
ABSTRACT 

GREEN, JEREMY LANE. Enamel-Reduction and Orthodentine in Dicynodontia 
(Therapsida) and Xenarthra (Mammalia): An Evaluation of the Potential Ecological Signal  
Revealed by Dental Microwear. (Under the direction of Mary H. Schweitzer and Julia 
Clarke.) 
 

Mastication produces dental scar patterns (microwear) linked to diet in extant 

mammals, providing a baseline for reconstructing paleodiet in extinct taxa. Although 

microwear on enamel is a well-accepted proxy for dietary inference, microwear on 

orthodentine has received less attention. Because some synapsids lack enamel on their teeth 

in maturity (e.g., xenarthran teeth, proboscidean tusks), our understanding of paleoecology 

from microwear in these animals is limited. This dissertation addresses the central question: 

are orthodentine microwear patterns reliable indicators of ecology in synapsids? Chapter 1 

evaluates the distribution of enamel-reduction across Synapsida to select appropriate taxa to 

target for this research. Enamel-reduction exhibits homoplasy and has independent origins in 

13 synapsid taxa. Members of Dicynodontia, Proboscidea, and Xenarthra were chosen for 

orthodentine microwear analysis because these groups are species-rich with total enamel loss 

on teeth in maturity.  

Chapter 2 establishes the correlation between orthodentine microwear and diet in 

extant xenarthrans using 255 tooth specimens from 21 species. Tooth sampling loci were 

standardized across taxa. Mean scratch number was significantly higher for extant xenarthran 

folivores and frugivore-folivores than carnivore-omnivores or insectivores. This supports 

utility of microwear in distinguishing herbivorous from non-herbivorous taxa. Orthodentine 

microwear was examined in the Pleistocene ground sloth Nothrotheriops shastensis to extend 



this correlation to extinct taxa. Statistically, microwear in N. shastensis was most similar to 

extant folivores, corroborating independent evidence for herbivory in this taxon.  

Chapter 3 examines the necessity of standardized tooth sampling (used in chapter 2) 

by quantifying intertooth variation of microwear in each of the four extant xenarthran dietary 

groups. Distribution of microwear features between tooth loci is more conserved in folivores 

than other groups. Significant variation in the latter may stem from uneven distribution of 

bite-force in long-faced animals (two-toed sloths, armadillos) relative to short-faced folivores 

(three-toed sloths). These results support standardized tooth comparison in future analyses of 

paleodiet in extinct xenarthrans. 

  Chapter 4 tests hypotheses of possible tusk function (sexual display, feeding) of 

extinct Permo-Triassic dicynodonts through phylogeny and orthodentine microwear analysis. 

Optimization of tusk function in living mammals supports evolution of tusks through sexual 

selection, with an associated feeding function arising second in some taxa. Tusk orthodentine 

microwear was compared between extant analogues (Loxodonta, Odobenus) and extinct 

dicynodonts to assess use of tusks for feeding in dicynodonts. Microwear on tusks of extant 

analogues was significantly different between taxa that use tusks for feeding (Loxodonta) 

versus those that do not (Odobenus), which supports a link between feeding behavior and 

tusk microwear. However, only three of 24 sampled dicynodont tusks had original, unaltered 

microwear. This low yield precluded statistical comparison with extant taxa, so the utility of 

orthodentine microwear in reconstructing tusk function in extinct taxa remains uncertain. 

This dissertation supports the utility of orthodentine microwear as a proxy for ecology 

in extant mammals. Analysis of fossil material supports this method as a proxy for paleodiet 



in Xenarthra, although more research is needed to test whether microwear can reconstruct 

tusk feeding function in extinct taxa. 

Life history of dicynodonts includes not only feeding behavior but also growth, 

among other traits. Chapter 5 uses bone histology to reconstruct growth patterns in a large 

late Triassic dicynodont, Placerias hesternus. Cortical microstructure of 21 dissociated long 

bones supports rapid growth in early ontogeny, with slowed osteogenesis in late ontogeny. 

Although microstructure of primary bone is similar between P. hesternus and geologically 

older and smaller dicynodonts, extent of secondary remodeling in long bones is significantly 

higher in the former, supporting differential growth between taxa. These data need to be 

analyzed using a more complete ontogenetic series to understand more about the evolution of 

growth strategy in Dicynodontia. 
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CHAPTER 1: 

Introduction: Enamel-Reduction in Vertebrates and the Potential of Orthodentine Microwear 

as a Proxy for Paleoecology 

 

 

 

 

 

Jeremy L. Green
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DENTAL MICROWEAR ANALYSIS AND DENTINE 

 

The Problem 

The morphology of vertebrate teeth and dental tissue (i.e., enamel, dentine, 

cementum) organization and structure is directly influenced by the composition and 

mechanical properties of food (Lucas, 2004). Abrasion and attrition are the forces that 

produce wear in dental tissues during mastication, which results in the formation of 

microwear features, e.g., scratches, pits, gouges, on the occlusal surface of teeth (Teaford, 

1991; Solounias and Semprebon, 2002). Abrasion occurs when food textures are tough 

