scott and Lord (1920c) considered Zygomaturus to represent the 

female form of N. mitchelli. An additional diprotodontid genus Simoprosobus De Vis 1907 (corrected to 

Simoprosopus by Mahoney and Ride [1975]) is regarded as a junior synonym of Zygomaturus (Longman 1921; 

Mahoney and Ride 1975). Mackness questions (and is currently revising) the status of several species currently 

allocated to Zygomaturus (pers. comm. 2009). 

Species described: 

- creedii Krefft 1873b 
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Holotype a fractured right premaxilla with I1 broken, the broken off second and alveolus of the third incisor, 

F5042, Australian Museum, type locality near Scone, NSW (Mahoney and Ride 1975) 

- gilli Stirton 1967c 

Holotype a badly abraded left P P

4, no. 2020 in the Department of Geology and Mineralogy, University of 

Melbourne, type locality Beaumaris, Vic. (Mahoney and Ride 1975). Zygomaturus gilli displays a very similar 

morphology to Kolopsis torus, the main difference being size (former much bigger) (Stirton 1967c). Late 

Miocene based on Beaumaris specimen (Rich et al 2003). Stirton (1955) described a specimen from Lake 

Palankarinna, South Australia (early-mid Pliocene) similar to this species but much bigger again. Mackness 

(quoted in Black [2008: 316]) suggests that this species actually belongs in Kolopsis. 

- keanei Stirton 1967c 

Holotype a broken skull comprising cranial fragments, left and right I1, left maxillary fragment with P4-M4, 

right P4 (broken), M2, M4 and a distorted mandible with posterior parts of rami incomplete, rami fused at the 

symphysis and containing the base of left I1, left P4-M4 (all fractured) (SAM P13844), type locality Keane 

quarry, Lake Palankarinna, early Pliocene, Mampuwordu sands (Mahoney and Ride 1975). Murray (1992) 

raised the possibility that this species represented a structural antecedent to the entire New Guinean 

diprotodontid radiation, restricting the presence of diprotodontids in New Guinea to the Plio-Pleistocene. 

- macleayi Krefft 1921 

Holotype a palate with left and right P4-M4, F4629 in the Australian Museum, type locality W of Moreton Bay, 

Australia (Mahoney and Ride 1975). Early Pleistocene, Condamine River, SE Queensland. Mackness (1994) 

suggests that this species should sit outside the Zygomaturus clade. 

- nimborensia Hardjasasmita 1985  

The only known diprotodontid to have been found in (currently) lowland New Guinea, this species was 

relegated to ‘Kolopsis’ watutense by Flannery (1994). 

- trilobus Macleay 1858 (in Owen in Anon) 

Holotype an almost perfect cranium, (AMF4635), type locality King Creek, Darling Downs, Queensland, late 

Pleistocene (Mahoney and Ride 1975). This skull is the genotypic specimen for Zygomaturus but was thought 

to belong to the same species as the dentary that represents the holotype of N. mitchelli by Owen (1877: 275). It 
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is now generally accepted that Z. trilobus is the only late Pleistocene member of the genus with various 

specimens previously attributed to N. mitchelli, N. victoriae, N. tasmanicum 

 

1.3 Diprotodontid palaeobiology 

 Studies of the palaeobiology of the various diprotodontid genera currently recognized have been relatively 

scarce. Through much of the 19th century researchers were more concerned with morphological description and 

taxonomic positioning than with functional inferences and the palaeobiological implications of observed 

skeletal morphologies (e.g. Owen 1838, 1870, 1871, 1872a; Gill 1872; De Vis 1883, 1887; Lydekker 1887; 

Bensley 1903). Murray (1978, 1984) noted the general lack of reconstructions involving Australian megafaunal 

species, with reconstructions of diprotodontids in particular rarely involving in-depth analysis of the underlying 

postcranial skeletal structure. Part of the reason for this lack of palaeobiological investigation stems from the 

scant or even completely lacking postcranial material of many diprotodontid species. Knowledge of the dental 

material of a taxon allows for hypotheses to be developed as to their diet but study of postcranial morphology 

and, where possible, fossil trackways is needed to more fully understand diprotodontid palaeobiology. Murray 

(1978) and Archer (1981) suggested that all known diprotodontids were browsers and this view is now widely 

accepted (e.g. Long et al 2002). 

 

1.3.1 Sub-family Diprotodontinae 

 

1.3.1.1 Ngapakaldia 

 Hand (1987a) suggested that Ngapakaldia was a sheep-sized animal that probably travelled in herds. 

Munson (1992) carried out an extensive investigation of the functional morphology of the postcranial skeleton 

of Ngapakaldia (considered by her to represent a primitive palorchestid). She noted that it represented a 

plesiomorphic skeleton similar to that of Trichosurus vulpecula but displaying adaptations for complete 

terrestriality imposed upon this generalized phalangeriform pattern. Munson (1992) noted that the forelimb of 

Ngapakaldia shows functional adaptations for proportionally greater strength than that seen in T. vulpecula and 

suggested that this may be related to stripping branches or uprooting bushes in search of roots and tubers. 

Munson (1992) also indicates that the flexibility of the proximal ankle (the joint between the tibia-fibular and 
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astragalus) in Ngapakaldia was restricted, being more similar to wombats and P. cinereus than to T. vulpecula, 

this being a strong indicator of its terrestrial habitus. Munson (1992) concluded that Ngapakaldia may have 

climbed trees on occasion, in a similar way to bears, but was primarily adapted to a terrestrial habitus. 

 

1.3.1.2 Pitikantia 

 As Pitikantia is known from scarce dental material there have been no palaeobiological investigations of 

this species. 

 

1.3.1.3 Pyramios 

 Palaeobiological studies of Pyramios are also lacking, mainly due to the rarity of the taxon. 

  

1.3.1.4 Meniscolophus 

 Meniscolophus is another of the less well known diprotodontids and as such there have been very few 

palaeobiological inferences made with regards to this taxon. 

 

1.3.1.5 Euowenia 

 The rarity of this taxon in the fossil record has resulted in very little speculation as to its habits. In his 

original description of the genus De Vis (1887) suggested that Owenia (Euowenia) belonged to a group “huge 

in bulk, heavy of limb and slow in gait” and also observed that the genus was possibly restricted “dense, humid 

forests”. It has also been suggested that this taxon used its tusks and muscular, expansive lip to grasp and strip 

leaves from branches (De Vis 1887). The gap between the lower incisors may also be indicative of a long 

tongue used, giraffe-like, to grasp branches (De Vis 1887; Hand 1987b). Recent discoveries on the Warburton 

River in the Lake Eyre Basin of both postcranial material and fossil footprints relating to E. grata are discussed 

in Chapters 1 and 3 of this thesis. 

 

1.3.1.6 Euryzygoma 

 The most obvious character separating Euryzygoma from most other diprotodontids is the presence of large, 

flaring masseteric processes on the zygomatic arches and it is this character that had been the major focus of 
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palaeobiological studies of this taxon. Longman (1921) suggested that these processes may have supported 

large cheek pouches and also suggested the taxon may have possessed a “small horn or frontal boss”, as 

suggested by Scott and Lord (1920c) for Z. trilobus. Longman (1921) also considers the morphology of the 

orbits to indicate that Euryzygoma would have had little scope for lateral vision. Archer (1981) hints at the 

possibility of significant sexual dimorphism existing in this genus. Aplin (1983) suggested that the flaring 

cheekbones may be related to sexual or territorial displays but also suggested the possibility that they represent 

a defense mechanism. Although Longman (1921) suggests that this taxon may have fed on “swamp vegetation” 

he does not give his reasons for this speculation. 

 

1.3.1.7 Diprotodon 

 Diprotodon optatum is the first described and best known fossil marsupial, occurring in more late 

Pleistocene fossil deposits than any other species of Australian megafauna (Webb 2008). It was also the first 

diprotodontid for which functional and palaeobiological interpretations were published. The species has been 

variously considered similar in size to a large bullock (Long et al 2002), a large rhinoceros (Lydekker 1894; 

Anderson 1933; Stephenson 1963; Keast et al 1972; Tedford 1973; Wroe et al 2003), a hippopotamus (Keast et 

al 1972; Archer et al 1991; Wroe et al 2003) or even an elephant (De Vis 1887); some authors also implying 

that D. optatum occupied a similar ecological niche to that of the placental taxon used in the comparison. 

Stirling (1907) considered Diprotodon to have resembled a gigantic wombat standing, in life, over six feet tall 

at the shoulder. The predicted body mass of D. optatum has varied greatly, ranging from estimates of 1000 kg 

(Tyndale-Biscoe 2005), to 1175 kg (Burness et al 2001), to around two tonnes (Murray 1991), to 2700 kg 

(Wroe et al 2003). Calculations made from previously developed allometric equations, such as those used for 

elephants (Roth 1990), yield ranges of 630-3900 kg depending on the parameter used, while predictions made 

from equations specifically developed for extant marsupials (Myers 2001) yield estimates of 7300 kg for the 

“most reliable” parameter (Camens 2004). Packard et al (2009) suggest that the back-transformation of 

logarithms traditionally used in body mass prediction (e.g. by Anderson et al [1985]) is less reliable than a 

“non-linear regression” method, the resulting equation provided by Packard et al (2009) yields a body mass of 

2400 kg for D. optatum (based on measurements of Camens 2004). An issue raised by Alexander (1983, 1989) 

that is not often considered when predicting the mass of Diprotodon is that the safety factor (relative 
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robustness) of limb bones can vary depending on the ecological context. Alexander (1989) suggests that the 

optimum safety factor can be influenced by feeding habits or by the presence or absence of predators. The end 

result may be that taxa with a higher than usual safety factor would have proportionally more robust hind limb 

bones and subsequent body mass estimates based on limb bone circumferences could be overestimates. The 

question of whether or not Diprotodon was exposed to significant levels of predation has not been adequately 

investigated, although Owen suggested as early as 1870 that Thylacoleo may have been large enough to prey on 

the former. 

Owen (1870:552) noted that the humerus was “restricted (to the) offices of support and locomotion”. Owen 

(1870) also viewed Diprotodon as “low in the Mammalian scale” and considered many of the adaptations seen 

in the taxon as “sign(s) of low organization in the great extinct Marsupial” rather than the graviportal 

adaptations they actually represent. He considered Diprotodon to have moved in a similar fashion to an elephant 

or megathere but with more speed than Mylodon or Megatherium (Owen 1870:560). Owen (1870:566) also 

suggested that Diprotodon had a similar diet to Megatherium, but relied on its large incisors for food harvesting 

rather than employing the forelimbs, as seen in the latter. De Vis (1883) observed of Diprotodon that the “long 

bones are little more than pedestals of support” and that “(Diprotodon) was, in the structure and office of its 

fore limb a mere marcher”, a view reiterated by most researchers to have studied the postcranial morphology of 

this taxon. In their description of the hands and feet of D. optatum Stirling and Zeitz (1899: 34) noted that the 

limbs and feet possessed “modifications as might be expected to occur in structures in which other powers must 

have been entirely subservient to the ability to support and carry an enormous weight”.  These authors 

conducted an in depth functional analysis of manual and pedal morphology and noted in many bones the 

decreased mobility and increased support role associated with large body size. They also suggest that there are 

some indications that the digits of the manus may have been used for manipulation of the pouch (1899: 36).  

Keble (1945) suggested that the morphology of the manus and pes of Diprotodon indicated that they “were 

formed for an existence in swampy and marshy places”. The opinions of subsequent authors tend to suggest the 

opposite, viz. that Diprotodon was better adapted to the drier, more open areas (e.g. Hope 1984). Stirling (1907) 

suggested that Diprotodon primarily grazed on saltbush (Atriplex spp.) and Archer and Bartholomai (1978) 

suggested that diprotodontids with a long diastema, including Diprotodon, “may have browsed on firmer, long-

stemmed plants”. Rich (1983) suggested that D. optatum was adapted to open woodlands and grasslands, and 
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Murray (1984) summarized inferred behavioral characters of D. optatum, concluding that the taxon was a 

gregarious, plantigrade, quadrupedal selective browser that ate leaves, bark and uprooted whole shrubs and 

lived in light scrub, savannah and bushland. Collagen isotope study of the enamel of D. optatum indicated that 

the taxon was a generalist browser/grazer, capable of consuming both C3 and C4 plants (Gröcke 1997a, b). A 

more detailed description of the environment type in which D. optatum occurred has been obtained from the 

pollen record at Lake Callabonna, where hundreds of D. optatum skeletons are preserved. Tedford (1973) 

describes the palaeoenvironment as “a saltbush steppe with scattered wattles and native pines, while the 

watercourses joining the lake were lined with gum trees”. A site in Bacchus Marsh including at least 20 D. 

optatum individuals, interpreted as resembling a drought assemblage, has been used by Long and Mackness 

(1994) to infer that this species was gregarious. Price (2008) and Webb (2009) also suggested that D. optatum 

was a herd species and Webb (2009) suggested that it may have migrated along riverine corridors through parts 

of central Australia. 

It is often inferred that D. optatum was highly sexually dimorphic (e.g. Owen 1870:528, 532; Krefft 1875; 

Stirling and Zeitz 1899, Williams 1982; Price 2008), the larger form representing the male. Krefft (1875) 

appears to have been the only author to suggest that the larger form may represent the female, noting that the 

largest members of Vombatus, Phascolarctos and Trichosurus are usually female. Jarman (1989) carried out a 

more extensive study and concluded that, in all sexually dimorphic, extant marsupial species with a body mass 

>5 kg, the male is larger than the female. Price (2008) also noted that in extant mega-herbivores the male is 

almost invariably larger than the female and so infers that the large-form Diprotodon may have represented the 

males. The only opportunity to test this hypothesis revolved around the discovery of a pouch young in the 

position of the pouch of an adult Diprotodon skeleton from Lake Callabonna (Stirling and Zeitz 1899). 

Unfortunately it was not recorded which adult individual the juvenile skeleton was found with and so the 

opportunity was lost. 

Tyndale-Biscoe (2005:374-375) is one of very few authors to have considered life history traits of Diprotodon 

in detail, extrapolating from the work of Russell (1982) who examined modern marsupials. Tyndale-Biscoe 

concluded that, based on Russell’s formulae, Diprotodon probably produced a single joey per litter with a 

gestation period of about 60 days, taking 700-800 days until first pouch exit, and weaning at around 1000 days 

with a mass of 100-200 kg. Price (2008) concluded that Diprotodon probably exhibited a polygynous breeding 
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strategy. Webb (2008, 2009) suggested that Diprotodon was probably one of the best adapted species to cope 

with increasing aridity in central Australia but that its reproductive strategy also made it vulnerable if 

population numbers dropped or if its distribution became fragmented. 

 

1.3.2 Sub-family Zygomaturinae 

1.3.2.1 Raemeotherium 

As this taxon is known only from a single dentary (Rich et al 1978) very little is known about its habits. Hand et 

al (1993) noted that this taxon was probably the only zygomaturine smaller than Nimbadon. 

 

1.3.2.2 Silvabestius 

The palaeobiology of this genus has received little attention, partly because there is little or no postcranial 

material attributable to the genus. 

 

1.3.2.3 Alkwertatherium 

As with the zygomaturines mentioned above, little is known of the palaeobiology of Alkwertatherium due to the 

paucity of skeletal material. 

 

1.3.2.4 Nimbadon 

Nimbadon is represented by abundant cranial and postcranial material from various sites at Riversleigh and is 

the smallest diprotodontid known to occur from the middle Miocene sediments found there (Hand et al 1993). 

The high numbers of individuals found there has been interpreted by Black (1997) as being indicative of 

gregarious behavior in this taxon. Weisbecker and Archer (2008) also suggested that Ni. lavarackorum grouped 

with arboreal taxa based on phalangeal indices of the manus and that it may have been an able climber. 

 

1.3.2.5 Neohelos 

Plane (1983) suggested that Neohelos may have looked like a large, long-legged wombat and probably browsed 

on damp vegetation in the forests surrounding lakes and river flats. Archer (1984) suggested that Neohelos was 

probably a gregarious taxon (a view reiterated by Black 1997) that displayed significant sexual dimorphism, 
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with the males being larger than females. Murray et al propose a body mass of 250 kg for a large (?male) N. 

stirtoni based on Anderson et al’s (1985) formula. They also suggested N. stirtoni was “about the size of a large 

ram, though more heavily built and shorter limbed”. Murray et al (2000) also identified a large degree of sexual 

dimorphism in populations of N. stirtoni, with cranial dimensions differing by as much as 50% between sexes. 

 

1.3.2.6 Plaisiodon 

 The palaeobiology of Plaisiodon has received relatively little attention. Hand (1987c) suggested this taxon 

to be cow-sized, slow moving and relatively social, probably feeding on shrubs and leaves. Murray et al (2000) 

predicted a body mass of around 550 kg for P. centralis. 

 

1.3.2.7 Kolopsis 

 In summarizing Plio-Pleistocene New Guinean palaeoecology Flannery (1994) suggested body masses of 

around 100-150 kg for K. rotundus and 200-400 kg for ‘K.’ watutense making the latter the largest known New 

Guinean mammal. Flannery (1994) also suggests that, based on their dentition, all New Guinean diprotodontids 

were browsers. Murray et al’s (2000b) predictions for K. torus, based on the equations of Anderson et al (1985) 

were around 112 kg for a small (?female) form and 200 kg for a large (?male) form.  

 

1.3.2.8 Kolopsoides 

 Flannery (1994) suggests that K. cultridens was one of the smallest diprotodontid species, weighing 

between 50 and 100 kg. Other than this size prediction little is known about the palaeobiology of this taxon. 

 

1.3.2.9 Maokopia 

 Flannery (1992) suggested that Maokopia was probably the largest mammal living in the subalpine 

herbfields of New Guinea during the late Pleistocene. Hope et al (1993) and Flannery (1994) elaborated, 

suggesting that this small diprotodontid probably weighed around 100 kg, or slightly less, and fed at least in part 

on silica rich ferns, sedges and grasses in subalpine and alpine tundra-like habitats. Maokopia is thus one of the 

only diprotodontids inferred to have lived in treeless grasslands. 
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1.3.2.10 Hulitherium 

 Flannery and Plane (1986) suggested that Hulitherium was a browser that inhabited cool, mossy mid-

montane rainforests and probably weighed between 75 and 200 kg. Flannery and Plane (1986) also suggested 

that, based on the morphology of the humerus and femur, the hindlimbs of this taxon were not graviportal, 

being significantly more mobile than most other diprotodontids and that Hulitherium may have adopted a bear-

like or panda-like posture. Flannery (1987) then revised this body mass to 300 kg and suggested H. tomasettii 

inhabited a niche similar to that occupied by the gorilla, the giant panda and the spectacled bear in other parts of 

the world. Flannery (1994) also suggested that H. tomasettii could stand on its hind legs. 

 

1.3.2.11 Zygomaturus 

Murray (1991) suggested a body mass range of 300-500 kg for Zygomaturus but Murray et al (2000b) then 

proposed a body mass of 673 kg, based on Anderson et al’s (1985) formula. Camens (2004) found that when 

using the equation developed by Roth (1990) for elephants the estimated body mass of Z. trilobus was 785-2030 

kg and when using the formula developed by Myers (2001) for modern marsupials it was ~2000 kg. As 

mentioned above for D. optatum, Packard et al (2009) recalculated Anderson et al’s (1985) formula, the 

resulting equation yields a body mass of 1284 kg for Z. trilobus (based on measurements of Camens 2004). 

 Zygomaturus trilobus has been considered similar in size (and/or habit) to a tapir (Scott 1915; Keast et al 

1972), bullock/cow (Anderson 1933; Keast et al 1972, Murray 1984), large draught horse (Bennett 1872), 

ground sloth (McCoy 1877 in Scott 1915: 42) or small rhinoceros (Scott and Lord, 1920a, 1925).  Bennett 

(1872) indicated that Zygomaturus fossils belonged to an animal apparently included in aboriginal dreamtime 

stories. The animal was called “Gyedarra” and “was as large as a heavy draught horse, walked on four 

legs…eating grass, never went any distance back from the creeks to feed, and spent most of its time in the 

water, chiefly in enormous holes excavated in the banks”. This raises the intriguing possibility of actual racial 

memory of this taxon when it was still alive, although the likelihood of the story being passed down accurately 

for ~45ka does seem remote. The traits listed also seem to be a mixture of those that might be expected for 

Zygomaturus (e.g. large as a draught horse, spent time in water) and Phascolonus gigas Owen 1872b (e.g. ate 

grass, lived in holes excavated in river banks).  
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The functional morphology of this species has been considered in more detail than perhaps any other 

diprotodontid, based on a near complete skeleton (originally attributed to Nototherium tasmanicum) excavated 

from Mowbray Swamp in Tasmania (Scott 1915; Scott and Lord 1920a, b, c, d, 1921, 1925). Amongst their 

notes was the observation that, due to differences in proximal tibial morphology, Diprotodon and Nototherium 

(Zygomaturus) probably had significantly different gaits. Scott (1915) also made palaeobiolgical inferences 

based on his observations of the skeletal morphology, suggesting that Nototherium tasmanicum (Z. trilobus) 

may have dwelt in “forest edges, glades and marshes”. Scott also suggests the species would appear “heavy and 

elephantine to some extent, with nearly straight forelegs, but capable of rearing up against … trees… while their 

flexible snouts and drag-hook like tusks garnered the juicy leaves and tender shoots which served as food” 

(1915: 41). The function of the large nasal protuberance of Z. trilobus has kept scientists guessing for over a 

century. Owen (1871:48) observed that (in reference to the nasal protuberances) “…the corresponding part in 

Nototherium (viz. Z. trilobus) offers the strangest and most anomalous form and proportions in the mammalian 

class”. Scott (1915) considered this structure to represent either a “fighting horn” or a support structure for a 

trunk, favoring the latter. Murray (1978) considered the possibility of the taxon possessing a proboscis highly 

unlikely. Scott and Lord (1920c, 1925) and Lord and Scott (1924) considered Z. trilobus to have possessed a 

Rhinoceros-like horn and Murray (1978) concluded that Z, trilobus probably had a highly mobile upper lip and 

incipient horns or horn-like structures, as suggested by Watson (in Scott 1915). 

Merrilees (1968) raised the possibility that Z. trilobus may have been aquatic, due to its unusual nasal 

morphology. Murray (1978, 1984) suggested that Z. trilobus was a semi-gregarious, plantigrade, quadrupedal 

(and possibly swimming/wading) browser that used its large claws to dig for roots and tubers, strip bark and 

uproot shrubs and lived in grassy woodland. Murray (1984) also suggested that the forelimb morphology of this 

species suggested significant mobility (when compared to similarly sized ungulates) and that it had a low, 

sprawling posture. Many authors have observed that Z. trilobus seems to have been restricted to the wetter, 

coastal areas of Australia (e.g. Murray 1978; Hope 1984; Long et al 2002) but Webb (2009) also records its 

presence in the Lake Eyre Basin of central Australia. Gill and Banks (1956) suggested that Z. trilobus may have 

been able to rear up on its hind legs but they also considered the feet to be weak (contrary to Scott and Lord 

1920d, 1925) and the legs to be essentially pillar-like as in Diprotodon. They also suggested that, in northern 
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Tasmania, Z. trilobus probably fed mostly on members of the Myrtaceae (eucalypts, bottlebrush, paperbarks 

etc.) (Gill and Banks 1956). 

The presence of high levels of sexual dimorphism in Zygomaturus has been alluded to by several authors (Scott 

1915; Scott and Lord 1920a, b, c), it being also suggested that the males were highly modified for “aggressive 

warfare” in multiple aspects of their skeleton (Scott and Lord 1920a, b, c). 

 

1.4 Thesis aims 

 Behrensmeyer and Boaz (1980) note that podial elements are common in fossil assemblages due to their 

resistance to damage. Szalay (1982) goes further in stating that the astragalus and calcaneum are “the most 

commonly represented elements of the skeleton in fossil mammals”. The main difficulty exists in uniting 

postcranial material with the dental material upon which most species are described; unless articulated remains 

are found, the resulting associations will usually only represent “best guess” scenarios.  

The first aim of this thesis is thus to identify Diprotodontid taxa for which substantial postcranial material is 

known and to allocate unidentified postcranial material to previously described diprotodontid taxa. As carpal 

and tarsal elements seem to be more common and/or less prone to damage than other elements of the postcranial 

skeleton they will form the main part of the thesis, although aspects of the other bones comprising the 

appendicular skeleton will also be discussed. Scapulae and pelves are not included in this thesis due to their 

under-representation in the diprotodontid fossil record. The axial skeleton is outside the range of the current 

study. 

 As palaeobiolgical interpretations of diprotodontid postcranial anatomy are few and far between the second 

aim of this thesis is to examine the functional morphology of the diprotodontids for which sufficient material is 

known. This will be supplemented by study of recently discovered diprotodontid trackways and will provide 

new insight into the palaeobiology of the taxa studied. 

 The third aim of this thesis is to establish how useful characters of the appendicular skeleton of 

diprotodontids are in determining intrafamilial and interfamilial phylogenetic relationships. This will involve 

identification of characters useful in distinguishing diprotodontids from other diprotodontians, diprotodontines 

from zygomaturines, and members within each sub-family, as well as unique apomorphies in the postcranial 

skeletons of the diprotodontid taxa involved. 
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 In Chapter 2 of this thesis the morphology of the hindlimb of Euowenia grata is examined in both 

functional anatomical and palaeobiological contexts. This was made possible due to the recent discovery on the 

Warburton River (expeditions led by Tedford and Wells in 2001 and 2006) of both postcranial material and 

fossil trackways, assigned to Euowenia grata. 

In Chapter 3 fossil trackways belonging to E. grata were investigated, allowing both independent verification of 

relevant functional inferences arising from the study of the skeletal anatomy in Chapter 1, and new behavioural 

inferences based on the observed trackways. 

In Chapter 4 a megafaunal fossil trackway site from the Volcanic Plains of Western Victoria and the 

palaeobiological implications of the observed trackways were recorded. I also aimed to use the findings to help 

formulate a clearer picture of Plio-Pleistocene diprotodontine locomotion. 

 In Chapter 5 the functional morphology of the hindlimb and forelimb of all diprotodontid taxa for which 

sufficient material is known was investigated, and the observed morphology was discussed in both 

palaeobiolgical and evolutionary frameworks. 

 In Chapter 6 I aimed to examine the usefulness of diprotodontid postcranial anatomy for formulating 

phylogenetic hypotheses and to determine the degree to which functional correlates potentially cloud the 

phylogenetic signal of the observed morphology. 
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1.6 Appendix 1 
 

 Genus Species Common name Status Time period (if not extant) 
Marsupialia      
Diprotodontidae      
Diprotodontinae Nototherium dunense  extinct Pliocene 
  inerme  extinct Pleistocene 
  mitchelli  extinct Pleistocene 
  tasmanicum  extinct Pleistocene 
  tasmaniense  extinct Pleistocene 
  victoriae  extinct Pleistocene 
  watutense  extinct Pliocene 
 Sthenomerus charon  extinct Plio-Pleistocene 
 Ngapakaldia bonythoni  extinct late Oligocene 
  tedfordi  extinct late Oligocene 
 Pitikantia dailyi  extinct late Oligocene-early Miocene 
 Bematherium  angulum  extinct late Oligocene 
 Pyramios  alcootense  extinct mid to late Miocene 
 Euowenia robusta  extinct Pliocene 
  grata  extinct Pliocene 
 Meniscolophus  mawsoni  extinct Pliocene 
 Euryzygoma  dunense  extinct Pliocene 
 Diarcodon  parvus  extinct Pleistocene 
 Diprotodon annextans  extinct Pleistocene 
  australis  extinct Pleistocene 
  bennettii  extinct Pleistocene 
  loderi  extinct Pleistocene 
  longiceps  extinct Pleistocene 
  minor  extinct Pleistocene 
  optatum  extinct Pleistocene 
Zygomaturinae Raemeotherium  yatkolai  extinct late Oligocene-early Miocene 
 Silvabestius johnnilandi  extinct late Oligocene-early Miocene 
  michaelbirti  extinct late Oligocene-early Miocene 
 Alkwertatherium webbi  extinct mid to late Miocene 
 Nimbadon lavarackorum extinct mid Miocene 
  scottororum  extinct late Oligocene-early Miocene 
  whitelawi  extinct mid Miocene 
 Neohelos tirarensis  extinct late Oligocene-early Miocene 
  stirtoni  extinct mid Miocene 
 Plaisiodon  centralis  extinct mid to late Miocene 
 Kolopsis  rotundus  extinct Pliocene 
  torus  extinct mid Miocene 
  yperus  extinct late Miocene-early Pliocene 
 Kolopsoides cultridens  extinct Pliocene 
 Maokopia ronaldi  extinct Pleistocene 
 Hulitherium tomasettii  extinct Pleistocene 
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 Genus Species Common name Status Time period (if not extant) 
Zygomaturinae Zygomaturus creedii  extinct Pleistocene 
  gilli  extinct late Miocene-early mid Pliocene 
  keanei  extinct early Pliocene 
  macleayi  extinct Pleistocene 
  nimborensia  extinct Pliocene 
  trilobus  extinct Pleistocene 
Palorchestidae Palorchestes painei  extinct mid to late Miocene 
  parvus  extinct Plio-Pleistocene 
  azael  extinct Pleistocene 
Thylacoleonidae Thylacoleo carnifex Marsupial "lion" extinct Pleistocene 

Vombatidae Lasiorhinus latifrons 
Southern Hairy-
nosed Wombat extant  

 Phascolonus gigas Giant Wombat extinct Pleistocene 
 Ramsayia magna  extinct Pleistocene 
 Vombatus ursinus Common Wombat extant  
Phascolarctidae Phascolarctos cinereus Koala extant  
Phalangeridae Trichosurus vulpecula Brush-Tailed Possum extant  

Peramelidae Isoodon obesulus 
Southern Brown 
Bandicoot extant  

Macropodidae Protemnodon anak Giant Wallaby extinct Pleistocene 
 Macropus rufogriseus Red-necked Wallaby extant  
  giganteus Grey Kangaroo extant  
  rufus Red Kangaroo extant  
  robustus Euro/ Wallaroo extant  
Dasyuridae Sarcophilus laniarus Tasmanian Devil extant Pleistocene 
Thylacinidae Thylacinus cynocephalus Tasmanian Tiger extinct Pleistocene-Holocene 
Placentalia      
 Ursus maritimus Polar Bear extant  
  arctos Brown Bear extant  
 Loxodonta africana African Elephant extant  
 Rhinoceros unicornis Indian Rhinoceros extant  
 Hippopotamus amphibious Hippopotamus extant  
      
 Scelidotherium leptocephalum ground sloth extinct late Pleistocene-early Holocene 
 Lestodon armatus ground sloth extinct late Pleistocene-early Holocene 
 Glossotherium robustum ground sloth extinct late Pleistocene-early Holocene 
 Mylodon harlani ground sloth extinct late Pleistocene-early Holocene 
 Megatherium americanum ground sloth extinct late Pleistocene-early Holocene 

Appendix 1. A list of all taxa examined for this thesis. Bold type indicates the taxa coded for cladistic analysis. 
 



� 37

�

�

�

�

�

�

�



� 38

A 
Camens, A. B. & Wells, R.T. (2010) Palaeobiology of Euowenia grata (Marsupialia: Diprotodontinae) 
and its presence in Northern South Australia.  
Journal of Mammalian Evolution, v. 17 (1), pp. 3-19 

A 
NOTE:   

This publication is included on pages 38-54 in the print copy  
of the thesis held in the University of Adelaide Library. 

A 
It is also available online to authorised users at: 

A 
http://dx.doi.org/10.1007/s10914-009-9121-2 

A 



� 55

�

�

�

�

�



� 56

�

�

�

�

A 
Camens, A. B. & Wells, R.T. (2009) Diprotodontid footprints from the Pliocene of Central Australia.  
Journal of Vertebrate Paleontology, v. 29 (3), pp. 863-869 

A 
NOTE:   

This publication is included on pages 56-62 in the print copy  
of the thesis held in the University of Adelaide Library. 



 

 

55

55

 
 
 
 
 
 
 



 

 

56

56

 
 
 
 



 

 

57

57

1. Title 
MEGAMARSUPIAL PALAEOBIOLOGY REVEALED FROM TRACKWAYS OF 
THE VICTORIAN VOLCANIC PLAINS, AUSTRALIA 
 
2. Authors 
Aaron B. Camensa, Stephen P. Careyb, Matthew L. Cupperc, Rainer Gründ, John C. 

Hellstrome, Stafford W. McKnightf, Ian Mclennang, David A. Pickeringh, Peter 

Trusleri and Maxime Aubertj 

 

aDepartment of Earth and Environmental Sciences, University of Adelaide, South Australia 5005, 

Australia, Australia; email: aaron.camens@adelaide.edu.au 
bSchool of Science and Engineering, University of Ballarat, PO Box 663, Ballarat, Victoria 3353, 

Australia; email: s.carey@ballarat.edu.au  
cSchool of Earth Sciences, The University of Melbourne, Victoria 3010, Australia; email: 

cupper@unimelb.edu.au 
dResearch School of Earth Sciences, The Australian National University, Canberra, ACT 0200, 

Australia; email: rainer.grun@anu.edu.au 
e School of Earth Sciences, The University of Melbourne,Victoria 3010, Australia; email: 

j.hellstrom@unimelb.edu.au  
fSchool of Science and Engineering, University of Ballarat, PO Box 663, Ballarat, Victoria 3353, 

Australia; email: s.mcknight@ballarat.edu.au  
gSchool of Science and Engineering, University of Ballarat, PO Box 663, Ballarat, Victoria 3353, 

Australia; email: iainmclennan13@gmail.com 
hGeoscience Unit, Museum Victoria, GPO Box 666, Melbourne, Victoria 3001, Australia; email: 

dpick@museum.vic.gov.au 
i School of Earth Sciences, Monash University, Clayton,Victoria 3800, Australia; email: 

peter@petertrusler.com.au 
jResearch School of Earth Sciences, The Australian National University, Canberra, ACT 0200, 

Australia; email: maxime.aubert@anu.edu.au 

 

3. Corresponding author 

Aaron B. Camens 

School of Earth and Environmental Sciences, University of Adelaide 

South Australia, 5005, Australia 

email: aaron.camens@adelaide.edu.au 

tel: +61 8 83038245 

fax: +61 8 8303 4364 

mobile: +61 431633096 

 

mailto:rainer.grun@anu.edu.au
mailto:j.hellstrom@unimelb.edu.au
mailto:dpick@museum.vic.gov.au
mailto:peter@petertrusler.com.au


 

 

58

58

 

Abstract  

A diverse assemblage of Late Pleistocene marsupial trackways on a lakebed in south-

western Victoria provides the first information relating to the gaits and morphology of 

several megafaunal species and represents the most speciose and best preserved 

megafaunal footprints in Australia. The 60–110 ka volcaniclastic lacustrine sediments 

preserve trackways of the diprotodontid Diprotodon optatum, a macropodid (probably 

Protemnodon sp.), a large vombatid (perhaps Ramsayia magna) and possible prints of 

the marsupial lion, Thylacoleo carnifex. The presence of T. carnifex, vombatids and 

Protemnodon at the site is confirmed by fossil skeletal elements associated with the 

trackways. The footprints were imprinted within a short time period, demonstrating 

association of the taxa present rather than the time-averaged accumulations usually 

observed in skeletal fossil deposits. Individual manus and pes prints are 

distinguishable in some trackways and in many cases some digital pad morphology is 

also present. Several parameters traditionally used to differentiate ichnotaxa, 

including trackway gauge and degree of print in-turning relative to the midline, are 

shown to be subject to significant intraspecific variation in marsupials. Sexual 

dimorphism in trackway proportions of Diprotodon, and its potential for occurrence 

in all large bodied, quadrupedal marsupials, is identified here for the first time.  

 

Keywords: Diprotodontid, ichnology, trackways, gait, Pleistocene, Victoria. 
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1. Introduction 

Fossil trackways can preserve details about organisms not otherwise available 

in their fossil record. When related to skeletal remains, trackways can provide 

information relating to the biomechanics and palaeobiology of a species not evident 

from the skeleton (Lockley, 1998). The gait, foot morphology, size and speed of 

travel of individuals, as well as factors of wider ecological importance such as 

community composition and species diversity can be gauged (Camens and Wells, 

2009). In addition, the rheology of the sediments preserving the prints can reveal 

aspects of the environment at the time of deposition (Allen, 1989, 1997). Mammalian 

trackways have been widely studied from many parts of the world (e.g. Leakey and 

Hay, 1979; Belperio and Fotheringham, 1990; Cohen et al., 1993; Lea, 1995; Allen, 

1997; Lockley et al., 1999; Ataabadi and Sarjeant, 2000; Mietto et al., 2003; Triggs, 

2004; Webb et al., 2006), as have those of dinosaurs (e.g. Alexander, 1976; Thulborn 

and Wade, 1984; Lockley, 1986a; Thulborn, 1989, 1990; Farlow et al., 2000; Day et 

al., 2002; Moreno et al., 2004; Moreno and Benton, 2005).  

Mammalian fossil trackways are rare in Australia, the five described sites 

being restricted to the Pliocene and Pleistocene. These sites include Late Pleistocene 

human footprints at the Willandra Lakes in New South Wales (Webb et al., 2006) and 

Holocene human footprints at Clare Bay in South Australia (Belperio and 

Fotheringham, 1990). Non-human trackways include macropodid (possibly 

Protemnodon) footprints, from near Clare Bay (Belperio and Fotheringham, 1990), 

Pleistocene Diprotodon footprints at Lake Callabonna (Tedford, 1973; Wells and 

Tedford, 1995) and Pliocene Euowenia grata footprints from the Warburton River 

(Camens and Wells, 2009). To put this into perspective Lockley et al. (2002) 

considered the Chinese dinosaurian track record to be poorly known with only 27 

sites identified.  

Most fossil mammal trackways previously described were created by hooved 

ungulates (e.g. Laporte and Behrensmeyer, 1980; Loope, 1986; Allen, 1989, 1997; 

Lea, 1996; Lockley et al., 1999; Fornós et al., 2002), their hard hooves having the 

potential to leave tracks both deeper and in a wider range of substrates than the soft-

footed marsupials. This may help to explain the paucity of fossil mammal footprints 

in Australia, as the soft feet of all members of the Australian fauna would leave 

shallower tracks that are less clearly defined and less likely to be preserved. 
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It is extremely rare to find both trackways and fossil bone deposits at the same 

location. Several American sites contain both dinosaur bones and trackways (e.g. 

Lockley, 1986b; Harris, 1998; McCrea, 2003), but trackways and skeletal fossils are 

not necessarily contemporaneous at these sites. This site allows a direct comparison 

to be drawn between the fauna represented by the trackways and that represented by 

the fossil record, potentially revealing the biases of both records (to be published 

elsewhere). 

 

2. Regional setting 

Megafaunal marsupial trackways occur on a lake margin within the Victorian 

Volcanic Plains (VVP) of south-eastern Australia (precise details of its location are 

not provided here because of the sensitive nature of the site). The unit containing the 

trackways is part of a complex of lacustrine and associated aeolian deposits 

surrounded by the Newer Volcanic Group, a suite of Miocene–Holocene basaltic 

lavas and pyroclastics that extends from central Victoria westward to the south-

eastern extremity of South Australia (VandenBerg, 2009). Locally known for some 

time as “dinosaur footprints”, the trackways were under water in the recent past but, 

with continuing dry years, are now exposed.    

 

3. Materials and Methods 

3.1. Trackway mapping 

The position, length and width of each footprint were recorded on a gridded 

plan using tape measure and compass. A more or less continuous series of footprints 

made by one individual as it traversed the site was defined as a trackway. For the 

diprotodontid trackways the depth, width, length and shape for each print were 

measured and their distance from a set datum recorded. Stride length was measured as 

the distance between the median point of a given footprint and the median point of 

the next print of that foot. Trackway width was measured as the shortest distance 

from a line drawn between the median points of two consecutive footprints on one 

side of the trackway to the median point of a footprint on the other side. Pace 

angulation was measured as the angle formed between two consecutive pes prints on 

one side of the trackway and the intervening pes print on the other side. Where 

possible, individual manus and pes imprints were identified. Manus and pes prints 

were distinguished both by their position (manus prints are generally just in front of 
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pes prints) and shape (manus prints are semi-circular while pes prints are an elongate, 

kidney-shape). The mapping data were plotted by GIS software, MapInfo. Each 

trackway was photographed from a ladder and a photomosaic assembled. Scale plans 

were then constructed to facilitate spatial analysis. 

 

3.2. Trackway analysis 

Walking speed was estimated by application of the formula of Alexander 

(1976):   

                                      V= 0.25g0.5SL1.67h-1.17  

where V is the velocity in m/s, g is the acceleration due to gravity (9.8m/s2), SL refers 

to stride length (m) and h is the height of the hip above the ground (m). Gleno-

acetabular distance (the trunk length, measured from humeral articulation to 

acetabulum) was used to help identify track makers and was calculated using 

Haubold’s formula, L = ¾stride + distance between footprints of manus and pes, 

quoted in Stössel (1995, p. 411). 

The two diprotodontid genera known from Late Pleistocene deposits in south-

eastern Australia are Diprotodon and Zygomaturus . Each genus is generally 

considered to be represented by a single species in this period—D. optatum Owen 

1838 and Z. trilobus Macleay 1858  (Murray, 1991; Long et al., 2002; Price, 2008). 

We assume that the animal responsible for the diprotodontid trackway could have 

been either D. optatum or Z. trilobus. The hip height for the track maker is calculated 

from the ratio of the trackway width to the hip height, as measured from the mounted 

skeletons of the two species at the South Australian Museum (SAM; Adelaide, South 

Australia) and the Queen Victoria Museum and Art Gallery (QVMAG; Launceston, 

Tasmania) respectively. We recognise that these reconstructions represent a 

theoretical arrangement of the limbs. As demonstrated by the ratios determined 

below, skeletal characters such as the width of the pelvis reveal that the trackway 

width of Z. trilobus is likely to be proportionally greater than that of D. optatum.  

For the trackways identified as being made by the large extinct wombat, 

Ramsayia, the speed of the trackway maker was not calculated as no complete 

skeleton is known, which would allow the relevant body proportions to be measured.  

Speed could not be estimated from the macropodid trackways due to their hopping 

gait (the formula is not devised for application to a ricochetal gait).  



 

 

62

62

To aid in identification of the maker of the smaller quadruped trackways, 

tracks of the extant common wombat (Vombatus ursinus) were examined. This 

involved spreading out sand in a wombat pen at Cleland Wildlife Park, Crafers, South 

Australia, then both photographing and measuring the tracks made in the sand by an 

adult female wombat as it moved over the sand. Tracks were observed and measured 

for both a trotting and a walking gait. 

 

3.3. Skeletal fossil measurement and excavation 

 In the two depressions where fossil material had accumulated, the orientation 

of each identifiable bone and its position in the grid were recorded. Collected bones 

were prepared at Museum Victoria and the University of Adelaide using Paraloid and 

Mowital respectively. Specimens were then deposited in the palaeontology 

collections of Museum Victoria. Taxonomic and taphonomic documentation and 

palaeobiological interpretation of the skeletal fossils will be published elsewhere. 

 

3.4. Geochronology 

Three techniques, optically stimulated luminescence (OSL), combined 

uranium series/electron spin resonance (U–series/ESR), and uranium/thorium (U/Th) 

analysis, were applied to constrain the age of the trackways and the associated skeletal 

fossils. 

1. OSL dating was used to estimate the depositional ages of two samples of sediment. 

One sample was collected from the volcaniclastic sandstone hosting the trackways, 

and came from a few centimetres below the trackway surface, near the diprotodontid 

trackway, T1. The other sample was from the muddy sand that formed the matrix to 

the body fossils of skeletal accumulation 2 (figure 1). Samples were collected by 

driving 40 mm diameter stainless steel tubes into cleaned sections.  

The samples were processed under subdued red light, with the 180-212 µm 

quartz fraction extracted for dating using standard procedures (e.g. Galbraith et al., 

1999). A single-aliquot regenerative-dose protocol was used to calculate equivalent 

doses (Murray and Roberts, 1998; Galbraith et al., 1999; Murray and Wintle, 2000) 

following the analytical procedures described in Quigley et al. (2006).   

2. Combined U–series/ESR analysis was applied to marsupial (macropodid) teeth 

collected from skeletal accumulation 2 (figure 1).   The dating procedures followed 
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those routinely applied in the ANU ESR dating laboratory. From each tooth, an 

enamel fragment with attached dentine was removed and analysed for uranium and 

thorium using laser ablation ICP-MS (Eggins et al., 2003, 2005). The sediments were 

analysed for U, Th, and K by solution ICP-MS (Genalysis, Perth). For ESR dose 

analysis, the enamel was powdered and successively irradiated in 12 steps to 716 Gy. 

Radiation doses were monitored with alanine dosimeters and evaluated against a 

calibrated dosimeter set (A. Wieser, Messtechnik, München). Dose values were 

obtained by fitting the natural spectrum back into the irradiated ones (Grün, 2002). 

Chemical data were converted into dose rates using the conversion tables of 

Adamiec and Aitken (1998). For the calculation of the internal dose rate values, beta 

attenuation values of Marsh (1999) and an alpha efficiency of 0.13±0.02 (Grün and 

Katzenberger-Apel, 1994) were used. The beta dose rate was derived from the 

chemical analysis of the sediment samples which were attached to the teeth. For the 

calculation of the external gamma dose rate, we used the following calculations. (i) 

Around 50% of the gamma dose rate is generated by the 5 cm of matter surrounding 

the sample (Aitken et al., 1985). We regard the sediment samples attached to the teeth 

as being representative for this near-field. (ii) The other 50 % was derived from the in 

situ gamma spectrometric measurements. All analyses assumed the present day water 

contents of 27.5±5% and a depth of 15±5 cm for the cosmic dose rate calculations 

(Prescott and Hutton, 1988, 1994). Age calculations were carried out with the ESR-

DATA program (Grün, 2009a). 

3. The U/Th technique was used to determine the age of the dolomitic limestone that 

overlies the trackways-bearing volcaniclastic sandstone. JCH to supply.  

 

 

4. Results 

4.1. Geological description 

The trackways occur in volcaniclastic rocks, while associated vertebrate 

skeletal fossils were found in pockets of sandy mud and ferruginised sandstone that 

exist within the volcaniclastics. The thickness of the exposed strata is less than 0.5 m.   

Two contrasting units are present, the lower one being volcaniclastic and the upper 

one a micritic carbonate. Eight short cores (8–29 cm long) were extracted from the 

lower unit within the confines of the grid. 
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4.1.1. Lower unit 

The lower (volcaniclastic) unit contains the trackways on its upper surface as 

well as the fossil skeletal remains. It is exposed across much of the mapping grid, as 

well as for a few metres east of the grid, intermittently for tens of metres to the west 

and south, and about 200 m to the north and is at least 30 cm thick. The 

volcaniclastics are distinctly stratified, to form very thin beds which are internally 

laminated or cross-laminated. Many of the strata are clinoformal, with primary dips 

(always to the east) ranging up to 22o, though dips of around 10o are typical. Bedding 

surfaces are planar or rippled (see below for bed forms and associated features). 

Millimetre-scale cut-and-fill features are common, in addition to larger current scours 

associated with the sand bars present. One portion of the exposure displays convolute 

bedding which may be track-related. The rock is highly porous and weakly to strongly 

friable, except for the top few millimetres which are strongly cemented. Its colour 

varies between very dark grey (7.5YR 3/1, dry) and dark yellowish brown (10YR 

4/4). Texturally, the lower unit includes a mix of fine to very fine, medium-grained, 

coarse-grained and pebble/granule coarse-grained sandstone. Its mineralogy is 

dominated by volcanic glass, quartz, plagioclase and opaque nodules (iron 

oxyhydroxide), with subordinate to trace amounts of augite, olivine, crystalline 

basaltic lithics, and reworked calcareous fossils and fossil fragments (including 

foraminifers filled with reddish clay) (figure 2). Semi-quantitative XRD shows the 

presence of smectite with an abundance in the range 2–8% (figure 3). Some of the 

surface is covered by a crust of calcite <1–3 mm thick. Calcitic cement occludes the 

porosity in the volcaniclastics immediately below the crust as well as across a broad 

portion of the exposure to a depth of a centimetre where the calcite disappears.   

Two orders of bed forms are present. The larger, first-order bed forms are sand 

bars oriented north–south which exercise a clear control over the character of some 

trackways. They are tens of metres long and 10–15 metres wide, have a relief of 10–

15 cm, and are subparallel to the topographic contours of the slightly more elevated 

area to the west. Three sand bars can be distinguished within the gridded area (figure 

1), becoming a planar surface near the northern end but extending beyond the 

southern margin. Eastward, each successive sand bar is at a lower elevation than the 

previous one to form a step-like pattern. The bars are asymmetrical in east–west 

profile, near-horizontal west of the brink line but sloping at up to 8o on the east. The 
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brink lines of the bars plunge very gently to the south. Thin to very thin beds 

(clinoforms) dip easterly off the sand bars, with the dips being primary. Second-order 

bed forms, in the form of ripples, are abundant upon portions of both the crests and 

the upper slopes of the sand bars. Other parts of the exposure are characterised by 

planar surfaces, including parts of the crests and the lower slopes of the sand bars and 

adjacent troughs. Ripples include symmetrical, straight-crested, sinuous-crested and 

linguoid variants (figure 4). The predominant direction of wave movement, as 

determined from the ripples, was toward the west (figure 5). Erosional scours are 

abundant along the eastern sides of the sand bars (figure 4) and, in some cases, are 

responsible for the removal of footprints. Oriented roughly east–west, with the 

headward limits to the west, they vary from tens of centimetres to about 2 m in length, 

and a few to a few tens of centimetres in breadth. Their vertical relief is a maximum 

of 3–4 cm, with the margins being near-vertical to slightly overhanging. Some scours 

pass down slope into small deltas, 30–70 cm across and 1–<2 m long, that are situated 

in the adjacent trough. One especially large scour, traceable for 15 m and 5 m wide at 

the northern end of the western sand bar, transects the sand bar in an easterly direction 

before heading south-east. All but the largest scours were fed by pore water seeping 

from the sand bars. Localised soft sediment deformation, defined by distorted 

stratification, may be due to animal trampling and later erosion of the tracking surface 

(figure 6). Centimetre-scale burrows and the moulds of probable plant stems are 

minor features (figure 6), but locally abundant.  

 The two skeletal accumulations (figure 1) are within the volcaniclastic 

sandstone and exposed at its surface. The upper part of both is an unconsolidated 

sandy mud with easily extracted fossil bones and teeth. The lower parts of both are 

cemented to form volcaniclastic sandstone with skeletal fossils embedded. The 

dimensions of the two accumulations are shown in table 1. Skeletal accumulation 1 

transects the proximal end of diprotodontid trackway T1 and is elongate in a NE–SW 

direction. Despite its trench-like character at the surface, it lacks a distinct, 

channelised base. Instead, its lower part is continuous with the volcaniclastic host of 

T1. Skeletal accumulation 2 is at the toe of the east-dipping slope of sand bar 3, just 

below T2, which occurs along the sand bar’s slope. It is elongate in a N–S direction 

and appears to have formed in the trough adjacent to the sand bar. Again, there is no 

obvious boundary between the base of the skeletal accumulation and the adjacent 

volcaniclastic sandstone. 
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4.1.2. Upper unit 

The upper unit is a micritic carbonate which the lower unit except where it is 

eroded to expose the trackways. It has been stripped entirely from within the grid, and 

occurs within a few metres of the east, north and west of the grid. Outcrop of the 

micritic carbonate can be traced about 10 m east of the grid limits, tens of metres 

west, and several hundred metres north and south–west. The base of the upper unit is 

slightly irregular. Ten to fifteen centimetres thick, it lacks obvious depositional 

structures but has many fine fractures that make it rubbly and define centimetre-scale 

blocks. While generally a dolomitic-lime mudstone with a component (10–20%) of 

quartz sand, it is locally heterolithic, with a framework of volcaniclastic pebbles and 

sand and a matrix of carbonate (calcite and dolomite). It has little porosity, as 

interparticulate, intraparticulate and fine fracture porosity are occluded by micritic 

carbonate. Exposed surfaces are very pale brown (approx 10YR 8/2, dry) while 

slabbed surfaces are greyish brown (approx 10YR 5/5, dry). Semi-quantitative XRD 

shows that the carbonate unit is a dolomitic limestone (figure 7). The ratio, 

dolomite:calcite, varies between 1:1 and 1:4 in three samples. The calcite is 

magnesian and the dolomite is non-stoichiometric, with a ferroan component.  

 

4.2. Structural features 

Semi-regular jointing is a character of the lower (volcaniclastic) unit. Joints 

extend to only very shallow depth, apparently <0.5 m. Where the volcaniclastic 

sandstone is more strongly consolidated, jointing is mostly oriented north–south, with 

a spacing of 0.3–8 m, whereas the less strongly consolidated sandstone exhibits 

fracturing that is very variable in orientation and whose spacing is in the range 0.05–1 

m. In the most significant example, a joint that intersects the major diprotodontid 

trackway (T1) affects the uppermost 220 mm of the exposure, but has not propagated 

more deeply. The unexplained removal of a wedge-shaped block of volcaniclastics 

from immediately west of this joint has exposed (i) compactional depression of the 

stratal surfaces beneath a diprotodontid footprint (figure 8) transected by the joint and 

(ii) undertracks of the same trackway that were impressed on a clinoform under ≤220 

mm of sediment.  

 

4.3. Relation of geology to trackways 
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The question of whether the trackways all developed on the same bedding 

surface was assessed on the basis of the following criteria: intersection/overlapping of 

trackways; proximity of trackways; and absence of breaks in surface between 

trackways. All but two trackways can confidently be assigned to one of two surfaces, 

with those surfaces either being the same one or within a few very thin beds of each 

other (appendix 1). One exception is T2 (vombatid) which is the only trackway on 

sand bar 3 and whose surface, being a clinoform, cannot be traced to the adjacent 

sand bars. The other exception is T15 (diprotodontid) which is separated from the 

other trackways by nearly 50 m and patchy vegetation.  

In most cases the trackways-bearing bed is the uppermost volcaniclastic layer 

on each sand bar. Again, T2 is an exception, since the distal portion of the trackway is 

buried by very thin clinoformal beds of volcaniclastic sandstone. All trackways on a 

particular sand bar can be demonstrated to be formed in the same bed. Further, 

because T1, the main diprotodontid trackway, is exposed on sand bars 1 and 2, it 

provides the means the tie all the trackways on those two sand bars to the same 

surface. The two macropodid trackways north of sand bar 2 were imprinted into a 

bedding surface either identical to, or slightly above, that of the trackways on sand 

bar 2. As all trackways (except for T2 and T15) occur on, or extremely close to, the 

same bedding plane they are here considered contemporaneous, representing a single 

accumulation over a short period of time (hours or days). T2 and T15 may have been 

formed at the same time as all the others; indeed, T15 may even be part of the same 

trackway as T1. 

The only evidence of the order in which tracks were created is where the main 

diprotodontid trackway (T1) overprints one of the wombat trackways (T12). While it 

is not possible to determine the time frame in which the trackways were formed, 

preservation of some digital morphology suggests rapid burial after drying and 

hardening of the host matrix.  

The faithfulness of the mould of an indentor (e.g. a foot) is a reflection of the 

host sediment’s grain size, cohesiveness and water saturation (Allen, 1997; Milàn, 

2006). In an experimental study, Jackson et al. (2009) found that the best print 

formation took place in moist sand rather than in dry or saturated sand. The lack of 

morphological detail in some of the prints described here may be because the 

sediment was too cohesive to take a complete print (the print was unformed or only 
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partially formed) or because the sediment was too saturated to preserve details of the 

pad morphology.  

First-order sedimentary features at the site exercise some control on the paths 

taken by at least some of the track-makers. Variation in the character of individual 

trackways may be understood in terms of variation in the sedimentary character of the 

terrain across which the track-maker moved.  

 

4.4. Track formation 

Almost all of the traces are true tracks, in the terminology of Lockley (1991), but a 

small number are undertracks, while several others are filled with a plug (Allen, 

1997) of mounded sediment. Plug-style preservation is exhibited by some of the prints 

of T5 (macropodid) (figure 8) and T2 (vombatid). In no case is the texture of the 

animal’s skin preserved, nor are striations derived from movement of textured skin 

through moist sediment (e.g. Milàn, 2006), most probably because the host sediments 

are too coarse.  

Three types of print deformation occur (figure 8), generally in association with 

T1, made by the largest and heaviest track-maker, the diprotodontid: 

• Marginal ridge (Allen, 1997), a collar-like mounding of sediment around part or 

all of the print. Both the manus and the pes prints of T1 commonly feature a 

marginal ridge around the entire print. Where manus and pes prints overlap, the 

posterior border of the manus print is generally pushed forward. 

• Ejecta (Allen, 1997), sediment lobes (20–30 mm long, 30–40 mm broad and ∼10 

mm high) ejected as saturated sediment from beneath the foot as it pressed upon 

the sediment surface. These are rare, associated with just one pair of left manus 

and pes prints. In each case, the lobes occur on the inside (right side) of the print. 

• Adhesion ridges, curvilinear to concentric ridges on the print’s pad due to sticking 

by capillary action of the moist sediment to the base of the foot as the latter was 

raised. 

Preservation of partial footpads in a few instances allowed us to distinguish 

between the footprint and deformed sediments around the print. This allowed more 

accurate estimates of the size of the feet of the individuals responsible in addition to 

providing a more detailed record of pad morphology. The degree of deformation of 

the surrounding sediments in the diprotodontid and macropodid trackways is 
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proportionally larger than that seen in most other trackways (in some cases sediment 

is deformed for more than twice the length of the foot).  

 

4.5. Description of trackways and identification of trackway makers 

A total of ten small quadruped trackways, three macropodid trackways and 

two diprotodontid trackways are identified. The trackways vary in length from 1.2 m 

to 62.8 m (appendix 2). The longest trackway, created by a diprotodontid, includes a 

gap of about 20 m where there are no impressions exposed. 

 

4.5.1. Diprotodontid trackways 

 Two diprotodontid trackways, T1 and T15, are present. The latter is short and 

rather poorly preserved. It is located about 30 m north-west of the origin of the 

mapping grid (figure 1). Formed by an animal travelling south, it is possible that it 

was originally joined to T1 through an arc that resulted in the animal’s travelling 

south-east toward the palaeolake. The focus here is on T1. 

 

4.5.1.1. Description and sedimentary context 

The most prominent trackway, T1, commences next to bone accumulation 1 

(figures 3, 9, 10) and is remarkable for its length (62.8 m, though with a gap of 20.2 m 

included) and the size of the individual footprints (hind prints generally 35–40 cm 

long). The best preservation of footprint morphology occurs on the crests of the first 

two sand bars but overall prints are somewhat variable in size and shape. Since it is 

headed south-east, it crosses all three mapped sand bars but is not exposed on sand bar 

three (figure 1). Across the broad crest of sand bar 1, the fore prints (short) and the 

hind prints (long) are separate (i.e. not overlapping, figure 11). They are typically 

impressed 30–40 mm into the sediment surface and many feature a marginal ridge. At 

the brink of the first sand bar, beyond which it slopes to the east, a compound right 

footprint exists, where one foot has made three overlapping impressions, i.e. a 

shuffling of the foot where the animal hesitated to step down from the first sand bar 

(figure 9). Most of the prints from beyond the brink to the step before the second sand 

bar are subtle to barely distinguishable. The surface concerned is a clinoform, being 

planar (i.e. having no bed forms) and dipping at up to 8o east before becoming 

horizontal at a step in the exposure along a joint. The overlying clinoforms have been 

removed by unknown means between the brink of sand bar 1 and the joint. Thus the 
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subtle, saucer-shaped prints of the clinoform are undertracks, formed on a buried 

stratal surface due to compaction under the feet of the diprotodontid. A section 

through successive undertracks is exposed where a vertical joint intersects a print of 

the left pes (that is, the stratification displays the degree of compaction beneath the 

weight of the animal) (figure 8).  

Across sand bar 2, the prints are generally more uniform in size and shape 

than elsewhere, despite the hind and fore prints commonly overlapping (figure 12). Of 

the deformational features described above, anterior marginal ridges on the pes prints 

and adhesion ridges are common, and the only ejecta observed occur here. On the 

eastern slope of sand bar 2 and in the subsequent shallow trough, the morphological 

details of the fore print and hind prints are lost in favour of a broad saucer shape. 

While the saucer-shaped prints may be undertracks, it is also possible that they are 

true tracks formed in saturated sediment. 

Following a twenty-metre gap in the trackway, a final set of indistinct 

diprotodontid prints almost directly in line with the main part of the trackway is 

interpreted to represent the termination of the diprotodontid trackway. While slightly 

smaller in size than the well formed prints, they are much larger than all other prints 

at the locality and are, as a consequence, inferred to be a continuation of the 

diprotodontid trackway. 

 

4.5.1.2. Identity of track maker 

Due to the size of the footprints in this trackway the majority of the known 

megafauna could be ruled out as potential track makers. Only three species, 

Diprotodon optatum, Z. trilobus and Palorchestes azael, were big enough. P. azael is 

quite rare in the fossil record while the former two species were common in south-

eastern Australia during the Late Pleistocene. In at least one pes print, a divergent first 

digit is clearly discernible (figure 12). The first metacarpal, or hallux, of D. optatum 

projects medio-posteriorly and is effectively part of the tarsus while the second and 

third metatarsals are severely reduced in size and project antero-medially (figure 13). 

The hallux and second and third metatarsals of Z. trilobus are proportionally larger 

than in D. optatum, the hallux projecting medially and the other metatarsals projecting 

more anteriorly. The morphology of the prints is a much better match with the foot 

structure of D. optatum than that of Z. trilobus. Weisbecker and Archer (2008) noted 

that the digital proportions in the manus of Diprotodon are plesiomorphic, being most 
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similar to those seen in arboreal taxa such as possums. They also implied that there 

has been little selective pressure placed on the digits of Diprotodon and consequently 

that they may not have been employed during locomotion. This helps explain the 

manual morphology of the prints in the diprotodontid trackway (T1) where only 

carpal and metacarpal pads are evident. 

When assessing the identity of the track maker based on trackway proportions 

we assumed a hip height of around 830 mm for D. optatum and 600 mm for Z. 

trilobus (see methods section). The gleno-acetabular length, calculated from the 

trackway measurements using Haubold’s formula (see table 2), would have been 

approximately 1080 mm. These measurements suggest the average speed of travel 

was 5.5 km/h for D. optatum or 8.0 km/h for Z. trilobus. The ratio of foot length to 

trackway width in the D. optatum trackway at Lake Callabonna was approximately 

0.73, based on extrapolation of measurements and photographs taken by Richard 

Tedford (pers. comm. 2007). The same ratio, determined from the mounted skeleton 

of D. optatum in the South Australia Museum, is 0.53. The difference between these 

two values probably reflects the walking (Callabonna) versus standing positions of 

the limbs. The ratio calculated from the VVP trackway is 0.41, much closer to that 

expected for Z. trilobus (approximately 0.4 based on the mounted specimen at the 

Queen Victoria Museum and Art Gallery) than that measured for D. optatum. 

Henderson (2006) demonstrated that while the detail of fossil prints can be lost 

through erosion the dimensional ratios remain constant, and so the inferences made 

from the ratios determined from the trackways measured in this study are probably 

valid. The ratio can be expected to be higher in a moving animal than a stationary 

animal as the feet land closer together as speed increases (see Bang and Dahlstrom 

2001), while they are spread apart for stability when the animal is stationary. The 

average pace angulation measured for diprotodontid trackway T1 was 89° ±11° (64°–

114°) while in diprotodontines for which trackways are known (Euowenia grata and 

D. optatum) the angulation is around 125°. A lower value suggests that the limbs are 

being held further apart, in a more sprawling gait (Lockley and Meyer, 2000, p. 3). 

The dimensions measured for this trackway, specifically track width in relation to 

foot length and pace angulation, thus match much more closely with that expected of 

Z. trilobus than that of D. optatum. If the animal responsible was Z. trilobus then the 

individual was moving at speed (due to the stride length to foot length ratio) for parts 

of the trackway and must have employed a gait other than a walk, such as a trot.  
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Kardong (2002: 334) suggested that a trotting gait provides a stable method of 

locomotion at increased speeds for animals with broad bodies such as 

hippopotamuses. Z. trilobus, which has been likened to a marsupial hippopotamus or 

rhinoceros (Scott and Lord, 1920a), could also have adopted this gait to move at 

faster speeds. Murie (1954) reported that most quadrupedal animals moving at a walk, 

from bears to ungulates, have tracks with the manus impression placed just in front 

of, or overprinted by, the pes impression and that as the animal picks up speed the pes 

prints fall in front of the manus prints. When wombats employ a trotting gait, the pes 

more completely overprints the manus than when they walk. The morphological 

similarities between Z. trilobus and wombats have long been recognised (e.g. Scott, 

1915; Scott and Lord, 1920b, c) and the former probably employed a sprawling gait 

similar to the latter. The VVP trackway displays almost complete overlap of the 

manus and pes prints across sand bar 2, suggesting the animal was moving faster, 

while, closer to the beginning of the trackway (sand bar 1), the prints do not overlap 

at all, suggesting the animal was moving more slowly. Thus it seems that the animal 

was moving at a trot, similar to that employed by V. ursinus, for at least part of the 

trackway.  

Alexander (1983) suggested that the Froude number, Fr, can be used to 

determine an animal’s probable gait at a given speed. Fr can be calculated from the 

formula u2/gh where u is the speed in ms-1, g is the acceleration due to gravity (9.8 

ms-2) and h is the hip height in metres. Alexander concluded that, at Fr = 0.1, most 

animals employ an ambling gait (or walk); at Fr =1, they move into a trot-like gait; 

and, at Fr between 2 and 3, the motion is a canter or gallop. If Z. trilobus were 

responsible for T1, Fr ≈ 0.8, indicating a trot, whereas if the species responsible were 

D. optatum, Fr ≈ 0.3, suggesting an amble or walk.  

Although the ratios and sedimentary deformational features given above 

suggest that these tracks represent a Z. trilobus individual rather than a D. optatum 

individual the print morphology clearly demonstrates that the latter species was 

responsible for these tracks. This reveals that D. optatum did not always walk with 

the limbs upright under the body, as indicated by the Callabonna trackways (Camens 

and Wells, 2009), but was able to significantly vary limb position, and hence 

trackway gauge, during locomotion.  

 

4.5.2. Macropodid trackways 
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 Three macropodid trackways were identified based on pad morphology and 

the pairing of prints indicative of a hopping (ricochetal) gait. Each trackway consists 

of 3–7 pairs of prints, the average dimensions as in table 2. In T3, the whole foot has 

been placed on the ground in the penultimate print, while for the other prints in the 

trackway only the toe imprints are preserved.  

The pad impressions seen in these trackways reveal two large digit imprints, 

interpreted to be the fourth and fifth digits. This indicates that the track maker was not 

a sthenurine (extinct, short-faced kangaroo) as this group of macropodids has only 

one large digit (the fourth) in the pes. Possible track makers include a number of 

species from the two genera Macropus (modern kangaroos) and Protemnodon 

(extinct giant wallabies). Species of Protemnodon are known to have had a 

proportionally larger fifth digit than modern kangaroos (Stirton 1963, p.132), as 

observed in the fossil footprints (figure 14). However, it is not possible to rule out 

species such as Macropus rufogriseus (the red-necked wallaby) that also have an 

enlarged fifth digit. The proportionally large size of the fifth digit in the pes of the 

track maker most likely excludes modern species of large kangaroos such as M. rufus, 

M. giganteus and M. robustus. Triggs (2004) suggested that the digital pads of 

modern wallabies such as M. rufogriseus leave tracks up to about 120 mm long. The 

animals that created the fossil tracks left digital pad impressions averaging 184 mm in 

length, suggesting that an animal larger than modern wallabies, such as Protemnodon 

anak, was responsible. Where the whole foot is imprinted, the length of the footprint 

is about 350 mm (figure 15). Stirton (1963) noted that the pes of Protemnodon was 

proportionally shorter than those of modern wallabies and hence a pes length of 350 

mm may represent a large Protemnodon individual (the unnumbered cast of a large 

specimen of Protemnodon in the Queen Victoria Museum and Art Gallery has a pes 

length of 360 mm). Belperio and Fotheringham (1990) attributed a fossil macropodid 

trackway to Protemnodon based on the large imprint of the fifth digit. The tracks 

described by these authors were 280 mm long, making them significantly larger than 

those described here (see table 2). 

 

4.5.3. Vombatid trackways 

Ten of the 15 trackways were made by small quadrupeds, nine or all ten by 

wombats (appendix 2). We describe the three longest and most distinct of the 

vombatid trackways, T2, T4 and T12.  
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4.5.3.1. Description and sedimentary context 

The entirety of T2 occurs on the east-dipping steeper slope of the northerly 

oriented sand bar 3 (figures 3, 16), never more than 20–30 cm east of the sand bar’s 

brink. Nearly 19 m long and consisting of 98 footprints (usually consisting of the 

proximal foot pads but occasionally displaying digital morphology), it is directed 

northerly and disappears progressively (first the right prints, then the left prints) under 

easterly dipping planar clinoforms. Three small gaps, each representing one footprint, 

are due to erosion, present in the form of small scours. Such scours, incised into the 

eastern slope of the sand bar and directed easterly, are common at and before the 

beginning of the trackway, but disappear northward. The footprints at the southern 

end of the trackway become progressively less distinct until they can no longer be 

resolved.  

Trackway T4 is confined to the top of sand bar 2 (figures 3, 16), is 16.6 m 

long and is composed of 86 prints. Initially directed south, it heads south-west from a 

dogleg at a distance of 4.4 m along the trackway. Most of the prints are of the 

proximal foot pads, some also displaying digital impressions (figure 17), while the 

very first print is represented only by digital pad impressions. The initial southward-

directed segment is high on the eastern slope the sand bar and parallel to the brink 

line. The first print is separated from the next prints by a small current scour directed 

easterly down the eastern slope of the sand bar, and the third pair of prints, located in 

another shallow scour, is barely discernible due to erosion. Most of the sand bar’s 

surface is rippled so that many of the footprints are difficult to discern. The south-

westerly segment of the trackway sees the animal travel across the sand bar. The 

trackway ends amongst linguoid ripples, where the prints are very subtle. 

Trackway T12 (figure 17) is distinguished from T2 and T4 in that most of the 

prints preserve the digits only, and only rarely are the pads impressed. It is located on 

the crest of sand bar 2 (figure 3), heads north, is 4.7 m long and consists of 44 prints. 

While the surface is covered with linguoid ripples, the puncture-like digital prints are 

generally very clear. Just after the beginning of the trackway, there is a short gap 

where a diprotodontid track has obliterated several vombatid prints. 

 

4.5.3.2. Identification of track maker 
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The identification of the taxon responsible for these tracks is the most 

problematic of those discovered due to the partial preservation of the prints and the 

wide range of potential candidates. Among the possible candidates are Sarcophilus 

laniarius (a larger version of the modern Tasmanian devil), Thylacinus cynocephalus 

(the Tasmanian tiger), Thylacoleo carnifex (the marsupial lion), multiple species of 

wombat or even a juvenile diprotodontid. Dasyurid (e.g. Tasmanian devil) prints tend 

to have long, thin digit impressions with complex pad morphology while thylacine 

prints display four digits of equal size (Triggs, 2004), neither of which matches the 

print morphology observed in the fossil trackways. 

Of the ten small-quadruped trackways identified, it is likely that most were 

from the same species if not the same individual. This is despite quite variable 

preservation, including tarsal/carpal-pad prints only, digital-pad prints only and, in 

rare cases, both. The morphology of the prints is similar in arrangement and 

proportion to the prints of modern wombats, though some of the best preserved prints 

are up to 50% larger than those of modern wombats. The average stride length for the 

combined trackways is 380 mm, average trackway width 130 mm and average pes 

length 100 mm (table 2). While the majority of footprints in trackway T2 lack digital 

impressions, many digital impressions are discernible in trackways T4, T12 and T13 

(figure 17). In most (pes) tracks where digital morphology is preserved, only three 

digits are visible. Only one (manual) print displays the impressions of all five digits 

(figure 17). Three-digit impressions are evident in some of the tracks, as could be 

expected in a vombatid pes where the first digit is reduced to a small knob and the 

second and third digits are syndactylous (encased in a single skin sheath for most of 

their length). In other tracks four digits are preserved in an arrangement suggestive of 

a vombatid manus. The pad morphology and the dimensions of these trackways (T2, 

T4, T8, T12, T13 and T14) are closely comparable with those measured in extant 

Vombatus ursinus (see table 2) and suggest that the track-maker was probably a large 

species of wombat. While the possibility that the various small-quadruped trackways 

were made by a modern species of Vombatus or Lasiorhinus cannot be ruled out, the 

size of some individual prints suggests that a larger wombat species was responsible 

for at least some trackways.  

Where pes digit impressions are visible the prints are often turned inwards at 

an angle between 30o and 40° to the direction of the trackway. This degree of in-

turning was not observed in the Vombatus tracks measured for this study, but Triggs 
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(2004) showed Vombatus tracks where the feet are turned in to a similar degree. 

Farlow and Pianka (2000) observed that the degree of in-turning of prints is often 

used to distinguish between species in ichnological studies, but Bang (2001) noted 

that quadrupedal, plantigrade animals, such as bears, often walk with their feet turned 

slightly inwards at slow speeds but at faster speeds the feet are more forward-

pointing. Lockley et al. (2002) suggested that trackway gauge may be ontogenetically 

variable in sauropods but the possibility of print in-turning also being ontogenetically 

variable has apparently not been investigated.  

The in-turned footprints of some vombatid trackways (e.g. T2), also of a 

plantigrade animal, may indicate that the animal responsible was moving at a slow 

speed. This is supported by the relatively short stride length. The pace angulation 

measured in the various small-quadruped trackways (table 3) is also similar to that of 

extant wombats, the lower angles measured in T2 suggesting the animal may have 

been moving more slowly, since the angle increases as speed increases. 

The available evidence thus suggests that these trackways were made by 

several vombatids moving at a slow walk through soft sand. In the case of T12 the 

digits sank in further than the pads and hence left deeper impressions. In T4 a 

combination of digit and pad impressions was left, indicating that the sediment 

consistency was more favourable for preservation of the complete footprint than in 

most other trackways. For other vombatid trackways (T2, T8, T13 and T14), 

generally only an indistinct outline of the tarsal/carpal pads was preserved. For T2 on 

the slope of sand bar 3, the sediment was probably softer whereas for T8, T13 and 

T14 on the crest of sand bar 2, the sediment was firmer than the most favourable parts 

of the host to T4. Most of the tracks are within the size range of modern wombat 

species although the presence of some larger tracks suggests that a species the size of 

Ramsayia magna may have been responsible for some or all of the trackways. 

 Because the morphology of the manus and pes of a juvenile diprotodontid is 

likely to have been similar to that of a wombat, it is possible that a very young 

diprotodontid was responsible for the “vombatid” trackways. The track-makers would 

have had to be pouch young, based on the size of skeletal material from D. optatum 

pouch young collected from Lake Callabonna (SAM P10562). However, the lack in 

the small-quadruped trackways of any medial projection of the digits relative to the 

tarsus, such as is developed in the pes of Diprotodon, makes this alternative unlikely. 

Another possibility is that a species of Thylacoleo was responsible for some of the 
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tracks (see below). However, one would expect the stride length of Thylacoleo to be 

proportionally much longer in relation to foot size (T. carnifex had proportionally 

longer legs than wombats) than is seen in most of the trackways. 

 

4.5.4. Unidentified quadruped 

 One short trackway (T11) preserves two prints with four distinct digits (figure 

18) in an arrangement similar to that left by animals with a large opposable digit such 

as possums (see Triggs 2004). In both prints the digital impressions are longer than in 

the vombatid trackways. As wombats have relatively short digits it seems likely that a 

different taxon was responsible T11. What can be seen of the carpal pad morphology 

also appears to differ from those of modern vombatids. The rounded toe impressions 

probably represent the ungual phalangeal pads and are reminiscent of those of felids 

(i.e. taxa with retractable claws). The claws of the manus of Thylacoleo carnifex were 

semi-retractable (Wells and Nichol, 1977) and the digital pads probably ended in 

rounded stubs with the claws usually held off the ground, as in felids. Since one 

might expect to find large claw marks associated with the manus print of T. carnifex 

(see Wells and Nichol, 1977), their absence from T11 may indicate that the marsupial 

lion was not the track-maker. Alternatively, the claws, and possibly the entire first 

digit, may have been held off the ground as the animal moved over the moist 

substrate. Both Wells and Nichol (1977) and Finch and Freedman (1988) considered 

the manus of T. carnifex to be held in a digitigrade stance. Since the carpal pads are 

only partially imprinted in T11 and the digital impressions end in rounded stubs, the 

possibility remains that T. carnifex was responsible for this trackway. There is no 

other candidate in the known Pleistocene fauna for prints of this size and morphology. 

 

4.6. Skeletal fossils 

 The skeletal fossils, occurring in two accumulations within the gridded area 

(figure 1), will be the subject of a separate paper. Here we note that, of the four taxa 

identified or tentatively identified from the trackways, three (Protemnodon, 

vombatids and Thylacoleo carnifex) are represented by skeletal remains. Skeletal 

remains of Diprotodon optatum were absent from both deposits. 

 

4.7. Geochronology 
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None of the three techniques applied provides a closely constrained estimate 

of the age of the trackways. Together, however, they indicate that the trackways were 

formed in the interval 60–110 ka. 

1. For the trackways-bearing volcaniclastic sandstone, OSL yields a minimum age of 

75 ka (table 4). 

2. For the matrix to the skeletal remains of skeletal accumulation 2, OSL provides a 

minimum age of 57 ka (table 4). 

3. For teeth from skeletal accumulation 2, combined U–series/ESR analysis yields a 

best estimate of 98 ± 15 ka.  

The U–series results are listed in table 5 and ESR results in table 6. Only 

samples 2484 and 2487 yielded finite U–series results on the dentine, the other 

samples indicating uranium leaching, as expressed in 230Th/238U activity ratios larger 

than the equilibrium values. Leaching is not often documented in Quaternary teeth, 

but it seems to occur more frequently in Australian samples, perhaps because 

marsupials do not have a barrier to diffusion at the outside of the tooth enamel (Grün 

et al., 2008). This, unfortunately, complicates any age assessments. It is more than 

reasonable to assume that the other teeth also experienced U loss, after an initial 

phase of U uptake. As a result, the U–series ages should be regarded as maximum age 

estimates. If the samples are considered of the same age, then their maximum age 

should be around 130 ka. 

 For the ESR analysis, we calculated closed system ages only, because any U 

modelling seems nonsensical (Grün, 2009b). Indeed, all U–series results are older 

than the closed system ESR results, an additional indication that all samples 

experienced U leaching. Similar to the U–series results, the closed system ESR age 

estimates should be regarded as maximum ages. The ESR results cluster much more 

tightly than the U–series data. Their average and standard deviation of 98 ± 15 ka 

provides a reasonable estimate for the maximum age of the deposit.  

4. For the dolomitic limestone that overlies the trackways-bearing volcaniclastic 

sandstone, U/Th indicates an age of 43–60 ka. 

 The age of skeletal accumulation 2, indicated by the geochronology (2 and 3 

above) and its stratigraphic position at the top of the volcaniclastics and below the 

(eroded) dolomitic limestone, is identical to or slightly younger than the age of the 

trackways, which are situated on the surface of the volcaniclastics. 
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5. Discussion 

5.1. Palaeoenvironment 

 It has been suggested that the environments most conducive to footprint 

preservation are lake (Cohen et al., 1993) and river (Mustoe, 2002) margins. The 

VVP trackways exposure is at the edge of a modern lake and, although the 

configuration of the lake is probably vastly changed since the trackways were formed, 

the sedimentological evidence strongly supports a lacustrine setting for the host 

sediments. First- and second-order bed forms (parallel sand bars and ripples) are 

aqueous in origin, formed at the western margin of the Pleistocene lake. The 

numerous erosional scours, some with associated mini-deltas, indicate exposure of the 

sand bars and suggest that they might be swash bars. The western side is the 

windward margin of the modern lakes, and there is no reason to think that the wind 

regime was markedly different in the Pleistocene (Hesse, 1994). The presence of bars 

on the western side is therefore anomalous but may be explained by occasional strong 

easterlies. 

 Near-freshwater conditions when the track makers were active were replaced 

by high salinities that led to the deposition of the upper unit, the dolomitic limestone. 

Similar carbonate rocks are forming in many modern saline lakes in the VVP (De 

Deckker and Last, 1989; Gell et al., 1994; E.B. Joyce, personal communication, 

2007). 

 

5.2. Sediment sources, lower unit 

The abundant volcanic component (glass, mafic minerals, plagioclase) of the 

sandstone derives from basaltic tuffs of the Newer Volcanic Group erupted from one 

or more of the many maars and small cones of the region. Most of the quartz is likely 

to have come from the Black Rock Sandstone, a Pliocene deposit that is widespread 

across southern Victoria and which underlies the Newer Volcanic Group 

(VandenBerg, 2009). Underlying the Black Rock Sandstone and providing the 

probable source of reddened calcareous foraminifers is the Gellibrand Marl. Such 

marine fossils were most likely brought to the surface by maar eruptions. Grains of 

iron oxide were probably eroded from the weathering zone. The VVP lack an 

integrated drainage and sediment tends to accumulate in lake basins.  

 

5.3. Palaeobiological implications 
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Species found in various skeletal fossil deposits in the southeast of Australia 

also potentially represented by trackways in the VPP include: D. optatum, Z. trilobus, 

Ramsayia magna, Vombatus ursinus, Thylacoleo carnifex, Macropus giganteus, M. 

rufus, Protemnodon anak, P. brehus and P. roechus (Prideaux, 2007). For the reasons 

outlined above we further narrow the list of possible track makers at this site to D. 

optatum, R. magna, V. ursinus, Protemnodon sp. and T. carnifex.  

The variability in footprint preservation seen in the D. optatum trackway (T1) 

suggests that some portions may have been wetter or even under water. The 

variability in footprint spacing also indicates that the individual responsible for the 

trackway was moving at different speeds for different parts of the trackway. The 

greatest degree of sediment distortion is seen at the start of the trackway, on sandbar 1 

(the area of the trackway with greatest variability in topography), where footprint 

spacing indicates the animal was moving relatively slowly. The part of the trackway 

where the manus and pes prints overlap strongly (indicating increased speed) includes 

the two footprints with contiguous splash marks (ejecta) (figure 8). It is likely that the 

footprints were made during a relatively wet period, and were quickly covered, given 

the degree of relief seen in the deformational features associated with the prints of 

this trackway. 

The gauge of the D. optatum trackway (T1) at this site, when compared with 

the D. optatum tracks at Lake Callabonna (made by a similar sized individual moving 

at a similar speed), indicates that this species was capable of varying trackway gauge 

significantly depending on substrate. Although it has been shown that trackway gauge 

can vary with speed (e.g. Day et al., 2002), the authors were unable to find any other 

published examples of this degree of intraspecific gauge variation, independent of 

speed. This calls into question the utility of trackway gauge in distinguishing between 

marsupial track makers, despite this parameter being commonly used to differentiate 

between dinosaurian ichnospecies (e.g. Farlow and Pianka, 2000). When the defining 

characteristic of marsupials, the presence of a pouch, is taken into account it could be 

expected that variation in trackway gauge was a result of sexual dimorphism. 

Presumably the presence of a large pouch young would prevent a female Diprotodon 

from walking with the hindlimbs in under the body and would force them to be held 

further apart. The trackway gauge disparity between the Callabonna Diprotodon 

trackways and the VVP Diprotodon trackways may thus indicate that the latter track 

maker was a female with a pouch young. The paucity of fossil trackways made by 
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marsupials has meant that the possibility of sexual dimorphism in these trackways has 

not previously been considered. However, it would not be surprising if it were shown 

that sexual dimorphism existed in the gait of all large-bodied, quadrupedal 

marsupials. Sexual dimorphism has previously been suggested to have occurred in 

archosaur (Tresise 1996; Avanzini and Lockley, 2002) and dinosaur (Dodson, 1976; 

Irby, 1995; Galton and Farlow, 2003) trackways but is represented by differences in 

footprint morphology and size rather than trackway proportions. We could not find 

any other accounts of sexual dimorphism in a fossil mammalian trackway. 

 

5.4. Preservation 

Three factors are involved in the preservation of the trackways: 

• the likely presence in the original unconsolidated volcaniclastic sand of a trace 

amount of smectitic clay; 

• the impregnation of the uppermost centimetre of the volcaniclastic sandstone with 

calcitic cement, together with the localised precipitation of a calcite crust upon the 

trackways surface; and 

• burial of the volcaniclastic sandstone and the trackways surface by the overlying 

dolomitic limestone. 

 A very small proportion (<1%) of smectitic clay has been shown to cause a 

marked increase in the cohesion of sand and the preservability of footprints in sand 

(Loope, 1986). XRD analysis (figure 3)  shows smectite abundance of 4–8% in a 

sample of the volcaniclastic sandstone. Smectite is a minor weathering product of 

some of the widespread basalt of the VVP (Briner and Jackson, 1970; Mokma et al., 

1973; J. Webb pers. comm., 2009). While a portion of the smectite in the analysis 

may derive from post-depositional weathering of the sandstone, it is likely that some 

smectitic clay was a component of the sediment at the time the trackways were 

formed. 

 Much, though not all, of the exposed trackways-bearing surface is indurated 

with a calcitic cement that decreases to zero at about one centimetre below the 

surface. In places, a calcitic crust, a millimetre or two thick, coats the upper surface of 

the volcaniclastic sandstone. The excellent preservation of many of the trackways 

suggests that the cement precipitation began very soon after trackway formation. 

Further, (i) preservation of some tracks as plugs and (ii) burial of the distal portion of 



 

 

82

82

T2 beneath clinoformal bedding point to the former presence of a protective thin layer 

of volcaniclastic sand over the trackway surface for some undefined period in the 

past.  

 Although now partially stripped, the dolomitic limestone (the upper unit) 

probably formed a continuous cover, 10–15 cm thick, upon the volcaniclastic 

sandstone and the trackways surface. The geochronology is permits a gap between 

trackways formation and carbonate deposition of anything between 0 and 70 ka. It is 

easiest to explain the preservation of the trackways if the gap were very short. 

 

6. Conclusion 

The VVP assemblage of Pleistocene trace fossils is the taxonomically most diverse 

group of marsupial trackways known. In addition to diprotodontid, macropodid, 

vombatid and possible thylacoleonid trackways, the locality also yields vertebrate 

skeletal remains and trace fossils of invertebrates and plants. Well preserved 

sedimentary features show that the track makers were attracted to a lake which, at 

some time after the formation of the trackways, changed from near-fresh to saline. 

The diprotodontid, if correctly identified as Diprotodon optatum, was travelling at a 

rate of about 5.5 km/h (1.5 ms-1) into the waters of the lake. Most other animals were 

moving parallel to the shore. The track makers were active at some time in the 

interval 60–110 ka. Preservation was a function of the primary mineralogy of the 

sediment, the penecontemporaneous formation of a calcite crust and the subsequent 

burial beneath a dolomitic limestone when the lake turned saline. 
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TABLES 

 

Table1. Approximate dimensions of skeletal accumulations (SA) in metres. For 
location, see figure 1. 
 

 SA 1 SA 2 

length 7.0 33 

width 0.5   0.8 

depth 0.3   0.3 

 

 

Table 2. Summary of trackway proportions measured at the site and proportions 
measured from a modern wombat (Vombatus ursinus) in a controlled environment. 
 

Trackway 
Average stride 

length (mm) 

Average trackway 

width (mm) 

Average pes length 

(mm) 
Pace angulation 

Diprotodontid 1310 660 450 89° (61°–114°) 

Macropodid 2000 230 185 – 

Ramsayia? 385 130 100 
105° (72°–

138°) 

Vombatus ursinus  390 120 130 
110° (78°–

135°) 

 

 

 

Table 3. Pace angulation averages and ranges measured for selected fossil vombatid 
trackways, as well as for trackways formed by a modern wombat. 
 

Trackway Pace angulation 

T2 99° (72°–138°) 

T4 112° (102°–116°) 

T12 107° (40°–155°) 

Vombatus ursinus walk 110° (78°–135°) 

Vombatus ursinus trot 157° (154°–160°) 
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Table 4. OSL dating results from the sediments bearing the trackways. 

 

 

 

      
Radionuclide concentrationsb 

              
Laboratory 

number 
Depth   

(m) 
Watera   

(%) 
K           

(%) 
Th          

(ppm) 
U           

(ppm) 
   a    

radiationc     
(Gy ka-1) 

b    
radiationd    
(Gy ka-1) 

g      
radiatione    
(Gy ka-1) 

Cosmic-
ray       

radiationf     
(Gy ka-1) 

Total        
dose rate     
(Gy ka-1) 

Equivalent   
doseg        
(Gy) 

Optical   
age      
(ka) 

             

MI01 0.15 30 ± 6 1.00 ± 0.07 7.24 ± 0.37 1.28 ± 0.09 0.03 ± 0.01 0.79 ± 0.06 0.57 ± 0.04 0.28 ± 0.03 1.66 ± 0.11 >96 >57 

MI01 0.15 30 ± 6 0.91 ± 0.08 9.60 ± 0.43 1.89 ± 0.10 0.03 ± 0.01 0.93 ± 0.07 0.56 ± 0.04 0.28 ± 0.03 1.79 ± 0.12 >136 >75 

                          

 

 

 

 

 

 



 

 

92

92

Table 5. U–series results from laser scanning of macropodid teeth from skeletal 

accumulation 2. 

 
Sample U (ppm) 230Th/238U 234U/238U Age (ka) 

2483 EN 1.30 ± 0.13    
2483 DE 26.92 ± 1.78 1.0657 ± 0.0899 1.0784 ± 0.0165 360+4

-130 
2484 EN 1.00 ± 0.07    
2484 DE 3.75 ± 0.26 0.8303 ±0. 0809 1.0686 ± 0.0317 159+43

-32 
2485 EN 1.57 ± 0.51 1.2664 ± 0.1787 1.4408 ± 2086 188+194

-71 
2485 DE 21.38 ± 0.37 1.2916 ± 0.0579 1.0595 ± 0.0201 leaching 
2485 EN 0.69 ± 0.12    
2486 DE 24.6 ± 1.29 1.2639 ± 0.0519 1.0546 ± 0.0138 leaching 
2486 EN 0.15 ± 0.02    
2487 EN 0.26 ± 0.03    
2487 DE 28.5 ± 1.68 0.6411 ± 0.0388 0.9263 ± 0.0199 131+19

-16 
2487 EN 0.23 ± 0.03    

 
 

 

Table 6. ESR results from macropodid teeth from skeletal accumulation 2. 
 
Sample De thick

ness 
U-

SED 
Th-
SED 

K-
SED 

γ,  cosmic 
DR 

β-DR Int. DR DE-DR Total 
DR 

Age 

 (Gy) (µm) (ppm) (ppm) (%) (µGy/a) (µGy/a) (µGy/a) (µGy/a) (µGy/a) (ka) 

2483A 163 ± 9 
1140 

0.92 7.09 1.27 785 ± 66 
96 ± 13 363 ± 

60 
269 ± 

34 
1513 ± 

97 
107 
± 9 

2483B 169 ± 10 780 0.92 7.09 1.27 785 ± 66 
13 ± 20 344 ± 

58 
406 ± 

46 
1672 ± 

102 
101 
± 8 

2484A 159 ± 10 1180 14.99 4.36 1.66 
1330 ± 

131 
174 ± 

24 
259 ± 

41 
39 ± 4 1802 ± 

140 
88 
± 8 

2484B 150 ± 13 1140 14.99 4.36 1.66 
1330 ± 

131 
179 ± 

25 
253 ± 

39 
39 ± 4 1801 ±  

139 
83 
± 9 

2485 173 ± 10 920 5.79 8.65 2.41 
1100 ± 

103 
271 ± 

37 
270 ± 

48 
276 ± 

26 
1917 ± 

123 
90 
± 7 

2486A 213 ± 16 840 3.80 6.88 2.29 981± 89 

250 ± 
35 

43 ± 10 377 ± 
38 

1651 ± 
104 

129 
± 
12 

2486B 164 ± 6 1000 3.80 6.88 2.29 981± 89 
213 ± 

29 
41 ± 8 311 ± 

31 
1546 ± 

99 
106 
± 7 

2487A 143 ± 6 1180 4.88 6.99 2.22 1020 ± 94 
190 ± 

23 
65 ± 15 299 ± 

29 
1574 ± 

103 
90 
± 7 

2487B 137 ± 5 1100 4.88 6.99 2.22 1020 ± 94 
205 ± 

27 
63 ± 16 313 ± 

31 
1601 ± 

104 
85 
± 6 
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APPENDICES 

 

Appendix 1. Determination of whether trackways occur on one or more bedding 

surfaces. Trackways are examined as pairs (or paired groups), e.g. T1 and T12 

intersect and so must occur on the same surface. Bold text indicates diagnostic 

criterion. Trackways 1, 3, 4, 7–14 and probably 15 (group1) are on the same surface;  

T5 and T6 are on the same surface, which is very close to, if not the same as, the 

surface hosting group 1; and T2 is on a different (but possibly coeval) bedding 

surface.   

 
Trackway 
pairing 

Sand 
bar 

Common surface 
features 

Remarks Conclusion 

1–3 1 large-amplitude ripples 
(mostly straight to 
somewhat sinuous) 

proximity (1 m 
apart), no breaks 

same surface 

1–12 2 ripples linguoid trackways 
intersect 

same surface 

1–10 2 ripples linguoid T10 in between left 
& right trains of 
T1 

same surface 

1–8 2 ripples linguoid & 
sinuous 

proximity (5 m 
apart), no breaks 

same surface 

12–13 2 ripples linguoid trackways 
intersect 

same surface 

7–9 2 ripples sinuous 
carbonate crust 

proximity (1.5 m 
apart), no breaks  

same surface 

1/8/10/12–
7/9 

2 ripples sinuous 
carbonate crust (in part) 

proximity (3–4 m 
apart), no breaks  

same surface 

4–12 2 ripples linguoid proximity (1 m 
apart), no breaks 

same surface 

4–14 2 ripples linguoid proximity (2 m 
apart), no breaks 

same surface 

5–6 north 
of 2 

planar proximity (3 m 
apart), no breaks  

same surface 

4–6 2;  
north 
of 2 

planar at T6, linguoid 
ripples at T4 

proximity (3 m 
apart) on 
depositional strike; 
break:  scouring & 
modern erosional 
fretting 

same/similar 
surface 

2 3  clinoform no 
relationship 
demonstrable 

15 –  NW of grid; 
surface directly 

Probably 
same surface 
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overlain, in part, 
by dolomitic 
limestone;    
surface rippled 
(sinuous-crested)  

as that of most 
trackways, 
from which 
micritic 
carbonate 
believed 
stripped 

 
 

 

Appendix 2. Identifier, perpetrator, locations of commencement and termination, and 
travel direction of each trackway. Locations are in metres and measured with respect 
to the origin of the grid established for the purpose. 
 
 

Beginning End Trackway 
ID Track maker Easting Southing Easting Southing 

Travel 
direction 

T1 diprotodontid 4.45 35.79 65.10 60.75 SE 
T2 vombatid 54.86 38.77 57.37 20.23 N 
T3 macropodid 6.20 32.83 5.95 16.59 N 
T4 vombatid 24.81 40.50 32.86 26.64 SW 
T5 macropodid 38.24 11.86 38.66 1.23 N 
T6 macropodid 34.92 17.87 36.50 14.09 N 
T7 vombatid 28.83 55.25 28.65 60.80 S/N 
T8 vombatid 33.95 54.40 21.86 46.45 NW 
T9 vombatid 30.05 55.38 27.90 53.31 S/N 
T10 vombatid 30.71 52.38 31.94 52.83 SE 
T11 Thylacoleo? 35.40 47.23 34.72 46.06 NW 
T12 vombatid 25.22 44.97 25.93 40.32 N 
T13 vombatid 25.70 42.60 26.87 41.96 E 
T14 vombatid 27.15 34.05 26.99 28.94 N 
T15 diprotodontid -12.50 -47.90 -17.60 -29.80 S 
 
 

 

 

 

 

 

 

 

 

 



 

 

95

95

 

Fig. 1. Map. 
Detailed map showing trackways, skeletal accumulations and first-order sedimentary bed 
forms (sand bars). Fourteen trackways (one diprotodontid, three macropodid, nine 
vombatid and one possible thylacoleonid) are represented. A second diprotodontid 
trackway occurs about 30 m north-west of the origin. 
 
 
 
 

  
                                          NOTE:   
   This figure is included on page 95 of the print copy of  
     the thesis held in the University of Adelaide Library.
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Fig. 2. Thin sections. 
Microscopic features of trackway-bearing volcaniclastic sandstone. a, Glassy volcanic 
fragment with pyroxene crystal, grain ∼0.7 mm long, plane polarised light (ppl); b, 
reworked foraminifer, probably from Heytesbury Group, ∼0.3 mm wide, ppl.  
 

a    
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Fig. 3. Diffractogram: smectite. 
X-ray diffractograms (air-dried and glycolated) for sample derived from trackways-bearing 
volcaniclastic sandstone. Smectite prescence confirmed by shift of 15 Å peak on air-dried 
trace to 17 Å peak on glycolated trace. Abbreviations on peaks: Il, illite; Ka, kaolinite; Qtz, 
quartz; Sm, smectite. 
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 Fig. 4. Sedimentary features. 
Sedimentary features of trackways locality. a, Sand bar: most westerly of three, view south; 
b, straight-crested ripples; c, erosional scour; d, linguoid ripples; e, erosional scours on 
eastern slope of middle sand bar, with vombatid trackway; f, mini-deltas fed from scours in 
western sand bar. 
 

a  
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Fig. 5. Rose diagram. 
 
Rose diagram showing generally westward transport direction of straight-crested and 
linguoid ripples.   The mean transport direction (arrow) is to 278o (95% confidence interval 
±4o).   The steeper face of each ripple is the lee slope.   In the small proportion of ripples 
that are symmetrical, it is assumed that they were formed by waves travelling westward 
(onshore).   Software used is Rod Holcombe’s GEOrient. 
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Fig. 6. Bioturbation, soft-sediment deformation. 
Soft-sediment deformation, including bioturbation. a, Plant moulds; b, invertebrate 
burrows; c, d, possible vertebrate undertracks. 
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Fig. 7. Diffractogram:carbonate.  
 
X-ray diffractogram for sample of impure dolomitic limestone that overlies the trackways-

bearing volcaniclastic sandstone. Abbreviations on peaks: Cc, Mg-calcite; Dol, ferroan 

dolomite; Qtz, quartz. 
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Fig. 8. Deformational features associated with prints.  
Deformational and other features associated with footprints. a, Compaction; b, plug; c, 
marginal ridge; d, adhesion ridge; e, ejecta; f, ejecta (detail of e). All from T1 except b 
(T5). 
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Fig. 9. T1, a, long view; b, hesitation 
Diprotodontid trackway, T1. a, View from proximal end of trackway along 30 m of its 
length. Prints are filled with rainwater. Depression at about midpoint is where a length of 
about 2 m of section has been removed, and subtle undertracks are exposed. View to south-
east. b, Complex of prints at brink of western sand bar indicating shifting of foot 
(hesitation) as animal prepared to step off crest of sand bar. 
 
 

a  
 

b  
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Figure 10. Schematic displaying entire diprotodontid trackway (T1); tracks proceeds from 
left to right, top to bottom. 
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Figure 11. Section of the diprotodontid trackway (T1) displaying separate manus (m) and pes 
(p) prints. Scale bar equals 200 mm. 
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Figure 12. Diprotodontid trackway (T1) section clearly displaying hindfoot overprinting 
forefoot (a) and morphological interpretation (b). Abbreviations as follows m- manus print, 
p- pes print, ad- adhesion trace (records some details of pad morphology). The ridge seen 
inside the manus print is interpreted to represent the space between the carpal and metacarpal 
pads; the manus print also indicates lateral slippage occurred when the print was deposited. 
White arrows indicate sediment ejecta, the black arrow indicates the impression of the first 
metatarsal. Scale bar at top equals 100 mm. 
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Figure 13. Diprotodontid manus and pes print (from T1) with reconstruction of Diprotodon 
manus and pes overlaid (reconstruction by P. Trusler). Arrow indicates direction of slip of 
manus. 
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Figure 14. Macropodid digital pad prints from T5 displaying the large 5th digit (a). 
Interpretation of the displayed pad morphology (b). Scale bar equals 100 mm. 
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Figure 15. Section of the macropodid trackway (T3) displaying the whole length of the pes 
(note deformed sediment around the prints). Scale bar equals 100 mm. 
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Figure 16. Trackways T2 (a) and T4 (b), attributed to Ramsayia magna or Vombatus ursinus, 
displaying the clear progression of footprints. Direction of travel is towards top of picture in 
both (a) and (b). 
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 Figure 17. A portion of vombatid trackway T12 displaying digital and some pad morphology 
(note the deepened digital impressions and shallow pad impressions) (a); a print from T4 
displaying all five digital impressions (marked by white arrows) (b); interpretation of 
preserved pad morphology in (a) (from white square) (c); fleshed manus and pes of adult 
Lasiorhinus latifrons (Southern Hairy-Nosed Wombat) (d). All images are to same scale, 
scale bar equals 100 mm. 
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Figure 18. Prints (possibly Thylacoleo carnifex) from T11 displaying 4 digital impressions of 
left and right manus with terminal digit represented by rounded pad (a), interpretation of 
preserved pad morphology. 
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Chapter 5: Diprotodontid functional morphology and palaeobiology inferred from 

postcranial anatomy. 

 

5.1 Introduction 

Euowenia grata De Vis, 1887 is a Pliocene diprotodontid that ranged throughout much of 

eastern Australia; from Queensland to Victoria and into the Lake Eyre region of South Australia. 

Despite the large geographical range of the species, fossil specimens are rare and almost 

exclusively restricted to dental material. Recent finds in the Warburton River region of the Lake 

Eyre Basin have included several articulated limbs attributed to E. grata (see Chapter 2 of this 

thesis), allowing a better understanding of the biomechanics and palaeobiology of the species. In 

addition these finds have prompted a wider investigation into the functional morphology of the 

diprotodontid hind limb, and the phylogenetic implications of the observed morphology. 

Functional morphological studies of the postcranial anatomy of diprotodontid marsupials 

are relatively rare, in part due to the difficulty in associating postcranial material with the dental 

material on which taxonomic descriptions are based. Multiple investigations into the functional 

morphology of diprotodontian marsupials have been published involving: Thylacoleo carnifex 

(e.g. Finch 1971, 1982; Wells and Nichol 1977; Wells et al 1982; Finch and Freedman 1986, 

1988; Wells et al 2009), Phascolonus gigas (Woolnough and Steele 2001) and various extinct 

macropodoids (e.g. Flannery 1980; Murray 1995; Wells and Tedford 1995; Prideaux 2004; Kear 

et al 2007; Kear et al 2008). Previous investigations involving the functional and/or phylogenetic 

importance of particular postcranial bones or complexes in extinct diprotodontian marsupials have 

involved: the carpus (Weisbecker and Sánchez-Villagra 2006), the manus (Weisbecker and 

Archer 2008), the astragalus and calcaneum (Szalay 1994), the calcaneum (Bassarova et al 2009) 

and the digits of the pes (Weisbecker and Nilsson 2008). 

Although substantial postcranial material is now known for multiple diprotodontid taxa, 

very little is known about the functional morphology of the postcrania of these taxa. Haight and 

Murray (1981) and Szalay (1994) suggested that the Diprotodontian ancestor may have been 

similar in form and habit to Trichosurus vulpecula (the Brush-Tailed Possum), and comparisons 
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with T. vulpecula have been used by Munson (1992) to infer function in the plesiomorphic 

diprotodontid Ngapakaldia (and the ilariid Ilaria). Zygomaturus trilobus was the focus of a series 

of papers by Scott (1915) and Scott and Lord (1920a, b, c, d) and, in terms of functional 

morphology, represents the most thoroughly studied diprotodontid. Functional inferences based 

on observations of postcranial morphology for other diprotodontid taxa are usually limited to 

generalizations about locomotor habit and diet (see Chapter 1). 

The potential unreliability of inferences arising from study of diprotodontid postcrania is 

compounded by the lack of close extant relatives and suitable functional analogues. All members 

of the Diprotodontidae are extinct, as are their inferred sister-group the Palorchestidae, and their 

two closest living relatives, wombats and koalas, both inhabit niches completely different to those 

likely inhabited by diprotodontids throughout their known fossil record. Extant relatives thus 

provide relatively poor analogues for inferring the functional capabilities of the various members 

of the Diprotodontidae. For palaeobiological or functional interpretation of the larger 

diprotodontids, it is therefore necessary to examine extant placental analogues such as bears (the 

largest extant mammals that adopt a plantigrade stance), elephants, rhinoceroses and 

hippopotamuses, and fossil analogues such as ground sloths, long noted for their superficial 

skeletal structural similarity to Pleistocene diprotodontids (e.g. Owen 1870). 

Of the 19 genera of diprotodontids currently described (Long et al 2002), postcranial 

material for only 12 of these exists in Australian museum collections. Several of these genera are 

represented by extremely limited postcranial material (Pyramios, Euryzygoma, Maokopia and 

Hulitherium). The diprotodontid genera for which substantial postcranial material is known, and 

those thus included in the following analyses, are: Ngapakaldia, Euowenia, Diprotodon, 

Zygomaturus, Kolopsis, Neohelos, Plaisiodon and Nimbadon.  

− Ngapakaldia is currently considered a member of subfamily Diprotodontinae Gill 1872, and is 

known from numerous localities in the Lake Eyre Basin from the late Oligocene/ early Miocene 

period. It is the oldest diprotodontine included in this study. 

− Euowenia is a diprotodontine known from several sites in Eastern and Central Australia of 

Pliocene age. Several articulated limbs from the Tirari Fm on the Warburton River have been 
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attributed to Euowenia grata (Camens and Wells 2010), although the possibility that the material 

may represent Meniscolophus cannot, at this stage, be ruled out.  

− Diprotodon was a cosmopolitan taxon found nearly everywhere in Australia except for Tasmania 

(Hope 1984, Murray 1984, 1991, Price 2008). It was the last surviving diprotodontine, becoming 

extinct during the late Pleistocene.  

− Nimbadon is known from the middle to early-late Miocene limestone of Riversleigh’s System C 

(Black 1997), and is one of the oldest members of the subfamily Zygomaturinae Stirton et al 1967 

included in this study. 

− Neohelos is a zygomaturine known from the middle-Miocene Bullock Creek fauna in the 

Northern Territory (Murray et al 2000), and from late Oligocene to middle/early-late Miocene 

limestones at Riversleigh (Black 1997). It is the oldest zygomaturine included in this study. 

− Kolopsis and Plaisiodon are both zygomaturines from the Alcoota local fauna of the Northern 

Territory, and were late-Miocene in age.  

− Zygomaturus was the last surviving member of the zygomaturines, and was found throughout 

mainland Australia and Tasmania, usually being restricted to areas closer to the coast. It went 

extinct, along with the majority of the Australian megafauna, during the late-Pleistocene. 

This paper includes detailed description of the hindlimb and forelimb morphology of all 

diprotodontid genera for which substantial postcranial material is known. Diprotodontid taxa for 

which a significant proportion of the postcranial anatomy has previously been described include: 

Diprotodon (Owen 1870; Stirling and Zeitz 1899), Zygomaturus (Scott 1915; Scott and Lord 

1920d), Ngapakaldia (Munson 1992) and Euowenia (see Chapter 2 of this thesis). Characteristics 

including bone lever arms, joint morphologies, tendon and ligament attachment surfaces and bone 

proportions are used to infer function. 

 

5.2 Methods 

5.2.1 Included taxa 
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Taxa used in comparison of hind limb elements included all known diprotodontids for 

which substantial postcranial material is known, as well as modern and extinct outgroups 

including Thylacoleo carnifex (“marsupial lion”), Phascolarctos cinereus (koala), Phascolonus 

gigas (giant wombat ), Lasiorhinus latifrons (Southern Hairy-Nosed Wombat), Vombatus ursinus 

(Common Wombat), Trichosurus vulpecula (Brush-tail Possum) and Isoodon obesulus (Common 

Brown Bandicoot) (see Appendix 1 for list of specimens). A representative macropodid was not 

included in this analysis as their secondary terrestriality, from a group within phalangeroid 

marsupials (see Beck 2008; Phillips and Pratt 2008), was likely to result in even higher levels of 

homoplasy in the analysis. At the time of writing insufficient postcranial material of a 

palorchestid, wynyardiid or ilariid was available for these families to have been included in the 

analyses. Figures 1, 2, 3 and 4 illustrate the main morphological features examined when 

comparing the hind limb and forelimb morphology of the studied taxa. 

 

Figure 1 

Figure 2 

Figure 3 

Figure 4 

 

5.2.2 Abbreviations 

5.2.2.1 Institutions 

The specimens used in comparisons were drawn from Australian museum collections. 

Prefixes to museum catalogue numbers are as follows: South Australian Museum (SAM), the 

Queensland Museum (QM), the Australian Museum (AM), the Museum and Art Gallery Northern 

Territory (MAGNT) of Alice Springs and Darwin, Museum of Victoria (MV), Hobart Museum 

(HM), Queen Victoria Museum and Art Gallery (QVMAG) Launceston and the Flinders 

University (FU) palaeontology collection. Additional institutional abbreviations include the 

American Museum of Natural History (AMNH) and the University of California Museum of 

Paleontology (UCMP). 
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5.2.2.2 Hind limb abbreviations 

 The following abbreviations are used to label hind limb bones in figures throughout the paper: 

Ast- astragalus, Cal- calcaneum, Cub- cuboid, Ect- ectocuneiform, Ent- entocuneiform, Fem- 

femur, Fib- fibula, Hal- hallux or first metatarsal, Med- medial phalanges, Mes- mesocuneiform, 

MtII- second metatarsal, MtIII- third metatarsal, MtIV- fourth metatarsal, MtV- fifth metatarsal, 

Nav- navicular, Prox- proximal phalanges, Py- pyramidalis, Tib- tibia, Ung- ungual or distal 

phalanges. 

The following abbreviations refer to morphological features of the studied hind limb 

bones: addtu- adductor tubercle of the femur, anint- anterior projection of the internal condyle of 

the femur, ast- astragalar facet of tibia, dig- digital or obdurator fossa, digl- length of digital 

fossa, ext- external condyle of the femur, exte- extensor attachment area of tibia, fab- fabellar 

facet of fibula, feh- femoral head, fehl- length of femoral head, fem- facet for internal condyle of 

femur on tibia, fems- femoral sesamoid, fh- femoral head, fib- fibular facet of tibia, flex- groove 

on internal malleolus of tibia for m. flexor tibialis, flexhl- attachment area for m. flexor hallucis 

longus on fibula, flextib- attachment area for m. flexor tibialis on fibula, gast- gastrocnemial 

attachment area of femur, glu- gluteal ridge of femur, glul- length of gluteal ridge of femur, grac- 

attachment area for m. gracilis on tibia, gtr- greater trochanter,  int- internal condyle of femur, 

intd- depth of intercondylar notch of femur, intm- internal malleolus of tibia, letr- lesser 

trochanter of femur, nav- navicular facet of fibula, nsang- angle between femoral head and shaft, 

per- m. peroneus longus attachment area of femur, pera- peroneal attachment area of fibula, 

perg- peroneal groove of fibula, pg- patellar groove, pop- popliteal attachment area of tibia, sart- 

attachment area for m. sartorius of tibia, semt- attachment area for m. semitendinosus of tibia, 

tib- tibial facet of fibula. 

 The following abbreviations refer to morphological features of the studied pedal elements: 

ast- astragalar facet, can- calcaneo-navicular head of astragalus, cth- calcaneal tuber height, cub- 

cuboid facet, ect- ectocuneiform facet, ent- entocuneiform facet, fib- fibular facet, mes- 

mesocuneiform facet, mtI- first metatarsal (hallucal ) facet, nav- navicular facet, pap- post 

astragalar facet pit, prox- facet for proximal phalanx, tib- tibial facet 
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5.2.2.3 Fore limb abbreviations 

The following abbreviations are used to label fore limb bones in figures throughout the 

paper: Cun- cuneiform, Mag- magnum, Med- medial phalanges, McI- 1st metacarpal, McII- 2nd 

metacarpal, McIII- 3rd metacarpal, McIV- 4th metacarpal, McV- 5th metacarpal, Pis- pisiform, 

Prox- proximal phalanges, Sca- scaphoid, Td- trapezoid, Tm- trapezium, Unc- unciform, Ung- 

ungual or distal phalanges.  

The following abbreviations refer to morphological features of the studied fore limb 

bones: ancl- m. anconeus lateralis insertion area, artf- arterial foramen, ba- origin of m. 

brachialis anticus, bab- position of muscle belly of m. brachialis anticus, brach- m. 

brachioradialis origin, bant- m. brachialis anticus insertion area, ca- capitatum, cf- coronoid 

fossa, clavdel- clavicular deltoid insertion point, eer- external epicondylic ridge, excu- m. 

extensor carpi ulnaris tendon groove, ext- extensor muscle scarring, extdp- m. extensor 

digitorum profundus origin, extpl- groove for m. extensor pollicis longus, fl-flexor attachment 

area, flexcu- m. flexor carpi ulnaris origin, flexpl- m. flexor palmaris longus origin, gt- greater 

tuberosity, latd- m. latissimus dorsi insertion area, lt- lesser tuberosity, lsc- lesser sigmoid cavity, 

of- olecranon fossa, olec- olecranon process, olecl- olecranon process length, pec- pectoral crest, 

rad- radial facet, radt- radial tuberosity, scapdel- scapular deltoid insertion point, sf- 

supracondyloid foramen, sig- sigmoid cavity, styp- styloid process, term- m. teres major 

insertion area, tri- general origin of the m. triceps, tmld- general insertion area of the m. teres 

major and m. latissimus dorsi, tricin- origin for inner head of m. triceps, tricout- origin for outer 

head of m. triceps, tro- trochlea, uln- ulnar facet. 

The following abbreviations refer to morphological features of the studied manual 

elements: 3rd- third metacarpal facet, mag- magnum facet, mes- mesocuneiform facet, ppf- 

palmar process for attachment of flexor retinaculum, rad- facet for radius, sty- facet(s) for styloid 

process of ulna, ump- unciform-magnum pit 

5.2.3 Measurements 
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 Measurements were taken with Mitutoyo digital callipers or a tape measure where 

appropriate, measurements being taken in duplicate or triplicate to minimise error.  

 

5.3 Results: Morphological descriptions 

 

5.3.1 Subfamily Diprotodontinae (Gill 1872) 

5.3.1.1 Ngapakaldia (Stirton 1967) 

5.3.1.1.1 Morphology of the hindlimb 

 Most elements of the hindlimb and pes are known for the two species of this genus: N. 

tedfordi and N. bonythoni, from the late Oligocene/ early Miocene Etadunna Formation, and are 

housed in the SAM. The postcranial morphology of this genus was described by Munson (1992) 

and compared to Trichosurus. At the time Ngapakaldia was considered a palorchestid, and the 

only diprotodontid involved in the analysis was Diprotodon optatum (Owen 1838). An outline of 

the pes of Ngapakaldia is shown in Figure 5c. 

Specimen numbers 

Ngapakaldia bonythoni (MNI=3) 

While numerous Ngapakaldia skeletons have been discovered, the majority of collected 

specimens are not housed in Australian institutions and, as such, were unavailable for study. 

Bones included in this analysis were: femur (L), cuboid (R), navicular (R), entocuneiform (R), 

mesocuneiform (R), (SAM P13863/UCMP 57258), complete pes (L) (missing some phalanges, 

tarsals all damaged), complete pes (L), complete pes (R), pes (R) (with calcaneum, all metatarsals 

and most phalanges) (SAM P13863). 

N. tedfordi (MNI=2) 

Complete pes (L) (SAM P13851). 

 

Figure 5 

 

Astragalus 
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 The astragalus of Ngapakaldia is almost equal in length and width, as is the case in 

Lasiorhinus and Nimbadon, and does not demonstrate the elongation displayed in more derived 

diprotodontids (Fig. 6). The tibial facet is deeply medio-laterally concave, as mentioned by 

Munson (1992); restricting flexion and extension in the joint but still allowing a degree of 

inversion and eversion. Szalay (1984, 1994 pg. 106) notes that the UAJ (upper ankle joint), being 

the area where the astragalus, tibia and fibula articulate, is the area where inversion of the pes is 

achieved. As such the morphology of the tibial facet may have major implications for pes 

mobility. The medial border of the tibial facet is low and rounded, not displaying the high, 

pointed process that restricts the movement of this joint in large diprotodontids. The fibular facet 

is approximately 2/3 the size of the tibial facet, Trichosurus being the only other taxon studied 

with a similarly large fibular facet. Munson (1992) suggests that fibular facet of Ngapakaldia is 

reduced relative to that of phalangers. However, this study found the facet to be proportionally 

larger than all other vombatiformes studied, and similar in size to that of Trichosurus. The cuboid 

facet is small and shallowly saddle-shaped; again being more similar to Trichosurus than to the 

derived diprotodontines. The cubo-navicular head is a dorso-ventrally flattened crescent shape, 

similar to that seen in vombatids and plesiomorphic Zygomaturines. The sulcus astragali is oblong 

and wide, being approximately 2/3 as long as the calcaneal facet; similar to that seen in 

Phascolonus, and Miocene zygomaturines. The dorsal pit at the antero-medial edge of the tibial 

facet almost completely separates the tibial and navicular facets, as is seen in Thylacoleo, 

Phascolarctos and Trichosurus. This incomplete separation may represent a plesiomorphic state, 

or may be in some way related to climbing ability. In the large, terrestrial taxa studied the two 

facets are almost always separate. The pyramidalis (a sesamoid that sits on the posterior 

astragalus between the tibia and fibula) facet is smaller in Ngapakaldia than in any other taxon 

studied, and indicates that a degree of rotation of the pes may have been possible. The navicular 

facet is relatively anteriorly oriented, most similar to that seen in Nimbadon, though not as much 

as in Trichosurus, and represents the plesiomorphic diprotodontid state. 

 

Calcaneum 
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 As in vombatids, Phascolarctos and Trichosurus, the area immediately posterior to the 

astragalar facet of the calcaneum in Ngapakaldia does not display development of an astragalo-

calcaneal ligament attachment area. The calcaneal tuber curves slightly medially, and 

demonstrates a degree of axial rotation relative to the longitudinal axis, as seen in vombatids, 

Thylacoleo, Trichosurus, Phascolarctos and Nimbadon. Munson (1992) suggested that this 

rotation may be a plesiomorphic feature related to arboreal ancestry, however; she also considered 

the calcaneal tuber of Ngapakaldia to be robust and highly curved, a finding contradicted by this 

study. The calcaneum is less elongate than in many taxa included in this study, being most similar 

to Diprotodon, Phascolarctos and Phascolonus in this respect. The cuboid facet displays the 

plesiomorphic state of occupying the whole of the anterior end of the calcaneum, and is 

proportionally higher than in derived diprotodontids. The lateral part of the cuboid facet wraps 

around the cuboid, and the cuboid is more concave than in derived diprotodontids and vombatids. 

There is no navicular facet on the calcaneum, this being a feature displayed mainly by 

zygomaturines and Diprotodon. As with vombatids and Phascolarctos, the astragalar facet is 

close to horizontal in orientation: suggesting much of the weight rests over the posterior part of 

the pes. The calcaneo-fibular facet is absent in Ngapakaldia. Szalay (1994, pg. 105) suggests that 

this facet is important as a load bearing and bracing element in marsupials, and thus its absence 

may indicate that the UAJ of Ngapakaldia was capable of considerable movement. 

 

Figure 6 

 

Cuboid 

 The cuboid of Ngapakaldia displays a reduction in the size of the navicular facet relative to 

the astragalar facet from the plesiomorphic state (where it is large), that becomes more 

pronounced in derived diprotodontids (see Fig. 7). The facet has also developed into a notch that 

prevents movement between the cuboid and navicular; as seen in many other diprotodontids. The 

cuboid is more elongate than most taxa studied, with only Plaisiodon and Kolopsis displaying a 

similar degree of elongation. The calcaneal facet is also much bigger than the astragalar facet: a 
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plesiomorphic state where the weight is transferred from the calcaneum to the cuboid, rather than 

straight from the astragalus to the cuboid, as seen in derived diprotodontids. Contact with the 

ectocuneiform is represented by one continuous facet, rather than the two distinct facets seen in 

most other diprotodontids, and the facet remains separate from the navicular facet. The 

articulation for metatarsals IV and V is concave, indicating significant flexion/extension was still 

possible at the tarsal-metatarsal interface. The metatarsal IV facet is larger than the metatarsal V 

facet, as seen in Trichosurus and Phascolarctos. The calcaneal and navicular facets are separated 

by the astragalar facet, similar to that seen in Trichosurus, Thylacoleo and vombatids. The plantar 

groove for the m. peroneus longus tendon is highly developed in Ngapakaldia. As this muscle is 

one of the primary flexors of the first digit, this suggests the taxon may have had some grasping 

ability, as seen in taxa such as Trichosurus.  

 

Navicular 

 In overall shape this bone is similar to that of Trichosurus, as noted by Munson (1992). The 

navicular is relatively small in Ngapakaldia, having less importance as a weight-bearing 

mechanism than it does in taxa such as Diprotodon. This is demonstrated by the proportionally 

narrow lateral wing, which is enlarged in derived diprotodontids. As seen in Nimbadon, 

Phascolarctos and Trichosurus, the ectocuneiform and navicular facets are approximately equal 

in size; there being more interaction between the cuboid and navicular than in derived 

diprotodontids. The ecto- and ento(meso)-cuneiform facets are separate, as opposed to joined, as 

they are in vombatids, Thylacoleo and Plaisiodon, suggesting that there is less medio-lateral 

movement between these elements than in the latter taxon. The angle between the cuneiform 

facets is much lower than in most taxa; again suggesting a restriction of the mobility of digits II 

and III. The entocuneiform facet is triangular in shape, as it is in Thylacoleo and Neohelos, while 

in other taxa it is more elongate. This may indicate that these taxa may have had more hallucal 

mobility on a transverse axis and less on a frontal axis than the other taxa studied. There is a 

large, rugose tubercle at the base of the entocuneiform facet for attachment of m. abductor minimi 

digiti brevis, suggesting the pes had significant abduction capabilities, and a tibial facet is absent. 
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Figure 7 

 

Cubo-navicular/ Cuneiform Interface 

 The curvature of this joint in Ngapakaldia allows a relatively wide range of movement, 

similar to that seen in Trichosurus, Thylacoleo and Nimbadon. This has important implications for 

the movement of the inner digits, particularly the hallux, and may govern the relative grasping 

ability of digit I. 

 

Entocuneiform, Mesocuneiform and Ectocuneiform 

 The three cuneiforms in the pes remain separate, not demonstrating the fusion of the meso- 

and entocuneiforms seen in other diprotodontids. The hallucal facet of the entocuneiform is a 

deep saddle-shape, and indicates the first digit was capable of a relatively wide range of 

movement. The hallucal facet is also proportionally large, being similar to Thylacoleo and 

Nimbadon in this respect, though the facet is not as large as in Phascolarctos. There is also a large 

pit below the mesocuneiform facet of the entocuneiform, as seen in Trichosurus, either for 

ligamental attachment or for attachment of m. tibialis anterior. The mesocuneiform has an 

unusual, saddle-shaped facet for metatarsal II, suggesting that the second digit may have been 

capable of significant medio-lateral movement. The ectocuneiform is shorter and wider than in 

Trichosurus, being more similar in shape to that of Phascolarctos and Euowenia. The angle 

between the cuboid and metatarsal IV facets is similar to that seen in zygomaturines, suggesting a 

similar orientation of digit IV. The overall tarsal-metatarsal interface is more concave than in the 

larger diprotodontids, suggesting a larger degree of movement was available in this joint in 

Ngapakaldia. 

 

Metatarsal V 

 The cuboid facet wraps around the lateral cuboid in most taxa studied, including 

Ngapakaldia, to prevent over-abduction of the fifth digit, but in Trichosurus contact with 
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metatarsal V is restricted to the anterior end of the cuboid. The lateral process of metatarsal V is 

restricted to the proximal part of the shaft in Ngapakaldia and most other smaller taxa studied 

(see. Fig. 8), not having developed the enlargement along the whole length of the shaft seen in 

derived diprotodontids. The distal end of metatarsal V is also much more highly keeled in the 

smaller taxa studied, suggesting it was better adapted to brace against lateral stresses than that 

seen in the large diprotodontids. The angle between the cuboid and metatarsal IV facets is 

relatively high in Ngapakaldia, suggesting the digits were more spread out than in taxa such as 

Trichosurus and Phascolarctos. The concavity of the metatarsal IV facet also suggests that 

metatarsals IV and V were capable of a larger degree of medio-lateral movement than in the 

larger diprotodontids. 

 

Metatarsal V 

 The m. flexores breves and m. interossei attachment areas below the metatarsal V facet, and 

either side of the distal end, are well developed in Ngapakaldia, reinforcing the idea that the taxon 

was capable of significant digital abduction and adduction. The shape is similar to that of 

Trichosurus, the height of the proximal end being similar to the height of the distal end in both. 

However; the metatarsal is less elongate than in Trichosurus, all diprotodontines studied having 

relatively robust metatarsals compared to most other taxa studied. 

 

Metatarsals II and III 

 Metatarsals II and III are much more slender and elongate than metatarsals IV and V in 

Ngapakaldia, and are the same length, similar to that seen in Trichosurus. The similarity in shape 

and size of the former two digits is a plesiomorphic diprotodontian and peramelemorphian 

character, and is often cited as evidence for an arboreal ancestor to the Australidelphian 

marsupials (Dollo 1900, Bensley 1903, Szalay 1982, 1984, Hall 1987). In modern diprotodontian 

and peramelemorphian marsupials these two digits are syndactylous (encased in a shared skin 

sheath for much of their length), and it is also inferred that the syndactylous condition was present 

in all fossil members of these groups (e.g. Weisbecker and Nilsson 2008). The ectocuneiform and 
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metatarsal IV facets of metatarsal III are angled so that digits III and IV diverge more than that 

observed in any other taxon studied. This may relate to spreading the digits while moving over an 

uneven substrate.  

 

Metatarsal I/ Hallux 

 The entocuneiform facet of the hallux is deeply saddle-shaped, displaying a marked change 

from the convex articular surface of the facet in Trichosurus. This suggests the first digit was 

capable of a smaller range of movements than seen in Trichosurus, but still indicates much more 

mobility than that of most of the Pliocene and Pleistocene taxa studied. The hallux clearly forms 

part of a functioning digit in Ngapakaldia: instead of the reduced, primarily weight-bearing, 

structure seen in vombatids and derived diprotodontines. It displays a similar degree of elongation 

to those of the arboreal taxa studied, and the distal articulation is deeply saddle-shaped. The 

phalanges of the first digit are also relatively well developed, and it protrudes at right angles to the 

second digit; all together suggesting that the digit may have had considerable grasping ability. 

This semi-opposable hallux is a plesiomorphic character of Australian marsupials, and may 

provide evidence of an arboreal origin (Marshall et al 1990). 

 

Figure 8 

 

Phalanges 

 The phalanges of Ngapakaldia are again similar to Trichosurus, with digits II and III being of 

equal length and width, and digits IV and V being progressively much larger. The distal plantar 

tuberosities of the proximal phalanges, where the m. flexor digitorum brevis attaches, are highly 

developed. This indicates gearing for strength in the flexion of the digits, and again suggests 

Ngapakaldia had considerable grasping power. The ungual phalanges are highly medio-laterally 

compressed, as seen in Trichosurus, and the articular facet for the medial phalanges is deeply 

concave and keeled, indicating significant mobility in the parasagittal plane, but prevention from 

medio-lateral slipping in the joint. 
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Femur 

 Similar to Trichosurus, the femur of Ngapakaldia has a long gluteal ridge displaying only 

slight rugosity, and the greater trochanter is also not as wide as those of the large diprotodontids. 

The two distal condyles are not as disparate in height as in most of the terrestrial taxa studied, but 

the internal condyle is proportionally larger than in Trichosurus and Phascolarctos. The femoral 

head is equal with the digital fossa; being neither below the top of the fossa as seen in 

Trichosurus, nor above the fossa as seen in the larger taxa studied (see Fig. 9). The digital fossa 

(for obturator attachment) is relatively short in Ngapakaldia, compared to most of the smaller taxa 

studied, being similar in length to that of Euowenia. The lesser trochanter of Ngapakaldia is not 

as large as seen in the arboreal taxa studied, but does not show the reduction in size seen in the 

more derived diprotodontines. The angle between the neck of the femur and the shaft is lower 

than in most diprotodontids studied, again most similar to Trichosurus. The diaphysis of the 

femur of Ngapakaldia is slightly antero-posteriorly elongated in cross-section, and does not 

display the characteristic medio-laterally elongate cross-section seen in other diprotodontids. 

 

Figure 9 

 

5.3.1.1.2 Morphology of the forelimb 

Specimen numbers  

Ngapakaldia bonythoni (MNI=3) 

L and R manus (SAM P13863/UCMP 57258), ulna (R and L), radius (R and L), humerus, 

unciform, cuneiform, magnum, scaphoid, pisiform, trapezoid (SAM P13863), humerus (R) (SAM 

P23052). 

N. tedfordi (MNI=2) 

Ulna (L), radius (L), complete manus (L) (SAM P13851). 

 

Pisiform 



  130

 The pisiform of Ngapakaldia is unusual among the taxa studied, in that it is relatively robust, 

but has a poorly-developed styloid facet, and the cuneiform facet is relatively large. As is also the 

case in Phascolarctos, Nimbadon and Neohelos, the pisiform projects postero-medially from the 

carpus; projecting neither medially as seen in most of the smaller taxa studied, nor posteriorly as 

is seen in the larger taxa studied. The pisiform of Ngapakaldia is also proportionally longer than 

in any other diprotodontid studied, but does not display the degree of elongation seen in 

Phascolarctos or Trichosurus. Although the pisiform is robust, it still displays a distinct waist, a 

trait not seen in the graviportal diprotodontids studied. The pisiform of Ngapakaldia is round in 

cross section, and does not display elongation in a particular plane seen in some other taxa 

studied. 

 

Cuneiform 

 The pisiform facet of the cuneiform of Ngapakaldia is relatively large, as is also seen in 

Nimbadon and Thylacoleo. The styloid facet is also relatively large, but not as large as in 

Nimbadon, supporting approximately 2/3 of the styloid process of the ulna. The unciform facet is 

elongate and shallowly saddle-shaped, and the ligamental attachment areas are relatively poorly 

developed. There is a large, rugose pit at the base of the unciform facet that may represent a 

tendon attachment area, for the m. abductor digiti minimi or the m. postmiminus, or a synovial 

fluid storage area. 

 

Unciform 

 The cuneiform facet of the unciform of Ngapakaldia is approximately twice the size of the 

unciform facet of the cuneiform, Trichosurus being the only other taxon studied to show this level 

of disparity in size between the two facets. The unciform of Ngapakaldia is approximately as long 

as it is wide, as is seen in the other diprotodontines studied: the zygomaturine unciform being 

generally longer than it is wide, and the vombatid unciform being wider than it is long. The 

metacarpal V facet is deeply saddle-shaped in Ngapakaldia, as is also seen in Nimbadon and 

Trichosurus. The metacarpal IV and V facets are continuous, and are approximately equal in size, 
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as seen in most other diprotodontids studied. The scaphoidal facet is small and continuous with 

the cuneiform facet, as it is in most of the smaller taxa studied. The palmar process of the 

unciform of Ngapakaldia, where the flexor retinaculum attaches, is better developed than in any 

other taxon studied. The magnum facet is separated into two parts and the posterior facet is large 

and saddle-shaped, as is seen in Phascolarctos and Trichosurus. There is a large, deep pit at the 

base of the magnum facet: representing either a synovial fluid storage area or the attachment area 

of the tendon of the m. flexor digiti minimi brevis, similar to that seen in the other smaller taxa 

studied. The unciform of Ngapakaldia forms a major component of the palmar surface of the 

carpus, and it is larger relative to the magnum than in most other diprotodontids studied, similar to 

that seen in Kolopsis. 

 

Magnum 

 As in the other diprotodontines studied, the magnum of Ngapakaldia is short relative to its 

width; Zygomaturus is the only zygomaturine in which the magnum is proportionally shorter.  

The magnum of Ngapakaldia differs from Euowenia, Diprotodon and Zygomaturus in that it is 

triangular, rather than rectangular. The pit below the unciform facet of the magnum of 

Ngapakaldia is relatively shallow, as is seen in Nimbadon, Trichosurus and Phascolarctos. As is 

the case in all zygomaturines studied, the facets for metacarpal II and the trapezoid are small 

relative to the scaphoidal facet. The magnum is also relatively wide at the top, compared to most 

other diprotodontids studied, but is not as wide as is seen in most extant taxa studied. 

 

Scaphoid 

 The radial facet of the scaphoid of Ngapakaldia is relatively flat, as is also seen in vombatids, 

Trichosurus and some zygomaturines. The facet for the trapezium is proportionally larger than in 

the other diprotodontids studied, being approximately 1/3 the size of the scaphoidal facet, again 

similar to Trichosurus. The facet for the magnum is approximately twice the size of the unciform 

facet, as is also seen in Nimbadon, being proportionally smaller than in most other taxa studied. 

There is a deep pit on the medio-palmar surface of the scaphoid, for attachment of the m. flexor 
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carpi radialis, and a deep medio-dorsal pit, for the m. brachioradialis, as is seen in most 

zygomaturines and vombatids studied. There is no indication that a lunatum was present in 

Ngapakaldia.  

 

Carpal-Metacarpal Interface 

 The interface between the carpals and the metacarpals is slightly concave in Ngapakaldia, 

being more highly curved than in taxa such as Diprotodon and Euowenia, but less curved than in 

Trichosurus or Phascolarctos. The angle of the distal articular facets of the carpus also indicates 

that the metacarpus sat lower in the manus than the carpus. 

 

Metacarpal V 

 The unciform facet of metacarpal V of Ngapakaldia extends across the majority of the 

proximal end, the lateral process being less well developed than in all other diprotodontids studied 

except for Nimbadon (see Fig. 10). The distal articular surface is highly keeled, as is also seen in 

Nimbadon, Trichosurus, Thylacoleo and Neohelos. The lateral wing is comparatively poorly 

developed, there being some evidence of muscle attachment along the entire length of the shaft, 

but no prominent tendon attachment processes, similar again to that seen in Nimbadon. 

Metacarpal V also retains the plesiomorphic overall shape (i.e. similar to the middle three 

metacarpals), rather than the highly modified shape seen in the larger diprotodontids studied. 

 

Figure 10 

 

Metacarpals II, III and IV 

 Metacarpals II, III and IV of Ngapakaldia are relatively short and robust when compared to 

Trichosurus, Thylacoleo and Phascolarctos and most zygomaturines, although not as robust as 

that seen in the more derived diprotodontines. The unciform facet of metacarpal IV of 

Ngapakaldia is rectangular, as is seen in all other diprotodontids studied, and is deeply concave, 

as is seen in Nimbadon. Metacarpals II and III are close to equal in length, as is also seen in 
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Nimbadon, Neohelos, Thylacoleo and Trichosurus. The trapezoidal facet of metacarpal II 

occupies approximately 2/3 of the proximal end, as is seen in the zygomaturines studied, as well 

as Thylacoleo and Trichosurus, but is more medially angled than in all other taxa studied. All the 

distal articular surfaces of the metacarpals have a distinct keel, more so than that seen in 

Vombatus, but not as highly developed as is seen in Nimbadon. 

 

Metacarpal I 

 Metacarpal I of Ngapakaldia is more robust than in the extant taxa studied, but less robust 

than in the larger diprotodontids, similar to that seen in Nimbadon. Its width is equal to that of the 

third metacarpal, and in this respect it is similar to that of Trichosurus and Phascolarctos. The 

facet for the trapezium is partly concave and partly convex, being more convex than in most other 

taxa studied, but not to the degree seen in Trichosurus. 

 

Phalanges 

 The proximal phalanges of Ngapakaldia are more elongate relative to the metacarpals than all 

other diprotodontids studied except Nimbadon, but are not as elongate as that seen in Trichosurus, 

Phascolarctos or Thylacoleo (Fig. 11). The distal plantar tuberosities of the proximal phalanges 

are better developed in Ngapakaldia than in any other taxon studied, except Nimbadon, and the 

distal articulations of the proximal phalanges are deeply saddle-shaped, also similar to that seen in 

Nimbadon. The ungual phalanges of Ngapakaldia are medio-laterally compressed, similar to that 

seen in Trichosurus, and are approximately the same size, relative to the proximal and medial 

phalanges, as in the latter taxon. The articular surfaces of the ungual phalanges are deeply 

concave and keeled, as is also seen in Nimbadon, Trichosurus, Phascolarctos and Thylacoleo. 

The palmar flexor attachment process also displays a similar level of development to that seen in 

these taxa. The phalanges of digit I of Ngapakaldia are proportionally longer, relative to the 

metacarpal, than in any other diprotodontid studied, the ratio being almost as high as that seen in 

Thylacoleo. The length of the phalanges, relative to the length of the metacarpals, in the other four 

digits is similar to that seen in the extant vombatids studied. 
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Figure 11. 

 

Humerus (Fig. 12) 

 Ngapakaldia is the only diprotodontine studied in which the supracondyloid (entepicondylar) 

foramen is present: it is relatively large, but not as large as is seen in Nimbadon or Thylacoleo. 

The only known humeri of Ngapakaldia in an Australian collection (SAM P13863 and 23052), 

while damaged, suggest that the humeral trochlea is shallower than in most other taxa studied, but 

a more complete humerus, housed in the UCMP (UCMP 71476) and depicted by Munson (1992), 

appears to have a deeper trochlea, similar to that of Vombatus. The external epicondylic ridge of 

SAMP13863 terminates in a hook, similar to that seen in Vombatus, and is less well developed 

than is seen in Nimbadon, but again the humerus depicted by Munson (ibid.) differs, in that it 

terminates in a gentle curve rather than a hook. This ridge is less extensive than in the 

zygomaturines studied, being similar in extent to that seen in Trichosurus. The lesser tuberosity is 

developed to a similar degree to that seen in Nimbadon, being proportionally smaller than that 

seen in vombatids or Trichosurus. The deltoid crest only wraps around the m. brachialis anticus 

very slightly, as is the case in all other diprotodontids studied. The pectoral crest forms a 

continuous ridge, as is also seen in Nimbadon and Phascolarctos, rather than being separated into 

upper and lower sections, as is seen in most other taxa studied. The m. teres major attachment 

area projects from the antero-medial mid-shaft, as is seen in Kolopsis and Phascolarctos. The m. 

latissimus dorsi attachment area is represented by a large, raised, rugose area on the proximal 1/3 

of the medial shaft, as is seen in vombatids and Trichosurus. Munson (1992) suggests that the 

width of the distal humerus, relative to its length, indicates significant strength in the forelimb of 

Ngapakaldia, similar to that seen in vombatids. However, the length of the flexor attachment area 

of the internal condyle, relative to the total width at the epicondyles, is significantly smaller than 

in vombatids, similar to that seen in Nimbadon. The area for the attachment of the outer head of 

the triceps brachii (m. triceps brachii caput laterale), on the mid-proximal posterior humerus, is 

smooth in Ngapakaldia, while the attachment area for the inner head of the triceps brachii (m. 
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triceps brachii caput mediale), on the mid-lateral humerus, is represented by a long ridge above 

the external epicondylic ridge. This is similar to the arrangement seen in vombatids, and the 

opposite to that seen in Trichosurus. The coronoid fossa is relatively shallow, and the olecranon 

fossa is distinctly concave, but not as deep as in vombatids, Trichosurus or Thylacoleo. The 

length of the humerus relative to the ulna is smaller than in any other diprotodontid taxa studied, 

and is most similar to that seen in Trichosurus. 

 

Ulna 

 The olecranon process of the ulna of Ngapakaldia is continuous with the shaft; Nimbadon 

being the only other diprotodontid studied where this is also the case. In the other diprotodontids 

studied it is deflected posteriorly to varying degrees. The process also curves medially, as is seen 

in all other diprotodontids studied except for Nimbadon. The index of fossorial ability (IFA [see 

Vizcaino et al 1999]) (Olecranon L[from mid-humeral facet]/[Ulna L-Olec. L]) of Ngapakaldia is 

relatively low, but is higher than seen in Nimbadon, and significantly higher than that seen in 

Phascolarctos and Trichosurus (SEE TABLE). The lateral and medial hollows below the 

sigmoid cavity (for the extensors and m. anconeus lateralis and the m. flexor carpi ulnaris 

respectively) are both relatively large, similar to that seen in Kolopsis and Nimbadon, but not as 

deep as in the vombatids studied or Thylacoleo. The m. extensor digitorum profundus attachment 

area, on the antero-lateral ulna, extends along the majority of the shaft, and is represented by a 

rugose ridge. The m. brachialis anticus attachment area, on the coronoid process, and the m. 

supinator radii brevis attachment area, in the bicipital hollow, are less well developed in 

Ngapakaldia than in most others taxa studied. This is also the case with the pit representing the 

attachment area of the m. flexor pollicis longus or m. flexor digitorum superficialis on the medial 

coronoid process. The styloid process is angled medially, as is also seen in Nimbadon, Thylacoleo 

and the vombatids studied, and is a squashed-spherical shape, similar to that seen in Thylacoleo. 

There is a distinct groove on the disto-lateral edge near the styloid process, for the tendon of the 

m. extensor carpi ulnaris, but it is not as large as that seen in Nimbadon, Thylacoleo, Vombatus, 

Phascolarctos or Trichosurus. The radial facet is shorter relative to the lateral greater-sigmoid 
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cavity than in any other diprotodontid studied except for Diprotodon; this possibly representing a 

diprotodontine apomorphy. The sigmoid cavity also wraps around more of the humeral trochlear 

than in most other taxa studied, being similar to Thylacoleo in this respect. 

 

Figure 12. 

 

Radius 

 The disto-medial grooves for the m. extensor carpi radialis and m. extensor pollicis longus 

are relatively shallow in Ngapakaldia, as is seen in most other diprotodontids studied. The distal 

end is oblong in cross-section, as is also seen in Nimbadon, Thylacoleo and Phascolarctos. The m. 

pronator radii teres (PRT) attachment area, on the dorsal/anterior mid-shaft, is relatively short, 

being similar to that seen in Kolopsis and Trichosurus. The m. PRT attachment area is located on 

the middle portion of the mid-shaft area, and is represented by slight rugosity, as is also seen in 

Trichosurus. Extensor muscle scarring on the postero-lateral edge of the radius is limited in 

Ngapakaldia; however, a distinct, elongate ridge is present. The width of the radial tuberosity, to 

which the m. biceps brachii attaches, is smaller than in most other taxa studied, as is the width of 

the scaphoid facet relative to the antero-posterior width of the distal radius. The angle between the 

humeral facet and the shaft is higher than in any other taxon studied, and the arterial foramen is 

positioned well below the radial tuberosity, as is seen in all extant taxa studied. 

 

 

5.3.1.2 Euowenia 

5.3.1.2.1 Morphology of the hindlimb 

The morphology of the hindlimb and pes of Euowenia has been described in detail by Camens 

and Wells (2010) (Chapter 2 of this thesis) and as such this description will focus on the 

morphological similarities to the other taxa studied. 

Specimen numbers 

Euowenia grata (MNI=3) 
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Proximal femur (AM F4884), distal femur (AM F4885), partial femur, tibia, fibula, fabella and 

complete pes (FU 2671) and two complete, but badly damaged, hind feet from one individual 

with partial, highly fragmented tibiae and fibulae (FU 2399). 

 

Astragalus 

 The astragalus of Euowenia is very similar to that of Diprotodon (Fig. 6), the most noticeable 

difference being that the shared boundary of the cuboid and navicular facets is more sharply 

delineated in the former taxon. The astragalus is more elongate than in any other taxa studied, and 

the cuboid facet is rounded, as seen in Diprotodon. The tibial facet is slightly medio-laterally 

concave, and does not display the same degree of enlargement of the medial process as seen in 

Diprotodon. The cubo-navicular head is more spherical than most taxa studied, other than 

Diprotodon, but the navicular facet shows a more crescent-shaped component than in the larger 

taxon. The fibular facet is proportionally the same size as similar sized diprotodontids such as 

Zygomaturus and Plaisiodon, and also intersects the tibial facet at a similar angle to that seen in 

the latter two taxa. The sulcus astragali is narrower than in any other taxa studied, and is short 

relative to the length of the calcaneal facet. The dorso-medial pit completely separates the tibial 

and navicular facets, as seen in most other diprotodontid and vombatid taxa studied. In Euowenia 

the tibial and fibular facets form a continuous surface for most of their intersection, rather than 

remaining separate as seen in Diprotodon. The pyramidalis also displays a similar degree of 

enlargement to that seen in Diprotodon. The navicular facet of Euowenia has a more extensive 

medial component that in any other taxa studied except Phascolarctos, suggesting that a 

significant portion of the weight rested on the navicular and first digit. 

 

Calcaneum 

 The calcaneum of Euowenia is also very similar in overall morphology to that of Diprotodon 

(Fig. 6). Immediately posterior to the astragalar facet is a raised, rugose area for attachment of the 

calcaneo-astragalar ligament. This appears to be a derived diprotodontine apomorphy, 

zygomaturines instead having a deep pit for ligamental attachment. The calcaneal tuber displays 
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the distinct medial curve and slight dorso-ventral flattening characteristic of derived 

diprotodontines. The calcaneum is more elongate than in Diprotodon, but does not display the 

same degree of elongation seen in early zygomaturines and Trichosurus. The cuboid facet 

occupies the medial 2/3 of the anterior surface of the calcaneum and is approximately ½ its 

height, as seen in most of the large diprotodontids studied. The distal facet of the calcaneum is 

more v-shaped and has a much smaller navicular component than in Diprotodon, similar to most 

of the zygomaturines studied. The calcaneal facets of Euowenia and Diprotodon are very similar, 

both having a steep proximal section and a smaller, horizontal distal section, but the medial 

border of the facet is less steeply angled in the former taxon. The accessory sustentacular part of 

the calcaneal facet is more enlarged in Euowenia than in both Diprotodon and Zygomaturus, 

forming a prominent latero-posteriorly angled projection. There is no fibular facet on the 

calcaneum in any of the diprotodontines studied, it being restricted to vombatids, Thylacoleo and 

derived zygomaturines. 

 

Cuboid 

 The cuboid of Euowenia is slightly wider than it is long, Diprotodon being the only other 

taxon studied where this is the case. The navicular facet of the cuboid in Euowenia is smaller, in 

relation to the size of the astragalar facet, than in any other taxon studied (Fig. 7). The cuboid 

does not lock in with the navicular in the way seen in other diprotodontines: the navicular facet is 

relatively flat, and vertical movement in the joint would not have been as restricted. The 

astragalar facet is enlarged relative to the calcaneal facet more than in any other taxon studied 

except Diprotodon. As in Thylacoleo and the zygomaturines studied, the ectocuneiform 

articulation is represented by two distinct facets, although in Euowenia both facets are separate 

from the navicular facet. The metatarsal V facet is a shallow saddle-shape, allowing more 

movement in this joint in Euowenia than in Diprotodon, but development of the ligamental 

attachment areas around the facet suggests that movement was still relatively restricted. There is 

also a deep pit at the base of this facet, for attachment of m. abductor minimi digiti brevis. Due to 

a ventral projection of the navicular, the navicular and calcaneal facets of the cuboid share a 
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border in Euowenia and other diprotodontids, whereas in the non-diprotodontid taxa studied the 

astragalar facet separates the other two facets. The plantar groove for the m. peroneus longus is 

relatively shallow in Euowenia, though not as shallow as in Diprotodon. 

 

Navicular 

 In both Euowenia and Diprotodon the navicular has a large, robust medial process and is the 

same overall shape. In Euowenia it assumes a more medial position, the most posterior part 

extending as far back in the tarsus as the posterior border of the astragalar facet of the calcaneum. 

This suggests that a significant part of the weight transferred from the tibia to the astragalus rested 

on the medial margin of the pes. The cuboid facet in Euowenia has a unique orientation among 

the taxa studied, being semi-continuous with the ectocuneiform facet. The ectocuneiform facet is 

approximately twice as large as the cuboid facet, and remains distinct from the ento-(meso-) 

cuneiform facet, as seen in Neohelos. The ecto- and entocuneiform facets form a relatively open, 

continuous curve, as seen in Zygomaturus and Plaisiodon. The entocuneiform facet is oval in 

shape, rather than the hourglass shape more common among the taxa studied, and occupies 

approximately half of the medial edge. The pit at the base of the entocuneiform facet, where the 

m. abductor minimi digiti brevis tendon attaches, is relatively superficial in Euowenia, and the 

tibial facet is small to absent. 

 

Cubo-navicular/ Cuneiform Interface 

 Due to the relatively flat articular surfaces, it appears that this joint possessed little mobility in 

Euowenia. The bones instead lock together to provide a strong weight-bearing platform, as seen in 

Diprotodon. 

 

Entocuneiform, Mesocuneiform and Ectocuneiform 

 Euowenia is the only taxon studied, and the only known marsupial, where all three 

cuneiforms in the tarsus are fused (see Fig. 13). Camens and Wells (2010) established that this 

feature was not pathological, being present in both individuals available for study. The fusion of 
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the entocuneiform and mesocuneiform is so complete that it is no longer possible to tell where 

one begins and the other ends, the ectocuneiform is less thoroughly fused, and its articular facets 

remain distinct. The fusion of these bones creates a single, strong entity, through which weight 

can be transferred from the proximal tarsus through to the inner digits of the pes. The hallucal 

facet is relatively small, as is seen in the larger diprotodontids, but a more deeply saddle-shaped 

facet suggests Euowenia possessed greater hallucal mobility than its larger relatives. The pit 

below the hallucal facet, where the m. tibialis anterior tendon attaches, is much deeper than it is 

in Diprotodon, suggesting that Euowenia may have been capable of a greater degree of supination 

of the pes than the larger taxon. The ectocuneiform is relatively short and squat, and the B-shaped 

cuboid facet is different to all other taxa studied. The angle between the cuboid and metatarsal IV 

facets is relatively high compared to all other taxa studied except Diprotodon. The metatarsal IV 

facet is also large relative to the metatarsal III facet, but does not display the same degree of 

enlargement seen in Diprotodon and Zygomaturus. The interface between the tarsals and 

metatarsals is relatively flat, and indicates that this joint was relatively inflexible. 

 

Figure 13. 

 

Metatarsal V 

 Metatarsal V of Euowenia is extremely similar to that of Diprotodon in overall shape (Fig. 5). 

The cuboid facet is raised and remains separate from the lateral process, as seen in Zygomaturus 

but not Diprotodon. As in all the large diprotodontids studied, this bone is triangular in shape and 

the lateral process extends along the entire length of the metatarsal. This indicates significant 

enlargement of the peroneal muscles, which attach along the lateral border of metatarsal V. The 

medial border is flat and straight, as seen in Diprotodon, and the distal articulation is slightly 

keeled, as is also seen in the late Miocene zygomaturines studied. The angle between the cuboid 

and metatarsal IV facets is similar to that seen in Plaisiodon, but the metatarsal IV facet is most 

similar in shape to that of Zygomaturus. 

 



  141

Metatarsal IV 

 Metatarsals III and IV of Euowenia are more elongate than in Diprotodon, but less elongate 

than in most other taxa studied. This metatarsal displays well-developed proximal and distal 

attachment areas for flexor and m. interossei attachments, although the proximal attachment areas 

are represented by raised processes, rather than the pits seen in most other taxa studied. Metatarsal 

IV of Euowenia still retains a significant degree of contact with the cuboid, the contact being less 

extensive than in early diprotodontids but larger than in Diprotodon. The ectocuneiform facet is 

medio-posteriorly oriented; a plesiomorphic diprotodontid character. The proximal end of 

metatarsal IV is significantly higher than the distal end, as is also seen in Diprotodon.  

 

Metatarsals II and III 

 Metatarsals II and III are less equal in size than most other diprotodontid taxa, with metatarsal 

III being significantly larger (Fig. 5). As is seen in Zygomaturus, the ectocuneiform facet of 

metatarsal III is well developed, but the metatarsal II facet is poorly developed. Metatarsal II is 

highly arched and rugose, as seen in Diprotodon, with poorly developed articular facets and 

relatively weak muscle attachment areas. 

 

Metatarsal I/ Hallux 

 The hallux of Euowenia is relatively long when compared to the length of metatarsal II. The 

proximal articular facet is more deeply saddle-shaped than in Diprotodon, indicating that it may 

have had a greater degree of mobility than in the latter taxon. It is much more robust than seen in 

the zygomaturines studied, and demonstrates significant narrowing towards the distal end (see 

Fig. 14). There is some evidence that a phalanx may have existed on digit I of Euowenia, however 

none is currently known. 

 

Phalanges 

 The disparity between the lengths of metatarsals II and III is continued in the digits, with 

those of digit II being significantly shorter and narrower than those of digit 3, as is also seen in 



  142

Diprotodon. The digits of Euowenia also project more medially than in any other taxon studied. 

The proximal facets of the proximal phalanges are more vertically oriented that most other taxa 

studied, including Diprotodon, suggesting that the metatarsals and phalanges sat in the same plane 

(i.e. the pes was fully plantigrade). The distal plantar tuberosities of the proximal phalanges, for 

flexor attachment, are weakly developed, and their distal articular surface is relatively weakly 

saddle-shaped. The ungual phalanges are slightly medio-laterally compressed, and again the 

flexor attachment areas are relatively weak. 

 

Figure 14. 

 

Femur 

 While no complete Euowenia femur is known, specimens representing both the proximal and 

distal ends, as well as the lateral border of the femur, exist and allow for adequate comparison to 

be made with the other taxa studied here. The gluteal ridge is shorter than in most other taxa 

studied, but the greater trochanter is also wider, as is also seen in Diprotodon. The femoral head 

sits only partially above the digital fossa (a plesiomorphic condition in diprotodontids), and the 

digital fossa is longer than in Diprotodon, but shorter than in most other taxa studied. As in the 

other diprotodontines studied, the lesser trochanter is relatively small in Euowenia. The angle 

between the neck and the shaft is similar to most other diprotodontids studied. The intercondylar 

notch is relatively shallow and the anterior part of the internal condyle is enlarged, as in 

Diprotodon and Zygomaturus. The internal condyle shows the same degree of posterior 

enlargement as Ngapakaldia, and is less enlarged than that seen in Diprotodon and Zygomaturus. 

As in Nimbadon and vombatids, the gastrocnemial attachment areas are represented by deep 

lateral and shallow medial pits on the condyles. As in the majority of Australian marsupials, the 

patella is absent in Euowenia and was probably represented by a tendinous patch. The femur of 

Euowenia is longer in relation to the length of the tibia than in any other taxon studied, attesting 

to it being a slow-moving, graviportally-adapted taxon. 
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Tibia 

 The tibia of Euowenia is similar to that of Diprotodon, except that it is relatively more robust 

than in the larger taxon. The femoral facets are separated by a large groove for the cruciate 

ligament, as is seen in Diprotodon. The distal part of the dorsal external tuberosity locks the fibula 

in place, but lacks the prominent process for attachment of the m. tibialis anterior and extensors 

that is seen in many of the other taxa studied. The proximal popliteal attachment area is smoother 

than in Diprotodon, and the m. biceps attachment area is represented by a large rugose patch. The 

internal malleolus is sub-rectangular and also articulates with the navicular, though not to the 

degree seen in Nimbadon, and is sharply stepped from the tibial facet.  

 

Fibula 

 The fibula of Euowenia is also quite similar to that of Diprotodon, however the shaft is much 

straighter. The fabellar facet is flatter than in Diprotodon, and the fabella (or “Parafibula” of 

Szalay and Sargis 2001): a sesamoid at the back of the knee to which the m. gastrocnemius and m. 

soleus attach, is relatively high and thin, though still relatively large. The attachment area for the 

m. tibialis posterior extends for half the length of the shaft, as it does in Zygomaturus and 

Phascolonus. The mid-shaft attachment area for the m. flexor hallucis longus and extensors is 

shorter than in any other taxon studied, but is still relatively rugose. The peroneal ridge is 

relatively smooth and extends for approximately 1/3 of the length of the shaft, as in Diprotodon. 

The angle between the astragalar facet and the shaft is lower than in all other diprotodontid taxa 

studied, similar to that seen in Phascolarctos. 

 

5.3.1.2.2 Morphology of the forelimb 

The only known bones of the forelimbs and manus of Euowenia consist of: a complete 

left and right articulated manus, from the same individual, with the distal radii and ulnae still 

attached (FU 2399), from Central Australia, and a separate partial humerus (AMF5463) from the 

Wellington Caves. The bones of (FU 2399) have been severely damaged, due to gypsum crystal 

growth within their interiors, and so multiple aspects of the morphology are obscured or missing. 
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The specimens also cannot be disarticulated due to their delicate nature, and so the nature of 

articulations between some bones cannot be studied. 

 

Pisiform 

 The pisiform of Euowenia does not display the same degree of distal enlargement as that seen 

in Diprotodon, but it is still relatively large, projects posteriorly from the carpus and lacks a waist, 

as is also seen in the latter taxon. In overall shape it is more similar to that of Zygomaturus than it 

is to Diprotodon. The cuneiform facet is distinct, there being a significant degree of contact 

between the two bones, and the styloid facet is also well developed. The pisiform of Euowenia 

also appears not to display the dorso-ventral compression seen in Diprotodon.  

 

Cuneiform 

 The cuneiform of Euowenia is most similar in overall shape to that of Diprotodon among the 

taxa studied. The styloid and unciform facets of the cuneiform of Euowenia are joined at the 

dorsal edge, a condition not seen in any other taxon studied. The two facets are joined at the 

posterior edge in Thylacoleo, and the medial edge in Phascolonus, but only Diprotodon 

approaches the condition seen in Euowenia. The styloid facet supports only half of the styloid 

process, the pisiform supporting the other half, as is also seen in Diprotodon, Zygomaturus, 

Plaisiodon and Kolopsis. The unciform facet is round and flat, as is also seen in Diprotodon.  

 

Unciform 

 The unciform of Euowenia is equal in length and width, as is seen in Nimbadon and the other 

diprotodontines studied. The metacarpal V facet is nearly flat, being only slightly convex, and 

there is no apparent contact between the unciform and metacarpal III. The palmar surface of the 

unciform is proportionally smaller than in most other taxa studied, occupying approximately 20% 

of the palmar surface of the carpus, similar to that seen in Diprotodon and Zygomaturus. The 

unciform is significantly larger than the magnum, in similar proportion to that seen in Diprotodon 

and Nimbadon. 
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Magnum 

 The magnum of Euowenia is shorter relative to its length than in most other taxa studied, 

being similarly proportioned to that of Trichosurus, but still more elongate than that of 

Diprotodon. The magnum is also rectangular, as is seen in Zygomaturus and Diprotodon, and as 

opposed to the triangular shape seen in the other taxa studied. The metacarpal III facet is 

restricted to the top half of the magnum, and the dorsal and ventral widths of the magnum are 

equal, Diprotodon being the only other taxon studied in which this is the case. There is no contact 

between the magnum and the cuneiform in Euowenia. 

 

Scaphoid 

 The radial facet of the scaphoid of Euowenia is highly convex, as is also seen in Diprotodon 

and Zygomaturus. The pit on the medial plantar surface where the m. flexor carpi radialis attaches 

is quite deep, but not to the extent seen in most zygomaturines studied. There is no evidence of a 

lunatum in Euowenia, it being either fused to the scaphoid or lost. 

 

Carpal-Metacarpal Interface 

 The carpo-metacarpal interface in Euowenia is flat and allows for little mobility in any 

direction, as is also seen in Diprotodon and Zygomaturus. 

 

Metacarpal V 

 The unciform facet of metacarpal V of Euowenia occupies approximately 2/3 of the proximal 

end, as is seen in Zygomaturus, Kolopsis and Phascolonus. The distal end is slightly keeled, 

similar to the degree seen in Zygomaturus, and the lateral wing almost touches the cuneiform, as 

is seen in Diprotodon. The metacarpal as a whole is highly modified from the plesiomorphic 

form, having significant bone growth along the lateral edge for tendon attachment. 

 

Metacarpals II, III and IV 
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 The middle three metacarpals of Euowenia are significantly more robust than in any other 

taxon studied, being most similar to that seen in Diprotodon. Metacarpal II is slightly narrower 

than metacarpal III, being similar to vombatids in this regard. 

 

Metacarpal I 

 The first metacarpal of Euowenia is wider relative to metacarpal III, and relative to its length, 

than in most taxa studied, but does not show the same degree of enlargement as that seen in 

Diprotodon, Zygomaturus or Thylacoleo. The articular surface for the trapezium is partly concave 

and partly convex, as is seen in Neohelos, Nimbadon and Ngapakaldia. 

 

Phalanges 

 The proximal phalanges display a similar degree of robusticity to that seen in Neohelos, but 

are not as robust as those of the vombatids studied. There is no indication of the distal palmar 

tuberosities of the proximal phalanges seen in other taxa studied, and their distal articular facets 

are only shallowly saddle-shaped. The distal phalanges are slightly medio-laterally compressed in 

cross-section, similar to that seen in Diprotodon, and again their articular facets are only 

shallowly concave. The palmar processes for attachment of the flexor tendons are better 

developed than in Diprotodon, relative to the height of the ungual phalanges, but do not display 

the complex morphology seen in Zygomaturus. Digits II, III and IV of Euowenia are 

proportionally shorter than in all other taxa studied except Diprotodon, and digit IV is 

proportionally shorter than in Diprotodon. 

 

Humerus 

The only known humerus of Euowenia is missing both the proximal and distal articular 

surfaces. The overall shape is most similar to that seen in D. optatum, the differences observed 

most probably being due to the smaller size of E. grata. The supracondyloid foramen is absent 

and the external epicondylic ridge is represented by a rugose patch, as is also the case in 

Diprotodon. In E. grata the lateral deltoid crest partially wraps around the area where m. 
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brachialis anticus would sit, unlike in D. optatum, where the deltoid crest projects anteriorly. The 

m. teres major attachment area on the medial mid-shaft, in both E. grata and D. optatum, is 

represented by a rugose patch, but in the latter taxon it occupies a more proximal position than in 

the former. The areas for attachment of the outer and inner heads of m. triceps brachii (on the 

mid-proximal and mid-lateral humerus respectively) are less well developed in E. grata than in D. 

optatum, and the coronoid fossa of E. grata is also proportionally smaller than that of D. optatum. 

 

Ulna 

 The only known ulnae consist of badly fragmented distal halves of the right and left limbs of 

a single individual (see above). The styloid process is slightly indented on the lateral edge, as is 

seen in Diprotodon, Plaisiodon and Zygomaturus. The styloid process is angled posteriorly, as it 

is in Diprotodon, and is spherical, as seen in most other diprotodontids studied. The groove for 

the tendon of the m. extensor carpi ulnaris is relatively small, and the attachment area for the m. 

extensor digitorum profundus is relatively poorly developed. 

 

Radius 

 As with the ulnae the only known radii of Euowenia are the distal halves of the right and left 

radii of a single individual, and are badly fragmented. The distal end is triangular in cross-section, 

as is seen in most other diprotodontids and vombatids studied. The grooves for the tendons of the 

m. extensor carpi radialis and m. extensor pollicis longus are relatively shallow, again similar to 

that seen in most diprotodontids studied. 

 

5.3.1.3 Diprotodon 

5.3.1.3.1 Morphology of the hindlimb 

The abundance of postcranial material known for Diprotodon allowed intraspecific 

variation to be taken into account, resulting in measurements representative of the taxon rather 

than an individual (as may have been the case in some other taxa studied). While there are at least 

two different morphs of Diprotodon present at Lake Callabonna (Stirling and Zeitz 1899), Price 
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(2008) considered these morphs to represent a single, sexually-dimorphic species. As such any 

variation observed in the postcranial morphology of Diprotodon in this study is considered 

intraspecific. 

Specimen numbers 

Diprotodon optatum (MNI=40) 

The majority of Diprotodon fossils studied are housed in the SAM and are from Lake Callabonna, 

representing at least 40 individuals. They include a semi-complete articulated pes from at least 10 

individuals, numerous postcranial elements of a Diprotodon pouch young (SAM P10562), a 

complete pes (SAM P 5121) (the paratype of Diprotodon optatum), various postcranial elements 

from a single individual (SAM P6780), a semi-complete Diprotodon skeleton (SAM P11523) and 

numerous unnumbered bones. An astragalus from the AM was also included (AM F99643). 

Bones with individual numbers include: femora (SAM P5163, 5167, 5173, 5178), tibiae (SAM 

P5164, 5170, 5174, 5179), fibulae (SAM P5162, 5168, 5169, 5175, 5180), R 5th metatarsal (SAM 

P5037). Bones housed in the SAMP collections without numbers used in the analysis included: 57 

astragali (11L, 28R, 18 unknown), 11 calcanei (5L, 5R, 1 unknown), 33 cuboids (12L, 20R, 1 

unknown), 23 naviculares (13L, 10R), 20 ectocuneiforms (8L, 12R), 22 entocuneiforms (4L, 17R, 

1 unknown), 41 1st metatarsals (17L, 24R), 7 2nd metatarsals (2L, 5R), 7 3rd metatarsals (3L, 4R), 

12 4th metatarsals (4L, 8R), 27 5th metatarsals (20L, 7R), 45 proximal phalanges (22L, 10R, 13 

unknown), 31 medial phalanges (16L, 9R, 6 unknown) and 32 ungual phalanges (13L, 8R, 11 

unknown). A number of Diprotodon bones from FU were also used including: 6 astragali (2L, 4R, 

SAM P20894, 20832, 20868, 25317, 25316, 25328), 8 calcanei (4L, 4R, FU2135, 2114, SAM 

P20833, 20831, 20876, 20877b, 20875, 25314), 3 cuboids (1L, 2R, FU 2213, SAM P20875, 

25266), 3 naviculares (1L, 2R, SAM P60789, 25285, 20877d), 1 ectocuneiform (L, FU 2202)), 1 

entocuneiform (R, FU 2088), 1 5th metatarsal (R FU 2219), 1 3rd metatarsal (L, SAM P20882), 2 

1st metatarsals (R, FU 2196, SAM P25085) and several phalanges ( FU 2202, SAM P20880, 

60836). 

 

Astragalus 
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 As mentioned above the astragalus of Diprotodon is most similar in overall morphology to 

that of Euowenia (Fig. 6). While not quite as elongate as that of the latter taxon, it is more 

elongate than any other taxa studied. The tibial facet is almost completely flat, and has a high, 

pointed process at the medial edge. The fibular facet is much smaller than the tibial facet, and the 

angle between the two facets is slightly more open than in both Zygomaturus and Euowenia. The 

two facets are also distinct from each other, rather than forming the continuous surface seen in 

most other taxa studied. The cubo-navicular facet in Diprotodon is more spherical in shape than in 

any other taxon studied, resulting in a large anterior surface area for transferral of weight from the 

astragalus to the cuboid and navicular. The sulcus astragali is oblong in shape, as seen in 

Euowenia, but is wider, similar to that of the Miocene zygomaturines studied. It is also longer, 

relative to the length of the calcaneal facet, than in all other diprotodontids studied. The dorso-

medial pit completely separates the tibial and navicular facets, as seen in all diprotodontids except 

for Ngapakaldia. The pyramidalis facet is prominent, indicating that this bone played a significant 

support role in the proximal tarsus, helping to lock the joint for weight-bearing. The navicular 

facet is less medially-oriented than in Euowenia, being similar in position to apomorphic 

zygomaturines. 

 

Calcaneum 

 The calcaneum of Diprotodon is again similar to that of Euowenia (Fig. 6). As seen in all 

diprotodontines studied, the ligamental pit at the posterior edge of the astragalar facet is absent 

and, in the case of Diprotodon, is represented by a slightly raised, rugose area. The tuber is the 

same as seen in Euowenia, being slightly dorso-ventrally compressed and highly medially curved. 

It is less elongate than in most other diprotodontids studied, the length to width ratio being the 

same as in Ngapakaldia. As in most diprotodontids studied, the cuboid facet occupies the medial 

2/3 of the anterior end, but is proportionally less high than in all diprotodontids except for 

Euowenia and Zygomaturus. The cuboid facet is less deeply concave than in many other taxa 

studied, and the navicular facet is relatively extensive. The astragalar facet is relatively steeply 
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sloped, as is seen in most diprotodontids studied, and the medial border is angular, as is seen in 

most zygomaturines. The fibular facet is absent in all diprotodontines studied. 

 

Cuboid 

 The cuboid of Diprotodon is much more robust than that of Euowenia, and is proportionally 

wider than in any other taxon studied. This may indicate that a larger proportion of the weight 

rested on the lateral pes in the former taxon. The navicular facet of the cuboid in Diprotodon is 

similar in size to that of Plaisiodon, relative to the astragalar facet (Fig. 7). The navicular facet 

forms a peg than locks in with a notch in the navicular, as is also seen in Ngapakaldia, Kolopsis 

and Neohelos. The calcaneal facet is smaller relative to the astragalar facet than in any other taxon 

studied, reflecting both a decrease in the size of the calcaneal facet, and an increase in size of the 

astragalar facet. The ectocuneiform facets remain separate from the navicular facet, as in other 

diprotodontines studied, and are relatively indistinct in Diprotodon. The metatarsal V facet is flat, 

suggesting that movement in this joint was restricted, this is supported by the prominent ligament 

attachment areas around the facet. The calcaneal and navicular facets are almost completely 

separated by the astragalar facet, but the contact between the two is slightly more extensive than 

seen in Euowenia. The deep ligamental pit, seen below the navicular and ectocuneiform facets in 

most diprotodontids studied, is absent in Diprotodon, and the groove for the m. peroneus longus is 

very shallow. There is a deep pit below the metatarsal V facet that may represent the attachment 

area for the m. abductor minimi digiti brevis. 

 

Navicular 

 The astragalar facet of the navicular of Diprotodon is shorter, relative to the length of the 

navicular, than in any other taxon studied except Zygomaturus. The navicular is also less medially 

oriented than in most diprotodontids studied, occupying a position in the pes similar to that seen 

in Phascolarctos. The cuboid and ectocuneiform facets are separate with different orientations, 

unlike that seen in Euowenia, and the ectocuneiform facets are proportionally larger than in any 

other diprotodontid studied. The ecto- and entocuneiform facets are separate, as is seen in most 
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diprotodontids except for Plaisiodon, and the angle between these facets is lower than in any 

other diprotodontid studied (Fig. 15). The entocuneiform facet is an hourglass shape, similar to 

that seen in vombatids, and occupies approximately half of the medial edge of the navicular, as is 

seen in vombatids and apomorphic diprotodontids. The medial wing of the navicular is 

proportionally wider in Diprotodon than in any other taxon studied, suggesting this bone played a 

significant weight-bearing role. Muscle and ligament attachment areas around the entocuneiform 

facet are superficial, and a tibial facet is absent. 

 

Figure 15. 

 

Cubo-navicular/ Cuneiform Interface 

 The articular surfaces at this interface are flatter in Diprotodon than in any other taxon 

studied, suggesting the pes was capable of very little movement in this joint. This appears to be a 

consistent apomorphy among the diprotodontids studied. 

 

Entocuneiform, Mesocuneiform and Ectocuneiform 

 The fusion of the entocuneiform and mesocuneiform appears to be a consistent character in 

Diprotodon, in only one of the many individuals studied was this fusion not complete. The 

hallucal facet of the entocuneiform of Diprotodon is unique, contact between the two bones being 

much more extensive than in any other taxon studied (Fig. 5). This is a result of the positioning of 

the hallux in the pes, which has rotated around to project posteriorly. This is so unusual that, in all 

previous reconstructions of the pes of Diprotodon (e.g. Stirling and Zeitz 1899), the hallux has 

been positioned incorrectly. The groove below the hallucal facet, where the m. tibialis anterior 

attaches, is relatively small in Diprotodon, suggesting eversion capabilities of the taxon were 

extremely limited. The ectocuneiform is not as squat as in Euowenia or Neohelos, being similar in 

proportion to that of Ngapakaldia. The angle between the cuboid and metatarsal IV facets is 

higher than in any other taxon studied, the two facets having nearly the same orientation. The 

metatarsal IV facet is also proportionally larger than in any other taxon studied. The interface 



  152

between the distal tarsals and the metatarsals is flatter in Diprotodon than in the other 

diprotodontids studied, again indicating the relative inflexibility of the tarsus of this taxon. 

 

Metatarsal V 

 As is seen in Ngapakaldia, the cuboid facet of metatarsal V of Diprotodon extends to the 

lateral process and wraps around the lateral edge of the cuboid (Fig. 5). The lateral process is 

enlarged along the entire length, as is seen in Euowenia, although in some individuals there was a 

large indentation approximately 2/3 of the way down the lateral border of the metatarsal. This 

may be an ontogenetic feature, or may mean that the peroneal attachment areas did not join up 

into a continuous ridge in those particular individuals. The medial border of metatarsal V is flat 

and straight, and the distal articulation is spherical, completely lacking the keel seen in the smaller 

taxa studied. The angle between the cuboid and metatarsal IV facets is lower than in most other 

diprotodontids studied, except for Nimbadon, being similar to that seen in vombatids. The 

metatarsal IV facet is flat and widens ventrally as is seen in Plaisiodon. 

 

Metatarsal IV 

 The protrusion above the metatarsal III facet of metatarsal IV is larger than in any other 

diprotodontid studied. Proximal attachment areas for the m. flexores breves or m. interossei are 

superficial, and the distal attachment areas are represented by shallow pits. The articular facet for 

the cuboid is small or sometimes absent altogether, the opposite to that seen in Trichosurus, 

where metatarsal IV articulates primarily with the cuboid. This relates to the gross enlargement of 

digit V of the pes of Diprotodon, in association with weight-bearing. The ectocuneiform facet is 

more medially facing than in other taxa studied and, together with the metatarsal V facet, forms a 

wedge at the proximal end of the metatarsal that is well braced for a weight-bearing role. 

Metatarsal IV is also relatively high at its proximal end, and more robust than in any other taxon 

studied. 

 

Metatarsals II and III 
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 The proximal end of metatarsal III of Diprotodon is also proportionally higher than in the 

other taxa studied, and the proximal articular facets are poorly developed. Metatarsal II is highly 

arched and rugose, and is shorter in relation to metatarsal III and the hallux than in any other 

taxon studied. The articular facets of metatarsal II are also poorly developed, and tendon 

attachment areas are only superficially developed. 

 

Metatarsal I/ Hallux 

 The hallux of Diprotodon is unique among diprotodontids. As mentioned above it has rotated 

around to project almost posteriorly, and as a result it articulates with the entocuneiform 

proximally and distally. It take the form of a rugose knob and, while it displays a similar degree of 

elongation to that seen in Euowenia and Thylacoleo, the distal end is proportionally thicker than 

in both the latter taxa. There is no evidence of a phalanx existing on the first digit in any 

Diprotodon specimens studied. 

 

Phalanges 

 The proximal phalanx of digit II is significantly shorter and narrower than that of digit III. 

Digit II is so much shorter than digit III as a whole that it is unlikely that they could have been 

syndactylous, as has been claimed by many researchers (Dollo 1900; Bensley 1903; Longman 

1924; Szalay 1982; Hall 1987; Marshall 1990; Weisbecker and Nilsson 2008). The proximal 

facets of the proximal phalanges are slightly dorsally oriented, suggesting that the tarsus of 

Diprotodon rested on a large fleshy pad, as is seen in modern wombats. Articulation surfaces 

between the proximal and medial phalanges are flat or very slightly saddle-shaped, and the plantar 

tuberosities, for flexor tendon attachment, are poorly developed. This suggests that the digits were 

capable of only limited flexion, and were mainly used in a support function (if at all). The ungual 

phalanges of Diprotodon are slightly medio-laterally compressed, and the flexor tendon 

attachment areas are again poorly developed. 

 

Femur 
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 The femora of Diprotodon and Euowenia are quite similar in overall morphology, but that of 

the former is more highly adapted to a weight-bearing role. The gluteal ridge in Diprotodon is 

represented by a longer rugose ridge than in Euowenia, and both the posterior and anterior parts 

of the internal condyle project further in the former taxon. The head of the femur of Diprotodon 

sits completely above the digital fossa (Fig. 16), as is seen in Phascolonus and Zygomaturus. The 

lesser trochanter is relatively small, and the digital fossa is proportionally smaller, than in any 

other taxon studied. The angle between the neck and the main shaft is similar to that of the other 

larger diprotodontids studied, and the greater trochanter is proportionally wider than in most other 

taxa studied, similar to that of Euowenia. The intercondylar notch is relatively deep, and this 

probably relates to stabilising the knee joint in a columnar support role. The pits on the condyles 

for gastrocnemial attachment are both well developed in Diprotodon, suggesting that this muscle 

was relatively large. The diaphysis shows a greater degree of medio-lateral elongation than in any 

other taxon studied, suggesting the limb was not subject to high levels of stress from multiple 

directions. The adductor fossa of Diprotodon is represented by some mid-shaft rugosity, and the 

patella is absent. The femur of Diprotodon displays a similar degree of elongation, in relation to 

the length of the tibia, as that seen in Zygomaturus and Phascolonus, though not to the degree 

seen in Euowenia. 

 

Tibia 

 As seen in Euowenia, the femoral facets of the tibia of Diprotodon are separated by a 

prominent groove for the cruciate ligaments. The dorsal external tuberosity does not lock the 

fibula in place, as it does in the former taxon, and the attachment areas for the m. tibialis anterior 

and extensors are better developed. The m. popliteus attachment area is represented by a distinct, 

dorso-ventrally elongate tuberosity, different from that of any other taxon studied. The insertion 

area for the m. biceps femoris, while relatively long, is also quite smooth, and a muscle scar from 

the m. gracilis is not evident. As is also seen in Phascolonus and Zygomaturus, the internal 

malleolus is rounded, and is not sharply stepped from the tibial facet. The malleolus does not 

articulate with the navicular, and is not grooved for the tendon of the m. flexor tibialis. 
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Figure 16. 

 

Fibula 

 The fabellar articulation of the fibula of Diprotodon is concave, differentiating it from all 

other diprotodontids studied. The fabella itself is more robust than in Euowenia, similar to that of 

Zygomaturus. The attachment area for the m. tibialis posterior is shorter than in most other taxa 

studied, as is the attachment area for the m. flexor hallucis longus and extensors, although these 

latter attachment areas are more extensive than in Euowenia. The angle between the astragalar 

facet and the shaft is lower than in most other diprotodontids studied, being similar to that seen in 

Trichosurus. The peroneal ridge is relatively slight, and the distal groove for the peroneals is 

much shallower than is seen in Euowenia and vombatids. 

 

5.3.1.3.2 Morphology of the forelimb 

Specimen numbers 

Diprotodon optatum (MNI=40) 

The majority of forelimb postcranial material used in this study was also from the SAM 

and included: a mostly complete joey (both humeri, radii and ulnae, most carpals, metacarpals and 

phalanges) (SAM P10550-10569), a complete manus (R) (SAM P5120), various postcranial 

elements from Lake Callabonna representing at least 40 individuals including a semi-complete, 

articulated manus from at least 11 individuals (SAM P5122-5183), 5th metacarpal (R) (SAM 

P5038), pisiform (L) (SAM P5039), cuneiform (R) (SAM P5041), unciform (L) (SAM P5043), 

partial Diprotodon skeleton (SAM P11523), partial skeleton (SAM P12308 and 12309), partial 

skeleton (SAM P6780), humerus (L) (SAM P5144), humerus (SAM P5149), humerus (SAM 

P5154), humerus (SAM P5157), ulna (SAM P5145), ulna (SAM P5150), ulna (SAM P5151), ulna 

(SAM P5153), radius (SAM P5146), radius (SAM P5147), radius (SAM P5152), radius (SAM 

P5156), misc postcranial elements (SAM P6780), complete manus (L) (AM F119223). 

Unnumbered material in the SAM from Lake Callabonna included: pisiform (14R, 12L), 
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cuneiform (7R, 22L), unciform (17R, 26L), magnum (14R, 10L), scaphoid (28R, 31L, 3 

unknown), trapezoid (29R, 19L, 1 unknown), trapezium (29R, 25L), 1st metacarpal (14R, 13L, 1 

unknown), 2nd metacarpal (19R, 18L, 1 unknown), 3rd metacarpal (26R, 13L, 3 unknown), 4th 

metacarpal (18R, 23L, 1 unknown), 5th metacarpal (20R, 18L), ulna (1R), radius (1R). Bones used 

from FU included: 2x 3rd metacarpal (1L, 1R, FU2219, 2224), 2x pisiform (2R FU2136, SAM 

P20835), 4th metacarpal (L, FU2196), 4x scaphoid (2R, 2L FU2196, SAM P20895), 2x unciform 

(1R, 1L, FU2088, SAM P25315), magnum (L, FU2116), 2x 2nd metacarpal (2L, SAM P29257, 

SAM P20834). 

 

Pisiform 

 The pisiform of Diprotodon is proportionally larger than in any other taxon studied, and 

projects posteriorly from the carpus (Fig. 17). The cuneiform facet is large and well developed, as 

is seen in Euowenia, and the pisiform lacks a waist. The pisiform of Diprotodon is as long as it is 

wide, making it proportionally wider than in any other taxon studied, Euowenia having the next 

widest. The pisiform is also dorso-ventrally flattened, similar to that seen in Zygomaturus and 

Phascolonus, but it sits closer to horizontal in the manus of Diprotodon. 

 

Cuneiform 

 The pisiform facet of the cuneiform of Diprotodon is proportionally smaller relative to the 

styloid facet than in most other taxa studied, except for Zygomaturus, Plaisiodon and Neohelos. In 

Diprotodon this represents gross enlargement of the styloid facet, rather than decrease in size of 

the pisiform facet. The facets for the styloid process and unciform are almost joined at the dorso-

medial edge, similar to that seen in Phascolonus and Euowenia. The cuneiform only supports half 

of the styloid process, the styloid facet of the pisiform also being highly developed in Diprotodon 

(Fig. 17). The ligamental attachment areas of the cuneiform are better developed than in most 

other taxa studied, and the unciform facet is round and flat, as is seen in Euowenia. There is a 

deep pit at the base of the unciform facet that may represent a ligamental attachment area, or the 

attachment area for the tendon of the m. abductor digiti minimi. 
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Unciform 

 The cuneiform facet of the unciform is the same size as the unciform facet in the cuneiform in 

Diprotodon, as is also seen in Phascolonus and Zygomaturus, indicating that there was little room 

for movement between the two bones. The overall shape of the unciform of Diprotodon is similar 

to that of Euowenia, both being approximately equal in length to width ratios, the unciform of the 

former being slightly longer than it is wide. The palmar border of the metacarpal facets is 

interrupted by a small pit in Diprotodon, similar to that seen in Phascolonus and Thylacoleo. The 

metacarpal V facet is flat (Fig. 17), and the metacarpal IV facet is approximately half the size of 

that for metacarpal V, the two facets forming a continuous surface, again similar to that seen in 

Phascolonus. There is no contact between metacarpal III and the unciform, and the scaphoidal 

facet is large and flat, as is also seen in Euowenia. The palmar process to which the flexor 

retinaculum attaches is poorly developed in Diprotodon (Fig. 17), as is seen in Zygomaturus. The 

magnum facet is small and saddle-shaped in Diprotodon, similar to the posterior magnum facet in 

Phascolonus, but the former taxon does not have the anterior facet seen in the latter. The 

ligamental pit palmar to the magnum facet is relatively poorly developed in Diprotodon, and the 

unciform makes up a comparatively small portion of the plantar surface of the manus, as is seen in 

Euowenia. There is a small pit below the cuneiform facet (possibly where the m. flexor digiti 

minimi brevis attaches), as is seen in Phascolonus and Zygomaturus. The unciform is 

approximately 2.5x the size of the magnum, similar to that seen in Euowenia. 

 

Figure 17 

 

Magnum 

 The magnum of Diprotodon is rectangular, similar to Euowenia and Zygomaturus, the other 

large diprotodontids studied. The metacarpal III facet occupies only the top half of the anterior 

surface of the magnum, as seen in Euowenia, and the pit below the unciform facet is deep and 

rugose. The magnum of Diprotodon is equal in length and width, Lasiorhinus being the only other 
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taxon studied in which this is the case. The metacarpal III and trapezoid facets of the magnum of 

Diprotodon are proportionally larger, relative to the scaphoid facet, than in any other 

diprotodontid studied. The base of the magnum is proportionally wider than in all other taxa 

studied except for Euowenia, the dorsal and ventral widths being approximately equal in both 

taxa. 

 

Scaphoid 

 The radial facet of the scaphoid of Diprotodon is more highly convex than in any other taxon 

studied (Fig. 17). The facet for the trapezium is smaller relative to the radial facet, and the 

magnum facet smaller relative to the unciform facet, than in any other taxon studied. The 

posterior radio-scaphoidal ligamental surface is also more highly grooved and rugose than in any 

other taxon studied, and the medio-dorsal pit for the m. brachioradialis is quite shallow. The pit 

on the medial plantar surface for the m. flexor carpi radialis is developed to a similar degree to 

that seen in the other diprotodontines studied, and not as much as in the zygomaturines studied. A 

small bone present in one Diprotodon individual, labelled the “scaphoidal sesamoid” by Stirling 

and Zeitz (1899), may in fact represent the lunatum, absent in the other Diprotodon specimens 

studied. Weisbecker and Archer (2008) suggested that this may be the prepollex, but in my 

dissections of Lasiorhinus and Phascolarctos the prepollex attaches to the trapezium and is 

almost completely, if not entirely, cartilaginous. 

 

Carpal-Metacarpal Interface 

 As is seen in Euowenia, the interface between the carpals and metacarpals of Diprotodon is 

flat and allows very little movement in the joints involved. The distal facets of the carpus indicate 

Diprotodon was capable of less movement than Zygomaturus, and that the carpus was positioned 

only slightly higher than the metacarpus and digits (i.e. the manus was fully plantigrade). 

 

Metacarpal V 
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 The unciform facet of metacarpal V of Diprotodon occupies only ½ of the proximal end, the 

other half consisting of the grossly expanded lateral border. The lateral wing is enlarged along the 

entire length of the metacarpal, and extends to the point that it nearly touches the cuneiform, as is 

also seen in Euowenia. The distal articular surface is almost spherical, lacking the keel seen in all 

other taxa studied, and the overall shape is highly modified from the plesiomorphic condition, due 

to the enlargement of the lateral border. 

 

Metacarpals II, III and IV 

 The middle three metacarpals are shorter relative to their length than in any other taxon 

studied, except Euowenia, and are extremely robust. The proximal articular facet of metacarpal IV 

is rectangular, and flatter than in any other taxon studied, restricting movement between the 

unciform and metacarpal IV. Metacarpal II is wider relative to metacarpal III than in any other 

taxon studied, and the proximal articular surface is poorly developed and limited in extent (Fig. 

18). 

 

Figure 18. 

 

Metacarpal I 

 Metacarpal I of Diprotodon is approximately twice as wide mid-shaft as metacarpal III, as is 

seen in Zygomaturus, Thylacoleo being the only taxon studied to exceed this value. It is also 

proportionally shorter than in any other taxon studied, being as wide as it is long. The proximal 

articular facet is convex, again similar to that seen in Zygomaturus, and the distal articulation 

lacks a keel. 

 

Phalanges 

 The phalanges of all digits in Diprotodon are shorter relative to their widths, and the lengths 

of the metacarpals, than in all other taxa studied, the phalanges of digit V being proportionally 

most similar in length to those of Euowenia and modern vombatids. There is no sign of the distal 
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plantar tuberosities, seen in the plesiomorphic diprotodontids studied, and the proximal facets of 

the proximal phalanges are slightly dorsally oriented: suggesting that the metacarpus sat slightly 

higher than the digits. The distal articular facets of the proximal phalanges are either flat, or more 

shallowly saddle-shaped than in any other taxon studied. The ungual phalanges are slightly 

medio-laterally compressed, and their articular facets are shallowly concave, there being no keel 

present on the medial phalanges. The palmar flexor attachment processes of the ungual phalanges 

are also less well developed than in any other taxon studied. 

 

Humerus 

 The humeri of Diprotodon and Euowenia are similar in overall morphology, and Diprotodon 

displays the absence of the supracondyloid foramen characteristic of large diprotodontines (Fig. 

12). The humeral trochlear is relatively shallow, but deeper than that of Euowenia. The lesser 

tuberosity is relatively small, and the external epicondylic ridge is represented by a rugose patch, 

again similar to that seen in Euowenia. The deltoid crest of Diprotodon does not curve around the 

m. brachialis anticus at all; Thylacoleo and Phascolarctos being the only other taxa studied in 

which this is the case. The lateral part of the deltoid crest is relatively well developed and 

completely separated from the pectoral crest, projecting laterally from the humerus, as is also seen 

in Zygomaturus. The m. teres major attachment area occupies a postero-medial position, as seen 

in Zygomaturus, but the pectoral crest differs in this taxon in that it forms a continuous ridge, as 

opposed to being separated into proximal and distal sections. The attachment area for the m. 

latissimus dorsi is less well developed in Diprotodon than in any other taxon studied, and the 

flexor attachment area on the internal condyle displays a similar level of development to most 

other diprotodontids studied. The external epicondylic ridge for the m. brachioradialis and m. 

extensor carpi radialis longus is also relatively poorly developed, the attachment areas for these 

two muscles being separate, as is also seen in Zygomaturus. The attachment areas for both the 

inner and outer heads of the triceps brachii are represented by large, rugose tuberosities, and are 

better developed than is seen in Euowenia. The coronoid fossa of Diprotodon is a shallow, rugose 



  161

pit, and the olecranon fossa is flat. The humerus of Diprotodon is much longer relative to the 

length of the ulna than in all other taxa studied, being approximately 1.3x the length of the ulna. 

 

Ulna 

 The ulna of Diprotodon is unusual in that the olecranon process is deflected posteriorly, at an 

angle of approximately 110° to the shaft, Zygomaturus being the only other diprotodontid to 

demonstrate this degree of deflection. The olecranon process curves medially, and the unadjusted 

IFA of Diprotodon is higher than in all other taxa studied except for Phascolonus, due to the 

posterior deflection of this process. After adjusting for the posteriorly deflected process, the IFA 

is approximately 0.25; similar to that seen in most other diprotodontids studied, significantly 

higher than in Phascolarctos and Trichosurus, and significantly lower than in vombatids. The 

medial and lateral hollows, for the m. flexor carpi ulnaris and m. anconeus lateralis respectively, 

are shallower than in most other taxa studied, being similar to Plaisiodon in this respect. The area 

where the m. extensor digitorum profundus attaches is relatively smooth in Diprotodon, as is also 

seen in Euowenia. The styloid process is also very similar to that of Euowenia, being spherical in 

shape, posteriorly deflected, and having a slight indent on the lateral edge. On the coronoid 

process of the ulna of Diprotodon the attachment area of the m. brachialis anticus is represented 

by some rugosity, and there is a large pit for the m. flexor digitorum longus or m. flexor digitorum 

superficialis. The attachment area for the m. supinator radii brevis is represented by a rugose scar, 

and there is no indentation for the tendon of the m. extensor carpi ulnaris, as is also seen in 

Zygomaturus. The radial facet is shorter relative to the lateral greater sigmoid cavity than in any 

other taxon studied, a short radial facet being characteristic of the diprotodontines studied (Fig. 

19). The sigmoid cavity also wraps around less than half of the humeral trochlear, as is also seen 

in Zygomaturus and Nimbadon. 

 

Radius 

 The grooves on the disto-medial radius of Diprotodon, for the extensor muscle tendons, are 

less well developed than in all other taxa studied. The distal end is triangular in cross-section, 
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being similarly shaped to that seen in Euowenia and Zygomaturus. The m. pronator radii teres 

attachment area is less extensive than in all other taxa studied, and is represented by a rugose 

patch. It is located on the distal 1/3 of the mid-shaft area, similar to that seen in Kolopsis. There is 

extensive muscle scarring on the postero-lateral edge of the radius of Diprotodon where the 

extensor muscles attach. The radial tuberosity for the m. biceps brachii is proportionally narrower 

than in all other taxa studied, and the arterial foramen is level with the bottom of this tuberosity, 

as seen in Zygomaturus and Phascolonus. The scaphoidal facet is relatively wide, and the angle 

between the humeral facet and proximal shaft is similar to that seen in Zygomaturus. 

 

Figure 19 

 

5.3.2 Subfamily Zygomaturinae (Stirton et al 1967) 

5.3.2.1 Nimbadon 

5.3.2.1.1 Morphology of the hindlimb 

Specimen numbers 

Nimbadon lavarackorum (MNI=6) 

Fibula (QM F41227), fibula (QM F41108c), proximal and distal (L) fibula and proximal (R) 

fibula (AR 18173a-c), tibia (QM F41202k), tibia (QM F50436), tibia (AR 17904), tibia (QM 

F41110), tibia (QM F41288l), tibia (QM F41288c), femur (QM F41108a), femur (QM F41102), 

femur (QM F41104f), femur (QM F50482), femur (QM F50447), foot bones (QM F41201, 

50522, 50505, 50111a, 41229), complete pes (L, missing 4th digit phalanges) (QM F41108d-y), 

tarsus (R, 4 bones) (QM F41108a-d), tarsus (L) (QM F41104j-n). 

 

Astragalus 

 The overall shape of the astragalus of Nimbadon is most similar to Trichosurus and 

Ngapakaldia (Fig. 6). The postero-medial border displays the angular process and the deep curve 

for the flexor tendons seen in Ngapakaldia. The length to width ratio is close to one, as seen in 

other early diprotodontids such as Ngapakaldia and Neohelos. The cuboid facet is separate from 



  163

the navicular facet, unlike the continuous, semi-spherical facet seen in derived diprotodontines. 

The medial border of the tibial facet is low and rounded, as it is in most of the smaller taxa 

studied here, and the tibial facet is deeply medio-laterally curved, even more so than in 

Ngapakaldia. The cubo-navicular head displays the dorso-ventrally flattened, crescent shape 

characteristic of vombatids and zygomaturines. The fibular facet is approximately half the size of 

the tibial facet, and is more steeply sloped than in all other diprotodontid taxa studied. The sulcus 

astragali is wide and crescent-shaped, most similar to that seen in Trichosurus, and is 

approximately ¾ of the length of the calcaneal facet, as seen in Neohelos and Phascolarctos. The 

dorso-medial pit completely separates the tibial and navicular facets, as seen in vombatids and 

other zygomaturines. The facet for the pyramidalis is relatively large in relation to the fibular 

facet, similar to that seen in Thylacoleo, Phascolarctos and vombatids, and is convex. The 

navicular facet takes up just under half the length of the astragalus, being more anteriorly oriented 

than most other taxa studied, as seen in Ngapakaldia and Phascolarctos. 

 

Calcaneum 

 The calcaneal tuber of Nimbadon is similar to that of Ngapakaldia (Fig. 6), being medio-

laterally compressed, curving slightly medially and demonstrating a degree of axial rotation 

relative to the longitudinal axis. Immediately posterior to the astragalar facet is a shallow pit, for 

attachment of the calcaneo-astragalar ligament, characteristic of zygomaturines. In overall shape 

the calcaneum is relatively short and wide, similar to that seen in Ngapakaldia and Phascolarctos, 

being less elongate than most other zygomaturines studied. The cuboid facet is also very similar 

to that of Ngapakaldia: occupying the whole anterior end, being approximately ¾ of the height of 

the calcaneum and being deeply v-shaped. As seen in all zygomaturines studied, there is a small 

degree of contact between the calcaneum and navicular. The astragalar facet of Nimbadon is 

much more steeply-sloped than in most other taxa studied, suggesting that more of the weight 

rested over the digits and less over the posterior part of the tarsus. 

 

Cuboid 



  164

 The cuboid of Nimbadon is less elongate than in Ngapakaldia, but is otherwise very similar in 

overall shape. The navicular facet of the cuboid of Nimbadon is larger relative to the astragalar 

facet than in any other taxon studied and is convex (Fig. 7). In most other diprotodontids studied 

this facet forms a peg-like protrusion that locks with a notch in the navicular, to help prevent slip 

in the parasagittal plane. The convex surface seen in Nimbadon would allow significant flexion 

across the tarsus. The ectocuneiform articulation is separated into two facets in Nimbadon, as is 

seen in most zygomaturines studied, the posterior facet being continuous with the navicular facet. 

The metatarsal IV and V facets are similar in morphology to those of Ngapakaldia: the metatarsal 

IV facet being significantly larger, and a dorsal protuberance helping prevent hyperextension of 

the two digits. The slight concavity and convexity, of the metatarsal IV and V facets respectively, 

also allows a degree of medio-lateral and dorso-ventral movement of the digits. The calcaneal and 

navicular facets have a small shared border: a plesiomorphic zygomaturine characteristic. The 

ligamental pit below the ectocuneiform facets is much shallower than in most other taxa studied, 

being most similar to that seen in Phascolarctos. The plantar groove for m. peroneus longus is 

very well developed in Nimbadon, similar to that seen in Ngapakaldia, Trichosurus and 

Phascolarctos.  

 

Navicular 

 The navicular of Nimbadon is similar to that of Ngapakaldia and Trichosurus, although it 

occupies a more medial position than in the latter taxa. A large dorso-medial process, possibly for 

the attachment of m. soleus, exists in the navicular of both Nimbadon and Ngapakaldia. The 

ectocuneiform facet is approximately the same size as the cuboid facet, and is separate from the 

mesocuneiform facet. It displays deep pits at either end, for ligamental attachment, and a long pit 

below the facet for attachment of m. abductor minimi digiti brevis. The cuneiform facets form a 

gentler curve than that seen in Ngapakaldia, and the entocuneiform facet is more elongate, 

occupying a similar proportion of the medial edge of the navicular to that of Trichosurus. The 

medial wing of the navicular is significantly wider than it is in Ngapakaldia, but is not as wide as 
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in the larger diprotodontids studied. The tibial facet of the navicular of Nimbadon is large and 

well developed, as seen in Phascolarctos, Trichosurus and Thylacoleo. 

 

Cubo-navicular/ Cuneiform Interface 

 The concavity of articular surfaces in this joint suggests that the lower tarsus was capable of a 

relatively wide range of movement, similar to that seen in Trichosurus, Thylacoleo and 

Ngapakaldia. This in turn suggests significant mobility in digits I-III. 

 

Entocuneiform, Mesocuneiform and Ectocuneiform 

 The three cuneiform bones of Nimbadon are similar in gross morphology to Ngapakaldia and 

remain unfused (Fig. 15). The hallucal facet of the entocuneiform is relatively large, and is a 

twisted, saddle-shape, digit I projecting medially from the tarsus. There is a deep pit posterior to 

the hallucal facet that may be for the attachment of m. tibialis anterior: an important supinator of 

the pes. The metatarsal II facet of the mesocuneiform does not display the complex morphology 

seen in Ngapakaldia, and is more medially oriented than in Trichosurus. The ectocuneiform is 

proportionally higher in relation to its width than Ngapakaldia or Trichosurus. This is a trend 

within zygomaturines that culminates with Zygomaturus, where this bone is more than twice as 

high as it is wide. The angle between the cuboid and metatarsal IV facets also helps distinguish 

between diprotodontines and zygomaturines. In Nimbadon and Ngapakaldia the angles are 

similar, but in derived zygomaturines this angle is significantly lower than in derived 

diprotodontines. The metatarsal IV facet is larger relative to the metatarsal III facet in Nimbadon 

than in Trichosurus and Ngapakaldia, though not as large as in derived diprotodontids. This 

reflects the increasing size of metatarsal V with increase in body size, and thus metatarsal IV 

articulates less with the cuboid and more with the ectocuneiform. The tarsal-metatarsal interface 

of Nimbadon is also similarly shaped to that of Trichosurus and Ngapakaldia, allowing a degree 

vertical and horizontal movement of the metatarsals. 

 

Metatarsal V 
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 The 5th metatarsals of Nimbadon and Ngapakaldia are extremely similar in gross morphology. 

They differ in that: the lateral process in Nimbadon does not articulate with the cuboid, the angle 

between the cuboid and metatarsal IV facets is lower, and the metatarsal IV facet widens 

ventrally, as it does in Trichosurus. 

 

Metatarsal IV 

 Metatarsal IV is also similar to that of Ngapakaldia in: being long relative to its width, having 

deep pits for attachment of adductors and abductors and having a large cuboid facet. It differs 

from Ngapakaldia in that: it lacks a protrusion above the metatarsal III facet, the ectocuneiform 

facet is more dorsally oriented, and the proximal height is less than the distal height. 

 

Metatarsals II and III 

 Digits II and III of Nimbadon were probably syndactylous, being significantly more slender 

than digits IV and V and equal in length, as seen in Trichosurus. The degree of elongation of 

metatarsals II and III exceeds that of any other vombatiform studied, being most similar to 

Phascolarctos and Trichosurus. The proximal articulation surfaces of metatarsal III (and 

metatarsal II) are well developed, with a convex ectocuneiform facet, as seen in Phascolarctos 

and Trichosurus. Both metatarsals also display strong abductor and adductor muscle attachment 

areas. 

 

Metatarsal I/ Hallux 

 The fist metatarsal of Nimbadon is relatively long compared to all other diprotodontids, being 

proportionally similar in length to that of Trichosurus. The proximal facet is a keeled saddle-

shape ,and the distal articulation is also deeply saddle-shaped. It is approximately twice as long as 

it is wide and slightly narrower at the distal end. 

 

Phalanges 
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 The proximal articular facets of the proximal phalanges are slightly dorsally oriented, 

suggesting that the metatarsus sat higher than the digits of the pes. The distal articulations are 

strongly saddle-shaped, and the plantar tuberosities for attachment of m. flexor digitorum brevis 

are more highly developed than in any other taxon studied. This may indicate that Nimbadon was 

capable of powerful, strongly-geared flexion of the pes, potentially associated with grasping. The 

ungual phalanges are even more highly medio-laterally compressed than in Ngapakaldia and 

Trichosurus, with a large processes for attachment of the m. flexor digitorum longus tendons and 

deeply keeled proximal facets (Fig. 20). 

 

Figure 20 

 

Femur 

 The gluteal ridge of the femur of Nimbadon does not display the same degree of development 

as that seen in derived diprotodontids and vombatids, being more similar to Trichosurus (Fig. 9). 

The femoral head is situated partly above the digital or obturator fossa, though not completely 

above as seen in derived diprotodontids. The angle between the neck and the femoral shaft is 

relatively high; in this respect it is more similar to the larger diprotodontids studied. The lesser 

trochanter is highly developed, as seen in the fossorial and arboreal taxa studied. The distal 

condyles are equal in height, a state not seen in any other diprotodontid studied, and most similar 

to that seen in Phascolarctos. The intercondylar notch is relatively shallow, similar to 

Ngapakaldia, but not as shallow as seen in derived diprotodontids or Trichosurus. The digital 

fossa is relatively short compared to the fossorial and arboreal taxa studied, but not as short as in 

the graviportal taxa. The distal end displays a deep lateral pit and shallow medial pit, for 

attachment of the m. gastrocnemius, as seen in vombatids, suggesting the taxon may have been 

capable of strong extension of the tarsus. The femoral diaphysis displays some medio-lateral 

elongation, though not as much seen in the larger diprotodontids. As in all taxa studied except 

Isoodon, the patella of Nimbadon was not ossified and was probably present as a fibrous patch. 
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Tibia 

 The tibia of Nimbadon is neither as elongate as in Trichosurus, nor as short and robust as in 

vombatids and the larger diprotodontids studied. In overall shape it is similar to that of 

Thylacoleo. The femoral facets are separated by a prominent spine, as seen in Trichosurus and 

Thylacoleo, that helps to brace the knee against lateral stresses. The anterior and proximal part of 

the external tuberosity is well developed for attachment of the m. tibialis anterior and extensors. 

The mid-shaft tuberosities, for attachment of the m. gracilis and m. biceps, are both well 

developed, represented by rugose patches as seen in modern vombatids. The internal malleolus is 

less rounded than in most taxa studied, and is sharply stepped from the tibial facet. The malleolus 

also has a well-developed navicular facet, as seen in Phascolarctos and Trichosurus, and a 

shallow groove on the medial edge for the m. flexor tibialis tendon. 

 

Fibula 

 The proximal part of the fibula of Nimbadon is proportionally thinner and wider than in any 

other taxon studied. A process for the fabellar facet protrudes significantly from the main shaft, 

increasing the leverage provided by this sesamoid for the m. gastrocnemius. The fabellar facet is 

convex and relatively large, as seen in Phascolarctos. There is a prominent, rugose ridge on the 

postero-medial edge of the shaft, continuing for approximately 2/3 of the length of the shaft, as 

seen in Phascolarctos and modern vombatids. The attachment areas for the m. flexor hallucis 

longus and extensor muscles on the medial shaft are also well developed, and extend for 

approximately 1/2 of the shaft length. The lateral groove at the distal end, for the peroneal 

muscles, is extremely well developed; suggesting Nimbadon was capable of strong eversion 

(pronation) of the pes. The fibular facet is at an angle of 130° to the shaft, as is also seen in 

vombatids, Thylacoleo and Zygomaturus. 

 

5.3.2.1.2 Morphology of the forelimb 

Specimen numbers 

Nimbadon lavarackorum (MNI=6) 
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Ulna (QM F41128), humerus (QM F41104b), radius (QM F50411), pisiform, cuneiform (x2), 

unciform, scaphoid (x2), magnum, trapezoid (x2), trapezium, 1st to 5th metacarpals (QM F 

AL90/99), unciform, magnum, scaphoid (QM F41104g-i), partial manus (QM F50661a-m), 

partial manus (QM F50608a-j), proximal humerus (QM F41288d), distal humerus (QM F50438), 

humerus (R) and distal humerus (L) (QM F41202e&c), ulna (AR17902), ulna (QM F50547b), 

radius (x2) (QM F41097b-c). 

 

Pisiform 

 The pisiform of Nimbadon is relatively small and projects postero-medially from the carpus, 

as is seen in Neohelos, Ngapakaldia and Phascolarctos. The cuneiform facet is distinct and 

relatively large, and the pisiform has a slight waist. The pisiform of Nimbadon is equi-

dimensional in cross-section, not displaying the dorso-ventral flattening seen in some other taxa 

studied. It is reasonably long relative to its width, but not as elongate as is seen in Ngapakaldia, 

Phascolarctos or Trichosurus. 

 

Cuneiform 

 The pisiform facet of the cuneiform of Nimbadon is almost as large as the facet for the styloid 

process, the size ratio being most similar to that seen in Phascolarctos. The facets for the styloid 

and unciform are separate, and the styloid facet supports more than ¾ of the styloid process; the 

pisiform playing little in the way of a support role. There is no groove for ligament attachment on 

the palmar surface of the cuneiform, the surface being flat, as is also seen in Ngapakaldia. The 

unciform facet is elongate and partly convex, similar to that seen in Phascolarctos. Nimbadon is 

the only diprotodontid studied in which the pit below the unciform facet, for attachment of 

ligaments or the m. abductor digiti minimi, is absent, the surface instead being continuous with 

the facet. 

 

Unciform 
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 The unciform of Nimbadon is similar in overall shape to that of Ngapakaldia and 

Trichosurus, but the cuneiform facet is larger and rounder in the latter taxon. The cuneiform facet 

of the unciform of Nimbadon is approximately 1.5x the size of the unciform facet of the 

cuneiform, as is seen in Thylacoleo, Phascolarctos and all but the largest zygomaturines studied. 

The unciform is as long as it is wide, being more similar to Trichosurus and the diprotodontines 

than to the other zygomaturines studied in this regard. The palmar border of the metacarpal facet 

lacks the pit seen in Plaisiodon, Kolopsis and Neohelos, and the metacarpal V facet is deeply 

saddle-shaped, as is seen in Ngapakaldia and Trichosurus. Nimbadon is the only diprotodontid 

studied in which the metacarpal IV facet of the unciform is larger than the metacarpal V facet, 

similar to that seen in Phascolarctos and Trichosurus. The scaphoid facet is proportionally larger 

than in most other taxa studied, the contact between the scaphoid and unciform being reasonably 

extensive, similar to that seen in Ngapakaldia. The palmar process of the unciform, to which the 

flexor retinaculum attaches, is not as large as in Ngapakaldia, but is still proportionally larger 

than in most other taxa studied. This process also supports metacarpal V, as is seen in Neohelos, 

Kolopsis, Ngapakaldia and all extant taxa studied. There is a single, large magnum facet on the 

unciform of Nimbadon, and it is deeply dorso-ventrally saddle-shaped, as seen in Trichosurus. 

The pit at the base of the magnum facet is small but quite deep, as is also seen in Zygomaturus 

and Plaisiodon. The unciform is by far the largest bone in the carpus of Nimbadon, and occupies 

more of the palmar area of the carpus than in most other taxa studied, similar to that seen in 

Phascolarctos. There is also a small pit at the anterior edge of the cuneiform facet, again similar 

to that seen in Phascolarctos. The unciform is approximately 2.5x as large as the magnum: a 

similar ratio to that seen in derived diprotodontines. 

 

Magnum 

 The metacarpal III facet occupies the whole anterior end of the magnum in Nimbadon, as is 

also seen in Ngapakaldia and Trichosurus. The pit below the unciform facet, although somewhat 

rugose, is relatively shallow, as is seen in Ngapakaldia, Trichosurus, Phascolarctos and 

Thylacoleo. The magnum is triangular in overall shape, as seen in the majority of taxa studied, 
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and is significantly longer than it is wide. The metacarpal II facet is very small relative to the 

scaphoid facet, as is seen in Ngapakaldia and most zygomaturines studied. The trapezoid facet is 

also small relative to the scaphoid facet, but is proportionally larger than in most other taxa 

studied, similar to that seen in Phascolarctos and Trichosurus. The magnum of Nimbadon is 

proportionally wider at the base than in the other zygomaturines studied, but not as wide as in the 

derived diprotodontines. There is no contact between the magnum and cuneiform in Nimbadon. 

 

Scaphoid 

 The scaphoid of Nimbadon is quite similar in overall shape to that of Trichosurus, and the 

radial facet is convex to a similar degree. The facet for the trapezium is smaller relative to the 

scaphoidal facet than in most other taxa studied, but not to the degree seen in Diprotodon or 

Phascolarctos. The facet for the unciform is proportionally larger, relative to the magnum facet, 

than in most taxa studied, similar to that seen in Ngapakaldia. There are some rugosities on the 

posterior radio-scaphoidal ligamental surface, and the medio-dorsal pit, for the m. 

brachioradialis, is rugose and extensive, as seen in Ngapakaldia. The pit on the medial plantar 

surface for the m. flexor carpi radialis is also well developed, and there is no sign of a lunatum in 

any of the Nimbadon specimens studied. As is seen in Ngapakaldia, the medio-palmar process of 

the scaphoid is relatively large, again suggesting a large flexor retinaculum, and creates an arched 

carpal tunnel to house large flexor tendons. 

 

Carpal-Metacarpal Interface 

 The distal articular facets of the carpus of Nimbadon are curved to a similar degree to that 

seen in Trichosurus, and more so than in Ngapakaldia. The metacarpal II facet of the trapezium is 

also angled more in the transverse plane in Nimbadon than in Ngapakaldia, suggesting greater 

mobility in this joint in the former. 

 

Metacarpal V 
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 The unciform facet occupies the whole proximal end of metacarpal V of Nimbadon, the only 

other taxa where this is the case being Trichosurus and Phascolarctos. The lateral wing, where 

the m. extensor digiti minimi attaches, displays very slight enlargement along the entire length of 

the metacarpal, again similar to that seen in Ngapakaldia. The lateral edge is not enlarged to the 

point that it distorts the overall shape of the metacarpal, and the unciform isolates the cuneiform 

from the lateral process. The distal articular surface is more highly keeled than in most other taxa 

studied including: Trichosurus, Ngapakaldia and Phascolarctos. 

 

Metacarpals II, III and IV 

 The middle three metacarpals of Nimbadon are more elongate than in most other taxa studied, 

being similar to that seen in Zygomaturus and Phascolarctos, but not as elongate as that seen in 

Thylacoleo or Trichosurus. The proximal articular facet of metacarpal IV is more deeply concave 

than in most other taxa studied, and retains the rectangular shape seen in other diprotodontids and 

Trichosurus. Metacarpals II and III are approximately equal in width, and the trapezoid facet of 

the former occupies 2/3 of the proximal end as seen in Trichosurus, Thylacoleo and Ngapakaldia.  

 

Metacarpal I 

 Metacarpal I of Nimbadon is proportionally wider, relative to metacarpal III, than in most of 

the smaller taxa studied, but not to the degree seen in the larger diprotodontids. It is similarly 

elongate to that seen in Ngapakaldia, and the facet for the trapezium is partly concave and partly 

convex, similar to that seen in Ngapakaldia and Thylacoleo. 

 

Phalanges 

 The proximal phalanges are relatively elongate, being similarly proportioned to those of 

Ngapakaldia, but not as elongate as those of Trichosurus. The two palmar tuberosities at the distal 

ends of the proximal phalanges, to hold the flexor tendons in place, are better developed in 

Nimbadon than in any other taxon studied (Fig. 21). The distal facets are strongly saddle-shaped, 

as seen in Ngapakaldia. The distal phalanges are more highly medio-laterally compressed than in 
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any other taxon studied, and are also relatively long, being similarly proportioned to those of 

Phascolarctos. The articular facets of the ungual phalanges are keeled and deeply concave, again 

similar to that seen in Ngapakaldia. The palmar processes, for attachment of the flexor tendons, 

are developed to a similar degree to that seen in Trichosurus. The extent of the articular surfaces 

of the phalanges indicates that the digits would have been capable of a large degree of movement 

in the parasagittal plane (Fig. 21). The length of the digits of Nimbadon, relative to the length of 

the metacarpals, is higher than in any other taxon studied except for Trichosurus, and in digit V 

the ratio is even higher than in the latter taxon. Nimbadon is the only taxon studied in which a 

medial phalanx is present in digit I.  

 

Figure 21. 

 

Humerus 

 The humerus of Nimbadon is more similar in overall shape to that of Phascolarctos than to 

any other diprotodontid studied (Fig. 12), the main differences being: that the deltoid ridge, the m. 

teres major attachment area and the external epicondylic ridge are even more highly developed in 

the former. The supracondyloid foramen is very large, and the humeral trochlea is relatively deep, 

similar to that seen in Thylacoleo and vombatids. The lesser tuberosity is well developed in 

Nimbadon, and the deltoid crest wraps around the m. brachialis anticus only slightly, as is seen in 

Thylacoleo and Trichosurus. The deltoid crest projects anteriorly, and is almost inseparable from 

the pectoral crest, being very similar in morphology and extent to that seen in Phascolarctos. The 

m. teres major (TM) and m. latissimus dorsi (LD) attachment areas are better developed than in 

any other taxon studied, and are represented by a continuous ridge that extends from the medial 

mid-shaft (TM), all the way up to the lesser trochanter (LD). The external epicondylic ridge is 

better developed than in any other taxon studied, and terminates in a large hook, similar to that 

seen in Phascolarctos. This ridge, to which the m. brachioradialis and the various extensors 

attach, is also longer relative to the length of the shaft than in any other diprotodontid studied, 

being similar in extent to that seen in Phascolarctos and vombatids. Unlike in these other taxa, in 
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Nimbadon the separate attachment areas of these muscles are distinguishable, as is also seen in 

Diprotodon and Zygomaturus, rather than them forming a continuous ridge. The flexor attachment 

area of the internal condyle is also larger than in the other diprotodontids studied, being similar to 

that seen in Thylacoleo, Trichosurus and vombatids. The attachment area for the outer head of the 

triceps brachii (m. triceps brachii caput laterale) is represented by a relatively long ridge, as is 

seen in Phascolarctos and Trichosurus, and the inner head attachment area is represented by an 

extensive, rugose area, similar to that seen in Phascolarctos. Both the coronoid and olecranon 

fossae are shallowly concave, and display some rugosity, similar to that seen in Phascolarctos and 

Ngapakaldia. The humerus of Nimbadon is longer relative to the ulna than in most other taxa 

studied (for which these measurements were available), but is not enlarged to the degree seen in 

Diprotodon or Zygomaturus. 

 

Ulna 

 The ulna of Nimbadon is slenderer than in the other diprotodontids studied, and is most 

similar in overall shape to that of Trichosurus. The olecranon process of the ulna of Nimbadon is 

continuous with the shaft and, unlike in the other diprotodontids studied, it does not curve 

medially, similar to that seen in Phascolarctos and Trichosurus. The IFA of Nimbadon is lower 

than in any other diprotodontid studied, but is not as low as is seen in the climbing taxa: 

Trichosurus and Phascolarctos. The lateral and medial attachment areas, for the m. anconeus 

lateralis and m. flexor carpi ulnaris respectively, are both relatively deep in Nimbadon, similar to 

that seen in Kolopsis, Ngapakaldia and Phascolarctos. The rugose ridge representing the origin of 

the m. extensor digitorum profundus is quite extensive, similar to that seen in Ngapakaldia, 

Trichosurus, Phascolarctos and vombatids. The attachment areas for the m. brachialis anticus 

and m. flexor pollicis longus or m. flexor digitorum superficialis, on the coronoid process, are 

both represented by distinct rugosities, again similar to that seen in Trichosurus and 

Phascolarctos. The m. supinator radii brevis attachment area is represented by a slight rugosity, 

and the groove for the tendon of the m. extensor carpi ulnaris is quite large, as is also seen in the 

climbing taxa studied. The styloid process is spherical, as seen in most diprotodontids studied, 
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and is angled medially, as seen in Ngapakaldia, Thylacoleo and the vombatids studied. The 

indentation seen in the lateral edge of the styloid process of the larger diprotodontids studied is 

absent in Nimbadon. The length of the radial facet, relative to the lateral sigmoid cavity, is most 

similar to that of Trichosurus, being proportionally longer than in most other taxa studied (Fig. 

19). The sigmoid cavity encloses the trochlear of the humerus to a lesser degree than in most taxa 

studied, and is similar to Diprotodon and Zygomaturus in this regard. 

 

Radius 

 The grooves for the tendons of the m. extensor carpi radialis and m. extensor pollicis longus 

are distinct but shallow in Nimbadon, similar to that seen in Phascolarctos, and the distal end is 

rectangular, as is seen in Ngapakaldia and Phascolarctos. The extent of the m. pronator radii 

teres attachment area is similar to that seen in Thylacoleo and the vombatids studied, and is 

represented by a raised, rugose ridge, as seen in Trichosurus and the other taxa mentioned. It 

attaches to the distal portion of the mid-shaft area of the radius, as is seen in Kolopsis, Diprotodon 

and modern vombatids. There is extensive scarring on the postero-lateral edge of the radius, 

where the extensor muscles attach. The radial tuberosity, to which the m. brachialis anticus 

attaches, is almost as wide as the radius in Nimbadon, as is also seen in Thylacoleo and 

Phascolarctos, and the arterial foramen is positioned just below this tuberosity. The width of the 

scaphoidal facet, relative to the antero-posterior width of the distal radius, is similar in Nimbadon 

to that seen in Phascolarctos and Trichosurus, as is the angle between the humeral facet and 

proximal shaft. 

 

5.3.2.2 Neohelos 

5.3.2.2.1 Morphology of the hindlimb 

Specimen numbers 

Neohelos tirarensis (MNI=3) 

Astragalus (R), calcaneum (L), navicular (R), ectocuneiform (L), partial entocuneiform (R) 

(MAGNT P895), calcaneum (R) (MAGNT P87112), ectocuneiform (R) (MAGNT P9612), 
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navicular (R), ectocuneiform (R) (MAGNT P908). Additional measurements were taken from 

photographs of a composite pes on display in the MAGNT (Darwin) that was not available to the 

author for study (Fig. 22). 

Neohelos stirtoni (?) (MNI=3) 

Astragalus, cuboid, metatarsal, partial femur, hallux, ungual phalanges (NMV 2329). 

 

Astragalus 

 The astragalus of Neohelos follows the zygomaturine pattern in overall shape, and is nearly 

equal in length and width, as seen in Zygomaturus and Nimbadon (Fig. 6). The tibial facet is 

deeply medio-laterally saddle-shaped, and the process on the medial border, while high, is not 

pointed as it is in the larger diprotodontids studied. The fibular facet is also relatively large, 

though not as big as seen in Nimbadon or Ngapakaldia. The cuboid facet is flat, as seen in 

Zygomaturus, and the cubo-navicular head is a flattened crescent shape, as is seen in 

plesiomorphic zygomaturines. The navicular facet is much more anteriorly oriented than in some 

diprotodontid taxa studied, similar to that seen in Diprotodon. The sulcus astragali is oblong and 

wide, as is seen in Plaisiodon and Kolopsis, and is relatively long, as is seen in Nimbadon. The 

dorsomedial pit separates the tibial and navicular facets, as seen in all diprotodontids except for 

Ngapakaldia, as mentioned above. The pyramidalis facet is indistinct, suggesting this sesamoid 

did not play a large role in the proximal tarsus of Neohelos. As in most diprotodontids studied, the 

tibial and fibular facets share a boundary. The angle between these two facets is higher in 

Neohelos than in any other taxon studied, suggesting that the fibula may have played a significant 

role in weight-bearing. 

 

Figure 22. 

 

Calcaneum 

 The calcaneum of Neohelos is more elongate than in any other diprotodontid taxon studied, 

being similar to Trichosurus in the degree of slenderness (Fig. 6). As is seen in other 
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zygomaturines studied, there is a large pit for ligament attachment posterior to the astragalar facet 

of the calcaneum of Neohelos. The calcaneal tuber is straight and slightly dorso-ventrally 

compressed, as is also seen in Plaisiodon and Kolopsis. As in most large diprotodontids, the 

cuboid facet is restricted to the medial 2/3 of the anterior end, and is relatively less high than in all 

zygomaturines studied, except for Zygomaturus. The cuboid facet is deeply v-shaped and wraps 

around the cuboid, similar to that seen in Ngapakaldia. There is a small degree of contact between 

the calcaneum and the navicular, but a fibular facet is absent. The astragalar facet is less steeply 

sloped than in Diprotodon or Zygomaturus, similar to that seen in Plaisiodon, and the medial 

border of this facet is more noticeably angular than in any other diprotodontid taxon studied. The 

metatarsal V facet is medio-laterally convex, allowing some adduction-abduction of digit V. 

 

Cuboid 

 The only known cuboid of Neohelos is on display at MAGNT, and could only be studied from 

photographs of the articulated pes. The navicular facet is at least as large as the astragalar facet, as 

seen in Zygomaturus, and is probably larger. The navicular facet is also peg-shaped and locks in 

with the navicular, as is seen in Diprotodon and Kolopsis. The cuboid is less elongate than in 

Plaisiodon or Kolopsis, being more similar in proportions to that of Zygomaturus. The calcaneal 

facet is significantly larger than the astragalar facet, being proportionally more similar to that seen 

in Nimbadon than to the more derived zygomaturines. There are two ectocuneiform facets, the 

dorsal one being continuous with the navicular facet, as is seen in Nimbadon. There is a small 

degree of contact between the calcaneal and navicular facets, this apparently being a 

plesiomorphic zygomaturine character. 

 

Navicular 

 The astragalar facet occupies more of the medial edge of the navicular in Neohelos than in 

any other diprotodontid studied, and as such the posterior edge of the navicular is equal with the 

posterior edge of the astragalar facet of the calcaneum. As is seen in most diprotodontids studied, 

the cuboid and ectocuneiform facets are separate and have different orientations. The 
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ectocuneiform facet is approximately twice the size of the cuboid facet, and is distinct from the 

ento(meso-)cuneiform facet, as is seen in Euowenia. The cuneiform facets form a wide 

continuous curve, as is seen in Nimbadon. The entocuneiform facet is triangular and occupies 

approximately 1/3 of the medial edge of the navicular, as seen in Ngapakaldia. The pits posterior 

to and below the entocuneiform facet, for ligament and tendon attachment, are well developed, as 

is seen in Nimbadon. The medial wing of the navicular in Neohelos is comparatively narrow, and 

there is no sign of a tibial facet, as is also seen in Plaisiodon. 

 

Cubo-navicular/ Cuneiform Interface 

 The articular surfaces at this interface are more rounded in Neohelos than in the larger 

diprotodontids studied, but would not have had the same degree of mobility as early 

diprotodontids such as Ngapakaldia or Nimbadon. As such this joint in Neohelos provides a good 

example of an intermediate between the relatively mobile joint in early diprotodontids, and the 

relatively immobile, graviportally adapted joint seen in Plio-Pleistocene diprotodontids. 

 

Entocuneiform, Mesocuneiform and Ectocuneiform 

 As with the cuboid, the only known mesocuneiform and entocuneiform of Neohelos are on 

display in the MAGNT and could only be examined from photos. All three cuneiforms in the pes 

of Neohelos are separate, there being no evidence of the fusion seen in the larger diprotodontids. 

The hallucal facet of the entocuneiform is a twisted saddle-shape, as is also seen in Nimbadon and 

Kolopsis. The mesocuneiform appears to be proportionally larger than in most other taxa studied. 

The ectocuneiform of Neohelos is more similar in overall shape to that of Lasiorhinus than to any 

diprotodontids studied, but also matches fairly closely with that of Euowenia, if the bone were 

unfused in the latter taxon. It is relatively short and robust, and the cuboid facet is well defined, as 

is seen in Euowenia. The angle between the cuboid and metatarsal IV facets is also more similar 

to that seen in Euowenia and Ngapakaldia than to any of the other zygomaturines studied. The 

metatarsal III facet is slightly larger than that of metatarsal IV (Fig. 23), this feature being more 

similar to Nimbadon, Plaisiodon and Kolopsis than to the diprotodontines studied. The tarso-
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metatarsal joint in Neohelos is relatively flat compared to Ngapakaldia and Nimbadon, suggesting 

this joint was relatively inflexible in the former taxon. 

 

Figure 23. 

 

Metatarsal V 

 Metatarsal V of Neohelos is more similar to Diprotodon than any other taxon studied, with a 

slightly medially oriented cuboid facet that continues onto the lateral process. The lateral 

tuberosity is enlarged along the whole length of the metatarsal, except for a large groove 

approximately 1/3 from the distal end, as is also seen in some Diprotodon individuals. The medial 

border is flat and straight and the distal articulation is keeled, as is seen in Plaisiodon and 

Nimbadon. The angle between the cuboid and metatarsal IV facets is the same as seen in 

Plaisiodon, but the latter facet widens dorsally, as is seen in Zygomaturus and Euowenia. 

 

Metatarsal IV 

 There is a slight protrusion above the metatarsal III facet of metatarsal IV in Neohelos, but it 

is not developed to the degree seen in Diprotodon. Attachment areas for the m. flexores breves 

and m. interossei are relatively well developed, as is seen in Zygomaturus. The proximal articular 

facets of metatarsal IV of Neohelos demonstrate a transitional phase between Nimbadon, where it 

articulates mainly with the cuboid, and Zygomaturus, where it articulates mainly with the 

ectocuneiform. Metatarsal IV of Neohelos is more robust than in most other taxa studied, 

suggesting that it played a significant weight-bearing role. 

 

Metatarsals II and III 

 Metatarsals II and III of Neohelos both have well-developed articular facets, and are almost 

equal in length. Metatarsal III does not display the proximal medio-lateral compression seen in 

the larger diprotodontids. Metatarsal II is straight, rather than arched, and is significantly longer 

than metatarsal I, as is also seen in Nimbadon. The proximal and distal tendon attachment areas 
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are relatively well developed in both metatarsals. This suggests that the muscles involved in 

adduction and abduction of the pes were better developed than in the larger diprotodontids 

studied. 

 

Metatarsal I/ Hallux 

 The entocuneiform facet of the hallux of Neohelos is saddle-shaped, and suggests digit I was 

relatively mobile, but not to the degree seen in Ngapakaldia or Nimbadon. It is also not as 

elongate as in the latter two taxa, although it is more elongate than in the larger diprotodontids, 

and retains the plesiomorphic metatarsal shape. It is relatively wide at the distal end and it is 

unclear if any phalanges were present. 

 

Phalanges 

 The proximal phalanges of digit II are slightly shorter and narrower than in digit III, but the 

two digits are approximately the same overall length. This suggests that the plesiomorphic 

syndactylous condition seen in most diprotodontians (Marshall et al 1990) was retained in 

Neohelos. The proximal articular facet of the proximal phalanges is slightly dorsally oriented, as 

is seen in Nimbadon, indicating that the tarsus sat higher than the digits in the fleshed animal. The 

distal plantar tuberosities on the proximal phalanges of digits IV and V are extremely well 

developed, suggesting that the outer digits of Neohelos were capable of strong flexion. The 

articular facets of the phalanges are also deeply saddle-shaped, indicating the digits were 

relatively mobile in the parasagittal plane. The ungual phalanges are slightly triangular in cross-

section, being different from all other diprotodontids studied (Fig. 20), and similar to that seen in 

modern macropodids. The proximal articulation of the ungual phalanges is keeled and they have a 

large process for flexor tendon attachment, as is seen in other zygomaturines studied. 

 

Femur, Tibia and Fibula 

 The only known leg bones of Neohelos are on display at MAGNT (Darwin) and were not 

available for study. 
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5.3.2.2.2 Morphology of the forelimb 

Specimen numbers 

Neohelos tirarensis (MNI=3) 

Cuneiform (R) (MAGNT P87114), unciform (L), 5th metacarpal (R) (MAGNT P908), 5th 

metacarpal (R) (MAGNT P8792-10) 5th metacarpal (R) (MAGNT P894), trapezoid? (L) 

(MAGNT P87103). 

Neohelos stirtoni (?) (MNI=3) 

partial humerus, partial ulna, metacarpal, phalanges (NMV 2335), partial humerus, ungual 

phalanges (NMV 2329), unciform, distal humerus, proximal humerus, proximal ulna, proximal 

radius (NMV 2337), distal radius (NMV 2328). 

The bones of the forelimb and manus of Neohelos are relatively poorly known. Other than 

an unciform, cuneiform and two 5th metacarpals in the collections of the MAGNT in Alice 

Springs, and several limb bones in the NMV, the only known specimens are on display at the 

MAGNT in Darwin, and only photographs and drawings of these bones were available for study. 

Those on display consist of a left and right composite, articulated manus, with the missing bones 

being represented by plaster reconstructions. 

 

Pisiform 

 The pisiform of Neohelos is most similar in overall shape to those of Kolopsis and 

Ngapakaldia, and does not display the dorso-ventral flattening seen in Diprotodon and 

Zygomaturus. It projects postero-medially from the carpus, as is also seen in Ngapakaldia 

Nimbadon and Phascolarctos, and is almost twice as long as it is wide, as is seen in Zygomaturus 

and Ngapakaldia. The waist of the pisiform of Neohelos is more slender than that seen in 

Nimbadon, but less slender than is seen in Kolopsis. 

 

Cuneiform 
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 The pisiform facet of the cuneiform of Neohelos is smaller relative to the styloid facet than in 

all other taxa studied, being proportionally most similar to that seen in Zygomaturus. The styloid 

and unciform facets are separated, as seen in the other zygomaturines studied, and the styloid 

facet supports approximately 2/3 of the styloid process, as seen in Ngapakaldia and vombatids. 

There is a deep groove on the palmar surface of the cuneiform for ligament attachment, as is also 

seen in Phascolonus, this surface also being relatively rugose. The unciform facet is an elongate, 

shallow saddle-shape, and there is a large, rugose pit at the base of it for attachment of ligaments 

or the m. abductor digiti minimi, as is also seen in Kolopsis and Plaisiodon. 

 

Unciform 

 The cuneiform facet of the unciform of Neohelos is approximately 1.5x the size of the 

unciform facet of the cuneiform, as is seen in the other zygomaturines studied. The unciform is 

longer than it is wide, similar to that seen in Zygomaturus, but not as elongate as in Plaisiodon or 

Kolopsis. The palmar border of the metacarpal facet is interrupted by a small pit, and the 

metacarpal IV facet is shallowly saddle-shaped, similar to that seen in Plaisiodon and Kolopsis. 

The metacarpal IV and V facets are approximately the same size, again similar to that seen in the 

other Miocene zygomaturines studied, but are almost separate rather than continuous. Other 

characteristics the unciform of Neohelos has in common with these two taxa include: a lack of a 

metacarpal III facet, a relatively small scaphoidal facet continuous with the cuneiform facet, a 

palmar process that supports the base of metacarpal V, a single, large magnum facet, and a 

relatively large ligamental pit behind the cuneiform facet. The palmar process, to which the flexor 

retinaculum attaches, is relatively small in Neohelos, but not as small as in Diprotodon, Euowenia 

or Zygomaturus. The magnum facet, while relatively large, is flatter than in most other taxa 

studied, and the ligamental pit below it is relatively large, similar to that seen in Kolopsis. 

 

Magnum 

 The magnum of Neohelos is not known, and the reconstruction of this bone in the skeleton on 

display is almost certainly wrong; it is shown to be the main bone in the carpus to articulate with 
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both metacarpals III and IV (articulation with IV should be limited), is significantly larger than 

the unciform (the unciform is larger in all other diprotodontids studied) and it isolates the 

scaphoid from the unciform (there is a distinct scaphoidal facet on the unciform). 

 

Scaphoid 

 It is unclear from pictures of the articulated manus on display whether the scaphoid of 

Neohelos is real bone or a plaster reconstruction. It appears to be similarly shaped to that seen in 

Kolopsis and Plaisiodon, with the radial facet being antero-posteriorly flat and medio-laterally 

slightly convex, but the radio-scaphoidal ligamental surface, and the pit for the attachment of the 

m. brachioradialis, appear to be better developed. The lunatum appears to have been absent in 

Neohelos. 

 

Carpal-Metacarpal Interface 

 The only bone surface representing the interface between the carpus and metacarpus that 

could be studied is the distal unciform. This surface is more curved than in most other Miocene 

zygomaturines studied, but not as deeply curved as is seen in Nimbadon or Ngapakaldia. 

 

Metacarpal V 

 The unciform facet of metacarpal V of Neohelos occupies approximately 2/3 of the anterior 

end, similar to that seen in Zygomaturus, Euowenia and Phascolonus. The lateral part of 

metacarpal V displays distinct enlargements for tendon attachment, at both the proximal and distal 

ends, but the unciform still isolates this lateral process from the cuneiform, as seen in the other 

zygomaturines studied. The lateral wing is not enlarged to the degree seen in Diprotodon, and it 

retains the overall plesiomorphic metacarpal shape. The distal end displays a distinct keel, but it is 

not developed to the degree seen in Nimbadon. 

 

Metacarpals II, III and IV 
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 The middle three metacarpals of Neohelos are wider relative to their length than in most other 

taxa studied, but are not as robust as those of Euowenia or Diprotodon. The metacarpals are all 

approximately equal in width, similar to that seen in Nimbadon, but appear to interlock more 

firmly than in most other taxa studied. 

 

Metacarpal I 

 The first metacarpal of Neohelos is less wide, relative to metacarpal III, than in most other 

diprotodontids, being similar to Ngapakaldia in this regard. It is also similarly proportioned to 

that seen in Nimbadon and Ngapakaldia, and has a similar, partially concave, partially convex, 

facet for the trapezium. 

 

Phalanges 

 The proximal phalanges of Neohelos are relatively robust, being similarly proportioned to 

those of Euowenia and Lasiorhinus. There are two small tuberosities present, on the distal palmar 

surface of each proximal phalanx, to guide the flexor tendon, and their distal articulations are 

deeply saddle-shaped, similar to that seen in Zygomaturus. The ungual phalanges are somewhat 

triangular in cross-section, being similar to those of macropodids, and have deeply concave 

articular surfaces but no keel. The length of the middle three digits, relative to the metacarpals, is 

higher in Neohelos than in most other diprotodontids studied, except for Nimbadon. The 

phalanges of digit V are shorter than in most diprotodontids studied, except Euowenia and 

Diprotodon. 

 

Humerus, Ulna, Radius 

 There are no known humeri, radii or ulnae in the collections of the MAGNT in Alice Springs 

but sketches of a partial ulna and damaged humerus featured by Murray et al (2000) were used 

where possible.  

The supracondyloid foramen is present in the humerus of Neohelos, as in most other taxa 

studied, and the trochlea is less deeply curved than in Nimbadon, but more curved than in 



  185

Zygomaturus. The lesser tuberosity is well developed, and the deltoid crest wraps around the m. 

brachialis anticus only very slightly, as seen in all but the largest zygomaturines. The deltoid 

crest projects anteriorly, and the pectoral crest forms a continuous ridge, similar to that seen in 

Plaisiodon. The attachment area of the m. teres major is on the medial part of the mid-shaft, as is 

seen in Nimbadon, and the epicondylic ridge to which the extensor muscles attach extends for 

approximately 1/3 of the shaft, as seen in the other zygomaturines studied. The coronoid fossa is 

represented by a shallow, rugose pit, and the olecranon fossa is also shallowly concave, similar to 

that seen in Zygomaturus. 

The olecranon process of the ulna of Neohelos is quite short and curves medially, and the 

IFA is lower than any other non-climbing taxa studied, being equal with that of Nimbadon. The 

medial and lateral hollows below the sigmoid cavity, for the m. anconeus lateralis and m. flexor 

carpi ulnaris respectively, are both well developed. The m. brachialis anticus attachment area on 

the coronoid process is represented by a well-developed pit. The radial facet is slightly smaller, 

relative to the lateral sigmoid cavity, than in Kolopsis, Plaisiodon and Nimbadon, but still larger 

than in most other taxa studied. The radial facet remains joined to the greater sigmoid cavity, and 

this cavity supports the humerus to a similar degree to that seen in Zygomaturus and Nimbadon. 

 

5.3.2.3 Plaisiodon 

5.3.2.3.1 Morphology of the hindlimb 

Specimen numbers 

Plaisiodon centralis (MNI=3) 

Femur (L) (MAGNT MP1047), tibia (R) (MAGNT MP551), astragalus (R), 5th metatarsal (L), 4th 

or 3rd metatarsal (L) (MAGNT MP1160), astragalus (R) (MAGNT MP936D), navicular (L) 

(MAGNT MP162), cuboid (R) (MAGNT SP366), ectocuneiform (R) (MAGNT MP1162), 4th 

metatarsal (R) (MAGNT MP1161), femur (L), astragalus (1R, 1L), calcaneum (L), navicular (L), 

cuboid (R), ectocuneiform (1R, 1L) (unnumbered). 

 

Astragalus 
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 The astragalus of Plaisiodon is more elongate than some other zygomaturines studied 

including: Nimbadon, Zygomaturus and Neohelos, and is more similar to that of Kolopsis (Fig. 6). 

The tibial facet is shallowly saddle-shaped, and the medial border has the high, pointed process 

seen in other large diprotodontids such as Diprotodon and Zygomaturus. The facet for the 

pyramidalis is relatively large, but is more steeply angled than in most other diprotodontids 

studied, being almost parallel to the fibular facet. The fibular facet is only ¼ of the size of the 

tibial facet; a trait also seen in the Plio-Pleistocene diprotodontids and Phascolonus, that may 

represent a graviportal adaptation. The angle between the two facets is also similar to that seen in 

these larger taxa, and the two facets are joined, as is also seen in Euowenia and Zygomaturus. The 

cuboid facet is a shallow saddle-shape, as is also seen in Kolopsis, and may indicate more 

mobility in the joint between the astragalus and cuboid than in larger diprotodontids. The cubo-

navicular head as a whole is displays the characteristic zygomaturine flattened crescent-shape, 

though with a more spherical aspect, as is seen in Zygomaturus. This articular head is also 

narrower than seen in most zygomaturines, except for Nimbadon, and the navicular facet has a 

more extensive medially-facing component, as is also seen in Zygomaturus. The sulcus astragali 

is oblong and wide ,as it is in Kolopsis, and is a proportionally similar length. The tibial and 

navicular facets are more widely separated by the dorso-medial pit than in any other diprotodontid 

studied except for Nimbadon. 

 

Calcaneum 

 The calcaneum of Plaisiodon is proportionally wider than in Euowenia, Neohelos or 

Zygomaturus, but is not as wide as in Diprotodon. The characteristic zygomaturine ligamental pit, 

at the posterior edge of the astragalar facet, has a strong presence in Plaisiodon. The calcaneal 

tuber is relatively straight, lacking the medial hook seen in Plio-Pleistocene diprotodontids (Fig. 

22). The cuboid and astragalar facets of the only known calcaneum of Plaisiodon are damaged, 

but it appears that the cuboid facet may have been deeply concave, as is seen in Neohelos. The 

astragalar facet was sloped, as is seen in Neohelos, though not to the degree seen in Plio-
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Pleistocene diprotodontids. There was a small degree of contact between the calcaneum and 

navicular, and there may also have been a small fibular facet. 

 

Cuboid 

 The cuboid of Plaisiodon is most similar in overall shape to that of Kolopsis, being more 

elongate than in most other diprotodontid taxa studied (Fig. 7). The navicular facet is small 

relative to the astragalar facet, as is seen in diprotodontines, this becoming more exaggerated with 

increase in size. The navicular facet is flat, as is seen in Zygomaturus, and does not prevent 

vertical slip as it does in the Nimbadon, Neohelos or Kolopsis. The calcaneal facet is 

approximately twice the size of the astragalar facet; this apparently being the apomorphic 

zygomaturine state. The calcaneal facet also shares a border with the navicular facet ventral to the 

astragalar facet, a plesiomorphic zygomaturine character. There are two ectocuneiform facets, the 

anterior facet being indistinct, and the posterior facet being less continuous with the navicular 

facet than in most other diprotodontids studied. The metatarsal V facet is dorso-ventrally concave, 

but not to the extent seen in Kolopsis, allowing a significant degree of mobility in this joint. As is 

also seen in Zygomaturus and Kolopsis, the cuboid-metatarsal V ligamental attachment areas are 

relatively small, and the pits below the navicular and ectocuneiform facets are very deep in 

Plaisiodon. The plantar groove, for the m. peroneus longus tendon, is deeper than in Euowenia or 

Diprotodon, but shallower than most other diprotodontids studied. There is also a deep pit ventral 

to the metatarsal V facet that may represent an attachment area for the m. abductor minimi digiti 

brevis. 

 

Navicular 

 The navicular of Plaisiodon is similar in shape to that of Neohelos and Vombatus, but the 

cuboid facet is flatter than in any other taxon studied. The astragalar facet occupies a relatively 

large portion of the lateral face of the navicular, as is seen in Neohelos and Ngapakaldia. As is the 

case in Euowenia and Neohelos, the posterior edge of the astragalar facet of the navicular is level 

with the corresponding facet on the calcaneum, suggesting a greater proportion of weight from the 
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tibia rested on the medial pes in these taxa. The cuboid facet is relatively poorly developed, while 

the cuneiform facets are relatively highly developed, displaying a different morphology to the 

gentle curve formed by the facets in most other diprotodontid taxa studied. While the 

ectocuneiform and mesocuneiform facets still form a continuous articular surface, the 

ectocuneiform facet is saddle-shaped, and the mesocuneiform facet is convex and is positioned 

partly above the entocuneiform facet. The entocuneiform facet is more elongate than in any other 

diprotodontid taxon studied, and occupies approximately ¾ of the medial edge of the navicular. In 

most diprotodontids studied there is a deep pit for ligamental attachment posterior to the 

entocuneiform facet. In Plaisiodon this pit is also deep, but is located dorsal to the facet, between 

the dorsal extension of the mesocuneiform facet and the entocuneiform facet. The medial wing of 

the navicular is relatively small, displaying the same degree of enlargement seen in Neohelos. 

There is a long pit ventral to the entocuneiform, as seen in the other zygomaturines studied, that 

may represent an attachment area for the m. abductor minimi digiti brevis. There is no tibial facet 

on the navicular of Plaisiodon. 

 

Cubo-navicular/ Cuneiform Interface 

 The articular facets of the navicular for the cuneiforms are more highly developed than in any 

other diprotodontid taxon studied. Their comparatively complex morphology also suggests that 

this joint was capable of a relatively high degree of mobility, in turn suggesting that the inner 

digits of the pes of Plaisiodon may have played an important functional role. 

 

Entocuneiform, Mesocuneiform and Ectocuneiform 

 Although an ectocuneiform from Alcoota was tentatively identified as belonging to 

Plaisiodon, there were no mesocuneiforms or entocuneiforms that could be definitively allocated 

to this taxon. It seems likely however, that the mesocuneiform and entocuneiform remained 

unfused in this taxon. The ectocuneiform has a much slenderer ventral projection than in any 

other diprotodontid studied, although the dorsal portion is proportionally wider than in 

Zygomaturus. Based on comparison with the navicular, the size of the navicular facet suggests 



  189

that the mesocuneiform was proportionally larger than in any other diprotodontid taxon studied. 

This also suggests that the metatarsal and phalanges of digit II were well developed, as metatarsal 

II articulates with the mesocuneiform. The angle between the cuboid and metatarsal IV facets is 

similar to that seen in Nimbadon, Ngapakaldia and Kolopsis, and the metatarsal IV facet is also 

similarly small, relative to the metatarsal III facet. The interface between the tarsals and 

metatarsals is dorso-ventrally concave, and suggests that the digits of Plaisiodon were capable of 

significantly more flexion and extension than any other diprotodontid taxon studied except 

Nimbadon. 

 

Metatarsal V 

 The metatarsal V of Plaisiodon is more slender, and also has a proportionally smaller lateral 

process, than in most other diprotodontid taxa studied. The lateral process is still enlarged along 

the entire length, as is the case in all Plio-Pleistocene diprotodontid taxa studied. The medial shaft 

retains the plesiomorphic metatarsal shape, and the distal articulation is keeled, though not to the 

degree seen in Nimbadon or Ngapakaldia. The angle between the cuboid and metatarsal IV facets 

is the same is in Neohelos and Euowenia, and the metatarsal IV facet widens ventrally, as is the 

case in Phascolarctos, Trichosurus and Nimbadon. The cuboid facet is raised and separate from 

the lateral process, as seen in Zygomaturus and Euowenia. 

 

Metatarsal IV 

 Metatarsal IV of Plaisiodon is proportionally more slender than in any taxon studied, except 

for Trichosurus and Thylacoleo, but is still more similar in size to metatarsal V than is the case in 

Euowenia or Diprotodon. There is a deep pit distal to the metatarsal V facet for attachment of the 

m. flexores breves or m. interossei, and the distal attachment areas for these muscles are also well 

developed. The cuboid facet is relatively large, similar to that seen in Zygomaturus, and indicates 

there was significantly more contact between the cuboid and metatarsal IV than in taxa such as 

Euowenia and Diprotodon. The ectocuneiform facet is relatively highly convex, again indicating 

the significant mobility of the tarso-metatarsal joint in Plaisiodon. The proximal end of metatarsal 
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IV does not display the degree of medio-lateral flattening seen in the Plio-Pleistocene 

diprotodontid taxa studied, but is proportionally higher than in Ngapakaldia or Nimbadon. As is 

the case in all diprotodontids studied, the distal end does not display the dorso-ventral flattening 

seen in vombatids and Phascolarctos. 

 

Metatarsals I, II and III 

 These three metatarsals are not known for Plaisiodon, but based on the morphology of the 

ectocuneiform and navicular, it is likely that they were much better developed than in the Plio-

Pleistocene diprotodontids studied. It may have even been the case that metatarsals II and III were 

similar in size to metatarsal IV, as is seen in Nimbadon. The extensive entocuneiform facet of the 

navicular also suggests that the hallux was well developed, though whether this was for a support 

or grasping role remains unknown. The phalanges of the digits of Plaisiodon are also unknown. 

 

Femur 

 The gluteal attachment area of the femur in Plaisiodon is represented by some rugosity, as is 

seen in Kolopsis, but there is no evidence of a long gluteal ridge, as is seen in most other 

diprotodontid taxa studied. The greater trochanter is narrower in relation to the femoral head than 

in most other taxa studied, and the digital fossa is also proportionally shorter than in any 

diprotodontid studied, except for Diprotodon. The position of the femoral head follows the 

plesiomorphic zygomaturine trend of being positioned partially above the digital fossa. The angle 

between the neck and the shaft of the femur is higher than in any other diprotodontid included in 

this analysis. The lesser trochanter is relatively large, as is seen in Kolopsis, but not as large as in 

Nimbadon. Both the anterior and posterior projections of the internal condyle are greatly enlarged, 

more so than in any other taxon studied except for Diprotodon. The distal femur is extremely 

wide, relative to the depth of the intercondylar notch, in Plaisiodon, being proportionally wider 

than in any other taxon studied except Kolopsis. The gastrocnemial attachment areas are relatively 

poorly developed in Plaisiodon, and the patella is absent. The diaphysis displays significant 
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medio-lateral elongation, being intermediate between Nimbadon (where it is close to round) and 

Zygomaturus (where it is highly elongate). 

 

Tibia 

 The only known tibia of Plaisiodon is missing the femoral facets, and the internal malleolus is 

slightly damaged, but the bone is otherwise complete. The fibular articulation is relatively loose, 

as is also seen in Diprotodon and Nimbadon, and the dorsal external tuberosity displays some 

rugosity, where the m. tibialis anterior and extensors attach, but less than in most other 

diprotodontids studied. The proximal popliteal attachment area is represented by a shallow, 

somewhat rugose pit, and the m. gracilis and m. biceps femoris attachment areas are represented 

by a rugose patch, as is seen in Diprotodon. The internal malleolus is rounded, as is seen in 

Diprotodon, and is sharply stepped from the astragalar facet, as is seen in all but the largest 

diprotodontids studied. Like in the majority of diprotodontid taxa studied, the internal malleolus 

does not articulate with the navicular in Plaisiodon. There is no fibula known for Plaisiodon. 

 

5.3.2.3.2 Morphology of the forelimb 

Specimen numbers 

Plaisiodon centralis (MNI=3) 

Ulna (R) (MAGNT MP1098), ulna (R) (MAGNT MP 2005), proximal humerus (R) (MAGNT 

MP1101), unciform (R), scaphoid (L) (MAGNT MP1153), magnum (R) (MAGNT MP1164), 

cuneiform, unciform (L) (x2), scaphoid (L), magnum (R) (unnumbered). 

 

Pisiform 

 There is no known pisiform of Plaisiodon in any of the collections visited as part of this 

project. 

 

Cuneiform 



  192

 The pisiform facet of the cuneiform of Plaisiodon is relatively small, compared to the styloid 

facet, but is not as small as that seen in Neohelos or Zygomaturus. The styloid facet supports 

approximately half of the styloid process, as is also seen in the other large diprotodontids studied. 

The facets for the styloid and unciform are separate, and the palmar surface of the pisiform 

displays some rugosity, associated with ligamental attachment. The unciform facet is an elongate, 

shallow saddle-shape, similar to that seen in Kolopsis and Ngapakaldia, and there is a large pit at 

the base of this facet for attachment of the m. abductor digiti minimi or ligaments. 

 

Unciform 

 The cuneiform facet of the unciform of Plaisiodon is significantly larger than the unciform 

facet of the cuneiform, as is seen in all other zygomaturines studied, except for Zygomaturus. The 

unciform of Plaisiodon is longer relative to its width than in any other diprotodontid studied, 

similar to that seen in Phascolarctos, but not as elongate as that seen in Thylacoleo. The palmar 

border of the metacarpal facet is interrupted by a small pit, but it is not as large as that seen in 

Kolopsis, and the metacarpal IV and V facets are also more smoothly continuous in Plaisiodon. 

As is seen in the other Miocene zygomaturines studied, the metacarpal V facet is shallowly 

saddle-shaped, and is approximately the same size as the metacarpal IV facet. The scaphoidal 

facet is small and continuous with the cuneiform facet, and there is no contact between the 

unciform and metacarpal III. The plantar process to which the flexor retinaculum attaches is 

relatively well developed, being larger than in Neohelos, but is not as large as is seen in Kolopsis, 

and is significantly smaller than that seen in Ngapakaldia and Nimbadon. This process is more 

medio-laterally extensive than in any other taxon studied, and supports both metacarpals IV and V 

(Fig. 24). A single magnum facet is present, and it is shallowly dorso-ventrally saddle-shaped, 

being very similar to that seen in Kolopsis. The pit below the magnum facet is quite small in 

Plaisiodon, being more similar to Nimbadon and Zygomaturus than to the other Miocene 

zygomaturines in this regard. The palmar surface of the unciform is reasonably large in 

Plaisiodon but, because the pisiform is not known, it is difficult to gauge the portion of the palmar 

carpus supported by the former. If the pisiform does not play a significant weight-bearing role in 
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the manus of Plaisiodon, then the unciform would support a portion of the manus similar to that 

seen in Ngapakaldia, vombatids and Trichosurus. The pit behind the cuneiform facet of the 

unciform (possibly for storage of synovial fluid) is extremely large in Plaisiodon, as is also seen 

in Vombatus, Thylacoleo, Neohelos and Kolopsis. The unciform is also smaller relative to the 

magnum than in many of the other taxa studied, similar to that seen in extant vombatids and 

Trichosurus. 

 

Figure 24 

 

Magnum 

 The metacarpal III facet of the magnum of Plaisiodon occupies approximately 2/3 of the 

anterior face, similar to that seen in Thylacoleo and Phascolarctos. The pit below the unciform 

facet is relatively large and deep, similar to that seen in Diprotodon and Zygomaturus. The 

magnum of Plaisiodon is more elongate than in any other diprotodontid studied, except for 

Kolopsis, and is again similar to Thylacoleo and Phascolarctos in this regard. The magnum is 

triangular in shape, as is seen in all but the largest diprotodontids studied, and the distal end is 

wider at the top than the bottom, in a similar ratio to that seen in Zygomaturus. The metacarpal II 

facet is larger relative to the scaphoid facet than in the other zygomaturines studied, and the facet 

for the trapezoid is relatively small, though not as small as is seen in Kolopsis and Zygomaturus. 

There is no sign of a cuneiform facet on the magnum of Plaisiodon. 

 

Scaphoid 

 The radial facet of the scaphoid of Plaisiodon is similar to that seen in most other Miocene 

zygomaturines studied, but lacks the slight medio-lateral convexity. The facets for the trapezium 

and magnum are similarly proportioned to those seen in Zygomaturus and Kolopsis. The radio-

scaphoidal ligamental surface is relatively smooth, and the development of the m. brachioradialis 

attachment area cannot be accurately measured, as the disto-medial half of the only know 
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scaphoid of Plaisiodon is missing. The pit for the m. flexor carpi radialis is large and deep, as 

seen in the other zygomaturines studied. There is no sign of the lunatum in Plaisiodon. 

 

Carpal-Metacarpal Interface 

 The interface between the carpals and metacarpals of Plaisiodon is angled slightly 

downwards, suggesting that the metacarpals sat lower than the carpals in the fleshed manus. The 

surfaces are slightly curved, allowing some movement between the carpals and metacarpals, but 

significantly less than is possible in Ngapakaldia or Nimbadon. 

 

Metacarpals and Phalanges 

The metacarpals and phalanges of Plaisiodon are unknown, as those knwon from Alcoota could 

not be definitively assigned to this genus. 

 

Humerus 

 The proximal 2/3 of the only known humerus of Plaisiodon is relatively complete, but most 

of the distal end is either badly damaged or missing. The supracondyloid foramen is present in 

Plaisiodon, but is not as large as in taxa such as Ngapakaldia or Nimbadon. The deltoid crest 

projects anteriorly, as is seen in Nimbadon and Kolopsis, and the pectoral crest is continuous and 

slightly rugose, similar to that seen in Nimbadon. The m. teres major attachment area occupies a 

proximo-medial position in Plaisiodon, similar to that seen in Diprotodon and Zygomaturus. The 

m. latissimus dorsi attachment area is represented by a relatively small, somewhat rugose ridge, 

similar to that seen in Kolopsis. The attachment for the outer head of the triceps brachii (m. 

triceps brachii caput laterale) is represented by a short, rugose tuberosity and that for the inner 

head (m. triceps brachii caput mediale), by a long lateral ridge, similar to that seen in Kolopsis, 

but less well developed. 

 

Ulna 
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 The olecranon process of the ulna of Plaisiodon curves medially, and is posteriorly deflected, 

as seen in Diprotodon, Zygomaturus and Kolopsis, but to a lesser degree than in these other taxa. 

The IFA of Plaisiodon is sightly higher than in all other diprotodontid taxa studied, but is still 

much lower than seen in vombatids. The medial and lateral hollows, for the m. flexor carpi 

ulnaris and m. anconeus lateralis respectively, are both quite shallow in Plaisiodon, similar to 

that seen in Diprotodon. The m. extensor digitorum profundus attachment area is less extensive 

than in the smaller diprotodontids studied, and the m. supinator radii brevis attachment area is 

represented by a rugose scar, as seen in Kolopsis. The attachment areas on the coronoid process, 

for the m. brachialis anticus and m. flexor pollicis longus or m. flexor digitorum superficialis, are 

relatively poorly developed, again similar to that seen in Kolopsis. The styloid process is angled 

very slightly medially, but not to the degree seen in Nimbadon, and is a squashed, spherical shape, 

similar to that seen in Ngapakaldia, Thylacoleo and Phascolonus. The lateral neck of the styloid 

process is also slightly indented, as is seen in Zygomaturus, Euowenia and Diprotodon. The radial 

facet is longer, relative to the length of the lateral part of the sigmoid cavity, than in all other taxa 

studied except Kolopsis; which displays a similarly long radial facet. 

 

Radius 

 There is no known radius of Plaisiodon that was available for study in this analysis. 

 

5.3.2.4 Kolopsis 

5.3.2.4.1 Morphology of the hindlimb 

 Kolopsis is the least completely known diprotodontid included in this analysis; bones of the 

hindlimb and pes of this taxon not currently known include the navicular, the mesocuneiform and 

all metatarsals and phalanges. 

Specimen numbers 

Kolopsis torus (MNI=8) 

Ectocuneiform (R) (MAGNT MP1153), cuboid (L) (MAGNT MP1159), cuboid (L) (MAGNT 

MP1160), entocuneiform (R) (MAGNT MP1162), astragalus (1R, 2L) (MAGNT MP1164), 
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astragalus (R) (MAGNT MP274), ectocuneiform (R) (MAGNT MP606), ectocuneiform (L) 

(MAGNT MP936B), cuboid (1L, 1R), (MAGNT MP936D), entocuneiform (R) (MAGNT NP5), 

cuboid (R) (MAGNT MP660), femur (L) (MAGNT SP257), tibia (L) (MAGNT MP628), tibia (L) 

(MAGNT MP87), tibia (L) (MAGNT SQ304), astragalus (3R, 2L), calcaneum (L), cuboid (4L, 

1R), entocuneiform (2L, 4R), navicular (L) (unnumbered). 

 

Astragalus 

 The astragalus of Kolopsis is relatively elongate compared to other zygomaturines, and is 

similar in shape to that of Plaisiodon (Fig. 6). The tibial facet is deeply medio-laterally concave, 

as is also seen in Neohelos and Nimbadon, and the medial border of this facet is relatively low and 

rounded, also similar to that seen in the latter taxa. The fibular facet is approximately 1/3 of the 

size of the tibial facet, as seen in Neohelos, but it sits at a steeper angle than in this taxon, similar 

to that seen in Ngapakaldia. The tibial and fibular facets share a border, as they do in most taxa 

studied, and the pyramidalis facet is poorly developed. The cubo-navicular head is more gently 

curved than in Plaisiodon, more similar to that seen in Neohelos, but it still retains the 

characteristic zygomaturine flattened crescent shape. The cuboid facet is a shallow saddle-shape, 

as seen in Plaisiodon, and the cubo-navicular head as a whole occupies proportionally more of the 

anterior end of the astragalus than in any other diprotodontid taxon studied. The sulcus astragali is 

oblong and wide, but is much shorter than in Neohelos or Plaisiodon, and does not penetrate the 

medial border of the calcaneal facet, as it does in these two taxa. The dorso-medial pit completely 

separates the tibial and navicular facets, and the navicular facet occupies approximately the same 

portion of the medial astragalus as in Neohelos. 

 

Calcaneum 

 The only known calcaneum of Kolopsis is missing the calcaneal tuber, but probably 

resembled that of Neohelos in overall shape (Fig. 22). A deep pit is present at the posterior edge 

of the astragalar facet, as is seen in the other zygomaturines studied. The cuboid facet occupies 

the medial 2/3 of the anterior end of the calcaneum and is deeply concave, as is also seen in 
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Neohelos. The cuboid facet is proportionally higher than in any other diprotodontid taxon, to a 

similar degree as is seen in Thylacoleo. There is a very small degree of contact between the 

calcaneum and navicular, and it is not clear if a fibular facet is present. The astragalar facet is 

comparatively gently sloped, as is seen in Neohelos and Plaisiodon, and the medial border has an 

angle between the horizontal and sloped components similar to that seen in Diprotodon and 

Zygomaturus. 

 

Cuboid 

 The cuboid of Kolopsis is similar in shape to that of Plaisiodon, displaying a greater degree of 

elongation that most other taxa studied (Figure 7). The navicular facet is much smaller than in 

most other diprotodontids studied, except for Diprotodon, and is slightly convex. It is also unique 

among diprotodontids in that there is a distinct gap between it and the calcaneal facet. The 

calcaneal facet is almost pointed, and is significantly larger than the astragalar facet, as is seen in 

Plaisiodon. Two ectocuneiform facets are clearly discernable, the posterior facet being separate 

from the navicular facet, as is seen in the diprotodontines studied but not the other zygomaturines. 

The metatarsal IV and V facets are concave, as seen in Plaisiodon, and the metatarsal V ligament 

attachment areas are relatively small. The ligamental pit between the navicular and ectocuneiform 

facets is also similarly deep to that seen in Plaisiodon. The groove for the m. peroneus longus 

tendon is deeper than in Plaisiodon, suggesting that the hallux may have played a more important 

role in the pes of Kolopsis. The pit ventral to the metatarsal V facet, where the m. abductor 

minimi digiti brevis attaches, is proportionally smaller than in all larger diprotodontids studied. 

 

Cubo-navicular/ Cuneiform Interface 

 As the navicular of Kolopsis is not known, it is difficult gauge the degree of flexibility of this 

joint. The navicular facets of the ectocuneiform and entocuneiform suggest that there was a 

significant degree of flexibility in this joint, but not as much as in Plaisiodon. 

 

Entocuneiform, Mesocuneiform and Ectocuneiform 
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 Although the mesocuneiform of Kolopsis is not known, the distinct articular facets on the 

other two cuneiforms make it clear that the three bones were unfused in Kolopsis. The hallucal 

facet of the entocuneiform is a twisted saddle-shape, similar to that seen in Nimbadon and 

Neohelos. The facet is proportionally larger than in the Plio-Pleistocene diprotodontids studied, 

but not as large as in Nimbadon or Ngapakaldia. The groove below the hallucal facet, where the 

m. tibialis anterior attaches, is very shallow in Kolopsis. The ectocuneiform is very similar in 

shape to that of Neohelos, but is proportionally narrower relative to its height. The angle between 

the metatarsal IV and cuboid facets is similar to that seen in Ngapakaldia, and in the other 

zygomaturines studied. The metatarsal IV facet is approximately ½ the size of the metatarsal III 

facet, meaning that metatarsal IV articulates proportionally more with the cuboid than in all other 

diprotodontid taxa studied, except for Ngapakaldia. The distal articular surfaces of the cuboid, 

ectocuneiform and entocuneiform are all concave, and suggest a significant degree of mobility at 

the tarsal-metatarsal interface. 

 

Femur 

 The gluteal ridge of the femur of Kolopsis is less developed than in any other taxon studied, 

and does not display the rugosity seen in the diprotodontids studied. The femoral head is 

positioned partially above the digital fossa, and the lesser trochanter is relatively large, both 

characters being representative of plesiomorphic zygomaturines. The digital fossa is relatively 

short, and the greater trochanter is relatively narrow, compared to most other diprotodontids 

studied. The angle between the neck and the main shaft is slightly lower than in all other 

diprotodontid taxa studied, except for Ngapakaldia. The diaphysis shows a similar degree of 

medio-lateral elongation to that seen in Zygomaturus, being more pronounced than in most other 

diprotodontids. The posterior projection of the internal condyle is enlarged, relative to the external 

condyle, to a similar degree as is seen in Plaisiodon and Diprotodon, but the anterior projection, 

while still relatively large, does not display the same degree of enlargement as in the latter two 

taxa. The gastrocnemial attachment areas are represented by relatively shallow pits, and the distal 
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femur is proportionally wider than in any other taxon studied. As in all diprotodontians studied, 

the patella is absent in Kolopsis. 

 

Tibia 

 The tibiae of Kolopsis and Plaisiodon are similar in overall shape; however, the majority of 

muscle attachment areas are better developed in the former taxon. The femoral facets are 

separated by a groove for the cruciate ligaments, as is also seen in Euowenia, Diprotodon and the 

vombatids studied. The dorsal external tuberosity locks in the fibula, preventing proximal rotation 

of the fibula around the tibia. This tuberosity also includes a prominent process for attachment of 

the m. tibialis anterior and extensors. The proximal popliteal attachment area consists of a large, 

rugose pit, and is more highly developed than in the other diprotodontid taxa studied. The mid-

shaft attachment areas for the m. gracilis and m. biceps femoris are also represented by deep pits. 

The internal malleolus is rounded to slightly triangular, as is the case in modern vombatids and 

Zygomaturus. The malleolus is sharply stepped from the tibial facet, and does not articulate with 

the navicular, as is also the case in Plaisiodon. 

 

Fibula 

 The proximal end and parts of the shaft of the only known fibula of Kolopsis available for 

study are damaged, and so some aspects of the morphology could not be assessed. The ridge on 

the proximal postero-medial edge of the shaft, where the m. tibialis posterior attaches, is 

comparatively short in Kolopsis, similar to that seen in Diprotodon. The medial attachment area 

for the m. flexor hallucis longus and extensors is also relatively short, though not as short as in 

Euowenia or Diprotodon, but is quite rugose for its entire length. The astragalar facet is at a 

higher angle to the shaft than in any other taxon studied, except for Isoodon (where the contact is 

vertical), suggesting that this bone was less important for weight support in Kolopsis than in the 

larger diprotodontids studied. The distal lateral groove for the peroneal tendons is wide and 

shallow, as is seen in Zygomaturus. The femur is longer relative to the tibia than in any other 

diprotodontid studied, except Euowenia, suggesting it was a relatively slow moving taxon.  
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5.3.2.4.2 Morphology of the forelimb 

Specimen numbers 

Kolopsis torus (MNI=8) 

Scaphoid (L) (MAGNT SQ2006), unciform (R) (MAGNT SQ417), scaphoid (L), magnum 

(MAGNT Jul-92), magnum (R) (MAGNT MP1039), magnum (1R, 1L) (MAGNT MP1153), 

magnum (R) (x2), scaphoid (L), 4th metacarpal (MAGNT MP1159), cuneiform (L) (MAGNT 

MP606), cuneiform (L) (MAGNT MP677), magnum (L) (x2), unciform (L) (MAGNT MP936D), 

cuneiform (MAGNT MP936A), pisiform (NTMGA MP606), humerus (L) (MAGNT MP1108), 

humerus (L) (MAGNT MP1096), distal ulna (R) (MAGNT P9290), proximal ulna (L) (MAGNT 

MP1081), radius (R, crushed) (MAGNT MP581), scaphoid (L) (x3), unciform (3L, 5R), pisiform 

(L, juv), ulna (R, 1 juv), radius (2R, 1 crushed) (unnumbered). 

 

Pisiform 

 The pisiform of Kolopsis is most similar to that seen in Ngapakaldia, displaying a distinct 

waist and an enlarged distal end. It projects more posteriorly than in Ngapakaldia, being more 

similar to Diprotodon, Euowenia and Zygomaturus in this respect. The cuneiform facet is distinct, 

but is smaller relative to the styloid facet than in most other taxa studied. The pisiform is shorter 

relative to its width than in the other zygomaturines studied, but is not as proportionally wide as 

that seen in Diprotodon or Euowenia. The waist is relatively slender and, like all but the largest 

diprotodontids studied, there is no dorso-ventral flattening of the pisiform in Kolopsis. 

 

Cuneiform 

 The pisiform facet of the cuneiform of Kolopsis is relatively large, compared to most 

diprotodontids studied, but is not developed to the extent seen in the plesiomorphic taxa 

Ngapakaldia and Nimbadon. The styloid facet only supports approximately half of the styloid 

process of the ulna, this being common in the larger diprotodontids studied. The palmar surface of 

the cuneiform is relatively smooth, similar to that seen in Nimbadon. There is a large pit at the 
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base of the unciform facet, for attachment of the m. abductor digiti minimi or ligaments, similar to 

that seen in most other Miocene zygomaturines studied. The unciform facet is also similar in 

shape to that seen in most other Miocene zygomaturines studied and to Ngapakaldia, being an 

elongate, shallow saddle-shape. 

 

Unciform 

 The cuneiform facet of the unciform is similarly proportioned, relative to the unciform facet 

of the cuneiform, to most other zygomaturines studied. The unciform itself is more elongate than 

in any other diprotodontid studied except for Plaisiodon, due to the anterior projection of the 

process to which the flexor retinaculum attaches. The metacarpal facets of the unciform of 

Kolopsis are unusual, in that there is a large pit between the metacarpal IV and V facets on the 

ventral border, and the facet for metacarpal IV also sits slightly higher than that of metacarpal V. 

As is seen in most other Miocene zygomaturines studied: the metacarpal IV and V facets are 

continuous and approximately equal in size, the metacarpal V facet is shallowly saddle-shaped, 

and there is no metacarpal III facet. The scaphoid facet is smaller than is seen in Nimbadon or 

Plaisiodon, and is continuous with the cuneiform facet, as is also seen in the other Miocene 

zygomaturines. Kolopsis is the largest taxon studied in which the process for the flexor 

retinaculum has an anterior projection that supports metacarpal V to some extent. This ventral 

projection (to which to flexor retinaculum attaches) is also extremely large, similar to that seen in 

Nimbadon and Ngapakaldia. Articulation with the magnum is represented by a single, large facet 

that is dorso-ventrally saddle-shaped, similar to that seen in Plaisiodon, but the pit at the base of 

this facet is much larger in the former, being more similar to Neohelos in this respect. The pit 

behind the cuneiform facet is also extremely large, as is seen in most other Miocene 

zygomaturines studied. The unciform of Kolopsis has a large ventral surface area, relative to the 

rest of the carpus, as is seen in all but the large diprotodontids studied, and it is approximately 3x 

the size of the magnum, as is also seen in Thylacoleo, Phascolarctos and Ngapakaldia. 

 

Magnum 
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 The metacarpal III facet of the magnum of Kolopsis is proportionally smaller than in nearly 

all other taxa studied; the metacarpal II facet being relatively large and occupying half of the 

distal end (Fig. 25). The lateral pit next to the unciform facet is also comparatively smaller than in 

most other diprotodontids studied, being similar to Ngapakaldia and Nimbadon in this regard. The 

magnum is triangular in overall shape, as it is in all but the largest diprotodontids, but is more 

elongate than in any other taxon studied. The scaphoid facet is relatively large, when compared to 

the metacarpal II and trapezoid facets, as is seen in the other zygomaturines studied and 

Ngapakaldia. The width at the top of the magnum is almost twice the width at the bottom, as seen 

in Phascolarctos, and there is no evidence of a cuneiform facet. 

 

Figure 25 

 

Scaphoid 

 The scaphoid of Kolopsis is most similar in shape to that of Plaisiodon and Neohelos, the 

radial facet being antero-posteriorly flat, but proximo-distally slightly convex (Fig. 17). The facet 

for the trapezium is similarly proportioned to that seen in the other zygomaturines studied, being 

approximately ¼ the size of the radial facet. The magnum facet of the scaphoid of Kolopsis is 

much larger than the unciform facet, as seen in most other taxa studied (if an unciform facet is 

present at all) apart from the diprotodontines. The posterior ligamental attachment and anterior 

tendon attachment areas of the dorsal surface of the scaphoid are less well developed in Kolopsis 

than in most other taxa studied, but the pit on the medial plantar surface, where the m. flexor carpi 

radialis tendon attaches, is very deep. There is no evidence of a lunatum being present in 

Kolopsis. The interface between the carpals and metacarpals of Kolopsis is significantly flatter 

than in Nimbadon, but not flattened to the degree seen in Zygomaturus, Euowenia or Diprotodon. 

 

Metacarpal and Phalanges 

 There are currently no known metacarpals or phalanges that can be attributed to Kolopsis with 

any degree of certainty. 



  203

 

Humerus 

 Kolopsis is the only taxon studied in which the presence of the supracondyloid foramen 

appears to be variable, it being present in some specimens but not others. The external 

epicondylic ridge is represented by a rugose patch, as seen in Diprotodon and Euowenia, but is 

more extensive, occupying approximately 1/3 of the length of the shaft, as is seen in the other 

zygomaturines studied (Fig. 12). The muscle insertion points along this ridge are not 

differentiated, and form a continuous surface. As seen in Neohelos, the lesser tuberosity is well 

developed, and the deltoid crest projects anteriorly, wrapping around the m. brachialis anticus 

only slightly. The pectoral crest is separated into mid-shaft and upper-shaft sections, as seen in 

Zygomaturus, rather than the continuous ridge seen in the other zygomaturines studied. The m. 

teres major attachment area projects from the antero-medial mid-shaft in a similar way to that 

seen in Ngapakaldia and Phascolarctos, and the attachment area for the m. latissimus dorsi is 

represented by a slightly rugose ridge, as seen in Plaisiodon. The flexor attachment area of the 

internal condyle is less extensively developed than in most of the smaller taxa studied, being 

similar to Diprotodon and Ngapakaldia in this regard. The outer and inner heads of the m. triceps 

brachii are represented by a large, rugose tuberosity and a long lateral ridge respectively, similar 

to that seen in Zygomaturus. The coronoid fossa is very shallow and the olecranon fossa is 

shallowly concave, again similar to that seen in Zygomaturus. 

 

Ulna 

 As seen in most of the larger diprotodontids studied, the olecranon process of the ulna of 

Kolopsis is deflected backwards. The olecranon process also curves medially and the IFA is 

relatively low, again similar to most other diprotodontids studied. The medial hollow for the m. 

flexor carpi ulnaris, and lateral hollow for the m. anconeus lateralis, are both relatively deep in 

Kolopsis, as is also seen in Neohelos and Nimbadon. The ridge where the m. extensor digitorum 

profundus attaches is more extensive than in Plaisiodon, but not as extensive as that seen in 

Nimbadon or Zygomaturus. The coronoid process is rugose, but there are no pits present for the 
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attachment of the m. brachialis anticus, m. flexor pollicis longus or m. flexor digitorum 

superficialis, again similar to that seen in Plaisiodon. The styloid process is angled slightly 

medially, as seen in Plaisiodon, but is not indented on the lateral edge, and is close to spherical in 

shape, being more similar to Nimbadon in this regard. The radial facet is larger, relative to the 

lateral part of the sigmoid cavity, than in any other taxon studied except for Plaisiodon, which 

displays a similar degree of enlargement. 

 

Radius 

 The groove at the distal end of the radius of Kolopsis for the tendon of the m. extensor carpi 

radialis is shallow, as is seen in most diprotodontids, and the groove for the tendon of the m. 

extensor pollicis longus is absent. The distal end is triangular in cross-section, and the scaphoid 

facet occupies a similar proportion to that seen in Zygomaturus. The m. pronator radii teres 

attachment area is proportionally shorter in Kolopsis than in any other diprotodontid studied 

except Diprotodon, and is represented by a raised, rugose ridge on the distal part of the mid-shaft, 

similar to that seen in Nimbadon. Extensor muscle scarring is limited, and the radial tuberosity is 

proportionally wider than in all diprotodontids except for Nimbadon. The arterial foramen is 

positioned below the radial tuberosity, and the angle between the humeral facet and shaft is 

relatively low, similar to that seen in extant vombatids. 

 

5.3.2.5 Zygomaturus 

5.3.2.5.1 Morphology of the hindlimb 

Specimen numbers 

Zygomaturus trilobus (MNI=7) 

Specimens used in this analysis include: astragalus (L) (SAM P25626), astragalus (R, juvenile) 

(SAM P20812), calcaneum (2, both missing tuber, no numbers), calcaneum (R, SAM P32673), 

associated calcaneum and astragalus (R, from Henschke’s Quarry, Naracoorte, no number), 

cuboid (1L, 1R) (no numbers), navicular (L, SAM P75627), entocuneiform (L, SAM P75627), 

ectocuneiform (L, juvenile, no number), 5th metatarsal (R, no number) from the Naracoorte Caves 
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in South Australia. Astragalus (L, QVM GFU155), ungual phalange (QVM GFU 86), associated 

astragalus, calcaneum, navicular, cuboid, ectocuneiform, entocuneiform, 2nd metatarsal, 4th 

metatarsal and ungual phalange (L) from Mowbray Swamp in Tasmania. Femur (QVM: 1992 

GFV63), tibia (QVM: 1992 GFV60) and fibula (QVM 1992 GFV5) from the holotype of 

Nototherium tasmanicum. 

 

Astragalus 

 The astragalus of Zygomaturus is similar in shape to that of Kolopsis but is less elongate, 

being more similar to Nimbadon and Neohelos in this respect (Fig. 6). The tibial facet is slightly 

medio-laterally concave, as is also seen in Plaisiodon, and has a high, pointed medial process, as 

seen in Diprotodon and Plaisiodon. As in most diprotodontids studied, the tibial and fibular facets 

share a boundary, and the fibular facet is relatively small, as in all large diprotodontids studied 

(Fig. 22). The angle between the two facets is also similar to that seen in the larger diprotodontids 

studied including: Plaisiodon, Euowenia and Diprotodon. The pyramidalis facet is distinct, but 

smaller than in most other diprotodontids studied except for Ngapakaldia. The cubo-navicular 

head displays the characteristic zygomaturine crescent-shape, but also has an enlarged, slightly 

spherical component anteriorly, as is seen in Plaisiodon. This articular head occupies a similar 

proportion of the anterior astragalus to that seen in Diprotodon and Neohelos, and the cuboid facet 

is flat, as it also is in the latter taxon. The navicular facet occupies a similar proportion of the 

medial edge of the astragalus to that seen in Plaisiodon. The sulcus astragali displays a unique 

triangular shape in Zygomaturus, but it is similar in extent to that seen in Ngapakaldia and 

Plaisiodon. The dorso-medial pit completely separates the tibial and navicular facets, as is seen in 

most diprotodontids studied, but the degree of separation is only slight, as is also seen in 

Diprotodon. 

 

Calcaneum 

 The calcaneum of Zygomaturus is most similar to that of Neohelos among the diprotodontids 

studied, being slightly less elongate than in the latter taxon, but more elongate than in most other 
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diprotodontid taxa studied. It displays the characteristic zygomaturine ligamental pit posterior to 

the astragalar facet, but the depth of the pit varies in this taxon (Fig. 6). The calcaneal tuber is 

proportionally longer than in Neohelos, and demonstrates the distinct medial curve seen in 

Diprotodon and Euowenia. The tuber also displays a lesser degree of dorso-ventral compression 

than in most of the other diprotodontids studied, being almost round in cross section. The cuboid 

facet is unusual in that it occupies the middle 2/3 of the anterior end of the calcaneum in 

Zygomaturus, as opposed to the medial 2/3 seen in most other diprotodontids. The cuboid facet is 

approximately ½ the height of the calcaneum, and is more similar to Diprotodon and Euowenia 

than the other diprotodontids studied in this regard. The cuboid facet is also less deeply concave 

than in the other zygomaturines studied, suggesting this joint was comparatively less mobile. The 

astragalar facet is sloped to a similar degree as that seen in Diprotodon, and the medial edge of 

the facet also displays a similar angle between the horizontal and sloped components. There is 

only a small degree of contact between the calcaneum and navicular, as is seen in the other 

zygomaturines studied. The fibular facet of the calcaneum is well developed, as is also seen in 

Thylacoleo and vombatids but not in the other diprotodontids studied. 

 

Cuboid 

 The cuboid of Zygomaturus is different in shape to all other diprotodontids studied, in that it 

tapers anteriorly and has extensive contact with the ectocuneiform and navicular, as is also seen in 

Thylacoleo. It is more elongate than in Diprotodon, Euowenia or Nimbadon, but is less elongate 

than in the other diprotodontids studied (Fig. 7). It is the only taxon studied in which the 

astragalar and navicular facets are approximately equal in size, in most diprotodontids studied the 

navicular facet is significantly smaller, except for Nimbadon and Neohelos, where it is much 

larger than the astragalar facet. The navicular facet is flat, as seen in Plaisiodon and Kolopsis, but 

is separated into two distinct facets, one being anterior to the astragalar facet and one being 

ventral to it. The calcaneal facet is approximately twice the size of the astragalar facet, as is also 

seen in Plaisiodon and Kolopsis. The calcaneal and navicular facets are separated dorsally by the 

astragalar facet, and do not join ventrally, as is also seen in Kolopsis and Ngapakaldia. There are 
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two ectocuneiform facets present, as in most other diprotodontids, but the more ventral facet is 

extremely small and almost indistinguishable from the anterior part of the ventral navicular facet. 

The metatarsal IV and V facets are more steeply angled than in any other diprotodontid taxon 

studied, and suggest that the proximal tarsus may have been significantly elevated on a large 

fleshy pad. They are also slightly convex and form a continuous surface, the two facets being 

almost indistinguishable. The metatarsal IV and V ligament attachment areas are also poorly 

developed when compared with Euowenia or Diprotodon. The plantar groove for the m. peroneus 

longus tendon is also better developed in Zygomaturus than in the latter two taxa. The pit ventral 

to the metatarsal facets, where the m. abductor minimi digiti brevis attaches, is relatively deep, as 

is seen in the other large diprotodontids studied including Plaisiodon, Euowenia and Diprotodon. 

 

Navicular 

 The astragalar facet of the navicular of Zygomaturus takes up proportionally less of the 

postero-lateral face of the navicular than in any other taxon studied, being relatively short and 

wide. The navicular also sits more anterior to the astragalar facet of the calcaneum than in most 

other taxa studied, similar to that seen in Phascolarctos. The ectocuneiform and cuboid facets are 

at different angles, and separated by a prominent ridge, similar to all other zygomaturines studied 

(Fig. 15). The ectocuneiform and cuboid facets are approximately the same size, as is also seen in 

Nimbadon and Ngapakaldia. The angle between the ecto- and entocuneiform facets is relatively 

wide similar to that seen in Euowenia and Plaisiodon but not as open as in Nimbadon. The 

entocuneiform facet occupies approximately ½ of the length of the medial navicular, as is seen in 

Euowenia, but the unusual v-shaped facet is not seen in other diprotodontids studied. The pit at 

the posterior edge of the entocuneiform facet for ligament attachment is well developed, and the 

pit ventral to the facet (where the m. abductor minimi digiti brevis may attach) is also long and 

deep. The medial wing of the navicular is proportionally wider than in most other taxa studied, 

being similar to that seen in Phascolarctos, but not enlarged to the degree seen in Diprotodon. 

The tibial facet of the navicular is absent in Zygomaturus, as it is in all other large diprotodontids 

studied. 
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Cubo-navicular/ Cuneiform Interface 

 The cuneiform facets of the navicular are convex, and suggest that there was a reasonable 

degree of flexibility in this joint in Zygomaturus. The surfaces are not as deeply concave as in 

Neohelos or Plaisiodon, but do suggest more mobility than in Diprotodon or Euowenia. 

 

Entocuneiform, Mesocuneiform and Ectocuneiform 

 As is seen in Diprotodon, the mesocuneiform and entocuneiform of Zygomaturus are fused 

into a single functional element. The hallucal facet of the entocuneiform is slightly convex in 

Zygomaturus, but not to the degree seen in modern vombatids. It also appears that digit I may 

have been parallel to digit II, rather than perpendicular as seen in all other taxa studied except 

Isoodon, where it also projects anteriorly, and Diprotodon, where it projects posteriorly. The 

hallucal facet is also proportionally smaller than in any other taxon studied, suggesting that it may 

not have been capable of significant abduction. There is a large pit and highly rugose area medial 

to the hallucal facet that may represent an attachment area for the tendon of the m. tibialis 

anterior, suggesting the pes was capable of a degree of supination, as is also seen in Nimbadon 

and Euowenia. The mesocuneiform and entocuneiform components of the navicular facet, while 

forming a continuous surface, are still distinguishable in Zygomaturus, similar to that seen in 

Diprotodon. The ectocuneiform of Zygomaturus is much higher and narrower than in all other 

taxa studied, being similar to Thylacoleo in this regard. Its dorsal and ventral depths are also 

similar, not displaying the enlargement of the dorsal portion seen in the other zygomaturines 

studied. The angle between the cuboid and metatarsal IV facets of the ectocuneiform is slightly 

lower than in all other diprotodontids studied, and the metatarsal III and IV facets are 

approximately equal in size, as is also seen in Phascolonus. The metatarsal-tarsal interface is 

relatively flat in Zygomaturus, similar to that seen in Euowenia and Diprotodon, but is much more 

steeply dorso-ventrally angled, suggesting that the tarsus sat significantly higher than the 

metatarsus and digits. 
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Metatarsal V 

 The only known 5th metatarsals of Zygomaturus come from the Naracoorte Caves, the almost 

complete individual from Tasmania having only metatarsals II and IV of one foot preserved. The 

cuboid facet is raised and separate from the lateral process, the latter being enlarged along the 

whole length of the metatarsal, as is also seen in Plaisiodon, Euowenia and Diprotodon. The 

medial border of this metatarsal is unusual among the taxa studied, in that it is arched and curved 

slightly medially. The metatarsal IV facet widens dorsally, as is seen in Neohelos and Euowenia, 

and the angle between this and the cuboid facet is much larger than in any other taxon studied, 

suggesting that digits IV and V were more spread out, potentially in relation to weight-bearing. 

The distal articular surface is not keeled, being almost spherical as is seen in Diprotodon. 

 

Metatarsal IV 

 The proximal and distal attachment areas for the m. flexores breves and m. interossei are well 

developed in metatarsal IV of Zygomaturus, as seems to be the case in all zygomaturines studied. 

The cuboid facet is proportionally larger than in Diprotodon or Euowenia, similar to that seen in 

Plaisiodon and Kolopsis, but much smaller than in Nimbadon or the extant diprotodontians 

studied. The ectocuneiform facet is medio-posteriorly oriented, as is seen in Ngapakaldia and 

Euowenia. The proximal part of metatarsal IV is proportionally higher than in all other 

zygomaturines studied, but does not display the degree of dorso-ventral elongation seen in 

Euowenia or Diprotodon. This metatarsal is also only slightly more robust than in Nimbadon or 

Plaisiodon and is more slender than in Euowenia or Diprotodon. 

 

Metatarsal II 

 The shaft of metatarsal II of Zygomaturus is more highly arched than in the other 

zygomaturines studied, but displays neither the high arching, nor the reduction in size of this bone 

seen in Euowenia and Diprotodon. Metatarsal II is also almost as long as metatarsal IV in 

Zygomaturus, suggesting that the inner digits did not display the reduction in size seen in other 
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large diprotodontids. The articular facets of metatarsal II indicate a reasonable degree of 

flexibility of this digit, and the tendon attachment areas are also well developed. 

 

Phalanges 

 The proximal and medial phalanges of the pes of Zygomaturus are not known and the ungual 

phalanges are represented by a single bone belonging to digit IV, judging by the size, curvature 

and orientation of the articular facet. This phalanx displays a morphology not seen anywhere else 

in Australian marsupials, although it is in some ways similar to Notoryctes, the marsupial mole. 

The ungual is quite long, being over 60 mm in length, and also displays extreme dorso-ventral 

compression (Fig. 20). The flexor tendon attachment area also displays an unusual morphology, 

and indicates that the flexor tendons were relatively large. 

 

Femur 

 The femur of Zygomaturus is most similar in overall shape to that of Diprotodon (Fig. 9). The 

gluteal ridge is long and rugose, and the greater trochanter is proportionally wider than in all other 

taxa studied, except for Diprotodon and Euowenia. The femoral head is positioned completely 

above the digital fossa, as is also seen in Diprotodon, and the digital fossa itself is proportionally 

more extensive than in all other diprotodontid taxa studied. The lesser trochanter displays a larger 

degree of development than seen in Diprotodon, but is relatively small compared to the other taxa 

studied. The angle between the neck and the shaft is the same as is seen in Euowenia and 

Phascolonus. The femoral diaphysis displays a similar degree of medio-lateral elongation to that 

seen in Kolopsis, being slightly less than that seen in Diprotodon. The circumference of the 

diaphysis, relative to that of the humerus, is proportionally larger in Zygomaturus (1.3:1) than in 

Diprotodon (1.12). The adductor tubercle, situated on the medial mid-shaft, is better developed in 

Zygomaturus than in most other diprotodontids studied, displaying a similar degree of 

development to that seen in extant vombatids. Both the anterior and posterior projections of the 

internal condyle are enlarged in Zygomaturus more so than in Euowenia, but not to the degree 

seen in Plaisiodon or Diprotodon. The distal width of the femur of Zygomaturus is proportionally 
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smaller than in most other taxa studied, as is also seen in Euowenia and Diprotodon. The 

gastrocnemial attachment area is represented by deep lateral and medial pits, as seen in 

Diprotodon, and the patella is absent. 

 

Tibia 

 The tibia of Zygomaturus is also similar in shape to that of Diprotodon, but is much less 

robust, and the anterior tubercle is much more steeply sloped. The femoral facets are separated by 

a prominent spine with a relatively small groove for the cruciate ligaments, as is also seen in 

Nimbadon and Thylacoleo. The external tuberosity helps to lock the fibula in place and the nearby 

attachment areas, for the m. tibialis anterior and extensors, are well developed, as is seen in 

Kolopsis. The proximal popliteal attachment area is represented by a rugose patch, and the m. 

gracilis and m. biceps femoris attachment areas are represented by a single large, rugose pit. The 

internal malleolus is a rounded, slightly triangular shape, similar to that seen in Kolopsis and the 

extant diprotodontians studied. It is not stepped from the tibial facet, and does not articulate with 

the navicular, similar to that seen in both Diprotodon and Phascolonus. As with the other larger 

animals studied, the lateral malleolus does not display a groove for the tendon of the m. flexor 

tibialis. 

 

Fibula 

 The fibula of Zygomaturus is similar in over all proportion to that of Diprotodon, but is 

significantly larger at the distal end. The fabellar articulation is slightly convex, as is also seen in 

Phascolarctos and Nimbadon, but the fabella itself is much more robust than in the latter taxa. 

The attachment area for the m. tibialis posterior is well developed, and extends for approximately 

½ of the length of the shaft. The attachment areas for the m. flexor hallucis longus and extensors 

are also well developed and relatively extensive, similar to that seen in the vombatids studied. The 

angle between the astragalar facet and the shaft is similar to that seen in Nimbadon, Thylacoleo 

and the vombatids studied. The distal peroneal ridge is relatively well developed, and extends for 

approximately 1/3 of the shaft, but is less developed than in the vombatids studied. The lateral 
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edge of the distal end does not display the same deep groove for the peroneal tendons seen in the 

vombatids. The femur of Zygomaturus is long relative to the tibia, similar to that seen in 

Diprotodon and Phascolonus. 

 

5.3.2.5.2 Morphology of the forelimb 

Specimen numbers 

Zygomaturus trilobus (MNI=2) 

An almost complete, articulated left manus, humerus (L&R), radius (L&R) and ulna (L&R) from 

a single specimen from Mowbray Swamp housed in the HM (no number), the holotype humerus 

(L) (QVM1992:GFV:60), radius and ulna (QVM1992:GFV:4) of Nototherium tasmanicum from 

the QVMAG. 

 

Pisiform 

 The pisiform of Zygomaturus is more similar in overall shape to that of Euowenia and 

Diprotodon than it is to the other zygomaturines studied (Figs. 10, 17). It is slightly dorso-

ventrally flattened and projects posteriorly from the carpus, as is also seen in the latter two taxa. It 

is also more elongate than in the other zygomaturines studied, but not to the degree seen in 

Ngapakaldia. The neck is very slight, but is not thickened as much as that seen in Diprotodon. 

The cuneiform and styloid facets are both well developed, and there is a third articular facet 

present that may articulate with the bottom of the shaft of the ulna. 

 

Cuneiform 

 The cuneiform of Zygomaturus is also similar in overall shape to that of Diprotodon. The 

pisiform facet is smaller, relative to the styloid facet, than in most other taxa studied, similar to 

that seen in Neohelos. The unciform and styloid facets are not joined at the top, as is seen in 

Diprotodon and Euowenia, but are separated by a prominent groove, as seen in most other 

zygomaturines studied. The cuneiform supports approximately half of the styloid process, as is 

seen in the other large diprotodontids studied (Diprotodon, Euowenia, Plaisiodon and Kolopsis), 
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the styloid facet of the pisiform being relatively large. There is a shallow groove on the palmar 

surface, for tendon or ligament attachment, similar to that seen in Plaisiodon and Kolopsis, and at 

the base of the unciform facet there is a shallow groove, possibly representing the attachment site 

of the m. abductor digiti minimi. The unciform facet is round and close to flat, similar to that seen 

in Diprotodon and Euowenia, but a large cuneiform facet is also present; an apomorphy 

apparently unique to Zygomaturus. 

 

Unciform 

 The unciform of Zygomaturus is longer relative to its width than in Nimbadon or any 

diprotodontines studied, but is not as elongate as seen in the other zygomaturines studied, being 

most similarly proportioned to that of Neohelos. The cuneiform facet of the unciform is the same 

size as the unciform facet of the cuneiform, a trait also shared by Diprotodon and Phascolonus. 

The palmar border of the metacarpal facets is not interrupted by the pit seen in the Miocene 

zygomaturines studied, and the facets are flat, similar to that seen in Diprotodon. The metacarpal 

IV and V facets are approximately the same size, as seen in other zygomaturines, but they are 

separated by a distinct ridge, unlike any other diprotodontid studied. There is no metacarpal III 

facet, and a scaphoidal facet is also absent, Trichosurus being the only other taxon studied in 

which the latter is absent. The palmar process for the flexor retinaculum is highly reduced in 

Zygomaturus, similar to that seen in Diprotodon, and an anterior projection of this process 

supports the metacarpal IV, rather than supporting the metacarpal V, like in most other taxa 

studied. As in all diprotodontids studied except for Ngapakaldia, there is a single magnum facet 

present and it is shallowly dorso-ventrally saddle-shaped, similar to that seen in Neohelos. The pit 

at the base of the magnum facet is small but deep, as seen in Nimbadon and Plaisiodon, and there 

is a small pit palmar to the cuneiform facet, as seen in Diprotodon. The palmar surface area of the 

unciform of Zygomaturus relative to the total carpal surface area is relatively small, being most 

similar to Diprotodon and Euowenia in this regard. The unciform is smaller relative to the 

magnum than in any other taxon studied except for Isoodon. 
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Magnum 

   The magnum of Zygomaturus is rectangular in overall shape, a trait shared only by 

Diprotodon and Euowenia amongst the other taxa studied. It is less elongate than in the other 

zygomaturines studied, but is not as short as seen in the derived diprotodontines or vombatids. 

The metacarpal III facet is unusual, being dorso-ventrally V-shaped and medio-laterally concave. 

The pit below the unciform facet is large, similar to that seen in Diprotodon and Plaisiodon and, 

as seen in the other zygomaturines studied, the metacarpal II and trapezoid facets are both 

extremely small in relation to the scaphoidal facet (Fig. 25). The magnum is significantly wider 

dorsally than ventrally, being similarly proportioned to that of Plaisiodon, but not enlarged to the 

degree seen in the smaller diprotodontids studied. As mentioned above, Zygomaturus has the 

unique character among the taxa studied of extensive contact between the magnum and 

cuneiform. 

 

Scaphoid 

 The scaphoid of Zygomaturus possesses a mixture of characters displayed by other 

zygomaturines and by Diprotodon (Fig. 17). As seen in Diprotodon, the radial facet is highly 

convex, rather than the relatively flat facet seen in other zygomaturines. The facet for the 

trapezium is proportionally similar to that seen in the other zygomaturines studied, but there is no 

unciform facet present; another apomorphy unique to Zygomaturus among the taxa studied. The 

posterior radio-scaphoidal ligament attachment surface is relatively smooth in Zygomaturus, but 

the medio-dorsal pit, for attachment of the m. brachioradialis, is quite deep. The pit on the medial 

plantar surface is also quite deep, similar to that seen in the other zygomaturines studied. There is 

no evidence of a lunatum in the manus of Zygomaturus. 

 

Carpal-Metacarpal Interface 

 The interface between the carpals and metacarpals in Zygomaturus is relatively flat, there 

being little or no evidence that significant flexion or extension could occur in these joints, similar 

to that seen in Diprotodon and Euowenia. 
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Metacarpal V 

 Metacarpal V of Zygomaturus is less highly modified than that seen in Diprotodon or 

Euowenia, and more closely resembles the plesiomorphic diprotodontid metacarpal V shape (fig. 

17). The lateral border is enlarged, to a similar degree as that seen in Vombatus, but the majority 

of the enlargement is on the proximal half of the lateral edge, rather than the distal half. The 

restriction of the majority of the lateral enlargement (although there is some along the entire shaft) 

to the proximal half is a characteristic shared with Diprotodon. The metacarpal V facet occupies 

approximately 2/3 of the proximal end, similar to that seen in Plaisiodon and Euowenia, and the 

distal facet is slightly keeled. As seen in the other zygomaturines studied, metacarpal V of 

Zygomaturus is isolated from the cuneiform by the unciform. 

 

Metacarpals II, III and IV 

 The middle three metacarpals of Zygomaturus are more elongate than in any other 

diprotodontid studied; only the metacarpals of Thylacoleo, Trichosurus and Phascolarctos display 

a greater degree of elongation. The unciform facet of metacarpal IV is rectangular, as it is in 

Diprotodon, but is also slightly saddle-shaped, though not to the degree seen in Trichosurus. The 

distal articular facets of the middle three metacarpals are rounded, again similar to that seen in 

Diprotodon, rather than the keeled surface seen in the other zygomaturines studied. Metacarpal II 

is slightly narrower than metacarpal III mid-shaft: a characteristic seen in modern vombatids, but 

not in the other diprotodontids studied. The trapezoidal facet of metacarpal II occupies 

approximately 2/3 of the proximal end, being similar to Nimbadon and Ngapakaldia in this 

regard, but the facet is more deeply concave than in these two taxa. 

 

Metacarpal I 

 Metacarpal I of Zygomaturus is short and blocky, being almost as wide as it is long, and 

approximately twice the width of metacarpal III, similar to that seen in Diprotodon. The facet for 

the trapezium is completely convex, as also seen in Trichosurus, but is also dorso-ventrally 
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flattened, again similar to that seen in Diprotodon. The distal facet is more medially facing than in 

Diprotodon and causes the first digit to project more medially (Figs. 10, 17). 

 

Phalanges 

 The proximal phalanges of Zygomaturus, while more elongate than in derived diprotodontines 

and vombatids, are relatively robust when compared to the other zygomaturines studied. The two 

distal plantar tuberosities of the proximal phalanges are present, but are relatively small when 

compared with taxa such as Nimbadon and Ngapakaldia. The proximal articular surfaces of the 

proximal phalanges are slightly concave and close to vertical, suggesting that the digits sat at the 

same level as the metacarpals in the fleshed manus (i.e. the manus was fully plantigrade). The 

joints between the proximal, medial and distal phalanges are all deeply curved, similar to that 

seen in Nimbadon and Neohelos. The ungual phalanges are more highly dorso-ventrally 

compressed than in any other taxon studied (Fig. 17), and a wider search of both metatherian and 

eutherian mammals failed to produce a similarly shaped phalanx: the closest match being the 

echidna (Tachyglossus aculeatus) and the marsupial mole (Notoryctes typhlops). The flexor 

tendon attachments of the ungual phalanges are also more highly developed than in most other 

taxa studied, being similar to Isoodon in this regard. The lengths of the digits of Zygomaturus, 

relative to the lengths of the metacarpals, are most similar to those of Ngapakaldia among the 

taxa studied. Digit I is proportionally longer than in most other taxa studied, the middle three 

digits are similarly proportioned to those in vombatids, and digit V is proportionally much longer 

than in Diprotodon or Euowenia, but much shorter than in Nimbadon. 

 

Humerus 

 The humerus of Zygomaturus is most similar to that of Diprotodon among the taxa studied, 

but the pectoral crest is more prominent in the former taxon; in this sense it is similar to 

Phascolarctos (Fig. 12). The supracondyloid foramen is present in Zygomaturus, as it is in most 

other zygomaturines studied, and the trochlear is only shallowly medio-laterally concave. The 

external epicondylic ridge terminates in a small hook, being significantly smaller than in 
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Nimbadon, but not being reduced to the rugose patch seen in the other zygomaturines studied. The 

lesser tuberosity is relatively small, and the lateral (scapular) deltoid crest is represented by a 

large, laterally projecting tuberosity, as is also seen in Diprotodon. The pectoral crest is separate 

from the deltoid crest, and is more highly developed than in any other taxon studied, being 

separated into mid-shaft and upper-shaft sections, similar to that seen in Kolopsis. The m. teres 

major insertion area is medially situated next to the deltoid crest and is extremely well developed, 

similar to that seen in Plaisiodon and Diprotodon, and the m. latissimus dorsi attachment area is 

represented by a large, raised, rugose area, similar to that seen in Ngapakaldia and Nimbadon, but 

shorter in extent. The external epicondylic ridge extends for approximately 1/3 of the humeral 

shaft, as seen in the other zygomaturines studied, but the flexor attachment area of the internal 

condyle is proportionally smaller than in all other taxa studied. The attachment areas for the m. 

brachioradialis and extensor muscles are separated into proximal and distal sections on the 

external epicondylic ridge, as is seen in Nimbadon. The attachment areas for the inner and outer 

heads of the m. triceps brachii are both represented by long ridges, most similar to that seen in 

Kolopsis. The coronoid and olecranon fossae are both relatively shallow, similar to that seen in 

the other zygomaturines studied. The humerus of Zygomaturus is longer relative to the ulna than 

in most other taxa studied, but is not lengthened to the degree seen in Diprotodon, being most 

similarly proportioned to Neohelos in this regard. 

 

Ulna 

 The ulna of Zygomaturus is again most similar to that of Diprotodon amongst the taxa 

studied. The olecranon process is deflected posteriorly and curves medially, an arrangement also 

seen in Diprotodon, and the IFA is amongst the lowest of the terrestrial taxa studied. The medial 

hollow for the m. flexor carpi ulnaris is quite deep, but the lateral hollow for the m. anconeus 

lateralis is shallow, Trichosurus being the only other taxon studied in which this is the case. The 

m. extensor digitorum profundus attachment area is rugose and extends along the majority of the 

shaft, as seen in Ngapakaldia and Nimbadon, and the m. supinator radii brevis attachment area is 

represented by a prominent tuberosity. There is some rugosity on the coronoid process where the 
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m. brachialis anticus attaches, as seen in Diprotodon, but the attachment area for the m. flexor 

pollicis longus or m. flexor digitorum superficialis is represented by a large, rugose knob; a 

feature not seen in any other taxon studied. The styloid process is spherical in shape, and the 

lateral neck of the process is slightly indented, as seen in Plaisiodon, Diprotodon and Euowenia. 

The styloid process is also angled slightly postero-laterally, a different orientation to that seen in 

any other taxon studied. There is no sign of a groove for the tendon of the m. extensor carpi 

ulnaris near the styloid process, similar to that seen in Diprotodon and Kolopsis. The radial facet 

is shorter, relative to the lateral sigmoid cavity, than in any other zygomaturine studied, but is not 

as short as is seen in the diprotodontines studied. It is not separated from the lateral sigmoid 

cavity, and the greater sigmoid cavity supports the humerus to a similar degree to that seen in 

Diprotodon and the other zygomaturines studied. 

 

Radius 

 The radius of Zygomaturus is also similarly shaped to that seen in Diprotodon, but the shaft is 

slightly curved, as seen in the other zygomaturines studied. The passage of the extensor tendons at 

the distal end is represented by a single wide and shallow groove, similar to that seen in Kolopsis. 

The distal end is triangular in cross-section, as seen in all but the most plesiomorphic 

diprotodontids studied. The m. pronator radii teres attachment area is longer than in any other 

diprotodontid studied, occupying the whole of the mid-shaft area, and is represented by a 

prominent, rugose ridge as seen in Phascolonus. There is extensive extensor muscle scarring on 

the postero-lateral edge of the radius, and the radial tuberosity, while being narrower than in the 

other zygomaturines studied, is wider than in the diprotodontines studied. The width of the 

scaphoidal facet, relative to the total distal width of the radius, is similar to that seen in Kolopsis. 

The angle between the shaft and humeral facet is lower than in any taxon studied except Isoodon, 

and the arterial foramen is level with the bottom of the radial tuberosity, as is seen in Diprotodon 

and Phascolonus. 
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5.4 Discussion: Functional morphological and palaeobiological interpretations 

 The interpretation of diprotodontid palaeobiology in this study hinges on the assumption that 

the observed osteological morphology can be used to predict function. Lauder (1995, 1996) 

cautions that such interpretations will only represent a “best guess” scenario, stating that motor 

programs in the central nervous system are the primary controller of function, and that individuals 

with identical morphologies can perform two entirely different functions if the motor program is 

different. Bryant and Seymour (1990) investigated the reliability of muscle reconstruction in 

fossil vertebrates. They found that muscles with a tendinous origin and/or insertion were more 

likely to leave a trace on the bone, while those where the muscle tissue directly attaches to the 

bone were less likely to leave a trace. Although the size and rugosity of a muscle attachment area 

may give some idea of the development of a given muscle, the proportion of the muscle that is 

tendinous, the cross sectional area of a muscle belly, and subsequent strength of that muscle, 

cannot be predicted from fossil skeletal material. Inferences listed below pertaining to joint 

mobility and muscle size, strength and attachment locations also thus represent a “best guess” 

scenario, and should be treated as such. Plotnick and Baumiller (2000) reviewed the role of 

functional analysis in predicting the palaeobiology of an extinct organism. They suggested that, 

while it can’t be predicted what an organism is incapable of, functional analysis can provide an 

idea of what an organism is capable of. Rudwick (1964) also noted that just because a structure 

indicates that a taxon may have been capable of a function doesn’t mean that the taxon did 

perform that function. It has been suggested that bones, acting as levers of the musculoskeletal 

system, can still provide evidence of the strength and range of movements a given organism is 

capable of (e.g. Plotnick and Baumiller 2000; Shockey et al 2007), and that extreme myological 

adaptations (e.g. for fossoriality) can leave less ambiguous marks on bones. Use of the 

“phylogenetic method” (viz. Plotnick and Baumiller 2000) (where closely related extant taxa 

exhibit similar morphology to a fossil taxon, that can then be used to infer function in the fossil 

taxon) is problematic when studying diprotodontids, as the entire family is extinct and wombats, 

their closest living relatives, possess a highly derived skeletal morphology relating to their 

fossorial lifestyle. Lauder (1995) and Plotnick and Baumiller (2000) also note that inferring 
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function in a fossil taxon from homologous structures in another taxon becomes more unreliable 

the greater the phylogenetic distance between those two taxa. As functional homologues are 

unavailable for diprotodontids, functional analogues, such as elephants or ground sloths, must 

instead be used.  

A study by DeGusta and Vrba (2003) showed that habitat prediction from astragalar 

morphology in modern bovids only had a 67% success rate. This demonstrates that even in a 

group with abundant modern representatives, palaeobiological inferences based on osteological 

morphology have a large capacity for error. Shockey et al (2007) used multiple methods (ratio 

comparison, bone morphology and PCA) to infer a fossorial habit for mesotheriid notoungulates, 

a group with no extant close relatives. In this study it was not possible to undertake principal 

component analyses (PCA) as in all diprotodontid taxa studied only composite skeletons were 

available for study (i.e. bones in each skeleton belonged to multiple individuals). The reliability of 

predictions made in this study is strengthened through comparison with taxa spanning a number 

of mammalian orders that demonstrate considerable locomotory and dietary diversity.  

Weisbecker and Sánchez-Villagra (2006), Weisbecker and Warton (2006) and 

Weisbecker and Archer (2008) have carried out studies involving the functional morphology of 

the Diprotodontian carpus. Taxa studied by them also studied here include Diprotodon, 

Thylacoleo, Ngapakaldia, Nimbadon, Zygomaturus and all extant taxa. Weisbecker and Sánchez-

Villagra (2006) established that carpal diversity in this group may be related to function; 

Weisbecker and Warton (2006) investigated the potential for predicting locomotor habit in 

diprotodontians through manual proportions, and Weisbecker and Archer (2008) studied the 

degree of convergence between macropodoid and vombatiform hands. This group of studies has 

established a suite of characters that appear to be useful in predicting locomotor habit within the 

group. Weisbecker and Archer (2008) address a key issue in stating that it has not been 

established whether the lunatum has been lost, or has become fused to the scaphoid. Stafford and 

Thorington (1998) suggest that fusion of these two bones increases stability in the carpus, at the 

cost of decreased mobility. However; if the lunatum is lost, rather than fused, the flexibility of the 

carpus will not necessarily be affected, thus in taxa such as Trichosurus and Phascolarctos, the 



  221

lunatum is absent but the carpus retains significant mobility. The findings of the studies involving 

diprotodontian marsupials listed above found that a decrease in mobility, to increase stability, was 

instead brought about through the flattening of articular surfaces within the diprotodontian carpus. 

Several authors have also shown that the marsupial forelimb is subject to considerable 

ontogenetic constraints, due to the initial crawl to the pouch required at birth (Lillegraven 1975; 

Sears 2004; Weisbecker et al 2008). This has been used to imply that: a) marsupial forelimb 

diversity is more constrained than in their placental counterparts (e.g. Sears 2004) and b) that the 

hindlimb demonstrates greater diversity than the forelimb: as it is not developmentally 

constrained (e.g. Szalay 1994, Sears 2004). As such it could be expected that the marsupial manus 

is less useful than the pes for predicting locomotor habit, and also potentially less useful for 

determining phylogenetic relationships. 

 

5.4.1 Sub-family Diprotodontinae 

5.4.1.1 Ngapakaldia 

5.4.1.1.1 Hindlimb morphological implications 

 The pes and hindlimb morphology of Ngapakaldia has much in common with Trichosurus, as 

has already been noted by Munson (1992) and Szalay (1994, pp. 272), and it demonstrates 

relatively little similarity to the more derived diprotodontines. The deeply medio-laterally concave 

tibial facet, large fibular facet, steep slope of these two facets and small pyramidalis facet of the 

astragalus all suggest a mobile upper ankle, with significant extension, inversion and eversion 

capabilities. The large tendon attachment areas on the lateral calcaneum also suggest the ankle 

was capable of significant flexion, and the large and deep cuboid facet suggests significant 

flexibility within the tarsus. The cuboid also displays similarities to the climbing animals studied 

(viz. Trichosurus and Phascolarctos), with a large groove for the m. peroneus longus tendon and 

a proportionally large metatarsal IV facet. The tarso-metatarsal interface is concave, indicating the 

digits were capable of a relatively large degree of flexion and extension. Argot (2002) notes that 

the lateral wing of metatarsal V of didelphids, to which the m. peroneus brevis attaches, has a 

distinctive shape associated with the particular habit of a given taxon. This lateral wing in 
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Ngapakaldia is similarly developed to that seen in Trichosurus and this, combined with the 

relatively small cuboid facet, would allow for significant abduction of the fifth digit: in turn 

allowing a much wider digital spread than that of which the larger diprotodontids would have 

been capable. The morphologies of the proximal articular surfaces of metatarsals II and IV also 

indicate that significant adduction/abduction may have been possible in the tarso-metatarsal joint. 

Munson (1992) suggested that the concave entocuneiform facet of metatarsal II would limit 

vertical movement in the joint. The dorso-ventrally saddle-shaped mesocuneiform facet would 

also limit movement in this plane, whilst allowing relative freedom of movement medio-laterally 

(viz. adduction/ abduction). The somewhat convex entocuneiform facet of metatarsal I is most 

similar to Nimbadon and Trichosurus, among the taxa studied, and suggests that digit I was 

opposable and capable of a relatively wide range of movement. The navicular is relatively small 

in Ngapakaldia, apparently serving little function as a weight-bearing element, and the 

entocuneiform facet is large and triangular. This suggests that the entocuneiform, and 

subsequently the hallux, were also capable of significant movement. Attachment areas for the m. 

flexores breves and m. interossei are also well developed, and indicate significant 

adduction/abduction capability in the pes of Ngapakaldia. The phalangeal articular facets are all 

deeply concave, and again indicate the digits were capable of significant flexion. The second and 

third digits display the marked reduction in size relative to the fourth and fifth digits, and 

similarity to each other, associated with syndactylism in modern vombatiformes. The first digit 

has both a proximal (or medial) phalanx and a remnant ungual phalanx, suggestive of a significant 

grasping ability. The highly developed distal plantar tuberosities of the proximal phalanges, to 

which the retinaculae that hold the flexor tendons in place attach, suggest that the digits were 

capable of extremely strong flexion. The deeply saddle-shaped articulations between the 

proximal, medial and ungual phalanges indicate that the digits were braced against lateral stresses, 

and the extent of these surfaces also indicates that the digits were capable of a large range of 

movement in the parasagittal plane. The ungual phalanges of Nimbadon have a strong flexor 

attachment area, and are medio-laterally compressed to a similar extent to that seen in 

Trichosurus, but are not flattened to the degree seen in Nimbadon or Phascolarctos. This medio-
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lateral flattening is the opposite of that seen in the fossorial vombatids, and groups Ngapakaldia 

with taxa that have significant climbing ability (e.g. Trichosurus, Phascolarctos), or taxa that may 

have ripped apart logs or termite mounds in search of food e.g. Palorchestes azael (Wells and 

Murray 1996).  

Oster et al (1988) noted that the limb is one of the most diversified organs in vertebrates. 

This is because the limbs interact directly with the substrate and can be involved in almost all 

aspects of an animal’s life including locomotion, grooming, food manipulation, den construction, 

climbing, digging and reproduction to name a few. As the majority of these functions are 

performed by the manus (as opposed to the pes), it could be expected that the manual morphology 

is indicative of both foraging and locomotory strategies, while that of the pes is more likely to 

reflect locomotory adaptations. The ungual morphology in the pes of Ngapakaldia thus most 

probably relates to a degree of climbing ability. 

The characters listed above all indicate that the pes of Ngapakaldia was capable of 

significant mobility, and displayed a number of similar adaptations to Trichosurus, suggesting 

that it was probably scansorial, as has been suggested by previous researchers (Plane 1985, 

Munson 1992). A number of adaptations including: the interlocking of the cuboid and navicular, 

the relative elongation of the cuboid, reduction in size of the navicular facet of the cuboid relative 

to the astragalar facet, the relatively robust ectocuneiform, the enlarged metatarsal V, the 

reduction in the degree of keeling of the phalangeal facets and relative robusticity of the 

metatarsals are shared with Ngapakaldia’s diprotodontid relatives, and indicate the terrestrial 

adaptations of the taxon. Szalay (1994, pp. 272) states “while Ngapakaldia probably was an able 

climber, it spent most of its time on the ground”, a finding supported by this research and 

underlining the importance of this taxon as an intermediate between the purported arboreal 

vombatiform ancestor (viz. Munson 1992; Weisbecker and Archer 2008), and the large, highly 

terrestrially adapted diprotodontids such as Diprotodon.  

 

5.4.1.1.2 Forelimb morphological implications 
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The elongate pisiform of Ngapakaldia, in combination with the poorly-developed facet 

for the styloid process of the ulna, is similar to that seen in Trichosurus, and suggests that the 

bone did not play a large support role. The pisiform may instead have been important in flexion 

and adduction of the manus, an elongate pisiform creating a longer lever arm for the m. flexor 

carpi ulnaris. This is partly counterbalanced by the well-developed attachment area for the m. 

flexor carpi radialis, the main abductor of the carpus, on the ventral scaphoid. Yalden (1972) 

suggested that a shallow styloid facet on the cuneiform was common in arboreal animals, and that 

a more deeply concave facet obstructed “deviational flexibility”. Among the taxa studied here 

Phascolarctos displays a relatively flat facet but Trichosurus displays a reasonably concave facet 

(as noted by Weisbecker and Sánchez-Villagra 2006), similar to that seen in Ngapakaldia, 

Nimbadon and Thylacoleo. This suggests that the shape of this facet may be a poor indicator of 

habitus in diprotodontian marsupials, and it is instead suggested that the orientation of the facet, 

relative to the styloid process, may be more indicative of habitus (more vertical in arboreal taxa, 

more horizontal in graviportal taxa). The large pit seen below the unciform facet of the cuneiform 

(probably representing a storage area for synovial fluid), in combination with the relatively large 

cuneiform and scaphoidal facets of the unciform, suggests that the proximal carpus of 

Ngapakaldia was capable of significant mobility in the coronal plane, again similar to that seen in 

Trichosurus. As noted by Munson (1992) and Weisbecker and Archer (2008), the interface 

between the cuneiform-scaphoid and the unciform-magnum forms a flexible ball-joint similar to 

that seen in Trichosurus. There is also evidence of a large synovial fluid storage area below the 

articulation of the unciform and magnum, potentially indicating medio-lateral flexibility of the 

carpus. Strong flexional capability is indicated by hyper-development of the palmar process of the 

unciform, to which the flexor retinaculum attaches, the process being better developed in 

Ngapakaldia than in any other taxon studied. Weisbecker and Archer (2008) suggested that this 

process is a measure of the development of the flexor tendons of the manus (the larger the 

process: the greater the volume of the flexor tendon mass), and is usually highly developed in 

arboreal taxa. As such it seems likely that this feature indicates some climbing ability in 

Ngapakaldia. The well-developed attachment area for the m. brachioradialis on the scaphoid 
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indicates that Ngapakaldia was capable of both strong flexion of the elbow and strong supination 

of the manus. 

 The degree of curvature of the interface between the carpus and metacarpus of Ngapakaldia 

indicates less flexibility than is seen in Trichosurus or Phascolarctos, but more than in the more 

derived diprotodontines. The highly-keeled distal facets of the metacarpals indicate that the digits 

were braced against lateral stress, possibly indicating that they were used in a role other than basic 

terrestrial locomotion. The fact that the metacarpals of Ngapakaldia are relatively robust when 

compared to those of Nimbadon or Trichosurus may represent a diprotodontine synapomorphy, 

related to terrestrial locomotion, culminating in the metacarpals of Diprotodon, that function 

almost exclusively in a weight-bearing role. Despite the relatively short metacarpals, the proximal 

phalanges of Ngapakaldia are proportionally longer than in most other taxa studied. Relative 

elongation of the digits has been used by several authors (e.g. Jolly 1967; Taylor 1974; Van 

Valkenburgh 1987; Argot 2001; Weisbecker and Archer 2008) to imply a scansorial or arboreal 

habit, and so the elongate phalanges of Ngapakaldia may be a reflection of its climbing ability. 

The highly-developed distal plantar tuberosities of the proximal phalanges, to which the 

retinaculae that hold the flexor tendons in place attach, suggest that the digits were capable of 

extremely strong flexion. Argot (2001) cites the development of this flexor tendon groove as an 

adaptation to arboreal locomotion in didelphids, the strong flexion “used for securing grips and 

increasing frictional forces around branches during the propulsive phase of a locomotor cycle”. 

The deeply saddle-shaped articulations between the proximal, medial and ungual phalanges 

indicate that the digits were braced against lateral stresses, and the extent of these surfaces also 

indicates that the digits were capable of a large range of movement in the parasagittal plane. The 

ungual phalanges of Nimbadon are medio-laterally compressed to a similar extent to that seen in 

Trichosurus, but are not compressed to the degree seen in Nimbadon or Phascolarctos. This 

medio-lateral flattening is the opposite of that seen in the fossorial vombatids, and groups 

Ngapakaldia with taxa that have significant climbing ability (e.g. Trichosurus, Phascolarctos), or 

taxa that may have ripped apart logs or termite mounds in search of food e.g. Palorchestes azael 

(Wells and Murray 1996). Macleod and Rose (1993) carried out an extensive survey of 
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mammalian ungual phalanges, and concluded that a highly curved and medio-laterally 

compressed ungual phalanx is indicative of an arboreal or scansorial habit, as has also been found 

by others (Van Valkenburgh 1987; Argot 2001; and see also Hildebrand and Goslow 2001 for 

review). Weisbecker and Archer (2008) considered both Ngapakaldia and Nimbadon to have been 

semi-arboreal due to their flexible wrists, gracile digits and curved ungual phalanges. 

Aspects of the humerus of Ngapakaldia including the shape and size of the deltoid crest, 

the development of the external epicondylic ridge, and the relatively small lesser trochanter all 

suggest that Ngapakaldia was not well suited to digging. The similarity between several aspects 

of the humerus of Ngapakaldia and that of Trichosurus including the extent of the external 

epicondylic ridge, the size of the supracondyloid foramen, the development of the lesser 

trochanter, the attachment area for the m. latissimus dorsi, and the length of the humerus relative 

to the ulna all suggest that these two taxa may have used their forelimbs for similar functions. The 

muscle attachment areas associated with flexion and extension of the elbow are not as well 

developed as in vombatids, but those associated with medio-lateral movement of the forearm are 

relatively well developed, indicating that the elbow of Ngapakaldia was capable of a significant 

range of movement. The fact that the greater sigmoid cavity wraps around the humeral trochlea 

more than in most other diprotodontids studied, and to a similar degree to that seen in Thylacoleo, 

supports the idea of significant elbow mobility by indicating that the elbow was braced against 

forces acting in multiple directions. 

 Aspects of the limb bone morphology of Ngapakaldia potentially relating to a terrestrial 

habitus include the relatively weak attachment areas for the m. brachialis anticus and m. triceps in 

the upper arm, and for many of the muscles associated with flexion and extension of the manus. 

This is consistent with a limb that is held vertically most of the time, being neither held in the 

semi-flexed position employed by climbing taxa (such as Trichosurus and Phascolarctos), nor 

that employed by fossorial taxa (such as vombatids). 

 

5.4.1.2 Euowenia 

5.4.1.2.1 Hindlimb morphological implications 
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 The palaeobiological implications of the pedal morphology of E. grata have been discussed in 

detail by Camens and Wells (2010). They noted that the pes of E. grata displays many of the 

adaptations seen in D. optatum thought to be associated with a graviportal lifestyle. They also 

suggested that E. grata displays a number of characters including: a more robust tibia and fibula, 

a proportionally larger pes, fused ecto- and entocuneiforms, flattened astragalar facet of the 

calcaneum and robust soft tissue support that may indicate the taxon could rear up against trees in 

search of food. Alexander (1989) noted that if a fossil taxon were capable of rearing up against 

trees, then it must have a mechanism for moving the centre of its body mass over the hindlimbs. A 

more complete skeleton of E. grata is needed before it can be determined whether or not the 

majority of the body mass rested on the hind limbs. Euowenia grata also had a larger portion of 

the body mass resting over the postero-medial pes than is seen in D. optatum, and movement 

within the tarsus may have been less restricted in the former species, though it was still relatively 

inflexible. The observed morphology of Euowenia thus demonstrates that Pliocene, as well as 

Pleistocene, diprotodontines possessed hindlimbs primarily adapted to a weight-bearing role. 

 

5.4.1.2.2 Forelimb morphological implications 

Despite the only forelimb specimens of Euowenia being composed of highly fractured, 

left and right lower ulna/radius and manus, some functional inferences can still be put forward. 

The large pisiform, while not enlarged to the degree seen in Diprotodon, clearly plays an 

important weight-bearing role in the manus of Euowenia, as evidenced by the large facet 

supporting approximately half of the styloid process of the ulna. The ball-and-socket joint 

involving the styloid process of the ulna, the pisiform and the cuneiform, combined with the 

concave distal radius and convex proximal scaphoid, indicate that the proximal tarsus of 

Euowenia was capable of a degree of movement in the parasagittal plane. When this mobility is 

considered in combination with the enlarged, posteriorly projecting pisiform (as is also seen in 

Diprotodon and, to a lesser degree, Zygomaturus) it seems likely that the large tendon of the m. 

flexor carpi ulnaris (that inserts onto the distal pisiform) may have been used to increase leverage, 

and hence power, for the push-off phase during locomotion, similar to the tendons of the m. 
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gastrocnemius and m. soleus in the hind limb. This hypothesis is further enforced by the relatively 

deep scaphoidal pit where the tendon of the m. flexor carpi radialis attaches. 

 The majority of the articular surfaces of the medial and distal carpus of Euowenia are flat or 

only slightly curved, indicating that there was little movement between carpals, and that the 

carpo-metacarpal interface was relatively inflexible. The fifth metacarpal is enlarged along the 

lateral edge, similar to that seen in Diprotodon, and, while this significantly increases the 

attachment area for the m. extensor digiti minimi, it most likely represents an adaptation to 

weight-bearing on the outer border of the manus. Unlike in the pes, the middle three digits of the 

manus of Euowenia are well developed, the metacarpals being more robust than in most other 

taxa studied, potentially indicating that the digits (or at least the metacarpals) played a significant 

role in weight-bearing. The gentle keels on the distal metacarpals are similar to those seen in 

Zygomaturus and may indicate that the digits of Euowenia were subject to (and hence braced 

against) greater lateral stresses than were those of Diprotodon, possibly due to the former moving 

over a more uneven substrate. The phalangeal morphology of Euowenia, both in the articular 

surfaces and the tendon attachment areas, suggests that the digits were incapable of significant 

flexion or extension. The generalised shape of the ungual phalanges also suggests that they were 

not well adapted for digging or climbing, and may have been restricted to a grooming function 

(assuming adequate flexibility in the proximal forelimb). It is also possible that ontogenetic 

constraints are the only reason that the digits of both Diprotodon and Euowenia are not reduced to 

a similar degree as that seen in the pes. 

 The absence of a supracondyloid foramen in the humerus of Euowenia may be evidence that 

the limb was held close to vertical. This would mean that the median nerve and brachial artery, 

which usually pass through this foramen (see Landry 1958 for discussion), would not need a bony 

structure to hold them in place, as the limb is being infrequently bent. As Landry (1958) noted 

“taking mammals as a whole, the more restricted the movements of the forearm the more likely is 

the entepicondylar [supraconyloid] foramen to be lacking”. Landry (1958) thus considered the 

foramen to be “a retinaculum, which prevents the median nerve from cutting across the angle of 

the elbow”. It is suggested that the presence of this foramen may be a key factor in reconstructing 
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the position in which the forelimbs were held in diprotodontids. However; the fact that the deltoid 

crest of the humerus of Euowenia curves slightly around where the m. brachialis anticus would sit 

may indicate that this muscle was better developed than in Diprotodon (where the deltoid crest 

does not curve around), and subsequently that Euowenia was better capable of flexion at the 

elbow than was Diprotodon. The prominence and distal positioning of the process for attachment 

of the scapular deltoid may relate to the large forces needed to move the forelimb during 

locomotion. This muscle is involved in abduction and flexion of the shoulder and a distal 

attachment area would significantly restrict movement of the proximal forelimb, while also 

resulting in lower gearing of the muscle group (also including the clavicular deltoid) that move 

the forelimb during locomotion. The relatively small coronoid fossa may indicate that the 

coronoid process of the ulna was proportionally smaller than in Diprotodon, and so played less of 

a weight-bearing role. The external epicondylic ridge is represented by a rugose patch in 

Euowenia, suggesting that the manual extensors were also poorly developed. This is supported by 

the poor development of the grooves in the distal ulna for the m. extensor carpi ulnaris and m. 

extensor digitorum profundus, and of the distal radius for the m. extensor carpi radialis and m. 

extensor pollicis longus. 

 The forelimbs of Euowenia thus demonstrate a taxon primarily adapted to a weight-bearing 

role, with limbs held close to vertical (as seen in elephants), and digits that were probably 

restricted to a grooming and pouch manipulation role in adult individuals. However; given that 

the pouch probably faced backwards in diprotodontids (as seen in wombats), it seems unlikely 

that the forelimbs were used for pouch manipulation in any of the larger diprotodontids. 

 

5.4.1.3 Diprotodon 

5.4.1.3.1 Hindlimb morphological implications 

 The osteology of D. optatum has been the subject of multiple publications since its original 

description by Owen in 1838 but, other than the study carried out by Stirling and Zeitz (1899) on 

the manus and pes of D. optatum, in-depth palaeobiological and functional investigations of the 

taxon are lacking. Owen (1870) described the skeletal morphology in detail, but the manus and 
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pes of D. optatum were unknown at that time. The first complete manus and pes were discovered 

at Lake Callabonna in the 1890s and were described by Stirling and Zeitz (1899). Their 

monograph gave detailed morphological descriptions, but functional interpretation of the 

observed morphology was limited to comments relating to the weight-bearing roles of various 

elements. 

 The hind limb and pes morphology of D. optatum is dominated by characters relating to their 

graviportal lifestyle. The elongate astragalus, with a large, spherical cubo-navicular facet, allows 

transferral of a large portion of the weight to the cuboid and metatarsal V on the lateral part of the 

pes and to the navicular and hallux on the medial edge. The flat tibial facet of the astragalus and 

large pyramidalis both help to hold the proximal tarsus rigid in a weight-bearing role, preventing 

inversion/ eversion of the pes, and the lateral process on the tibial facet helps to prevent lateral 

slip in this joint. Szalay (1994, pp. 273) considered the flat tibial facet of the astragalus of 

Diprotodon to represent an alternative strategy (for ankle support in terrestrial locomotion) to the 

medio-laterally concave facet seen in Zygomaturus and palorchestids. However; when additional 

taxa are examined, it becomes apparent that, among diprotodontids, generally the smaller 

members have highly concave facets and these facets become increasingly flatter with increasing 

body size, culminating in the almost completely flat facet seen in Diprotodon. The protuberance 

on the medial edge of the tibial facet of the astragalus was noted by Stirling and Zeitz (1899) to 

also occur in the South American ground sloth Megatherium, and was recognised as being a 

major contributor to proximal ankle stability. 

The massive calcaneal tuber indicates large gastrocnemial and soleus tendons, suggesting 

that the pes of Diprotodon was low-geared for strength during the push-off phase of locomotion. 

Szalay (1994, pp. 274) suggests that the expansion of the calcaneal tuber was for weight-bearing, 

but the extreme rugosity of the tuber also indicates strong tendon attachment. 

The large cuboid again suggests a significant portion of the weight rested on the lateral 

border of the pes, and the tenon-mortise cubo-navicular articulation prevents vertical slip in the 

tarsus. The short astragalo-navicular articulation indicates that the navicular was held tightly in 

place, and the uniquely posteriorly-projecting hallux combines with this to form a strong weight 
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support base on the medial pes. Some authors (e.g. Winge 1941) have suggested that the weight 

rested primarily on the outer border of the pes in Diprotodon but Stirling and Zeitz (1899) 

correctly noted in their original description of the pes that enlargement of the outer border for 

weight support was counterbalanced by enlargement of the navicular, hallux and medial curve of 

the calcaneum. 

The restriction of movement in the pes is also reflected in the digits, with the proximal 

articular surfaces of the metatarsals being flat and capable of little movement, and the cuboid and 

ectocuneiform wedging metatarsal IV in place. The continuation of the cuboid facet onto the 

lateral process of metatarsal V seen in Diprotodon also helps to stabilise the pes for terrestrial 

locomotion, as noted by Argot (2002) for the didelphid Metachirus. The gross enlargement of 

metatarsal V reflects adaptation towards a weight-bearing role, while the extreme reduction in 

size of metatarsals II and III indicates the inner digits of Diprotodon probably performed no 

significant function. The size disparity between the second and third digits of D. optatum, with the 

ungual phalange of the second digit being level with the medial phalange of the third, may 

indicate that these digits did not demonstrate the syndactyly noted in all extant diprotodontians by 

Weisbecker and Nilsson (2008). Stirling and Zeitz (1899) suggested the reverse to be true, in that 

the reduction in size of the fourth digit (as well as the second and third) may have meant that all 

three digits were syndactylous. The hind limb morphology suggests that Diprotodon was not 

capable of lifting the hind limb very far off the ground, in turn suggesting that the pes was 

probably incapable of performing a significant grooming function, despite the in-turning of the 

toes. The femur of Diprotodon was also primarily adapted to a columnar, weight-bearing role, 

capable of little flexion at the knee. The medio-lateral elongation of the femoral shaft suggests 

that the hind limbs of Diprotodon were braced primarily against stresses in the transverse plane. 

Increased stress levels in this plane may result from the hind limbs being in a somewhat sprawling 

stance (through abduction of the femur), rather than being positioned in underneath the body. The 

long femoral neck would also increase the distance between the two hind limbs. This large space 

between the hind limbs may reflect a large gut, associated with the large amounts of low quality 

forage Diprotodon consumed. Alternatively it may relate to the space needed for young carried in 
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the pouch: as can be seen in wombats, quadrupedal marsupials require a significant space between 

their legs to make room for the pouch. This raises the intriguing possibility of sexual dimorphism 

in Diprotodon trackways, at least when the female is carrying a joey, with the males employing a 

narrow-gauge gait and the females employing a wide-gauge gait (see Chapter 4). Biewener (1989) 

notes that, in placental mammals, increase in body size is accompanied by a change in limb 

posture, from the crouching posture of small taxa to the more upright posture of large taxa. 

Although the limbs of large diprotodontids such as Diprotodon and Zygomaturus are more pillar-

like than in smaller marsupials, their femoral morphology (as described above), as well as 

information garnered from fossil trackways (see Chapters 3 and 4 of this thesis), indicates that 

they employed a more sprawling stance than their placental equivalents.  

The enlargement of the anterior process of the internal condyle (or MTR: medial trochlear 

ridge) may represent a knee-locking mechanism, similar to that seen in horses, as discussed by 

Camens and Wells (2010). Hermanson and MacFadden (1996) demonstrated that enlargement of 

the MTR in modern equids was accompanied by a medial groove that the patella sits in when the 

joint is locked. There is no groove present in Diprotodon, but this could be explained by the 

absence of the patella in this taxon (it is instead represented by a tendinous patch): the softer, 

tendinous fibre still allowing joint locking, but without resulting in a facet forming on the MTR 

(formed by contact with the patella in equids). Alternatively (and as suggested by Hermanson and 

Macfadden 1996), development of the MTR may not relate to a knee-locking mechanism. It has 

been demonstrated that, in bovids (Kappelman 1988) and ruminant artiodactyls in general Janis et 

al (2010), expansion of the MTR potentially represented an adaptation to living in more open 

habitats. Thus the development of this structure in Diprotodon may simply reflect its habitat 

preferences. An alternative suggested by Janis et al (2010) is that the MTR prevents medial 

slippage of the patella. In the case of Diprotodon the MTR may have helped prevent medial 

slippage of the tendinous mass over the knee, particularly if the femur was held distally abducted 

from the sagittal plane. 

The femur also displays a high degree of elongation relative to the tibia: again attesting to 

the graviportal nature of the taxon. The large fabella indicates a large m. gastrocnemius and m. 
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soleus, and the ligamental attachment areas of the proximal and distal tibia and fibula indicate a 

strongly braced distal limb. Munson (1992) suggested that enlargement of the fabella increased 

the attachment area for the m. biceps femoris, but my dissections of L. latifrons indicate that this 

muscle inserts on the shaft of the fibular rather than the fabella, as found in Vombatus by Sonntag 

(1922) and in T. vulpecula by Barbour (1963). 

This study supports the findings of previous researchers, in that the hind limb morphology 

of Diprotodon primarily reflects adaptation towards a weight-bearing role. It is suggested that 

gross development of the m. soleus and m. gastrocnemius tendons, as evidenced by the large 

calcaneal tuber and fabella, may have been related to low-geraing for strength during locomotion. 

Morphology of the knee and hip joints indicates that the hind limb was incapable of a large degree 

of mobility, with the pes thus being incapable of performing a significant grooming function. The 

function of the enlarged MTR of the femur is unclear, relating to a combination of factors 

potentially including: locking of the knee joint, a sprawling stance and adaptation to open 

habitats. Relative inflexibility of the tarsus also indicates that Diprotodon was not well adapted to 

moving over uneven ground, being better suited to moving long distances over the open, flatter 

areas of much of interior Australia. Diprotodon displays an apparently unique trend related to 

weight-bearing which may have culminated in the almost complete loss of pedal digits. As noted 

by Stirling and Zeitz (1899) only the fifth digit appears to have played a significant role in 

weight-bearing, the tarsus supporting the majority of the weight. The hallux no longer functions 

as a digit, but instead has been absorbed into the tarsus, effectively becoming another tarsal 

element, helping to support the weight on the inner border of the pes. This is in stark contrast to 

that seen in the largest placental mammals, which instead adopt a digitigrade stance (i.e. 

Loxodonta, Ceratotherium, Hippopotamus), the weight being almost completely transferred from 

the tarsus to the digits and, in some cases, a large, fleshy cushion (e.g. Ramsay & Henry 2001; 

Weissengruber et al 2006). 

 

5.4.1.3.2 Forelimb morphological implications 
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As mentioned above for Euowenia, the pisiform of Diprotodon is a major weight-bearing 

element in the carpus, and would also have allowed the tendon of the m. flexor carpi ulnaris to act 

in a similar way to those of the m. soleus and m. gastrocnemius, providing a strong lever arm for 

the push-off phase of locomotion. The cup shaped articulation for the styloid process of the ulna, 

combined with the highly convex radial facet of the scaphoid, may indicate that the proximal 

carpus of Diprotodon was capable of a reasonable degree of movement in the parasagittal plane, 

but movement in other planes was extremely limited. The pisiform is also proportionally wider 

than in any other taxon studied, assisting in spreading out the weight resting on the carpus over a 

larger area. The large facet for the styloid process of the ulna, on both the pisiform and cuneiform, 

also indicates the importance of these bones for weight-bearing, a larger contact allowing for 

more efficient weight transferral. The scarred surface of the cuneiform indicates significant 

ligamental attachment, combining with the flat pisiform and unciform facets to result in very little 

flexibility between the three bones. Significant contact between the pisiform and unciform further 

restricts the mobility of this joint in Diprotodon. Similarly, the flat scaphoidal articulation of the 

unciform and magnum restricts flexibility in the middle carpus. Weisbecker and Archer (2008) 

noted that the junction of the cuneiform and scaphoid with the unciform and magnum formed a 

“completely inflexible angular joint” in the mid-wrist of Diprotodon; this is supported by the 

ligamental scars on all bones concerned. The distal facet of the unciform indicates that the 

majority of weight received by this bone was transferred to the fifth metacarpal (with a much 

smaller portion being transferred to the fourth), and the small to absent palmar process suggests 

that the flexor tendons were relatively poorly developed. The main function of the blocky 

magnum of Diprotodon also appears to be related to weight-bearing, the base of the magnum 

being proportionally wider than in most other taxa studied.  

The proximal articular surfaces of the metacarpals of Diprotodon are flatter than in any 

other taxon studied, indicating that very little flexion-extension could take place in this joint. As 

seen in Euowenia, the metacarpals are extremely robust, again reflecting their probable weight-

bearing role. The lateral border of the fifth metacarpal of Diprotodon is grossly expanded, to the 

point where it seems likely that ligaments attaching directly to the cuneiform were present. This 
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would have further restricted mobility, and further increased stability, in the carpus. The distal 

articular surfaces of the metacarpals are blocky spheres. Weisbecker and Archer (2008) suggested 

that this flatter articular surface (between the metacarpals and proximal phalanges) may more 

efficiently transfer weight, through increasing the contact area between the two bones. If the digits 

of the manus played a weight-bearing role then it could be expected that the metacarpo-

phalangeal interface would interlock fairly tightly, but the relatively loose articulation seen in 

Diprotodon suggests that the digits did not function in this capacity. The orientation of the 

proximal facets of the proximal phalanges indicates that the carpo-metacarpus sat only slightly 

higher than the digits leading to two possible scenarios. The first is that the fleshy pad beneath the 

carpo-metacarpus was very thin and the digits rested on the ground during locomotion, with the 

result that they would have played a weight-bearing role. The second is that the carpo-metacarpal 

pad was relatively thick and that the digits were held up off the ground during locomotion (as 

suggested by Weisbecker and Archer 2008). It is suggested here that, based on both digital and 

carpal morphology, the second scenario is more likely. This is supported by Diprotodon 

trackways from Victoria that display clear impressions of the carpal and metacarpal pads but do 

not show evidence of digital pads (see Chapter 4 of this thesis). The manual digital indices used to 

predict locomotor function should be selected with care when examining diprotodontians. 

Weisbecker and Archer (2008) used length to mid-shaft width ratios to predict locomotor function 

and found that Diprotodon grouped with modern arboreal taxa, Ngapakaldia, Nimbadon and 

Thylacoleo. The index used here (modified from Munson’s [1992] character 51), digit length 

relative to corresponding metacarpal length, appears to discriminate better, with arboreal taxa 

variably grouping with Ngapakaldia, Nimbadon and Thylacoleo but not Diprotodon. The 

generalised ungual morphology of Diprotodon, being neither dorso-ventrally nor medio-laterally 

compressed, and having a poorly developed process for flexor tendon attachment, reinforces the 

hypothesis that the manual digits did not perform a significant function in the adult Diprotodon. 

As such Diprotodon may represent one of the best examples of heterochronic constraint, the 

manual digits being necessary for the initial crawl to the pouch but performing no function in the 

adult. 
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As mentioned above for Euowenia, the absence of the supracondyloid foramen in the 

humerus of Diprotodon may have major implications for the way in which the forelimbs were 

held (i.e. lack of foramen indicates more upright stance). Owen (1870:566) suggested that the 

forelimbs of Diprotodon had greater rotatory ability than those of the elephant, but that this 

probably related to the necessity of being able to manipulate the pouch. The morphology of the 

humeral articular and muscle attachment areas suggest that the forelimbs of Diprotodon were 

probably more restricted than in any other diprotodontid studied. In addition, given that the pouch 

probably faced backwards in Diprotodon, it seems unlikely that the forelimbs could have played 

any significant role in pouch manipulation. The m. teres major attachment area is more poorly 

developed in Diprotodon than in any other taxon studied, suggesting that Diprotodon was capable 

of relatively weak retraction of the proximal limb and flexion of the shoulder. The extremely large 

attachment for the scapular deltoid may relate to moving the forelimb during locomotion, but the 

process is absent in similar large-bodied taxa exhibiting columnar limb morphology, such as 

elephants (Loxodonta and Elephas). The exact function of this process in Diprotodon thus 

remains a mystery; it is hard to imagine why the abductors of the proximal forelimb would be so 

well developed, when the adductors are disproportionately small. The poorly-developed external 

epicondylic ridge indicates that the manual extensors were also poorly developed in Diprotodon, 

as mentioned above for Euowenia. The proportionally long humerus, relative to the ulna, is 

another indication that the limbs of Diprotodon were adapted to weight-bearing and moving at 

relatively slow speeds. 

Diprotodon is often quoted as having no olecranon process (e.g. Munson 1992) but this 

observation is ignorant of the fully extended position in which the forelimbs are held. When it is 

taken into account that the olecranon process of Diprotodon is deflected posteriorly, and 

measurements are adjusted accordingly, it is found that the process is proportionally similar to 

that found in almost all other diprotodontids studied. While it is unlikely that the deflected 

olecranon of Diprotodon relates to a digging function, it would provide significant leverage for 

the m. triceps in keeping the limb in a fully extended position. Attachment areas on the ulna and 

radius for most muscles relating to the flexion or extension of the manus are poorly developed in 



  237

Diprotodon, suggesting that the manus was incapable of a large degree of movement. The 

coronoid process of the ulna is well developed in Diprotodon. This feature serves to change the 

orientation of the humeral facet of the ulna, when the forelimb was held extended, thus allowing 

the ulna to act more efficiently in a weight-bearing role. The short radial facet of the ulna may 

indicate that the radius was locked in against the ulna and restricted in mobility, in turn restricting 

the inversion-eversion capabilities of the manus. 

 

5.4.2 Sub-family Zygomaturinae 

5.4.2.1 Nimbadon 

5.4.2.1.1 Hindlimb morphological implications 

 The deeply concave tibial facet of the astragalus indicates that the proximal tarsus of 

Nimbadon was capable of a greater degree of inversion and eversion than in all other 

diprotodontid taxa studied, being similarly flexible to that seen in Trichosurus in this sense, but 

movement in the parasagittal plane is more restricted in the latter. The cubo-navicular facet of the 

astragalus is also more anteriorly projecting than in most other taxa studied, similar to that seen in 

Trichosurus and Ngapakaldia, suggesting that much of the weight rested on the digits. This is 

supported by the steeply sloping astragalar facet of the calcaneum which would also help to 

transfer the weight towards the front of the pes. Contact between the astragalus and cuboid is 

proportionally smaller in Nimbadon than in any other taxon studied. Szalay (1994, pp. 271) 

suggests that this is indicative of arboreal taxa, while terrestrial taxa usually have significant 

contact between the two bones, as exemplified by Diprotodon. The cubo-navicular interface also 

suggests that a significantly greater degree of flexion was possible across the tarsus than in the 

other diprotodontids studied. The metatarsal IV facet of the cuboid is larger than the adjacent 

facet for metatarsal V, as is seen in Ngapakaldia and Trichosurus, and the dorsal protuberance 

above these two facets would help prevent hyper-extension of the two digits: suggesting that they 

were capable of a large degree of flexion and extension. The ligamental attachment areas between 

the cuboid and ectocuneiform being poorly developed in Nimbadon is similar to that seen in 

Phascolarctos, and again suggests that the tarsus was relatively flexible. The shape of the cubo-



  238

navicular/ cuneiform interface also suggests that the inner digits were capable of a significant 

degree of movement. The deep groove in the cuboid for the m. peroneus longus tendon, coupled 

with the well-developed attachment area for the m. abductor minimi digiti brevis, and the 

elongate, semi-opposable first digit, also indicate that Nimbadon had significant grasping ability 

in the pes. The relatively large entocuneiform facet of the navicular, similar to that seen in 

Trichosurus, also suggests that the first digit was relatively mobile. The tibial facet of the 

navicular is large: a characteristic that seems to be associated with climbing ability, as it is seen in 

Phascolarctos, Trichosurus and Thylacoleo among the taxa studied here. The development of the 

attachment area for the m. tibialis anterior on the entocuneiform indicates that Nimbadon was 

capable of strong inversion of the pes: an important characteristic for grasping branches during 

climbing. The shape of the tarso-metatarsal interface indicates that a wide range of medio-lateral 

as well as dorso-ventral movement was possible in this joint in Nimbadon. The metatarsals of 

Nimbadon have deep pits for attachment of the intrinsic muscles of the pes associated with 

adduction and abduction of the digits. They are also relatively elongate, metatarsals II and III 

displaying a degree of elongation similar to that seen in Trichosurus and Phascolarctos. The 

phalangeal articulations indicate that the metatarsus probably sat significantly higher than the 

digits (i.e. a somewhat digitigrade stance), and that the digits were capable of significant flexion 

and extension. The positioning of the tarsus slightly above the metatarsus is also supported by the 

orientation of the cubo-navicular articulation of the astragalus: the angle between it and the tibial 

facet being higher than in any other diprotodontid studied. The hyper-development of the plantar 

tuberosities of the proximal phalanges, for attachment of the m. flexor digitorum brevis, coupled 

with the large attachment areas on the ungual phalanges, for attachment of the m. flexor digitorum 

longus, indicates powerfully geared flexion in the digits. The extreme medio-lateral flattening of 

the ungual phalanges, similar to that seen in Trichosurus, also attests to the strong grasping ability 

of Nimbadon. The femur of Nimbadon has a number of features in common with the climbing 

taxa studied including: a relatively poorly-developed gluteal ridge, a well-developed lesser 

trochanter and distal condyles of equal height. A prominent ridge between the femoral facets of 

the tibia indicates that the knee was braced against lateral stresses, and the tibia is more elongate 
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than in the vombatids and larger diprotodontids studied. The fabellar articulation of the fibula is 

similar to that seen in Phascolarctos, and would provide a strong attachment area for the m. 

gastrocnemius and m. soleus muscles associated with flexion of the pes. The disto-lateral groove 

in the fibula for the peroneal muscles also indicates that Nimbadon was capable of strong eversion 

of the pes. The morphological characters listed here suggest that Nimbadon had much in common 

with Phascolarctos and Trichosurus, and was probably scansorial. Nimbadon also displayed 

fewer characters related to a terrestrial lifestyle than the other diprotodontids studied, being most 

similar to Ngapakaldia in pedal morphology. It is important to note that, based on their dental and 

cranial morphology, Ngapakaldia and Nimbadon are both considered plesiomorphic 

diprotodontids (e.g. Black 2008). Their morphological similarities may thus represent their 

temporal proximity to a shared diprotodontid ancestor, rather than the two genera occupying 

similar niches. It is also possible that vombatomorphians shared an arboreal ancestor (viz. 

Munson 1992; Weisbecker and Archer 2008) and so the hypothetical scansorial adaptations 

observed in this study may represent homologous characters, rather than derived adaptations to a 

particular habitus. Given the ~10 Ma gap between Ngapakaldia and Nimbadon, it is tempting to 

suggest that these characters were in fact apomorphic for the latter taxon, and that Nimbadon 

occupied a scansorial niche, significantly different from those occupied by other diprotodontids 

during the middle Miocene. 

 

5.4.2.1.2 Forelimb morphological implications 

As noted by Weisbecker and Archer (2008) the manus of Nimbadon has much in common 

with those of both Ngapakaldia and Trichosurus, potentially in relation to a semi-arboreal 

lifestyle. One key issue that has not been addressed in previous studies, when comparing the 

manual morphology of Trichosurus to early diprotodontids such as Ngapakaldia and Nimbadon 

(e.g. Munson 1992; Weisbecker and Archer 2008), is that the functional roles of the observed 

manual morphology of the former have not been addressed. Although increased mobility and 

flexibility of the forelimbs, elongate digits and high, curved unguals may be utilised by 

Trichosurus in a climbing context, these adaptations may also (or instead) relate to foraging 
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strategies employed by this taxon (i.e. pulling branches within in reach, grasping food items etc.). 

As such the morphological similarities seen between Trichosurus and the primitive diprotodontid 

taxa studied may instead correlate with similar foraging strategies, or an additional, unidentified 

function.  

The manus of Nimbadon is also found here to have much in common with that of 

Phascolarctos, reinforcing the hypothesis that the former was capable of a degree of arboreal 

activity. The apparent mobility of the ulno-carpal articulation suggests that the proximal carpus 

was capable of significant inversion-eversion. The radio-scaphoidal joint is also similar to that 

seen in Trichosurus, and was probably capable of a similar range of movement. The prominent m. 

brachioradialis scar on the antero-dorsal scaphoid provides further evidence of the rotatory ability 

of the proximal carpus of Nimbadon. The cuneiform facet of the unciform is approximately 50% 

larger than the unciform facet of the cuneiform, suggesting that this articulation was also 

relatively loose, potentially increasing both the inversion-eversion and pronation-supination 

capabilities of the manus of Nimbadon. The metacarpal facets of the unciform of Nimbadon are 

unique among the diprotodontids studied, in that the metacarpal IV facet is bigger than that of 

metacarpal V. This is also seen in the extant arboreal taxa studied, and represents an ability to 

spread the digits out over a wider area. The complex partly-concave, partly-convex shape of these 

articular surfaces also indicates that digits V, and probably IV, were capable of a large degree of 

adduction-abduction. The shape of the articular surfaces for the metacarpal III (on the magnum) 

and II (on the trapezoid) indicate that these two digits were also capable of significant mobility. 

All of the carpo-metacarpal surfaces in the manus of Nimbadon indicate that a wider degree of 

movement was possible than that seen in Ngapakaldia. The palmar processes of both the scaphoid 

and the unciform (to which the flexor retinaculum attaches) are well developed, and indicate 

significant flexor tendon mass. The degree of interaction between the magnum and trapezoid is 

larger than in most other taxa studied, similar to that seen in the arboreal taxa, and may relate to 

the increased mobility and importance of the first digit of the manus in Nimbadon. 

Metacarpal V of Nimbadon is more similar to that of Trichosurus than to any 

diprotodontids studied, except possibly Ngapakaldia. The lateral process, that demonstrates the 
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greatest level of development in Diprotodon, is relatively minor in Nimbadon and is absent from 

the proximal end, allowing greater abduction. Trichosurus and Phascolarctos were the only other 

taxa studied to display this morphology. The attachment area for the m. extensor digiti minimi 

(mid-lateral shaft of metacarpal V) is still well developed, and demonstrates significant power of 

extension, without sacrificing mobility. The distal facets of the metacarpals of Nimbadon are 

more highly keeled than in any other taxon studied. The prominence of these keels indicates that 

the metacarpo-phalangeal joints were well braced against lateral stresses, and the dorso-ventral 

extent of these keels indicates the significant extension-flexion capabilities of these joints. The 

partially-concave/ partially-convex proximal facet of the first metacarpal indicates significant 

mobility in the first digit, and the angle at which it projects from the carpus suggests that it may 

have been semi-opposable. As noted by Weisbecker and Archer (2008), the proximal phalanges 

of Nimbadon are relatively elongate, potentially indicating a semi-arboreal lifestyle for the taxon. 

The articular facets of the phalanges are also deeply saddle-shaped, again ideal for bracing against 

lateral stresses. The highly-developed distal palmar tuberosities of the proximal phalanges and the 

tendon attachments of the ungual phalanges again indicate large flexor tendons in the digits. 

These areas are developed to the degree that it appears that Nimbadon may have had a 

proportionally stronger grip than both Trichosurus and Phascolarctos, as could be expected, due 

to allometric scaling, in a climbing animal the size of Nimbadon. The presence of the medial 

phalanx in digit I of Nimbadon also has important implications as it allows digit I to function 

more effectively in a grasping role. 

The similarity between the humeri of Nimbadon and Phascolarctos suggests that they 

may have been used for a similar function. The larger m. deltoid and extensor attachment areas 

seen in the former may simply reflect the proportional increase in muscle size associated with 

allometric scaling. The well-developed m. teres major and m. latissimus dorsi muscles, as 

indicated by the extremely large attachment areas, may indicate that Nimbadon used a similar 

trunk-hugging method of climbing trees to that employed by Phascolarctos. As both of these 

muscles are associated in drawing the proximal forelimb downward and backward (Gray 1977: 

386), it is also possible that these muscles were associated with some kind of digging or log-
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tearing action in Nimbadon. It should be noted that the attachment areas for these muscles are 

both more extensive, and more highly developed, than in the modern vombatids studied. The 

extremely large supracondyloid foramen of Nimbadon may indicate that the fore limbs were 

usually held in a flexed position, similar to that seen in wombats (see under Euowenia for 

discussion). The development of the extensor and flexor muscles, as indicated by the external 

epicondylic ridge and internal condyle respectively, demonstrates that the manus of Nimbadon 

had significant strength of extension and flexion. Among the taxa studied the attachment area for 

the outer head of the m. triceps brachii is only represented by a long ridge in Phascolarctos, 

Trichosurus and Nimbadon; this feature may thus represent a useful indicator of climbing ability. 

The shape of the distal humerus and sigmoid cavity of the ulna both indicate that Nimbadon had 

significant elbow mobility. Several characters of the ulna and radius of Nimbadon also suggest it 

had a similar lifestyle to that of Trichosurus or Phascolarctos including: the orientation of the 

olecranon process (in all other diprotodontids studied it curves medially), the development of 

attachment areas for muscles associated with bending of the elbow, the Index of Fossorial Ability 

(IFA) (based on ulnar proportions [Vizcaíno et al 1999]), the development of grooves in the distal 

radius and ulna for tendons of the extensors, the wide radial tuberosity of the radius and the angle 

between the humeral facet and shaft of the radius. 

When considering the morphology of Nimbadon, there has been a tendency to lump it 

together with Ngapakaldia in the “plesiomorphic” basket. Although there are certainly many 

similarities between the two taxa, it should be remembered that Nimbadon (middle-Miocene) is 

approximately 10 Ma younger than Ngapakaldia (late-Oligocene). As such the morphological 

characteristics exhibited by Nimbadon are here considered to be derived characters relating to the 

niche it fills rather than simply plesiomorphic “leftovers”. 

 

5.4.2.2 Neohelos 

5.4.2.2.1 Hindlimb morphological implications  

The hind limb and pedal morphology of Neohelos displays intermediate characters 

between the plesiomorphic, possibly scansorial morphology of Nimbadon and the apomorphic, 
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graviportally modified morphology of Plaisiodon and Zygomaturus. The pes of Neohelos lacks 

many of the characters, described above for Nimbadon, associated with climbing, suggesting it 

was terrestrially adapted, but due to its smaller size did not require the graviportal adaptations 

seen in Zygomaturus. The facet for the pyramidalis on the astragalus is poorly developed; 

suggesting that the proximal tarsus was not exposed to the stresses associated with scansorial or 

fossorial lifestyles, and did not require the degree of support needed by the graviportally adapted 

diprotodontids. The calcaneal tuber of Neohelos is proportionally longer than in any other taxon 

studied and, combined with a relatively shallowly sloped astragalar facet of the calcaneum, 

suggests that a greater portion of the weight rested over the posterior part of the pes than in most 

other diprotodontids studied. This is supported by the navicular also being more posteriorly 

positioned than in any other diprotodontid studied. Most articular surfaces in the tarsus of 

Neohelos indicate that a greater degree of tarsal flexibility was possible than in the larger 

diprotodontids studied, but significantly less than in Nimbadon or Ngapakaldia. The tarso-

metatarsal interface indicates that Neohelos was capable of a smaller range of movement in this 

joint than the earlier diprotodontids studied. Neohelos is the youngest diprotodontid studied in 

which it could be confirmed that the entocuneiform and mesocuneiform were unfused, indicating 

that this adaptation probably didn’t arise in diprotodontines or zygomaturines until at least the late 

Miocene. Neohelos has a number of characteristics in common with Euowenia including: a large 

amount of weight resting over the posterior tarsus, a robust fibula, an interlocking cubo-navicular 

joint, a similarly shaped ectocuneiform and robust ligamental attachment areas, suggesting that 

Neohelos may have been able to rear up against trees in search of food, as has already been 

suggested for Euowenia (Camens and Wells 2010). The role of the first digit in the pes of 

Neohelos is unclear, but navicular morphology suggests that the entocuneiform was unusually 

small and anteriorly positioned: suggesting that the hallux may have been parallel to the other 

digits, as is also seen in Euowenia. Metatarsals IV and V of Neohelos are relatively large and 

similar in morphology to those seen in Diprotodon. This suggests that the outer digits were 

adapted to weight-bearing, and this may again be related to Neohelos rearing up against trees in 

search of food. The proportionally larger metatarsals II and III of Neohelos suggest that these 
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digits may have played a more important role, possibly associated with grooming. The muscle 

attachment areas of the metatarsals and phalanges of Neohelos are better developed than in the 

larger diprotodontids studied, being more similar in this respect to Nimbadon.  

 

5.4.2.2.2 Forelimb morphological implications 

The forelimb and manual morphology of Neohelos appears to represent a structural 

intermediate between the plesiomorphic, potentially climbing-related, morphology of 

Ngapakaldia and the more derived, terrestrially oriented, morphology of Plaisiodon. The 

pisiform-cuneiform joint in Neohelos appears to be more restricted in mobility than it is in 

Ngapakaldia and Nimbadon, representing a reinforcement of the carpus in relation to a terrestrial 

mode of locomotion. This is supported by the deep ligamental attachment areas of the cuneiform. 

The size of the cuneiform facet of the unciform, relative to its counterpart on the cuneiform, 

indicates that there was still a degree of mobility in this joint, as seen in all of the Miocene 

zygomaturines studied. The palmar process of the unciform is relatively small in Neohelos, 

indicating that the flexor tendons were not as well developed as in the smaller diprotodontids 

(Ngapakaldia and Nimbadon). In addition an anterior projection of this process may have limited 

the range of flexion of metacarpal V. The facets of metacarpals IV and V are of equal size, and 

the morphology of the facets suggests that less adduction-abduction of the digits was possible 

than in Nimbadon. This is supported by the observation that the two facets are almost separate, 

rather than forming the continuous surface seen in Nimbadon. The dorso-ventral curvature of 

these facets also indicates that the lateral metacarpals were capable of a greater degree of flexion-

extension than in the larger diprotodontids studied, but a lesser degree than in Ngapakaldia or 

Nimbadon. The lateral border of metacarpal V of Neohelos displays a degree of enlargement, 

indicating the beginning of the trend for increasing the proportion of weight resting on the lateral 

manus that culminates in Diprotodon. Distinct proximal and distal tendon attachment areas are 

still apparent on this lateral border in Neohelos, suggesting that some degree of abduction of the 

fifth digit was still possible. The relatively robust metacarpals of Neohelos represent a further 

adaptation to terrestrial locomotion, and the less-well-developed distal keels also suggest that the 
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digits were exposed to a lesser degree of lateral stress than in Nimbadon or Ngapakaldia. The first 

metacarpal of Neohelos also displays a transitory morphology, being only slightly less elongate 

than in Ngapakaldia or Nimbadon, and capable of a similar range of movement, but probably 

projecting from the carpus at a lower angle relative to the second digit (i.e. less opposable) than in 

Nimbadon. The plantar tuberosities of the proximal phalanges, that guide the flexor tendons, show 

an intermediate level of development in Neohelos, suggesting that the digits were capable of 

weaker flexion than Nimbadon, but stronger flexion than in the larger taxa such as Diprotodon. 

The deeply saddle-shaped articulations between phalanges also indicate that the digits were 

exposed to greater lateral stresses than in the latter taxon. The middle three digits of Neohelos are 

proportionally longer than in any other solely terrestrial taxon studied, but less elongate than in 

potentially semi-arboreal taxa such as Nimbadon and Ngapakaldia. The ungual phalanges of 

Neohelos display morphology more similar to that seen in large macropodids than to any other 

diprotodontid taxon studied here. This may indicate that the digits of Neohelos preformed a 

similar function: being involved in limited scratch-digging and pouch manipulation, as well as 

some foliage manipulation while foraging. Alternatively the observed ungual morphology may 

relate to weight distribution within the manus, a greater proportion resting over the digits than in 

large taxa such as Diprotodon. 

 The humerus of Neohelos does not appear to display any particularly remarkable 

characteristics, but instead appears to represent a “typical” zygomaturine humerus, the 

morphology of which is dominated by neither arboreal nor weight-bearing related characters. As 

such the humerus of Neohelos may be useful developing a list of features diagnostic of 

zygomaturines, independent of the niche they filled. These features include: an anteriorly 

projecting deltoid crest, a wide distal end, a well-developed supracondyloid foramen, a prominent 

lesser tuberosity, a prominent pectoral crest and a well-developed external epicondylic ridge 

approximately one third the length of the humerus. The muscle attachment areas in the distal 

humerus and proximal ulna suggest that Neohelos was capable of relatively strong flexion and 

extension of the elbow, as well as having relatively high mobility in this joint, but not to the 

degree seen in Nimbadon. As such the forelimb morphology of Neohelos appears to represent that 
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of a terrestrial taxon that was capable of a reasonable range of mobility, and did not display 

adaptations relating to an arboreal lifestyle, but was also small enough that forelimb morphology 

was not dominated by adaptations relating to a large body size (contra. that seen in Zygomaturus 

or Diprotodon). It is thus suggested that Neohelos represents the earliest diprotodontid to 

demonstrate a postcranial morphology clearly relating to terrestrial locomotion in relatively open 

habitats. 

 

5.4.2.3 Plaisiodon 

5.4.2.3.1 Hindlimb morphological implications 

 The pes of Plaisiodon displays many of the characters seen in the Pleistocene diprotodontids 

studied that may be represent graviportal adaptations. The tibial facet of the astragalus is 

relatively flat, compared to smaller diprotodontids, and has a pointed process on the medial edge 

to prevent medial slip, as is seen in Diprotodon. The fibular facet is also relatively small and 

steep, suggesting that the fibular did not play a large role in weight-bearing. There is also a small 

degree of contact between the fibula and calcaneum: a feature that would help strengthen the 

tarsus in a weight-bearing role. The rounded contacts between the astragalus and navicular, and 

the calcaneum and cuboid, suggest that there was a greater degree of flexibility in the proximal 

tarsus of Plaisiodon than in the larger diprotodontids (Euowenia, Diprotodon and Zygomaturus). 

The cubo-navicular contact in Plaisiodon is flat rather than interlocking, suggesting the medial 

tarsus was even less flexible than in the larger diprotodontid taxa, but was not braced against 

dorso-ventral stresses in the same way. The shape and size of the cuneiform facets of the 

navicular of Plaisiodon indicate that a greater degree of movement was possible in this joint than 

in most other diprotodontids studied. The navicular facet of the ectocuneiform also indicates 

significant mobility, and the mesocuneiform facet of the navicular indicates a proportionally large 

mesocuneiform. This in turn suggests that metatarsals I, II and III were relatively mobile, and 

were probably not reduced in size, as is seen in the larger diprotodontids. The interface between 

the tarsals and metatarsals in Plaisiodon is more deeply curved than in any diprotodontid studied 

except Nimbadon, indicating a relatively wide range of movement was possible in these joints. 
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Metatarsals IV and V are more elongate in Plaisiodon than in all other diprotodontids studied, and 

the distal articulations are keeled and indicate significant flexibility. The morphology of what is 

known of the distal tarsus and metatarsus thus indicates that this part of the pes was relatively 

mobile in Plaisiodon, and was apparently modified for a specific function besides weight-bearing. 

The phalangeal morphology may shed light on what this function was: possibly grooming, 

digging or moving over uneven terrain, but at this stage no phalanges are known for Plaisiodon. 

The greater trochanter of the femur of Plaisiodon is narrower than in any other taxon studied, 

being similar in this respect to Phascolonus. This may be related to the size of Plaisiodon: it being 

neither big enough to require the large gluteal muscles associated with graviportal adaptations, 

nor needing strong gluteal muscles associated with a climbing or fossorial habitus. The neck of 

the femur projects at a greater angle from the shaft than in any other diprotodontid studied, 

although it does not protrude as vertically as in the New Guinean diprotodontid Hulitherium: a 

taxon that was suggested to have had a high degree of limb mobility (Flannery and Plane 1986). 

Plaisiodon may also have had a relatively high degree of mobility in the hip joint, but the distal 

femur is highly modified for a weight-bearing role. It displays the gross enlargement of the 

anterior projection of the internal condyle (MTR) also seen in the larger diprotodontids studied, 

suggested by Camens and Wells (2010) to represent a joint locking mechanism, similar to that 

seen in horses. The tibia of Plaisiodon is similar to that of Diprotodon but most muscle 

attachment areas are less well developed, possibly related to the smaller size of the former taxon. 

 

5.4.2.3.2 Forelimb morphological implications 

Plaisiodon appears to have been the smallest diprotodontid studied in which the 

postcranial morphology displays a significant number of characters related to weight-bearing. 

Although the pisiform of Plaisiodon is not known, the size of the styloid and pisiform facets of 

the cuneiform indicate that the pisiform of Plaisiodon may have played more of a weight-bearing 

role than it did in either Neohelos or Kolopsis. The mid-wrist joint, defined as the interface 

between the scaphoid-cuneiform and the unciform-magnum (see Weisbecker and Archer 2008), is 

rounder in Plaisiodon than in most other diprotodontids except Ngapakaldia and Nimbadon, 
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suggesting that this joint was quite mobile in Plaisiodon. This may also be an explanation for the 

large pit next to the cuneiform facet of the unciform, which may have acted as a storage area for 

synovial fluid. The distal unciform also indicates that the fourth and fifth digits may have been 

capable of a greater degree of abduction-adduction than both Neohelos and Kolopsis. The palmar 

process of the unciform indicates that the flexor tendons of the manus of Plaisiodon were better 

developed than in Neohelos, but not as well developed as in Kolopsis. This process also has a 

more extensive anterior projection than in any other diprotodontid studied, and may have 

restricted the degree of flexion that both metacarpals IV and V were capable of, and/or may have 

helped strengthen the carpo-metacarpal joint against dorso-ventral stresses. The unciform and 

magnum of Plaisiodon are more elongate than in most other taxa studied. This may indicate that 

the manus as a whole was proportionally more elongate in Plaisiodon, but this cannot be 

confirmed as the metacarpals and phalanges of the taxon are not known. The carpo-metacarpal 

interface, as indicated by the distal facets of the unciform and magnum, are more steeply angled 

than in most other diprotodontids studied, suggesting that the manus of Plaisiodon may have sat 

on a fleshy pad significantly higher than the metacarpals and digits, and/or that proportionally 

more weight rested on the digits relative to that resting on the carpus. 

 The posterior deflection of the olecranon process of the ulna of Plaisiodon suggests that the 

forelimb may have been held more vertically than in the smaller diprotodontids studied, apart 

from Kolopsis which displays an even greater degree of posterior deflection. Muscle attachment 

areas on the distal humerus and proximal ulna suggest that Plaisiodon probably had less flexional 

ability in the elbow than did Ngapakaldia or Nimbadon, but the extremely large radial facet may 

indicate that the manus of the former was capable of significant inversion-eversion. 

 

5.4.2.4 Kolopsis 

5.4.2.4.1 Hindlimb morphological implications 

 The pes of Kolopsis has much in common with that of Plaisiodon, but does not display the 

same degree of graviportal adaptations due to the smaller size of the former. The deeply concave 

tibial facet of the astragalus, small pyramidalis and large fibular facet suggest greater mobility in 
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the proximal tarsus, similar to that seen in Nimbadon and Ngapakaldia. The slight crescent-shape 

of the tibial facet of the astragalus may also indicate that Kolopsis was capable of a reasonable 

degree on inversion-eversion of the pes, through rotation of the tibia about the fibula. The cubo-

navicular facet is proportionally wider than in any other diprotodontid studied and more gently 

curved. When combined with the deeply curved cubo-calcaneal articulation this suggests the pes 

may have been capable of significant rotation in the frontal plane. The navicular facet of the 

cuboid is proportionally smaller than in most other taxa studied and is slightly convex, indicating 

that there may have been a greater degree of flexion possible across the tarsus than in most other 

diprotodontids studied. In contrast to Plaisiodon the ectocuneiform and entocuneiform of 

Kolopsis suggest that the navicular-cuneiform interface was less flexible in the latter taxon, but 

the hallucal facet of the entocuneiform indicates significant mobility of the first digit. The depth 

of the groove on the ventral cuboid, which the tendon of the m. peroneus longus passes through, 

also indicates that the first digit of Kolopsis was capable of relatively strong flexion. The distal 

articular surfaces of the cuboid and ectocuneiform are similarly concave to that seen in 

Plaisiodon, indicating that significant flexion-extension was possible at this interface. The 

metatarsal IV facets of the cuboid and ectocuneiform indicate that metatarsal IV articulated more 

with the former bone, and less with the latter, than in most other diprotodontids studied. Although 

the metatarsals of Kolopsis are not known, this also suggests that metatarsal V of Kolopsis did not 

display the degree of enlargement characteristic of the larger diprotodontids studied, being similar 

to Nimbadon in this respect. The femur of Kolopsis is very similar to that of Plaisiodon, the main 

difference between the two being that the neck projects from the shaft at a much lower angle in 

the former. The anterior projection of the internal condyle is also not as large in Kolopsis as it is 

in Plaisiodon, most probably due to the former’s smaller body size. The femur of Kolopsis is also 

wider at the distal end than in any other taxon studied, and the diaphysis shows a similar degree of 

medio-lateral elongation to that seen in Zygomaturus. This suggests that the hindlimb of Kolopsis 

was primarily subject to stresses in a transverse plane. Carlson and Judex (2007) found that 

medio-lateral expansion of the femoral diaphysis could be attributed to locomotion involving 

constant turning i.e. moving through forest, prey avoidance etcetera. Combined with the mobility 
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observed in the proximal tarsus of Kolopsis, the extreme medio-lateral expansion of the femoral 

diaphysis may indicate this taxon was better adapted to living in a woodland environment. It is 

also possible that a more sprawling stance (like that seen in wombats) would result in increased 

stresses in a transverse plane than if the limbs were held closer together under the body. The 

shape of the femoral diaphysis in Kolopsis may thus also reflect a particular stance, rather than 

just a particular habitat type. The muscle attachment areas of the tibia of Kolopsis indicate a much 

more powerful flexion of the knee than in the larger diprotodontids studied, as well as stronger 

inversion-eversion and flexion-extension capabilities of the pes. This may also relate to Kolopsis 

living in a woodland environment, or may suggest that Kolopsis was better adapted to move at 

faster speeds than its larger counterparts. However, the femur is significantly longer than the tibia, 

suggesting that Kolopsis was still relatively slow moving. The angle between the astragalar facet 

of the fibular and the shaft is higher than in all other diprotodontids studied, suggesting the fibular 

did not play a large role in weight-bearing in this taxon. The fibular facet of the astragalus and the 

popliteal ridge of the fibular are well developed, suggesting that Kolopsis was capable of 

significant medio-lateral rotation of the pes. 

 

5.4.2.4.2 Forelimb morphological implications 

The slender pisiform of Kolopsis indicates that the proximal manus probably didn’t 

perform a significant weight-bearing role, and in this respect the taxon is more similar to 

Nimbadon and Ngapakaldia than to the other diprotodontids studied. Although the proximal 

carpal joint between the ulna and the pisiform and cuneiform appears to have been reasonably 

flexible in Kolopsis, the position of the pisiform, and the morphology of the styloid facets of the 

pisiform and cuneiform, also indicate that the proximal carpus was somewhat modified for 

weight-bearing. As with the other Miocene zygomaturines studied, there was significant mobility 

in the cuneiform-unciform joint in Kolopsis and, combined with the rounded scaphoidal facet of 

the magnum, this indicates a degree of mobility in the mid-wrist joint (viz. Weisbecker and 

Archer 2008), but to a lesser degree than that seen in Nimbadon or Ngapakaldia. The anterior 

projection of the palmar process of the unciform, to which the flexor retinaculum attaches, also 
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apparently helps limit the degree of flexion possible in the joint between the unciform and 

metacarpal V. A large pit below the metacarpal IV facet of the unciform, probably for ligament 

attachment, also indicates reduced flexibility in the joint between the unciform and metacarpal IV. 

The size of the palmar process also indicates that the flexor tendons of the manus of Kolopsis 

were better developed than in most other diprotodontids studied, except for Nimbadon and 

Ngapakaldia. The high and relatively small facets for metacarpal IV (on the unciform) and 

metacarpal III (on the magnum) not only indicate limited mobility in the proximal articulations of 

these digits, but also suggest that these two digits may have been smaller, relative to the second 

and fifth digits, than in most other diprotodontids studied. It is important to note that the 

metacarpal-carpal interface of Kolopsis appears to have been less mobile than in the significantly 

larger Plaisiodon. This suggests that Kolopsis demonstrates a more derived, terrestrially adapted 

manual morphology than the latter, and may indicate that Kolopsis is more closely related to 

Zygomaturus than Plaisiodon, despite the larger body size of the latter. This agrees with 

phylogenetic hypotheses for the placement of Kolopsis based on dental and cranial morphology 

(e.g. Murray et al 1993; Flannery 1994). 

 Additional evidence for a primarily terrestrially adapted forelimb in Kolopsis is provided by 

the supracondyloid foramen’s variable occurrence on the humerus. The fact that it is absent in 

some specimens suggests that the forelimb was probably held close to vertical (see above), rather 

than in a crouched position. The well-developed humeral tuberosities, for attachment of the m. 

triceps brachii, may also indicate strong development of this muscle, for utilisation in holding the 

limb in an extended position for long periods. This is complemented by the posteriorly deflected 

olecranon process of the ulna (deflected more sharply than in Plaisiodon), as is also seen in large 

diprotodontids such as Diprotodon and Zygomaturus. The ulna of Kolopsis displays an interesting 

mix of plesiomorphic and apomorphic characters (as listed above), this probably reflecting its 

phylogenetic proximity to large-bodied diprotodontids such as Zygomaturus, but also its relatively 

small body size and hence relative lack of weight-bearing features. 

 The forelimb morphology of Kolopsis thus suggests that the taxon may represent the smallest 

of the terrestrially adapted, graviportal diprotodontids, retaining a greater degree of mobility than 
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taxa such as Diprotodon or Zygomaturus, but a lesser degree than that seen in Ngapakaldia, 

Nimbadon and Neohelos. 

 

5.4.2.5 Zygomaturus 

5.4.2.5.1 Hindlimb morphological implications 

 The hind limb and pes of Zygomaturus are similar to that seen in Plaisiodon, but adaptations 

for a graviportal lifestyle are more prominent in the former. The dorsal astragalus displays the 

same weight-bearing adaptations listed in Plaisiodon and Diprotodon above. The cubo-navicular 

facet of the astragalus has a spherical aspect more prominent than in Plaisiodon, but is not as 

highly developed as in Euowenia or Diprotodon. This enlarged articular facet allows a greater 

surface area for weight exchange between the astragalus and the cuboid-navicular. The calcaneal 

tuber is relatively elongate, but the posterior end displays the medial curve associated with 

weight-bearing in the posterior tarsus that is also seen in Euowenia and Diprotodon. The cuboid 

facet of the calcaneum is less deeply concave than in the other zygomaturines studied, suggesting 

the proximal tarsus was relatively inflexible in Zygomaturus. The calcaneum also possesses a 

large fibular facet, unlike the other diprotodontids studied, and may represent an alternative 

weight-bearing structure in the proximal tarsus to that seen in the large diprotodontines. 

Movement between the cuboid and navicular is not as restricted as in Diprotodon or Euowenia, 

but is less mobile than in Kolopsis. The groove for the tendon of the m. peroneus longus is also 

better developed in Zygomaturus than in the derived diprotodontines, suggesting that the first digit 

was better developed in the former. The navicular of Zygomaturus is more anteriorly oriented 

than most other taxa studied, suggesting weight may have been transferred to the inner digits 

rather than resting on the medial tarsus as it does in Euowenia and Diprotodon. The morphology 

of the astragalar facet of the navicular also suggests that there may have been significant 

flexibility in the parasagittal plane in this joint. The mesocuneiform and entocuneiform are fused 

in Zygomaturus and, in combination with the v-shaped entocuneiform facet of the navicular, this 

suggests that the medio-distal tarsus was relatively inflexible when compared to the other 

zygomaturines studied. The metatarsal-tarsal interface is relatively flat in Zygomaturus, but its 
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orientation suggests that the tarsus sat significantly higher than the metatarsus and digits, probably 

on a large, fleshy pad. This supports the idea that more weight rested over the digits, and less over 

the tarsus, than in Euowenia and Diprotodon. The fifth metatarsal of Zygomaturus displays a 

similar degree of enlargement to that of Diprotodon, but the angle between the cuboid and 

metatarsal IV facets suggests that the digits were more spread out in the former. The muscle 

attachment areas of the known metatarsals of Zygomaturus are also better developed than in 

Diprotodon, and the distal articulations are slightly keeled, suggesting that the digits of the former 

were exposed to more lateral stresses. Metatarsal II is slightly arched, but far less so than in 

Euowenia or Diprotodon, suggesting that the second and third digits were better developed, and 

may still have performed some function in Zygomaturus. The extremely large ungual phalanges of 

Zygomaturus are without parallel among marsupials, and may represent a way to spread weight 

over a larger area, or aid in providing more stable footing while moving over uneven or soft 

ground. The large ungual phalanges of Zygomaturus have also been suggested by Scott and Lord 

(1920d) to represent a stabilisation method during physical confrontations between males of the 

species. Murray (1978, 1984) suggested that Z. trilobus dug for tubers; the observed ungual 

morphology of the manus would have greatly aided in this task, but in is unlikely that the large 

unguals of the pes were also used for digging. The femur of Zygomaturus is similar to that of 

Diprotodon in overall morphology, and displays the same enlargement of the anterior projection 

of the internal condyle that serves to stabilise the knee. The lesser trochanter is larger than in 

Diprotodon, and the m. adductor magnus tubercle is larger than in any other diprotodontid 

studied. This may relate to the femur being held further from the parasagittal plane of the body, or 

more horizontally, similar to that seen in modern vombatids. As mentioned above in regards to 

the femur of Diprotodon, the sprawling stance of the hind limbs of Zygomaturus may relate to 

space requirements between the hind limbs for an enlarged gut or pouch. The tibia of 

Zygomaturus is more slender than in Diprotodon, but the attachment areas for the ligamentum 

patellae, the muscles associated with flexion of the knee, and the extensors and flexors of the pes 

are better developed in the former. The femoral facets are also separated by a prominent ridge, 

unlike in Diprotodon, suggesting that the knee of Zygomaturus was exposed to greater lateral 
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stresses. The flexor and extensor attachment areas on the fibula are also better developed in 

Zygomaturus than in Diprotodon, and the distal end is proportionally larger in the former taxon, 

suggesting greater medio-lateral rotation of the pes was possible. The robust fabella, combined 

with relatively deep pits on the distal femur, suggest that the m. gastrocnemius and m. soleus were 

large in Zygomaturus and, combined with the elongate calcaneal tuber, these muscles would have 

provided strong flexion of the pes. Szalay (1994, pp. 273) stated that “there is nothing in the 

manus or pes of palorchestids or diprotodontids that might suggest fossorial behavior”. While this 

is true of all diprotodontids studied here, I would suggest that Zygomaturus was capable of a 

reasonable degree of scratch digging, as indicated by the highly-developed ungual phalanges and 

strong flexional capabilities of the manus and pes. The contact of the fibula directly with the 

calcaneum was suggested by Scott and Lord (1920d) to represent a “fighting” adaptation. Instead, 

it is suggested here that this feature may have helped brace the ankle when Z. trilobus reared up 

against trees in search of food. It is not immediately clear from the skeletal reconstructions of Z. 

trilobus whether the majority of the body mass was supported by the front or hind limbs. The 

abundance of weight-bearing adaptations of the hind limb, listed above, combined with the 

proportionally larger circumference of the femur (relative to the humerus), may suggest that the 

centre of gravity rested much closer to the hind limbs than the fore limbs: an adaptation 

considered vital by Alexander (1989) for animals that reared up on their hind limbs to feed. 

Although the relatively large digits of Zygomaturus indicate that it may have been adapted to life 

in swamps, there is little indication in hind limb morphology that it displayed aquatic tendencies, 

as proposed by Merrilees (1968) based on nasal morphology. The limb proportions of 

Zygomaturus are also more similar to those taxa listed by Smith and Savage (1956) as being 

graviportal, rather than those demonstrating an aquatic habitus. 

 

5.4.2.5.2 Forelimb morphological implications 

As seen in the hindlimb, the forelimb of Zygomaturus is dominated by morphological 

features that are also shared with Diprotodon relating to its large body size. The pisiform clearly 

plays more of a weight-bearing role in the carpus than in any other zygomaturine studied: 
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possessing only a small cuneiform facet, a large styloid facet for transferral of weight from the 

ulna, and having a large palmar surface area to spread the weight over. The facet on the dorsal 

edge of the styloid facet of the pisiform of Zygomaturus is unique among the taxa studied, and 

apparently articulates with the bottom of the shaft of the ulna. These two surfaces only come into 

contact when the carpus is extended and it is thus suggested that the carpus may have spent 

considerable time in an extended position. The mid-wrist joint morphology of Zygomaturus is 

different to all other taxa studied, in that there is a large degree of contact between the cuneiform 

and magnum. This combines with the small, flat cuneiform facet of the unciform to significantly 

restrict the mobility of this joint. Movement in the carpus of Zygomaturus thus seems to be 

restricted to flexion-extension in the proximal wrist (ulna-radius/pisiform-cuneiform-scaphoid) 

joint in much the same way as that seen in Diprotodon. The main difference between the two taxa 

is that, in the former, the magnum plays a much larger role in stabilisation of the mid-wrist, and 

also in weight-bearing. The carpo-metacarpal interface in Zygomaturus is relatively flat, and 

provides further evidence of the inflexibility of the carpus and its stabilisation for a weight-

bearing role.  

 Although the enlargement of the lateral border of metacarpal V of Zygomaturus is significant, 

it is not developed to the degree seen in diprotodontines such as Euowenia and Diprotodon. This 

may indicate that a smaller proportion of the weight transferred to the manus was supported by 

the fifth digit in the former taxon (i.e. the weight was spread more evenly across all digits of the 

manus). The proximal articular facets, while relatively flat, probably allowed greater abduction of 

the digits than either Diprotodon or Euowenia were capable of. The distal articular facets of the 

metacarpals of Zygomaturus are very slightly keeled, suggesting that the digits were exposed to 

larger lateral forces than in the digits of Euowenia or Diprotodon, but not as large as the forces 

that the digits of Nimbadon or Ngapakaldia were exposed to. The large degree of contact between 

the metacarpals and proximal phalanges may indicate significant weight transferral from the 

metacarpals to the digits (as suggested by Weisbecker and Archer 2008 for Diprotodon). The 

elongation of the metacarpals of Zygomaturus may relate to increasing the surface area of the 

manus to spread the weight when moving over soft ground. Alternatively this elongation may 
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relate to habitat manipulation, or the long digits may have been used to create a stable support 

base during competition between males (as originally suggested by Scott and Lord 1920d). The 

phalangeal articulations in Zygomaturus, in contrast to those of the carpus, indicate that a 

significant degree of flexion-extension was possible. The distal plantar tuberosities of the 

proximal phalanges indicate that the flexor tendons were better developed than in Diprotodon or 

Euowenia, as do the large tendon insertion points on the ungual phalanges. The shape of the 

ungual phalanges would seem to be best designed for spreading weight over a large area, or for 

moving large volumes of soil. The metacarpal and digital proportions are most similar to those 

seen in vombatids and this, in combination with the ungual morphology, may indicate that 

Zygomaturus employed a degree of scratch-digging while foraging for food. Macleod and Rose 

(1993) established that ungual morphology was closely linked to locomotor guild; the ungual 

morphology of Zygomaturus is most similar to that of aquatic mammals among the six locomotor 

classes studied by them, but also demonstrates some similarities to fossorial taxa. 

It is also possible that the large claws of Zygomaturus could have been employed as a 

defense mechanism, but the large and heavy forelimbs could probably not have moved at speed. 

The interaction between large diprotodontids and predators such as Thylacoleo has not been 

adequately addressed in the literature to date. Wroe et al (2003a) suggested a body mass of 87-

130 kg for T. carnifex, this being comparable to, or slightly larger than, the body mass range of 

the Jaguar (Panthera onca) but significantly lighter than either tigers (Panthera tigris) or lions 

(Panthera leo) (Nowak 1999). The adult body mass of the Indian Rhinoceros (Rhinoceros 

unicornis), at approximately 2000 kg (Laurie et al 1983), is similar to that estimated for D. 

optatum (sensu Wroe et al 2003b)  and tigers, the largest felids, only occasionally prey on R. 

unicornis young and do not prey on adults (Laurie et al 1983). It could thus be expected that D. 

optatum was too large to be a common prey species but that Z. trilobus (and particularly their 

young), at approximately one third the body mass of D. optatum, may have been subject to 

significant predation by T. carnifex. The possibility that the highly-developed manual claws of Z. 

trilobus, in combination with the large nasal boss, represent a defense mechanism cannot be ruled 

out. 
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 The presence of the supracondyloid foramen on the humerus may indicate a key difference 

between Diprotodon, Euowenia and Zygomaturus, in that it suggests the latter employed a more 

sprawling posture (see under Euowenia for discussion) than the more-vertically held limb posture 

employed by the latter two taxa (and possibly Kolopsis). However, the posteriorly deflected 

olecranon process of the ulna, and well-developed scapular deltoid attachment areas, indicate that 

the forelimb was held closer to vertical than in Nimbadon, Neohelos or Ngapakaldia. As noted by 

Scott (1915), the development of the pectoral ridge may relate to Z. trilobus being able to raise its 

arms to some degree, to grasp branches while foraging. The development of the attachment areas 

of the m. brachioradialis, m. pronator radii teres, m. supinator radii brevis and m. flexor carpi 

ulnaris also suggests that Zygomaturus may have been capable of a degree of pronation-

supination of the manus. The short radial facet of the ulna indicates that this range of movement 

was more limited than in the smaller zygomaturines studied (Nimbadon, Neohelos and Kolopsis). 

As seen in Diprotodon, there is a large protuberance on the medial humerus for the attachment of 

the m. teres major in Zygomaturus. This would provide powerful adduction of the proximal 

forelimb and, although this may simply reflect the necessity of holding the humerus against the 

body in a large animal, it may also indicate that Zygomaturus was capable of a powerful swiping 

motion. The external epicondylic ridge is better developed than in Diprotodon, indicating that the 

extensor muscles of the manus of Zygomaturus were well developed.  

 The long humerus (relative to the length of the ulna) provides further evidence that 

Zygomaturus was a slow moving animal and could probably not have moved a high speeds. 

Zygomaturus probably had a relatively inflexible carpus, when compared to taxa such as 

Nimbadon, but was probably capable of a greater degree flexion-extension and pronation-

supination of the manus as a whole than Diprotodon. The function of the unique ungual 

phalangeal morphology remains a mystery, but may have been employed in a range of ways 

including: increasing pedal surface area for moving over soft substrates, food manipulation or 

even combat against predators or between males. 

 

5.5 Conclusion 
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 The hindlimb and pes morphology of the studied diprotodontids clearly demonstrates 

a transition from small, mobile, woodland adapted taxa through to large, graviportal taxa better 

adapted to moving in more open habitats. Munson’s (1992) assertion that each vombatiform 

family is “characterised by distinct locomotor adaptations” is considered here an 

oversimplification, the various members of the Diprotodontidae exhibiting substantial locomotor 

diversity. The late Oligocene-early Miocene diprotodontid Ngapakaldia displays a number of 

adaptations suggesting that it may have been scansorial, and the tarsus demonstrates significant 

flexibility. It is important to note that the characters interpreted as being indicative of climbing 

ability in this study may reflect plesiomorphic vombatomorphian characters rather than being 

directly related to the niches filled by the taxa in question. Munson (1992) and Weisbecker and 

Archer (2008) suggested that vombatiforms may have had an arboreal ancestor; a finding that is 

supported by this study. Nimbadon, despite exhibiting a less plesiomorphic dental/cranial 

morphology, is shown here to share with Ngapakaldia a number of the traits potentially 

associated with a scansorial lifestyle. In several respects it exceeds the latter in this regard and this 

may indicate that the observed postcranial morphology of Nimbadon is instead apomorphic. If this 

is the case then Nimbadon represents a departure from the general trend of decreasing mobility 

and increasing body size seen in diprotodontids from the late Oligocene through to the late 

Pleistocene. There is a tendency for somewhat circular reasoning in the literature when 

considering vombatiforms and arboreality. It is assumed that the diprotodontian ancestor was 

arboreal (see discussion in Weisbecker and Archer 2008) and therefore taxa such as Ngapakaldia, 

Nimbadon and Thylacoleo are considered plesiomorphic. It is instead suggested here that, while 

the morphology of Ngapakaldia may well be plesiomorphic (due to its temporal proximity to the 

hypothetical arboreal ancestor), the morphologies of both Nimbadon and Thylacoleo are instead 

apomorphic, representing derived adaptations relating to their specific niches. It is doubly 

unlikely that the morphology of Thylacoleo is truly plesiomorphic, given the divergence between 

its niche (i.e. a hypercarnivore) and those of all other diprotodontians (herbivores and omnivores), 

and it should more correctly be described as convergent on the plesiomorphic form, potentially 

due to similarities in locomotor habit. 
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The Miocene zygomaturines Neohelos and Kolopsis both display a mixture of 

plesiomorphic and apomorphic zygomaturine characters. They possess a number of traits related 

to terrestrially adapted locomotion but retain significantly more pedal mobility than the Plio-

Pleistocene diprotodontids studied. Plaisiodon is a late Miocene genus that demonstrates a much 

higher degree of graviportal adaptation than Kolopsis but also demonstrates significant flexibility 

in the distal tarsus and metatarsus and elongation of the digits. This digital elongation is also 

displayed in the Pleistocene zygomaturine Zygomaturus trilobus and may represent a weight-

bearing adaptation specific to derived zygomaturines. Zygomaturus trilobus is the most 

graviportally adapted zygomaturine but displays several characters suggesting that it may have 

been better adapted to living in hilly or swampy areas than the Pleistocene diprotodontine D. 

optatum. The hindlimb and pes of the Pliocene diprotodontine Euowenia grata display a similar 

level of graviportal adaptation to that seen in D. optatum but several characters also indicate that 

the former may have been able to rear up against trees in search of food while the latter was 

restricted to comparatively low forage. The palaeobiology of the Miocene diprotodontines and 

their postcranial morphology remains largely unknown, Pyramios representing the only known 

diprotodontine of the period.  

The presence of the supracondyloid foramen of the humerus is here identified as a key 

factor in determining stance in the Plio-Pleistocene diprotodontids studied, its presence in 

Zygomaturus indicating a more bent-limbed posture than in Diprotodon or Euowenia, where the 

foramen is lacking. It is suggested that the limbs of Diprotodon and, to a lesser extent, Euowenia 

were almost solely adapted to a weight-bearing role, being capable of little else (although the 

forelimb of Euowenia were probably also used for food manipulation). In contrast the forelimb of 

Zygomaturus appears to have been significantly more mobile, with a larger proportion of the 

weight resting on the digits. The unique ungual phalanges of Zygomaturus may reflect various 

functions ranging from weight dispersal to foraging for root and tubers in soft soil to providing a 

stable platform during competition between males to a defense against predators. 
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5.7 Appendices 

5.7.1 Appendix 1 

List of non-diprotodontid specimens used 

Phascolonus gigas (MNI=3) 

Astragalus (R) (SAM P5042), astragalus (R) (SAM P5044), almost complete skeleton (missing 

most digits and some carpals and tarsals) (SAM P36279), ectocuneiform (SAM P no number), 

femur (SAM P5021), tibia (SAM P5022), tibia (SAM P5024), fibula (SAM P5029), pisiform (x4) 

(SAM P33468, P33467, P33462, P5039), cuneiform (SAM P5041), unciform (x5) (SAM P33470, 

P33469, P33471, P33463, P5043), magnum (SAM P5040), humerus (x2) (SAM P5027, P5026), 

ulna (x2) (SAM P33459, P5030), radius (SAM P5031). 

 

Thylacoleo carnifex (MNI=5) 
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5 semi-complete, articulated individuals, most including complete or near complete L and R hind 

limbs and pes (Kamatsu Cave, Naracoorte, no numbers). 

 

Lasiorhinus latifrons (MNI=21) 

Complete skeletons (ligamentous) (SAM M299, 395, 1926, 2063, 2107, 2108, 2109, 2111, 2165, 

2719, 2934, 5244, 8663, 14038), complete skeletons (disarticulated) (SAM M21407, 21747, 

23218, 22814, 23219), semi-complete juvenile skeleton (disarticulated) (SAM M245), complete 

juvenile skeleton (ligamentous) (SAM M2110). 

 

Vombatus ursinus (MNI=8) 

7 complete skeletons (SAM M150/002, 150/003, 866, 22220, 21375, 1757, 2882, 58) and one 

partial (SAM M71). 

 

Phascolarctos cinereus (MNI=30) 

Semi-complete to complete skeletons, some ligamentous (SAM M20714, 18985, 18988, 7207, 

8662, 21132, 21344, 5204, 7208, 18863, 21147, 21365, 5236, 7209, 18966, 19657/001, 21364, 

5237, 7985, 18961, 22361, 21448, 21450, 21461, 22218, 23623, 21449, 21451, 22217, 22219). 

 

Trichosurus vulpecula (MNI=3) 

3 complete skeletons (two ligamentous, one disarticulated) (SAM M9208, 2313, 23317). 

 

Isoodon obesulus (MNI=3) 

3 complete skeletons (one ligamentous, two disarticulated [one juv.]) (SAM M7265, 2891, no 

number). 
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Figure 1. The right manus (a) and pes (b) of Vombatus ursinus. Abbreviations can be found in the 
Methods section, scale bar equals 50 mm. 
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Figure 2. The right hind limb bones of Lasiorhinus latifrons: the lateral tibia (a); the medial tibia (b); 
the lateral fibula (c); the medial fibula (d); the anterior femur (e); the posterior femur (f) and the distal 
femur (g). Abbreviations can be found in the Methods section, all scale bars equal 50 mm. 
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Figure 3. The right humerus of Vombatus ursinus in: anterior view (a); posterior view (b) and medial 
view (c). Abbreviations can be found in the Methods section, scale bar equals 20 mm. 
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Figure 4. The right ulna of Vombatus ursinus in: medial view (a) and dorsal/anterior view (b); and 
right radius in: ventral/posterior view (c) and dorsal/anterior view (d). Abbreviations can be found in 
the Methods section, scale bars equal 20 mm. 
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Figure 5. Outline of the pes of the diprotodontids studied including: Diprotodon optatum (a); 
Euowenia grata (b); Ngapakaldia bonythoni (c) and Nimbadon lavarackorum (d). All scale bars equal 
50 mm. Note: the doted outline in (a) depicts the traditional positioning of the hallux in 
reconstructions of the pes of D. optatum. 
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Figure 6. The right calcanei of : (a) Nimbadon lavarackorum (dorsal view); (b) Ngapakaldia 
bonythoni (dorsal view); (c) Neohelos tirarensis in medial view (top) and dorsal view (bottom); (d) 
Zygomaturus trilobus in medial view (top) and dorsal view (bottom) and (e) Diprotodon optatum in 
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medial view (top) and dorsal view (bottom) (note in-turning of calcaneal tuber); and the right, dorsal 
astragali of: (f) Nimbadon lavarackorum; (g) Neohelos tirarensis; (h) Kolopsis torus, (i) Plaisiodon 
centralis; (j) Zygomaturus trilobus; (k) Ngapakaldia bonythoni; (l) Euowenia grata and (m) 
Diprotodon optatum. Abbreviations can be found in the Methods section. 
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Figure 7. The medial aspect of the left cuboid of: (a) Nimbadon lavarackorum (scale bar equals 20 
mm); (b) Kolopsis torus (scale bar equals 20 mm); (c) Plaisiodon centralis (scale bar equal 50 mm); 
(d) Zygomaturus trilobus; (e) Vombatus ursinus (scale bar equals 10 mm); (f) Ngapakaldia bonythoni 
(scale bar equals 10 mm); (g) Euowenia grata (scale bar equals 50 mm); (h) Diprotodon optatum. 
Abbreviations can be found in the Methods section. 
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Figure 8. Pedal outlines of the non-diprotodontid taxa studied including: (a) Isoodon obesulus; (b) 
Trichosurus vulpecula; (c) Phascolarctos cinereus; (d) Thylacoleo carnifex; (e) Vombatus ursinus 
and (f) Phascolonus gigas. Scale bars all equal 50 mm. 
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Figure 9. The left femora, in posterior (left) distal (middle and anterior (right) views, of various 
studied taxa including: (a) Isoodon obesulus; (b) Trichosurus vulpecula; (c) Phascolarctos cinereus; 
(d) Nimbadon lavarackorum; (e) Ngapakaldia bonythoni, (f) Zygomaturus trilobus and (g) 
Diprotodon optatum. All scale bars equal 50 mm, morphological abbreviations can be found in the 
Methods section. 
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Figure 10. The right manus of the diprotodontid taxa for which a near-complete manus is known 
including: (a) Diprotodon optatum; (b) Zygomaturus trilobus; (c) Ngapakaldia bonythoni and (d) 
Nimbadon lavarackorum. Scale bars equal 50 mm. 
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Figure 11. Outlines of the manual morphology of the outgroup taxa studied including: (a) Isoodon 
obesulus; (b) Trichosurus vulpecula; (c) Phascolarctos cinereus; (d) Thylacoleo carnifex; (e) 
Vombatus ursinus and (f) Phascolonus gigas. Scale bar in (a) equals 10 mm, in all others scale bar 
equals 50 mm. 
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Figure 12. The anterior (left) and posterior (right) aspects of the right humeri of various taxa studied 
including: (a) Isoodon obesulus; (b) Trichosurus vulpecula; (c) Phascolarctos cinereus; (d) Vombatus 
ursinus; (e) Nimbadon lavarackorum: (f) Ngapakaldia bonythoni (composite of SAM  P13863 [prox] 
and 23052 [distal]); (g) Kolopsis torus (cast); (h) Zygomaturus trilobus and (i) Diprotodon optatum. 
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All scale bars equal 50 mm, morphological character abbreviations can be found in the Methods 
section. 
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Figure 13. The fused right ecto-, meso- and entocuneiforms of Euowenia grata (a) in dorsal view and 
a typical Miocene zygomaturine entocuneiform (Kolopsis torus). Scale bars equal 10 mm, 
morphological abbreviations can be found in the Methods section. 

 

Figure 14. The right hallux of Euowenia grata (a) and Nimbadon lavarackorum (b). Scale bar equals 
20 mm, morphological abbreviations can be found in the Methods section. 
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Figure 15. The left tarsus of: (a) Nimbadon lavarackorum; (b) Ngapakaldia bonythoni; (c) 
Zygomaturus trilobus and (d) Diprotodon optatum. Scale bar equals 30 mm, bone abbreviations can 
be found in the Methods section. 
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Figure 16. The proximal right femora of Diprotodon optatum (a) and Vombatus ursinus (b). Note the 
position of the head in relation to the greater trochanter and the angle between the shaft and femoral 
neck. Scale bar equal 50 mm, morphological abbreviations can be found in the Methods section. 
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Figure 17. The right manus of Diprotodon optatum (a) and Zygomaturus trilobus (b) (scale bar equals 
50 mm); the lateral (top) and medial (bottom) views of the unciform of D. optatum (c) and Plaisiodon 
centralis (d) (scale bars equal 10 mm); the dorsal right scaphoids of D. optatum (e) and Kolopsis 
torus (f) (scale bar equals 10 mm). Morphological abbreviations can be found in the Methods section. 
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Figure 18. The proximal aspect of the right 2nd metacarpal of Diprotodon optatum (a) and Vombatus 
ursinus (b). Scale bar equals 10 mm, morphological abbreviations can be found in the Methods 
section. 

 

Figure 19. The proximo-lateral aspect of the left ulnae of Diprotodon optatum (A) and Nimbadon 
lavarackorum (A). Note the size disparity between the radial facet (a) and the lateral sigmoid cavity 
(b). Scale bar equals 10 mm. 
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Figure 20. The ungual phalanx of the fourth digit of the pes in the taxa studied. Scale bar equals 20 
mm except for Isoodon and Trichosurus where it equals 10 mm. 
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Figure 21. The fourth digit of the manus of Nimbadon lavarackorum illustrating the phalanges at 
maximum flexion (a) and the proximal phalanx (b, c). Note the large plantar tuberosities for 
attachment of the flexor sheath. Scale bar equals 50 mm). 
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Figure 22. Pes outlines of zygomaturine taxa studied including: Kolopsis torus (a); Neohelos 
tirarensis (b); Plaisiodon centralis (c) and Zygomaturus trilobus (d). Scale bars equal 50 mm. 
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Figure 23. The anterior aspect of the right ectocuneiforms of Neohelos tirarensis (a) and Ngapakaldia 
bonythoni (b). Scale bars equal 10 mm. 

 

Figure 24. The medial aspect of the right unciform of Plaisiodon centralis (a) and Vombatus ursinus 
(b). Scale bars equal 10 mm, morphological abbreviations can be found in the methods section. 
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Figure 25. The anterior aspect (a) and the medial aspect (b) of the left magnum of Kolopsis torus and 
the medial aspect of the magnum of Zygomaturus trilobus (c). Scale bars equal 10 mm. 
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Chapter 6: A phylogeny of the Diprotodontidae (Marsupialia) based on postcranial 

morphology 

6.1 Introduction 

 Since the description of the first Australian fossil mammal: the diprotodontid 

Diprotodon optatum Owen 1838, the phylogenetic relationships of the various members 

of the Diprotodontidae have been a source of debate. It is now widely accepted that 

vombatids are the closest living relatives of diprotodontids, but the phylogenetic 

arrangements within the latter family remain largely speculative. The vast majority of 

diprotodontid species are known only from dental and/ or cranial material, and thus 

systematic investigations have previously usually restricted discussion to the morphology 

of these skeletal elements. The exact number of species of diprotodontids represented in 

the fossil record is unclear, due to difficulties in unravelling the effects of temporal, 

spatial, ontogenetic, allometric and sexual variation. There are currently between 7 and 8 

genera recognised in subfamily Diprotodontinae Gill 1872, with potentially all but 

Ngapakaldia Stirton 1967a being monotypic (Long et al 2002; Black 2008, pp. 346; Price 

2008). The subfamily Zygomaturinae Stirton, Woodburne and Plane 1967 is significantly 

more diverse, with 11 genera and somewhere between 18 (Black 2008) and 25 (Long et al 

2002) species currently recognised. Of the 19 diprotodontid genera, only 8 have 

reasonably complete postcranial material, these being: the diprotodontines Ngapakaldia, 

Diprotodon and Euowenia De Vis 1891; and the zygomaturines Nimbadon Hand et al 

1993, Neohelos Stirton 1967b, Plaisiodon Woodburne 1967, Kolopsis Woodburne 1967 

and Zygomaturus Macleay 1857. This dearth of postcranial material has lead to few 

studies considering the phylogenetic potential of characters relating to the postcranial 

skeleton of diprotodontids. 
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6.1.1 Vombatiform interfamilial relationships  

The currently accepted allocation of marsupial families within suborder 

Vombatiformes Woodburne 1984 is that proposed by Aplin and Archer (1987). They 

proposed infraorders Vombatomorphia and Phascolarctomorphia. While they concluded 

that vombatomorphians are almost certainly monophyletic, they did not elucidate the 

interfamilial relationships within this group (Fig. 1). The only addition since made to the 

vombatomorphians is family Maradidae (Black 2007). Infraorder Vombatomorphia Aplin 

and Archer 1987 (sensu Black 2007) now includes the families Diprotodontidae Gill 

1872, Palorchestidae Tate 1948, Ilariidae Tedford and Woodburne 1987, Wynyardiidae 

Osgood 1921, Vombatidae Burnett 1830, Thylacoleonidae Gill 1872 and Maradidae 

Black 2007. Archer (1984) summarized intrafamilial relationships for all marsupial 

families, extant and extinct; including analyses based on dental and cranial characters. 

Archer concluded that diprotodontids were most closely related to palorchestids, and then 

part of a polytomy including vombatids and thylacoleonids; this clade in turn being most 

closely related to wynyardiids, and then phascolarctids (ilariids and maradids were not 

known at the time).  

Marshall et al (1990) investigated the interfamilial relationships (Fig. 1) of 

marsupials, and included several postcranial characters in their analysis. Unfortunately, 

only one representative from each family was used, and so the large degree of 

intrafamilial variation seen in the Diprotodontidae was not considered. Marshall et al 

(1990) produced a cladogram based on more than 100 cranial and postcranial characters, 

and suggested that phascolarctids were the sister group to a vombatoid clade, and within 

this clade vombatids formed a sister group to diprotodontids and palorchestids, with 

wynyardiids, ilariids and thylacoleonids being the next closest relatives respectively (Fig. 

1). This arrangement is based on approximately 35 apomorphic character states, three of 



  297

which relate to postcranial morphology, all of which are phylogenetically labile in 

vombatiform marsupials. The three postcranial characters included: Phascolarctidae “tail 

short” (also shared by vombatids), Vombatidae “ilia of pelvis flared laterally” (also 

occurs in some diprotodontids, considered a graviportal adaptation by Osborn [1929]) and 

Palorchestidae “unguals clawed” (ungual morphology within diprotodontoids is 

extremely diverse and unguals of all members are “clawed”). Marshall et al (1990) found 

relatively few synapomorphies distinguishing various clades within Vombatomorphia; 

those mentioned mainly relating to dental and cranial morphology.  

Figure 1 

Szalay (1994) conducted an in depth investigation of the relationships of all 

marsupials, primarily examining the morphology of the astragalus and calcaneum. He 

suggested that vombatiformes could be separated into two clades: the vombatomorphians 

(including phascolarctids, vombatids and ilariids) and the diprotodontiforms (including 

wynyardiids, thylacoleonids, palorchestids and diprotodontids) (Szalay 1994, pp. 268). 

Szalay was somewhat dubious as to whether the clade vombatiformes even existed: “the 

possible reality of the Vombatiformes, for me, rests on a few relatively weak characters, 

that may not stand up to future tests probing their reliability as taxonomic properties”. 

The arrangement of vombatiform families indicated by Szalay (1994) (Fig. 1) differs 

markedly from that published by all other authors, possibly due to the incorporation of 

both cranial and postcranial characters. 

Lydekker (1887) was one of the first authors to suggest that the Phascolomyidae 

(Vombatidae) and the Diprotodontidae may be close relatives. Owen (1870) considered 

Diprotodon to be more closely related to kangaroos than wombats, based on numerous 

aspects of the dental, cranial and postcranial morphology. Several different hypotheses on 
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the arrangement of families within the Diprotodontia have since been suggested (see 

Archer 1984 for detailed discussion), but it is now accepted that the closest living 

relatives of the Diprotodontidae belong to the Vombatidae, as suggested by Archer 

(1981).  

The Vombatidae represent the most thoroughly studied vombatomorphian family. 

Merrilees (1967) examined relationships among modern wombat species, and Dawson 

has published several phylogenies for living and extinct vombatids (1981, 1983a, b) based 

on craniodental characters. Murray (1998) investigated intrafamilial relationships among 

vombatids, as well as comparing them with other vombatiformes including: 

diprotodontids, palorchestids, wynyardiids and ilariids. The analyses were based on 

craniodental morphology, and suggested vombatids were more closely related to 

diprotodontoids than were wynyardiids. Tedford (2002) examined intrafamilial 

relationships among extant and extinct vombatids, concluding the various large, extinct 

taxa formed a clade most closely related to Lasiorhinus (Gray 1863). High levels of 

homoplasy in incisor and premolar morphology cause problems in resolving intrafamilial 

phylogenetic relationships among vombatids (Brewer et al 2007), suggesting that 

basicranial morphology may provide a stronger phylogenetic signal.  

The Wynyardiidae were considered to be sister group to the rest of the 

vombatomorphian radiation (Archer 1984). However; discovery of more complete 

material led Myers et al (1999) to conclude that the family may be sister group to the 

Diprotodontoidea Gill, 1872 (diprotodontids and palorchestids). The phylogenetic 

position of the Ilariidae is still unknown, and they are placed as a polytomy with the 

vombatid and diprotodontoid/ wynyardiid clades. The Thylacoleonidae are considered the 

sister group to all other vombatomorphs (Myers et al 1999, Long et al 2002), although 

recent studies of the postcranial anatomy suggest Thylacoleo Gervais, 1852 may be more 
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closely related to phascolarctids (Anna Gillespie, pers. comm. 2007). Phascolarctidae 

Owen 1839 have long been considered the sister group to the vombatomorphia (Archer 

1984, Myers et al 1999, Long et al 2002). 

 

6.1.2 Diprotodontid intrafamilial relationships 

Diprotodontids are usually thought to be most closely related to palorchestids 

(Black and Mackness 1999; Long et al 2002), the latter family having previously been 

included within the Diprotodontidae (Stirton et al 1967). The plesiomorphic genus 

Ngapakaldia was originally placed within the Palorchestinae (Tate 1948), and was only 

relatively recently suggested to be more closely related to diprotodontids (Murray 1986). 

Two diprotodontid subfamilies are currently recognised; Diprotodontinae and 

Zygomaturinae (Long et al 2002; Black 2008), although there is substantial evidence that 

the Nototheriinae Stirton et al 1967 may still be a valid group (Tedford R. H., Pers. 

Comm. 2007; Prideaux G., Pers. Comm. 2008). The former two groups are primarily 

distinguished on premolar morphology: diprotodontines displaying a simplified 3-cusped 

premolar, and zygomaturines displaying a more complex 5-cusped (quinquetubercular) 

premolar (Black 2008). The affinities of nototheriines are not well known, due to a 

general paucity of specimens and poor preservation of those known. Based on aspects of 

gross tooth and skull morphology, it is likely that the group is more closely allied to the 

Zygomaturinae, although the genus is currently placed within the Diprotodontinae (Long 

et al 2002). Phylogenetic analyses involving this group are comparatively limited, usually 

being restricted to discussions of dental and cranial anatomy (Fig. 2). Murray has 

published several cladograms, based on dental and/or cranial morphology, examining the 

position of various diprotodontoids. These include Propalorchestes (1986), 

Alkwertatherium (1990a), New Guinean diprotodontids (Murray 1992), Kolopsis yperus 
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(Murray et al 1993) and Neohelos (Murray et al 2000a, b). Silvabestius (Black and 

Archer, 1997) is the most recent diprotodontid genus to be described: including a 

phylogenetic analysis of the Diprotodontidae based on 14 dental characters. 

In his analysis of the Diprotodontidae, Archer (1984, pp. 673) stated “I am not 

sure what a diprotodontid is…I do not know which, if any, synapomorphic features tie 

this “group” together”. This underscores the difficulty in identifying uniting characters in 

a group, spanning at least 25 Ma, in which members range from being relatively small 

and possibly scansorial (Nimbadon, Ngapakaldia), to the largest and heaviest marsupial 

that ever lived (Diprotodon).  Archer (1984) tentatively proposed three synapomorphies 

for the Diprotodontidae: a tendency to develop a posterolingual cusp (hypocone) on P3; 

loss of the epitympanic fenestra; and complete suppression of the vestigial C1, but Black 

(2008: 308) rejected all three characters, as diprotodontines do not conform to the first 

character, and early zygomaturines often do not conform to the second and third 

characters. Murray et al (2000b) proposed a single zygomaturine apomorphy relating to 

cranial morphology: development of the ventral surface of the tympanic process within 

the alisphenoid (in diprotodontines it is formed within the squamosals).  

 

Figure 2 

 

The only comprehensive cladistic investigation of the Diprotodontoidea to date 

was carried out by Black (2008, chapters 10 and 11), and consisted of 77 dental and 

cranial characters. While these analyses provided statistical support for some clades 

within the Diprotodontidae (derived diprotodontines and derived zygomaturines), 

intergeneric relationships were often poorly supported due to extensive homoplasy. 

Monophyly of the diprotodontine and zygomaturine subfamilies, as well as the 
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Diprotodontidae as a whole, was also poorly supported, due to several taxa displaying a 

mixture of “diprotodontine” and “zygomaturine” characters. The monophyly of 

Diprotodontidae was found to be supported by three unambiguous synapomorphies: the 

possession of fully lophodont molars; an I1 that is elongate relative to I2-3; and the 

presence of a transverse parametacone crest on P3 that meets the protocone (Black 2008 

pp. 359). The monophyly of the Zygomaturinae is supported by the following 

unambiguous synapomorphies: a small-moderate parastyle on P3; a strong M1 

postmetacrista that is continuous with the posterior cingulum; P3 with an elongate 

posterior moiety; P3 protoconid with a linear, gently sloping anterior border; and a strong 

paracristid on M1 (Black 2008 pp. 362). The single unambiguous synapomorphy found in 

both ordered and unordered analyses that nests Ngapakaldia and Pitikantia Stirton 1967a 

within Diprotodontinae is the presence of oblique molar lophs (Black 2008 pp. 369). It is 

likely that this character is homoplasious, given that the condition has also evolved in 

other diprotodontian groups such as macropodoids, suggesting that Ngapakaldia and 

Pitikantia may group outside the Diprotodontinae. The difficulty in identifying uniting 

characters results from the uncertain affinities of these two genera, both of which are 

amongst the most plesiomorphic diprotodontines, the more derived members displaying 

several less ambiguous synapomorphies. Meredith (2003) noted that a new, as yet 

unnamed, plesiomorphic diprotodontid grouped with both Pitikantia and Ngapakaldia, 

and suggested that the three formed a clade outside diprotodontines, but still within the 

Diprotodontidae. Despite indications from the postcranial morphology (possibly 

reflecting convergent evolution with non-diprotodontids) that Ngapakaldia may sit 

outside the diprotodontine and zygomaturine sub-families (e.g. Weisbecker and Archer 

2008), it is still considered to be an “unquestionable diprotodontid” based on dental and 

cranial anatomy (Murray 1986; Murray 1990a, b; Black 1997b; Black 2007). 
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6.1.3 Postcrania in the Diprotodontidae 

Very few phylogenetic studies involving diprotodontid postcranial characters have 

been undertaken. Multiple authors (Szalay 1981, 1982, 1994; Lewis 1964, 1980a,b, 1983; 

Munson 1992; Weisbecker and Archer 2008) have remarked on the usefulness of 

postcranial morphology in elucidating phylogenetic relationships but, as the manus and 

pes are the direct link between a taxon and the substrate, they are also likely to be plagued 

with homoplasious features relating to the habit of that taxon. Munson (1992) conducted a 

phylogenetic analysis of the Vombatiformes at a familial level (involving 100 postcranial 

characters), with a view to establishing the position of Ngapakaldia bonythoni and Ilaria 

illumidens. In this analysis one representative for each family was used: Diprotodon 

optatum representing diprotodontids and N. bonythoni (since relocated to Diprotodontidae 

[Black and Mackness 1999]) representing palorchestids. The analysis failed to take into 

account variation between genera within each family, instead assuming that the 

morphology of each family was adequately represented by the exemplar species. This 

resulted in comparison between plesiomorphic, Oligocene species and apomorphic 

Pleistocene species. This was useful in determining the potential habitus associated with 

the species in question (through grouping of taxa that employed a similar habitus), but 

potentially masked accurate phylogenetic relationships between the vombatiform families 

studied. In addition, many postcranial characters inferred to represent adaptations to 

terrestrial lifestyles were weighted, forcing terrestrial taxa to group together regardless of 

the potential “true” phylogenetic affinities.  

Weisbecker and Sánchez-Villagra (2006) published a phylogenetic analysis of 

diprotodontian carpal morphology, including several vombatiform genera, based on 8 key 

characters. This was followed by an analysis of vombatiform manus morphology 
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(Weisbecker and Archer 2008) to assess the relative influence of phylogeny and function 

on the observed morphology. Weisbecker and Archer’s (2008) investigation of 

diprotodontian carpal anatomy considered 28 characters (26 of which were taken from 

Munson [1992]) in a phylogenetic framework, and included four diprotodontid genera: 

Ngapakaldia, Diprotodon, Nimbadon and Zygomaturus. These four taxa represent the 

most plesiomorphic and most derived forms (in their postcrania) of the diprotodontines 

and zygomaturines respectively. Their study found that extensive parallelisms exist in the 

manus morphology of different diprotodontian groups, and that taxa tended to cluster 

based on their preferred mode of locomotion. Weisbecker and Archer (2008) variably 

considered Ngapakaldia to sit basal to a diprotodontid-ilariid-wynyardiid-vombatid clade, 

or within diprotodontids as a zygomaturine (the only study to place Ngapakaldia within 

zygomaturines), but they did not discuss the reasons for these placements.  

 

 

6.2 Methods 

6.2.1 Included taxa 

Species used in comparison of hind limb elements included all known diprotodontids for 

which substantial postcranial material is known, as well as modern and extinct outgroups 

including: Thylacoleo carnifex (“marsupial lion”), Phascolarctos cinereus (koala), Phascolonus 

gigas (giant wombat ), Lasiorhinus latifrons (Southern, Hairy-Nosed Wombat), Vombatus ursinus 

(Common Wombat), Trichosurus vulpecula (Brush-tail possum) and Isoodon obesulus (Common 

Brown Bandicoot) (see Appendix 1 for list of specimens). A representative macropodid was not 

included in this analysis, as their secondary terrestriality, from a group within phalangeroid 

marsupials (see Beck 2008; Phillips and Pratt 2008), was likely to result in even higher levels of 

homoplasy within the analysis. At the time of writing, insufficient postcranial material of a 
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palorchestid, wynyardiid or ilariid was available for these families to have been included in the 

analyses. 

6.2.2 Institutions 

The specimens used in comparisons were drawn from Australian museum collections. 

Prefixes to museum catalogue numbers are as follows: South Australian Museum (SAM), the 

Queensland Museum (QM), the Australian Museum (AM), the Northern Territory Museum and 

Art Gallery (NTMAG) Alice Springs, the Museum and Art Gallery Northern Territory (MAGNT) 

Darwin, Museum of Victoria (MV), Hobart Museum (HM), Queen Victoria Museum and Art 

Gallery (QVMAG) Launceston and the Flinders University (FU) palaeontology collection. 

Additional institutional abbreviations include the American Museum of Natural History (AMNH) 

and the University of California Museum of Paleontology (UCMP). 

6.2.3 Abbreviations 

6.2.3.1 Hind limb abbreviations 

The following abbreviations are used to label hind limb bones in figures throughout the 

paper: Ast- astragalus, Cal- calcaneum, Cub- cuboid, Ect- ectocuneiform, Ent- entocuneiform, 

Fem- femur, Fib- fibula, Hal- hallux or metatarsal I, Med- medial phalanges, Mes- 

mesocuneiform, MtII- metatarsal II, MtIII- metatarsal III, MtIV- metatarsal IV, MtV- metatarsal 

V, Nav- navicular, Prox- proximal phalanges, Py- pyramidalis, Tib- tibia, Ung- ungual or distal 

phalanges. 

The following abbreviations refer to morphological features of the studied hind limb 

bones: addtu- adductor tubercle of the femur, anint- anterior projection of the internal condyle of 

the femur, ast- astragalar facet of tibia, dig- digital or obdurator fossa, digl- length of digital 

fossa, ext- external condyle of the femur, exte-extensor attachment area of tibia, fab- fabellar 

facet of fibula, feh- femoral head, fehl- length of femoral head, fem- facet for internal condyle of 

femur on tibia, fems- femoral sesamoid, fh- femoral head, fib- fibular facet of tibia, flex- groove 

on internal malleolus of tibia for m. flexor tibialis, flexhl- attachment area for m. flexor hallucis 

longus on fibula, flextib- attachment area for m. flexor tibialis on fibula, gast- gastrocnemial 

attachment area of femur, glu- gluteal ridge of femur, glul- length of gluteal ridge of femur, grac- 
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attachment area for m. gracilis on tibia, gtr- greater trochanter,  int- internal condyle of femur, 

intd- depth of intercondylar notch of femur, intm- internal malleolus of tibia, letr- lesser 

trochanter of femur, nav- navicular facet of fibula, nsang- angle between femoral head and shaft, 

per- m. peroneus longus attachment area of femur, pera- peroneal attachment area of fibula, 

perg- peroneal groove of fibula, pg- patellar groove, pop- popliteal attachment area of tibia, sart- 

attachment area for m. sartorius of tibia, semt- attachment area for m. semitendinosus of tibia, 

tib- tibial facet of fibula. 

The following abbreviations refer to morphological features of the studied pedal elements: ast- 

astragalar facet, can- calcaneo-navicular head of astragalus, cth- calcaneal tuber height, cub- 

cuboid facet, ect- ectocuneiform facet, ent- entocuneiform facet, fib- fibular facet, mes- 

mesocuneiform facet, mtI- metatarsal I (hallucal ) facet, nav- navicular facet, pap- post astragalar 

facet pit, prox- facet for proximal phalanx, tib- tibial facet 

 

6.2.3.2 Fore limb abbreviations 

The following abbreviations are used to label fore limb bones in figures throughout the 

paper: Cun- cuneiform, Mag- magnum, Med- medial phalanges, McI- metacarpal I, McII- 

metacarpal II, McIII- metacarpal III, McIV- metacarpal IV, McV- metacarpal V, Pis- pisiform, 

Prox- proximal phalanges, Sca- scaphoid, Td- trapezoid, Tm- trapezium, Unc- unciform, Ung- 

ungual or distal phalanges.  

The following abbreviations refer to morphological features of the studied fore limb 

bones: ancl- m. anconeus lateralis insertion area, artf- arterial foramen, ba- origin of m. 

brachialis anticus, bab- position of muscle belly of m. brachialis anticus, brach- m. 

brachioradialis origin, bant- m. brachialis anticus insertion area, ca- capitatum, cf- coronoid 

fossa, clavdel- clavicular deltoid insertion point, eer- external epicondylic ridge, excu- m. 

extensor carpi ulnaris tendon groove, ext- extensor muscle scarring, extdp- m. externsor 

digitorum profundus origin, extpl- groove for m. extensor pollicis longus, fl-flexor attachment 

area, flexcu- m. flexor carpi ulnaris origin, flexpl- m. flexor palmaris longus origin, gt- greater 

tuberosity, latd- m. latissimus dorsi insertion area, lt- lesser tuberosity, lsc- lesser sigmoid cavity, 
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of- olecranon fossa, olec- olecranon process, olecl- olecranon process length, pec- pectoral crest, 

rad- radial facet, radt- radial tuberosity, scapdel- scapular deltoid insertion point, sf- 

supracondyloid foramen, sig- sigmoid cavity, styp- styloid process, term- m. teres major 

insertion area, tri- general origin of the m. triceps brachii, tmld- general insertion area of the m. 

teres major and m. latissimus dorsi, tricin- origin for inner head of m. triceps brachii, tricout- 

origin for outer head of m. triceps brachii, tro- trochlea, uln- ulnar facet. 

The following abbreviations refer to morphological features of the studied manual 

elements: rad- facet for radius, sty- facet(s) for styloid process of ulna. 

 

6.2.4 Phylogenetic analyses 

Due to both the possibility of previous observer biases, and general lack of suitable 

studies involving diprotodontid postcranial material, I decided to make a fresh appraisal of 

character states, rather than simply use those from previous studies. All perceived differences in 

forelimb and hindlimb morphology between the taxa involved were recorded, resulting in a total 

of 129 hindlimb and 108 forelimb characters. Where possible, multiple individuals both adult and 

immature were examined and measured, in an attempt to eliminate intraspecific and ontogenetic 

variability. In order to reduce confusion in character coding, an effort was also made to make 

characters quantitative rather than qualitative, where appropriate. Outgroup taxa were selected 

based on their (published) affinities with diprotodontids (sensu Long et al 2002). Vombatids have 

long been considered the family with extant representatives most closely related to diprotodontids 

(e.g. Lydekker 1887; Myers et al 1999). To strengthen support for the group of characters 

associated with the former family, representatives from both extant genera were included. The 

giant extinct wombat Phascolonus gigas was also included, in an attempt to capture character 

variability in the outgroups caused by graviportal adaptations. The large size of this species could 

be expected to result in weight-bearing adaptations manifesting in the postcranial morphology. 

Thylacoleo carnifex was included to help identify the suite of characters demonstrated by 

vombatiformes as a whole, and to include a taxon that was not adapted to a solely graviportal 

lifestyle. Phascolarctos cinereus was the original outgroup used in analyses, and is included 
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because of the significant phylogenetic distance from all other vombatiform species used, as well 

as difference in habitus. The most distant outgroups included were Trichosurus vulpecula and 

Isoodon obesulus. Trichosurus vulpecula, the Brush-Tailed Possum, is considered both to possess 

a relatively primitive morphology among the Diprotodontoidea (Aplin & Archer 1987; 

Weisbecker & Sánchez-Villagra 2006), and to be a member of the closest sister group to the 

vombatiformes (Philips and Pratt 2007; Meredith et al 2008; Beck 2008). Isoodon obesulus, the 

Short-Nosed Bandicoot, is considered sister group to the whole Diprotodontia, and demonstrates a 

completely different suite of appendicular adaptations, related to its mode of locomotion. 

In an attempt to assess the relative impacts of function and phylogeny on the observed 

morphology, a number of constraints were implemented. The first constraint involved grouping of 

Phascolonus with Lasiorhinus and Diprotodon with Ngapakaldia and Nimbadon, forcing 

monophyly of vombatids and of diprotodontids. This also helped to remove likely artefactual 

clades based on arboreal/scansorial adaptations (Trichosurus, Phascolarctos, Thylacoleo, 

Ngapakaldia and Nimbadon), or graviportal adaptations (Diprotodon, Zygomaturus, Euowenia, 

Plaisiodon and Phascolonus). A second, more severe constraint was also used to force 

monophyly of diprotodontines (Ngapakaldia, Euowenia and Diprotodon), and of zygomaturines 

(Nimbadon, Neohelos, Kolopsis, Plaisiodon and Zygomaturus): these constraints further cut 

across clades based on graviportal adaptations. A third constraint, adhering exactly to the 

topology suggested by Black and Mackness (1999), was implemented in order to assess the 

postcranial characters supporting the phylogeny based on dental and cranial anatomy. A fourth 

constraint, placing Ngapakaldia outside all other diprotodontids studied, was also implemented 

because this taxon was, prior to Murray’s (1986) reclassification, considered a palorchestid, and 

several recent authors have considered Ngapakaldia to sit outside all other diprotodontids (e.g. 

Meredith 2003, Weisbecker and Archer 2008). The last constraint matched the previous one, 

except that Nimbadon was constrained to group with the other zygomaturines studied, as it was 

found that, when unconstrained, this taxon also tended to group outside the other diprotodontids 

studied. 
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Two sets of analyses were undertaken: the first involved only diprotodontids, with 

Isoodon as outgroup, in order to examine character evolution within diprotodontids. The second 

group involved the inclusion of all taxa studied (for which at least 50% of character states were 

known), in order to determine the usefulness of the selected characters in a wider phylogenetic 

context, and to investigate the effects of a wider outgroup sampling. These two analyses were 

carried out on the forelimb and hindlimb data sets both in isolation and combined. Characters that 

represented a morphocline were treated as ordered, and multi-state characters were scaled to one 

so that all characters were equally weighted. Those hindlimb characters that could be treated as 

ordered include: 1, 5, 6, 7, 14, 15, 17, 18, 21, 26, 29, 30, 35, 36, 37, 40, 42, 44, 46, 47, 49, 53, 57, 

59, 60, 65, 66, 69, 72, 73, 75, 76, 80, 81, 82, 84, 87, 88, 90, 91, 94, 95, 98, 100, 101, 102, 103, 

104, 105, 106, 107, 109, 114, 120, 124, 125, 127, 128, 129. The forelimb characters that could be 

treated as ordered were: 130, 133, 134, 135, 136, 138, 139, 143, 145, 148, 149, 150, 151, 156, 

158, 161, 163, 164, 165, 168, 169, 170, 172, 174, 179, 182, 183, 184, 186, 190, 191, 192, 193, 

194, 195, 199, 204, 205, 210, 213, 217, 222, 223, 226, 227, 228, 230, 233, 234, 235, 236, 237. 

While some authors suggest that particular morphological characters have more value than others 

in elucidating accurate phylogenetic relationships (e.g. Szalay 1977, 1981; Munson 1992), it was 

decided to equally weight all characters in this analysis, due to inherent subjectivity in evaluating 

the relative “importance” of the characters involved (e.g. Gaffney 1979; Eldredge and Cracraft 

1980; Chippindale and Wiens 1994; Kluge 1997a, b). Parsimony analyses were undertaken using 

the computer program PAUP (Swofford 2002). Each heuristic search employed 1000 random 

addition replicates, with no limit on maximum number of trees held. If multiple most 

parsimonious trees resulted, a strict consensus tree was produced. Nonparametric bootstrapping 

(with 1000 replicates) was then performed; only branches with >50% support in the majority-rule 

consensus tree were retained. The consistency indices (CI) of the characters used in the analysis 

were compared at each step; a decrease in this value with increased constraints might indicate that 

the character in question was a functional rather than phylogenetic indicator (assuming that the 

original, unconstrained consensus tree topology was dominated by homoplasy due to functional 

constraints on morphology, and that the constraints accurately reflect the true phylogeny). An 
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increase in CI was interpreted as suggesting that the character was a useful phylogenetic indicator, 

less-influenced by functional constraints. Signed-rank tests (Templeton 1983) were also carried 

out on the various trees produced to test the impacts of the constraints on tree length. The 

positions of Hulitherium and Maokopia were found to be highly labile, due to missing data, and 

so these taxa were deleted from all analyses.  

Part way through the preparation of this thesis Black (2008) submitted a PhD thesis 

involving cladistic analysis of diprotodontoids, based on craniodental morphology. As Black’s 

analysis contains the only known character matrix including all diprotodontid based on 

craniodental data, and has not yet been published, it was decided that combination of craniodental 

and postcranial data sets was outside the scope of this study. 

6.2.5 Character description 

In the description of these characters width refers to the medio-lateral distance, length 

refers to the proximo-distal distance, height refers to the dorso-ventral distance (in the case of the 

manus and pes) and depth refers to the antero-posterior distance (in the case of the limbs), unless 

otherwise stated. Anatomical terms including planes and sections have been taken from Taylor 

and Weber (1965). Muscle attachment locations and their actions have been estimated with the 

aid of human myology texts (Thomson 1902, Gray 1977), a description of the myology of the 

manus and pes in mammals (Bardeleben 1894), descriptions of the myology of the wombat and 

Tasmanian devil (Macalister 1870), the wombat, koala and phalanger (possum) (Sonntag 1922), 

the Brush-Tailed Possum (Trichosurus vulpecula) (Barbour 1963) as well as careful dissections of 

the limb musculature of the Southern Hairy-Nosed Wombat (Lasiorhinus latifrons) by the author. 

Nonetheless, any reconstruction of the musculature of fossil animals can be problematic, 

particularly with muscles lacking tendinous origins and/or insertions (see Bryant and Seymour 

1990 for discussion). As such the reconstruction of myological development and function listed 

here is based primarily on bone morphology. Where characters are ordered, the primitive state is 

assumed to correspond to that which would be demonstrated in an agile, arboreal species, as it has 

previously been suggested that the common ancestor of vombatoids was most probably arboreal 

(Weisbecker and Archer 2008), similar in morphology to the brushtail possum (Haight and 
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Murray 1981; Szalay 1984). While all characters listed were independently identified by the 

author, references indicate where the same characters have been used by previous authors in 

analysis of this group.  

 

6.2.5.1 Characters relating to the hindlimbs 

6.2.5.1.1 The Pes (Fig. 3) 

 

Figure 3 

 

Astragalus 

1. Length: Width: this character is designed to measure the relative elongation of the astragalus, 

length being measured parallel to the median line of the pes, and width being measured 

perpendicular to this line. As the orientation of the cubo-navicular articular head changes between 

taxa, care should be taken to ensure that length is measured as instructed above, rather than just as 

the maximum distance between the posterior edge of the tibial facet and the most distal edge of 

the navicular facet. Character states: 0- <1:1; 1- 1:1-1.25:1; 2- >1.25:1. 

2. Cuboid facet shape: modified from Munson’s (1992) character 83 involving presence-absence 

of contact between astragalus and cuboid; in all taxa studied contact appears to have been present. 

Character states: 0-facet flat; 1-facet rounded; 2-facet shallow saddle-shape; 3- facet antero-

posteriorly convex. 

3. Shape of medial edge of tibial facet. Character states: 0- one low hump on medial border; 1- 

one high hump on medial border; 2- one high, cone-shaped process on medial border; 3- medial 

border flat. 

4. Shape of tibial facet: this character describes the medio-lateral shape of the interface between 

the astragalus and the tibia, and is a modified combination of characters 71 and 81 used by 

Munson (1992). Szalay (1994 pp. 402) considers a deeply concave facet to be an adaptation to 

terrestriality, but in the largest (and undoubtedly terrestrial) taxa the facet is less concave than in 

smaller (possibly arboreal) taxa such as Ngapakaldia and Nimbadon. Character states: 0- facet 
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shallowly medio-laterally concave; 1- facet deeply medio-laterally concave; 2- facet flat; 3- facet 

convex; 4- facet separated into two parts by antero-posteriorly aligned ridge. 

5. Shape of cubo-navicular articular head: this character is modified from character 82 of 

Munson (1992). Character states: 0-curved, crescent-shaped in frontal plane; 1-flattened crescent; 

2-crescent with partially spherical aspect; 3-spherical with small crescent shaped aspect; 4- 

spherical. 

6. Size of fibular facet: size of tibial facet(s): Munson’s (1992) character 80 measured the 

relative widths of these two facets, but as the shape of these facets can vary, a measure of the 

relative areas of the two facets has more functional significance. Character states: 0- ≤0.2:1; 1- 

0.25:1-0.35:1; 2- ≥ 0.5:1. 

7. Angle between tibial and fibular facets. Character states: 0- <100°; 1- 100°-120°; 2- >120°. 

8. Width of cubo-navicular facet: total astragalar width: this character is a quantitative measure 

of the orientation of the cubo-navicular head, a lower value indicating that the navicular sits more 

medially in the pes, and a higher value indicating that it sits more anteriorly (relative to the 

astragalus). Character states: 0- <0.5:1; 1- 0.5-0.7:1; 2- >0.7:1. 

9. Shape of medial pit next to calcaneal facet: this character is effectively another way of 

measuring the shape of the “sustentacular” (disto-medial calcaneal facet) discussed by Szalay 

(1994). Szalay (1994) indicates the phylogenetic importance of the shape of the sustentacular 

(labelled Sua and Suad by Szalay) to wider mammal phylogenies but, among the taxa studied 

here, it is between two of the most closely related taxa (Lasiorhinus and Vombatus) that the 

greatest differences in the morphology of this pit occur. Szalay also noted (1994, pp. 404) that the 

similarity seen in this pit between Ngapakaldia and Thylacoleo provides strong evidence for the 

monophyly of a palorchestid-diprotodontid-thylacoleonid-wynyardiid clade. Character states: 0- 

oblong and wide; 1- oblong and narrow; 2-crescent shaped and wide; 3- triangular e.g. 

Zygomaturus; 4- L-shaped, extends across posterior edge; 5- Z-shaped, separates calcaneal facet 

into posterior and anterior parts e.g. Vombatus. 

10. Length of medial pit next to calcaneal facet. Character states: 0- <0.25:1; 1- 0.25:1-0.5:1; 2-

0.5:1-0.75:1; 3-0.75:1-1:1; 4- >1:1. 
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11. Navicular and tibial facets separate: this character refers to the degree to which the antero 

dorsal pit separates the tibial and navicular facets, but is also a measure of the relative length of 

the “neck” of the cubo-navicular “head”. Character states: 0- facets completely separated by wide 

pit; 1- facets joined; 2- facets almost touch e.g. Euowenia. 

12. Tibial and fibular facets separate? Character states: 0- tibial and fibular facets form one 

continuous facet (but still have different orientations); 1- sharp ridge separates the two facets. 

13. Size of facet for pyramidalis relative to fibular facet: the pyramidalis is a sesamoid that sits on 

the posterior edge of the proximal astragalus, between the tibia and fibula. Character states: 0- 

≤0.2:1; 1- ~0.25:1; 2- ~0.33:1; 3- facet indistinguishable. 

14. Navicular facet length: total astragalar length: this character relates to the positioning of the 

navicular in relation to the astragalus, and the subsequent direction in which the weight is being 

transferred. Character states: 0- 0.3:1-0.5:1 e.g. Trichosurus; 1- 0.5:1-0.7:1; 2- 0.7:1-0.9:1 e.g. 

Euowenia. 

 

Calcaneum 

15. Ligament attachment area posterior to astragalar facet. Character states: 0- area is raised and 

rugose; 1- area is relatively smooth; 2- shallow pit present; 3- deep pit present e.g. Plaisiodon. 

16. Shape of calcaneal tuber: Character states: 0- straight and mediolaterally compressed; 1- 

straight and dorsoventrally compressed; 2- straight and diagonally compressed; 3- crescent 

shaped.  

17. Length: Width. Character states: 0- <1.75:1; 1- 1.75:1-2.25:1; 2- >2.25:1. 

18. Proportion of anterior calcaneum occupied by cuboid facet. Character states: 0- facet occupies 

lateral ¾ of anterior end; 1- facet occupies whole of anterior end; 2- occupies medial 2/3 of 

anterior end. 

19. Cuboid facet height: total height of calcaneum. Character states: 0- >0.6:1; 1- <0.6:1. 

20. Cuboid facet shape. Character states: 0- facet concave; 1- facet deeply concave; 2- facet 

mediolaterally v-shaped but dorsoventrally flat e.g. Euowenia; 3- facet mediolaterally flat and 

dorsoventrally slightly concave. 
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21. Contact between calcaneum and navicular? Character states: 0- no contact; 1- small degree of 

contact; 2- extensive contact. 

22. Orientation of astragalar facet. Character states: 0- facet slightly inclined; 1- facet steeply 

inclined; 2- facet horizontal; 3- facet cup shaped e.g. Isoodon. 

23. Fibular facet present? This is cited by Szalay (1994 pg 403-404) as a primitive mammalian 

character, but amongst the taxa studied here it is often present in derived taxa, and is lacking in 

the most plesiomorphic diprotodontids. Szalay (1994) also suggests that the presence of this facet 

can be used to distinguish between diprotodontids (absent) and palorchestids (present), but this 

analysis found the facet to be present in several members of the former family. Character states: 

0- no contact; 1- contact. 

24. Angle between horizontal and sloped component on medial border of astragalar facet. 

Character states: 0- no sloped component e.g. Ngapakaldia; 1- angle <125°; 2- angle >125°. 

 

Pyramidalis 

25. Overall shape. Character states: 0- equilateral; 1- mediolaterally elongate; 2- absent. 

 

Cubo-navicular/ cuneiforms interface 

26. Shape of interface between cubo-navicular and cuneiforms. Character states: 0- relatively flat/ 

no rotation possible; 1- surfaces slightly concave-convex/ some rotation possible (medio-lateral 

and dorso-ventral); 2- surfaces relatively highly concave-convex/ large degree of rotation possible 

e.g. Trichosurus. 

 

Cuboid 

27. Navicular facet size relative to astragalar facet size: Szalay (1994, pp. 271) suggests that 

arboreal taxa have limited or no contact between the astragalus and cuboid, while this contact is 

more extensive in terrestrial taxa. Both Munson (1992) and Szalay (1994) suggest that there is no 

contact between the astragalus and cuboid in Trichosurus, but there was found to be a small 
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degree of contact in all specimens involved in this study. Character states: 0- 0.2:1-0.4:1; 1- 0.4:1-

0.6:1; 2- 1:1; 3- 1.5:1; 4- ≥2:1. 

28. Navicular facet shape. Character states: 0- facet flat; 1- facet convex; 2- v-shaped notch that 

locks in with navicular e.g. Diprotodon; 3- facet dorso-ventrally concave; 4- 3 facets: top two at 

90°, bottom one flat e.g. Isoodon. 

29. Length: Width. Character states: 0- <0.9:1; 1- 0.9:1-1.2:1; 2- >1.2:1. 

30. Calcaneal facet size relative to astragalar facet size. Character states: 0- ≤1:1; 1- 2:1-3:1; 2- 

≥4:1. 

31. Number of ectocuneiform facets. Character states: 0- l facet; 1- 2 facets; 2- facet(s) indistinct/ 

poorly developed. 

32. Ectocuneiform facet(s) continuous with navicular facet? Character states: 0- facets continuous 

e.g. Zygomaturus; 1- one continuous, one separate; 2- facets separate. 

33. Metatarsal V facet shape. Character states: 0- facet concave/saddle-shaped e.g. Vombatus; 1- 

facet flat; 2- facet partly convex; 3- facet dorso-ventrally concave. 

34. Cuboid/Metatarsal V ligament attachment area. Character states: 0- extensive scarring; 1- 

shallow pit and some scarring; 2- small or no scarring; 3-rugose patch on lateral edge. 

35. Calcaneal and navicular facets separate? Character states: 0- facets separated by astragalar 

facet e.g. Ngapakaldia; 1- facets almost completely separate; 2- facets have extensive shared 

border. 

36. Shape of ligamental pit near navicular/entocuneiform facets. Character states: 0- deep pit 

present; 1- shallow pit present; 2- area smooth. 

37. Development of plantar groove for m. peroneus longus tendon. Character states: 0- groove 

shallow; 1- groove deep; 2- groove very deep e.g. Nimbadon. 

38. Pit at bottom of Mt V facet? It is unclear whether this pit is for attachment of ligaments or the 

m. abductor digiti minimi brevis tendon. In Lasiorhinus this muscle inserts mainly into the 

mesocuneiform, and so this pit may instead represent a ligamental attachment area. Character 

states: 0- no pit present on cuboid; 1- pit present. 
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Navicular 

39. Astragalar facet length relative to total navicular length. Character states: 0- 0.55:-0.65:1; 1-

0.65:1-0.75:1; 2-0.75:1-0.85:1. 

40. Position of posterior edge of astragalar facet in relation to posterior edge of astragalar facet of 

calcaneum, in the articulated pes. Character states: 0- facets level; 1- 50% of astragalar facet on 

calcaneum lies posterior to facet on navicular; 2- 75% lies posterior; 3- ~90% lies posterior. 

41. Cuboid facet semi-continuous with ectocuneiform facet? Character states: 0- facets not 

continuous; 1- facets continuous. 

42. Ectocuneiform facet size relative to cuboid facet size. Character states: 0- ~1:1; 1- ~1.5:1; 2- 

~2:1; 3- ~3:1. 

43. Ectocuneiform facet distinct from entocuneiform facet? Character states: 0- facets continuous; 

1- facets separate. 

44. Angle between ecto- and entocuneiform facets. Character states: 0- <130°; 1- 130-150°; 2- 

>150°. 

45. Entocuneiform facet shape. Character states: 0- facet hourglass-shaped; 1- facet triangular; 2- 

facet oval; 3- facet s-shaped e.g. Trichosurus; 4- facet wide and u-shaped e.g. Zygomaturus. 

46. Entocuneiform facet length relative to medial length of navicular. Character states: 0- facet 

occupies ~0.33 of medial edge; 1- facet occupies ~0.5; 2- facet occupies >0.66. 

47. Development of pit posterior to entocuneiform facet for ligament attachment or synovial 

fluid. Character states: 0- pit shallow; 1- pit deep; 2- pit deep and a deep pit present at anterior 

edge of facet as well e.g. Ngapakaldia. 

48. Width of lateral wing relative to length of astragalar facet. Character states: 0- <0.75:1; 1- 

0.75:1-1:1; 2- >1:1. 

49. Development of pit ventral to entocuneiform facet for m. abductor minimi digiti brevis. 

Character states: 0- long deep pit present e.g. Trichosurus; 1- superficial pit present; 2- rugose 

tubercle present. 

50. Tibial facet present. Character states: 0- no; 1- yes. 
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Entocuneiform 

51. Ecto-, meso- and entocuneiforms fused? Character states: 0- unfused; 1- fused. 

52. Shape of hallucal facet. This is expanded from Munson’s (1992) character 87, in which only 

two character states were recognised (convex or saddle-shaped). Character states: 0- facet convex; 

1- facet shallowly concave; 2- facet saddle shaped; 3- facet twisted saddle-shape e.g. Nimbadon. 

53. Facet for hallux length relative to navicular facet length. Character states: 0- <0.75:1; 1- 

0.75:1-1:1; 2- >1:1. 

54. Navicular facet at least 50% smaller than entocuneiform facet of navicular? Character states: 

0- facet smaller; 1- facet same size. 

55. Development of groove below hallucal facet for ligament or m. tibialis anterior. Character 

states: 0- deep pit e.g. Euowenia; 1- shallow pit; 2- deep pit below mesocuneiform facet. 

 

Mesocuneiform 

56. Free or fused to entocuneiform? Character states: 0- mesocuneiform unfused; 1- 

mesocuneiform fused. 

 

Ectocuneiform 

57. Height: width. Munson (1992 characters 85 and 86) used a length to height ratio, but it was 

found in this study that a height to width ratio was better for distinguishing between different 

groups of vombatiformes. Character states: 0- <1.35:1; 1- 1.35:1-1.55:1; 2- 1.55:1:1.75:1; 3- 

>1.75:1. 

58. Posterior cuboid facet distinct? Character states: 0- distinct; 1- indistinct e.g. Diprotodon. 

59. Angle between antero-dorsal cuboid facet and Mt IV facet. Character states: 0- <110°; 1- 120-

130°; 2- 130-140°; 3- >140°. 

60. Size of metatarsal IV facet relative to size of metatarsal III facet. Character states: 0- <0.5:1; 

1- 0.5:1-1:1; 2- ~2:1; 3- ≥3:1. 

 

Tarsal-Metatarsal interface 
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61. Overall shape of tarsal-metatarsal interface. Character states: 0- slightly concave 

(mediolaterally); 1- flat e.g. Diprotodon. 

 

Metatarsal V 

62. Cuboid facet shape. Character states: 0- facet wraps around cuboid with lateral process; 1- 

facet separate from lateral process, but still wraps around cuboid; 2- facet separate from lateral 

process, and doesn’t wrap around cuboid; 3- 2 facets wrap around cuboid, but with hole between 

for tendon of m. peroneus longus e.g. Isoodon. 

63. Lateral tuberosity, for the attachment of muscle tendons including m. soleus, m. peroneus 

brevis, some of the abductors and the m. peroneus digiti quinti and quarti, enlarged along whole 

length? Character states: 0- enlarged at only proximal end; 1- enlarged at proximal and distal ends 

(but not in middle) e.g. Thylacoleo; 2- enlarged along whole length. 

64. Shape of medial border. Character states: 0- shaft straight; 1- shaft arched and curves 

medially. 

65. Distal articulation keeled? Character states: 0- strong keel; 1- small keel e.g. Euowenia; 2- no 

keel. 

66. Angle between cuboid and metatarsal IV facets. Character states: 0- <95°; 1- 95-115°; 2- 

>115°. 

67. Metatarsal IV facet shape. Character states: 0- rectangular; 1- flat, widens dorsally; 2- flat, 

widens ventrally; 3- concave, widens ventrally; 4- concave: on dorso-medial surface e.g. Isoodon. 

 

Metatarsal IV 

68. Protrusion above metatarsal III facet? Character states: 0- no protrusion; 1- slight protrusion; 

2- prominent protrusion e.g. Diprotodon; 3- prominent protrusions above both Mt III and V 

facets. 

69. Development of pit for m. flexores breves or m. interossei near Mt V facet. Character states: 

0- deep/rugose pit; 1- smooth; 2- rugose, raised area. 

70. Shape of articular facet for cuboid. Character states: 0- facet large; 1- facet absent or small. 



  318

71. Ectocuneiform facet orientation. Character states: 0- facet medio-posteriorly oriented; 1- facet 

dorsally medio-posteriorly oriented e.g. Nimbadon; 2- facet posteriorly oriented; 3- facet medially 

oriented. 

72. Height of proximal end relative to height of distal end. This is modified from Munson’s 

(1992) character 95, in which the proximal end is classified as “mediolaterally tapered” or 

“square”. Character states: 0- <1.2:1; 1- 1.2:1-2:1; 2- >2:1. 

73. Length: width. Character states: 0- <2.8:1; 1- 2.8:1-3.2:1; 2- >3.2:1. 

74. Pits at distal end for flexor or ligament attachment. Character states: 0- deep pits; 1- shallow 

pits. 

75. Shape of distal end. Character states: 0- dorso-ventrally compressed e.g. Vombatus; 1- not 

compressed; 2- medio-laterally compressed. 

 

Metatarsal III 

76. Length: height. Munson (1992) used width relative to length for metatarsals II and III 

(character 94) in her analysis of vombatiform relationships, but it was found here that length 

relative to height was more useful in distinguishing between the relevant groups. Character states: 

0- <2.5:1; 1- 2.5:1-3.5:1; 2- >3.5:1. 

77. Development of articular facet for metatarsal II. Character states: 0- facet poorly developed; 

1- facet well developed. 

78. Development of facet for ectocuneiform. Character states: 0-well developed/convex; 1- well 

developed/angled e.g. Ngapakaldia; 2- poorly developed; 3- well developed/concave; 4- well 

developed/flat. 

 

Metatarsal II 

79. Shaft shape. Character states: 0- shaft straight and smooth; 1- shaft slightly arched and 

smooth; 2- shaft highly arched and rugose e.g. Diprotodon. 

80. Length: height. Modified from Munson’s (1992) character 94 as discussed above. Character 

states: 0- 1:1-2:1; 1- 2:1-3:1; 2- 3:1-4:1; 3- 4:1-5:1. 
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81. Length of metatarsal III relative to length of metatarsal II. Munson’s (1992) character 93 

involves the presence of syndactyly of digits II and III, however; this is impossible to judge for 

fossil animals. Weisbecker and Nilsson (2008) suggested that digits II and III of all 

diprotodontian marsupials (living and extinct) were syndactylous, but the disparity between the 

lengths of these two digits in species such as Diprotodon suggests that there are some exceptions. 

It is therefore suggested here that the comparative lengths of metatarsals II and III is a better 

measure to use when including extinct taxa, a lower value (0) indicating that syndactyly was most 

probably present and a higher value (2) potentially indicating the absence of syndactyly. 

Character states: 0- <1.15:1; 1- 1.15:1-1.55:1; 2- >1.55:1. 

82. Length of metatarsal I relative to length of metatarsal II. Character states: 0- <0.75:1; 1- 

0.75:1-1:1; 2- >1:1. 

83. Development of proximal and distal articular facets. Character states: 0- facets distinct; 1- 

facets indistinct e.g. Diprotodon. 

84. Proximal and distal tendon attachment surface development. Character states: 0- strongly 

developed e.g. Thylacoleo; 1- somewhat developed; 2- poorly developed. 

 

Metatarsal I / Hallux 

85. Entocuneiform facet shape. This is modified from Munson’s (1992) character 90, in which 

this facet is classed as either having a strongly concave component, or being mostly convex. 

Character states: 0- deep saddle-shape; 1- slight concavity; 2- saddle-shaped with keel e.g. 

Nimbadon; 3- convex, 4- 2 facets, one shallowly curved, one flat e.g. Diprotodon. 

86. Overall shape. Character states: 0- retains basic metatarsal shape; 1- rugose knob e.g. 

Diprotodon; 2- hook shaped/ arched e.g. Thylacoleo. 

87. Length: width: This is modified from Munson’s (1992) characters 89 and 91, that code for an 

opposable or non-functional digit I, and a non-weight-bearing or weight-bearing hallux, 

respectively. In this case a more elongate metatarsal (3/4) reflects a longer digit I and possibly 

some grasping ability while a short robust metatarsal I (0/1) reflects a weight-bearing role. 

Character states: 0- 1.25:1-1.5:1; 1- 1.5:1-1.75:1; 2- 1.75:1-2:1; 3- 2:1-3:1; 4- >3:1. 
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88. Width at proximal end relative to width at distal end. Character states: 0- <1.1:1; 1- 1.1:1-

1.3:1; 2- >1.3:1. 

89. Distal articulation shape (modified from Munson [1992] character 92). Character states: 0- 

semi-spherical/smooth; 1- saddle shaped; 2- rugose. 

90. Phalanx present (also modified from Munson [1992] character 92). Character states: 0- no 

phalanx retained; 1- small phalanx retained; 2- two small phalanges retained e.g. Ngapakaldia; 3- 

two large phalanges retained e.g. Trichosurus. 

 

Proximal phalanges 

91. Length of phalanx of digit II relative to length of phalanx of digit III: this character is also 

related to Munson’s (1992) character 93, as discussed above, and the presence of syndactyly in 

the species studied. Character states: 0- 0.6:1-0.8:1; 1- 0.8:1-1:1; 2- >1:1. 

92. Orientation of proximal articular facets: this is modified from Munson’s (1992) character 55, 

that relates to the orientation of the distal facets of the proximal phalanges, rather than the 

proximal facets. Character states: 0- slightly dorsal; 1- vertical. 

93. Distal facet shape (for medial phalanges). Character states: 0- deeply saddle shaped; 1- flat or 

slightly saddle shaped. 

94. Development of distal plantar tuberosities for flexor attachment. Character states: 0- strong 

presence e.g. Nimbadon; 1- weak presence; 2- absent. 

95. Width of phalanx II relative to width of phalanx III. Character states: 0- 0.35:1-0.65:1; 1- 

0.65:1-0.95:1; 2- 0.95:1-1.25:1. 

 

Ungual Phalanges 

96. Cross-sectional shape: this is modified from Munson’s (1992) characters 58 and 59, which 

consider only the degree of medio-lateral or dorso-ventral compression of the ungual phalanges. 

Character states: 0- phalanges slightly medio-laterally compressed; 1- highly medio-laterally 

compressed e.g. Nimbadon; 2- highly dorso-ventrally compressed e.g. Zygomaturus; 3- hooded 

claw; 4- bifurcated; 5- slightly dorso-ventrally compressed. 
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97. Development of flexor tendon attachment area. Character states: 0- large tunnel for tendon 

attachment; 1- small tunnel for tendon attachment. 

98. Proximal facet shape (for medial phalanges). Character states: 0- heavily keeled; 1- slight keel 

e.g. Vombatus; 2- no keel. 

 

6.2.5.1.2 Characters relating to bones of the hind limb (Fig. 4) 

 

Figure 4 

 

Femur 

99. Development of gluteal ridge. The gluteal muscles in most large marsupials insert into the 

area around the greater trochanter (Sonntag 1922, Barbour 1963), and Sonntag (1922) suggests 

that the koala is the only species (of Australian marsupial) with a long gluteal ridge. The gluteal 

ridge was extensive in most species studied, and was less well developed in the koala specimens 

studied than in many of the other species. This character may therefore be ontogenetically 

variable, but appeared constant among the specimens of each species studied here. Character 

states: 0- long and rugose ridge; 1- long ridge slightly rugose; 2- short and rugose; 3- smooth. 

100. Internal condyle height (antero-posterior from shaft) relative to external condyle height. 

Character states: 0- <1.35:1; 1- 1.35:1-1.7:1; 2- >1.7:1. 

101. Position of femoral head in relation to greater trochanter and digital fossa. Character states: 0- 

head below top of fossa e.g. Trichosurus; 1- head equal with fossa; 2- head partially above fossa; 

3- head completely above fossa e.g. Zygomaturus. 

102. Development of smaller trochanter. Character states: 0- trochanter highly prominent; 1- 

trochanter medium-sized e.g. Neohelos; 2- trochanter small. 

103. Width of femur at epicondyles relative to depth of intercondylar notch (measured from 

external epicondyle). Character states: 0- <3:1; 1- 3:1-4:1; 2- >4:1. 

104. Dorso-ventral length of head relative to length of digital fossa. Character states: 0- 0.5:1-

0.75:1; 1- 0.75:1-1:1; 2- 1:1-1.25:1. 
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105. Enlargement of anterior process of internal condyle. Character states: 0- not enlarged; 1- 

somewhat enlarged; 2- greatly enlarged e.g. Diprotodon. 

106. Angle between neck and main shaft. Character states: 0- 105°-125°; 1- 125°-145°; 2- 145°-

165°. 

107. Antero-posterior width of greater trochanter relative to antero-posterior width of head. 

Character states: 0- 0.75:1-0.95:1; 1- 0.95:1-1.15:1; 2- 1.15:1-1.35:1. 

108. Gastrocnemial attachment areas (medial and lateral to the internal and external condyles 

respectively). Character states: 0- deep lateral pit shallow medial pit e.g. Nimbadon; 1- both pits 

deep; 2- both pits shallow; 3- deep medial pit, shallow lateral pit e.g. Phascolarctos; 4- both pits 

deep. 

109. Diaphysis (thinnest part of shaft) medio-lateral diameter relative to antero posterior diameter. 

Character states: 0- 0.5:1-1:1; 1- 1:1-1.5:1; 2- 1.5:1-2:1. 

110. Prominence of adductor tubercle (medial mid-shaft). Character states: 0- somewhat 

prominent; 1- highly prominent e.g. Lasiorhinus; 2- rugose patch; 3- poorly developed. 

111. Patella present? Character states: 0- patella absent; 1- patella present. 

 

Tibia 

112. Shared border of femoral facets: in all species studied the area where the borders of the two 

femoral facets meet was raised to some degree. This character relates to both the development of 

this spine and the groove in between, which is where the crucial ligament and semilunar cartilage 

attachment areas are situated (Thompson 1902). Character states: 0- facets separated by groove; 

1- facets separated by high ridge; 2- facets separated by ridge with groove in top. 

113. External tuberosity locks fibula in place? Character states: 0- articulation curves laterally, 

anteriorly; 1- articulation comparatively flat. 

114. Prominence of dorsal external tuberosity: this area is where the m. tibialis anterior and m. 

extensor digitorum longus attach. Character states: 0- has prominent tuberosity for extensor 

attachment; 1- has slight process for extensor attachment; 2- extensive rugose area but no 

tuberosity. 
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115. Morphology of m. popliteus attachment area (on posterior part of the proximal shaft). The 

degree of development of this attachment area can exhibit significant intraspecific variation, 

particularly between young and old individuals, but the shape of the attachment area appears to be 

less affected by ontogenetic variation. Character states: 0- shallow pit with some rugosity; 1- deep 

pit e.g. Kolopsis; 2- dorso-ventrally elongate tuberosity; 3- smooth; 4- long medial ridge for 

attachment. 

116. Insertion areas of m. gracilis, m. semitendinosus and m. sartorius: these three muscles attach 

(gracilis most proximally and sartorius most distally) to the medial mid-shaft of the tibia. It is 

difficult to tell which of the three muscles these pits correspond to in some species studied, as 

frequently fewer than three pits are evident. Character states: 0- two well-developed, rugose pits; 

1- no pits but raised, rugose area; 2- smooth; 3- 2 anterior pits and one proximo-medial pit; 4- 

one, elongate, rugose pit. 

117. Shape of internal malleolus in cross-section. Character states: 0- triangular; 1- subrectangular; 

2- oval. 

118. Internal malleolus sharply stepped from astragalar facet. Modified from Munson’s (1992) 

character 71 that deals with the shape of the astragalar facet, but does not discuss the contribution 

of the internal malleolus to this articulation. Character states: 0- stepped with one facet; 1- sharply 

stepped with 2 astragalar facets (one on malleolus) e.g. Lasiorhinus; 2- 2 astragalar facets but not 

stepped; 3- not stepped. 

119. Internal malleolus articulates with navicular. This refers to taxa in which there is significant 

contact between the tibia and navicular, not to those in which the two bones may just touch during 

movement of the pes. Character states: 0- doesn’t articulate with navicular; 1- does articulate. 

120. Groove on internal malleolus for tendon of m. flexor tibialis (tendon inserts into the 

entocuneiform and aids in both pronation and plantar flexion of the pes at the ankle). Character 

states: 0- groove absent; 1- groove shallow; 2- groove deep e.g. Phascolarctos. 

 

Fibula 
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121. Shape of lateral groove for peroneals: modified from Munson (1992) characters 73 and 74, 

now measures degree of development rather than presence-absence. Character states: 0- wide, 

deep groove; 1- wide, shallow groove; 2- narrow, deep groove. 

122. Shape of fabella articulation: the fabella is a large sesamoid that sits on the posterior part of 

the proximal end of the fibula. Munson (1992) included characters relating to the angle between 

the fabellar and femoral facets (78, 79), but did not note differences in fabellar facet morphology. 

Character states: 0- flat; 1- concave e.g. Diprotodon; 2- convex; 3- absent: fabella articulates with 

femur. 

123. Size of fabella: The fabella is not known for many of the zygomaturines species studied, and 

its size can only be judged by the size of the facet on the fibula. Character states: 0- large and 

robust; 1- large but thin, 2- small. 

124. Extent of rugose area on proximal postero-medial edge of shaft (attachment area for m. flexor 

tibialis or m. tibialis posterior). Character states: 0- occupies 1/3; 1- occupies ½; 2- occupies ~2/3 

of length of shaft. 

125. Extent of attachment area for m. flexor hallucis longus and extensor muscles (these muscles 

attach to the medial surface of the mid-shaft, and are usually represented by a somewhat rugose 

ridge). Character states: 0- <1/4 of shaft length; 1- ~1/3 of shaft length; 2- ~1/2 of shaft length; 3- 

~2/3 of shaft length e.g. Lasiorhinus. 

126. Development of attachment area for m. flexor hallucis longus and extensors. Character states: 

0- well developed rugose ridge; 1- relatively poor development of ridge e.g. Diprotodon. 

127. Angle between astragalar facet and shaft. Character states: 0- 0°: facet in line with shaft; 1- 

100-120°; 2- ~130°; 3- ~145°. 

128. Development of peroneal ridge: this ridge runs down the distal part of the antero-lateral shaft 

of the fibula. Character states: 0- highly prominent ridge along ~1/3 of shaft; 1- prominent ridge 

along ~1/3 of shaft; 2- slight ridge along ~1/3 of shaft; 3- short, rugose patch e.g. Thylacoleo. 

 

Limb Proportions 
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129. Femur length: tibia length: limb bone proportions have often been used as a way of gauging 

the locomotory ability of a species, with a proportionally longer distal limb segment (ulna/tibia) 

indicating increased locomotory capability (e.g. Christiansen 1998). Munson (1992) used this 

parameter as two separate characters (68, 69), rather than creating one multistate character in her 

analysis of vombatiform phylogeny. Character states: 0- <1.2:1; 1- 1.2:1-1.5:1; 2- >1.5:1. 

 

6.2.5.2 Forelimb characters used in cladistic analysis 

Limb Proportions 

130. Humerus length: ulna length: as mentioned above the length of proximal limb segments in 

relation to distal limb segments can be used as an indicator of locomotory ability. Modified from 

Munson’s (1992) character 24. Character states: 0- <0.8:1; 1- 0.8:1-1:1; 2- >1:1. 

 

6.2.5.2.1 The Manus (Fig. 3) 

Pisiform 

131. Development of articular facet for cuneiform. This is similar to Munson’s (1992) character 28 

that measures the size of the cuneiform facet relative to the ulnar facet, both characters being a 

measure of the degree of interaction between the pisiform and cuneiform. Character states: 0- 

distinct; 1- indistinct. 

132. Position in relation to carpus as a whole. Character states: 0- projects medially; 1- projects 

postero-medially; 2- projects posteriorly; 3- projects medio-ventrally. 

133. Length of pisiform relative to width at distal end. This is similar to Munson’s (1992) 

characters 29 and 30, that measure the “medio-lateral width” relative to the “antero-posterior 

thickness”. Character states: 0- <1.5:1; 1- 1.5:1-1.75:1; 2- 1.75:1-2:1; 3- >2:1. 

134. Pisiform neck shape. Character states: 0- neck slender e.g. Lasiorhinus, 1- neck thick, 2- neck 

absent. 

135. Overall shape. Character states: 0- pisiform not flattened (in longest dimension), 1- pisiform 

slightly flattened, 2- pisiform highly flattened. 
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Cuneiform 

136. Size of facet for pisiform relative to the size of facet for styloid process of ulna. This is also 

similar to Munson’s (1992) character 28, in that it relates to the relative roles of the pisiform and 

cuneiform in supporting the styloid process of the ulna. Character states: 0- <0.4:1; 1- 0.4:1-0.8:1; 

2- 0.8:1-1.2:1; 3- >1.2:1. 

137. Facets for styloid and unciform separated by groove on postero-medial surface? Character 

states: 0- facets separate; 1- facets joined at dorsal edge e.g. Diprotodon; 2- facets joined at 

posterior edge e.g. Thylacoleo. 

138. Proportion of styloid process supported by styloid facet. Character states: 0- supports ~1/2 of 

styloid; 1- facet supports ~2/3 of styloid process; 2- supports >3/4 of styloid. 

139. Development of groove on palmar surface. Character states: 0- groove absent; 1- groove 

shallow; 2- groove deep e.g. Phascolonus. 

140. Palmar surface texture. Character states: 0- surface smooth; 1- some rugosity; 2- highly 

rugose; 3- some rugosity and large groove. 

141. Unciform facet shape. Character states: 0- facet elongate; partly convex; 1- facet round and 

flat; 2- facet elongate and saddle shaped e.g. Kolopsis. 

142. Pit at base of unciform facet (for m. abductor digiti minimi or ligament attachment). Character 

states: 0- shallow groove; 1- smooth; 2- deep pit. 

 

Unciform 

143. Size of facet for cuneiform relative to size of unciform facet on cuneiform. Character states: 

0- 1:1; 1- ~1.5:1; 2- 2:1. 

144. Length: width. Character states: 0- <1:1; 1- >1:1 

145. Palmar border of metacarpal facet interrupted by large pit (attachment area for the m. extensor 

carpi ulnaris or m. flexor digiti minimi brevis)? Character states: 0- border continuous; 1- border 

interrupted by small pit; 2- border interrupted by large pit e.g. Kolopsis. 
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146. Metacarpal V facet shape. Character states: 0- facet shallow saddle-shape; 1- facet deeply 

saddle-shaped; 2- facet flat; 3- facet keeled; 4- facet deeply saddle shaped with angular 

component (wide movement) e.g. Trichosurus; 5- facet dorso-ventrally concave. 

147. Facets for metacarpals IV and V form continuous surface? Character states: 0- facets 

continuous; 1- facets separate e.g. Zygomaturus; 2- part of MC V facet separated from MC IV 

facet by ridge. 

148. Metacarpal V facet size relative to metacarpal IV facet size. Modified from Munson’s (1992) 

character 33. Character states: 0- ≤0.25:1; 1- 0.5:1-0.8:1; 2- ~1:1; 3- ~2:1. 

149. Degree of contact between unciform and metacarpal III. Character states: 0- no contact; 1- 

slight contact between unciform and metacarpal III; 2- relatively large contact e.g. Thylacoleo. 

150. Scaphoidal facet shape and size. Character states: 0- unciform articulates with lunatum; 1- 

facet absent; 2- facet small and continuous with cuneiform facet; 3- facet medium sized and 

continuous with cuneiform facet; 4- facet large and flat e.g. Diprotodon. 

151. Development of palmar (hamate) process (attachment area for flexor retinaculum). Modified 

from Munson’s (1992) character 34. Character states: 0- highly developed e.g. Nimbadon; 1- 

medium development; 2- poorly-developed. 

152. Palmar process supports metacarpals? Character states: 0- process supports metacarpal V; 1- 

process supports metacarpals V and IV e.g. Plaisiodon; 2- process does not support metacarpals; 

3- process doesn’t support Mc V but does prevent hyperflexion of digit V e.g. Thylacoleo; 4- 

supports Mc IV. 

153. Magnum facet size and shape. Character states: 0- facet large and deeply dorso-ventrally 

saddle shaped e.g. Nimbadon; 1- facet large and shallowly saddle-shaped; 2- facet small and 

saddle shaped; 3- facet large and relatively flat. 

154. Number of magnum facets. Character states 0- one continuous facet; 1- two separate facets 

e.g. Ngapakaldia. 

155. Development of pit at base of magnum facet (for attachment of the m. flexor digiti minimi 

brevis tendons, for storage of synovial fluid, or for ligament attachment). Character states: 0- pit 

extensive and deep; 1- pit small and deep; 2- pit shallow e.g. Diprotodon. 
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156. Palmar surface area of unciform proportional to other carpals. Character states: 0- very large 

(~50%); 1- large (~35%); 2- small (20%) e.g. Zygomaturus. 

157. Size of ligamental pit behind cuneiform facet relative to size of facet (attachment area for the 

m. flexor digiti minimi brevis or synovial fluid storage area). Character states: 0- ~0.3:1 and 

anterior to facet; 1- ~0.2:1 and anterior to facet e.g. Phascolarctos; 2- ~0.5:1 and anterior to facet; 

3- ~0.2:1 and palmar to facet. 

158. Overall size of unciform relative to size of magnum. Character states: 0- ~1.5:1; 1- ~2:1; 2- 

~2.5:1; 3- ~3:1. 

 

Magnum  

159. Proportion of distal surface occupied by facet for metacarpal III. Character states: 0- occupies 

whole distal surface; 1- occupies 2/3 of distal surface; 2- occupies half of distal surface; 3- 

occupies half of distal surface and is v-shaped e.g. Zygomaturus. 

160. Development of lateral pit for unciform-magnum ligament. Character states: 0- pit deep e.g. 

Lasiorhinus; 1- pit shallow. 

161. Length: width. Character states: 0- ≤1:1; 1- 1.01:1-1.5:1; 2- >1.5:1. 

162. Overall shape (dorsal view). Character states: 0- triangular; 1- rectangular. 

163. Metacarpal II facet area relative to scaphoid facet area. Character states: 0- no metacarpal II 

facet; 1- <0.3:1; 2- 0.3:1-0.6:1; 3- >0.6:1. 

164. Proximo lateral articular facet for scaphoid area relative to trapezoid facet area. Character 

states: 0- no trapezoid facet; 1- <1.5:1; 2- 1.5:1-2.5:1; 3- >2.5:1. 

165. Dorsal width relative to ventral width. Character states: 0- >2:1; 1- 1.5:1-2:1; 2- <1.5:1. 

166. Cuneiform facet present? Character states: 0- no facet present; 1- facet present e.g. 

Zygomaturus. 

 

Scaphoid 

167. Shape of facet for radius. Character states: 0- slightly convex; 1- highly convex; 2- flat; 3- 

saddle-shaped/ antero-posteriorly concave e.g. Thylacoleo; 4- slightly concave. 
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168. Size of facet for trapezium relative to size of facet for radius. Character states: 0- ~1:1; 1- 

~0.66; 2- ~0.5:1; 3- ~0.33:1; 4- ~0.25:1; 5- <0.25:1. 

169. Size of facet for magnum relative to size of facet for unciform. Character states: 0- >4:1; 1- 

~2:1; 2- <1:1; 3- no unciform facet 

170. Development of posterior radio-scaphoidal ligamental surface. Character states: 0- smooth; 1- 

some rugosities; 2- highly rugose e.g. Diprotodon. 

171. Development of medio-dorsal pit (where the m. brachioradialis attaches in Lasiorhinus). 

Character states: 0- deep pit; 1- shallow pit e.g. Diprotodon; 2- extensive rugosity; 3- slight 

rugosity; 4- smooth. 

 

Lunatum 

172. Presence of lunatum. Modified from Munson’s (1992) character 31 where it was characterised 

as fused or unfused to the scaphoid; the lunatum may actually be absent rather than fused in 

vombatiformes (see Weisbecker and Sanchez-Villagra 2006, Weisbecker and Archer 2008). 

Character states: 0- absent; 1- lunatum rarely present e.g. Lasiorhinus; 2- present but small e.g. 

Trichosurus; 3- present and large. 

 

Metacarpal-Carpal interface 

173. Overall shape of articular surfaces. Character states: 0- undulating, slightly concave, 1- 

interface flat e.g. Diprotodon. 

 

Metacarpal V 

174. Extent of articular surface for unciform. Character states: 0- occupies 1/3 of proximal end; 1- 

occupies ½ of proximal end e.g. Diprotodon; 2- occupies 2/3 of proximal end; 3- occupies ¾ of 

proximal end; 4- occupies 4/5 of proximal end; 5- occupies all of proximal end. 

175. Shape of articular surface for proximal phalanx (all metacarpals). Modified from Munson’s 

(1992) character 36. Character states: 0- gently keeled, 1- highly keeled, 2- spherical e.g. 

Zygomaturus. 
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176. Development of lateral wing (where the m. extensor digiti minimi attaches). Character states: 

0- small process, attaches at distal end of shaft e.g. Lasiorhinus; 1- enlarged for proximal 2/3 of 

shaft; 2- small process along entire length; 3- large process along entire length e.g. Diprotodon; 4- 

processes at proximal and distal ends; 5- no processes evident. 

177. Lateral part of proximal end almost touches cuneiform? Character states: 0- isolated from 

cuneiform by unciform; 1- metacarpal almost touches cuneiform e.g. Diprotodon. 

178. Overall shape in dorsal view (modified from Munson’s [1992] character 50). Character states: 

0- retains plesiomorphic metacarpal shape; 1- shape highly modified/ triangular e.g. Diprotodon. 

 

Metacarpals IV, III and II 

179. Average length relative to width at mid-shaft. Modified from Munson’s (1992) character 41. 

Character states: 0- <3:1; 1- 3:1-4:1; 2- 4:1-5:1; 3- ~6:1; 4- ~7:1. 

 

Metacarpal IV 

180. Shape of articular facet for unciform. Character states: 0- rounded and triangular; 1- concave 

and rectangular; 2- flat and rectangular; 3- saddle-shaped and rectangular.  

 

Metacarpal II 

181. Width of metacarpal II relative to width of metacarpal III mid-shaft. Character states: 0- ~1:1; 

1- ~2:1. 

182. Proportion of articular surface for trapezoid occupying proximal end. This is a modified 

version of Munson’s (1992) character 39. Character states: 0- occupies whole proximal end; 1- 

occupies 2/3 of proximal end; 2- occupies ¼ of proximal end e.g. Diprotodon. 

 

Metacarpal I 

183. Width of metacarpal I relative to width of metacarpal III mid-shaft. Character states: 0- 

~0.5:1; 1- ~1:1; 2- ~1.5:1; 3- ~2:1. 

184. Width: length. Character states: 0- ≤0.25:1; 1- ~0.5:1; 2- ~1:1. 
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185. Shape of articular facet for trapezium. Modified from Munson’s (1992) character 35. 

Character states: 0- dorso-ventrally saddle shaped; 1- partly concave, partly convex; 2- all convex 

e.g. Diprotodon. 

 

Proximal Phalanges 

186. Length: width. Modified from Munson’s (1992) characters 52-54. Character states: 0- 1:1-

1.5:1; 1- 1.5:1-2:1; 2- 2:1-2.5:1; 3- >2.5:1. 

187. Two tuberosities present on distal part of palmar surface (attachment surfaces are either for 

muscle attachment; the m. interossei or m. flexores breves or for ligamental attachment)? 

Character states: 0- processes present and highly prominent; 1- processes present; 2- processes 

absent; 3- 2 small pits present e.g. Thylacoleo. 

188. Distal facet shape. Character states: 0- strongly saddle-shaped; 1- flat or slightly saddle-

shaped. 

 

Ungual Phalanges 

189. Shape in cross-section: modified from Munson’s (1992) characters 58 and 59. The shape of 

the ungual phalanges is a good indicator of the possible function of the manus, as has been shown 

in various studies (e.g. Macleod and Rose 1993, Hamrick 2001). Character states: 0- slightly 

dorso-ventrally compressed; 1- highly dorso-ventrally compressed; 2- slightly medio-laterally 

compressed; 3- highly medio-laterally compressed; 4- hooded claw; 5- bifurcated. 

190. Shape of facet for medial phalanges. Character states: 0- shallowly concave; 1- deeply 

concave; 2- deeply concave and keeled. 

191. Height of palmar process for flexor tendon attachment relative to total height of proximal 

ungual phalanges. Character states: 0- 0.25:1; 1- 0.33:1; 2- 0.4:1; 3- 0.5:1. 

Manual ratios 

 The next sets of ratios again relate to the elongation of the digits in the manus, this time in relation 

to the metacarpals, and are a modified version of Munson’s (1992) character 51 (length of 

proximal phalanx: length of corresponding MC or MT). 
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192. Length of phalanges in digit I relative to length of metacarpal I. Character states: 0- <1:1; 1- 

1:1-2:1; 2- >2:1. 

193. Length of phalanges in digits II, III and IV relative to length of corresponding metacarpals. 

Character states: 0- <1.4:1; 1- 1.4:1-1.7:1; 2- >1.7:1. 

194. Length of phalanges in digit V relative to length of metacarpal V. Character states: 0- 0.5:1-

1:1; 1- 1:1-1.5:1; 2- 1.5:1-2:1; 3- >2:1. 

 

6.2.5.2.2 Characters relating to the forelimb bones  

 

Figure 5 

 

Humerus (Fig. 5) 

195. Presence of supracondyloid foramen: this foramen houses the median nerve and brachial 

artery at the elbow joint. It is considered a synapomorphy, and is not displayed in most eutherian 

mammals, although it is present in most marsupials (Landry 1958). Landry (1958) also suggested 

that the function of this foramen is to hold the median nerve in place in animals with a bent-

limbed stance. Character states: 0- present; 1- sometimes present; 2- absent. 

196. Medio-lateral shape of trochlea. Character states: 0- medio-laterally deeply concave e.g. 

Nimbadon, 1- medio-laterally shallowly concave. 

197. External epicondylic ridge terminates in hook? Character states: 0- ridge terminating in hook; 

1- ridge represented by rugose patch. 

198. Development of lesser tuberosity. Character states: 0- well-developed, 1- relatively poorly-

developed e.g. Zygomaturus. 

199. Lateral deltoid crest (deltoideus pars spinalis/acromialis) forms curve to wrap partially around 

belly of m. brachialis anterior. This is modified from Munson’s (1992) character 16 that 

describes the presence or absence of a “flaring overhang”. Character states: 0- wraps around 

strongly e.g. Lasiorhinus; 1- wraps around slightly; 2- doesn’t wrap around; 3- deflects away from 

m. brachialis anterior. 
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200. Position of deltoid crest: in the wombat the deltoid muscle is divided into two parts, one of 

clavicular origin, inserting into the pectoral crest and the other, of scapular origin, inserting into 

the deltoid crest (Macalister 1870). This character relates to the positioning of the scapular deltoid 

(deltoideus pars spinalis). Character states: 0- projects anteriorly; 1- projects laterally e.g. 

Diprotodon. 

201. Position of pectoral crest in relation to clavicular deltoid crest: in Lasiorhinus the clavicular 

deltoid muscle inserts into the distal part of this crest and the m. pectoralis major inserts into the 

proximal part, the ridge not being continuous between these two muscles (0). Character states: 0- 

separated into mid-shaft and upper-shaft sections; 1- continuous ridge; 2- continuous but antero-

lateral position. 

202. Position of m. teres major attachment area (antero-medial, mid-shaft area). Character states: 

0- mid-shaft antero-medial position; 1- mid-shaft medial position; 2- proximal shaft medial 

position e.g. Diprotodon. 

203. Development of m. latissimus dorsi insertion area (next to attachment area for m. teres 

major). Character states: 0- large, raised, rugose area e.g. Ngapakaldia; 1- slight rugosity; 2- 

prominent ridge. 

204. Extent of ridge on lateral edge for m. brachioradialis and m. extensor carpi radialis longus 

relative to total humeral length. Character states: 0- occupies ~1/2 length of shaft; 1- occupies 

~1/3 length of shaft; 2- occupies ~1/4 of length; 3- occupies ~1/5 of length. 

205. Length of flexor attachment area on internal epicondyles relative to total distal humeral width. 

This area is where multiple muscles involved in the flexion of the elbow and/ or manipulation of 

the manus attach including: m. anconeus internus, m. pronator radii teres, m. flexor carpi ulnaris, 

m. flexor digitorum profundus and m. palmaris longus. Character states: 0- 0.3:1-0.4:1; 1- 0.4:1-

0.5:1; 2- 0.5:1-0.6:1. 

206. Attachment areas for m. extensor carpi radialis longus and m. brachioradialis separate? 

Character states: 0- continuous ridge; 1- attachment areas separate e.g. Diprotodon. 

207. Development of area of attachment for m. triceps brachii lateral head (m. triceps brachii 

caput laterale): this muscle originates on the posterior part of the proximal end of the shaft of the 
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humerus, and inserts onto the olecranon process. Character states: 0- smooth; 1- small rugose 

tuberosity; 2- large rugose tuberosity e.g. Kolopsis; 3- long ridge; 4- prominent pit. 

208. Development of area of attachment for the m. triceps brachii medial head (m. triceps brachii 

caput mediale): this muscle originates over a large portion of the distal two thirds of the posterior 

and medial shaft of the humerus. Character states: 0- long lateral ridge e.g. Ngapakaldia; 1- large 

tuberosity; 2- small tuberosity; 3- smooth. 

209. Depth of coronoid fossa. Character states: 0- very shallow; 1- shallow; rugose pit, 2- deep 

rugose pit e.g. Diprotodon; 3- large foramen present. 

210. Depth of olecranon fossa. Character states: 0- large foramen present; 1- deeply concave e.g. 

Vombatus; 2- shallowly concave; 3- flat. 

 

Ulna (Fig. 6) 

211. Olecranon process orientation. Character states: 0- process in line with shaft, 1- process 

deflected posteriorly e.g. Diprotodon. 

212. Olecranon process shape. Character states: 0- process straight and in line with shaft; 1- 

process curves medially e.g. Zygomaturus. 

213. Length of the olecranon process from mid-humeral facet/ (ulna length-olecranon length): this 

value represents the index of fossorial ability (IFA) and can be used as an indicator of the digging 

ability of an animal (Vizcaíno et al 1999). Similar to Munson’s (1992) characters 19 and 20. 

Character states: 0- <0.2; 1- 0.2-0.3; 2- 0.3-0.4; 3- >0.5. 

214. Development of hollow for m. flexor digitorum profundus: this muscle sits on the proximo-

medial edge of the ulna below the sigmoid cavity. Character states: 0- deep hollow e.g. 

Phascolonus; 1- shallow hollow; 2- shallow with large rugosity. 

215. Development of hollow for m. anconeus lateralis: this muscle sits on the proximo-lateral edge 

below the sigmoid cavity. Character states: 0- large hollow e.g. Ngapakaldia; 1- shallow hollow. 

216. Styloid process neck indented on lateral edge? Character states: 0- no indentation on lateral 

edge; 1- slight indentation on lateral edge; 2- no indentation for majority of border; 3- only 

indented on medial edge e.g. Phascolarctos. 
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217. Development of attachment area for m. extensor digitorum profundus: this muscle attaches to 

the lower 1/3 of the antero lateral ulna. Character states: 0- rugose ridge extends along majority of 

shaft e.g. Nimbadon; 1- ridge extends along ~1/2 of shaft; 2- no ridge. 

218. Development of the m. brachialis anterior attachment area on coronoid process. Character 

states: 0- rugose; 1- smooth. 

219. Development of m. supinator radii brevis attachment area in bicipital hollow. Character 

states: 0- smooth; 1- rugose. 

220. Styloid process orientation (relative to shaft of ulna). Character states: 0- angled medially; 1- 

very slightly angled medially; 2- angled posteriorly e.g. Diprotodon; 3- angled slightly laterally. 

221. Styloid process shape. Character states: 0- sub-angular and pointed e.g. Lasiorhinus, 1- 

squashed sphere, 2- spherical, 3- triangular e.g. Phascolarctos. 

222. Development of groove for m. extensor carpi ulnaris on the postero-lateral edge of the ulna 

near the styloid process. Character states: 0- groove absent; 1- groove present; 2- groove present 

and prominent. 

223. Length of radial facet relative to length of lateral part of greater sigmoid cavity (proximo-

distal): modified from Munson’s (1992) character 21. Character states: 0- 0.25:1-0.5:1; 1- 0.5:1-

0.75:1; 2- 0.75:1-1:1. 

224. Development of attachment area for m. pronator radii teres, m. flexor pollicis longus and/or 

m. flexor digitorum superficialis on the medial coronoid process. Character states: 0- pit absent; 1- 

pit shallow; 2- pit deep e.g. Diprotodon; 3- rugose knob. 

225. Radial facet separate from lateral sigmoid cavity? Character states: 0- facet separate; 1- facet 

part of sigmoid cavity. 

226. Extent of sigmoid cavity: this character refers to the degree to which the sigmoid cavity of the 

ulna encapsulates the trochlea of the humerus. Character states: 0- <180°; 1- 180-220°; 2- >220° 

e.g. Isoodon. 

 

Figure 6 
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Radius (Fig. 6) 

227. Development of groove for m. extensor carpi radialis: this muscle is represented by the most 

medial of the grooves on the anterior edge of the distal radius. Character states: 0- deep e.g. 

Lasiorhinus; 1- shallow; 2- absent. 

228. Development of groove for m. extensor pollicis longus: this muscle sits lateral to the groove 

for the m. extensor carpi radialis. Character states: 0- deep e.g. Lasiorhinus; 1- shallow; 2- 

absent. 

229. Shape of distal articular surface in cross-section. Character states: 0- triangular, 1- rectangular 

e.g. Nimbadon. 

230. Length of the m. pronator radii teres attachment area relative to the length of the radius (on 

antero-lateral portion of mid-shaft). Character states: 0- 0.1:1-0.2:1; 1- 0.2:1-0.3:1; 2- 0.3:1-0.4:1; 

3- >0.4:1. 

231. Shape of m. pronator radii teres attachment area. Character states: 0- raised, rugose ridge; 1- 

flat, rugose area e.g. Diprotodon; 2- raised, relatively smooth ridge. 

232. Location of attachment area for m. pronator radii teres (on antero-lateral radius). Character 

states: 0- attaches to distal 1/3 of mid-shaft area; 1- middle 1/3 of mid-shaft area e.g. 

Ngapakaldia; 2- whole of mid-shaft area. 

233. Extensor muscle scarring on antero-lateral ridge: while the m. extensor digitorum profundus 

and m. extensor digiti minimi do not have their origins or insertions on the radius, they do attach 

to the latero-ventral (anterior) edge. Character states: 0- extensive scarring and highly rugose 

ridge (e.g. Thylacoleo; 1- extensive scarring; 2- some scarring; 3- scarring absent. 

234. Radial tuberosity width relative to total shaft width: this tuberosity is where the m. biceps 

brachii attaches. Character states: 0- <0.25:1; 1- 0.25:1-0.5:1; 2- 0.5:1-0.75:1; 3- 0.75:1-1:1. 

235. Width of scaphoidal facet relative to total antero-posterior width. Character states: 0- 0.5:1-

0.6:1; 1- 0.6:1-0.7:1; 2- 0.7:1-0.8:1; 3- 0.8:1-0.9:1. 

236. Angle between humeral facet and proximal shaft. Character states: 0- 90° e.g. Diprotodon; 1- 

100°; 2- 105°; 3- 110°; 4- 115° e.g. Nimbadon. 
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237. Position of arterial foramen relative to radial tuberosity. Character states: 0- foramen well 

below radial tuberosity; 1- level with or near bottom of tuberosity e.g. Zygomaturus; 2- above 

radial tuberosity. 

 

6.3 Results: Phylogenetic analysis 

 In the cladistic analyses undertaken here, taxa often grouped in relation to body size (except 

modern vombatids), and it is notable that many of the morphological features used in the 

character matrix appear to relate to body size. This is despite the use of ratios rather than absolute 

measurements for many quantitative characters. It did not prove feasible to simply remove the 

characters relating to body size from the data set, because of inherent subjectivity in this 

procedure. 

 

6.3.1 Hindlimb character set only 

6.3.1.1 Intrafamilial analyses 

 The original, unconstrained heuristic search resulted in a single most parsimonious tree 

(TL=179.73, CI=0.656, HI=0.344), with Ngapakaldia and Nimbadon forming a group outside all 

other diprotodontids, and Zygomaturus forming a clade with Diprotodon and Euowenia (Figure 

7). Bootstrapping collapsed a Kolopsis-Plaisiodon clade, but supported all other groupings in the 

tree. 

 
Node Character 
1 to 2 3- 1 to 0, 6- 1 to 2, 9- 0 to 2, 13- 3 to 0, 14- 1 to 0, 15- 3 to 2 
 23- 1 to 0, 25- 1 to 0, 26- 0 to 2, 33- 1 to 0, 38- 1 to 0, 40- 0 to 1 
 56- 1 to 0, 61- 1 to 0, 67- 1 to 0, 71- 2 to 1, 72- 1 to 0, 79- 1 to 0 
 108- 1 to 0, 110- 1 to 2, 112- 2 to 1, 115- 1 to 3, 116- 1 to 0 
 119- 0 to 1, 120- 0 to 2, 128- 1 to 2 
1 to 3 17- 0 to 1, 18- 1 to 2, 30- 0 to 1, 33- 1 to 2, 37- 2 to 1, 39- 1 to 2 
 42- 0 to 2, 43- 1 to 0, 53- 2 to 0, 73- 1 to 0, 76- 2 to 0, 89- 1 to 0 
 90- 2 to 0, 95- 2 to 0, 96- 1 to 0, 101- 0 to 2, 103- 1 to 0, 105- 0 to 

1 
 109- 0 to 2, 110- 1 to 0, 113- 1 to 0, 117- 1 to 0, 121- 0 to 1 
 124- 2 to 0, 125- 2 to 0, 129- 0 to 1 
3 to 4 3- 1 to 2, 5- 1 to 0, 7- 0 to 1, 19- 0 to 1, 27- 4 to 0, 28- 2 to 0 
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 44- 2 to 1, 45- 1 to 2, 47- 1 to 0, 57- 0 to 2, 62- 0 to 2, 63- 0 to 2 
 68- 1 to 0, 73- 0 to 2, 77- 1 to 0, 86- 0 to 1, 87- 2 to 1, 88- 1 to 0 
 93- 0 to 1, 99- 1 to 0, 106- 0 to 1, 112- 2 to 0 
4 to 5 11- 0 to 2, 13- 3 to 1, 15- 3 to 2, 16- 1 to 3, 39- 2 to 0, 43- 0 to 1 
 46- 0 to 1, 48- 0 to 1, 52- 3 to 1, 55- 1 to 0, 65- 0 to 2, 66- 1 to 0 
 71- 2 to 1, 72- 1 to 2, 101- 2 to 3, 102- 0 to 2, 115- 1 to 2, 118- 0 to 

3 
 124- 0 to 1, 129- 1 to 2 
5 to 6 1- 1 to 2, 2- 0 to 1, 10- 2 to 1, 13- 1 to 2, 15- 2 to 0, 23- 1 to 0 
 30- 1 to 0, 33- 2 to 1, 34- 2 to 0, 35- 0 to 1, 49- 0 to 1, 57- 2 to 0 
 59- 1 to 2, 60- 1 to 2, 73- 2 to 0, 79- 1 to 2, 83- 0 to 1, 98- 0 to 2 
 107- 0 to 1, 117- 0 to 1, 122- 2 to 1, 127- 2 to 1, 128- 1 to 2 
Isoodon 1- 1 to 0, 2- 0 to 3, 3- 1 to 3, 4- 0 to 1, 5- 1 to 2, 8- 1 to 0,  
 9- 0 to 4, 10- 2 to 4, 12- 0 to 1, 16- 1 to 0, 17- 0 to 2, 20- 2 to 0 
 21- 1 to 0, 22- 1 to 3, 25- 1 to 2, 28- 2 to 4, 29- 1 to 0, 30- 0 to 2 
 31- 1 to 0, 40- 0 to 3, 42- 0 to 1, 44- 2 to 3, 45- 1 to 0, 46- 0 to 1 
 52- 3 to 1, 59- 1 to 0, 62- 0 to 3, 66- 1 to 0, 67- 1 to 4, 68- 1 to 3 
 78- 0 to 3, 80- 1 to 3, 84- 0 to 2, 85- 0 to 1, 87- 2 to 4, 90- 2 to 3 
 91- 1 to 2, 92- 0 to 1, 94- 0 to 1, 96- 1 to 4, 97- 1 to 0, 98- 0 to 1 
 104- 1 to 0, 107- 0 to 2, 111- 0 to 1, 114- 0 to 2, 115- 1 to 4 
 118- 0 to 3, 120- 0 to 1, 122- 2 to 3, 127- 2 to 0 
Ngapakaldia 1- 1 to 2, 2- 0 to 2, 7- 0 to 1, 11- 0 to 2, 15- 2 to 1, 20- 2 to 1,  
 21- 1 to 0, 22- 1 to 2, 24- 1 to 0, 29- 1 to 2, 30- 0 to 2, 31- 1 to 0 
 39- 1 to 2, 44- 2 to 0, 49- 0 to 2, 52- 3 to 2, 57- 0 to 1, 60- 1 to 0  
  71- 1 to 0, 77- 1 to 0, 78- 0 to 1, 87- 2 to 3, 88- 1 to 0, 101- 0 to 1 
 102- 0 to 1, 110- 2 to 3 
Nimbadon 13- 0 to 2, 16- 1 to 2, 17- 0 to 2, 28- 2 to 1, 32- 2 to 1, 35- 0 to 1 
 36- 0 to 1, 45- 1 to 2, 46- 0 to 2, 47- 1 to 2, 48- 0 to 1, 50- 0 to 1 
 55- 1 to 0, 57- 0 to 2, 62- 0 to 1, 66- 1 to 0, 67- 0 to 2, 68- 1 to 0 
 73- 1 to 2, 80- 1 to 2, 82- 0 to 1, 85- 0 to 2, 101- 0 to 2, 106- 0 to 1 
 109- 0 to 1 
Neohelos 7- 0 to 2, 23- 1 to 0, 26- 0 to 1, 35- 0 to 1, 56- 1 to 0, 59- 1 to 2 
 79- 1 to 0, 95- 0 to 1, 102- 0 to 1, 118- 0 to 2 
Plaisiodon 2- 0 to 2, 22, 1 to 0, 29- 1 to 2, 32- 2 to 1, 33- 2 to 3, 35- 0 to 2 
 43- 1 to 0, 67- 1 to 2, 99- 0 to 2, 100- 0 to 2, 103- 0 to 2 
 104- 1 to 2, 105- 1 to 2, 108- 1 to 2, 109- 2 to 1, 113- 0 to 1 
 114- 0 to 2, 115- 1 to 0, 117- 0 to 2 
Kolopsis 1- 1 to 2, 3- 2 to 0, 5- 0 to 1, 8- 1 to 2, 10- 2 to 1, 20- 2 to 0, 
 22- 1 to 0, 27- 0 to 1, 28- 0 to 2, 33- 2 to 3, 37- 1 to 2, 53- 0 to 1  
 54- 1 to 0, 67- 1 to 2, 99- 0 to 3, 100- 0 to 2, 103- 0 to 2, 108- 1 to 

2 
 116- 1 to 0, 125- 0 to 1, 127- 2 to 3 
Zygomaturus 9- 0 to 3, 20- 2 to 0, 27- 0 to 2, 32- 2 to 0, 36- 0 to 1, 40- 0 to 2 
 42- 2 to 0, 45- 2 to 4, 47- 0 to 1, 52- 1 to 0, 57- 2 to 3, 64- 0 to 1 
 66- 0 to 2, 71- 1 to 0, 78- 0 to 4, 96- 0 to 2, 97- 1 to 0, 98- 0 to 1 
 100- 0 to 1, 108- 1 to 4, 112- 0 to 2, 116- 1 to 4, 125- 0 to 2 
Diprotodon 4- 0 to 1, 5- 0 to 2, 6- 1 to 0, 10- 1 to 3, 12- 0 to 1, 17- 1 to 0 
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 20- 2 to 3, 21- 1 to 2, 28- 0 to 2, 29- 1 to 0, 31- 1 to 2, 36- 0 to 2 
 40- 0 to 1, 42- 2 to 3, 44- 1 to 0, 45- 2 to 0, 48- 1 to 2, 55- 0 to 1 
 57- 0 to 1, 58- 0 to 1, 59- 2 to 3, 60- 2 to 3, 62- 2 to 0, 67- 1 to 2 
 68- 0 to 2, 69- 0 to 1, 70- 0 to 1, 71- 1 to 3, 74- 0 to 1, 78- 0 to 2 
 80- 1 to 0, 81- 0 to 2, 82- 0 to 2, 84- 0 to 2, 85- 0 to 4, 89- 0 to 2 
 91- 1 to 0, 94- 0 to 2, 100- 0 to 2, 104- 1 to 2, 105- 1 to 2, 113- 0 to 

1 
 116- 1 to 2, 117- 1 to 2, 124- 1 to 0 
Euowenia 3- 2 to 0, 9- 0 to 1, 14- 1 to 2, 22- 1 to 0, 24- 1 to 2, 37- 1 to 0 

 39- 0 to 1, 41- 0 to 1, 51- 0 to 1, 52- 1 to 2, 65- 2 to 1, 66- 0 to 1 

 69- 0 to 2, 73- 0 to 1, 76- 0 to 1, 81- 0 to 1, 82- 0 to 1, 84- 0 to 1 

 88- 0 to 2, 92- 0 to 1, 94- 0 to 1, 99- 0 to 2, 101- 3 to 2, 108- 1 to 0 

 114- 0 to 2, 115- 2 to 3, 118- 3 to 0, 121- 1 to 2, 122-1 to 0  

 123- 0 to 1 
Table 1. Character state changes of internal nodes and end-branch apomorphies associated with Fig. 7a. 
Bold type indicates unambiguous characters. 
 

The heuristic search constraining diprotodontines and zygomaturines (sensu Black and 

Mackness 1999) to group separately resulted in a single most parsimonious tree (TL=188.97, 

CI=0.6239, HI=0.3761). Boostrapping revealed strong support for a Diprotodon-Euowenia clade 

and significant support for Neohelos as a sister taxon to a Zygomaturus-Kolopsis-Plaisiodon 

clade, but also collapsed a Plaisiodon-Kolopsis clade (Figure). Characters useful for 

distinguishing between diprotodontines and zygomaturines revealed in this analysis included: the 

metatarsal III facet of the ectocuneiform being at least twice as large as the metatarsal IV facet in 

diprotodontines (char. 60), and the angle between the astragalar facet of the fibula and the shaft 

being relatively low in diprotodontines (but not as low as in Isoodon, char. 127) and high in 

zygomaturines. 

  

Node Character states 
1 to 2 1- 0 to 2, 6- 1 to 0, 7- 0 to 1, 11- 0 to 2, 14- 1 to 0, 15- 2 to 0 
 44- 2 to 0, 52- 1 to 2, 57- 0 to 1, 60- 1 to 0, 77- 1 to 0, 85- 1 to 0 
 88- 1 to 0, 112- 2 to 0, 125- 2 to 0, 127- 0 to 1, 128- 1 to 2 
 129- 0 to 2 
2 to 3 5- 1 to 0, 10- 2 to 1, 16- 1 to 3, 18- 1 to 2, 19- 0 to 1, 27- 4 to 0 
 34- 2 to 0, 37- 2 to 0, 42- 0 to 2, 47- 1 to 0, 48- 0 to 1, 49- 0 to 1 
 53- 2 to 0, 59- 1 to 2, 60- 0 to 2, 63- 0 to 2, 63- 0 to 2, 72- 0 to 2 
 76- 2 to 0, 79- 0 to 2, 83- 0 to 1, 86- 0 to 1, 87- 2 to 1, 89- 1 to 0 
 90- 2 to 0, 93- 0 to 1, 95- 2 to 0, 96- 1 to 0, 98- 0 to 2, 99- 1 to 0 
 101- 0 to 2, 102- 0 to 2, 103- 1 to 0, 107- 0 to 1, 109- 0 to 2 
1 to 4 1- 0 to 1, 2- 1 to 0, 21- 0 to 1, 29- 0 to 1, 32- 2 to 1, 33- 1 to 0 
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 45- 0 to 2, 46- 1 to 0, 52- 1 to 3, 55- 1 to 0, 56- 1 to 0, 57- 0 to 2 
 73- 1 to 2, 85- 1 to 2, 101- 0 to 2, 108- 1 to 0, 116- 1 to 0 
 122- 1 to 2, 127- 0 to 2 
4 to 5 3- 0 to 1, 13- 2 to 3, 15- 2 to 3, 17- 0 to 1, 18- 1 to 2, 30- 0 to 1 
 33- 0 to 2, 37- 2 to 1, 39- 1 to 2, 40- 1 to 0, 42- 0 to 2, 43- 1 to 0 
 53- 2 to 0, 71- 1 to 2, 90- 2 to 0, 95- 2 to 1, 96- 1 to 0, 103- 1 to 

2 
 105- 0 to 1, 108- 0 to 2, 109- 0 to 2, 113- 1 to 0, 117- 1 to 0 
 129- 0 to 1 
5 to 6 2- 0 to 2, 3- 1 to 2, 5- 1 to 0, 7- 0 to 1, 19- 0 to 1, 20- 2 to 0 
 22- 1 to 0, 23- 0 to 1, 27- 4 to 1, 28- 2 to 0, 33- 2 to 3, 35- 1 to 0 
 44- 2 to 1, 56- 0 to 1, 62- 0 to 2, 63- 0 to 2, 77- 1 to 0, 78- 0 to 4 
 79- 0 to 1, 96- 0 to 2, 97- 1 to 0, 98- 0 to 1, 99- 1 to 0, 100- 0 to 

2 
Isoodon 2- 1 to 3, 3- 0 to 3, 4- 0 to 1, 5- 1 to 2, 8- 1 to 0, 9- 0 to 4 
 10- 2 to 4, 12- 0 to 1, 13- 2 to 3, 15- 2 to 3, 16- 1 to 0, 17- 0 to 2  
 20- 2 to 0, 22- 1 to 3, 23- 0 to 1, 25- 1 to 2, 28- 2 to 4, 30- 0 to 2 
 31- 1 to 0, 35- 1 to 0, 40- 1 to 3, 42- 0 to 1, 44- 2 to 3, 59- 1 to 0 
 62- 0 to 3, 66- 1 to 0, 67- 1 to 4, 68- 0 to 3, 71- 1 to 2, 72- 0 to 1 
 78- 0 to 3, 79- 0 to 1, 80- 1 to 3, 84- 0 to 2, 87- 2 to 4, 90- 2 to 3 
 91- 1 to 2, 92- 0 to 1, 94- 0 to 1, 96- 1 to 4, 97- 1 to 0, 98- 0 to 1 
 104- 1 to 0, 106- 1 to 0, 107- 0 to 2, 110- 0 to 1, 111- 0 to 1 
 114- 0 to 2, 115- 2 to 4, 118- 0 to 3, 120- 0 to 1, 121- 1 to 0 
 122- 1 to 3, 124- 0 to 2 
Ngapakaldia 2- 1 to 2, 6- 0 to 2, 9- 0 to 2, 13- 2 to 0, 15- 0 to 1, 20- 2 to 1 
 22- 1 to 2, 24- 1 to 0, 25- 1 to 0, 26- 0 to 2, 29- 0 to 2, 30- 0 to 2 
 31- 1 to 0, 33- 1 to 0, 35- 1 to 0, 38- 1 to 0, 39- 1 to 2, 45- 0 to 1 
  46- 1 to 0, 49- 0 to 2, 56- 1 to 0, 61- 1 to 0, 67- 1 to 0, 68- 0 to 1 
 71- 1 to 0, 78- 0 to 1, 87- 2 to 3, 101- 0 to 1, 102- 0 to 1 
 106- 1 to 0, 110- 0 to 3 
Nimbadon 6- 1 to 2, 9- 0 to 2, 14- 1 to 0, 16- 1 to 2, 17- 0 to 2, 26- 0 to 2 
 28- 2 to 1, 36- 0 to 1, 38- 1 to 0, 46- 0 to 2, 47- 1 to 2, 48- 0 to 1 
 50- 0 to 1, 61- 1 to 0, 62- 0 to 1, 66- 1 to 0, 67- 1 to 2, 80- 1 to 2 
 82- 0 to 1, 109- 0 to 1, 110- 0 to 2, 112- 2 to 1, 115- 2 to 3 
 119- 0 to 1, 120- 0 to 2, 121- 1 to 0, 124- 0 to 2, 128- 1 to 2 
Neohelos 7- 0 to 2, 26- 0 to 1, 45- 2 to 1, 57- 2 to 0, 59- 1 to 2, 68- 0 to 1 
 73- 2 to 0, 102- 0 to 1, 106- 1 to 0, 118- 0 to 2 
Plaisiodon 20- 0 to 2, 27- 1 to 0, 29- 1 to 2, 35- 0 to 2, 47- 1 to 0, 67- 1 to 2 
 72- 0 to 1, 99- 0 to 2, 104- 1 to 2, 105- 1 to 2, 109- 2 to 1 
 113- 0 to 1, 114- 0 to 2, 115- 2 to 0, 116- 0 to 1, 117- 0 to 2 
Kolopsis 1- 1 to 2, 3- 2 to 0, 5- 0 to 1, 8- 1 to 2, 10- 1 to 2, 28- 0 to 2 
 32- 1 to 2, 37- 1 to 2, 53- 0 to 1, 54- 1 to 0, 55- 0 to 1, 99- 0 to 3 
 112- 2 to 0, 115- 2 to 1, 125- 2 to 1, 127- 2 to 3 
Zygomaturus 2- 2 to 0, 9- 0 to 3, 11- 0 to 2, 13- 3 to 1, 15- 3 to 2, 16- 1 to 3 
 22- 0 to 1, 27- 1 to 2, 32- 1 to 0, 33- 3 to 2, 36- 0 to 1, 39- 2 to 0 
 40- 0 to 2, 42- 2 to 0, 43- 0 to 1, 45- 2 to 4, 46- 0 to 1, 48- 0 to 1 
 52- 3 to 0, 57- 2 to 3, 64- 0 to 1, 65- 0 to 2, 66- 1 to 2, 71- 2 to 0 
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 72- 0 to 2, 100- 2 to 1, 101- 2 to 3, 102- 0 to 2, 103- 2 to 0 
 108- 2 to 4, 116- 0 to 4, 118- 0 to 3, 124- 0 to 1, 129- 1 to 2 
Diprotodon 3- 0 to 2, 4- 0 to 1, 5- 0 to 2, 10- 1 to 3, 12- 0 to 1, 14- 0 to 1 
 20- 2 to 3, 21- 0 to 2, 31- 1 to 2, 36- 0 to 2, 37- 0 to 1, 39- 1 to 0 
 42- 2 to 3, 48- 1 to 2, 52- 2 to 1, 58- 0 to 1, 59- 2 to 3, 60- 2 to 3 
 65- 0 to 2, 66- 1 to 0, 67- 1 to 2, 68- 0 to 2, 69- 0 to 1, 70- 0 to 1 
 71- 1 to 3, 73- 1 to 0, 74- 0 to 1, 78- 0 to 2, 80- 1 to 0, 81- 0 to 2 
 82- 0 to 2, 84- 0 to 2, 85- 0 to 4, 89- 0 to 2, 91- 1 to 0, 94- 0 to 2 
 100- 0 to 2, 101- 2 to 3, 104- 1 to 2, 105- 0 to 2, 116- 1 to 2 
 117- 1 to 2, 118- 0 to 3 
Euowenia 6- 0 to 1, 9- 0 to 1, 14- 0 to 2, 17- 0 to 1, 21- 0 to 1, 22- 1 to 0 
 24- 1 to 2, 28- 2 to 0, 29- 0 to 1, 40- 1 to 0, 41- 0 to 1, 44- 0 to 1 
 45- 0 to 2, 51- 0 to 1, 55- 1 to 0, 57- 1 to 0, 62- 0 to 2, 65- 0 to 1 
 69- 0 to 2, 76- 0 to 1, 81- 0 to 1, 82- 0 to 1, 84- 0 to 1, 88- 0 to 2 
 92- 0 to 1, 94- 0 to 1, 99- 0 to 2, 105- 0 to 1, 108- 1 to 0 
 113- 1 to 0, 114- 0 to 2, 115- 2 to 3, 121- 1 to 2, 122- 1 to 0 
 123- 0 to 1, 124- 0 to 1 

Table 2 character state changes of internal nodes and end-branch apomorphies associated with Fig. 7b. 
Bold type indicates unambiguous characters. 

 

Figure 7 

 

The heuristic search constraining Ngapakaldia to sit outside all other diprotodontids also 

resulted in a single most parsimonious tree (TL=189.383, CI=0.623, HI=0.377), but bootstrapping 

revealed no significant support for resolution of relationships within zygomaturines (Figure). The 

reason for the relatively poor support of this clade probably relates to there being extensive 

homoplasy in the hindlimb skeletal morphology of Nimbadon and Ngapakaldia. 

 
Node Character state changes 
1 to 2 17- 0 to 1, 18- 1 to 2, 19- 0 to 1, 20- 1 to 2, 21- 0 to 1, 29- 0 to 1 
 30- 2 to 0, 31- 0 to 1, 37- 2 to 0, 42- 0 to 2, 45- 1 to 2, 47- 1 to 0 
 48- 0 to 1, 53- 2 to 0, 55- 1 to 0, 62- 0 to 2, 63- 0 to 2, 68- 1 to 0 
 73- 1 to 0, 78- 1 to 0, 87- 3 to 2, 90- 2 to 0, 95- 2 to 0, 96- 1 to 0 
 101- 0 to 2, 103- 1 to 0, 105- 0 to 1, 106- 0 to 1, 109- 0 to 2 
 110- 1 to 0, 113- 1 to 0, 120- 1 to 0, 128- 1 to 2 
2 to 3 1- 0 to 2, 5- 1 to 0, 10- 2 to 1, 11- 0 to 2, 13- 3 to 2, 16- 1 to 3 
 27- 4 to 0, 34- 2 to 0, 35- 0 to 1, 49- 0 to 1, 59- 1 to 2, 60- 1 to 2 
 71- 2 to 1, 72- 0 to 2, 76- 2 to 0, 77- 1 to 0, 79- 0 to 2, 83- 0 to 1 
 86- 0 to 1, 87- 2 to 1, 88- 1 to 0, 89- 1 to 0, 93- 0 to 1, 98- 0 to 2 
 99- 1 to 0, 102- 0 to 2, 107- 0 to 1, 112- 2 to 0, 125- 2 to 0 
 127- 0 to 1, 129- 0 to 2 
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2 to 4 1- 0 to 1, 2- 1 to 0, 15- 0 to 3, 30- 0 to 1, 32- 2 to 1, 33- 1 to 2 
 39- 1 to 2, 46- 1 to 0, 52- 1 to 3, 56- 1 to 0, 57- 0 to 2, 73- 0 to 2 
 85- 0 to 2, 108- 1 to 2, 116- 1 to 0, 117- 1 to 0, 122- 1 to 2 
 127- 0 to 2, 129- 0 to 1 
Isoodon 2- 1 to 3, 3- 0 to 3, 4- 0 to 1, 5- 1 to 2, 7- 1 to 0, 8- 1 to 0, 9- 0 to 4 
 10- 2 to 4, 12- 0 to 1, 15- 0 to 3, 16- 1 to 0, 17- 0 to 2, 20- 1 to 0 
 22- 1 to 3, 23- 0 to 1, 25- 1 to 2, 28- 2 to 4, 40- 0 to 3, 42- 0 to 1 
 44- 0 to 3, 45- 1 to 0, 59- 1 to 0, 62- 0 to 3, 66- 1 to 0, 67- 1 to 4 
 68- 1 to 3, 72- 0 to 1, 78- 1 to 3, 79- 0 to 1, 80- 1 to 3, 84- 0 to 2 
 85- 0 to 1, 87- 3 to 4, 90- 2 to 3, 91- 1 to 2, 92- 0 to 1, 94- 0 to 1 
 96- 1 to 4, 97- 1 to 0, 98- 0 to 1, 104- 1 to 0, 107- 0 to 2, 111- 0 to 

1 
 114- 0 to 2, 115- 2 to 4, 118- 0 to 3, 121- 1 to 0, 122- 1 to 3 
 124- 0 to 2 
Ngapakaldia 1- 0 to 2, 2- 1 to 2, 6- 1 to 2, 9- 0 to 2, 11- 0 to 2, 13- 3 to 0 
 14- 1 to 0, 15- 0 to 1, 22- 1 to 2, 24- 1 to 0, 25- 1 to 0, 26- 0 to 2 
 29- 0 to 2, 33- 1 to 0, 38- 1 to 0, 39- 1 to 2, 40- 0 to 1, 46- 1 to 0 
  49- 0 to 2, 52- 1 to 2, 56- 1 to 0, 57- 0 to 1, 60- 1 to 0, 61- 1 to 0 
 67- 1 to 0, 71- 2 to 0, 77- 1 to 0, 88- 1 to 0, 101- 0 to 1, 102- 0 to 1 
 110- 1 to 3 
Nimbadon 6- 1 to 2, 7- 1 to 0, 9- 0 to 2, 13- 3 to 2, 14- 1 to 0, 15- 3 to 2 
 16- 1 to 2, 17- 1 to 2, 18- 2 to 1, 19- 1 to 0, 26- 0 to 2, 28- 2 to 1 
 30- 1 to 0, 33- 2 to 0, 35- 0 to 1, 36- 0 to 1, 37- 0 to 2, 38- 1 to 0 
 39- 2 to 1, 40- 0 to 1, 42- 2 to 0, 44- 0 to 2, 46- 0 to 2, 47- 0 to 2 
 50- 0 to 1, 53- 0 to 2, 61- 1 to 0, 62- 2 to 1, 63- 2 to 0, 66- 1 to 0 
 67- 1 to 2, 71- 2 to 1, 80- 1 to 2, 82- 0 to 1, 90- 0 to 2, 95- 0 to 2 
 96- 0 to 1, 103- 0 to 1, 105- 1 to 0, 108- 2 to 0, 109- 2 to 1 
 110-0 to 1, 112- 2 to 1, 113- 0 to 1, 115- 2 to 3, 117- 0 to 1 
 119- 0 to 1, 120- 0 to 2, 121- 1 to 0, 124- 0 to 2, 129- 1 to 0 
Neohelos 3- 0 to 1, 7- 1 to 2, 19- 1 to 0, 26- 0 to 1, 35- 0 to 1, 43- 1 to 0 
 44- 0 to 2, 45- 2 to 1, 47- 0 to 1, 48- 1 to 0, 57- 2 to 0, 59- 1 to 2 
 62- 2 to 0, 63- 2 to 0, 68- 0 to 1, 73- 2 to 0, 95- 0 to 1, 102- 0 to 1 
 106- 1 to 0, 118- 0 to 2 
Plaisiodon 2- 0 to 2, 3- 0 to 2, 5- 1 to 0, 22- 1 to 0, 23- 0 to 1, 27- 4 to 0 
 28- 2 to 0, 29- 1 to 2, 33- 2 to 3, 35- 0 to 2, 37- 0 to 1, 43- 1 to 0 
 44- 0 to 1, 48- 1 to 0, 67- 1 to 2, 72- 0 to 1, 99- 1 to 2, 100- 0 to 2 
 103- 0 to 2, 104- 1 to 2, 105- 1 to 2, 109- 2 to 1, 113- 0 to 1 
 114- 0 to 2, 115- 2 to 0, 116- 0 to 1, 117- 0 to 2 
Kolopsis 1- 1 to 2, 2- 0 to 2, 8- 1 to 2, 10- 2 to 1, 20- 2 to 0, 22- 1 to 0 
 27- 4 to 1, 32- 1 to 2, 33- 2 to 3, 37- 0 to 2, 53- 0 to 1, 54- 1 to 0 
 55- 0 to 1, 99- 1 to 3, 100- 0 to 2, 103- 0 to 2, 112- 2 to 0 
 115- 2 to 1, 125- 2 to 1, 127- 2 to 3 
Zygomaturus 3- 0 to 2, 5- 1 to 0, 9- 0 to 3, 11- 0 to 2, 13- 3 to 1, 15- 3 to 2 
 16- 1 to 3, 20- 2 to 0, 23- 0 to 1, 27- 4 to 2, 28- 2 to 0, 32- 1 to 0 
 36- 0 to 1, 37- 0 to 1, 39- 2 to 0, 40- 0 to 2, 42- 2 to 0, 44- 0 to 1 
 45- 2 to 4, 46- 0 to 1, 47- 0 to 1, 52- 3 to 0, 56- 0 to 1, 57- 2 to 3 
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 64- 0 to 1, 65- 0 to 2, 66- 1 to 2, 71- 2 to 0, 72- 0 to 2, 77- 1 to 0 
 78- 0 to 4, 79- 0 to 1, 96- 0 to 2, 97- 1 to 0, 98- 0 to 1, 99- 1 to 0 
 100- 0 to 1, 101- 2 to 3, 102- 0 to 2, 108- 2 to 4, 116- 0 to 4 
 118- 0 to 3, 124- 0 to 1, 128- 2 to 1, 129- 1 to 2 
Diprotodon 3- 0 to 2, 4- 0 to 1, 5- 0 to 2, 6- 1 to 0, 10- 1 to 3, 12- 0 to 1 
 17- 1 to 0, 20- 2 to 3, 21- 1 to 2, 29- 1 to 0, 31- 1 to 2, 36- 0 to 2 
 37- 0 to 1, 39- 1 to 0, 40- 0 to 1, 42- 2 to 3, 45- 2 to 0, 48- 1 to 2 
 55- 0 to 1, 57- 0 to 1, 58- 0 to 1, 59- 2 to 3, 60- 2 to 3, 62- 2 to 0 
 65- 0 to 2, 66- 1 to 0, 67- 1 to 2, 68- 0 to 2, 69- 0 to 1, 70- 0 to 1 
 71- 1 to 3, 74- 0 to 1, 78- 0 to 2, 80- 1 to 0, 81- 0 to 2, 82- 0 to 2 
 84- 0 to 2, 85- 0 to 4, 89- 0 to 2, 89- 0 to 2, 91- 1 to 0, 94- 0 to 2 
 100- 0 to 2, 101- 2 to 3, 104-1 to 2, 105- 1 to 2, 113- 0 to 1 
 116- 1 to 2, 117- 1 to 2, 118- 0 to 3 
Euowenia 9- 0 to 1, 14- 1 to 2, 22- 1 to 0, 24- 1 to 2, 28- 2 to 0, 41- 0 to 1 
 44- 0 to 1, 51- 0 to 1, 52- 1 to 2, 65- 0 to 1, 69- 0 to 2, 73- 0 to 1 
 76- 0 to 1, 81- 0 to 1, 82- 0 to 1, 84- 0 to 1, 88- 0 to 2, 92- 0 to 1 
 94- 0 to 1, 99- 0 to 2, 108- 1 to 0, 114- 0 to 2, 115- 2 to 3 
 121- 1 to 2, 122- 1 to 0, 123- 0 to 1, 124- 0 to 1 

Table 3 character state changes of internal nodes and end-branch apomorphies associated with Fig. 7d. 
Bold type indicates unambiguous characters. 

 
 The final heuristic search involving a constraint exactly matching the arrangement suggested 

by Black and Mackness (1999) resulted in a single most parsimonious tree (TL=191.38, 

CI=0.616, HI=0.384). 

Tree Length N z P* 

Unconstrained 179.73    

Sub-family constrained 188.97 43 -2.4175 0.0156* 

Ngapakaldia constrained 189.383 52 -2.1764 0.0295* 

All constrained 191.38 52 -2.7402 0.0061* 

 
Tree Length N z P* 

Sub-family constrained 188.97    

Ngapakaldia constrained 189.383 29 -0.242 0.8088 

All constrained 191.38 15 -1.2351 0.2168 

Table 4. Signed-rank test results for the trees produced in the diprotodontid-only analysis employing the 
hind limb character set. *Approximate probability of getting a more extreme test statistic under the null 
hypothesis of no difference between the two trees (two-tailed test).  Asterisked values in table (if any) 
indicate significant difference at P < 0.05. All the constrained trees are significantly less parsimonious than 
the unconstrained tree (top) but are not significantly different from each other (bottom). 
 
6.3.1.2 Interfamilial analyses (broader outgroup sampling) 
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The analyses with broader outgroup sampling indicated that many of the apomorphies 

supporting diprotodontian clades in the first analyses were also shared by members of other 

diprotodontian clades, resulting in lessened support for diprotodontid clades. 

The initial unconstrained heuristic search returned two most parsimonious trees 

(TL=280.9, CI=0.458, HI=0.542), the only difference between the two being the position of 

Phascolonus. In the first tree Phascolonus formed a polytomy with Neohelos and a Kolopsis-

Plaisiodon-Zygomaturus-Euowenia-Diprotodon clade, and in the second tree Phascolonus was 

positioned as sister taxon to a Zygomaturus-Diprotodon-Euowenia clade. The computed 

consensus tree is shown in Figure 8. Bootstrapping revealed poor support on most branches, 

resulting in the collapse of most clades, with only a modern vombatid clade and a Plio-Pleistocene 

diprotodontid clade (Zygomaturus, Euowenia and Diprotodon) displaying values over 50% (Fig. 

8). 

 
Node Character state changes 
1 to 2 5- 0 to 4, 6- 1 to 2, 7- 1 to 2, 10- 2 to 0, 15- 2 to 1, 17- 0 to 1, 20- 2 to 0 
 24- 1 to 0, 26- 0 to 1, 27- 4 to 1, 29- 0 to 1, 31- 1 to 0, 32- 2 to 0, 37- 2 to 1 
 39- 1 to 2, 40- 0 to 1, 42- 0 to 3, 43- 1 to 0, 44- 0 to 2, 45- 1 to 0, 46- 0 to 1 
 52- 3 to 0, 53- 2 to 1, 54- 1 to 0, 60- 1 to 0, 67- 1 to 0, 73- 2 to 1, 75- 1 to 0 
 76- 2 to 1, 81- 0 to 1, 87- 2 to 0, 88- 1 to 2, 90- 2 to 1, 95- 2 to 1, 96- 1 to 0 
 97- 1 to 0, 98- 0 to 1, 99- 1 to 0, 100- 0 to 1, 101- 0 to 1, 105- 0 to 1 
 113- 1 to 0, 118- 0 to 1, 120- 0 to 1 
1 to 3 3- 0 to 2, 11- 0 to 2, 16- 2 to 3, 17- 0 to 1, 18- 1 to 2, 19- 0 to 1, 22- 0 to 1 
 25- 0 to 1, 27- 4 to 0, 29- 0 to 1, 33- 0 to 1, 37- 2 to 1, 39- 1 to 0, 44- 0 to 1 
 45- 1 to 0, 46- 0 to 1, 48- 0 to 1, 52- 3 to 1, 53- 2 to 0, 56- 0 to 1, 61- 0 to 1 
 62- 0 to 2, 63- 0 to 2, 65- 0 to 2, 72- 1 to 2, 76- 2 to 0, 77- 1 to 0, 79- 0 to 1 
 80- 2 to 1, 86- 0 to 1, 87- 2 to 1, 88- 1 to 0, 89- 1 to 0, 90- 2 to 0, 93- 0 to 1 
 95- 2 to 0, 96- 1 to 0, 99- 1 to 0, 101- 0 to 3, 102- 0 to 2, 103- 1 to 0 
 104- 0 to 1, 105- 0 to 1, 106- 0 to 1, 109- 0 to 2, 113- 1 to 0, 115- 0 to 2 
 116- 0 to 1, 118- 0 to 3, 121- 0 to 1, 124- 2 to 1, 129- 1 to 2 
3 to 4 1- 1 to 2, 2- 0 to 1, 10- 2 to 1, 15- 2 to 0, 23- 1 to 0, 34- 2 to 0, 35- 0 to 1 
 42- 0 to 2, 47- 1 to 0, 49- 0 to 1, 57- 2 to 0, 59- 1 to 2, 60- 1 to 2, 71- 0 to 1 
 73- 2 to 0, 79- 1 to 2, 83- 0 to 1, 98- 0 to 2, 107- 0 to 1, 117- 0 to 1 
 125- 2 to 0, 127- 2 to 1, 128- 0 to 2 

Table 5. Character state changes of internal nodes associated with Figure 8a. Bold type indicates 
unambiguous characters. 
 
 The heuristic search employing basal constraints (constraining aberrant members to fall 

within families as currently recognised) resulted in a single most parsimonious tree (TL=291.63, 
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CI=0.441, HI=0.559) (Fig. 8). Thylacoleo was positioned basal to the vombatid clade, and 

Ngapakaldia and Nimbadon were positioned successively basal to a clade comprising the other 

diprotodontids studied, but bootstrapping revealed poor support for these relationships. 

Unconstrained nodes for which there was significant bootstrap support were: the position of 

Phascolarctos as sister taxon to the vombatiforms studied (Thylacoleo, vombatids and 

diprotodontids), the grouping of modern vombatids, and the grouping of Plio-Pleistocene 

diprotodontids (Fig. 8). 

 
Node Character state changes 
1 to 2 as in loose dental 
2 to 3 as in loose dental 
3 to 4 as in loose dental 
4 to 5 3- 0 to 2, 5- 1 to 0, 11- 0 to 2, 16- 2 to 3, 17- 0 to 1, 18- 0 to 2 
 19- 0 to 1, 22- 0 to 1, 25- 0 to 1, 27- 4 to 0, 33- 0 to 1, 37- 2 to 1 
 39- 2 to 0, 40- 1 to 0, 43- 0 to 1, 44- 0 to 1, 45- 1 to 0, 46- 0 to 1 
 48- 0 to 1, 52- 3 to 1, 53- 2 to 0, 54- 0 to 1, 56- 0 to 1, 61- 0 to 1 
 62- 0 to 2, 630- 0 to 2, 65- 0 to 2, 66- 1 to 0, 72- 1 to 2, 79- 0 to 1 
 86- 0 to 1, 87- 2 to 1, 89- 1 to 0, 90- 2 to 0, 93- 0 to 1, 95- 2 to 0 
 99- 1 to 0, 101- 2 to 3, 102- 0 to 2, 103- 1 to 0, 105- 0 to 1 
 109- 0 to 2, 115- 0 to 2, 116- 0 to 1, 118- 0 to 3, 121- 0 to 1 
 124- 2 to 1, 129- 1 to 2 
5 to 6 1- 1 to 2, 2- 0 to 1, 10- 2 to 1, 15- 2 to 0, 23- 1 to 0, 34- 2 to 0 
 35- 0 to 1, 42- 0 to 2, 49- 0 to 1, 57- 2 to 0, 59- 1 to 2, 60- 1 to 2 
 71- 0 to 1, 73- 2 to 0, 79- 1 to 2, 83- 0 to 1, 98- 0 to 2, 107- 0 to 1 
 125- 2 to 0, 127- 2 to 1, 128- 0 to 2 
3 to 7 as in loose dental 
7 to 8 as in loose dental 
Isoodon as in loose dental 
Trichosurus as in loose dental 
Phascolarctos as in loose dental 
Thylacoleo as in loose dental 
Phascolonus as in loose dental 
Lasiorhinus as in loose dental 
Vombatus as in loose dental 
Ngapakaldia 1- 1 to 2, 2- 0 to 2, 6- 1 to 2, 9- 0 to 2, 11- 0 to 2, 13- 2 to 0 
 14- 1 to 0, 15- 2 to 1, 16- 2 to 1, 18- 0 to 1, 20- 2 to 1, 21- 1 to 0 
 22- 0 to 2, 23- 1 to 0, 24- 1 to 0, 26- 0 to 2, 28- 0 to 2, 29- 1 to 2 
 30- 0 to 2, 31- 1 to 0, 38- 1 to 0, 43- 0 to 1, 47- 0 to 1, 49- 0 to 2 
 52- 3 to 2, 54- 0 to 1, 55- 0 to 1, 57- 2 to 1, 60- 1 to 0, 67- 1 to 0 
 68- 0 to 1, 72- 1 to 0, 73- 2 to 1, 76- 0 to 2, 78- 0 to 1, 87- 2 to 3 
 96- 0 to 1, 101- 2 to 1, 102- 0 to 1, 106- 1 to 0, 110- 0 to 3 
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Nimbadon 6- 1 to 2, 7- 1 to 0, 9- 0 to 2, 14- 1 to 0, 17- 0 to 2, 18- 0 to 1 
 22- 0 to 1, 23- 1 to 0, 26- 0 to 1, 28- 0 to 1, 32- 2 to 1, 35- 0 to 1 
 36- 0 to 1, 38- 1 to 0, 39- 2 to 1, 43- 0 to 1, 44- 0 to 1, 45- 1 to 2 
 46- 0 to 2, 47- 0 to 2, 48- 0 to 1, 50- 0 to 1, 54- 0 to 1, 62- 0 to 1 
 66- 1 to 0, 67- 1 to 2, 71- 0 to 1, 72- 1 to 0, 76- 0 to 2, 77- 0 to 1 
 80- 1 to 2, 82- 0 to 1, 85- 0 to 2, 88- 0 to 1, 96- 0 to 1, 109- 0 to 1  
 110- 0 to 2, 112- 0 to 1, 113- 0 to 1, 115- 0 to 3, 117- 2 to 1 
 119- 0 to 1, 120- 0 to 2, 122- 0 to 2, 128- 0 to 2, 129- 1 to 0 
Plaisiodon 2- 0 to 2, 3- 0 to 2, 5- 1 to 0, 13- 2 to 3, 15- 2 to 3, 16- 2 to 1 
 17- 0 to 1, 27- 4 to 0, 29- 1 to 2, 30- 0 to 1, 32- 2 to 1, 33- 0 to 3 
 35- 0 to 2, 37- 2 to 1, 40- 1 to 0, 42- 0 to 2, 44- 0 to 1, 45- 1 to 2 
 62- 0 to 2, 63- 0 to 2, 67- 1 to 2, 71- 0 to 2, 99- 1 to 2, 100- 0 to 2 
 103- 1 to 2, 104- 1 to 2, 105- 0 to 2, 108- 0 to 2, 109- 0 to 1 
 113- 0 to 1, 114- 0 to 1, 116- 0 to 1 
Kolopsis 1- 1 to 2, 2- 0 to 2, 8- 1 to 2, 10- 2 to 1, 13- 2 to 3, 15- 2 to 3 
 18- 0 to 2, 19- 0 to 1, 20- 2 to 1, 27- 4 to 1, 28- 0 to 2, 30- 0 to 1 

 
33- 0 to 3, 53- 2 to 1, 55- 0 to 1, 99- 1 to 3, 100- 0 to 1, 103- 1 to 
2 

 105- 0 to 1, 108- 0 to 2, 109- 0 to 1, 115- 0 to 1, 117- 2 to 0 
 121- 0 to 1, 124- 2 to 0, 125- 2 to 1, 127- 2 to 3 
Neohelos 3- 0 to 1, 7- 1 to 2, 13- 2 to 3, 15- 2 to 3, 16- 2 to 1, 17- 0 to 1 
 18- 0 to 2, 22- 0 to 1, 23- 1 to 0, 26- 0 to 1, 28- 0 to 2, 33- 0 to 2 
 35- 0 to 1, 40- 1 to 0, 42- 0 to 2, 44- 0 to 2, 47- 0 to 1, 57- 2 to 0 
 59- 1 to 2, 61- 0 to 1, 68- 0 to 1, 71- 0 to 2, 73- 2 to 0, 77- 0 to 1 
 88- 0 to 1, 90- 2 to 0, 95- 2 to 1, 102- 0 to 1, 105- 0 to 1 
 106- 1 to 0, 112- 0 to 2, 118- 0 to 2 
Zygomaturus 9- 0 to 3, 13- 2 to 1, 20- 2 to 0, 27- 0 to 2, 30- 0 to 1, 32- 2 to 0 
 33- 1 to 2, 36- 0 to 1, 40- 0 to 2, 45- 0 to 4, 47- 0 to 1, 52- 1 to 0 
 57- 2 to 3, 64- 0 to 1, 66- 0 to 2, 78- 0 to 4, 96- 0 to 2, 97- 1 to 0 
 98- 0 to 1, 100- 0 to 1, 108- 0 to 4, 112- 0 to 2, 116- 1 to 4 
 117- 2 to 0, 122- 0 to 2, 128- 0 to 1 
Diprotodon as in loose dental 
Euowenia as in loose dental 

Table 6. Character state changes of internal nodes and end-branch apomorphies associated with Figure 8b. 
Bold type indicates unambiguous characters. 
 

Figure 8 

 

 The heuristic search forcing Diprotodon to group outside of zygomaturines (sensu Black and 

Mackness 1999), Ngapakaldia to group outside all other diprotodontids, and Phascolonus to 

group with Lasiorhinus (Ngapakaldia constrained), resulted in two equally parsimonious trees 

(TL=294.2333, CI=0.4367, HI=0.5633). In one tree Nimbadon groups with Phascolarctos and 
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Trichosurus in a position basal to a diprotodontid-vombatid-Thylacoleo clade, and in the other 

Nimbadon groups with Ngapakaldia as a basal diprotodontid. Bootstrap values supported the 

position of vombatids (and Thylacoleo) as sister group to diprotodontids, a Diprotodon-Euowenia 

clade, a modern vombatid clade and a Plaisiodon-Kolopsis clade (Fig. 8). 

 
Node Character state changes 
1 to 2 as in loose dental 
2 to 3 as in loose dental 
3 to 4 1- 1 to 2, 5- 4 to 1, 9- 3 to 2, 14- 1 to 0, 15- 2 to 0, 16- 2 to 1 
 22- 0 to 1, 24- 2 to 1, 28- 3 to 2, 38- 1 to 0, 39- 1 to 0, 45- 1 to 2 
 47- 0 to 1, 48- 0 to 1, 50- 1 to 0, 52- 3 to 2, 54- 0 to 1, 55- 0 to 1 
 57- 2 to 0, 66- 0 to 1, 72- 1 to 0, 73- 2 to 0, 75- 0 to 1, 81- 1 to 0 
 101- 1 to 2, 104- 0 to 1, 106- 0 to 1, 113- 1 to 0, 115- 0 to 2 
 116- 0 to 1, 119- 1 to 0, 120- 2 to 0, 121- 0 to 1, 124- 2 to 0 
 125- 2 to 0, 129- 1 to 2 
4 to 5 3- 0 to 2, 5- 1 to 0, 6- 2 to 1, 9- 2 to 0, 14- 0 to 1, 16- 1 to 3 
 17- 0 to 1, 18- 1 to 2, 19- 0 to 1, 25- 0 to 1, 26- 2 to 0, 27- 4 to 0 
 33- 0 to 1, 37- 2 to 1, 38- 0 to 1, 40- 1 to 0, 42- 0 to 1, 44- 0 to 1 
 46- 0 to 1, 53- 2 to 0, 56- 0 to 1, 61- 0 to 1, 62- 0 to 2, 63- 0 to 2 
 72- 0 to 2, 76- 2 to 0, 89- 1 to 0, 90- 2 to 0, 95- 2 to 0, 96- 1 to 0 
 99- 1 to 0, 102- 0 to 2, 103- 1 to 0, 105- 0 to 1, 109- 0 to 2 
5 to 6 1- 2 to 0, 5- 0 to 1, 11- 2 to 0, 13- 2 to 3, 15- 0 to 3, 16- 3 to 1 
 23- 0 to 1, 26- 0 to 1, 30- 0 to 1, 33- 1 to 2, 39- 0 to 2, 43- 1 to 0 
 46- 1 to 0, 48- 1 to 0, 52- 2 to 3, 53- 0 to 1, 54- 1 to 0, 56- 1 to 0 
 57- 0 to 2, 60- 0 to 1, 71- 0 to 2, 72- 2 to 1, 73- 0 to 2, 77- 0 to 1 
 88- 0 to 1, 95- 0 to 1, 99- 0 to 1, 102- 2 to 0, 103- 0 to 2 
 108- 0 to 2, 112- 0 to 2, 115- 2 to 1, 117- 1 to 0, 125- 0 to 1 
 127- 2 to 3, 128- 2 to 1, 129- 2 to 1 
6 to 7 as in loose dental 
5 to 8 as in loose dental 
3 to 9 as in loose dental 
9 to 10 as in loose dental 
10 to 11 as in loose dental 
Isoodon as in loose dental 
Trichosurus as in loose dental 
Phascolarctos as in loose dental 
Thylacoleo as in loose dental 
Phascolonus as in loose dental 
Lasiorhinus as in loose dental 
Vombatus as in loose dental 
Nimbadon 7- 1 to 0, 11- 2 to 0, 17- 0 to 2, 32- 2 to 1, 35- 0 to 1, 36- 0 to 1 
 44- 0 to 2, 46- 0 to 2, 47- 0 to 2, 60- 0 to 1, 62- 0 to 1, 67- 1 to 2 
 71- 0 to 1, 77- 0 to 1, 80- 1 to 2, 82- 0 to 1, 85- 0 to 1, 88- 0 to 1 
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 109- 0 to 1, 110- 0 to 2, 112- 0 to 1, 115- 2 to 3 
Ngapakaldia 2- 0 to 2, 13- 2 to 0, 15- 0 to 1, 20- 2 to 1, 21- 1 to 0, 22- 1 to 2 
 24- 1 to 0, 29- 1 to 2, 30- 0 to 2, 31- 1 to 0, 39- 0 to 2, 45- 2 to 1 
 48- 1 to 0, 49- 0 to 2, 57- 0 to 1, 67- 1 to 0, 68- 0 to 1, 73- 0 to 1 
 78- 0 to 1, 87- 2 to 3, 101- 2 to 1, 102- 0 to 1, 106- 1 to 0 
 110- 0 to 3 
Diprotodon as in loose dental 
Euowenia as in loose dental 
Zygomaturus 9- 0 to 3, 20- 2 to 0, 27- 0 to 2, 28- 2 to 0, 32- 2 to 0, 36- 0 to 1 
 40- 0 to 2, 42- 2 to 0, 45- 2 to 4, 55- 1 to 0, 57- 2 to 3, 64- 0 to 1 
 65- 0 to 2, 66- 1 to 2, 78- 0 to 4, 79- 0 to 1, 96- 0 to 2, 97- 1 to 0 
 98- 0 to 1, 100- 0 to 1, 101- 2 to 3, 108- 2 to 4, 116- 1 to 4 
 118- 0 to 3, 124- 0 to 1, 125- 0 to 2 
Neohelos 3- 2 to 1, 7- 1 to 2, 19- 1 to 0, 23- 1 to 0, 27- 0 to 4, 35- 0 to 1 
 44- 1 to 2, 45- 2 to 1, 57- 2 to 0, 59- 1 to 2, 62- 2 to 0, 63- 2 to 0 
 68- 0 to 1, 73- 2 to 0, 102- 0 to 1, 106- 1 to 0, 118- 0 to 2 
Plaisiodon 5- 1 to 0, 28- 2 to 0, 29- 1 to 2, 32- 2 to 1, 35- 0 to 2, 104- 1 to 2 
 105- 1 to 2, 109- 2 to 1, 113- 0 to 1, 114-0 to 2, 115- 1 to 0 
 117- 0 to 2 
Kolopsis 1- 1 to 2, 3- 2 to 0, 8- 1 to 2, 10- 2 to 1, 20- 2 to 0, 27- 0 to 1 
 37- 1 to 2, 99- 2 to 3, 116- 1 to 0 

Table 7. Character state changes of internal nodes and end-branch apomorphies associated with Figure 9b. 
Bold type indicates unambiguous characters. 
 
 The heuristic search employing the same constraint as the previous analysis but also forcing 

Nimbadon to group with the other zygomaturines studied (Nimbadon constrained), resulted in a 

single most parsimonious tree (TL=299.8667, CI=0.4285, HI=0.5715). Bootstrap results indicated 

support for the positioning of Nimbadon as basal to all other zygomaturines studied (54%), but 

did not support any further resolution within this clade. As found in all other analyses, strong 

support was also found for the Euowenia-Diprotodon (95%) and modern vombatid clades (99%). 

 
Node Character state changes 
1 to 2 5- 2 to 0, 6- 2 to 0, 15- 1 to 0, 18- 1 to 2, 19- 0 to 1, 20- 1 to 2 
 22- 0 to 1, 24- 0 to 1, 25- 0 to 1, 28- 3 to 0, 29- 0 to 1, 30- 2 to 0 
 31- 0 to 1, 35- 0 to 1, 37- 2 to 0, 42- 0 to 2, 45- 1 to 2, 47- 1 to 0 
 48- 0 to 1, 53- 2 to 0, 61- 0 to 1, 62- 0 to 2, 63- 0 to 2, 68- 1 to 0 
 71- 0 to 1, 72- 1 to 0, 87- 3 to 2, 90- 2 to 0, 94- 1 to 0, 95- 2 to 0 
 96- 1 to 0, 101- 1 to 2, 103- 1 to 0, 104- 0 to 1, 106- 0 to 1 
 108- 3 to 0, 109- 0 to 2, 110- 1 to 0, 115- 0 to 2, 117- 0 to 1 
 118- 1 to 0, 119- 1 to 0, 121- 0 to 1, 124- 2 to 0, 128- 1 to 2 
2 to 3 5- 0 to 1, 11- 2 to 0, 15- 0 to 2, 32- 2 to 1, 46- 1 to 0, 57- 0 to 2 

 
59- 0 to 1, 60- 0 to 1, 73- 0 to 2, 85- 0 to 2, 116- 1 to 0, 122- 0 to 
2 
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 127- 0 to 2 
3 to 4 3- 0 to 2, 6- 0 to 1, 13- 2 to 3, 15- 2 to 3, 16- 2 to 0, 17- 0 to 1 
 23- 0 to 1, 30- 0 to 1, 33- 0 to 2, 35- 1 to 0, 37- 0 to 1, 39- 1 to 2 
 40- 1 to 0, 43- 1 to 0, 47- 0 to 1, 48- 1 to 0, 66- 0 to 1, 71- 1 to 2 
 80- 0 to 1, 95- 0 to 1, 103- 0 to 2, 105- 0 to 1, 108- 0 to 2 
 113- 1 to 0, 117- 1 to 0, 128- 2 to 1, 129- 0 to 1 
2 to 5 1- 1 to 2, 2- 0 to 1, 10- 2 to 1, 16- 2 to 3, 27- 4 to 0, 33- 0 to 1 
 34- 2 to 0, 49- 0 to 1, 52- 3 to 1, 56- 0 to 1, 59- 0 to 2, 60- 0 to 2 
 72- 0 to 2, 76- 2 to 0, 77- 1 to 0, 79- 0 to 2, 83- 0 to 1, 86- 0 to 1 
 87- 2 to 1, 88- 1 to 0, 89- 1 to 0, 93- 0 to 1, 98- 0 to 2, 99- 1 to 0 
 102- 0 to 2, 107- 0 to 1, 112- 2 to 0, 125- 2 to 0, 127- 0 to 1 
 129- 0 to 2 
1 to 6 7- 1 to 2, 11- 2 to 1, 16- 2 to 0, 20- 1 to 0, 23- 0 to 1, 26- 0 to 1 
 27- 4 to 1, 28- 3 to 0, 30- 2 to 0, 32- 2 to 0, 37- 2 to 1, 42- 0 to 3 
 43- 1 to 0, 44- 1 to 2, 45- 1 to 0, 52- 3 to 0, 53- 2 to 1, 54- 1 to 0 
 59- 0 to 1, 67- 1 to 0, 68- 1 to 0, 73- 0 to 1, 75- 1 to 0, 76- 2 to 1 
 81- 0 to 1, 87- 3 to 0, 88- 1 to 2, 90- 2 to 1, 95- 2 to 1, 96- 1 to 0 
 98- 0 to 1, 99- 1 to 0, 108- 3 to 0, 112- 2 to 0, 113- 1 to 0 
 116- 1 to 0, 119- 1 to 0, 127- 0 to 2, 128- 1 to 0 
6 to 7 5- 2 to 4, 10- 2 to 0, 11- 1 to 0, 17- 0 to 1, 29- 0 to 1, 39- 1 to 2 
 57- 0 to 2, 97- 1 to 0, 100- 0 to 1, 105- 0 to 1, 120- 0 to 1 
 129- 0 to 1 

Table 8. Character state changes of internal nodes associated with Figure 9d. Bold type indicates 
unambiguous characters. 
 

 The heuristic search enforcing diprotodontines and zygomaturines (sensu Black and 

Mackness 1999) to group separately (loose dental) also produced a single most parsimonious tree 

(TL=303.58, CI=0.423, HI=0.577). Thylacoleo again groups with the vombatids studied, whilst 

Nimbadon is positioned basal to the other zygomaturines studied (figure). Bootstrap values of 

unconstrained nodes again support the grouping of modern vombatids (98%), but also support a 

Diprotodon-Euowenia clade (96%), a Plaisiodon-Neohelos-Zygomaturus-Kolopsis clade (80%) 

and a Zygomaturus-Plaisiodon-Kolopsis clade (52%). (figure). Support for a 

vombatid+Thylacoleo clade is near-significant (48%), as is a Kolopsis-Plaisiodon clade (48%). 

There is also some support for the position of Phascolarctos as sister taxon to a vombatid-

diprotodontid-Thylacoleo clade (56%). 

 

Node Character state changes 
1 to 2 4- 1 to 0, 5- 3 to 4, 7- 0 to 1, 13- 1 to 2, 21- 0 to 1, 24- 1 to 2, 33- 1 to 0 
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 35- 0 to 1, 40- 3 to 2, 47- 1 to 0, 54- 1 to 0, 55- 1 to 0, 75- 1 to 0 
 81- 0 to 1, 94- 1 to 0, 101- 0 to 1, 110- 1 to 0, 112- 2 to 0, 114- 2 to 0 
 115- 1 to 0, 120- 1 to 0, 129- 0 to 1 
2 to 3 10- 3 to 2, 15- 1 to 2, 20- 1 to 2, 30- 2 to 0, 31- 0 to 1, 32- 0 to 2 
 40- 2 to 1, 44- 1 to 0, 46- 1 to 0, 50- 1 to 0, 57- 0 to 2, 59- 0 to 1 
 66- 0 to 1, 67- 3 to 1, 77- 1 to 0, 80- 2 to 1, 82- 1 to 0, 87- 3 to 2 
 88- 1 to 0, 90- 3 to 2, 96- 1 to 0, 97- 0 to 1, 108- 3 to 0, 116- 1 to 0 
 119- 1 to 0, 127- 1 to 2, 128- 1 to 2 
3 to 4 5- 4 to 1, 14- 1 to 0, 16- 2 to 1, 22- 0 to 1, 28- 3 to 2, 45- 1 to 2 
 54- 0 to 1, 71- 0 to 1, 72- 1 to 0, 75- 0 to 1, 81- 1 to 0, 101- 1 to 2 
 104- 0 to 1, 106- 0 to 1, 115- 0 to 2, 121- 0 to 1, 124- 2 to 0, 129- 1 to 0 
4 to 5 7- 1 to 0, 11- 2 to 0, 29- 0 to 1, 32- 2 to 1, 36- 0 to 1, 44- 0 to 2 
 60- 0 to 1, 77- 0 to 1, 85- 0 to 2, 88- 0 to 1, 112- 0 to 1, 122- 0 to 2 
5 to 6 3- 0 to 1, 6- 2 to 1, 13- 2 to 3, 14- 0 to 1, 15- 2 to 3, 17- 0 to 1 
 18- 1 to 2, 30- 0 to 1, 33- 0 to 2, 37- 2 to 1, 39- 1 to 2, 40- 1 to 0 
 42- 0 to 2, 43- 1 to 0, 47- 0 to 1, 53- 2 to 0, 61- 0 to 1, 71- 1 to 2 
 90- 2 to 0, 95- 2 to 1, 103- 1 to 0, 105- 0 to 1, 108- 0 to 2, 109- 0 to 2 
 112- 1 to 2, 113- 1 to 0, 117- 1 to 0, 128- 2 to 1, 129- 0 to 1 
6 to 7 3- 1 to 2, 5- 1 to 0, 7- 0 to 1, 19- 0 to 1, 20- 2 to 0, 23- 0 to 1, 27- 4 to 1 
 28- 2 to 0, 35- 1 to 0, 44- 2 to 1, 56- 0 to 1, 62- 0 to 2, 63- 0 to 2 
 77- 1 to 0, 78- 0 to 4, 79- 0 to 1, 96- 0 to 2, 97- 1 to 0, 98- 0 to 1 
 99- 1 to 0 
7 to 8 2- 0 to 2, 22- 1 to 0, 33- 2 to 3, 36- 1 to 0, 47- 1 to 0, 53- 0 to 1 
 54- 1 to 0, 55- 0 to 1, 67- 1 to 2, 72- 0 to 1, 99- 0 to 2, 100- 0 to 2 
 103- 0 to 2, 112- 2 to 0, 115- 2 to 1, 125- 2 to 1, 127- 2 to 3 
4 to 9 1- 1 to 2, 2- 0 to 1, 15- 2 to 0, 21- 1 to 0, 52- 3 to 2, 55- 0 to 1 
 57- 2 to 1, 73- 2 to 1, 116- 0 to 1, 125- 2 to 0, 127- 2 to 1, 129- 0 to 2 
9 to 10 5- 1 to 0, 6- 2 to 0, 10- 2 to 1, 16- 1 to 3, 18- 1 to 2, 19- 0 to 1 
 25- 0 to 1, 27- 4 to 0, 33- 0 to 1, 34- 2 to 0, 37- 2 to 0, 42- 0 to 2 
 46- 0 to 1, 48- 0 to 1, 49- 0 to 1, 53- 2 to 0, 56- 0 to 1, 59- 1 to 2 
 60- 0 to 2, 61- 0 to 1, 63- 0 to 2, 72- 0 to 2, 76- 2 to 0, 79- 0 to 2 
 83- 0 to 1, 86- 0 to 1, 87- 2 to 1, 89- 1 to 0, 90- 2 to 0, 93- 0 to 1 
 95- 2 to 0, 98- 0 to 2, 99- 1 to 0, 102- 0 to 2, 103- 1 to 0, 107- 0 to 1 
 109- 0 to 2 
3 to 11 12- 0 to 1, 23- 0 to 1, 27- 4 to 1, 29- 0 to 2, 35- 1 to 0, 43- 1 to 0 
 63- 0 to 1, 76- 2 to 0, 87- 2 to 1, 88- 0 to 2, 94- 0 to 1, 117- 1 to 2 
 118- 0 to 1 
11 to 12 7- 1 to 2, 11- 2 to 1, 16- 2 to 0, 20- 2 to 0, 26- 0 to 1, 28- 3 to 0 
 31- 1 to 0, 32- 2 to 0, 37- 2 to 1, 42- 0 to 3, 44- 0 to 2, 45- 1 to 0 
 46- 0 to 1, 52- 3 to 0, 53- 2 to 1, 66- 1 to 0, 67- 1 to 0, 73- 2 to 1 
 76- 0 to 1, 90- 2 to 1, 95- 2 to 1, 98- 0 to 1, 99- 1 to 0, 110- 0 to 1 
 113- 1 to 0, 128- 2 to 0 
12 to 13 10- 2 to 0, 11- 1 to 0, 12- 1 to 0, 15- 2 to 1, 17- 0 to 1, 29- 2 to 1 
 39- 1 to 2, 97- 1 to 0, 100- 0 to 1, 105- 0 to 1, 117- 2 to 0, 120- 0 to 1 
Isoodon 1- 1 to 0, 2- 0 to 3, 3- 0 to 3, 5- 3 to 2, 6- 2 to 1, 8- 1 to 0, 9- 0 to 4 
 10- 3 to 4, 11- 2 to 0, 12- 0 to 1,  13- 1 to 3, 15- 1 to 3, 16- 2 to 0 
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 17- 0 to 2, 20- 1 to 0, 22- 0 to 3, 23- 0 to 1, 25- 0 to 2, 28- 3 to 4 
 32- 0 to 2, 42- 0 to 1, 44- 1 to 3, 45- 1 to 0, 50- 1 to 0, 52- 3 to 1 
 56- 0 to 1, 60- 0 to 1, 61- 0 to 1, 62- 0 to 3, 67- 3 to 4, 68- 0 to 3 
 71- 0 to 2, 73- 2 to 1, 78- 0 to 3, 79- 0 to 1, 80- 2 to 3, 82- 1 to 0 
 84- 0 to 2, 85- 0 to 1, 87- 3 to 4, 91- 1 to 2, 92- 0 to 1, 96- 1 to 4 
 98- 0 to 1, 107- 0 to 2, 108-3 to 1, 111- 0 to 1, 115- 1 to 4, 118- 0 to 3 
 119- 1 to 0, 122- 0 to 3, 127- 1 to 0 
Trichosurus 2- 0 to 2, 4- 1 to 2, 7- 0 to 2, 9- 0 to 2, 14- 1 to 0, 17- 0 to 1, 24- 1 to 0 
 26- 0 to 2, 29- 0 to 2, 33- 1 to 3, 34- 2 to 3, 38- 1 to 0, 45- 1 to 3 
 46- 1 to 2, 53- 2 to 1, 55- 1 to 2, 57- 0 to 3, 59- 0 to 2, 62- 0 to 2 
 72- 1 to 0, 103- 1 to 0, 116- 1 to 3, 117- 1 to 0, 124- 2 to 1, 125- 2 to 3 
Phascolarctos 8- 1 to 0, 9- 0 to 3, 22- 0 to 2, 25- 0 to 1, 26- 0 to 1, 29- 0 to 1 
 36- 0 to 1, 48- 0 to 2, 68- 0 to 1, 80- 2 to 3, 103- 1 to 2, 117- 1 to 0 
 118- 0 to 2, 120- 0 to 2, 122- 0 to 2, 123- 0 to 2, 126- 0 to 1 
Thylacoleo 8- 1 to 2, 9- 0 to 3, 10- 2 to 1, 15- 2 to 3, 18- 1 to 0, 26- 0 to 2  
 27- 1 to 3, 30- 0 to 2, 34- 2 to 1, 44- 0 to 1, 46- 0 to 2, 49- 0 to 1 
 50- 0 to 1, 57- 2 to 3, 59- 1 to 2, 68- 0 to 1, 75- 0 to 2, 78- 0 to 1 
 85- 0 to 3, 86- 0 to 2, 92- 0 to 1, 96- 0 to 3, 98- 0 to 2, 108- 0 to 3 
 112- 0 to 1, 114- 0 to 1, 119- 0 to 1, 120- 0 to 2, 128- 2 to 3 
Phascolonus 2- 0 to 1, 3- 0 to 2, 5- 4 to 1, 6- 2 to 1, 48- 0 to 1, 57- 2 to 1, 60- 0 to 1 
 61- 0 to 1, 96- 0 to 5, 101- 1 to 3, 102- 0 to 2, 105- 0 to 2, 106- 0 to 1 
 109- 0 to 1, 118- 1 to 2, 121- 0 to 1, 124- 2 to 1, 129- 1 to 2 
Lasiorhinus 24- 2 to 0, 38- 1 to 0, 63- 1 to 0, 89- 1 to 0, 94- 1 to 0 
Vombatus 2- 0 to 2, 8- 1 to 2, 9- 0 to 5, 10- 0 to 4, 16- 0 to 2, 21- 1 to 0, 22- 0 to 2 
 30- 0 to 1, 47- 0 to 1, 55- 0 to 2, 77- 0 to 1, 80- 1 to 2, 87- 1 to 0 
 103- 1 to 2, 108- 0 to 4, 110- 1 to 0 
Ngapakaldia 2- 1 to 2, 9- 0 to 2, 13- 2 to 0, 15- 0 to 1, 20- 2 to 1, 22- 1 to 2 
 24- 1 to 0, 26- 0 to 2, 29- 0 to 2, 30- 0 to 2, 31- 1 to 0, 35- 1 to 0 
 38- 1 to 0, 39- 1 to 2, 45- 2 to 1, 47- 0 to 1, 49- 0 to 2, 67- 1 to 0 
 68- 0 to 1, 71- 1 to 0, 78- 0 to 1, 87- 2 to 3, 96- 0 to 1, 101- 2 to 1 
 102- 0 to 1, 106- 1 to 0, 110- 0 to 3 
Diprotodon 3- 0 to 2, 4- 0 to 1, 5- 0 to 1, 10- 1 to 3, 12- 0 to 1, 14- 0 to 1, 20- 2 to 3 
 21- 0 to 2, 31- 1 to 2, 36- 0 to 2, 37- 0 to 1, 39- 1 to 0, 43- 2 to 3 
 45- 2 to 0, 48- 1 to 2, 52- 2 to 1, 58- 0 to 1, 59- 2 to 3, 60- 2 to 3 
 65- 0 to 2, 66- 1 to 0, 67- 1 to 2, 68- 0 to 1, 69- 0 to 1, 70- 0 to 1 
 71- 1 to 3, 73- 1 to 0, 74- 0 to 1, 78- 0 to 2, 80- 1 to 0, 81- 0 to 2 
 82- 0 to 2, 84- 0 to 2, 85- 0 to 4, 89- 0 to 2, 91- 1 to 0, 94- 0 to 2 
 100- 1 to 0, 101- 2 to 3, 104- 1 to 2, 105- 0 to 1, 108- 0 to 1, 116- 1 to 2 
 117- 1 to 2, 118- 0 to 3, 122- 0 to 1 
Euowenia 6- 0 to 1, 9- 0 to 1, 14- 0 to 2, 17- 0 to 1, 21- 0 to 1, 22- 1 to 0 
 24- 1 to 2, 28- 2 to 0,  29- 0 to 1, 40- 1 to 0, 41- 0 to 1, 44- 0 to 1 
 51- 0 to 1, 55- 1 to 0, 57- 1 to 0, 62- 0 to 2, 65- 0 to 1, 69- 0 to 2 
 76- 0 to 1, 81- 0 to 1, 82- 0 to 1, 84- 0 to 1, 88- 0 to 2, 92- 0 to 1 
 94- 0 to 1, 99- 0 to 2, 105- 0 to 1, 113- 1 to 0, 114- 0 to 2, 115- 2 to 3 
 121- 1 to 2, 123- 0 to 1, 124- 0 to 1 
Nimbadon 9- 0 to 2, 16- 1 to 2, 17- 0 to 2, 26- 0 to 2, 28- 2 to 1, 38- 1 to 0 
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 46- 0 to 2, 47- 0 to 2, 48- 0 to 1, 50- 0 to 1, 62-0 to 1, 66- 1 to 0 
 67- 1 to 2, 80- 1 to 2, 82- 0 to 1, 96- 0 to 1, 109- 0 to 1, 110- 0 to 2 
 115- 2 to 3, 119- 0 to 1, 120- 0 to 2, 121- 1 to 0, 124- 0 to 2 
Neohelos 7- 0 to 2, 26- 0 to 1, 45- 2 to 1, 57- 2 to 0, 69- 1 to 2, 68, 0 to 1 
 73- 2 to 0, 102- 0 to 1, 106- 1 to 0, 118- 0 to 2,  
Zygomaturus 9- 0 to 3, 11- 0 to 2, 13- 3 to 1, 15- 3 to 2, 16- 1 to 3, 27- 1 to 2 
 32- 1 to 0, 39- 2 to 0, 40- 0 to 2, 42- 2 to 0, 43- 0 to 1, 45- 2 to 4 
 46- 0 to 1, 48- 0 to 1, 52- 3 to 0, 57- 2 to 3, 64- 0 to 1, 65- 0 to 2 
 66- 1 to 2, 71- 2 to 0, 72- 0 to 2, 100- 0 to 1, 101- 2 to 3, 102- 0 to 2 
 108- 2 to 4, 116- 0 to 4, 124- 0 to 1, 129- 1 to 2 
Plaisiodon 20- 0 to 2, 27- 1 to 0, 29- 1 to 2, 35- 0 to 2, 104- 1 to 2, 105- 1 to 2 
 109- 2 to 1, 113- 0 to 1, 114- 0 to 2, 115- 1 to 0, 116- 0 to 1, 117- 0 to 2 
Kolopsis 1- 1 to 2, 3- 2 to 0, 5- 0 to 1, 8- 1 to 2, 10- 2 to 1, 28- 0 to 2, 32- 1 to 2 
 37- 1 to 2, 99- 2 to 3 

Table 9. Character state changes of internal nodes and end branch apomorphies associated with Figure 8e. 
Bold type indicates unambiguous characters. 
 
Figure 9 

 

 The final heuristic search, employing a constraint exactly matching the topology of Black and 

Mackness (1999) (strict dental), was employed so that character states at various nodes could be 

evaluated. In particular this demonstrated which characters supported the separation of 

diprotodontids as a group from the other taxa studied, and also which characters consistently 

discriminated between diprotodontines and zygomaturines. The positions of Thylacoleo and 

Phascolarctos within the vombatomorphian clade were left unconstrained, the resulting topology 

placing the former in a clade with vombatids, and the latter as basal to all vombatiforms studied 

(TL=304.42, CI=0.422, HI=0.578) (figure). Bootstrap values were low (43%) for the former 

placement but supported the latter placement (66%), indicating that Thylacoleo should probably 

nest within vombatiforms ,but not necessarily with vombatids. 

Node Character state changes 
1 to 2 as in loose dental 
2 to 3 as in loose dental 
3 to 4 as in loose dental 
4 to 5 as in loose dental 
5 to 6 3- 0 to 2, 6- 2 to 1, 13- 2 to 3, 14- 0 to 1, 15- 2 to 3, 17- 0 to 1 
 18- 1 to 2, 23- 0 to 1, 30- 0 to 1, 33- 0 to 2, 37- 2 to 1, 39- 1 to 2 
 40- 1 to 0, 42- 0 to 1, 43- 1 to 0, 44- 0 to 1, 53- 2 to 0, 61- 0 to 1 
 62- 1 to 2, 63- 0 to 2, 71- 1 to 2, 90- 2 to 0, 95- 2 to 1, 103- 1 to 2 
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 108- 0 to 2, 112- 1 to 2, 128- 2 to 1, 129- 0 to 1 
6 to 7 32- 1 to 0, 45- 2 to 1, 47- 0 to 1, 67- 2 to 1, 72- 0 to 2, 105- 0 to 1 
 109-- 1 to 2, 113- 1 to 0, 117- 2 to 0 
7 to 8 16- 1 to 3, 19- 0 to 1, 20- 2 to 0, 27- 4 to 1, 39- 2 to 0, 40- 0 to 2 
 42- 2 to 0, 43- 0 to 1, 45- 1 to 4, 46- 0 to 1, 48- 0 to 1, 56- 0 to 1 
 64- 0 to 1, 65- 0 to 2, 66- 1 to 2, 71- 2 to 0, 77- 1 to 0, 78- 0 to 4 
 79- 0 to 1, 96- 0 to 2, 97- 1 to 0, 98- 0 to 1, 99- 1 to 0 
Plaisiodon 2- 0 to 2, 5- 1 to 0, 22- 1 to 0, 27- 4 to 0, 28- 2 to 0, 29- 1 to 2 

 
33- 2 to 3, 35- 0 to 2, 72- 0 to 1, 99- 1 to 2, 100- 0 to 2, 104- 1 to 
2 

 105- 0 to 2, 114- 0 to 2, 115- 2 to 0, 116- 0 to 1 
Neohelos 3- 2 to 1, 7- 1 to 2, 23- 1 to 0, 26- 0 to 1, 35- 0 to 1, 44- 1 to 2 
 57- 2 to 0, 59- 1 to 2, 62- 2 to 0, 63- 2 to 0, 68- 0 to 1, 73- 2 to 0 
 102- 0 to 1, 106- 1 to 0, 118- 0 to 2 
Zygomaturus 5- 1 to 0, 9- 0 to 3, 11- 0 to 2, 13- 3 to 1, 15- 3 to 2, 27- 1 to 2 

 
28- 2 to 0, 36- 0 to 1, 52- 3 to 0, 57- 2 to 3, 100- 0 to 1, 101- 2 to 
3 

 102- 0 to 2, 103- 2 to 0, 108- 2 to 4, 116- 0 to 4, 118- 0 to 3 
 124- 0 to 1, 129- 1 to 2 
Kolopsis 1- 1 to 2, 2- 0 to 2, 3- 2 to 0, 8- 1 to 2, 10- 2 to 1, 22- 1 to 0 
 32- 0 to 2, 33- 2 to 3, 37- 1 to 2, 53- 0 to 1, 54- 1 to 0, 55- 0 to 1 
 99- 0 to 3, 100- 0 to 2, 112- 2 to 0, 115- 2 to 1, 125- 2 to 1 
 127- 2 to 3 
4 to 9 as in loose dental 
9 to 10 as in loose dental 
11 to 12 as in loose dental 
 all other end branch apomorphies as in loose dental 

Table 10. Character state changes of internal nodes and end branch apomorphies associated with Figure 9a. 
Bold type indicates unambiguous characters. 
 

The Templeton-Test results are presented in Table 11, P values indicate that the 

unconstrained trees were significantly more parsimonious than all other trees, that the “basally 

constrained” and “Ngapakaldia constrained” trees were not significantly different from each other 

but were significantly more parsimonious than the “dental constraint” trees, and that the “dental 

constraint” trees were not significantly different from each other. 

Tree Length N z P* 

Unconstrained 1 280.86667 12 -0.0398 0.9682 

Unconstrained 2 280.86667   (best) 

Basal constraints 291.63333 53 -2.7130 0.0067* 

Ngapakaldia constrained 1 294.96667 70 -2.9004 0.0094* 

Ngapakaldia constrained 2 294.96667 59 -3.1269 0.0018* 
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Nimbadon constrained 299.86667 68 -3.0988 0.0019* 

Loose dental constraint 303.58333 68 -3.8601 0.0001* 

Strict dental constraint 304.41667 70 -3.7836 0.0002* 

 
 

Tree Length N z P* 

Basal constraints 291.63333   (best) 

Ngapakaldia constrained 1 294.96667 40 -0.7693 0.4417 

Ngapakaldia constrained 2 294.96667 9 -1.9918 0.0464* 

Nimbadon constrained 299.86667 48 -2.0305 0.0423* 

Loose dental constraint 303.58333 45 -3.0001 0.0027* 

Strict dental constraint 304.41667 54 -2.8294 0.0047* 

 
Tree Length N Z P* 

Ngapakaldia constrained 1 294.96667 37 -0.0231 0.9816 

Ngapakaldia constrained 2 294.96667   (best) 

Nimbadon constrained 299.86667 40 -1.4680 0.1421 

Loose dental constraint 303.58333 37 -2.5179 0.0118* 

Strict dental constraint 304.41667 46 -2.3607 0.0182* 

Table 11. Signed-rank test results for the trees produced in the analysis involving multiple outgroup taxa 
and employing the hind limb character set. *Approximate probability of getting a more extreme test statistic 
under the null hypothesis of no difference between the two trees (two-tailed test).  Asterisked values in table 
(if any) indicate significant difference at P < 0.05. All the constrained trees are significantly less 
parsimonious than the unconstrained tree (top) but are not significantly different from each other (bottom). 
 
6.3.1.3 Character states related to functional grouping 

The following character lists relate to observed morphologies that appear to have resulted 

in the grouping of taxa that probably exhibited a similar habitus. Although character state 

distributions are somewhat ambiguous for many of these characters, they have been selected 

because most or all taxa with an inferred similar habitus exhibit similar bone morphologies. 

 

Scansorial/Arboreal 
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The following group of characters are interpreted as being potentially useful in grouping 

taxa that are at least partly scansorial or arboreal (in this study these taxa include Phascolarctos, 

Trichosurus, Thylacoleo, Nimbadon and Ngapakaldia): the shape of sulcus astragali next to the 

calcaneal facet of the astragalus is wide and crescent shaped or triangular (9- 0/1 to 2/3); the 

pyramidalis facet of the astragalus becomes smaller relative to the fibular facet (13- 1 to 0); the 

astragalar facet of the cuboid decreases significantly in size relative to the calcaneal facet (30- 0/1 

to 2); the plantar groove on the cuboid for the tendon of the m. peroneus longus (37- 0/1 to 2); 

there is a significant degree of contact between the tibia and the navicular (50- 0 to 1); the hallux 

is significantly longer relative to metatarsal II (82- 0 to 1); the cross-sectional shape of the ungual 

phalanges reveals a high degree of medio-lateral compression (95- 1) and the internal malleolus of 

the tibia articulates with navicular (119- 0 to 1). 

Derived Diprotodontids + Vombatids (quadrupedal and terrestrial) 

The members of this group have in common that they are all quadrupedal and all 

terrestrial (but not necessarily of large body size), and so these characters represent those that may 

be reliable in predicting these biological traits. Character states include: the navicular and tibial 

facets of the astragalus share an extensive border (11- 0/1 to 2 [not present in some members]); 

the pit near the navicular and entocuneiform facets of the cuboid (either for ligamental attachment 

or storage of synovial fluid) becomes deeper (36- 2 to 1); the astragalar facet of the navicular 

becomes shorter relative to the whole length of navicular (39- 2 to 1/0); the ectocuneiform facet of 

the navicular becomes larger relative to the cuboid facet (42- 0 to 2/3); the hallucal facet of the 

entocuneiform becomes smaller relative to the navicular facet (53- 2 to 1/0); the width of the 

proximal phalanx of digit II decreases relative to the width of that of digit III (95- 2 to 0/1) and 

the anterior process of the internal condyle of the femur becomes enlarged (105- 0 to 1/2). 

Derived Diprotodontids + Phascolonus (Graviportal clade 1) 

This is the first of two groups that appear to exhibit characters related to a large body size. 

Character states include: the cuboid facet of the astragalus becomes rounded (2- 0 to 1); the 

process on the medial border of the tibial facet of the astragalus becomes high and pointed (3- 0 to 

2); the navicular facet of the cuboid becomes flat or develops a v-shaped notch (28- 3 to 2/0); the 
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mesocuneiform fuses to the entocuneiform (56- 0 to 1); the tarsal-metatarsal interface becomes 

flat (or close to) (61- 0 to 1); the lateral tuberosity of metatarsal V becomes enlarged along its 

whole length (63- 0 to 2); the femoral head moves to be positioned completely above the digital 

fossa of the femur (101- 1/2 to 3); the size of the smaller trochanter of the femur decreases (102- 0 

to 2); the lateral groove on the distal fibula for the peroneal muscles becomes deeper (121- 0 to 

1/2) and the rugose area on the fibular shaft for the m. flexor tibialis and m. tibialis posterior 

decreases in size (124- 2 to 1/0). 

Derived Diprotodontids (graviportal clade 2) 

This clade is composed of those taxa that exhibit extremely large body size (Diprotodon, 

Euowenia, Zygomaturus and, to a lesser extent Plaisiodon). Character states are as follows: the 

cubo-navicular facet of the astragalus develops an anterior spherical aspect (5- 1 to 2/3/4); the size 

of the fibular facet of the astragalus shrinks relative to the size of the tibial facet (6- 2 to 1 to 0); 

the calcaneal tuber becomes slightly dorso-ventrally compressed (16- 0 to 1); the calcaneum 

becomes longer in relation to its width (17- 0 to 1); the cuboidal facet of the calcaneum shifts 

from occupying the whole of the anterior end to occupying the medial 2/3 (18- 2 to 3); the 

cuboidal facet of the calcaneum becomes higher in relation to the total height of the calcaneum 

(19- 0 to 1); the pyramidalis becomes medio-laterally elongate (25- 0 to 1); movement becomes 

restricted at cubo-navicular/cuneiforms interface (facets flatter) (26- 2 to 0); the metatarsal V 

facet of the cuboid becomes flatter or slightly convex (33- 0 to 1/2); the metatarsal V ligament 

attachment area of the cuboid becomes highly developed (34- 3 to 0/1); the navicular facet of the 

astragalus rotates to a more anteriorly oriented position (40- 1 to 0); the hallucal facet of the 

entocuneiform becomes shallowly concave (52- 3 to 1); the pit below the hallucal facet of the 

entocuneiform for attachment of the m. tibialis anterior becomes shallower (55- 0 to 1); the lateral 

process of metatarsal V no longer wraps around the cuboid (62- 0 to 2); the distal metatarsal V 

becomes spherical (little or no keel) (65- 0 to 2); the height of the proximal end of metatarsal IV 

increases relative to the height of distal end (72- 0/1 to 2); the shaft of metatarsal II becomes 

arched (79- 0 to 1/2); the hallux becomes a rugose knob (86- 0 to 1); the phalanx of the hallux is 

lost (90- 2/1 to 0); the distal facets of the proximal phalanges become relatively flat (93- 0 to 1); 



  357

the phalanges of digit II are much narrower than those of digit III (95- 1 to 0); the intercondylar 

notch of the femur becomes deeper (103- 1 to 0); the popliteal attachment area of the tibia 

becomes a proximo-distally elongate tuberosity (115- 0 to 2) and the attachment areas of the m. 

gracilis, m. semitendinosus and m. sartorius become less well developed (116- 0 to 1/2). 

 

Diprotodontids + Thylacoleo  

This group of characters result in Thylacoleo grouping more closely with diprotodontids 

than with vombatids or phascolarctids, although the potential functional reasons for this grouping 

remain unclear. Shared characters include: development of the ligamental attachment area 

posterior to the astragalar facet of the calcaneum (15- 1 to 0/3); the cuboid facet of the calcaneum 

changes from concave to medio-laterally v-shaped (20- 1/0 to 2); a larger degree of movement is 

possible at the cubo-navicular/cuneiforms interface (26- 1 to 2 [only shared with primitive 

diprotodontids]) and the ectocuneiform facet of the cuboid is separated into two distinct parts (31- 

0 to 1). 

 

6.3.2 Forelimb character set only 

6.3.2.1 Intrafamilial analyses 

 The first of the analyses involved only the diprotodontid taxa studied, with Isoodon as the 

outgroup taxon. No constraint was employed and a single most parsimonious tree resulted 

(TL=139.53, CI=0.6996, HI=0.3004) (Fig. 10a). In the tree the Plio-Pleistocene taxa 

(Zygomaturus, Diprotodon and Euowenia) formed a clade outside all other diprotodontids 

studied, and Ngapakaldia, Nimbadon and Kolopsis formed a clade within the other diprotodontids 

studied. This is in stark contrast to the unconstrained tree based on hindlimb morphology, in 

which a Nimbadon-Ngapakaldia clade was positioned outside the other diprotodontids, and a 

Zygomaturus-Diprotodon-Euowenia clade formed a crown group within the latter. Bootstrapping 

showed that significant support existed for all clades in the tree, but the Ngapakaldia-Nimbadon-

Kolopsis clade was the least-well supported. 

Node Character states 



  358

1 to 4 
135- 0 to 1, 140, 3 to 1, 143- 0 to 1, 150- 0 to 2, 152- 4 to 1, 156- 2 to 1, 161- 1 
to 2  

 
164- 1 to 3, 167- 1 to 0, 171- 0 to 2, 183- 0 to 1, 184- 0 to 1, 185- 2 to 1, 191- 2 
to 1 

 197- 1 to 0, 223- 0 to 2, 224- 2 to 0, 236- 0 to 3 

4 to 5 
139- 1 to 0, 152- 1 to 0, 155- 1 to 0, 158- 1 to 2, 159- 1 to 0, 160- 0 to 1, 180- 2 
to 1 

 202- 2 to 1, 203- 1 to 0, 215- 1 to 0, 216- 1 to 0 

5 to 6 
130- 2 to 0, 133- 2 to 1, 136- 0 to 2, 140- 1 to 0, 145- 1 to 0, 146- 0 to 1, 153- 1 
to 0 

 174- 2 to 3, 186- 0 to 2, 187- 1 to 0, 194- 0 to 2, 199- 2 to 1 

6 to 7 
139- 0 to 1, 144- 1 to 0, 154- 0 to 1, 158- 2 to 3, 165- 2 to 1, 202- 1 to 0, 206- 1 
to 0 

 207- 3 to 0, 226- 0 to 1, 233- 1 to 2, 235- 2 to 0, 237- 1 to 0 

1 to 2 
132- 1 to 2, 141- 2 to 1, 146- 0 to 2, 151- 0 to 2, 157- 2 to 3, 158- 1 to 0, 159- 1 
to 2 

 
162- 0 to 2, 169- 1 to 2, 170- 0 to 1, 173- 0 to 1, 175- 1 to 0, 176- 2 to 3, 183- 0 
to 3 

 
184- 0 to 2, 198- 0 to 1, 200- 0 to 1, 211- 0 to 1, 220- 0 to 2, 229- 1 to 0, 230- 1 
to 0 

 234- 3 to 2, 236- 0 to 1 

2 to 3 
133- 2 to 0, 134- 0 to 2, 137- 0 to 1, 139- 1 to 2, 140- 3 to 2, 148- 2 to 3, 150- 0 
to 4 

 
152- 4 to 2, 153- 1 to 2, 155- 1 to 2, 158- 0 to 2, 163- 1 to 3, 168- 4 to 5, 170- 0 
to 2 

 
171- 0 to 1, 177- 0 to 1, 178- 0 to 1, 182- 1 to 2, 187- 1 to 2, 188- 0 to 1, 190- 0 
to 1 

 
192- 0 to 1, 193- 1 to 0, 195- 0 to 2, 196- 1 to 0, 204- 1 to 3, 207- 3 to 1, 208- 0 
to 1 

 210- 2 to 3, 214- 0 to 1, 217- 0 to 2, 231- 0 to 1, 234- 2 to 0 

Isoodon 
130- 2 to 1, 132- 1 to 3, 136- 0 to 1, 138- 0 to 2, 142- 2 to 1, 146- 0 to 5, 147- 0 
to 1 

 
148- 2 to 0, 151- 0 to 1, 153- 1 to 0, 155- 1 to 0, 163- 1 to 0, 167- 1 to 4, 168- 4 
to 0 

 
172- 0 to 3, 174- 2 to 0, 176- 2 to 5, 179- 0 to 3, 180- 2 to 0, 182- 1 to 0, 186- 0 
to 1 

 
187- 1 to 0, 189- 2 to 5, 190- 1 to 0, 191- 2 to 3, 196- 1 to 0, 199- 2 to 3, 201- 1 
to 2 

 
203- 1 to 2, 204- 1 to 3, 209- 1 to 3, 210- 2 to 0, 213- 1 to 2, 216- 1 to 3, 221- 2 
to 4 

 
222- 0 to 2, 223- 0 to 1, 225- 1 to 0, 226- 0 to 2, 228- 1 to 0, 233- 1 to 0, 235- 2 
to 3 

 237- 1 to 0 

Plaisiodon 
167- 0 to 2, 169- 1 to 0, 170- 1 to 0, 207- 3 to 1, 214- 0 to 1, 217- 0 to 1, 220- 0 
to 1 

Neohelos 
134- 0 to 1, 138- 0 to 1, 139- 0 to 2, 176- 2 to 4, 179- 0 to 1, 189- 2 to 0, 194- 0 
to 1 

Nimbadon 
130- 0 to 1, 138- 0 to 2, 141- 2 to 0, 142- 2 to 1, 148- 2 to 1, 150- 2 to 3, 155- 0 
to 1 

 
157- 2 to 1, 164- 3 to 2, 168- 4 to 5, 174- 3 to 5, 179- 0 to 2, 183- 1 to 2, 189- 2 
to 3 

 
190- 1 to 2, 193- 1 to 2, 194- 2 to 3, 196- 1 to 0, 205- 0 to 1, 208- 0 to 1, 212 1 
to 0 

 222- 0 to 2, 224- 0 to 1, 230- 1 to 2 

Kolopsis 
130- 0 to 2, 132- 1 to 2, 136- 2 to 1, 145- 0 to 2, 153- 0 to 1, 159- 0 to 2, 169- 1 
to 0 

 
170- 1 to 0, 171- 2 to 1, 195- 0 to 1, 197- 0 to 1, 201- 1 to 0, 203- 0 to 1, 207- 0 
to 2 

 209- 1 to 0, 211- 0 to 1, 220- 0 to 1, 228- 1 to 2, 229- 1 to 0, 235- 0 to 1, 236- 3 
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to 2 

Ngapakaldia 
131- 0 to 1, 133- 1 to 2, 138- 0 to 1, 143- 1 to 2, 157- 2 to 0, 161- 2 to 1, 167- 0 
to 2 

 
168- 4 to 3, 204- 1 to 2, 218- 0 to 1, 219- 1 to 0, 221- 2 to 1, 222- 0 to 1, 223- 2 
to 0 

 231- 0 to 1, 232- 0 to 1, 233- 2 to 3, 234- 3 to 1, 236- 3 to 4 

Diprotodon 
161- 1 to 0, 174- 2 to 1, 175- 0 to 2, 181- 0 to 1, 191- 2 to 0, 207- 1 to 2, 209- 1 
to 2 

Euowenia 
135- 1 to 0, 185- 2 to 1, 199- 2 to 1, 202- 2 to 1, 208- 1 to 3, 222- 0 to 1, 235- 2 
to 3 

Zygomaturus 
134- 0 to 1, 142- 2 to 0, 145- 1 to 0, 147- 0 to 2, 150- 0 to 1, 159- 2 to 3, 164- 1 
to 3 

 
166- 0 to 1, 169- 2 to 3, 179- 0 to 2, 180- 2 to 3, 189- 2 to 1, 191- 2 to 3, 192- 0 
to 2 

 
194- 0 to 2, 197- 1 to 0, 201- 1 to 0, 203- 1 to 0, 220- 2 to 3, 224- 2 to 3, 230- 0 
to 3 

 232- 0 to 2, 235- 2 to 1 
Table 12. Character state changes associated with Fig. 10a. Bold type indicates unambiguous 

characters. 

 The diprotodontid-only analysis employing a loose constraint based on dental phylogenies 

(sensu Black and Mackness 1999) resulted in a single most parsimonious tree (TL=160.62, 

CI=0.6078, HI=0.3922), the zygomaturines being arranged with the largest (Zygomaturus) most 

basal and the smallest (Nimbadon and Kolopsis) forming a crown group (Fig. 10b). Bootstrapping 

revealed that support was significant or near-significant for all clades, with the support for clades 

within the Zygomaturinae hovering around 50% in all cases. 

Node Character states 

1 to 6 
135- 1 to 0, 140- 3 to 0, 150- 0 to 2, 157- 2 to 0, 158- 0 to 2, 159- 1 to 0, 179- 2 to 
0 

 189- 1 to 2, 199- 2 to 1, 207- 3 to 1 222- 0 to 1, 231- 0 to 1, 234- 2 to 0 

6 to 7 
130- 0 to 2, 132- 1 to 2, 133- 2 to 0, 134- 0 to 2, 137- 0 to 1, 139- 1 to 2, 140- 0 to 
2 

 
141- 2 to 1, 148- 2 to 3, 150- 2 to 4, 151- 0 to 2, 152- 0 to 2, 153- 0 to 2, 155- 0 to 
2 

 
157- 0 to 3, 159- 0 to 2, 162- 0 to 1, 163- 1 to 3, 168- 3 to 5, 169- 1 to 2, 170- 1 to 
2 

 
173- 0 to 1, 175- 1 to 0, 176- 2 to 3, 177- 0 to 1, 178- 0 to 1, 180- 1 to 2, 182- 1 to 
2 

 
183- 0 to 3, 184- 0 to 2, 187- 0 to 2, 188- 0 to 1, 190- 1 to 0, 192- 0 to 1, 193- 1 to 
0 

 
195- 0 to 2, 196- 1 to 0, 198- 0 to 1, 200- 0 to 1, 204- 2 to 3, 208- 0 to 1, 210- 2 to 
3 

 
211- 0 to 1, 214- 0 to 1, 217- 0 to 2, 220- 0 to 2, 224- 0 to 2, 229- 0 to 1, 230- 1 to 
0, 

 235- 0 to 2, 236- 0 to 1 

1 to 2 
130- 0 to 2, 134- 0 to 1, 153- 0 to 1, 155- 0 to 1, 164- 1 to 3, 168- 3 to 4, 169- 1 to 
0 

 
170- 1 to 0, 183- 0 to 2, 187- 0 to 1, 192- 0 to 2, 194- 0 to 2, 197- 1 to 0, 204- 2 to 
1 

 220- 0 to 1, 229- 1 to 0, 230- 1 to 2, 235- 0 to 1 
2 to 3 135- 1 to 0, 140- 3 to 1, 143- 0 to 1, 146- 2 to 0, 150- 0 to 2, 156- 2 to 1, 161- 1 to 
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2 

 
167- 1 to 0, 184- 0 to 1, 189- 1 to 0, 191- 0 to 1, 223- 0 to 2, 234- 2 to 3, 236- 0 to 
2 

3 to 4 
139- 1 to 0, 155- 1 to 0, 158- 0 to 2, 159- 1 to 0, 160- 0 to 1, 202- 2 to 1, 215- 1 to 
0 

 216- 1 to 0 

4 to 5 
133- 2 to 1, 134- 1 to 0, 140- 1 to 0, 145- 1 to 0, 174- 2 to 5, 186- 0 to 2, 187- 1 to 
0 

 189- 0 to 3, 190- 1 to 2, 193- 1 to 2, 194- 2 to 3, 199- 2 to 1 

Isoodon 
130- 0 to 1, 132- 1 to 3, 136- 0 to 1, 142- 2 to 1, 146- 2 to 5, 147- 0 to 1, 148- 2 to 
0 

 
151- 0 to 1, 152- 0 to 4, 158- 0 to 1, 163- 1 to 0, 167- 1 to 4, 168- 3 to 0, 171- 1 to 
0 

 
172- 0 to 3, 174- 2 to 0, 176- 2 to 5, 179- 2 to 3, 180- 1 to 0, 182- 1 to 0, 185- 1 to 
2 

 
186- 0 to 1, 189- 1 to 5, 190- 1 to 0, 191- 0 to 1, 196- 1 to 0, 199- 2 to 3, 201- 1 to 
2 

 
203- 1 to 2, 204- 2 to 3, 209- 1 to 3, 210- 2 to 0, 213- 1 to 2, 216- 1 to 3, 221- 2 
to 4 

 
222- 0 to 2, 223- 0 to 1, 224- 0 to 2,  225 1 to 0, 226- 0 to 2, 228- 1 to 0, 233- 1 to 
0 

 234- 2 to 3, 235- 0 to 3, 237- 1 to 0 

Ngapakaldia 
131- 0 to 1, 136- 0 to 2, 138- 0 to 1, 143- 0 to 2, 144- 1 to 0, 145- 1 to 0, 146- 2 to 
1 

 
154- 0 to 1, 156- 2 to 1, 158- 2 to 3, 160- 0 to 1, 164- 1 to 3, 165- 2 to 1, 167- 1 to 
2 

 
171- 1 to 2, 174- 2 to 3, 183- 0 to 1, 184- 0 to 1, 186- 0 to 2, 191- 0 to 1, 192- 0 to 
2 

 
194- 0 to 2, 197- 1 to 0, 202- 2 to 0, 203- 1 to 0, 206- 1 to 0, 207- 1 to 0, 215- 1 to 
0 

 
216- 1 to 0, 218- 0 to 1, 219- 1 to 0, 221- 2 to 1, 226- 0 to 1, 232- 0 to 1, 233- 1 
to 3 

 234- 0 to 1, 236- 0 to 4 

Diprotodon 
135- 0 to 1, 161- 1 to 0, 174- 2 to 1, 175- 0 to 2, 181- 0 to 1, 185- 1 to 2, 199- 1 to 
2 

 207- 1 to 2, 209- 1 to 2, 222- 1 to 0, 227- 1 to 2 
Euowenia 191- 0 to 2, 202- 2 to 1, 208- 1 to 3, 235- 2 to 3,  

Zygomaturus 
132- 1 to 2, 141- 2 to 1, 142- 2 to 0, 145- 1 to 0, 147- 0 to 2, 150- 0 to 1, 151- 0 to 
2 

 
152- 0 to 4, 157- 2 to 3, 159- 1 to 3, 162- 0 to 1, 166- 0 to 1, 169- 0 to 3, 171- 1 to 
0 

 
173- 0 to 1, 175- 1 to 0, 176- 2 to 3, 180- 1 to 3, 183- 2 to 3, 184- 0 to 2, 185- 1 to 
2 

 
191- 0 to 3, 198- 0 to 1, 200- 0 to 1, 201- 1 to 0, 203- 1 to 0, 211- 0 to 1, 220- 1 to 
3 

 224- 0 to 3, 230- 2 to 3, 232- 0 to 2, 236- 0 to 1 

Nimbadon 
130- 2 to 1, 136- 0 to 2, 138- 0 to 2, 141- 2 to 0, 142- 2 to 1, 146- 0 to 1, 150- 2 to 
3 

 
153- 1 to 0, 155- 0 to 1, 157- 2 to 1, 164- 3 to 2, 168- 4 to 5, 169- 0 to 1, 170- 0 to 
1 

 
171- 1 to 2, 196- 1 to 0, 203- 1 to 0, 205- 0 to 1, 208- 0 to 1, 212- 1 to 0, 220- 1 to 
0 

 222- 0 to 2, 224- 0 to 1, 229- 0 to 1, 235- 1 to 2, 236- 2 to 3 

Kolopsis 
132- 1 to 2, 136- 0 to 1, 139- 0 to 1, 144- 1 to 0, 145- 0 to 2, 154- 0 to 1, 158- 2 to 
3 

 
159- 0 to 2, 165- 2 to 1, 195- 0 to 1, 197- 0 to 1, 201- 1 to 0, 202- 1 to 0, 206- 1 to 
0 

 
207- 3 to 2, 209- 1 to 0, 211- 0 to 1, 228- 1 to 2, 230- 2 to 1, 233- 1 to 2, 237- 1 to 
0 
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Neohelos 138- 0 to 1, 139- 0 to 2, 176- 2 to 4, 179- 2 to 1, 183- 2 to 1, 194- 2 to 1 

Plaisiodon 
152- 0 to 1, 158- 0 to 1, 167- 0 to 2, 180- 1 to 2, 207- 3 to 1, 214- 0 to 1, 217- 0 to 
1 

 221- 2 to 1 
Table 13. Character state changes associated with Fig. 10b. Bold type indicates unambiguous 

characters. 

 The analysis enforcing a tree topology exactly matching that of Black and Mackness (1999) 

produced a tree only slightly longer than when a looser constraint was employed (TL=162.62, 

CI=0.6003, HI=0.3997). 

 

Figure 10 

 

 When Ngapakaldia was constrained to sit outside most other diprotodontids two equally 

parsimonious trees resulted (TL=152.8, CI=0.6389, HI=0.3611), it being unclear whether 

Kolopsis or Plaisiodon were more closely related to Neohelos. Bootstrapping revealed strong 

support for a Ngapakaldia-Nimbadon clade (91%), a Diprotodon-Euowenia clade (100%) and a 

Plaisiodon-Kolopsis-Neohelos clade (82%). 

Node Character states 

1 to 2 
130- 0 to 2, 132- 1 to 2, 141- 2 to 1, 146- 1 to 2, 151- 0 to 2, 153- 0 to 1, 155- 0 
to 1 

 
157- 0 to 3, 159- 1 to 2, 162- 0 to 1, 168- 3 to 4, 169- 1 to 2, 170- 1 to 0, 173- 0 
to 1 

 
175- 1 to 0, 176- 2 to 3, 180- 1 to 2, 183- 0 to 3, 184- 0 to 2, 187- 0 to 1, 198- 0 
to 1 

 
200- 0 to 1, 211- 0 to 1, 220- 0 to 1, 221- 1 to 2, 229- 1 to 0, 230- 1 to 0, 233- 0 
to 1 

 236- 0 to 1, 237- 0 to 1 

2 to 7 
133- 2 to 0, 134- 0 to 2, 137- 0 to 1, 139- 1 to 2, 140- 3 to 2, 148- 2 to 3, 150- 2 
to 4 

 
152- 0 to 2, 153- 1 to 2, 155- 1 to 2, 158- 0 to 2, 163- 1 to 3, 168- 4 to 5, 170- 0 
to 2 

 
177- 0 to 1, 178- 0 to 1, 182- 1 to 2, 187- 1 to 2, 188- 0 to 1, 190- 1 to 0, 192- 0 
to 1 

 
193- 1 to 0, 195- 0 to 2, 196- 1 to 0, 204- 2 to 3, 207- 3 to 1, 208- 0 to 1, 210- 2 
to 3 

 214- 0 to 1, 217- 0 to 2, 220- 1 to 2, 224- 0 to 2, 235- 0 to 2 

2 to 3 
134- 0 to 1, 164- 1 to 3, 179- 0 to 2, 189- 2 to 1, 192- 0 to 2, 194- 0 to 2, 197- 1 
to 0 

 204- 2 to 1, 230- 0 to 2, 231- 1 to 0, 234- 0 to 2, 235- 0 to 1 

3 to 4 
132- 2 to 1, 135- 1 to 0, 140- 3 to 1, 141- 1 to 2, 143- 0 to 1, 146- 2 to 0, 151- 2 
to 0  

 
156- 2 to 1, 157- 3 to 2, 161- 1 to 2, 162- 1 to 0, 167- 1 to 0, 169- 2 to 0, 173- 1 
to 0 

 175- 0 to 1, 176- 3 to 2, 183- 3 to 2, 184- 2 to 1, 189- 1 to 0, 191- 0 to 1, 198- 1 
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to 0 
 200- 1 to 0, 211- 1 to 0, 223- 0 to 2, 234- 2 to 3, 236- 1 to 2 

4 to 5 
139- 1 to 0, 155- 1 to 0, 158- 0 to 2, 160- 0 to 1, 180- 2 to 1, 202- 2 to 1, 215- 1 
to 0 

 216- 1 to 0 

5 to 6 
133- 2 to 1, 134- 1 to 0, 140- 1 to 0, 145- 1 to 0, 174- 2 to 5, 186- 0 to 2, 187- 1 
to 0 

 189- 0 to 3, 190- 1 to 2, 193- 1 to 2, 194- 2 to 3, 199- 2 to 1 

Isoodon 
130-0 to 1, 132- 1 to 3, 136- 0 to 1, 138- 0 to 2, 142- 2 to 1, 146- 1 to 5, 147- 0 
to 1 

 
148- 2 to 0, 150- 2 to 0, 151- 0 to 1, 152- 0 to 4, 157- 0 to 2, 158- 0 to 1, 163- 1 
to 0 

 
167- 1 to 4, 168- 3 to 0, 171- 1 to 0, 172- 0 to 3, 174- 2 to 0, 176- 2 to 5, 179- 0 
to 3 

 
180- 1 to 0, 182- 1 to 0, 185- 1 to 2, 186- 0 to 1, 189- 2 to 5, 190- 1 to 0, 191- 0 
to 3 

 
196- 1 to 0, 199- 2 to 3, 201- 1 to 2, 203- 1 to 2, 204- 2 to 3, 209- 1 to 3, 210- 2 
to 0 

 
213- 1 to 2, 216- 1 to 3, 221- 1 to 4, 222- 0 to 2, 223- 0 to 1, 224- 0 to 2, 225- 1 
to 0 

 226- 0 to 2, 228- 1 to 0, 231- 1 to 0, 234- 0 to 3, 235- 0 to 3 

Ngapakaldia 
131- 1 to 0, 135- 1 to 0, 138- 0 to 1, 140- 3 to 0, 143- 0 to 2, 144- 1 to 0, 145- 1 
to 0 

 
154- 0 to 1, 156- 2 to 1, 158- 0 to 3, 159- 1 to 0, 160- 0 to 1, 164- 1 to 3, 165- 2 
to 1 

 
167- 1 to 2, 171- 1 to 2, 174- 2 to 3, 183- 0 to 1, 184- 0 to 1, 186- 0 to 2, 191- 0 
to 1 

 
192- 0 to 2, 194- 0 to 2, 197- 1 to 0, 199- 2 to 1, 202- 2 to 0, 203- 1 to 0, 206- 1 
to 0 

 
207- 3 to 0, 215- 1 to 0, 216- 1 to 0, 219- 1 to 0, 222- 0 to 1, 226- 0 to 1, 232- 0 
to 1 

 233- 0 to 3, 234- 0 to 1, 236- 0 to 4 

Diprotodon 
161- 1 to 0, 175- 0 to 2, 181- 0 to 1, 185- 1 to 2, 207- 1 to 2, 209- 1 to 2, 227- 1 
to 2 

Euowenia 
135- 1 to 0, 191- 0 to 2, 199- 2 to 1, 202- 2 to 1, 208- 1 to 3, 222- 0 to 1, 235- 2 
to 3 

Zygomaturus 
142- 2 to 0, 145- 1 to 0, 147- 0 to 2, 150- 2 to 1, 152- 0 to 4, 153- 2 to 3, 166- 0 
to 1 

 
169- 2 to 3, 171- 1 to 0, 180- 2 to 3, 185- 1 to 2, 191- 0 to 3, 201- 1 to 0, 203- 1 
to 0 

 220- 1 to 3, 224- 0 to 3, 230- 2 to 3, 232- 0 to 2 

Nimbadon 
130- 2 to 1, 136- 0 to 2, 141- 2 to 0, 142- 2 to 1, 146- 0 to 1, 148- 2 to 1, 150- 2 
to 3 

 
153- 1 to 0, 155- 0 to 1, 157- 2 to 1, 159- 2 to 0, 164- 3 to 2, 168- 4 to 5, 169- 0 
to 1 

 
170- 0 to 1, 171- 1 to 2, 196- 1 to 0, 203- 1 to 0, 205- 0 to 1, 208- 0 to 1, 212- 1 
to 0 

 220- 1 to 2, 222- 0 to 2, 224- 0 to 1, 229- 0 to 1, 235- 1 to 2, 236- 2 to 3 

Kolopsis 
132- 1 to 2, 136- 0 to 1, 139- 0 to 1, 144- 1 to 0, 145- 0 to 2, 154- 0 to 1, 158- 2 
to 3 

 
165- 2 to 1, 195- 0 to 1, 197- 0 to 1, 201- 1 to 0, 202- 1 to 0, 206- 1 to 0, 207- 3 
to 2 

 209- 1 to 0, 211- 0 to 1, 228- 1 to 2, 230- 2 to 1, 233- 1 to 2, 237- 1 to 0 
Neohelos 138- 0 to 1, 139- 0 to 2, 176- 2 to 4, 179- 2 to 1, 183- 2 to 1, 194- 2 to 1 

Plaisiodon 
152- 0 to 1, 158- 0 to 1, 159- 2 to 1, 167- 0 to 2, 207- 3 to 1, 214- 0 to 1, 217- 0 
to 1 

 221- 2 to 1 
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Table 14. Character state changes associated with Fig. 10d. Bold type indicates unambiguous 

characters. 

 In the constraint where Ngapakaldia was forced to group outside all other diprotodontids and 

Nimbadon was forced to group with the other zygomaturines, a single most parsimonious tree 

resulted (TL=158, CI=0.6178, HI=0.3822) (Fig. 10d). Bootstrap support was again high for a 

Diprotodon-Euowenia clade (99%), and was also significant for a Nimbadon-Plaisiodon-

Kolopsis-Neohelos clade (72%), a Neohelos-Nimbadon-Kolopsis clade (65%) and a Nimbadon-

Kolopsis crown group (60%). 

Tree Length N z P* 

Unconstrained 139.53333   (Best) 

Nimbadon constrained 1 152.8 49 -2.5643 0.0455* 

Nimbadon constrained 2 152.8 50 -2.6877 0.0339* 

Ngapakaldia constrained 250.01667 47 -3.6798 <0.0001* 

Loose dental constraint 256.71667 49 -4.0013 0.0003* 

Strict dental constraint 260.38333 48 -3.8239 <0.0001* 

 
Tree Length N z P* 

Nimbadon constrained 1 152.8 2 -0.0000 1.0000 

Nimbadon constrained 2 152.8   (Best) 

Ngapakaldia constrained 250.01667 38 -1.4547 0.1458 

Loose dental constraint 256.71667 36 -1.7519 0.0798 

Strict dental constraint 260.38333 30 -2.5314 0.0114* 

Table 15. Signed-rank test results for the trees produced in the analysis involving diprotodontid-only taxa 
and employing the fore limb character set. *Approximate probability of getting a more extreme test statistic 
under the null hypothesis of no difference between the two trees (two-tailed test).  Asterisked values in table 
(if any) indicate significant difference at P < 0.05. All the constrained trees are significantly less 
parsimonious than the unconstrained tree (top) and the strict-dental tree is significantly less parsimonious 
than all other constrained trees (bottom). 
 
 
6.3.2.2 Interfamilial analyses (broader outgroup sampling) 
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 The unconstrained analysis with the non-diprotodontid taxa included resulted in a single most 

parsimonious tree (TL=232.97, CI=0.46, HI=0.54), but taxon groupings differed significantly 

from those produced based on hindlimb morphology. Notable differences include: Plaisiodon 

joining the Zygomaturus-Diprotodon-Euowenia clade, Nimbadon forming a clade with 

Thylacoleo and Phascolarctos and the remaining diprotodontids forming a clade with the 

vombatids as a crown group (Fig. 11a). Bootstrapping resulted in the collapse of many groupings, 

but revealed strong support for a Zygomaturus-Diprotodon-Euowenia clade, and significant 

support for a vombatid (Phascolonus, Lasiorhinus and Vombatus) clade. 

Node Character state 

1 to 4 
132- 1 to 0, 133- 2 to 0, 136- 0 to 2, 138- 0 to 1, 139- 1 to 0, 140- 1 to 0, 141- 2 
to 1 

 
144- 1 to 0, 159- 1 to 0, 163- 0 to 2, 164- 2 to 0, 180- 1 to 0, 182- 1 to 0, 185- 1 
to 0 

 
186- 2 to 0, 189- 3 to 0, 191- 1 to 2, 196- 1 to 0, 199- 2 to 0, 201- 1 to 0, 202- 2 
to 1 

 
230- 1 to 0, 205- 0 to 1, 207- 3 to 1, 209- 1 to 0, 210- 2 to 1, 213- 1 to 2, 219- 1 
to 0 

 
222- 2 to 1, 223- 0 to 1, 229- 1 to 0, 222- 2 to 1, 223- 0 to 1, 229- 1 to 0, 230- 0 
to 2 

 233-  to 1 

4 to 5 
141- 1 to 0, 149- 0 to 1, 158- 2 to 1, 160- 1 to 0, 175- 1 to 0, 202- 1 to 0, 207- 1 
to 0 

 221- 1 to 0, 226- 0 to 1, 227- 1 to 0, 228- 1 to 0, 235- 2 to 1 

1 to 2 
130- 0 to 2, 132- 1 to 2, 135- 0 to 1, 140- 1 to 2, 141- 2 to 1, 143- 1 to 0, 146- 0 
to 2 

 
151- 0 to 2, 152- 0 to 2, 153- 0 to 1, 155- 0 to 1, 156- 1 to 2, 157- 2 to 3, 159- 1 
to 2 

 
160- 1 to 0, 161- 0 to 1, 162- 0 to 1, 165- 0 to 2, 167- 0 to 1, 168- 3 to 4, 169- 0 
to 2 

 
170- 1 to 0, 173- 0 to 1, 174- 3 to 2, 175- 1 to 0, 176- 0 to 3, 180- 1 to 2, 183- 1 
to 3 

 
184- 1 to 2, 185- 1 to 2, 186- 2 to 0, 189- 3 to 1, 191- 1 to 2, 198- 0 to 1, 200- 0 
to 1 

 
206- 0 to 1, 211- 0 to 1, 215- 0 to 1, 216- 0 to 1, 220- 0 to 2, 221- 1 to 2, 222- 2 
to 0 

 224- 1 to 2, 229- 1 to 0, 233- 0 to 1, 234- 3 to 2, 236- 2 to 1, 237- 0 to 1 

2 to 3 
133- 2 to 0, 134- 0 to 2, 137- 0 to 1, 139- 1 to 2, 145- 0 to 1, 148- 2 to 3, 150- 2 
to 4 

 
153- 1 to 2, 155- 1 to 2, 163- 0 to 3, 164- 2 to 1, 168- 4 to 5, 170- 0 to 2, 171- 0 
to 1 

 
177- 0 to 1, 178- 0 to 1, 179- 2 to 0, 182- 1 to 2, 187- 1 to 2, 188- 0 to 1, 189- 1 
to 2 

 
190- 1 to 0, 193- 1 to 0, 194- 2 to 0, 195- 0 to 2, 196- 1 to 0, 197- 0 to 1, 204- 1 
to 3 

 
207- 3 to 1, 208- 0 to 1, 210- 2 to 3, 214- 0 to 1, 217- 0 to 2, 231- 0 to 1, 234- 2 
to 0 

Table 16. Internal node character state changes associated with Fig. 11b. Bold type indicates unambiguous 

characters. 
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Figure 11 

 

 The basally constrained analysis resulted in a single most parsimonious tree (TL=237.28, 

CI=0.4516, HI=0.5484), with the largest taxa (Zygomaturus, Euowenia and Diprotodon) forming 

a crown group and successively smaller taxa falling successively basal (Fig. 11b). Bootstrapping 

revealed high support for a Plaisiodon-Zygomaturus-Euowenia-Diprotodon crown group. 

Node Character states 

1 to 2 
132- 3 to 1, 133- 2 to 0, 136- 0 to 2, 141- 2 to 0, 143- 0 to 1, 147- 1 to 0, 150- 0 
to 2 

 
158- 1 to 3, 161- 1 to 0, 172- 2 to 0, 176- 5 to 0, 179- 3 to 2, 184- 0 to 1, 185- 2 
to 1 

 199- 3 to 2, 202- 2 to 0, 204- 2 to 1, 205- 0 to 1, 215- 1 to 0, 230- 1 to 2 

2 to 9 
132- 1 to 0, 138- 2 to 1, 139- 1 to 0, 140- 1 to 0, 144- 1 to 0, 148- 0 to 2, 159- 1 
to 0 

 
182- 1 to 0, 185- 1 to 0, 189- 3 to 0, 199- 2 to 0, 207- 3 to 1, 209- 1 to 0, 213- 0 
to 2 

 219- 1 to 0, 222- 2 to 1, 229- 1 to 0 

9 to 10 
149- 0 to 1, 158- 3 to 1, 160- 1 to 0, 175- 1 to 0, 207- 1 to 0, 221- 1 to 0, 226- 0 
to 1 

 227- 1 to 0, 228- 1 to 0, 235- 2 to 1 

2 to 3 
146- 0 to 3, 161- 0 to 2, 164- 0 to 2, 165- 0 to 1, 168- 3 to 4, 174- 3 to 4, 180- 0 
to 1 

 
186- 0 to 2, 190- 1 to 2, 191- 2 to 1, 192- 1 to 2, 193- 1 to 0, 196- 0 to 1, 201- 0 
to 1 

 203- 0 to 1, 210- 1 to 2, 213- 0 to 1, 233- 1 to 0 

3 to 4 
140- 1 to 0, 146- 3 to 1, 159- 1 to 0, 163- 2 to 1, 171- 0 to 1, 176- 0 to 2, 199- 2 
to 1 

 221- 1 to 2, 223- 1 to 2 

4 to 5 
130- 0 to 2, 133- 0 to 2, 136- 2 to 0, 138- 2 to 0, 141- 0 to 2, 146- 1 to 0, 148- 0 
to 2 

 
153- 0 to 1, 159- 0 to 2, 164- 2 to 3, 170- 1 to 0, 174- 4 to 2, 179- 2 to 0, 186- 2 
to 0 

 
189- 3 to 2, 190- 2 to 1, 193- 0 to 1, 205- 1 to 0, 207- 3 to 1, 220- 0 to 1, 222- 2 
to 0 

 224- 1 to 0, 229- 1 to 0, 230- 2 to 1, 233- 0 to 2, 234- 3 to 2, 235- 2 to 0 

5 to 6 
132- 1 to 2, 135- 0 to 1, 140- 0 to 1, 145- 0 to 1, 152- 0 to 1, 155- 0 to 1, 158- 3 
to 0 

 
160- 1 to 0, 165- 1 to 2, 167- 0 to 1, 173- 0 to 1, 175- 1 to 0, 176- 2 to 3, 180- 1 
to 2 

 
183- 1 to 3, 184- 1 to 2, 185- 1 to 2, 191- 1 to 2, 198- 0 to 1, 199- 1 to 2, 202- 0 
to 2 

 
206- 0 to 1, 214- 0 to 1, 215- 0 to 1, 216- 0 to 1, 230- 1 to 0, 233- 2 to 1, 236- 2 
to 1 

 237- 0 to 1 

6 to 7 
140- 1 to 2, 141- 2 to 1, 143- 1 to 0, 146- 0 to 2, 151- 0 to 2, 152- 1 to 2, 156- 1 
to 2 

 
157- 2 to 3, 161- 2 to 1, 162- 0 to 1, 169- 0 to 2, 200- 0 to 1, 211- 0 to 1, 220- 1 
to 2 

 223- 2 to 0, 224- 0 to 2  

7 to 8 
133- 2 to 0, 134- 0 to 2, 137- 0 to 1, 139- 1 to 2, 148- 2 to 3, 150- 2 to 4, 153- 1 
to 2 

 155- 1 to 2, 158- 0 to 2, 163- 1 to 3, 164- 3 to 2, 168- 4 to 5, 170- 0 to 2, 177- 0 
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to 1 

 
178- 0 to 1, 182- 1 to 2, 187- 1 to 2, 188- 0 to 1, 190- 1 to 0, 192- 2 to 1, 193- 1 
to 0 

 
194- 2 to 0, 195- 0 to 2, 196- 1 to 0, 197- 0 to 1, 204- 1 to 3, 208- 0 to 1, 210- 2 
to 3 

 217- 0 to 2, 231- 0 to 1, 234- 2 to 0, 235- 0 to 2 

Isoodon 
130- 0 to 1, 135- 0 to 1, 136- 0 to 1, 140- 1 to 3, 142- 2 to 1, 145- 0 to 1, 146- 0 
to 5 

 
151- 0 to 1, 152- 0 to 4, 156- 1 to 2, 160- 1 to 0, 163- 2 to 0, 164- 0 to 1, 165- 0 
to 2 

 
167- 0 to 4, 168- 3 to 0, 169- 0 to 1, 172- 2 to 3, 174- 3 to 0, 182- 1 to 0, 183- 1 
to 0 

 
186- 0 to 1, 187- 1 to 0, 189 -3 to 5, 190- 1 to 0, 191- 2 to 3, 192- 1 to 0, 194- 2 
to 0 

 
197- o to 1, 201- 0 to 2, 203- 0 to 2, 204- 2 to 3, 206- 0 to 1, 209- 1 to 3, 210- 1 
to 0 

 
213- 0 to 2, 216- 0 to 3, 221- 1 to 4, 224- 1 to 2, 225 1 to 0, 226- 0 to 2, 228- 1 
to 0 

 233- 1 to 0, 235- 2 to 3, 236- 2 to 0 
Lasiorhinus 142- 2 to 0, 157- 2 to 0, 168- 3 to 2, 172- 0 to 1, 212- 1 to 0 

Vombatus 
133- 0 to 2, 139- 0 to 1, 140- 0 to 1, 151- 0 to 1, 188- 0 to 1, 205- 1 to 0, 209- 0 
to 1 

 222- 1 to 2, 236- 2 to 1 

Phascolonus 
130- 0 to 1, 133- 0 to 1, 135- 0 to 1, 136- 2 to 3, 137- 0 to 1, 139- 0 to 2, 141- 0 
to 1 

 
143- 1 to 0, 145- 0 to 1, 146- 0 to 2, 148- 2 to 3, 150- 2 to 4, 153- 0 to 2, 154- 0 
to 1 

 
157- 2 to 3, 161- 0 to 1, 163- 2 to 3, 165- 0 to 2, 174- 3 to 2, 176- 0 to 3, 178- 0 
to 1 

 
195- 0 to 2, 202- 0 to 1, 204- 1 to 0, 213- 2 to 3, 230- 2 to 3, 232- 0 to 2, 234- 3 
to 1 

 236- 2 to 3, 237- 0 to 1 

Thylacoleo 
132- 1 to 0, 134- 0 to 1, 135- 0 to 2, 137- 0 to 2, 141- 0 to 2, 145- 0 to 1, 149- 0 
to 2 

 
152- 0 to 3, 164- 2 to 3, 167- 0 to 3, 168- 4 to 1, 171- 0 to 3, 176- 0 to 4, 179- 2 
to 4 

 
180- 1 to 0, 183- 1 to 3, 184- 1 to 2, 187- 1 to 3, 188- 0 to 1, 189- 3 to 4, 194- 2 
to 1 

 
201- 1 to 0, 202- 0 to 2, 204- 1 to 3, 207- 3 to 4, 210- 2 to 1, 226- 0 to 1, 232- 0 
to 2 

 237- 0 to 2 

Phascolarctos 
136- 2 to 1, 142- 2 to 1, 148- 0 to 1, 153- 0 to 1, 154- 0 to 1, 156- 1 to 0, 157- 2 
to 1 

 
163- 2 to 3, 167- 0 to 1, 168- 4 to 5, 170- 1 to 0, 174- 4 to 5, 182- 1 to 0, 192- 2 
to 1 

 
193- 0 to 2, 205- 1 to 0, 208- 0 to 1, 109- 1 to 0, 212- 1 to 0, 216- 0 to 2, 220- 0 
to 3 

 
221- 1 to 3, 224- 1 to 2, 230- 2 to 3, 231- 0 to 2, 232- 0 to 1, 233- 0 to 2, 236- 2 
to 3 

Ngapakaldia 
130- 2 to 0, 131- 0 to 1, 136- 0 to 2, 143- 1 to 2, 144- 1 to 0, 146- 0 to 1, 153- 1 
to 0 

 
154- 0 to 1, 157- 2 to 0, 159- 2 to 0, 161- 2 to 1, 167- 0 to 2, 168- 4 to 3, 169- 0 
to 1 

 
170- 0 to 1, 171- 1 to 2, 174- 2 to 3, 186- 0 to 2, 187- 1 to 0, 203- 1 to 0, 204- 1 
to 2 

 
207- 1 to 0, 218- 0 to 1, 219- 1 to 0, 220- 1 to 0, 221- 2 to 1, 222- 0 to 1, 223- 2 
to 0 

 
226- 0 to 1, 229- 0 to 1, 231- 0 to 1, 232- 0 to 1, 233- 2 to 3, 234- 2 to 1, 236- 2 
to 4 
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Diprotodon 
161- 1 to 0, 174- 2 to 1, 175- 0 to 2,  181- 0 to 1, 191- 2 to 0, 207- 1 to 2, 209- 
1 to 2 

 227- 1 to 2 

Euowenia 
135- 1 to 0, 185- 2 to 1, 199- 2 to 1, 202- 2 to 1, 208- 1 to 3, 222- 0 to 1, 235- 2 
to 3 

Zygomaturus 
134- 0 to 1, 140- 2 to 3, 142- 2 to 0, 145- 1 to 0, 147- 0 to 2, 150- 2 to 1, 152- 2 
to 4 

 
159- 2 to 3, 166- 0 to 1, 169- 2 to 3, 171- 1 to 0, 179- 0 to 2, 180- 2 to 3, 189- 2 
to 1 

 
191- 2 to 3, 201- 1 to 0, 203- 1 to 0, 207- 1 to 3, 214- 1 to 0, 220- 2 to 3, 224- 2 
to 3 

 230- 0 to 3, 232- 0 to 2, 235- 0 to 1 
Plaisiodon 158- 0 to 1, 159- 2 to 1, 167- 1 to 2, 217- 0 to 1, 221- 2 to 1 

Kolopsis 
132- 1 to 2, 133- 2 to 1, 136- 0 to 1, 144- 1 to 0, 145- 0 to 2, 154- 0 to 1, 195- 0 
to 1 

 
197- 0 to 1, 201- 1 to 0, 207- 1 to 2, 209- 1 to 0, 211- 0 to 1, 228- 1 to 2, 234- 2 
to 3 

 235- 0 to 1 

Neohelos 
134- 0 to 1, 138- 0 to 1, 139- 1 to 2, 140- 0 to 1, 145- 0 to 1, 176- 2 to 4, 179- 0 
to 1 

 189- 2 to 0, 194- 2 to 1, 199- 1 to 2, 202- 0 to 1 

Nimbadon 
130- 0 to 1, 133- 0 to 1, 139- 1 to 0, 142- 2 to 1, 148- 0 to 1, 150- 2 to 3, 155- 0 
to 1 

 
157- 2 to 1, 158- 3 to 2, 165- 1 to 2, 168- 4 to 5, 169- 0 to 1, 171- 1 to 2, 174- 4 
to 5 

 
183- 1 to 2, 187- 1 to 0, 193- 0 to 2, 194- 2 to 3, 196- 1 to 0, 202- 0 to 1, 203- 1 
to 0 

 206- 0 to 1, 208- 0 to 1, 212- 1 to 0, 233- 0 to 1, 236- 2 to 3, 237- 0 to 1 

Trichosurus 
133- 2 to 3, 143- 0 to 2, 145- 0 to 2, 146- 0 to 4, 147- 1 to 2, 148- 0 to 1, 150- 0 
to 1 

 
157- 2 to 0, 159- 1 to 0, 163- 2 to 3, 164- 0 to 2, 167- 0 to 2, 169- 0 to 3, 171- 0 
to 4 

 
174- 3 to 5, 180- 0 to 3, 186- 0 to 3, 193- 1 to 2, 194- 2 to 3, 208- 0 to 3, 212- 1 
to 0 

 
220- 0 to 2, 221- 1 to 3, 223- 1 to 2, 227- 1 to 0, 229- 1 to 0, 232- 0 to 1, 236- 2 
to 3 

Table 17. Internal node character state changes associated with Fig. 11c. Bold type indicates unambiguous 

characters. 

 

 The analysis constraining diprotodontids at a sub-family level also resulted in a single most 

parsimonious tree (TL=256.72, CI=0.4175, HI=0.5825), with the topology of the zygomaturine 

part of the tree apparently again relating to body size (Fig. 11e). Bootstrapping revealed 

significant support for a basally positioned Nimbadon within zygomaturines, and also for a 

Thylacoleo-Phascolarctos clade. 

Node Character states 

1 to 2 
132- 3 to 1, 133- 2 to 0, 136- 0 to 2, 143- 0 to 1, 147- 1 to 0, 150- 0 to 2, 158- 1 
to 2 

 
161- 1 to 0, 172- 2 to 0, 176- 5 to 0, 179- 3 to 2, 184- 0 to 1, 185- 2 to 1, 191- 2 
to 0 

 199- 3 to 2, 204- 2 to 0, 213- 0 to 1, 215- 1 to 0, 230- 1 to 2 
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2 to 3 
138- 2 to 0, 139- 1 to 0, 140- 1 to 0, 148- 0 to 2, 159- 1 to 0, 165- 0 to 2, 167- 1 
to 0 

 
176- 0 to 3, 189- 3 to 0, 199- 2 to 0, 202- 2 to 1, 207- 3 to 1, 222- 2 to 1, 229- 1 
to 0 

 232- 1 to 0, 237- 0 to 1 

3 to 10 
132- 1 to 0, 138- 0 to 1, 141- 2 to 1, 144- 1 to 0, 146- 1 to 0, 164- 2 to 0, 182- 1 
to 0 

 185- 1 to 0, 191- 0 to 2, 205- 0 to 1, 209- 1 to 0, 213- 1 to 2, 219- 1 to 0 

10 to 11 
141- 1 to 0, 149- 0 to 1, 158- 2 to 1, 160- 1 to 0, 165- 2 to 0, 175- 1 to 0, 176- 3 
to 0 

 
202- 1 to 0, 204- 0 to 1, 107- 1 to 0, 221- 1 to 0, 226- 0 to 1, 227- 1 to 0, 228- 1 
to 0 

 235- 2 to 1, 237- 1 to 0 

3 to 4 
163- 2 to 1, 168- 3 to 4, 171- 0 to 1, 180- 0 to 1, 183- 1 to 2, 187- 1 to 0, 192- 1 
to 2 

 
199- 0 to 1, 201- 0 to 1, 206- 0 to 1, 210- 1 to 2, 221- 1 to 2, 2230 1 to 0, 224- 1 
to 0 

4 to 8 
143- 1 to 0, 157- 2 to 0, 161- 0 to 1, 167- 0 to 1, 179- 2 to 0, 189- 0 to 2, 204- 0 
to 2 

 230- 2 to 0, 231- 0 to 1, 234- 3 to 0 

8 to 9 
130- 0 to 2, 132- 1 to 2, 134- 0 to 2, 136- 2 to 0, 137- 0 to 1, 139- 0 to 2, 140- 0 
to 2 

 
141- 2 to 1, 145- 0 to 1, 146- 1 to 2, 148- 2 to 3, 150- 2 to 4, 11- 0 to 2, 152- 0 
to 2 

 
153- 0 to 2, 155- 0 to 2, 156- 1 to 2, 157- 0 to 3, 159- 0 to 2, 160- 1 to 0, 162- 0 
to 1 

 
163- 1 to 3, 164- 2 to 1, 168- 4 to 5, 169- 0 to 2, 170- 1 to 2, 173- 0 to 1, 174- 3 
to 2 

 
175- 1 to 0, 177- 0 to 1, 178- 0 to 1, 180- 1 to 2, 182- 1 to 2, 183- 2 to 3, 184- 1 
to 2 

 
187- 0 to 2, 188- 0 to 1, 190- 1 to 0, 192- 2 to 1, 193- 1 to 0, 194- 2 to 0, 195- 0 
to 2 

 
197- 0 to 1, 198- 0 to 1, 200- 0 to 1, 203- 0 to 1, 204- 2 to 3, 208- 0 to 1, 210- 2 
to 3 

 
211- 0 to 1, 214- 0 to 1, 215- 0 to 1, 216- 0 to 1, 217- 0 to 2, 220- 0 to 2, 224- 0 
to 2 

 236- 2 to 1 
4 to 5 161- 0 to 2, 204- 0 to 1, 207- 1 to 3, 222- 1 to 0, 223- 0 to 2 

5 to 6 
130- 0 to 2, 132- 1 to 2, 133- 0 to 2, 134- 0 to 1, 136- 2 to 0, 139- 0 to 1, 140- 0 
to 1 

 
146- 1 to 0, 153- 0 to 1, 159- 0 to 1, 164- 2 to 3, 170- 1 to 0, 174- 3 to 2, 180- 1 
to 2 

 
187- 0 to 1, 191- 0 to 3, 196- 0 to 1, 199- 1 to 2, 203- 0 to 1, 220- 0 to 1, 235- 2 
to 1 

6 to 7 
135- 0 to 1, 152- 0 to 1, 155- 0 to 1, 158- 2 to 0, 160- 1 to 0, 167- 0 to 1, 171- 1 
to 0 

 
173- 0 to 1, 175- 1 to 0, 183- 2 to 3, 184- 1 to 2, 185- 1 to 2, 189- 0 to 1, 198- 0 
to 1 

 
202- 1 to 2, 215- 0 to 1, 216- 0 to 1, 230- 2 to 3, 232- 0 to 2, 234- 3 to 2, 236- 2 
to 1 

2 to 12 
146- 1 to 3, 158- 2 to 3, 161- 0 to 2, 165- 0 to 1, 174- 3 to 4, 186- 0 to 2, 190- 1 
to 2 

 191- 0 to 1, 193- 1 to 0, 196- 0 to 1, 203- 0 to 1, 226- 0 to 1, 233- 1 to 0 

Isoodon 
130- 0 to 1, 135- 0 to 1, 136- 0 to 1, 140- 1 to 3, 142- 2 to 1, 145- 0 to 1, 146- 1 
to 5 

 
151- 0 to 1, 152- 0 to 4, 156- 1 to 2, 160- 1 to 0, 163- 2 to 0, 164- 2 to 1, 165- 0 
to 2 

 
167- 1 to 4, 168- 3 to 1, 169- 0 to 1, 172- 2 to 3, 174- 3 to 0, 182- 1 to 0, 183- 1 
to 0 
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186- 0 to 1, 187- 1 to 0, 189- 3 to 5, 190- 1 to 0, 191- 2 to 3, 192- 1 to 0, 194- 2 
to 0 

 
197- 0 to 1, 201- 0 to 2, 203- 0 to 2, 204- 2 to 3, 206- 0 to 1, 209- 1 to 3, 210- 1 
to 0 

 
213- 0 to 2, 216- 0 to 3, 221- 1 to 4, 224- 1 to 2, 225- 1 to 0, 226- 0 to 2, 228- 1 
to 0 

 232- 1 to 0, 133- 1 to 0, 235- 2 to 3, 236- 2 to 0 
Lasiorhinus 142- 2 to 0, 157- 2 to 0, 168- 3 to 2, 172- 0 to 1, 212- 1 to 0 

Vombatus 
133- 0 to 2, 139- 0 to 1, 140- 0 to 1, 151- 0 to 1, 188- 0 to 1, 205- 1 to 0, 209- 0 
to 1 

 222- 1 to 2, 236- 2 to 1 

Phascolonus 
130- 0 to 1, 133- 0 to 1, 135- 0 to 1, 136- 2 to 3, 137- 0 to 1, 139- 0 to 2, 143- 1 
to 0 

 
145- 0 to 1, 146- 0 to 2, 148- 2 to 3, 150- 2 to 4, 153- 0 to 2, 154- 0 to 1, 157- 2 
to 3 

 
158- 2 to 3, 161- 0 to 1, 163- 2 to 3, 174- 3 to 2, 178- 0 to 1, 195- 0 to 2, 213- 2 
to 3 

 230- 2 to 3, 232- 0 to 2, 234- 3 to 1, 236- 2 to 3 

Ngapakaldia 
131- 0 to 1, 133- 0 to 2, 138- 0 to 1, 139- 0 to 1, 143- 0 to 2, 144- 1 to 0, 154- 0 
to 1 

 
158- 2 to 3, 164- 2 to 3, 165- 2 to 1, 167- 1 to 2, 168- 4 to 3, 169- 0 to 1, 171- 1 
to 2 

 
176- 3 to 2, 183- 2 to 1, 186- 0 to 2, 191- 0 to 1, 196- 0 to 1, 202- 1 to 0, 206- 1 
to 0 

 
207- 1 to 0, 218- 0 to 1, 219- 1 to 0, 221- 2 to 1, 226- 0 to 1, 229- 0 to 1, 230- 0 
to 1 

 234- 0 to 1, 235- 2 to 0, 236- 2 to 4, 137- 1 to 0 

Diprotodon 
135- 0 to 1, 161- 1 to 0, 174- 2 to 1, 175- 0 to 2, 181- 0 to 1, 185- 1 to 2, 199- 1 
to 2 

 202- 1 to 2, 207- 1 to 2, 209- 1 to 2, 222- 1 to 0, 227- 1 to 2 
Euowenia 191- 0 to 2, 208- 1 to 3, 235- 2 to 3 

Zygomaturus 
140- 1 to 3, 141- 2 to 1, 142- 2 to 0, 143- 1 to 0, 146- 0 to 2, 147- 0 to 2, 150- 2 
to 1 

 
151- 0 to 2, 152- 1 to 4, 156- 1 to 2, 157- 2 to 3, 159- 1 to 3, 161- 2 to 1, 162- 0 
to 1 

 
166- 0 to 1, 169- 0 to 3, 180- 2 to 3, 200- 0 to 1, 201- 1 to 0, 203- 1 to 0, 211- 0 
to 1 

 220- 1 to 3, 223- 2 to 0, 224- 0 to 3 

Plaisiodon 
145- 0 to 1, 158- 0 to 1, 167- 1 to 2, 207- 3 to 1, 214- 0 to 1, 217- 0 to 1, 221- 2 
to 1 

Kolopsis 
133- 2 to 1, 134- 1 to 0, 136- 0 to 1, 140- 1 to 0, 144- 1 to 0, 145- 0 to 2, 154- 0 
to 1 

 
158- 2 to 3, 159- 1 to 2, 165- 2 to 1, 195- 0 to 1, 197- 0 to 1, 199- 2 to 1, 201- 1 
to 0 

 
202- 1 to 0, 206- 1 to 0, 207- 3 to 2, 209- 1 to 0, 211- 0 to 1, 228- 1 to 2, 230- 2 
to 1 

 233- 1 to 2, 237- 1 to 0 

Neohelos 
132- 2 to 1, 138- 0 to 1, 139- 1 to 2, 145- 0 to 1, 176- 3 to 4, 179- 2 to 1, 183- 2 
to 1 

 194- 2 to 1 

Nimbadon 
130- 0 to 1, 133- 0 to 1, 138- 0 to 2, 141- 2 to 0, 142- 2 to 1, 148- 2 to 1, 150- 2 
to 3 

 
155- 0 to 1, 157- 2 to 1, 168- 4 to 5, 169- 0 to 1, 171- 1 to 2, 174- 3 to 5, 176- 3 
to 2 

 
186- 0 to 2, 189- 0 to 3, 190- 1 to 2, 191- 0 to 1, 193- 1 to 2, 194- 2 to 3, 205- 0 
to 1 

 208- 0 to 1, 212- 1 to 0, 222- 0 to 2, 224- 0 to 1, 229- 0 to 1, 236- 2 to 3 

Thylacoleo 
132- 1 to 0, 134- 0 to 1, 135- 0 to 2, 137- 0 to 2, 145- 0 to 1, 149- 0 to 2, 152- 0 
to 3 
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164- 2 to 3, 167- 1 to 3, 168- 3 to 1, 171- 0 to 3, 176- 0 to 4, 179- 2 to 4, 183- 1 
to 3 

 
184-1 to 2, 187- 1 to 3, 188- 0 to 1, 189- 3 to 4, 192- 1 to 2, 194- 2 to 1, 204- 0 
to 3 

 205- 0 to 1, 207- 3 to 4, 232- 1 to 2, 237- 0 to 2 

Phascolarctos 
133- 0 to 2, 136- 2 to 1, 141- 2 to 0, 142- 2 to 1, 148- 0 to 1, 153- 0 to 1, 154- 0 
to 1 

 
156- 1 to 0, 157- 2 to 1, 163- 2 to 3, 168- 3 to 5, 170- 1 to 0, 174- 4 to 5, 180- 0 
to 1 

 
182- 1 to 0, 193- 0 to 2, 201- 0 to 1, 202- 2 to 0, 204- 0 to 1, 208- 0 to 1, 209- 1 
to 0 

 
210- 1 to 2, 212- 1 to 0, 216- 0 to 2, 220- 0 to 3, 221- 1 to 3, 224- 1 to 2, 230- 2 
to 3 

 231- 0 to 2, 233- 0 to 2, 236- 2 to 3 

Trichosurus 
133- 2 to 3, 143- 0 to 2, 145- 0 to 2, 146- 1 to 4, 147- 1 to 2, 148- 0 to 1, 150- 0 
to 1 

 
157- 2 to 0, 159- 1 to 0, 163- 2 to 3, 167- 1 to 2, 169- 0 to 3, 171- 0 to 4, 174- 3 
to 5 

 
180- 0 to 3, 186- 0 to 3, 193- 1 to 2, 194- 2 to 3, 208- 0 to 3, 212- 1 to 0, 220- 0 
to 2 

 221- 1 to 3, 223- 1 to 2, 227- 1 to 0, 229- 1 to 0, 136- 2 to 3 
Table 18. Internal node character state changes associated with Fig. 11e. Bold type indicates unambiguous 

characters. 

 The analysis exactly constraining the phylogenetic relationships of the diprotodontids studied 

(sensu Black and Mackness 1999) also resulted in a single most parsimonious tree (TL=260.38, 

CI=0.4116, HI=0.5884). Bootstrapping again revealed significant support for a Thylacoleo-

Phascolarctos clade and for the positioning of vombatids as sister group to diprotodontids (Fig. 

12 a).  

Node Character state changes 
1 to 2 As in loose dental constraint tree 
2 to 3 As in loose dental constraint tree 
3 to 11 As in loose dental constraint tree 
11 to 12 As in loose dental constraint tree 
3 to 4 As in loose dental constraint tree 
4 to 9 As in loose dental constraint tree 
9 to 10 As in loose dental constraint tree 
4 to 5 155- 0 to 1, 161- 0 to 2, 204- 0 to 1, 207- 1 to 3, 222- 1 to 0, 223- 0 to 2 

5 to 6 
130- 0 to 2, 133- 0 to 2, 134- 0 to 1, 136- 2 to 0, 139- 0 to 1, 140- 0 to 1, 146- 1 
to 0 

 
153- 0 to 1, 158- 2 to 0, 159- 0 to 1, 160- 1 to 0, 164- 2 to 3, 170- 1 to 0, 174- 3 
to 2 

 
180- 1 to 2, 187- 0 to 1, 191- 0 to 3, 196- 0 to 1, 199- 1 to 2, 202- 1 to 2, 203- 0 
to 1 

 216- 0 to 1, 220- 0 to 1, 235- 2 to 1 
6 to 7 155- 1 to 0, 159- 1 to 2, 180- 2 to 3 

7 to 8 
132- 1 to 2, 140- 1 to 0, 145- 1 to 0, 175- 1 to 0, 183- 2 to 3, 184- 1 to 2, 185- 1 
to 2 

 189- 0 to 1, 201- 1 to 0, 211- 0 to 1 
2 to 13 As in loose dental constraint tree 
Isoodon As in loose dental constraint tree 
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Lasiorhinus As in loose dental constraint tree 
Vombatus As in loose dental constraint tree 
Phascolonus As in loose dental constraint tree 
Ngapakaldia As in loose dental constraint tree 
Diprotodon As in loose dental constraint tree 
Euowenia As in loose dental constraint tree 

Zygomaturus 
135- 0 to 1, 140- 0 to 3, 141- 2 to 1, 142- 2 to 0, 143- 1 to 0, 146- 0 to 2, 147- 0 
to 2 

 
150- 2 to 1, 151- 0 to 2, 152- 0 to 4, 155- 0 to 1, 156- 1 to 2, 157- 2 to 3, 159- 2 
to 3 

 
161- 2 to 1, 162- 0 to 1, 166- 0 to 1, 167- 0 to 1, 169- 0 to 3, 171- 1 to 0, 173- 0 
to 1 

 
198- 0 to 1, 200- 0 to 1, 203- 1 to 0, 215- 0 to 1, 220- 1 to 3, 223- 2 to 0, 224- 0 
to 3 

 230- 2 to 3, 232- 0 to 2, 234- 3 to 2, 236- 2 to 1 

Kolopsis 
133- 2 to 1, 134- 1 to 0, 136- 0 to 1, 144- 1 to 0, 145- 0 to 2, 154- 0 to 1, 158- 0 
to 3 

 
160- 0 to 1, 165- 2 to 1, 195- 0 to 1, 197- 0 to 1, 199- 2 to 1, 202- 2 to 0, 206- 1 
to 0 

 
207- 3 to 2, 209- 1 to 0, 216- 1 to 0, 228- 1 to 2, 230- 2 to 1, 233- 1 to 2, 237- 1 
to 0 

Neohelos 
138- 0 to 1, 139- 1 to 2, 176- 3 to 4, 179- 2 to 1, 183- 2 to 1, 194- 2 to 1, 202- 2 
to 1 

Plaisiodon 
152- 0 to 1, 158- 0 to 1, 167- 0 to 2, 207- 3 to 1, 214- 0 to 1, 215- 0 to 1, 217- 0 
to 1 

 221- 2 to 1 

Nimbadon 
130- 0 to 1, 133- 0 to 1, 138- 0 to 2, 141- 2 to 0, 142- 2 to 1, 145- 1 to 0, 148- 2 
to 1 

 
150- 2 to 3, 157- 2 to 1, 168- 4 to 5, 169- 0 to 1, 171- 1 to 2, 174- 3 to 5, 176- 3 
to 2 

 
186- 0 to 2, 189- 0 to 3, 190- 1 to 2, 191- 0 to 1, 193- 1 to 2, 194- 2 to 3, 205- 0 
to 1 

 208- 0 to 1, 212- 1 to 0, 222- 0 to 2, 224- 0 to 1, 229- 0 to 1, 236- 2 to 3 
Thylacoleo As in loose dental constraint tree 
Phascolarctos As in loose dental constraint tree 
Trichosurus As in loose dental constraint tree 

Table 19. Internal node character state changes associated with Fig. 12a. Bold type indicates unambiguous 

characters. 

 

 The analysis constraining Ngapakaldia to sit outside most diprotodontids resulted in two most 

parsimonious trees (TL=250.02, CI=0.4286, HI=0.5714), the difference between the two being 

the position of the vombatids. Bootstrap values indicate reasonably strong support for a 

Phascolarctos-Nimbadon clade, and also provide some limited support for resolution of 

relationships within the other zygomaturines studied. 

Node Character state changes 

1 to 2 
132- 3 to 1, 133- 2 to 0, 136- 0 to 2, 140- 1 to 0, 143- 0 to 1, 147- 1 to 0, 150- 0 
to 2 

 
158- 1 to 3, 161- 1 to 0, 172- 2 to 0, 176- 5 to 0, 179- 3 to 2, 184- 0 to1, 185- 2 
to 1 



  372

 
191- 2 to 1, 196- 0 to 1, 199- 3 to 2, 202- 2 to 0, 205- 0 to 1, 207- 3 to 1, 213- 0 
to 1 

 215- 1 to 0, 230- 1 to 2 

2 to 9 
132- 1 to 0, 138- 2 to 1, 139- 1 to 0, 141- 2 to 1, 144- 1 to 0, 146- 1 to 0, 148- 0 
to 2 

 
164- 2 to 0, 167- 1 to 0, 182- 1 to 0, 185- 1 to 0, 186- 2 to 0, 189- 3 to 0, 191- 1 
to 2 

 
196- 1 to 0, 199- 2 to 0, 204- 2 to 0, 209- 1 to 0, 213- 1 to 2, 219- 1 to 0, 222- 2 
to 1 

 229- 1 to 0 

9 to 10 
141- 1 to 0, 149- 0 to 1, 158- 3 to 1, 160- 1 to 0, 175- 1 to 0, 204- 0 to 1, 207- 1 
to 0 

 221- 1 to 0, 226- 0 to 1, 227- 1 to 0, 228- 1 to 0, 235- 2 to 1 

2 to 11 
141- 2 to 0, 142- 2 to 1, 148- 0 to 1, 157- 0 to 1, 161- 0 to 2, 168- 3 to 5, 174- 3 
to 5 

 
180- 0 to 1, 190- 1 to 2, 193- 1 to 2, 201- 0 to 1, 204- 2 to 1, 207- 1 to 3, 208- 0 
to 1 

 210- 1 to 2, 212- 1 to 0, 221- 1 to 2, 236- 2 to 3 

2 to 3 
133- 0 to 2, 138- 2 to 0, 143- 1 to 0, 148- 0 to 2, 161- 0 to 1, 163- 2 to 1, 164- 2 
to 3 

 
171- 0 to 1, 176- 0 to 2, 179- 2 to 0, 180- 0 to 1, 189- 3 to 2, 192- 1 to 2, 201- 0 
to 1 

 
205- 1 to 0, 210- 1 to 2, 222- 2 to 0, 223- 1 to 0, 224- 1 to 0, 230- 2 to 0, 231- 0 
to 1 

 234- 3 to 0, 235- 2 to 0 

3 to 4 
130- 0 to 2, 132- 1 to 2, 136- 2 to 0, 141- 2 to 1, 146- 1 to 2, 151- 0 to 2, 153- 0 
to 1 

 
156- 1 to 2, 157- 0 to 3, 158- 3 to 2, 159- 0 to 2, 160- 1 to 0, 162- 0 to 1, 165- 0 
to 2 

 
168- 3 to 4, 169- 0 to 2, 170- 1 to 0, 173- 0 to 1, 174- 3 to 2, 175- 1 to 0, 176- 2 
to 3 

 
180- 1 to 2, 183- 1 to 3, 184- 1 to 2, 186- 2 to 0, 191- 1 to 2, 194- 2 to 0, 197- 0 
to 1 

 
198- 0 to 1, 200- 0 to 1, 202- 0 to 2, 203- 0 to 1, 206- 0 to 1, 211- 0 to 1, 215- 0 
to 1 

 216- 0 to 1, 220- 0 to 1, 221- 1 to 2, 229- 1 to 0, 236- 2 to 1, 237- 0 to 1 

4 to 8 
133- 2 to 0, 134- 0 to 2, 137- 0 to 1, 139- 1 to 2, 140- 0 to 2, 145- 0 to 1, 148- 2 
to 3 

 
150- 2 to 4, 152- 0 to 2, 153- 1 to 2, 155- 0 to 2, 163- 1 to 3, 164- 3 to 1, 168- 4 
to 5 

 
170- 0 to 2, 177- 0 to 1, 178- 0 to 1, 182- 1 to 2, 187- 1 to 2, 188- 0 to 1, 190- 1 
to 0 

 
192- 2 to 1, 193- 1 to 0, 195- 0 to 2, 196- 1 to 0, 204- 2 to 3, 208- 0 to 1, 210- 2 
to 3 

 214- 0 to 1, 217- 0 to 2, 220- 1 to 2, 224- 0 to 2, 235- 0 to 2 

4 to 5 
134- 0 to 1, 158- 2 to 0, 189- 2 to 1, 191- 2 to 3, 201- 1 to 0, 204- 2 to 1, 231- 1 
to 0 

 234- 0 to 2, 235- 0 to 1 

5 to 6 
141- 1 to 2, 143- 0 to 1, 146- 2 to 0, 151- 2 to 0, 156- 2 to 1, 157- 3 to 2, 161- 1 
to 2 

 
162- 1 to 0, 167- 1 to 0, 169- 2 to 0, 173- 1 to 0, 175- 0 to 1, 176- 3 to 4, 179- 0 
to 1 

 
183- 3 to 1, 184- 2 to 1, 189- 1 to 0, 194- 0 to 1, 198- 1 to 0, 200- 1 to 0, 206- 1 
to 0 

 
215- 1 to 0, 223- 0 to 2, 228- 1 to 2, 230- 0 to 1, 233- 1 to 2, 234- 2 to 3, 236- 1 
to 2 

 237- 1 to 0 

6 to 7 
132- 2 to 1, 140- 0 to 1, 145- 0 to 1, 158- 0 to 1, 159- 2 to 1, 201- 0 to 1, 211- 1 
to 0 
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 217- 0 to 1, 221- 2 to 1 

Isoodon 
130- 0 to 1, 135- 0 to 1, 136- 0 to 1, 140- 1 to 3, 142- 2 to 1, 145- 0 to 1, 146- 1 
to 5 

 
151- 0 to 1, 152- 0 to 4, 156- 1 to 2, 157- 0 to 2, 159- 0 to 1, 160- 1 to 0, 163- 2 
to 0 

 
164- 2 to 1, 165- 0 to 2, 167- 1 to 4, 168- 3 to 0, 169- 0 to 1, 172- 2 to 3, 174- 3 
to 0 

 
182- 1 to 0, 183- 1 to 0, 186- 2 to 1, 187- 1 to 0, 189- 3 to 5, 190- 1 to 0, 191- 2 
to 3 

 
192- 1 to 0, 194- 2 to 0, 197- 0 to 1, 201- 0 to 1, 203- 0 to 2, 204- 2 to 3, 206- 0 
to 1 

 
209- 1 to 3, 210- 1 to 0, 213- 0 to 2, 216- 0 to 3, 221- 1 to 4, 224- 1 to 2, 225- 1 
to 0 

 226- 0 to 2, 228- 1 to 0, 233- 1 to 0, 235- 2 to 3, 236- 2 to 0 
Lasiorhinus 142- 2 to 0, 168- 3 to 2, 172- 1 to 0, 212- 1 to 0 

Vombatus 
133- 0 to 2, 139- 0 to 1, 140- 0 to 1, 151- 0 to 1, 157- 0 to 2, 188- 0 to 1, 205- 1 
to 0 

 209- 0 to 1, 222- 1 to 2, 236- 2 to 1 

Phascolonus 
130- 0 to 1, 133-  to 1, 135- 0 to 1, 136- 2 to 3, 137- 0 to 1, 139- 0 to 2, 143- 1 
to 0 

 
145- 0 to 1, 146- 0 to 2, 148- 2 to 3, 150- 2 to 4, 153- 0 to 2, 154- 0 to 1, 157- 0 
to 3 

 
161- 0 to 1, 163- 2 to 3, 165- 0 to 2, 174- 3 to 2, 176- 0 to 3, 178- 0 to 1, 195- 0 
to 2 

 
202- 0 to 1, 213- 2 to 3, 230- 2 to 3, 232- 0 to 2, 234- 3 to 1, 236- 2 to 3, 237- 0 
to 1 

Thylacoleo 
132- 1 to 0, 134- 0 to 1, 135- 0 to 2, 137- 0 to 2, 140- 0 to 1, 145- 0 to 1, 146- 1 
to 3 

 
149- 0 to 2, 152- 0 to 3, 157- 0 to 2, 159- 0 to 1, 161- 0 to 2, 164- 2 to 3, 165- 0 
to 1 

 
167- 1 to 3, 168- 3 to 1, 171- 0 to 3, 174- 3 to 4, 176- 0 to 4, 179- 2 to 4, 183- 1 
to 3 

 
184- 1 to 2, 187- 1 to 3, 188- 0 to 1, 189- 3 to 4, 190- 1 to 2, 192- 1 to 2, 193- 1 
to 0 

 
194- 2 to 1, 202- 0 to 2, 203- 0 to 1, 204- 2 to 3, 207- 1 to 4, 226- 0 to 1, 232- 0 
to 2 

 233- 1 to 0, 237- 0 to 2 

Phascolarctos 
133- 0 to 2, 136- 2 to 1, 140- 0 to 1, 146- 1 to 3, 153- 0 to 1, 154- 0 to 1, 156- 1 
to 0 

 
159-  to 1, 163- 2 to 3, 165- 0 to 1, 170- 1 to 0, 182- 1 to 0, 203- 0 to 1, 205- 1 
to 0 

 
209- 1 to 0, 216- 0 to 2, 220- 0 to 3, 221- 2 to 3, 224- 1 to 2, 230- 2 to 3, 231- 0 
to 2 

 232- 0 to 1, 233- 1 to 2 

Nimbadon 
130- 0 to 1, 133- 0 to 1, 139- 1 to 0, 150- 2 to 3, 155- 0 to 1, 158- 3 to 2, 163- 2 
to 1 

 
165- 0 to 2, 167- 1 to 0, 169- 0 to 1, 171- 0 to 2, 176- 0 to 2, 183- 1 to 2, 187- 1 
to 0 

 
194- 2 to 3, 196- 1 to 0, 199- 2 to 1, 202- 0 to 1, 206- 0 to 1, 223- 1 to 2, 237- 0 
to 1 

Ngapakaldia 
131- 0 to 1, 138- 0 to 1, 143- 0 to 2, 144- 1 to 0, 154- 0 to 1, 165- 0 to 1, 167- 1 
to 2 

 
169- 0 to 1, 171- 1 to 2, 187- 1 to 0, 199- 2 to 1, 207- 1 to 0, 218- 0 to 1, 219- 1 
to 0 

 
222- 0 to 1, 226- 0 to 1, 230- 0 to 1, 232- 0 to 1, 233- 1 to 3, 234- 0 to 1, 236- 2 
to 4 

Diprotodon 
135- 0 to 1, 161- 1 to 0, 174- 2 to 1, 175- 0 to 2, 181- 0 to 1, 185- 1 to 2, 191- 2 
to 0 

 207- 1 to 2, 209- 1 to 2, 227- 1 to 2 
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Euowenia 199- 2 to 1, 202- 2 to 1, 208- 1 to 3, 222- 0 to 1, 235- 2 to 3 

Zygomaturus 
135- 0 to 1, 140- 0 to 3, 142- 2 to 0, 147- 0 to 2, 150- 2 to 1, 152- 0 to 4, 155- 0 
to 1 

 
159- 2 to 3, 166- 0 to 1, 169- 2 to 3, 171- 1 to 0, 179- 0 to 2, 180- 2 to 3, 185- 1 
to 2 

 
194- 0 to 2, 197- 1 to 0, 203- 1 to 0, 207- 1 to 3, 220- 1 to 3, 224- 0 to 3, 230- 0 
to 3 

 232- 0 to 2 
Plaisiodon 152- 0 to 1, 155- 0 to 1, 167- 0 to 2, 214- 0 to 1, 215- 0 to 1 
Neohelos 138- 0 to 1, 139- 1 to 2, 202- 2 to 1 

Kolopsis 
133- 2 to 1, 134- 1 to 0, 136- 0 to 1, 144- 1 to 0, 145- 0 to 2, 154- 0 to 1, 158- 0 
to 3 

 
160- 0 to 1, 165- 2 to 1, 195- 0 to 1, 199- 2 to 1, 202- 2 to 0, 207- 1 to 2, 209- 1 
to 0 

 216- 1 to 0 

Trichosurus 
133- 2 to 3, 143- 0 to 2, 145- 0 to 2, 146- 1 to 4, 147- 1 to 2, 148- 0 to 1, 150- 0 
to 1 

 
163- 2 to 3, 167- 1 to 2, 169- 0 to 3, 171- 0 to 4, 174- 3 to 5, 180- 0 to 3, 186- 2 
to 3 

 
193- 1 to 2, 194- 2 to 3, 208- 0 to 3, 212- 1 to 0, 220- 0 to 2, 221- 1 to 3, 223- 1 
to 2 

 227- 1 to 0, 229- 1 to 0, 232- 0 to 1, 236- 2 to 3 
Table 20. Internal node character state changes associated with Fig. 12b. Bold type indicates unambiguous 

characters. 

 

 The last forelimb analysis involved a constraint that placed Ngapakaldia outside all other 

diprotodontids and Nimbadon within the Zygomaturinae (sensu Black and Mackness 1999), and 

resulted in three most parsimonious trees (TL=247.5, CI=0.433, HI=0.567). Forcing Nimbadon to 

group within zygomaturines still results in the formation of a Thylacoleo-Phascolarctos-

Nimbadon clade, but the clade is placed within a larger clade including all of the zygomaturines 

studied. Bootstrap values indicate that there is weak but significant support for the positioning of 

Thylacoleo within the zygomaturines, and for a Nimbadon-Phascolarctos clade, but there is also 

surprisingly strong support for the positioning of Ngapakaldia immediately basal to the vombatids 

studied (Fig. 12d). 

Node Character state changes 

1 to 2 
132- 3 to 1, 133- 2 to 0, 138- 2 to 0, 147- 1 to 0, 148- 0 to 2, 150- 0 to 2, 158- 1 
to 2 

 
172- 2 to 0, 176- 5 to 3, 179- 3 to 2, 185- 2 to 1, 191- 2 to 0, 199- 3 to 2, 210- 0 
to 2 

 213- 0 to 1, 215- 1 to 0, 222- 2 to 0, 230- 1 to 0, 234- 3 to 0 

2 to 7 
136- 0 to 2, 138- 0 to 1, 140- 1 to 0, 144- 1 to 0, 145- 1 to 0, 154- 0 to 1, 158- 2 
to 3 

 
159- 1 to 0, 174- 2 to 3, 184- 0 to 1, 194- 0 to 2, 199- 2 to 0, 202- 2 to 0, 207- 3 
to 0 

 219- 1 to 0, 222- 0 to 1, 226- 0 to 1, 234- 0 to 1, 235- 2 to 0, 236- 2 to 3 
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7 to 8 
132- 1 to 0, 139- 1 to 0, 141- 2 to 1, 163- 0 to 2, 182- 1 to 0, 185- 1 to 0, 191- 0 
to 2 

 
201- 1 to 0, 204- 2 to 0, 205- 0 to 1, 209- 1 to 0, 210- 2 to 1, 213- 1 to 2, 223- 0 
to 1 

 230- 0 to 2 

8 to 9 
141- 1 to 0, 143- 0 to 1, 149- 0 to 1, 154- 1 to 0, 158- 3 to 1, 160- 1 to 0, 161- 1 
to 0 

 
175- 1 to 0, 176- 3 to 0, 204- 0 to 1, 221- 1 to 0, 227- 1 to 0, 228- 1 to 0, 234- 1 
to 3 

 235- 0 to 1, 236- 3 to 2 

2 to 3 
130- 0 to 2, 132- 1 to 2, 153- 0 to 1, 157- 0 to 2, 161- 1 to 0, 165- 0 to 2, 168- 3 
to 4 

 
170 1 to 0, 180- 0 to 2, 183- 1 to 3, 184- 0 to 2, 190- 1 to 0, 193- 1 to 0, 203- 0 
to 1 

 221- 1 to 2 

3 to 4 
134- 0 to 1, 143- 0 to 1, 161- 0 to 2, 163- 0 to 1, 164- 0 to 3, 176- 3 to 4, 191- 0 
to 1 

 
192- 1 to 2, 196- 0 to 1, 204- 2 to 1, 223- 0 to 2, 230- 0 to 2, 233- 1 to 0, 234- 0 
to 3 

4 to 5 
130- 2 to 0, 132- 2 to 1, 134- 1 to 0, 138- 0 to 2, 141- 2 to 0, 142- 2 to 1, 145- 1 
to 0 

 
146- 0 to 1, 148- 2 to 1, 157- 2 to 1, 164- 3 to 2, 168- 4 to 5, 174- 2 to 5, 176- 4 
to 0 

 
180- 2 to 1, 183- 3 to 2, 184- 2 to 1, 186- 0 to 2, 189- 0 to 3, 190- 0 to 2, 192- 2 
to 1 

 
193- 0 to 2, 194- 0 to 2, 202- 2 to 1, 208- 0 to 1, 212- 1 to 0, 222- 0 to 2, 229- 0 
to 1 

 236- 2 to 3 

3 to 6 
134- 0 to 2, 137- 0 to 1, 139- 1 to 2, 140- 1 to 2, 141- 2 to 1, 146- 0 to 2, 148- 2 
to 3 

 
150- 2 to 4, 151- 0 to 2, 152- 0 to 2, 153- 1 to 2, 155- 0 to 2, 156- 1 to 2, 157- 2 
to 3 

 
159- 1 to 2, 160- 1 to 0, 162- 0 to 1, 163- 0 to 3, 164- 0 to 1, 167- 0 to 1, 168- 4 
to 5 

 
169- 0 to 2, 170- 0 to 2, 171- 0 to 1, 173- 0 to 1, 175- 1 to 0, 177- 0 to 1, 178- 0 
to 1 

 
179- 2 to 0, 182- 1 to 2, 187- 1 to 2, 188-  to 1, 189- 0 to 2, 195- 0 to 2, 197- 0 
to 1 

 
198- 0 to 1, 200- 0 to 1, 204- 2 to 3, 206- 0 to 1, 207- 3 to 1, 208- 0 to 1, 210- 2 
to 3 

 
211- 0 to 1, 214- 0 t0 1, 215- 0 to 1, 216- 0 to 1, 217- 0 to 2, 220- 0 to 2, 224- 1 
to 2 

 231- 0 to 1, 236- 2 to 1, 237- 0 to 1 

Isoodon 
130- 0 to 1, 135- 0 to 1, 136- 0 to 1, 140- 1 to 3, 142- 2 to 1, 146- 0 to 5, 151- 0 
to 1 

 
152- 0 to 4, 156- 1 to 2, 157- 0 to 2, 160- 1 to 0, 164- 0 to 1, 165- 0 to 2, 167- 0 
to 4 

 
168- 3 to 0, 169- 0 to 1, 172- 2 to 3, 174- 2 to 0, 182- 1 to 0, 183- 1 to 0, 186- 0 
to 1 

 
187- 1 to 0, 189- 0 to 5, 190- 1 to 0, 191- 2 to 3, 192- 1 to 0, 197- 0 to 1, 201- 1 
to 2 

 
203- 0 to 2, 204- 2 to 3, 206- 0 to 1, 209- 1 to 3, 213- 0 to 2, 216- 0 to 3, 221- 1 
to 4 

 
223- 0 to 1, 224- 1 to 2, 225- 1 to 0, 226- 0 to 2, 228- 1 to 0, 229- 0 to 1, 233- 1 
to 0 

 235- 2 to 3, 236- 2 to 0 
Lasiorhinus 142- 2 to 0, 168- 3 to 2, 172- 0 to 1, 212- 1 to 0 

Vombatus 
133- 0 to 2, 139- 0 to 1, 140- 0 to 1, 151- 0 to 1, 157- 0 to 2, 188- 0 to 1, 205- 1 
to 0 
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 209- 0 to 1, 222- 1 to 2, 236- 2 to 1 

Phascolonus 
130- 0 to 1, 133- 0 to 1, 135- 0 to 1, 136- 2 to 3, 137- 0 to 1, 139- 0 to 2, 145- 0 
to 1 

 
146- 0 to 2, 148- 2 to 3, 150- 2 to 4, 153- 0 to 2, 157- 0 to 3, 163- 2 to 3, 165- 0 
to 2 

 
174- 3 to 2, 178- 0 to 1, 195- 0 to 2, 202- 0 to 1, 207- 0 to 1, 213- 2 to 3, 226- 1 
to 0 

 230- 2 to 3, 232- 0 to 2, 235- 0 to 2, 237- 0 to 1 

Ngapakaldia 
131- 0 to 1, 133- 0 to 2, 143- 0 to 2, 146- 0 to 1, 163- 0 to 1, 164- 0 to 3, 165- 0 
to 1 

 
167- 0 to 2, 169- 0 to 1, 171- 0 to 2, 176- 3 to 2, 179- 2 to 0, 180- 0 to 1, 186- 0 
to 2 

 
187- 1 to 0, 189- 0 to 2, 191- 0 to 1, 192- 1 to 2, 196- 0 to 1, 199- 0 to 1, 218- 0 
to 1 

 
224- 1 to 0, 229- 0 to 1, 230- 0 to 1, 231- 0 to 1, 232- 0 to 1, 233- 1 to 3, 236- 3 
to 4 

Thylacoleo 
130- 2 to 0, 132- 2 to 0, 135- 0 to 2, 136- 0 to 2, 137- 0 to 2, 138- 0 to 2, 146- 0 
to 3 

 
148- 2 to 0, 149- 0 to 2, 152- 0 to 3, 153- 1 to 0, 158- 2 to 3, 163- 1 to 2, 165- 2 
to 1 

 
167- 0 to 3, 168- 4 to 1, 170- 0 to 1, 171- 0 to 3, 174- 2 to 4, 179- 2 to 4, 180- 2 
to 0 

 
186- 0 to 2, 187- 1 to 3, 188- 0 to 1, 189- 0 to 4, 190- 0 to 2, 194- 0 to 1, 201- 1 
to 0 

 
204- 1 to 3, 205- 0 to 1, 207- 3 to 4, 210- 2 to 1, 221- 2 to 1, 222- 0 to 2, 223- 2 
to 1 

 226- 0 to 1, 229- 0 to 1, 232- 0 to 2, 237- 0 to 2 

Phascolarctos 
133- 0 to 2, 136- 0 to 1, 146- 1 to 3, 154- 0 to 1, 156- 1 to 0, 158- 2 to 3, 163- 1 
to 3 

 
165- 2 to 1, 167- 0 to 1, 182- 1 to 0, 183- 2 to 1, 202- 1 to 0, 209- 1 to 0, 216- 0 
to 2 

 
220- 0 to 3, 221- 2 to 3, 223- 2 to 1, 224- 1 to 2, 230- 2 to 3, 231- 0 to 2, 232- 0 
to 1 

 233- 0 to 2 

Nimbadon 
130- 0 to 1, 133- 0 to 1, 136- 0 to 2, 139- 1 to 0, 140- 1 to 0, 150- 2 to 3, 153- 1 
to 0 

 
155- 0 to 1, 159- 1 to 0, 169- 0 to 1, 170- 0 to 1, 171- 0 to 2, 176- 0 to 2, 187- 1 
to 0 

 
194- 2 to 3, 196- 1 to 0, 199- 2 to 1, 203- 1 to 0, 205- 0 to 1, 206- 0 to 1, 233- 0 
to 1 

 237- 0 to 1 

Zygomaturus 
133- 0 to 2, 135- 0 to 1, 140- 1 to 3, 141- 2 to 1, 142- 2 to 0, 143- 1 to 0, 145- 1 
to 0 

 
146- 0 to 2, 147- 0 to 2, 150- 2 to 1, 151- 0 to 2, 152- 0 to 4, 155- 0 to 1, 156- 1 
to 2 

 
157- 2 to 3, 158- 2 to 0, 159- 1 to 3, 160- 1 to 0, 161- 2 to 1, 162- 0 to 1, 166- 0 
to 1 

 
167- 0 to 1, 169- 0 to 3, 173- 0 to 1, 175- 1 to 0, 176- 4 to 3, 180- 2 to 3, 185- 1 
to 2 

 
189- 0 to 1, 190- 0 to 1, 191- 1 to 3, 193- 0 to 1, 194- 0 to 2, 198- 0 to 1, 200- 0 
to 1 

 
201- 1 to 0, 203- 1 to 0, 206- 0 to 1, 211- 0 to 1, 215- 0 to 1, 216- 0 to 1, 220- 0 
to 3 

 
223- 2 to 0, 224- 1 to 3, 230- 2 to 3, 232- 0 to 2, 233- 0 to 1, 234- 3 to 2, 235- 2 
to 1 

 236- 2 to 1, 237- 0 to 1 

Plaisiodon 
152- 0 to 1, 155- 0 to 1, 158- 2 to 1, 160- 1 to 0, 167- 0 to 2, 207- 3 to 1, 214- 0 
to 1 

 215- 0 to 1, 216- 0 to 1, 217- 0 to 1, 220- 0 to 1, 221- 2 to 1, 224- 1 to 0 
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Kolopsis 
133- 0 to 1, 134- 1 to 0, 136- 0 to 1, 140- 1 to 0, 144- 1 to 0, 145- 1 to 2, 154- 0 
to 1 

 
158- 2 to 3, 159- 1 to 2, 165- 2 to 1, 171- 0 to 1, 195- 0 to 1, 197- 0 to 1, 199- 2 
to 1 

 
210- 1 to 0, 202- 2 to 0, 207- 3 to 2, 209- 1 to 0, 211- 0 to 1, 220- 0 to 1, 224- 1 
to 0 

 228- 1 to 2, 230- 2 to 1, 233- 0 to 2, 235- 2 to 1 

Neohelos 
132- 2 to 1, 133- 0 to 2, 138- 0 to 1, 139- 1 to 2, 179- 2 to 1, 183- 3 to 1, 184- 2 
to 1 

 190- 0 to 1, 193- 0 to 1, 194- 0 to 1, 202- 2 to 1 

Diprotodon 
135- 0 to 1, 174- 2 to 1, 175- 0 to 2, 181- 0 to 1, 185- 1 to 2, 207- 1 to 2, 209- 1 
to 2 

 227- 1 to 2 

Euowenia 
161- 0 to 1, 191- 0 to 2, 199- 2 to 1, 202- 2 to 1, 208- 1 to 3, 222- 0 to 1, 235- 2 
to 3 

Trichosurus 
133- 2 to 3, 143- 0 to 2, 145- 1 to 2, 146- 0 to 4, 147- 1 to 2, 148- 0 to 1, 150- 0 
to 1 

 
159- 1 to 0, 163- 0 to 3, 164- 0 to 2, 167- 0 to 2, 169- 0 to 3, 171- 0 to 4, 174- 2 
to 5 

 
180- 0 to 3, 186- 0 to 3, 189- 0 to 3, 193- 1 to 2, 194- 0 to 3, 201- 1 to 0, 208- 0 
to 3 

 
210- 0 to 1, 212- 1 to 0, 220- 0 to 2, 221- 1 to 3, 223- 0 to 2, 227- 1 to 0, 232- 0 
to 1 

 236- 2 to 3 
Table 21. Internal node character state changes associated with Fig. 12d. Bold type indicates unambiguous 

characters. 

 
Figure 12 
 

Tree Length N z P* 

Unconstrained 232.96667   (Best) 

Basal constraints 237.28333 50 -1.0381 0.2992 

Nimbadon constrained 1 247.5 52 -2.7786 0.0184* 

Nimbadon constrained 2 247.5 54 -2.5568 0.0412* 

Nimbadon constrained 3 247.5 54 -2.7742 0.0207* 

Ngapakaldia constrained 1 250.01667 52 -2.2982 0.1272 

Ngapakaldia constrained 2 250.01667 57 -2.2156 0.1120 

Loose dental constraint 256.71667 68 -3.3478 0.0011* 

Strict dental constraint 260.38333 65 -3.6293 0.0002* 

 
Tree Length N z P* 

Nimbadon constrained 1 247.5   (Best) 
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Nimbadon constrained 2 247.5 5 -2.2772 0.7855 

Nimbadon constrained 3 247.5 2 -0.0000 1.0000 

Ngapakaldia constrained 1 250.01667 34 -0.3868 0.6989 

Ngapakaldia constrained 2 250.01667 39 -0.4143 0.6786 

Loose dental constraint 256.71667 68 -1.9466 0.0516 

Strict dental constraint 260.38333 65 -2.5996 0.0093* 

Table 22. Signed-rank test results for the trees produced in the analysis involving multiple outgroup taxa 
and employing the fore limb character set. *Approximate probability of getting a more extreme test statistic 
under the null hypothesis of no difference between the two trees (two-tailed test).  Asterisked values in table 
(if any) indicate significant difference at P < 0.05. All the constrained trees, except for the ‘basal’ and 
‘Ngapakaldia’ constraints, are significantly less parsimonious than the unconstrained tree (top) and the 
strict-dental tree is significantly less parsimonious than all other constrained trees (bottom). 
 
6.3.2.3 Character states related to functional grouping 

 The following groups of characters were those that were found to discriminate between either 

functional or phylogenetic groupings of the taxa studied. Although the characters listed are not 

necessarily true of all of the taxa in a given group, if a taxon displays the majority of the character 

states listed, then a particular function or phylogenetic grouping can probably be reliably inferred. 

 

Scansorial/Arboreal 

The following group of characters consistently distinguished a group composed of most 

or all of Nimbadon, Ngapakaldia, Thylacoleo, Phascolarctos and Trichosurus. As such it is 

suggested that this group of characters may be useful in distinguishing diprotodontian marsupials 

that may have had a degree of climbing ability. Useful morphological features are as follow: the 

unciform facet of the cuneiform develops a distinctly convex portion (141- 2 to 0); there is a 

shallow groove at the base of the unciform facet of the cuneiform (142- 2 to 1); the metacarpal V 

facet of the unciform becomes deeply saddle-shaped (146- 0 to 1); the pit next to the cuneiform 

facet of the unciform is located on the anterior edge and is relatively small (157- 2 to 1); the 

unciform facet of metacarpal IV is rectangular and concave (180- 0 to 1); the proximal phalanges 

become more elongate (length is >2x width) (186- 0 to 2); the ungual phalanges become highly 
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medio-laterally compressed (189- 0 to 3/4) and the area of attachment on the humerus for the m. 

triceps brachii medial head is represented by a large tuberosity (208- 0 to 1). 

Graviportal (Zygomaturus, Diprotodon and Euowenia) 

This group of characters was found to be useful in consistently distinguishing the three 

largest taxa studied, and are thus inferred to be weight-bearing adaptations: the pisiform projects 

posteriorly (132- 0 to 2); the unciform facet of the cuneiform is round and flat (141- 2 to 1); the 

metacarpal V facet of the unciform is flat (or close to) (146- 0 to 2); the palmar process of the 

unciform is poorly developed (151- 0 to 2) and does not support metacarpals IV or V (152- 0 to 

2); the pit at the base of the magnum facet of the unciform is relatively small (155- 0 to 1/2); the 

pit next to the cuneiform facet of the unciform sits on the palmar edge of the facet and is 

relatively small (157- 2 to 3); the metacarpal III facet occupies the whole distal surface of the 

magnum (159- 1 to 0); the magnum is rectangular in dorsal view (162- 0 to 1); the radial facet of 

the scaphoid is highly convex (167- 0 to 1); the size of the unciform facet of the scaphoid 

becomes proportionally larger (169- 0 to 2/3) (but is absent in Zygomaturus); the metacarpal-

carpal interface is comparatively flat (173- 0 to 1); the distal metacarpal keel reduces in size or is 

lost (175- 1 to 0/2); metacarpal V displays gross enlargement of the lateral wing (176- 2 to 1); the 

unciform facet of metacarpal IV is flat and rectangular (180- 0 to 2); metacarpal I is very wide 

relative to metacarpal III (183- 0 to 3) and to its length (184- 0 to 2); the trapezium facet of 

metacarpal I becomes convex (185- 1 to 2); the lesser tuberosity of the humerus is relatively 

poorly developed (198- 0 to 1); there is a large lateral tuberosity on the humerus for attachment of 

the scapular deltoid or the m. teres major (200- 0 to 1); the extensor attachment areas on the 

external epicondylic ridge of the humerus are distinct from each other (206- 0 to 1); the olecranon 

process of the ulna is deflected posteriorly (211- 0 to 1); there is a slight indentation on the lateral 

edge of the neck of the styloid process of the ulna (216- 0 to 1); the styloid process is angled 

slightly posteriorly and becomes spherical (220- 0 to 2 and 221- 1 to 2); the sigmoid cavity of the 

ulna wraps around a relatively small proportion of the humeral trochlea (226- 1 to 0); the groove 

on the distal radius for the m. extensor pollicis longus is small or absent (228- 0 to 1/2); the depth 

of the scaphoidal facet relative to the antero-posterior depth of the distal radius decreases (234- 3 
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to 2); the angle between the humeral facet of the radius and the proximal shaft is relatively low 

(236- 0 to 1); the arterial foramen of the radius is level with or close to the bottom of the radial 

tuberosity (237- 0 to 1) and, possibly the most distinctive character, the humerus is significantly 

longer than the ulna (130- 0 to 2).  

Fossorial (all vombatids) 

The following group of characters are shared by all of the vombatids studied, and are 

interpreted as being representative of fossorial vombatiforms: the pisiform rotates to project 

medially (132- 1 to 0); the pisiform facet of the cuneiform becomes larger (136- 0 to 2); the 

cuneiform facet of the unciform enlarges relative to the size of the cuneiform (143- 0 to 1); the 

metacarpal V facet of the unciform becomes more shallowly saddle-shaped (146- 1 to 0); some 

contact between the unciform and metacarpal III develops (149- 0 to 1); the metacarpal II facet of 

the magnum becomes larger (163- 0 to 2); the magnum facet of the scaphoid becomes larger (169- 

1 to 0); the unciform facet of metacarpal V expands to occupy most of the proximal end (i.e. less 

is occupied by the lateral process) (174- 2 to 3); the distal facet of metacarpal V becomes less 

highly keeled (175- 1 to 0); the lateral process of metacarpal V shrinks in size (176- 3 to 0); the 

trapezium facet of metacarpal I becomes dorso-ventrally saddle-shaped (185- 1 to 0); the distal 

plantar tuberosities of the proximal phalanges are only moderately well-developed (187- 0 to 1); 

the phalanges of digit I become longer relative to metacarpal I (192- 0 to 1); the pectoral crest of 

the humerus separates into proximal and distal sections (202- 1 to 0); the external epicondylic 

ridge of the humerus decreases slightly in length (but is still large) (206- 0 to 1); the olecranon 

fossa of humerus becomes deeply concave (210- 0 to 1); the IFA increases (213- 1 to 2/3); the 

attachment area of m. supinator radii brevis in the bicipital hollow of the ulna becomes smooth 

(219- 1 to 0); the styloid process of the ulna becomes sub-angular and pointed (221- 1 to 0); a 

shallow pit for the m. pronator radii teres develops on the ulna (224- 0 to 1); the sigmoid cavity 

of ulna encloses the humeral trochlea more fully (226- 0 to 1) and the grooves for the tendons of 

the m. extensor carpi radialis and m. extensor pollicis longus on the distal radius become more 

pronounced (227- 1 to 0, 228- 1 to 0). 
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6.3.2.4 Character states related to phylogenetic grouping 

Vombatomorphians 

This group of characters was found to be useful in distinguishing vombatomorphians 

(wombats, Thylacoleo and diprotodontids): the pisiform swings around to project at least partly 

posteriorly (132- 3 to 1); the metacarpal IV and V facets of the unciform form a continuous 

surface (147- 1 to 0); the lunatum is absent (or possibly fused to the scaphoid) (173- 2/1 to 0); the 

lateral wing of metacarpal V shows some degree of enlargement (176- 5 to 0/1/2/3); metacarpals 

II, III and IV become slightly more robust (179- 3 to 2); the trapezium facet of metacarpal I is at 

least partly concave (185- 2 to 1/0) and the IFA falls in the mid-range (0.2-0.3) (213- 1 to 2/3) 

(modern vombatids excluded). 

Diprotodontid 

These characters appeared to be useful in distinguishing diprotodontids from the other 

marsupial groups studied: there is a small metacarpal II facet present on the magnum (163- 0 to 

1); the scaphoid facet of the magnum becomes larger (164- 0 to 2); the trapezium facet of the 

scaphoid shrinks in size (168- 2 to 4); the medio-dorsal pit for the m. brachioradialis becomes 

shallower (171- 0 to 1); the unciform facet of metacarpal IV becomes concave and rectangular 

(180- 0 to 1); the trapezoid facet of metacarpal II shrinks in size (184- 0 to 1); the olecranon fossa 

of humerus becomes much shallower (210- 0 to 2); the IFA decreases (213- 2 to 1); the styloid 

process of the ulna becomes spherical (221- 1 to 2) and the radial facet of the ulna becomes 

proportionally shorter (223- 1 to 0). 

Diprotodontine 

This group of characters are useful in distinguishing diprotodontines from zygomaturines: 

the ligamental pit next to the cuneiform facet of the unciform shrinks in size (157- 2 to 0); the 

radial facet of the scaphoid becomes highly convex (167- 0 to 1); metacarpals II, III and IV 

become much more robust (179- 2 to 0); the ungual phalanges are slightly medio-laterally 

compressed (189- 0 to 2); the external epicondylic ridge of humerus becomes much shorter (204- 

0 to 2) and the attachment area of the m. pronator radii teres on the radius becomes much less 

prominent (231- 0 to 1). 
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Derived Diprotodontine (Euowenia and Diprotodon) 

The following group of characters are inferred to be representative of derived 

diprotodontines: the neck of the pisiform is lost (134- 0 to 2); the styloid and unciform facets of 

the cuneiform are joined at the dorsal edge (137- 0 to 1); the metacarpal V facet of the unciform 

becomes larger relative to the metacarpal IV facet (148- 2 to 3); the scaphoidal facet of the 

unciform is large and flat (150- 0 to 4); the palmar process of the unciform does not support the 

proximal metacarpals IV or V (152- 4 to 2); the magnum facet of the unciform becomes 

proportionally smaller (153- 1 to 2); the pit at the base of the magnum facet of the unciform is 

small and shallow (155- 1 to 2); the metacarpal III facet occupies only half of the distal surface of 

the magnum (159- 0 to 2); the metacarpal II facet of the magnum becomes proportionally larger 

(163- 1 to 3); the radial facet of the scaphoid becomes proportionally larger (168- 4 to 5); the 

radio-scaphoidal ligamental surface becomes highly rugose (170- 0 to 2); the medio-dorsal pit of 

the scaphoid becomes shallower (171- 0 to 1); the lateral wing of metacarpal V is enlarged along 

the entire length of the metacarpal shaft (176- 1 to 3); the lateral process of metacarpal V almost 

touches the cuneiform (177- 0 to 1); metacarpal V is triangular in dorsal view (178- 0 to 1); the 

metacarpals become extremely robust (179- 2 to 0); the trapezoid facet of metacarpal II occupies 

only one quarter of the proximal end (182- 0 to 2); the distal planter tuberosities of the proximal 

phalanges are absent (187- 1 to 2); the distal facets of the proximal phalanges are flat or only 

slightly saddle-shaped (188- 0 to 1); the ungual phalanges are slightly medio-laterally compressed 

(189- 1 to 2); the joint between the medial and ungual phalanges is only slightly curved (190- 1 to 

0); the phalanges of digits I to IV are only slightly longer than the corresponding metacarpals 

(192- 0 to 1 and 193- 1 to 0); the supracondyloid foramen of the humerus is absent (195- 0 to 2); 

the olecranon fossa is close to flat (210- 2 to 3); the ulnar hollow for the m. flexor digitorum 

profundus is shallow (214- 0 to 1); there is no prominent ridge on the ulna for the m. extensor 

digitorum profundus  (217- 0 to 2); the m. pronator radii teres attachment area on the radius is 

represented by a flat, rugose area (231- 0 to 1) and the radial tuberosity becomes much narrower 

than the width of the shaft (234- 2 to 0). 

Zygomaturine 
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This group of characters is useful in distinguishing zygomaturines: the cuneiform facet of 

unciform becomes larger relative to size of the cuneiform (143- 0 to 1); the pit next to the 

magnum facet of the unciform becomes smaller (155- 0 to 1); the external epicondylic ridge of 

humerus decreases slightly in length (but is still large) (204- 0 to 1) and the length of the radial 

facet of the ulna increases relative to the length of the lateral sigmoid cavity (223- 0 to 2). 

Zygomaturines (- Nimbadon) 

This group of characters distinguishes all zygomaturines other than Nimbadon and as 

such may be useful in distinguishing completely terrestrial zygomaturines from semi-arboreal 

zygomaturines: the neck of the pisiform thickens (134- 0 to 1); the metacarpal V facet of the 

unciform becomes less deeply saddle-shaped (146- 1 to 0); the magnum facet of the unciform 

becomes less deeply saddle-shaped (153- 0 to 1); the scaphoid facet of the magnum enlarges 

(164- 2 to 3); the magnum facet of the scaphoid becomes larger relative to the unciform facet 

(169- 1 to 0); the posterior radio-scaphoidal ligamental surface becomes smoother (170- 1 to 0); 

the unciform facet of metacarpal IV becomes flatter (180- 1 to 2); the distal plantar tuberosities of 

the proximal phalanges become less prominent (187- 0 to 1); the humeral trochlea becomes less 

deeply concave (196- 0 to 1); the insertion area for the m. latissimus dorsi becomes less 

prominent (203- 0 to 1); the lateral neck of the styloid process of the ulna becomes slightly 

indented (216- 0 to 1) and the styloid process of ulna becomes less medially angled (220- 0 to 1). 

Ngapakaldia and Nimbadon (plesiomorphic or scansorial diprotodontids)  

The following group of characters were shared by both Ngapakaldia and Nimbadon and 

may be indicative of scansorial ability in diprotodontids: the metacarpal V facet of the unciform is 

deeply saddle-shaped (146- 2 to 1); the metacarpal II and trapezoid facets of the magnum are 

small relative to the scaphoid facet (163- 0 to 1, 164- 0 to 2); the attachment area for the m. 

brachioradialis on the medio-dorsal scaphoid are represented by extensive rugosity (171- 0 to 2); 

the lateral wing of metacarpal V shows a small degree of muscle attachment along its entire 

length (176- 3 to 2); the unciform facet of metacarpal IV is concave and rectangular (180- 0 to 1); 

the trapezoid facet of metacarpal II occupies approximately two thirds of the proximal end (182- 0 

to 1); the proximal phalanges elongate (186- 0 to 2); the two tuberosities on the distal palmar 
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proximal phalanges are well developed (187- 1 to 0); the ungual phalanges are med-highly medio-

laterally compressed and the flexor attachment process is approximately one third of the height of 

the unguals (189- 0 to 2/3, 191- 2 to 1); the phalanges of digit I are elongate relative to metacarpal 

I (192- 0 to 2); the deltoid and pectoral crests of the humerus form a continuous ridge (201- 0 to 

1); the olecranon fossa is shallowly concave (210- 0 to 2); the radial facet of the ulna is short 

relative to the length of the lateral sigmoid cavity (223- 1 to 0); the groove on the distal radius for 

the m. extensor pollicis longus  is small (228- 0 to 1); the distal articular surface of the radius is 

rectangular in cross-section (229- 0 to 1) and the angle between the humeral facet and proximal 

shaft of the radius is relatively high (237- 2 to 3). 

 

6.3.3 Combined analyses (forelimb and hindlimb) 

6.3.3.1 Intrafamilial analyses (single outgroup used) 

 The unconstrained analysis resulted in a single most parsimonious tree (TL=326.95, 

CI=0.6592, HI=0.3408), in which Nimbadon and Ngapakaldia grouped separate to all other 

diprotodontids studied (Fig. 13a). Bootstrap values indicate that relatively few nodes were 

statistically well supported; the Nimbadon-Ngapakaldia clade had significant support (62%), and 

the Zygomaturus-Euowenia-Diprotodon clade had very strong support (100%). 

 The loose constraint based on a dental phylogeny (sensu Black and Mackness 1999) also 

resulted in a single most parsimonious tree (TL=351.58, CI=0.613, HI=0.387). Bootstrapping 

resulted in the collapse of most of the nodes within the Zygomaturinae, but the support for 

Nimbadon as basal to the other zygomaturines studied was significant (69%). A Diprotodon-

Euowenia clade was strongly supported (100%) (Fig. 13c). 

 When the complete constraint (sensu Black and Mackness 1999) was employed the resulting 

tree was again only slightly longer than that produced when the more relaxed dental constraint 

was used (TL=354, CI=0.6088, HI=0.3912). 

 

Figure 13 
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 The analysis constraining Ngapakaldia to sit outside most other diprotodontids studied also 

resulted in a single most parsimonious tree (TL=337.62, CI=0.6383, HI=0.3617), with a 

Nimbadon-Ngapakaldia clade falling outside the other diprotodontids studied. Bootstrapping 

revealed high support for this clade (95%), as well as reasonably high support for a Plaisiodon-

Kolopsis-Neohelos clade (72%). 

 When Ngapakaldia was constrained to sit outside of all other diprotodontids, two most 

parsimonious trees resulted (TL=351.13, CI=0.6138, HI=0.3862), the position of Nimbadon 

within the Zygomaturinae varying (Fig. 13e). Bootstrap values indicate significant support for the 

position of Zygomaturus as basal to the other zygomaturines studied (58%), but there was no 

support for further resolution of relationships within this sub-family. 

Tree Length N z P* 

Unconstrained 326.95000   (Best) 

Nimbadon constrained 337.61667 60 -1.9427 0.0520 

Ngapakaldia constrained 1 351.13333 95 -4.4258 <0.0001*

Ngapakaldia constrained 2 351.13333 94 -4.1255 <0.0001*

Loose dental constraint 351.58333 95 -3.9911 0.0001* 

Strict dental constraint 354.00000 101 -4.0402 0.0001* 

 
Tree Length N z P* 

Ngapakaldia constrained 1 351.13333   (Best) 

Ngapakaldia constrained 2 351.13333 24 -0.0725 0.9422 

Loose dental constraint 351.58333 54 -0.1306 0.8961 

Strict dental constraint 354.00000 57 -0.5393 0.5897 

Table 23. Signed-rank test results for the trees produced in the analysis involving diprotodontid-only taxa 
and employing the combined character set. *Approximate probability of getting a more extreme test 
statistic under the null hypothesis of no difference between the two trees (two-tailed test).  Asterisked 
values in table (if any) indicate significant difference at P < 0.05. All the constrained trees, except for the 
‘Nimbadon’ constraint, are significantly less parsimonious than the unconstrained tree (top) and none of the 
other constrained trees is significantly less parsimonious than the others (bottom). 
 

6.3.3.2 Interfamilial analyses 
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 The unconstrained analysis involving all taxa studied (for which the data set was >50% 

complete) and both forelimb and hindlimb characters resulted in a single most parsimonious tree 

(TL=526.97, CI=0.4472, HI=0.5528), with both Nimbadon and Ngapakaldia falling outside a 

vombatid-diprotodontid clade (Fig. 14a). As was the case when the forelimb and hindlimb 

character sets were used in isolation, bootstrap values indicated that there was only significant 

support for a Zygomaturus-Diprotodon-Euowenia clade and a modern vombatid clade. 

 The use of the basal constraint (forcing vombatids to group outside of diprotodontids) also 

resulted in a single most parsimonious tree (TL=534.12, CI=0.4412, HI=0.5588), with Thylacoleo 

and Phascolarctos being positioned successively basal to the diprotodontid clade (Fig. 14c). 

Bootstrap values reveal significant support for all clades within the Diprotodontidae, but it is 

important to note that the arrangement of the diprotodontids correlates almost perfectly with size; 

the smallest taxa being most basal, and the largest taxa forming the crown group (the only 

exceptions being Neohelos and Euowenia). 

  

Figure 14 

 

The analysis employing a loose constraint based on the phylogenetic hypotheses of Black 

and Mackness (1999) resulted in a single most parsimonious tree (TL=563.63, CI=0.4181, 

HI=0.5819), in which zygomaturines sat outside a diprotodontine-vombatid clade. However; 

bootstrapping collapsed this grouping, there being significant support for a Diprotodon-Euowenia 

clade within diprotodontines, and for the positioning of Nimbadon as basal to all other 

zygomaturines studied. 

 The analysis constraining diprotodontid topology to exactly match that suggested by Black 

and Mackness (1999) resulted in a single most parsimonious tree (TL=567.55, CI=0.4152, 

HI=0.5848) (Fig. 15a), the tree length being significantly longer than in any other analysis 

undertaken. 

 When Ngapakaldia was constrained to sit outside of all other diprotodontids studied, a single 

most parsimonious tree again resulted (TL=550.82, CI=0.4278, HI=0.5722). Bootstrap values 
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indicated significant support for Nimbadon sitting outside the other diprotodontids studied, in a 

polytomy with Thylacoleo, Phascolarctos, a vombatid clade and a clade including all other 

diprotodontids studied (Fig. 15b). 

 A single most parsimonious tree also resulted (TL=554.58, CI= 0.4249, HI=0.5751) when 

Ngapakaldia was constrained to sit outside other diprotodontids, and Nimbadon was constrained 

to group with the other zygomaturines studied (sensu Black and Mackness 1999) (Fig. 15d). 

Forcing Nimbadon to group with the other zygomaturines resulted in both Thylacoleo and 

Phascolarctos also grouping within this clade, and Ngapakaldia grouped with vombatids, in a 

basal position. Bootstrapping revealed significant but relatively low support values for these 

relationships. 

 
Figure 15 
 

Tree Length N z P* 

Unconstrained 526.96667   (Best) 

Basal constraints 534.11667 83 -1.4573 0.1450 

Nimbadon constrained 550.81667 105 -3.3019 0.0010* 

Ngapakaldia constrained 554.58333 106 -3.9543 0.0001* 

Loose dental constraint 563.63333 126 -4.6215 <0.0001* 

Strict dental constraint 567.55000 131 -4.6986 <0.0001* 

  
Tree Length N z P* 

Nimbadon constrained 550.81667   (Best) 

Ngapakaldia constrained 554.58333 79 -0.9967 0.4996 

Loose dental constraint 563.63333 95 -2.1354 0.0402* 

Strict dental constraint 567.55000 85 -2.7797 0.0301* 

  
Tree Length N z P* 

Loose dental constraint 563.63333   (Best) 

Strict dental constraint 567.55000 56 -0.9633 0.3354 
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Table 24. Signed-rank test results for the trees produced in the analysis involving diprotodontid-only taxa 
and employing the combined character set. *Approximate probability of getting a more extreme test 
statistic under the null hypothesis of no difference between the two trees (two-tailed test).  Asterisked 
values in table (if any) indicate significant difference at P < 0.05. All the constrained trees, except for the 
‘Basal’ constraint, are significantly less parsimonious than the unconstrained tree (top), the ‘Nimbadon’  
and ‘Ngapakaldia’ trees are significantly more parsimonious than the ‘loose’ and ‘strict’ trees (middle) and 
neither of the other latter two trees is significantly less parsimonious than the other (bottom). 
 
6.3.4 Comparison to forelimb-only and hindlimb-only analyses 

In the diprotodontid-only analysis, using a combined data set, the conflicting topologies 

of the unconstrained forelimb and hindlimb trees resulted in a basal polytomy among 

diprotodontids. However; the Ngapakaldia-Nimbadon and Zygomaturus-Euowenia-Diprotodon 

clades still had significant support, indicating that there is a strong functional signal in both the 

forelimb and hindlimb data sets. This is also seen in the analysis constraining Ngapakaldia to sit 

outside all other diprotodontids, where Zygomaturus becomes a basal zygomaturine, in order to 

minimise the phylogenetic distance between it and the Diprotodon-Euowenia clade. Interestingly, 

when the diprotodontids are constrained to subfamily, there is strong support for Nimbadon 

occupying a basal position to the other zygomaturines. This phylogenetic signal appears to be 

independent of body size, and less dependent on function (as the diprotodontine and zygomaturine 

groupings contain taxa where the limbs perform different functions), and thus may indicate a 

“true” phylogenetic relationship. 

In the analysis where the non-diprotodontid taxa studied are included in the combined 

analysis, tree topology much more closely matches the topology resulting from the hindlimb-only 

analysis. The fact that bootstrap values collapsed most clades in all analyses is indicative of the 

poor support for the observed groupings, and demonstrates that, regardless of whether the 

hindlimb and forelimb data sets are analysed separately or together, high levels of homoplasy in 

the postcranial skeleton of diprotodontids obscure phylogenetic relationships. 

 When constraints were employed forcing all diprotodontids to group together in the combined 

analysis, this surprisingly resulted in a more highly resolved tree, with higher support values on 

many branches, than was produced for the hindlimb and forelimb data sets when analysed 

separately. However; the functional/body size grouping still dominates, there being no separation 

into diprotodontid sub-families. 
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 Combination of the two data sets did not have a significant impact on tree topology when 

diprotodontids were constrained to sub-family, except that support for Thylacoleo grouping with a 

diprotodontid-vombatid clade (instead of with phascolarctids) was strengthened. Introduction of 

the other non-diprotodontid taxa also increased support for the position of Nimbadon as basal to 

all other zygomaturines studied. 

 The combination of the two data sets when the three other constraints were employed did not 

significantly change the relationship between the diprotodontids studied, but did result in a change 

in the positioning of the non-diprotodontid taxa studied. When Ngapakaldia was constrained to sit 

outside all other diprotodontids, Phascolarctos and Thylacoleo were drawn into the zygomaturine 

clade, presumably based on their similarity in forelimb and hindlimb morphology to Nimbadon. 

Importantly, this suggests that these two non-diprotodontid taxa have more in common with the 

latter than they do with Ngapakaldia. The significant bootstrap support for Ngapakaldia grouping 

with the vombatids studied may be indicative of the former’s relatively close temporal proximity 

to a shared diprotodontid-vombatid ancestor. 

6.4 Discussion 

Phylogenetic implications of postcranial anatomy 

6.4.1 Hindlimb analyses 

 The results of the cladistic analyses above indicate that significant homoplasy (or 

convergence or parallelism) exists in the hind limb of diprotodontians, and that this morphology 

more strongly reflects function than phylogeny. It has been inferred (Szalay 1994) that the 

ancestor of most or all Australian marsupials was an arboreal taxon related to microbiotheres, this 

may or may not have been followed by a terrestrial phase, before the radiation of the 

Diprotodontia from a hypothetical arboreal ancestor (e.g. Dollo 1900; Szalay 1982, 1994; Hall 

1987; Weisbecker and Nilsson 2008). Some researchers have suggested that the ancestor of 

vombatiforms may have been terrestrial (e.g. Szalay 1994) while others have suggested that it 

may have been arboreal (e.g. Weisbecker and Archer 2008). Szalay (1994) considered 

Phascolarctos to be secondarily arboreal. As such it appears that there may have been multiple 

transitions between arboreal and terrestrial habits within this group, with redundant characters 
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relating to an arboreal habitus potentially being retained at each stage. This makes inferences 

relating to potential scansorial habits of early diprotodontids particularly hard to test. In addition, 

large body size has evolved independently within both currently recognised sub-families of the 

Diprotodontidae and, to a lesser extent, within the Palorchestidae and the Vombatidae. 

Plesiomorphic characters relating to an arboreal lifestyle, and apomorphic (and often 

homoplasious) characters relating to being terrestrial and large-bodied, can thus both complicate 

the process of inferring phylogenetic relationships from postcranial morphology, within 

vombatiforms as a whole, and also within diprotodontids. Biewener (2002) notes that “when 

phylogenetic comparisons are made at higher taxonomic levels (at the family level or above)… 

selective (and presumably adaptive) differences in structure–function relationships overwhelm 

historical constraints”. This helps explain the lack of resolution in this study, where interfamilial 

relationships are concerned; the arrangement of potentially arboreal, primitive diprotodontids and 

the graviportal, derived diprotodontids reflecting grouping on a functional, rather than 

phylogenetic basis. Illustration of the similar appearances of pedal morphology in taxa that appear 

to have employed similar locomotory strategies is shown in Figure 16. 

 

Figure 16 

 

Black (2008 pp. 370-1) observed that, in 55% of trees in her analysis, taxa universally 

considered diprotodontines nested within the zygomaturines, and that this was most likely due to 

homoplasious cranial features that are related allometrically to body size. As the limbs play an 

important role in weight-bearing, it could be expected that characters of the postcranial skeleton 

of diprotodontids may relate to an allometric increase in body size, and subsequent high levels of 

homoplasy. This observation is carried out in Figures 13a and 14a, where Diprotodon and 

Euowenia nest with Zygomaturus within zygomaturines. 

When the analysis of diprotodontid hind limb morphology undertaken here is considered 

in a context including all members of the Diprotodontidae, a phylogenetic arrangement whereby 

Pyramios is considered to be the most plesiomorphic diprotodontine (evolving from within the 
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Zygomaturinae during the middle to late Miocene), and Ngapakaldia (and by association 

Pitikantia) is considered part of a separate diprotodontid group (diverging from other members in 

the late-Oligocene/ early-Miocene period) (Figure 17), would be more parsimonious than 

currently accepted diprotodontid phylogenetic arrangements. Despite assertions by Black and 

Mackness (1999) and Black (2008) that Archer (1984), Murray (1990b) and Black (1997b) 

recognised Ngapakaldia and Pitikantia as primitive diprotodontines, perusal of the primary 

literature instead indicates that the latter three authors only consider these two genera to represent 

primitive diprotodontids. There is apparently no published discussion of the morphological 

characters allying Ngapakaldia specifically with diprotodontines. Munson (1992) considered 

Ngapakaldia to represent a form plesiomorphic not just for diprotodontids, but for the whole 

vombatiform radiation. The single, unambiguous character uniting all diprotodontines listed by 

Black (2008:369) in an unpublished thesis, relates to the presence of oblique molar lophs. Black 

(2008:361) also notes that this feature is present in Alkwertatherium (currently assigned to the 

Zygomaturinae) and its variability within the Diprotodontidae calls into question the taxonomic 

value of this character. If diprotodontid hind limb morphology is considered in isolation, it is thus 

suggested that Ngapakaldia (and, by association, Pitikantia) should sit in a group outside both 

diprotodontines and zygomaturines, as suggested by Meredith (2003). Hand et al (1993), in their 

description of Nimbadon, and Black and Archer (1997), in a cladistic study analysing the position 

of Silvabestius within the Diprotodontidae, also consistently found Ngapakaldia to group outside 

of all other diprotodontids. It is thus observed that, in cladistic analyses of both dental/cranial and 

postcranial characters, where phylogenetic preconceptions do not bias the outcome, Ngapakaldia 

consistently groups outside both diprotodontines and zygomaturines. 

 

Figure 17 

 

6.4.2 Forelimb analyses 

 The phylogenetic signal in forelimb and manual morphology has not previously been 

investigated in a cladistic framework for any group of diprotodontian marsupials, extant or 
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extinct. Weisbecker and Sánchez-Villagra (2006) examined the distribution of eight carpal 

characters across a wide variety of extant and extinct marsupials but, unfortunately, no 

diprotodontids were included in the analysis. Weisbecker and Archer (2008) also examined 

relationships among extant and extinct vombatiform marsupials involving 28 manual characters, 

based on a subset of Munson’s (1992) character set. The phylogenetic placement of Ngapakaldia 

has probably varied more than that of any other vombatiform genus. Munson (1992) and most 

preceding authors considered Ngapakaldia to be a primitive palorchestid, Murray (1986) 

suggested that it should more properly be considered a primitive diprotodontid, Black and 

Mackness (1999) allocated it the sub-family Diprotodontinae and Weisbecker and Archer (2008) 

variably considered Ngapakaldia to sit basal to a diprotodontid-ilariid-wynyardiid-vombatid 

clade, or within diprotodontids as a zygomaturine (the only study to place Ngapakaldia within 

zygomaturines). 

The consistent support seen for a derived diprotodontine clade (i.e. Euowenia and 

Diprotodon) in the analyses undertaken here raises a key issue when investigating diprotodontid 

phylogenetic relationships. Multiple authors have noted the difficulty in establishing consistent 

synapomorphies for the two diprotodontid subfamilies (e.g. Archer 1984; Munson 1992; Black 

2008), the difficulty revolving around the similarity of niches occupied by the two sub-families, 

and the parallel increase in body-size seen in both groups. At a relatively small time scale, 

distinguishing between the two clades is relatively straightforward; Diprotodon clearly has more 

in common with Euowenia than with Zygomaturus, Neohelos has more in common with 

Plaisiodon than with Ngapakaldia. But when diprotodontids are considered across their whole 

known evolutionary history, taxa are much more likely to group with other taxa of the same 

general age (e.g. Ngapakaldia and Nimbadon or Diprotodon and Zygomaturus), than with taxa in 

the same sub-family separated by 20+ Ma (e.g. Diprotodon and Ngapakaldia sensu Black and 

Mackness 1999). 

The most obvious and recurring theme in the trees resulting from analysis of the forelimb 

data set used in this study is that the taxa are clearly grouping based on body size. Although this 

indicates that tree topology is dominated by homoplasious characters, the arrangement of taxa is 
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in stark contrast to that seen in the equally homoplasy dominated hindlimb analyses. In the latter, 

the taxon groupings appear to be based on locomotor habit, rather than body size, but both 

analyses have in common that their topologies do not match that suggested by Black and 

Mackness (1999) (and other authors therein) based on dental and cranial characters. It is thus 

suggested that, without increasing the subjectivity of a data set through the culling of characters 

potentially related to allometric scaling or functional grouping, postcranial anatomy as a whole is 

of little use in unravelling phylogenetic relationships within diprotodontians. This does not mean 

that no postcranial characters can provide a “true” phylogenetic signal, but does suggest that the 

functional corner of Seilacher’s Triangle (Seilacher 1970; Seilacher 1989; see also Gould 2002 p. 

1052 for review) has a much larger impact on the observed forelimb and hindlimb morphology of 

diprotodontids, than does the historical (phylogenetic) corner. 

 Amongst the diprotodontid taxa studied, the main differences in the trees arising from the 

forelimb and hindlimb character sets are as follows: 

- Support for the Zygomaturus-Diprotodon-Euowenia clade is much higher in the forelimb analysis. 

- There is strong support for a Plaisiodon-Zygomaturus-Diprotodon-Euowenia clade when basal 

constraints are employed. 

- Nimbadon consistently groups with Phascolarctos (with significant bootstrap support) regardless 

of the constraints placed on the former. 

- Tree topology within the zygomaturine clade places Zygomaturus is a basal position (i.e. closer to 

the clade containing Diprotodon and Euowenia). 

The majority of these groupings are apparently a reflection of the forelimb character set 

being dominated by characters relating to body size, but the position of Nimbadon has some 

interesting implications. Despite being more similar in size to Ngapakaldia than to Phascolarctos, 

Nimbadon consistently groups with the latter, and the former groups with either diprotodontids or 

vombatids. This strongly suggests that the forelimbs of Nimbadon and Phascolarctos were used 

for a similar function, and provides further evidence that the former was probably an able climber. 

The position of Thylacoleo in the forelimb analyses is also different to that seen in the 

hindlimb analyses, the taxon being more closely related to Phascolarctos than to a diprotodontid-
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vombatid clade. This contrasts with the phylogenetic position based on hindlimb morphology, 

which indicated Thylacoleo may be more closely related to vombatids than to phascolarctids. 

Overall it appears that the trees produced from analyses involving the hindlimb character 

set more closely match the tree topology suggested by Black and Mackness (1999) (based on 

dental/cranial morphology) than do those produced when the forelimb character set was used. 

Sears (2004) and Weisbecker et al (2008) have already established that marsupial forelimb and 

shoulder-girdle morphology is more tightly constrained than in the eutherian counterparts; most 

probably in relation to the initial crawl to the pouch required by marsupial neonates. Given this 

developmental constraint, it should come as no surprise that hindlimb morphology is apparently 

more indicative of locomotor ability than that of the forelimb. It is also reasonable to assume that 

hindlimb morphology, being less heavily constrained, is more useful in determining the 

phylogenetic relationships between marsupial taxa. 

Several authors have noted the similarities between the manual morphology of 

Ngapakaldia and Trichosurus (e.g. Munson 1992, Weisbecker and Archer 2008), but the 

comprehensive character set employed here instead results in the former grouping with vombatids 

or other diprotodontids, rather than the latter. This may reflect preconceptions in the two previous 

studies biasing their character selection; alternatively, and equally likely, the comparison of the 

forelimb morphology of Ngapakaldia with Lasiorhinus prior to that of Trichosurus may have 

resulted in a character selection bias in this study. 

The independence of dental characters used in phylogenetic analyses has been questioned 

(e.g. Kangas et al 2004), but it seems likely that characters relating to the morphology of the limbs 

and feet may also demonstrate non-independence, particularly when they relate to body size or 

locomotor habit. Multiple authors have suggested that zygomaturines arose from a 

diprotodontine-like ancestor during the Oligocene, based primarily on the comparative simplicity 

of the “diprotodontine” premolar morphology (Stirton et al 1967; Murray 1990b; Black and 

Archer 1997; Murray et al 2000; Black 2008). Several authors have noted a high degree of 

intraspecific variability in P3 morphology in diprotodontids (Scott and Lord 1921, 1924; Archer 

1981, 1984; Murray 1990a; Hand et al 1993; Murray et al 2000; Black 2008; Price pers. comm. 



  395

2009; Black 2010). Despite these observations, current sub-familial divisions within the 

Diprotodontidae are based almost solely on P3 morphology. This begs the question- why are we 

using such an inconstant character as the basis for our groupings of diprotodontid taxa? If it is 

accepted that P3 morphology is highly labile then division of diprotodontids into 

“diprotodontines” and “zygomaturines” becomes questionable.  

The major changes thus resulting, if these dental characters are not considered 

phylogenetically significant, would include: the decoupling of the Ngapakaldia-Pitikantia clade 

with the Pyramios-Meniscolophus-Euowenia-Euryzygoma-Diprotodon clade, the inference that 

species of Silvabestius and possibly Raemeotherium represent structural antecedents to both 

zygomaturines and diprotodontines (without Ngapakaldia-Pitikantia) and the inference that the 

diprotodontines arose from within zygomaturines during the middle to late Miocene (see Fig 17). 

This phylogenetic arrangement, where diprotodontines are instead thought to have diverged from 

zygomaturines, would help explain Murray’s (1990a) observation that Pyramios, Alkwertatherium 

and Plaisiodon “exemplify a gradual structural succession in cheek tooth and cranial morphology 

from the Diprotodontinae to the Zygomaturinae”. Murray et al (2000a) also discuss the Miocene 

transition within the Zygomaturinae from a simple 3-cusped P3 (viz. Alkwertatherium), to four 

(e.g. Neohelos) and eventually five (e.g. Kolopsis) cusps. Divergence of diprotodontines from 

within zygomaturines could thus have occurred during this transitional period. It is also worth 

noting that when Pyramios was originally described (Woodburne 1967), it was considered by its 

author to represent the most primitive member of the group now recognised as diprotodontines, 

with Ngapakaldia and Pitikantia allocated to a different diprotodontid sub-family. 

As discussed by Szalay (1977) in an over-arching sense, and by Murray et al (2000) 

specifically in relation to diprotodontids, there are several pitfalls in the cladistic approach to 

classification that may result in phylogenetic relationships between taxa being inaccurately 

portrayed. Most recent published diprotodontid phylogenies (e.g. Black 1997; Black and 

Mackness 1999; Long et al 2002) portray all diprotodontid taxa as end members on fully resolved 

trees, thus precluding the possibility of two given taxa being more closely related to a third taxon 

(i.e. one that occupies a node position) than they are to each other. This is highlighted by Murray 
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et al (2000a, fig. 37), when considering relationships among zygomaturines, and relationships 

among diprotodontids as a whole (Murray et al 2000a, fig. 36). In the former, Neohelos is 

considered a structural antecedent to both a Plaisiodon clade and a Plio-Pleistocene zygomaturine 

clade, and in the latter the basicranium of Ngapakaldia is considered a structural antecedent to 

both diprotodontines and zygomaturines. As such the process of pigeon-holing diprotodontids as 

either “diprotodontines” or “zygomaturines” is problematic, particularly when considering late 

Oligocene-early Miocene taxa. 

Despite the rampant homoplasy encountered in the hind limbs of diprotodontids in this 

study, the consistently high level of bootstrap support obtained for a Euowenia-Diprotodon clade 

indicates that a significant number of hind limb characters provide a strong phylogenetic signal. 

Furthermore, if Ngapakaldia is removed from sub-family Diprotodontinae, it becomes apparent 

that there are many consistent differences in hind limb morphology separating the Plio-

Pleistocene (and possibly Miocene) diprotodontines from the zygomaturines included in this 

study. 

It is also suggested that the division of diprotodontids into two subfamilies is an 

oversimplification of diprotodontid relationships (as alluded to by Black and Mackness 1999), 

and that the phylogenetic placement of plesiomorphic taxa (including Alkwertatherium, 

Raemeotherium, Ngapakaldia and Pitikantia) needs further study. 

The findings of this study also indicate that forelimb morphology in diprotodontians is 

more closely tied to body size, whereas hindlimb morphology is more closely tied to locomotor 

repertoire. It is also suggested that hindlimb morphology may be more useful than forelimb 

morphology for inferring phylogenetic relationships in the Diprotodontidae.  

As seen when characters of the hindlimb were considered, the forelimb of diprotodontids 

clearly demonstrates a niche transition from small and highly mobile taxa in the late Oligocene- 

early/middle Miocene, to large, slow moving, graviportal giants in the Plio-Pleistocene. This 

general trend is not absolute however, the observed morphologies indicating significant niche 

diversity, particularly within Miocene diprotodontids. Despite Nimbadon being approximately 10 

Ma younger than Ngapakaldia, and hence temporally removed from the purported arboreal 
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diprotodontian ancestor, forelimb characters group the former even more closely with the arboreal 

species studied, particularly Phascolarctos, than they do in the latter. The characters seen in the 

forelimb of Nimbadon are thus not merely plesiomorphic remnants, but provide strong evidence 

for this taxon having been an able climber, having being well adapted to both arboreal and 

terrestrial locomotion. In the same time period, Plaisiodon species from central Australia clearly 

demonstrate the increase in body-size, and decrease in mobility, that culminated in graviportal 

megaherbivores such as Diprotodon and Zygomaturus. The current, and long held, consensus is 

that Plaisiodon represents a lineage separate to that leading to Zygomaturus (e.g. Stirton et al 

1967; Murray et al 2000). This means that increase in body size has occurred independently in at 

least three diprotodontid lineages: in Plaisiodon, in the Neohelos-Kolopsis-Zygomaturus lineage 

(sensu Murray et al 2000a) and in the Pyramios-Euryzygoma-Diprotodon lineage (sensu Black 

and Mackness 1999). In addition, it appears that Nototherium may still represent a valid 

Pleistocene genus (Tedford pers. comm. 2008; Prideaux pers. comm. 2008), thus potentially 

representing a fourth lineage that demonstrates significant body size increase. Cope’s Rule: that 

organism lineages will increase in size over evolutionary time, is thus clearly demonstrated in 

diprotodontids (and palorchestids and macropodids) throughout the late Miocene, Pliocene and 

Pleistocene. Although multiple mechanisms may be involved (see Hone and Benton 2005 for 

discussion), it is likely that decreased nutritive levels of the available forage were a significant 

factor in the observed size increase (as increased body size allows exploitation of less nutritious 

plants). The ability of large body size to help withstand climatic fluctuations (Hone and Benton 

2005) would also have been useful during the Pleistocene glaciations, but was not necessarily a 

significant factor during the late Miocene or Pliocene. With this body-size convergence occurring 

in multiple diprotodontid lineages, it is not surprising that high levels of homoplasy have been 

encountered in forelimb and hindlimb morphology in this study. 

Neohelos is identified here as the most primitive diprotodontid studied to demonstrate a 

postcranial morphology clearly indicative of a terrestrial lifestyle, without also displaying a suite 

of characters related to climbing or weight-bearing. As such, Neohelos may represent one of the 

first diprotodontid taxa to be adapted for life in more open habitats. Plaisiodon represents the 
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largest Miocene diprotodontid studied, and also the earliest diprotodontid, to display a suite of 

characters relating to weight-bearing. However; joint morphology of the manus demonstrates 

significantly more mobility than in the Plio-Pleistocene genera studied, and suggests that 

Plaisiodon may have been better adapted to forested environments than these other 

diprotodontids. Kolopsis also demonstrates a number of characters related to weight-bearing 

(despite its smaller size) and, in some respects relating to joint mobility and limb positioning, it is 

more similar to Zygomaturus than is Plaisiodon. As dental and cranial features indicate that 

Kolopsis is probably more closely related to Zygomaturus than is Plaisiodon, it seems likely that 

many of the characters relating to weight-bearing modifications may also contain phylogenetic 

signal. If this is the case, then a priori removal of characters relating to body size has the potential 

to increase the subjectivity of a character set, while at the same time decreasing the “true” 

phylogenetic signal. As such, it is suggested that removal of characters, tied to a specific function 

that is identified as a source of homoplasy in a data set, should not arbitrarily be considered to 

result in the data set providing a more reliable phylogenetic signal. 

Conclusion 

The phylogeny presented in Figure 17 represents a hypothesis incorporating concerns 

raised by various authors regarding the placement of plesiomorphic diprotodontids (e.g. Meredith 

2003), the findings of this study (based solely on postcranial morphology), and the latest 

published diprotodontid phylogeny based on craniodental data (sensu Black and Mackness 1999). 

As discussed above, little evidence is found for the inclusion of Ngapakaldia within the 

Diprotodontinae, and it is suggested that this taxon (and, by association, Pitikantia) be allocated 

to a group outside all other currently recognised diprotodontines and zygomaturines. The 

postcranial morphology of Nimbadon indicates a more basal position within the Zygomaturinae 

than does its craniodental morphology. It is also recognised that the allocation of late Oligocene-

middle Miocene taxa to the Zygomaturinae is potentially problematic, and that, pending further 

discoveries, the postcranial morphology of the Diprotodontidae has little to offer in clarifying 

relationships in this time period. 
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6.7 Appendices 

6.7.1 Appendix 1 

List of non-diprotodontid specimens used 

Phascolonus gigas (MNI=3) 

Astragalus (R) (SAM P5042), astragalus (R) (SAM P5044), almost complete skeleton (missing 

most digits and some carpals and tarsals) (SAM P36279), ectocuneiform (SAM P no number), 

femur (SAM P5021), tibia (SAM P5022), tibia (SAM P5024), fibula (SAM P5029), pisiform (x4) 

(SAM P33468, P33467, P33462, P5039), cuneiform (SAM P5041), unciform (x5) (SAM P33470, 

P33469, P33471, P33463, P5043), magnum (SAM P5040), humerus (x2) (SAM P5027, P5026), 

ulna (x2) (SAM P33459, P5030), radius (SAM P5031). 

 

Thylacoleo carnifex (MNI=5) 

5 semi-complete, articulated individuals, most including complete or near complete L and R hind 

limbs and pes (Kamatsu Cave, Naracoorte, no numbers). 

 

Lasiorhinus latifrons (MNI=21) 

Complete skeletons (ligamentous) (SAM M299, 395, 1926, 2063, 2107, 2108, 2109, 2111, 2165, 

2719, 2934, 5244, 8663, 14038), complete skeletons (disarticulated) (SAM M21407, 21747, 

23218, 22814, 23219), semi-complete juvenile skeleton (disarticulated) (SAM M245), complete 

juvenile skeleton (ligamentous) (SAM M2110). 

 

Vombatus ursinus (MNI=8) 

7 complete skeletons (SAM M150/002, 150/003, 866, 22220, 21375, 1757, 2882, 58) and one 

partial (SAM M71). 

 

Phascolarctos cinereus (MNI=30) 
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Semi-complete to complete skeletons, some ligamentous (SAM M20714, 18985, 18988, 7207, 

8662, 21132, 21344, 5204, 7208, 18863, 21147, 21365, 5236, 7209, 18966, 19657/001, 21364, 

5237, 7985, 18961, 22361, 21448, 21450, 21461, 22218, 23623, 21449, 21451, 22217, 22219). 

 

Trichosurus vulpecula (MNI=3) 

3 complete skeletons (two ligamentous, one disarticulated) (SAM M9208, 2313, 23317). 

 

Isoodon obesulus (MNI=3) 

3 complete skeletons (one ligamentous, two disarticulated [one juv.]) (SAM M7265, 2891, no 

number). 

 

6.7.2 Appendix 2: Character matrix 

 

see Table 25 

 

6.7.3 Appendix 3 

Supporting characters for various nodes and end branch apomorphies of the unconstrained 

analysis using the hind limb data set 

Isoodon-diprotodontians (node 1) 

Character state changes are as follows: Shortening of the sulcus astragali relative to the 

length of the calcaneal facet of the astragalus (10- 4 to 3), navicular and tibial facets of astragalus 

become partially joined (11- 0 to 1), calcaneal tuber demonstrates a degree of counter-clockwise 

torsion (16- 0 to 2), navicular facet of cuboid changes from 3 separate facets to one, dorso-

ventrally concave facet (28- 4 to 3) and the cuboid becomes more elongate (29- 0 to 2). 

Trichosurus- Vombatiformes (node 2) 

Character state changes as follows: Further shortening of the sulcus astragali relative to 

the length of the calcaneal facet of the astragalus (10- 3 to 2), small degree of contact between the 

calcaneum and navicular develops (21- 0 to 1), medial border of astragalar facet of calcaneum a 
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sloped component (24- 0 to 2), metatarsal V facet of cuboid changes from being dorso-ventrally 

concave to saddle shaped (33- 3 to 0), navicular facet of astragalus rotates medially to a more 

medial aspect (from anterior aspect) (40- 3 to 2 to 1), navicular facet of entocuneiform decreases 

in size proportional to entocuneiform facet of navicular (54- 1 to 0), attachment area for m. tibialis 

anterior changes from deep pit below mesocuneiform facet to deep pit below hallucal facet on 

entocuneiform (55- 2/1 to 0), cuboid facet extends along lateral process to wrap around antero-

lateral cuboid (62- 2 to 0), metatarsal II becomes proportionally longer in relation to height (80- 0 

to 1), difference in length between metatarsals II and III increases (81- 0 to 1), distal plantar 

tuberosities on proximal phalanges for flexor attachment become more prominent (94- 1 to 0), 

position of femoral head changes from being below the top of the digital fossa to being equal with 

it (101- 0 to 1), dorsal external tuberosity of tibia (for extensor attachment) becomes much more 

prominent (114- 2 to 0), groove on internal malleolus of tibia for m. flexor tibialis becomes deeper 

(120- 1 to 2) and the femur becomes proportionally longer than tibia (129- 0 to 1). 

Vombatiformes- Vombatimorphians (node 3) 

Character state changes as follows: cuboid facet of calcaneum changes from deeply 

concave to medio-laterally v-shaped but dorso-ventrally flat (20- 1 to 2), navicular facet of 

astragalus continues to rotate medially and posteriorly to a more medial aspect (40- 2 to 1), angle 

between cuboid and metatarsal IV facets of metatarsal V increases (66- 0 to 1), metatarsal IV 

facet of metatarsal V flattens and changes from widening ventrally to widening dorsally (67- 3 to 

(2?)/1), articular facet for metatarsal II on metatarsal III becomes less well developed (77- 1 to 0), 

metatarsal II becomes higher in relation to length (80- 3 to 1), hallux becomes proportionally 

shorter in relation to metatarsal II (82- 1 to 0), hallux becomes less elongate (87- 3 to 1), flexor 

tendon attachment of ungual phalanges decreases in size (97- 0 to 1 (~)), increased development 

of attachment areas for m. gracilis, m. semitendinosus and m. sartorius on tibia (116- 1 to 0) and 

the angle between astragalar facet and shaft of fibula increases (127- 1 to 2). 

Vombatimorphians- (Diprotodontids + Vombatids) (node 4) 

Character states are as follows- shape of sulcus astragali changes from triangular to 

oblong (9- 3 to 0), further shortening of the sulcus astragali relative to the length of the calcaneal 
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facet of the astragalus (10- ? to 2), navicular facet of cuboid changes from a dorso-ventrally 

concave shape to morphology that restrict mobility more (28- 3 to 2/1/0), calcaneal facet of 

cuboid becomes smaller in relation to size of astragalar facet (30- 2 to 0/1), no longer contact 

between tibia and navicular (50- 1 to 0), ectocuneiform becomes higher in relation to width (57- 0 

to 1/2), angle between cuboid and metatarsal IV facets of ectocuneiform becomes smaller (59- 0/2 

to 1), generalised gluteal ridge development of femur diversifies, becoming either more elongate, 

or significantly shortened (99- 1 to 0/2/3), some enlargement of the anterior process of the internal 

condyle of the femur (105- 0 to ½), gastrocnemial attachment areas on femur change from 

enlarged medial attachment to enlarged lateral attachment (108- 3 to 0), ridge separating femoral 

facets of tibia disappears (112- 2 to 0 (~)), internal malleolus of tibia no longer articulates with 

navicular (119- 1 to 0) and the groove on internal malleolus of tibia for m. flexor tibialis reduces 

and/or disappears (120- 2 to 0). 

(Diprotodontids+ Vombatids)- Vombatids (Phascolonus ambiguous) (node 5) 

Character states are as follows- groove for m. peroneus longus in cuboid becomes less 

deep (37- 2 to 1), ectocuneiform facet of navicular becomes larger in relation to cuboid facet (42- 

0 to 3), hallucal facet of entocuneiform goes from a twisted saddle shape to a convex surface (52- 

3 to 0), metatarsal IV facet of metatarsal V changes from a dorsally widening shape to a 

rectangular shape (67 1 to 0), metatarsal IV becomes more robust (73- 2 to 1), distal end of 

metatarsal IV becomes dorso-ventrally compressed (75- 1 to 0), metatarsal III becomes higher in 

relation to length (76- 2 to 1), proximal phalanges of digits II and III become less equal in size 

(95- 2 to 1), distal end of medial phalanges becomes less strongly keeled (98- 0 to 1), gluteal ridge 

becomes more rugose (99- 1 to 0), external tuberosity of tibia develops to lock proximal fibula in 

place (113- 1 to 0) and the peroneal ridge becomes more extensive and rugose (128- 3/2/1 to 0). 

Vombatids (Phascolonus ambiguous)- (Lasiorhinus + Vombatus) (node 6) 

Character states are as follows- calcaneum becomes more elongate (17- 0 to 1), astragalar 

facet takes up proportionally more of medial navicular (39- 1 to 2), internal condyle of femur 

becomes more markedly larger than external condyle (100- 0 to 1) and the groove on internal 

malleolus of tibia for m. flexor tibialis becomes more pronounced (120- 0 to 1). 



  413

(Diprotodontids+ Vombatids)- Diprotodontids (node7) 

Character states are as follows- calcaneal tuber becomes dorso-ventrally flattened and 

begins to curve medially (16- 2 to 1/3), astragalar facet of calcaneum becomes more steeply 

inclined (22- 0 to 1 (~)), the angle between the horizontal and sloped components of the astragalar 

facet on the calcaneum becomes smaller (24- 2 to 1), the navicular facet of the cuboid becomes a 

v-shaped notch (28- 3 to 2), the ectocuneiform facet of the cuboid separates into two distinct 

facets (31- 0 to 1), the calcaneal and navicular facets of the cuboid start to join (35- 0 to 1 (~)), the 

angle between the ectocuneiform and entocuneiform facets of the navicular decreases (44- 2 to 1 

to 0 (~)), the navicular facet of the entocuneiform enlarges to approximately the same size as the 

entocuneiform facet on the navicular (54- 0 to 1), the angle between the cuboid and metatarsal IV 

facets of the metatarsal V becomes larger (66- 0 to 1), the ectocuneiform facet of the metatarsal 

IV moves to a more dorsal and posterior position (71- 0 to 2/1), the distal end of metatarsal IV 

becomes more rounded in cross section (75- 2/0 to 1), metatarsals II and III become more even in 

length (81- 1 to 0), the phalanx of digit I reduces in size or disappears (90- 2 to 1/0), the position 

of the femoral head moves from equal with the digital fossa to partially above the fossa (101- 1 to 

2), the length of the digital fossa becomes proportionally smaller in relation to the size of the 

femoral head (104- 0 to 1 to 2), the angle between the femoral head and the main shaft increases 

(106- 0 to 1), the femoral diaphysis becomes proportionally wider medio-laterally (109- 0 to 1/2), 

the popliteal attachment area changes from a deep pit to a rugose ridge (115- 0 to 1/2/3), the tibia 

changes from having 2 astragalar facets (one on  the internal malleolus) to only having one (118- 

2/1 to 0), the ridge to which the m. flexor tibialis or m. tibialis posterior attaches decreases in 

extent (124- 2 to 1/0), the peroneal ridge becomes better developed (128- 3 to 2/1 (~)) and the 

femur becomes longer relative to the tibia (129- 1 to 2). 

Diprotodontids- Diprotodontines (node 8) 

Character states are as follows- the astragalus becomes more elongate (1- 1 to 2), the 

angle between the tibial and fibular facets of the astragalus becomes larger (7- 1 to 2), the angle 

between the ectocuneiform and entocuneiform facets of the navicular becomes smaller (44- 2 to 

0), the hallucal facet of the entocuneiform changes from a twisted saddle shape to a simple, 
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shallowly concave surface (52- 3 to 2 to 1), the ectocuneiform becomes proportionally shorter and 

wider (57- ? to 1), metatarsal III becomes more robust (73- 2 to 1) and the hallux becomes 

proportionally wider at the distal end (88- 1/2 to 0 (~)). 

Ngapakaldia- derived Diprotodontines (node 9) 

Character states are as follows- the ligamental attachment area at the posterior edge of the 

astragalar facet changes from smooth to raised and rugose (15- 1 to 0), the calcaneal tuber 

changes to a distinct crescent shape (16- 1/2 to 3), the height of the cuboid facet of the calcaneum 

decreases in relation to the height of the calcaneum (19- 0 to 1), the pyramidalis changes from and 

equilateral shape to being medio-laterally elongate (25- 0 to 1), movement becomes restricted at 

the cubo-navicular/cuneiform interface (26- 2 to 0), the navicular facet of the cuboid becomes 

smaller proportional to the astragalar facet (27- 2 to 1), the metatarsal V Ligamental attachment 

areas of the cuboid demonstrate extensive scarring (34- 3 to 0), the plantar groove of the cuboid 

for the m. peroneus longus becomes shallower (37- 2 to 1), the pit ventral to the entocuneiform 

facet of the navicular for the attachment of the m. adductor minimi digiti brevis becomes less well 

developed (49- 0 to 1), the length of the hallucal facet of the entocuneiform becomes 

proportionally smaller compared to the navicular facet (53- 2 to 0), the mesocuneiform becomes 

fused to the entocuneiform (56- 0 to 1), the tarsal-metatarsal interface becomes flatter (61- 0 to 1), 

the lateral tuberosity of metatarsal V becomes enlarged along the whole length of the shaft (63- 0 

to 2), the ventral muscle attachment areas of metatarsal IV become less well developed (69- 0 to 

1/2), the height of the proximal end of metatarsal IV in relation to the distal end becomes larger 

(72- 1 to 2), the articular facets of metatarsal II become less well developed (83- 0 to 1),  the 

muscle attachment areas of metatarsal II become less well developed (84- 0 to 1/2), the hallux 

loses the “normal” metatarsal shape and becomes a rugose knob (86- 0 to 1), the distal articulation 

of the hallux becomes smooth or disappears completely (89- 1 to 0/2), the distal facets of the 

proximal phalanges become flat or only slightly saddle shaped (93- 0 to 1), the width of the 

proximal phalange of digit II becomes drastically reduced from that of digit III (95- 2 to 0), the 

distal articulation of the medial phalanges moves from being heavily keeled to have little or no 

keel (98- 0 to 2), the position of the femoral head in relation to the digital fossa moves to being 
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positioned completely above the digital fossa (101- 1 to 2/3), the depth of the intercondylar notch 

of the femur in relation to its distal width increases (103- 1 to 0), the width of the greater 

trochanter of the femur in relation to the width of the head increases (107- 0 to 1/2), the areas of 

insertion for the m. gracilis, m. semitendinosus and m. sartorius becomes much less well 

developed (116- 0 to 1/2), the extent of the attachment area on the fibula for the m. flexor hallucis 

longus and extensor muscles decreases (125- 2 to 0), the angle between the astragalar facet of the 

fibula and the shaft decrease (127- 2 to 1). 

Diprotodontids- Zygomaturines (node 10) 

Character states are as follows- tibial facet of astragalus increases in size in relation to 

size of fibular facet (6- 2 to 1), facet for pyramidalis on astragalus becomes indistinct (13- 2 to 3), 

ligament attachment area on posterior edge of astragalar facet of calcaneum forms into deep pit 

(15- 1 to 2/3), calcaneum becomes less elongate/ more robust (17- 0 to 1/2), sloped component of 

medial border of astragalar facet of calcaneum becomes more steeply sloped (24- 2 to 1), angle 

between entocuneiform and ectocuneiform facets of navicular becomes more open (44- 1 to 2), 

ectocuneiform becomes shorter in relation to width (57- 3 to 2), metatarsal IV facet of 

ectocuneiform becomes larger in relation to metatarsal III facet (60- 0 to 1), hallux becomes more 

elongate (87- 1 to 2), gluteal ridge becomes much shorter (99- 0/1 to 2/3), femoral head moves 

from being equal with digital fossa to being slightly above fossa (101- 1 to 2), fabellar facet of 

fibula changes from flat to convex (122- 0 to 2). 

Zygomaturines- Zygomaturines (- Nimbadon) (node 11) 

Character states are as follows- calcaneal tuber changes from demonstrating counter-

clockwise torsion to being dorso-ventrally compressed (16- 2 to 1), cuboid facet of calcaneum 

changes to only occupy the medial 2/3 of the anterior end (18- 2 to 3), calcaneal facet of cuboid 

becomes larger in relation to astragalar facet (30- 0 to 1), astragalar facet of occupies 

proportionally more of postero-medial edge of navicular (39- 1 to 2), navicular facet of astragalus 

rotates to a more anteriorly oriented position (40- 1 to 0), tarsal-metatarsal interface becomes 

relatively flat (61- 0 to 1), proximal phalanx of digit II decreases width in relation to that of digit 

III (95- 2 to 1), posterior projection of internal condyle of femur becomes larger in relation to 
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external condyle (100- 0 to 2), gastrocnemial attachment areas of distal femur become less well 

developed (108- 0 to 2). 

Zygomaturines (- Nimbadon)- (Kolopsis + Plaisiodon + Zygomaturus) (node 12) 

Character states are as follows- height of cuboid facet of calcaneum becomes smaller 

relative to total height of calcaneum (19- 0 to 1). 

(Kolopsis + Plaisiodon + Zygomaturus)- (Plaisiodon + Zygomaturus) (node 13) 

Character states are as follows- cubo-navicular head of astragalus becomes partly 

spherical anteriorly (5- 1 to 2), plantar groove in cuboid for m. peroneus longus becomes 

shallower (37- 2 to 1), lateral tuberosity of metatarsal V becomes enlarged along whole length 

(63- 0 to 2), insertion areas of m. gracilis, m. semitendinosus and m. sartorius change from 

distinct pits to raised, rugose area (116- 0 to 1). 

End-branch apomorphies 

Lasiorhinus- sulcus astragali becomes shorter in relation to length of calcaneal facet of astragalus 

(10- ?-0), distal articulation of hallux changes from saddle-shaped to semi-spherical (89- 1 to 0). 

Vombatus- sulcus astragali changes from oblong to z-shaped (9- 0 to 5), metatarsal II facet of 

metatarsal III becomes better developed (77- 0 to 1), metatarsal II becomes more elongate (80- 1 

to 2), hallux becomes more elongate (87- 1 to 0), medial pit at distal end of femur for 

gastrocnemial attachment becomes better developed (108- 0 to 4). 

Phascolonus- ungual phalanges change in x-sectional shape from slightly medio-laterally 

compressed to slightly dorso-ventrally compressed (96- 0 to 5), flexor attachment area of ungual 

phalanges becomes less well developed (97- 0 to 1), position of femoral head changes to being 

completely above digital fossa (101- 1 to 3), angle between neck and main shaft of femur 

increases (106- 0 to 1), femoral diaphysis expands medio-laterally (109- 0 to 1), fibular 

attachment area for m. flexor tibialis/m. tibialis posterior shrinks (124- 2 to 1), femur becomes 

longer in relation to tibia (129- 1 to 2). 

Ngapakaldia- pit on navicular ventral to ectocuneiform facet, for attachment of m. adductor digiti 

minimi brevis changes to rugose tubercle (49- 0 to 2), ectocuneiform facet of metatarsal III 
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changes from being convex to flat and angled (78- 0 to 1), smaller trochanter of femur decreases 

in size (102- 0 to 1). 

Diprotodon- size of fibular facet of astragalus shrinks in relation to size of tibial facet (6- 2 to 0), 

cuboid facet of calcaneum changes from occupying whole anterior end to occupying the lateral 

2/3 (18- 2 to 0), cuboid facet of calcaneum changes from being medio-laterally concave to dorso-

ventrally concave (20- 2 to 3), contact between calcaneum and navicular becomes extensive (21- 

1 to 2), ligamental pit near navicular/entocuneiform facets of cuboid disappears (36- 0 to 2), 

posterior cuboid facet of ectocuneiform becomes indistinct (58- 0 to 1), angle between cuboid 

facet and metatarsal IV facet of ectocuneiform increases (59- 1 to 3), size of metatarsal IV facet of 

ectocuneiform increases relative to metatarsal III facet (60- 0 to 4), distal articulation of 

metatarsal V loses keel (65- 0 to 2), prominent protrusion develops above metatarsal III facet of 

metatarsal IV (68- 0 to 2), cuboid facet of metatarsal IV decreases in size (70- 0 to 1), pits for 

flexor attachment on metatarsal IV decrease in size (74- 0 to 1), ectocuneiform facet of metatarsal 

III becomes less well developed (78- 0 to 2), metatarsal III becomes longer in relation to 

metatarsal II (81- 1 to 2), hallux becomes longer in relation to metatarsal II (82- 1 to 2), 

entocuneiform facet of hallux changes from being deeply saddle shaped to elongate and flat (85- 0 

to 1), length of proximal phalanx of digit II decreases in length relative to that of digit III (91- 1 to 

0), distal plantar tuberosities of proximal phalanges disappear (94- 1 to 2), posterior projection of 

internal condyle of femur increases in size relative to external condyle (100- 0 to 2), length of 

digital fossa of femur shrinks in relation to size of femoral head (104- 1 to 2), internal malleolus 

of tibia no longer stepped from astragalar facet (118- 0 to 3), fabellar articulation of fibula 

becomes concave (122- 0 to 1). 

Euowenia- cubo-navicular head of astragalus changes to s mostly spherical shape with a slight 

crescent-shaped aspect (5- 1 to 3), sulcus astragali becomes much narrower (9- 0 to 1), navicular 

facet length increases relative to total length of astragalus (14- 1 to 2), cuboid and ectocuneiform 

facets of navicular become continuous (41- 0 to 1), entocuneiform becomes fused to 

entocuneiform (51- 0 to 1), metatarsal IV facet of ectocuneiform becomes bigger in relation to 

metatarsal III facet (60- 0 to 2), orientation of proximal facets of proximal phalanges changes 



  418

from slightly dorsal to vertical (92- 0 to 1), gluteal ridge shortens (99- 0/1 to 2), dorsal external 

tuberosity of tibia shrinks to rugose patch (114- 0 to 2), fabella changes from robust to thin (123- 

0 to 1). 

Zygomaturus- metatarsal V facet of cuboid becomes partly convex (33- 0 to 2), entocuneiform 

facet of navicular changes from being oval to wide and u-shaped (45- 2 to 4), size of metatarsal 

IV facet of ectocuneiform becomes bigger in relation to metatarsal III facet (60- 1 to 3), medial 

border of metatarsal V becomes highly arched (64- 0 to 1), distal articulation of metatarsal V 

loses keel (65- 0 to 2), angle between cuboid and metatarsal IV facets of metatarsal V becomes 

wider (66- 1 to 2), ectocuneiform facet of metatarsal III becomes flat (78- 0 to 4), ungual 

phalanges become highly dorso-ventrally compressed (96- 0/1) to 2, posterior extension of 

internal condyle of femur becomes more equal with external condyle (100- 2 to 1), femoral head 

moves to become completely above digital fossa (101- 2 to 3), lateral and medial gastrocnemial 

attachment areas on distal femur become better developed (108- 2 to 4), internal malleolus of tibia 

no longer stepped from astragalar facet (118- 0 to 3). 

Plaisiodon- deep pit develops for cuboid-metatarsal V ligament on cuboid (34- 3 to 1), calcaneal 

and navicular facets of cuboid become joined (35- 1/0 to 2), digital fossa of femur becomes 

smaller in relation to size of femoral head (104- 1 to 2), dorsal external tuberosity of tibia shrinks 

(114- 0 to 2). 

Kolopsis- attachment area on fibula for m. flexor hallucis longus shrinks (125- 2 to 1), angle 

between astragalar facet of fibula and shaft increases (127- 2 to 3). 

Nimbadon- pit posterior to ectocuneiform facet of navicular enlarges and extends to anterior edge 

of facet (47- 0 to 2), cuboid facet of metatarsal V becomes distinct from lateral process (62- 0 to 

1), articular facet for metatarsal II on metatarsal III becomes better developed (77- 0 to 1), 

metatarsal II becomes longer in relation to height (80- 1 to 2), entocuneiform facet of hallux 

develops distinct keel (85- 0 to 2), ridge develops between femoral facets of tibia (112- 0 to 1), 

femur becomes much shorter in relation to tibia (129- 2 to 0). 

Thylacoleo- cuboid facet of calcaneum changes from occupying the whole anterior end to the 

lateral ¾ (18- 2 to 1), pit develops in metatarsal V ligament attachment area of cuboid (34- 3 to 2), 



  419

pit on navicular ventral to entocuneiform facet for m. adductor digiti minimi brevis becomes 

smaller (49- 0 to 1), slight protrusion above metatarsal III facet of metatarsal IV develops (68- 0 

to 1), metatarsal III becomes higher in relation to length (76- 2 to 0), ectocuneiform facet of 

metatarsal III changes from convex to flat and angled (78- 0 to 1), entocuneiform facet of hallux 

becomes convex (85- 0 to 3),  hallux becomes arched (86- 0 to 2), orientation of proximal facets 

of proximal phalanges changes from slightly dorsal to vertical (92- 0 to 1), ungual phalanges 

change from being highly medio-laterally compressed to being a hooded claw (96- 1 to 3), keel on 

distal facet of medial phalanges disappears (98- 0 to 2), dorsal external tuberosity of tibia shrinks 

(114- 0 to 1), peroneal ridge of fibula becomes greatly reduced (128- 1 to 3). 

Phascolarctos- slight protrusion above metatarsal III facet of metatarsal IV develops (68- 0 to 1), 

phalanx of digit I reduces size (90- 2 to 1), fabellar facet of fibula becomes convex (122- 0 to 2), 

fabella reduces in size (123- 0 to 2), attachment area for m. flexor hallucis longus and extensors 

on fibula reduces in size (126- 0 to 1). 

Trichosurus- tibial facet of astragalus becomes convex (4- 0/1 to 2), cubo-navicular head of 

astragalus changes to a u-shaped crescent (5- ? to 0), metatarsal V ligament attachment area of 

cuboid develops rugose patch (34- 3 to 4), entocuneiform facet of navicular becomes s-shaped 

(45- 0/1 to 3), popliteal attachment area of tibia becomes deep pit (115- 0 to 1), attachment areas 

of m. gracilis, m. semitendinosus and m. sartorius on tibia change from rugose area to 3 distinct 

pits (116- 1 to 3), extent of rugose area on fibular for m. flexor tibialis/m. tibialis posterior 

decreases in length (124- 2 to 1), extent of attachment area for m. flexor hallucis longus and 

extensors on fibula increases in length (125- 2 to 3). 

Isoodon- astragalus becomes shorter and wider (1- 1 to 0), cuboid facet of astragalus becomes 

antero-posteriorly convex (2- ? to 3), process on medial border of tibial facet of astragalus 

disappears (3- 0 to 3), tibial facet of astragalus becomes flat (4- ? to 1), fibular facet of astragalus 

shrinks relative to size of tibial facet (6- 2 to 1),  width of cubo-navicular facet of astragalus 

shrinks relative to total astragalar width (8- 1 to 0), sulcus astragali becomes triangular (9- ? to 3), 

astragalar facet of calcaneum becomes cup-shaped (22- 0 to 3), pyramidalis disappears (25- 0 to 

2), navicular facet of cuboid becomes 3 separate facets (28- 3 to 4), ectocuneiform facet of 
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navicular becomes larger relative to size of cuboid facet (42- 0 to 1), angle between 

ectocuneiform and entocuneiform facets of navicular shrinks to 90 ° (44- 1 to 3), no longer 

contact between tibia and navicular (50- 1 to 0), hallucal facet of entocuneiform becomes 

shallowly concave (52- 3 to 1), mesocuneiform fuses to entocuneiform (56- 0 to 1), metatarsal IV 

facet of ectocuneiform becomes larger relative to metatarsal III facet (60- 0 to 1), hole for tendon 

of m. peroneus longus develops between the two cuboid facets of metatarsal V (62- 0/2 to 3), 

metatarsal IV facet on metatarsal V becomes concave on dorso-medial surface (67- 3 to 4), 

prominent protrusions develop above the metatarsal III and V facets of metatarsal IV (68- 0 to 3), 

ectocuneiform facet of metatarsal IV changes to be posteriorly oriented (71- 0 to 2), metatarsal IV 

becomes more robust (73- 2 to 1), ectocuneiform facet of metatarsal III becomes flat (78- 0 to 3), 

shaft of metatarsal II becomes slightly arched (79- 0 to 1), length of hallux decreases relative to 

length of metatarsal II (82- 1 to 0), articular surfaces of metatarsal II become poorly developed 

(84- 0 to 2), hallux becomes more elongate (87- 3 to 4), two phalanges retained on digit I (90- 2 to 

3), proximal phalanx of digit II increases in length relative to that of digit III (91- 1 to 2), 

orientation of proximal articular facets of proximal phalanges changes from slightly dorsal to 

vertical (92- 0 to 1), ungual phalanges become bifurcated in x-section (96- 1 to 4), distal facets of 

medial phalanges become less heavily keeled (98- 0 to 1), greater trochanter of femur becomes 

wider relative to femoral head (107- 0 to 2), lateral pit on femur for m. gastrocnemius becomes 

deeper (108- 3 to 1), large patella present (111- 0 to 1), popliteal attachment area of tibia changes 

from a deep pit to a long medial ridge (115- 1 to 4), internal malleolus of tibia becomes sub-

rectangular in x-section (117- 0 to 1), internal malleolus of tibia no longer articulates with 

navicular (119- 1 to 0), fabella articulates with femur instead of fibula (122- 0 to 3), astragalar 

facet of fibula becomes vertically oriented (127- 1 to 0). 
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Figure 1. Vombatiform phylogenetic hypotheses produced by Aplin And Archer 1987 (a); Marshall et 
al 1990 (b); Munson 1992 (c); Szalay 1994 (d); Myers et al 1999 (e); Black 2008 (f). 

 

 

  
                          NOTE:   
  This figure is included on page 421  
 of the print copy of the thesis held in  
   the University of Adelaide Library.

  
                          NOTE:   
  This figure is included on page 421  
 of the print copy of the thesis held in  
   the University of Adelaide Library.

  
                          NOTE:   
  This figure is included on page 421  
 of the print copy of the thesis held in  
   the University of Adelaide Library.

  
                          NOTE:   
  This figure is included on page 421  
 of the print copy of the thesis held in  
   the University of Adelaide Library.

  
                          NOTE:   
  This figure is included on page 421  
 of the print copy of the thesis held in  
   the University of Adelaide Library.



� 422

 

Figure 2. Phylogenetic hypotheses of diprotodontid relationships for which cladograms have been 
published. The three trees of Murray et al 2000 are based on: basicranial morphology (a); P3-M1 
morphology (b) and postcranial morphology (c).  
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Figure 3. The right manus (a) and pes (b) of Vombatus ursinus. Abbreviations can be found in the 
Methods section, scale bar equals 50 mm. 
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Figure 4. The right hind limb bones of Lasiorhinus latifrons: the lateral tibia (a); the medial tibia (b); 
the lateral fibula (c); the medial fibula (d); the anterior femur (e); the posterior femur (f) and the distal 
femur (g). Abbreviations can be found in the Methods section, all scale bars equal 50 mm. 
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Figure 5. The right humerus of Vombatus ursinus in: anterior view (a); posterior view (b) and medial 
view (c). Abbreviations can be found in the Methods section, scale bar equals 20 mm. 
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Figure 6. The right ulna of Vombatus ursinus in: medial view (a) and dorsal/anterior view (b); and right 
radius in: ventral/posterior view (c) and dorsal/anterior view (d). Abbreviations can be found in the 
Methods section, scale bars equal 20 mm. 
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Figure 7. Trees resulting from heuristic searches involving the diprotodontid taxa studied with Isoodon 
as outgroup when the hind limb data set was analysed in isolation: (a) unconstrained; (b) with the 
diprotodontid subfamily constraint; (c) the constraint used in (b); (d) constraining Ngapakaldia to 
group outside other diprotodontids and (e) the constraint used in (d). Numbers below branches indicate 
bootstrap support values (constrained branches left blank). 
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Figure 8. Trees resulting from heuristic searches using the hind limb character set and including 
multiple non-diprotodontid taxa as outgroups: (a) strict consensus of the two most parsimonious trees 
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obtained from the unconstrained search; (b) the bootstrapped tree arising from (a) (nodes with <50% 
support collapsed); (c) the single most parsimonious tree resulting when the constraint (d) was 
employed; (e) the single most parsimonious tree resulting when the constraint (f) was employed. Grey 
branches indicate those that were constrained, numbers below branches are the bootstrap values. 
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Figure 9. Trees resulting from heuristic searches using the hind limb character set and including 
multiple non-diprotodontid taxa as outgroups: (a) the tree arising from a search where the position of 
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all diprotodontid taxa studied was constrained; (b) the single most parsimonious tree resulting when 
constraint (c) was employed; (d) the single most parsimonious tree resulting when constraint (e) was 
employed. Grey branches indicate those that were constrained, numbers below branches are the 
bootstrap values. 
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Figure 10. Trees resulting from heuristic searches involving the diprotodontid taxa studied with 
Isoodon as outgroup when the fore limb data set was analysed in isolation: (a) unconstrained; (b) with 
the diprotodontid subfamily constraint; (c) the constraint used in (b); (d) constraining Ngapakaldia to 
group outside other diprotodontids and (e) the constraint used in (d). Numbers below branches indicate 
bootstrap support values (constrained branches left blank). 



  433

 

Figure 11. Trees resulting from heuristic searches using the fore limb character set and including 
multiple non-diprotodontid taxa as outgroups: (a) strict consensus of the two most parsimonious trees 
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obtained from the unconstrained search; (b) the bootstrapped tree arising from (a) (nodes with <50% 
support collapsed); (c) the single most parsimonious tree resulting when the constraint (d) was 
employed; (e) the single most parsimonious tree resulting when the constraint (f) was employed. Grey 
branches indicate those that were constrained, numbers below branches are the bootstrap values. 
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Figure 12. Trees resulting from heuristic searches using the fore limb character set and including 
multiple non-diprotodontid taxa as outgroups: (a) the tree arising from a search where the position of 
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all diprotodontid taxa studied was constrained; (b) the single most parsimonious tree resulting when 
constraint (c) was employed; (d) the single most parsimonious tree resulting when constraint (e) was 
employed. Grey branches indicate those that were constrained, numbers below branches are the 
bootstrap values. 
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Figure 13. Trees resulting from heuristic searches involving the diprotodontid taxa studied with 
Isoodon as outgroup when the combined data set was analysed: (a) unconstrained; (b) the 
unconstrained analysis after bootstrapping; (c) with the diprotodontid subfamily constraint; (d) the 
constraint used in (c); (e) constraining Ngapakaldia to group outside other diprotodontids and (f) the 
constraint used in (e). Numbers below branches indicate bootstrap support values (constrained 
branches left blank). 
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Figure 14. Trees resulting from heuristic searches using the combined character set and including 
multiple non-diprotodontid taxa as outgroups: (a) strict consensus of the two most parsimonious trees 
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obtained from the unconstrained search; (b) the bootstrapped tree arising from (a) (nodes with <50% 
support collapsed); (c) the single most parsimonious tree resulting when the constraint (d) was 
employed; (e) the single most parsimonious tree resulting when the constraint (f) was employed. Grey 
branches indicate those that were constrained, numbers below branches are the bootstrap values. 
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Figure 15. Trees resulting from heuristic searches using the combined character set and including 
multiple non-diprotodontid taxa as outgroups: (a) the tree arising from a search where the position of 
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all diprotodontid taxa studied was constrained; (b) the single most parsimonious tree resulting when 
constraint (c) was employed; (d) the single most parsimonious tree resulting when constraint (e) was 
employed. Grey branches indicate those that were constrained, numbers below branches are the 
bootstrap values. 
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Figure 16. Pedal outlines of the taxa studied with inferred functional groupings. Tree topology follows that retrieved in the initial unconstrained heuristic 
search using the hind limb character set. All scale bars equal 50 mm. 
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Figure 17. A new proposed phylogeny for the Diprotodontidae arising from the findings of this study 
combined with several previous studies of diprotodontid craniodental anatomy. *indicate taxa 
included in the above postcranial analyses. 
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Character 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Isoodon_obesulus 0 3 3 1 2 1 0 0 4 4 0 1 3 1 3 0 2 1 0 0 0 3 1 1 
Trichosurus_vulpecula 1 2 0 2 3 2 2 1 2 3 2 0 1 0 1 2 1 1 0 1 0 0 0 0 
Phascolarctos_cinereus 1 0 0 0 4 2 1 0 3 3 2 0 2 1 1 2 0 1 0 1 1 2 0 2 
Lasiorhinus_latifrons 1 0 0 0 4 2 2 1 0 0 0 0 2 1 1 0 1 1 0 0 1 0 1 0 
Vombatus_ursinus 1 2 0 0 4 2 2 2 5 4 0 0 2 1 1 2 1 1 0 0 0 2 1 2 
Thylacoleo_carnifex 1 0 0 0 4 2 1 2 3 1 2 1 2 1 3 2 0 0 0 2 1 0 1 2 
Ngapakaldia_bonythoni 2 2 0 0 1 2 1 1 2 2 2 0 0 0 1 1 0 1 0 1 0 2 0 0 
Nimbadon_lavarackorum 1 0 0 0 1 2 0 1 2 2 0 0 2 0 2 2 2 1 0 2 1 1 0 1 
Phascolonus_gigas 1 1 2 0 1 1 2 1 0 2 1 1 2 1 2 0 0 ? ? ? ? 0 1 ? 
Neohelos_stirtoni 1 0 1 0 1 1 2 1 0 2 0 0 3 1 3 1 1 2 0 2 1 1 0 1 
Kolopsis_torus 2 2 0 0 1 1 1 2 0 1 0 0 3 1 3 ? ? 2 1 0 1 0 ? 1 
Plaisiodon_centralis 1 2 2 0 0 1 1 1 0 2 0 0 3 1 3 1 1 ? ? 2 1 0 1 ? 
Euowenia_grata 2 1 0 0 0 1 1 1 1 1 2 0 2 2 0 3 1 2 1 2 1 0 0 2 
Zygomaturus_trilobus 1 0 2 0 0 1 1 1 3 2 2 0 1 1 2 3 1 2 1 0 1 1 1 1 
Diprotodon_optatum 2 1 2 1 2 0 1 1 0 3 2 1 2 1 0 3 0 2 1 3 2 1 0 1 

Table 25. Character states for the taxa included in this study. 
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Character 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 
Isoodon_obesulus 2 0 4 4 0 2 0 2 1 2 0 0 2 1 1 3 0 1 1 3 0 1 1 0 
Trichosurus_vulpecula 0 2 4 3 2 2 0 0 3 3 0 0 2 0 1 3 0 0 1 1 3 2 1 0 
Phascolarctos_cinereus 1 1 4 3 1 2 0 0 0 2 1 1 2 1 1 2 0 0 1 1 1 1 0 2 
Lasiorhinus_latifrons 0 1 1 0 1 0 0 0 0 2 0 0 1 0 2 1 0 3 0 2 0 1 0 0 
Vombatus_ursinus 0 1 1 0 1 1 0 0 0 2 0 0 1 1 2 1 0 3 0 2 0 1 1 0 
Thylacoleo_carnifex ? 2 3 3 2 2 1 2 0 1 0 0 2 1 1 1 0 0 0 1 1 2 0 0 
Ngapakaldia_bonythoni 0 2 4 2 2 2 0 2 0 2 0 0 2 0 2 1 0 0 1 0 1 0 1 0 
Nimbadon_lavarackorum ? 2 4 1 1 0 1 1 0 2 1 1 2 0 1 1 0 0 1 2 2 2 2 1 
Phascolonus_gigas 0 ? ? ? 2 ? ? ? 0 ? ? ? ? ? 1 1 0 ? ? 2 ? ? ? 1 
Neohelos_stirtoni ? 1 4 2 ? ? ? ? 2 ? 1 ? ? ? 2 0 0 2 0 2 1 0 1 0 
Kolopsis_torus ? ? 1 2 1 1 1 2 3 2 0 0 2 1 ? ? ? ? ? ? ? ? ? ? 
Plaisiodon_centralis ? ? 0 0 2 1 1 1 3 2 2 0 1 1 2 0 0 2 0 1 2 0 0 0 
Euowenia_grata 1 0 0 0 1 0 1 2 1 0 1 0 0 1 1 0 1 2 1 1 2 1 0 1 
Zygomaturus_trilobus ? 0 2 0 1 1 1 0 2 2 0 1 1 1 0 2 0 0 1 1 4 1 1 1 
Diprotodon_optatum 1 0 0 2 0 0 2 2 1 0 1 2 1 1 0 1 0 3 1 0 0 1 0 2 

Table 25 (cont.). Character states for the taxa included in this study. 
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Character 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 
Isoodon_obesulus 0 0 0 1 2 1 1 1 0 0 0 1 1 3 0 0 0 0 4 3 0 0 2 1 
Trichosurus_vulpecula 0 1 0 3 1 1 2 0 3 0 2 0 0 2 0 0 0 0 3 0 0 0 0 0 
Phascolarctos_cinereus 0 1 0 3 2 0 0 0 0 0 0 0 0 0 0 0 0 0 3 1 0 0 0 1 
Lasiorhinus_latifrons 0 0 0 0 1 0 0 0 2 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 
Vombatus_ursinus 0 0 0 0 1 0 2 0 2 0 1 0 0 0 1 0 0 0 0 0 0 0 0 1 
Thylacoleo_carnifex 1 1 0 3 2 0 0 0 3 0 2 0 0 0 1 0 0 1 1 1 0 0 0 1 
Ngapakaldia_bonythoni 2 0 0 2 2 1 1 0 1 0 1 0 0 0 0 0 0 1 0 1 0 0 0 0 
Nimbadon_lavarackorum 0 1 0 3 2 1 0 0 2 0 1 1 0 1 0 0 0 0 2 0 0 0 1 0 
Phascolonus_gigas ? 0 0 ? ? ? ? 0 1 0 1 1 1 ? ? ? ? ? ? ? ? ? ? ? 
Neohelos_stirtoni 0 0 0 3 ? ? ? 0 0 0 2 1 1 0 0 0 0 1 1 1 ? 0 2 ? 
Kolopsis_torus ? 0 0 3 1 0 1 ? 2 0 1 1 ? ? ? ? ? ? ? ? ? ? ? ? 
Plaisiodon_centralis 0 0 ? ? ? ? ? ? 2 0 1 1 ? 2 2 0 0 1 2 0 0 0 2 1 
Euowenia_grata 1 0 1 2 0 1 0 1 0 0 2 2 1 2 2 0 1 1 1 0 2 0 1 2 
Zygomaturus_trilobus 0 0 0 0 0 1 0 1 3 0 1 1 1 2 2 1 2 2 1 0 0 0 0 2 
Diprotodon_optatum 1 0 0 1 0 1 1 1 1 1 3 3 1 0 2 0 2 0 2 2 1 1 3 2 

Table 25 (cont.). Character states for the taxa included in this study. 
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Character 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 
Isoodon_obesulus 1 0 1 2 1 3 1 3 0 0 0 2 1 0 4 1 1 3 2 1 0 1 2 4 
Trichosurus_vulpecula 2 0 1 2 1 0 0 2 0 1 0 0 0 0 3 1 1 3 1 0 0 1 2 1 
Phascolarctos_cinereus 2 0 0 2 1 0 0 3 1 1 0 0 0 0 3 1 1 3 1 0 0 0 2 1 
Lasiorhinus_latifrons 1 0 0 1 0 0 0 1 1 0 0 0 0 0 1 2 0 1 1 0 0 0 1 0 
Vombatus_ursinus 1 0 0 1 1 0 0 2 1 0 0 0 0 0 0 2 1 1 1 0 0 1 1 0 
Thylacoleo_carnifex 2 0 2 0 0 1 0 1 1 0 0 0 3 2 1 2 1 2 1 1 0 1 2 3 
Ngapakaldia_bonythoni 1 0 1 2 0 1 0 1 0 0 0 0 0 0 3 0 1 2 1 0 0 0 2 1 
Nimbadon_lavarackorum 2 0 1 2 1 0 0 2 0 1 0 0 2 0 2 1 1 2 1 0 0 0 2 1 
Phascolonus_gigas ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 5 
Neohelos_stirtoni 0 0 1 ? 1 0 0 ? 0 0 0 0 ? 0 2 1 ? 0 1 0 0 0 1 0 
Kolopsis_torus ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 
Plaisiodon_centralis 2 0 1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 
Euowenia_grata 1 0 1 1 0 0 2 1 1 1 1 1 0 1 1 2 0 0 1 1 1 1 0 0 
Zygomaturus_trilobus 2 0 1 ? 0 4 1 1 ? ? 0 0 ? ? ? ? ? ? ? ? ? ? ? 2 
Diprotodon_optatum 0 1 1 0 0 2 2 0 2 2 1 2 4 1 1 0 2 0 0 0 1 2 0 0 

Table 25 (cont.). Character states for the taxa included in this study. 
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Character 97 98 99 100 101 102 103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118 119 120 
Isoodon_obesulus 0 1 1 0 0 0 1 0 0 0 2 1 0 1 1 2 1 2 4 1 1 3 0 1 
Trichosurus_vulpecula 0 0 1 0 0 0 0 0 0 0 0 3 0 ? 0 2 1 2 1 3 0 0 1 1 
Phascolarctos_cinereus 0 0 1 0 1 0 2 0 0 0 0 3 0 ? 0 0 1 0 0 1 0 2 1 2 
Lasiorhinus_latifrons 0 1 0 1 1 0 1 0 1 0 0 0 0 1 0 0 0 0 0 0 0 1 0 1 
Vombatus_ursinus 0 1 0 1 1 0 2 0 1 0 0 4 0 0 0 0 0 0 0 0 0 1 0 1 
Thylacoleo_carnifex 1 2 1 0 1 0 1 0 0 0 0 3 0 0 0 2 1 1 0 0 2 1 1 2 
Ngapakaldia_bonythoni 1 0 1 0 1 1 1 1 0 0 0 ? 0 3 0 ? ? ? ? ? ? ? ? ? 
Nimbadon_lavarackorum 1 0 1 0 2 0 1 1 0 1 0 0 1 2 0 1 1 0 3 0 1 0 1 2 
Phascolonus_gigas 1 1 0 0 3 2 1 0 2 1 0 0 1 1 0 0 0 0 0 0 2 2 0 0 
Neohelos_stirtoni 1 0 1 0 2 1 ? 1 1 0 ? ? ? 0 0 2 0 ? ? ? ? 2 ? ? 
Kolopsis_torus ? ? 3 2 2 0 2 1 1 1 0 2 2 ? 0 0 0 0 1 0 0 0 0 ? 
Plaisiodon_centralis ? ? 2 2 2 0 2 2 2 1 0 2 1 ? ? ? 1 2 0 1 2 0 0 ? 
Euowenia_grata 1 2 2 0 2 2 0 1 1 1 1 0 ? ? 0 0 0 2 3 1 1 0 0 0 
Zygomaturus_trilobus 0 1 0 1 3 2 0 1 1 1 0 4 2 0 0 2 0 0 2 4 0 3 0 0 
Diprotodon_optatum 1 2 0 2 3 2 0 2 2 1 1 1 2 0 0 0 1 0 2 2 2 3 0 0 

Table 25 (cont.). Character states for the taxa included in this study. 
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Character 121 122 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137 138 139 140 141 142 143 144 
Isoodon_obesulus 0 3 0 2 2 0 0 1 0 1 0 3 2 0 1 1 0 2 1 3 2 1 0 1 
Trichosurus_vulpecula 0 0 0 1 3 0 1 1 0 0 0 3 3 0 0 0 0 2 1 1 2 2 2 1 
Phascolarctos_cinereus 0 2 2 2 2 1 1 1 1 0 0 1 2 0 0 1 0 2 1 1 0 1 1 1 
Lasiorhinus_latifrons 0 0 0 2 2 0 2 0 1 0 0 0 0 0 0 2 0 1 0 0 0 0 1 0 
Vombatus_ursinus 0 0 0 2 2 0 2 0 1 0 0 0 2 0 0 2 0 1 1 1 0 2 1 0 
Thylacoleo_carnifex 0 0 0 2 2 0 2 3 1 0 0 0 0 1 2 2 2 2 1 1 2 2 1 1 
Ngapakaldia_bonythoni ? ? ? ? ? ? ? ? ? 0 1 1 2 0 0 2 0 1 1 0 2 2 2 0 
Nimbadon_lavarackorum 0 2 0 2 2 0 2 2 0 1 0 1 1 0 0 2 0 2 0 0 0 1 1 1 
Phascolonus_gigas 1 0 0 1 2 0 2 0 2 1 0 0 1 0 1 3 1 1 2 0 1 2 0 0 
Neohelos_stirtoni ? ? ? ? ? ? ? ? 1 2 ? 1 2 1 ? 0 0 1 2 1 2 2 1 1 
Kolopsis_torus 1 ? ? 0 1 0 3 ? 1 2 0 2 1 0 0 1 0 0 1 0 2 2 1 0 
Plaisiodon_centralis ? ? ? ? ? ? ? ? 1 2 ? ? ? ? ? 0 0 0 1 1 2 2 1 1 
Euowenia_grata 2 0 1 1 0 0 1 2 2 ? 0 2 0 2 0 ? 1 0 ? ? 1 ? ? 1 
Zygomaturus_trilobus 1 2 0 1 2 0 2 1 2 2 0 2 2 1 1 0 0 0 1 3 1 0 0 1 
Diprotodon_optatum 1 1 0 0 0 0 1 2 2 2 0 2 0 2 1 0 1 0 2 2 1 2 0 1 

Table 25 (cont.). Character states for the taxa included in this study. 
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Character 145 146 147 148 149 150 151 152 153 154 155 156 157 158 159 160 161 162 163 164 165 166 167 168 
Isoodon_obesulus 1 5 1 0 0 0 1 4 0 0 0 2 2 1 1 0 1 0 0 1 2 0 4 0 
Trichosurus_vulpecula 2 4 2 1 0 1 0 0 0 0 0 1 0 1 0 1 1 0 3 2 0 0 2 3 
Phascolarctos_cinereus 0 3 0 1 0 2 0 0 1 1 0 0 1 3 1 1 2 0 3 2 1 0 1 5 
Lasiorhinus_latifrons 0 0 0 2 1 2 0 0 0 0 0 1 0 1 0 0 0 0 2 0 0 0 0 2 
Vombatus_ursinus 0 0 0 2 1 2 1 0 0 0 0 1 2 1 0 0 0 0 2 0 0 0 0 3 
Thylacoleo_carnifex 1 3 0 0 2 2 0 3 0 0 0 1 2 3 1 1 2 0 2 3 1 0 3 1 
Ngapakaldia_bonythoni 0 1 0 2 0 2 0 0 0 1 0 1 0 3 0 1 1 0 1 3 1 0 2 3 
Nimbadon_lavarackorum 0 1 0 1 0 3 0 0 0 0 1 1 1 2 0 1 2 0 1 2 2 0 0 5 
Phascolonus_gigas 1 2 0 3 0 4 0 0 2 1 0 1 3 3 0 1 1 0 3 0 2 0 0 ? 
Neohelos_stirtoni 1 0 0 2 0 2 0 0 1 0 0 ? 2 ? ? ? ? ? ? ? ? ? 0 ? 
Kolopsis_torus 2 0 0 2 0 2 0 0 1 1 0 1 2 3 2 1 2 0 1 3 1 0 0 4 
Plaisiodon_centralis 1 0 0 2 0 2 0 1 1 0 1 1 2 1 1 0 2 0 1 3 2 0 2 4 
Euowenia_grata ? 2 ? ? 0 4 ? ? ? ? ? 2 ? 2 2 ? 1 1 ? ? 2 0 1 ? 
Zygomaturus_trilobus 0 2 2 2 0 1 2 4 1 0 1 2 3 0 3 0 1 1 1 3 2 1 1 4 
Diprotodon_optatum 1 2 0 3 0 4 2 2 2 0 2 2 3 2 2 0 0 1 3 1 2 0 1 5 

Table 25 (cont.). Character states for the taxa included in this study. 
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Character 169 170 171 172 173 174 175 176 177 178 179 180 181 182 183 184 185 186 187 188 189 190 191 192 
Isoodon_obesulus 1 1 0 3 0 0 1 5 0 0 3 0 0 0 0 0 2 1 0 0 5 0 3 0 
Trichosurus_vulpecula 3 1 4 2 0 5 1 5 0 0 3 3 0 1 1 0 2 3 1 0 3 1 2 1 
Phascolarctos_cinereus 0 0 0 0 0 5 1 0 0 0 2 1 0 0 1 1 1 2 1 0 3 2 1 1 
Lasiorhinus_latifrons 0 1 0 1 0 3 0 0 0 0 2 0 0 0 1 1 0 0 1 0 0 1 2 1 
Vombatus_ursinus 0 1 0 0 0 3 0 0 0 0 2 0 0 0 1 1 0 0 1 1 0 1 2 1 
Thylacoleo_carnifex 0 1 3 0 0 4 1 4 0 0 4 0 0 1 3 2 1 2 3 1 4 2 1 2 
Ngapakaldia_bonythoni 1 1 2 0 0 3 1 2 0 0 0 1 0 1 1 1 1 2 0 0 2 1 1 2 
Nimbadon_lavarackorum 1 1 2 0 0 5 1 2 0 0 2 1 0 1 2 1 1 2 0 0 3 2 1 ? 
Phascolonus_gigas ? ? ? 0 0 2 1 3 0 1 ? ? ? ? ? ? ? ? ? ? 0 1 2 ? 
Neohelos_stirtoni ? ? ? 0 ? 2 1 4 0 0 1 ? 0 ? 1 1 1 0 1 0 0 1 ? ? 
Kolopsis_torus 0 0 1 0 0 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 
Plaisiodon_centralis 0 0 ? 0 ? ? ? ? ? ? ? 2 ? ? ? ? ? ? ? ? ? ? ? ? 
Euowenia_grata ? ? ? ? 1 2 0 ? 1 1 0 ? 0 ? 3 2 1 0 2 1 2 0 2 ? 
Zygomaturus_trilobus 3 0 0 0 1 2 0 3 0 0 2 3 0 1 3 2 2 0 1 0 1 1 3 2 
Diprotodon_optatum 2 2 1 0 1 1 2 3 1 1 0 2 1 2 3 2 2 0 2 1 2 0 0 1 

Table 25 (cont.). Character states for the taxa included in this study. 
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Character 193 194 195 196 197 198 199 200 201 202 203 204 205 206 207 208 209 210 211 212 213 214 215 216 
Isoodon_obesulus 1 0 0 0 1 0 3 0 2 2 2 3 0 1 3 0 3 0 0 1 2 0 1 3 
Trichosurus_vulpecula 2 3 0 0 0 0 3 0 0 2 0 2 0 0 3 3 1 1 0 0 0 0 1 0 
Phascolarctos_cinereus 2 2 0 1 0 0 2 0 1 0 1 1 0 0 3 1 0 2 0 0 1 0 0 2 
Lasiorhinus_latifrons 1 2 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 1 0 0 2 0 0 0 
Vombatus_ursinus 1 2 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 1 0 1 2 0 0 0 
Thylacoleo_carnifex 0 1 0 1 0 0 2 0 0 2 1 3 1 0 4 0 1 1 0 1 1 0 0 0 
Ngapakaldia_bonythoni 1 2 0 1 0 0 1 0 1 0 0 2 0 0 0 0 1 2 0 1 1 0 0 0 
Nimbadon_lavarackorum 2 3 0 0 0 0 1 0 1 1 0 1 1 1 3 1 1 2 0 0 1 0 0 0 
Phascolonus_gigas ? ? 2 0 0 0 0 0 0 1 0 0 1 0 1 0 0 1 0 1 3 0 0 0 
Neohelos_stirtoni 1 1 0 1 ? 0 2 0 1 1 ? 1 ? ? ? ? 1 2 0 1 1 0 0 ? 
Kolopsis_torus ? ? 1 1 1 0 1 0 0 0 1 1 0 0 2 0 0 2 1 1 1 0 0 0 
Plaisiodon_centralis ? ? 0 ? ? ? ? 0 1 2 1 ? ? ? 1 0 ? ? 0 1 1 1 1 1 
Euowenia_grata 0 0 2 ? 1 ? 1 ? ? 1 ? ? ? ? 1 3 1 ? ? ? ? ? ? 1 
Zygomaturus_trilobus 1 2 0 1 0 1 2 1 0 2 0 1 0 1 3 0 1 2 1 1 1 0 1 1 
Diprotodon_optatum 0 0 2 0 1 1 2 1 1 2 1 3 0 1 2 1 2 3 1 1 1 1 1 1 

Table 25 (cont.). Character states for the taxa included in this study. 
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Character 217 218 219 220 221 222 223 224 225 226 227 228 229 230 231 232 233 234 235 236 237 
Isoodon_obesulus 0 0 1 0 4 2 1 2 0 2 1 0 1 1 0 0 0 3 3 0 0 
Trichosurus_vulpecula 0 0 1 2 3 2 2 1 1 ? 0 1 0 1 0 1 1 3 2 3 0 
Phascolarctos_cinereus 0 0 1 3 3 2 1 2 1 ? 1 1 1 3 2 1 2 3 2 3 0 
Lasiorhinus_latifrons 0 0 0 0 0 1 1 1 1 1 0 0 0 2 0 0 1 3 1 2 0 
Vombatus_ursinus 0 0 0 0 0 2 1 1 1 1 0 0 0 2 0 0 1 3 1 1 0 
Thylacoleo_carnifex 0 0 1 0 1 2 1 1 1 1 1 1 1 2 0 2 0 3 2 2 2 
Ngapakaldia_bonythoni 0 1 0 0 1 1 0 0 1 1 1 1 1 1 1 1 3 1 0 4 0 
Nimbadon_lavarackorum 0 0 1 0 2 2 2 1 1 0 1 1 1 2 0 0 1 3 2 3 1 
Phascolonus_gigas 0 0 0 0 1 1 1 1 1 0 1 1 0 3 0 2 1 1 2 3 1 
Neohelos_stirtoni ? 0 ? ? ? ? 2 ? 1 0 ? ? ? ? ? ? ? ? ? ? ? 
Kolopsis_torus 0 0 1 1 2 0 2 0 1 ? 1 2 0 1 0 0 2 3 1 2 0 
Plaisiodon_centralis 1 0 1 1 1 ? 2 0 1 ? ? ? ? ? ? ? ? ? ? ? ? 
Euowenia_grata 2 ? ? 2 2 1 ? ? ? ? 1 1 0 ? ? ? 1 ? 3 ? ? 
Zygomaturus_trilobus 0 0 1 3 2 0 0 3 1 0 1 1 0 3 0 2 1 2 1 1 1 
Diprotodon_optatum 2 0 1 2 2 0 0 2 1 0 2 1 0 0 1 0 1 0 2 1 1 

Table 25 (cont.). Character states for the taxa included in this study. 
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Chapter 7: General Discussion 

7.1 Thesis summary and aims 

 The first aim of this thesis was twofold: (i) to increase our knowledge of the functional 

morphology and palaeobiology of the Diprotodontidae through examination of trace fossils, and 

forelimb and hindlimb skeletal anatomy and (ii) to evaluate diprotodontid phylogeny based on 

morphological characters relating to the forelimb and hindlimb skeletal anatomy. To realise these 

aims the research involved an examination of various fossil trackways (Euowenia and Diprotodon) as 

well as forelimb and hindlimb skeletal anatomy of a range of diprotodontid taxa (Ngapakaldia, 

Nimbadon, Neohelos, Plaisiodon, Kolopsis, Euowenia, Zygomaturus and Diprotodon), subsequently 

leading to reconstruction of the functional morphology and palaeobiology of the taxa in question. The 

detailed documentation of the forelimb and hindlimb morphological characters also allowed an 

assessment of the usefulness of these characters in elucidating phylogenetic relationships, at sub-

familial and generic levels within diprotodontids, and at a familial level within diprotodontian 

marsupials. 

7.2 Project findings 

 As the individual chapters of this thesis were planned as separate publications, discussion of 

the findings of each chapter are included within those chapters. The following is a summary and 

discussion of the main findings of each chapter. 

7.2.1 The functional morphology of the hindlimb of Euowenia grata 

 The discovery of an articulated hindlimb belonging to E. grata, in the Tirari Fm. on the 

Warburton River, represented the first known articulated remains of the taxon. It also allowed 

comparison with the hindlimb anatomy of Diprotodon, and the first glimpse of the developmental 

series within diprotodontines that eventually produced Diprotodon. The functional implications of 

this hindlimb morphology are discussed in Chapter 2 of this thesis (Camens and Wells 2010). The 

study revealed that the enlargement of the tarsus, reduction of digits, and lengthening of the femur in 
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relation to the tibia were all well underway in Pliocene diprotodontines, and were not restricted to 

Diprotodon. In fact, the proximal limb was found to be more elongate relative to the distal limb in 

Euowenia than in any other diprotodontid species studied. In addition, the fusion of the 

mesocuneiform and entocuneiform seen in Zygomaturus and Diprotodon has gone even further in 

Euowenia, to the point where all three cuneiforms of the tarsus are fused. Although some phalangeal 

and/or tarsal fusion is known to occur in ground sloths (Stock 1917; Vizcaíno et al 2001; Brandoni et 

al 2004; Pujos 2006), the pattern of fusion seen in Euowenia was not found to occur in any other 

known mammal species. The pedal morphology of diprotodontines has many superficial similarities 

to that of ground sloths including characters such as: a crescent-shaped lateral border, enlargement of 

the fifth metatarsal, reduction in size (or loss) of the first and second metatarsals, fusion of cuneiform 

bones and gross enlargement of the calcaneal tuber. In ground sloths these are thought to be 

adaptations related to digging (e.g. Brandoni et al 2004) but in diprotodontines these characters 

appear to be related to weight-bearing. In E. grata it is inferred that the fusion of all three cuneiforms, 

combined with the enlarged and relatively immobile tarsus (with movement restricted to the 

parasaggital plane), robusticity of the tibia and fibula, and extensive ligamental scarring, would have 

allowed the animal to rear up against trees while foraging. 

7.2.2 Trackways: Pliocene diprotodontid footprints from the Lake Eyre Basin 

 The timely discovery of fossil trackways in the early Pliocene Tirari Formation in 2006 

allowed additional inferences to be made regarding the palaeobiology of E. grata, complementing the 

functional study in Chapter 2 based on an articulated hindlimb belonging to E. grata, that was 

discovered in the same area in 2001. The publication resulting from this discovery (Camens and 

Wells 2009) forms Chapter 3 of this thesis. It quickly became apparent that the site represented one of 

only four published fossil mammal footprint sites known from Australia, and this was the oldest by 

almost 4 Ma. The six fossil trackways indicated that Euowenia grata may have exhibited gregarious 

behaviour, despite its rarity in the fossil record. Calculations suggested that the individuals were 

moving at a slow walk of around 3.5 km/h, reinforcing the image of Plio-Pleistocene diprotodontids 

being heavy-bodied, slow-moving taxa. The narrow-gauge trackways indicated that E. grata may 
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have been better adapted to moving long distances (similar to the D. optatum trackways seen at Lake 

Callabonna [Tedford 1973]) than species with a more sprawling (wombat-like) gait, such as Z. 

trilobus. The footprint morphology was also important in that it revealed that the structure of the pes 

seen in D. optatum, with in-turned toes and an enlarged tarsus, was also shared by Pliocene 

diprotodontines such as E. grata. The study of these trackways confirmed the observations, made in 

Chapter 2 (based on skeletal morphology), that the tarsus of Pliocene diprotodontines supported 

nearly all of the body mass that rested on the pes during locomotion, and that the digits did not play a 

significant locomotory role. 

7.2.3 Trackways: a Pleistocene megafaunal footprint assemblage from the Victorian Volcanic 

Plains 

 Chapter 4 of this thesis involved investigation of Australia’s only Pleistocene fossil footprint 

site in which multiple megafaunal species are represented (Camens et al, to be submitted). The taxa 

hypothesised to be responsible for the VVP trackways included: a large kangaroo cf. Protemnodon, a 

vombatid slightly larger than the extant species cf. Ramsayia, possible Thylacoleo carnifex prints and 

a diprotodontid cf. Diprotodon optatum. In addition to recording aspects of the morphology of the 

fleshed feet of these taxa, the footprints also demonstrated the presence of multiple taxa in the same 

area in a discreet time period, probably less than a few weeks. The occurrence of an extensive and 

well preserved D. optatum trackway allowed comparison with the E. grata trackways described in 

Chapter 3, and similarities between the fleshed foot morphology and the trackway proportions of the 

two taxa were revealed. The average speed of a Diprotodon individual at the VVP site was calculated 

to be around 5.5 km/h. However; foot placement indicated that the animal was moving at different 

speeds for different parts of the trackway, possibly in response to substrate composition. One of the 

more important outcomes of the study of these footprints is that Diprotodon was apparently able to 

vary its trackway gauge significantly, without significantly altering its speed and, conversely, it could 

also increase speed without altering trackway gauge. The wide gauge trackways seen at the VVP site, 

in contrast to the narrow gauge Diprotodon trackways at Lake Callabonna (Tedford 1973), may 

indicate that the former track-maker was carrying pouch young. If this is the case then it represents 
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one of the first cases of sexual dimorphism in trackway proportions, and also implies that one could 

expect to see the same in a range of large, quadrupedal marsupials. Investigation of the trackways in 

Chapters 3 and 4 has thus confirmed predictions made in Chapter 2 about structure and weight 

distribution in the pes of derived diprotodontines. In addition, aspects of diprotodontine 

palaeobiology not preserved by skeletal structure (such as herd behaviour in E. grata and walking 

speeds and the fleshed pedal morphology of both E. grata and D. optatum) have been extrapolated 

through the study of trace fossils. 

7.2.4 Functional and phylogenetic analysis of diprotodontid hindlimb and forelimb anatomy 

 Investigation of the functional morphology of the hindlimb and forelimb of diprotodontids on 

a wider scale formed Chapter 5 of this thesis. The differences between the observed morphology of 

the studied taxa then lead to a cladistic analysis of diprotodontid systematic relationships, forming 

Chapter 6 of this thesis. Munson (1992) and Szalay (1994) were among the first to utilise tarsal 

characters to formulate phylogenetic hypotheses for diprotodontian marsupials, taxa overlapping with 

this study including: Isoodon, Phascolarctos, Trichosurus, Lasiorhinus, Vombatus, Phascolonus 

(Munson only), Thylacoleo, Ngapakaldia and Zygomaturus (Szalay only). Munson’s (1992) and 

Szalay’s (1994) resulting trees (concerning interfamilial relationships within diprotodontians) are 

significantly different from each other and from the trees produced in Chapter 6. Without making any 

judgement about the reliability of each authors’ data sets, this illustrates the unintended bias that 

character selection can have on phylogenetic analyses involving the postcranial anatomy of 

diprotodontian marsupials. In the cladistic analysis undertaken in Chapter 6 of this thesis it was found 

that, at both intrafamilial and interfamilial levels, taxa tended to group based on substrate preference 

when hindlimb characters were used, and based on body size when forelimb characters were used. In 

the Diprotodontidae this could be expected, because the two currently recognised subfamilies both 

contain plesiomorphic members that inhabited similar niches, and derived members that inhabited 

similar niches. There has also been a distinct increase in body size over the last 25 Ma in both groups. 
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 The palaeobiological implications of the separate functional and phylogenetic analyses for the 

diprotodontid taxa studied here are quite similar. Ngapakaldia is commonly thought to represent one 

of the most plesiomorphic diprotodontoid taxa (e.g. Stirton et al 1967; Archer 1984; Murray 1986; 

Munson 1992; Szalay 1994; Black and Mackness 1999; Weisbecker and Archer 2008), and several 

authors have suggested that it may have been at least partly arboreal (Munson 1992, Szalay 1994, 

Weisbecker and Archer 2008). The findings of this study support this hypothesis, the fore- and 

hindlimb morphology of Ngapakaldia being found to have much in common with both Trichosurus 

and Phascolarctos. However; in this study, Ngapakaldia was also observed to have much in common 

with vombatids (e.g. in the forelimb analysis, when it was constrained to sit outside all other 

diprotodontids, Ngapakaldia grouped more strongly with vombatids than with Phascolarctos). This 

reinforces the hypothesis that the morphology of Ngapakaldia is plesiomorphic for vombatiform 

marsupials as a whole. The fact that Nimbadon is approximately 10 Ma younger than Ngapakaldia, 

but groups even more strongly with Trichosurus and Phascolarctos (and Thylacoleo), is a strong 

indication of its probable climbing ability. The forelimbs and hindlimbs of Nimbadon were found to 

possess more arboreal-related adaptations than any other diprotodontid studied, grouping more 

strongly with extant arboreal taxa (Trichosurus and Phascolarctos) than either Ngapakaldia or 

Thylacoleo did. As Neohelos stirtoni and Nimbadon lavarackorum occur contemporaneously at 

Riversleigh (Black 1997), it is suggested that significant niche partitioning occurred in this area 

among diprotodontids, with Ni. lavarackorum exploiting food sources in trees, and N. tirarensis 

foraging on the ground. Intermediate taxa such as Neohelos and Kolopsis variably grouped with 

plesiomorphic or derived diprotodontids, suggesting that body-size and locomotor repertoire less 

strongly affected their position than in the other diprotodontids studied. It is suggested that, among 

the diprotodontid taxa studied here, Neohelos represents the most plesiomorphic form adapted to a 

solely terrestrial lifestyle. 

 The postcranial morphology of Plaisiodon was found to have much in common with the more 

derived diprotodontids (Euowenia, Zygomaturus and Diprotodon), reflecting its increased body size 

and subsequent weight-bearing adaptations. Kolopsis grouped with Nimbadon and Ngapakaldia when 
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the forelimb character set was used, but with Plaisiodon and Neohelos when the hindlimb data set 

was used, suggesting that zygomaturines may be more similar in overall hindlimb morphology than 

they are in forelimb morphology. However; support for Zygomaturus in grouping with other 

zygomaturines was relatively low, there instead being high support for a Zygomaturus-Euowenia-

Diprotodon clade. The only diprotodontid clade with a well supported, “true” phylogenetic signal was 

that of Euowenia and Diprotodon. This suggests that there may be many phylogenetically significant 

characters in the diprotodontine postcranial skeleton, but as material for other diprotodontine taxa 

such as Euryzygoma, Meniscolophus and Pyramios was not available for study (postcranial material 

was inaccessible for the first taxon and unknown for the second and third taxa at the time of writing), 

this hypothesis could not be fully tested. The postcranial morphology of Zygomaturus varied from 

Diprotodon and Euowenia most widely in the humerus and digits, these areas suggesting that the 

former was better adapted to moving over softer substrates, and may have employed its forelimbs in a 

wider range of actions including: food manipulation, scratch digging, sexual competition and/or 

defense from predators. 

7.3 Future Directions 

7.3.1 Trace fossils 

 The studies of mammalian trace fossils initiated as part of this thesis have revealed that the 

field of mammalian ichnology in Australia is grossly understudied, and has much to offer with regard 

to illuminating the palaeobiology of extinct taxa and the palaeoecology of fossil faunas. Skeletal 

fossil deposits at the VVP trackways site fell outside the scope of this thesis but, due to their 

contemporaneity with the trace fossils, the site provides a unique opportunity to compare and contrast 

two different records of a fossil fauna at a discreet point in time. Since the writing of this thesis 

additional fossil footprint sites have been identified near Whitecliffs in central NSW, at Warrnambool 

and South Gippsland in Victoria, and on Kangaroo Island in South Australia. The latter three sites all 

occur in the same coastal geological formation, and form the basis of a major project now underway 

studying the diversity and distribution of coastal mammalian faunas along the whole south coast of 

Australia, as recorded by fossil footprints. 
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7.3.2 Functional and phylogenetic analysis of the Diprotodontidae 

Although the cladistic analyses undertaken here demonstrate that the high levels of 

homoplasy seen in the forelimb and hindlimb morphology of diprotodontids can obscure both 

intrafamilial and interfamilial phylogenetic relationships, it should not necessarily be inferred that the 

use of dental characters will result in a more reliable phylogeny. Multiple studies (e.g. Archer 1984; 

Murray 1990; Black 2008) indicate that it is also difficult to determine consistent synapomorphies for 

various diprotodontid groupings based on dental or cranial characters. It appears that the best way 

around the homoplasy seen in diprotodontids is to identify its sources (i.e. similarity in body size or 

locomotor habit in postcranial morphology or diet in dental morphology), and then remove characters 

relating to these reasons for convergence. Identifying which characters relate to these sources of 

homoplasy requires more detailed knowledge of the functional anatomy of the observed characters 

(both cranial and postcranial) than is currently available. In addition, it is likely that some characters 

linked to these sources of variance may also contain significant phylogenetic signal. As such an 

attempt to remove homoplasious characters will increase the subjectivity of a given character set, and 

bring into question the reliability of the resulting phylogenetic hypotheses.  

 7.3.2.1 Functional analyses 

An important implication of the findings from the cladistic analyses in this thesis is that it is 

critical to first understand the functional anatomy of a given taxon, before attempting to evaluate the 

observed morphology in an evolutionary context (as remarked on by Lauder 1995). This is in stark 

contrast to the way in which Australian mammalian palaeontology has been approached: hundreds of 

papers have been published describing various fossil marsupial taxa and their relations to other 

marsupial taxa, but relatively few papers have been published involving rigorous functional 

investigation of the morphological characteristics of these taxa. In addition many of the key 

characters used to distinguish marsupial clades, particularly within diprotodontians and especially 

diprotodontids, have not been rigorously analysed with regards to their evolutionary lability. As 

discussed above, the premolar morphology of diprotodontids is almost exclusively used to interpret 

phylogenetic relationships (due to its complexity and the preservational bias of teeth in the fossil 
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record) and yet, in the larger taxa especially, it is becoming apparent that premolar morphology is 

hugely variable (e.g. Black and Hand 2010). As such, there is a definite need for further functional 

analyses to be carried out, in order to better understand the factors (temporal, spatial, ontogenetic and 

sexual as well as functional) influencing the observed morphology. Population-level studies will also 

allow a better understanding of which skeletal morphological characters are more conservative (and 

hence more useful as phylogenetic indicators), versus those that are labile (less useful as phylogenetic 

indicators). 

7.3.2.2 Phylogenetic analyses 

Inclusion of as many genera as possible when considering interfamilial relationships within 

the Diprotodontia is also needed, to properly evaluate the evolutionary history of this group of 

marsupials. Although outside the scope of this study, significant postcranial material is known for 

diprotodontian taxa including: Palorchestes (Palorchestidae), Wynyardia (Wynyardiidae), Muramura 

(Ilariidae) and multiple macropodid genera, all of which would undoubtedly contribute to our 

understanding of phylogenetic relationships and the evolution of postcrania within the Diprotodontia. 

In particular, the inclusion of Muramura may be important, as it is thought to represent a structural 

antecedent to vombatiform marsupials (e.g. Haight and Murray 1981; Szalay 1994). Since the writing 

of this thesis, the author has been made aware of additional postcranial material relating to the 

diprotodontine genera Pyramios, Euowenia and Euryzygoma, that may also have interesting 

implications for diprotodontine evolution.  

 Merging of cranial and postcranial data sets in the study of diprotodontid phylogeny is the 

next logical step in investigating both interfamilial and intrafamilial relationships for this group of 

marsupials. Pending publication of Black’s thesis (2008), based on the dental and cranial anatomy of 

diprotodontids, we plan to investigate the ways in which diprotodontid cranial and postcranial data 

sets support and/or contradict each other, and the implications a combined data set may have teasing 

out diprotodontid phylogenetic relationships. 

 7.3.2.3 Molecular analyses 

 The absence of molecular data when considering the phylogenetic relationships of extinct 

marsupials has been a distinct limiting factor in the development of evolutionary hypotheses. To date 
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attempts to extract molecular data from Australian megafaunal fossils have met with no success. This 

is in direct contrast to the extinct megafaunal taxa of Europe, Asia and the Americas, the fossils of 

which are often much better preserved, due to entombment in permafrost and/or their much more 

recent extinctions. The construction of a framework based on molecular data from various late 

Pleistocene marsupial groups would undoubtedly help to clarify phylogenetic relationships within the 

Diprotodontia. 
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