(grass) and hard objects (seed pods, bone) or exogenous abrasive material (grit) is 

incorporated in the diet (Solounias and Semprebon, 2002). In this scenario, certain scars 

(gouges, coarse textured scratches, large pits) are formed through tooth-food contact and 

produce a rough, irregular wear surface (Solounias and Semprebon, 2002). Attritional 

features (fine textured scratches) are produced through tooth-tooth contact during mastication 

of soft food (browse, leaves), which produces a more polished, even wear surface (Solounias 

and Semprebon, 2002). Thus, the distribution and proportion of microwear scars on teeth can 

be linked to dietary texture (Solounias and Semprebon, 2002). However, new features are 

continuously laid down over old features during mastication, which creates a high turnover 

rate for microwear (hours to days; Teaford and Oyen, 1989). Microwear patterns therefore 

reflect an animal’s ‘last meal’ rather than a life history of diet (Teaford and Oyen, 1989). 

Correlation of dental microwear patterns with primary diet in extant mammals is well 

established (Teaford and Oyen, 1989; Strait, 1993; Ungar et al., 1995; Solounias and 
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Semprebon, 2002; Semprebon et al., 2004; Organ et al., 2006; Scott et al., 2006) and allows 

direct comparison of microwear patterns between extant and fossil mammals as a quantitative 

tool for paleodietary reconstruction (e.g., Van Valkenburgh et al., 1990; Solounias and 

Semprebon, 2002; Semprebon et al., 2004; Green et al., 2005; Scott et al., 2006; Ungar et al., 

2007). Mammals are the main targets of microwear research because the rich diversity of 

living forms provides a robust baseline for interpreting paleoecology from microwear 

patterns in closely-related extinct taxa (Teaford, 1991; Solounias and Semprebon, 2002). 

However, this analytical method may also be useful in elucidating the paleoecology and 

masticatory mechanics of extinct taxa with no living relatives (e.g., non-mammalian 

cynodonts, prosauropods, sauropods; Fiorillo, 1998; Goswami et al., 2005). 

Traditionally, microwear studies have focused primarily on scar patterns in enamel 

(e.g., Teaford, 1991; Solounias and Semprebon, 2002; Green et al., 2005), while dentine 

microwear analysis as a proxy for diet in both extant and fossil vertebrates remains 

understudied (Lucas, 2004). Enamel microwear patterns of extant taxa cannot be used as a 

baseline for inferring paleodiet from dentine microwear because of the compositional and 

structural differences between these tissues. For example, the higher mineral content of 

enamel (~96% hydroxyapatite) relative to dentine (~70% hydroxyapatite) makes the former 

more resistant to wear (Lucas, 2004; Hillson, 2005). The correlation between dentine 

microwear patterns and diet in living taxa must be firmly established before paleoecological 

inference from dentine microwear in fossil taxa can be made.  

Only two preliminary studies (i.e., Hotton, 1986; Oliveira, 2001) have attempted to 

analyze dentine microwear in an ecological context. Hotton (1986) analyzed dentine 
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microwear patterns on the tusks of extinct dicynodonts, but interpreted the ecological 

significance of these patterns without comparison to extant analogues. Oliveira (2001) 

examined dentine microwear features on the teeth of several extant cingulates, but his 

conclusions were hampered by small sample size. Thus, no study has used a robust sample of 

extant specimens to establish a clear correlation between dentine microwear patterns and diet 

or feeding behavior. This represents a significant gap in the scientific literature, and it is the 

main focus of this dissertation to address this deficiency. 

 

The Broad Question 

I will address the broad question: are microwear patterns in dentine (in the absence of 

enamel) reliable indicators of the ecology of fossil tetrapods? Before this question can be 

answered through original investigation, it is necessary to first review three topics: 1) the 

ecological significance of dental microwear in extant and extinct animals, 2) the evolution 

and biology of dentine, and 3) the distribution of enamel-reduction in tetrapods. The first 

topic was reviewed in detail above. The biology and evolution of dentine will be discussed to 

understand the ontogeny and physical properties of this dental tissue, which is needed to 

interpret how dentine microwear features are created. Taxa that have lost enamel on their 

dentition have dentine exposed at the functional surface (Fisher, 1996) where microwear 

scars are deposited. Identifying the distribution of enamel-reduction among extant and extinct 

animals will provide a guide for selecting appropriate taxa for dentine microwear analyses. 
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The Biology and Evolution of Dentine 

 The Ontogeny of Vertebrate Teeth—The tissues that compose dentition in 

vertebrates are best understood in the context of ontogeny. In early stages, the primary 

epithelial band (which eventually gives rise to the dental arches in the upper and lower jaws) 

is formed and covers the ectomesenchyme (an embryonic connective tissue derived from 

neural crest cells). The subdivision of the primary epithelial band into vestibular and dental 

laminae marks the onset of tooth formation, which proceeds in three stages: bud, cap, and 

bell stage (Ten-Cate, 1985). The bud stage refers to epithelial ingrowths of the dental lamina 

into the surrounding ectomesenchyme. In the cap stage, ectomesenchymal cells condense 

around the epithelial ‘bud’ ingrowth to form the dental papilla. This epithelial ‘bud’ is 

referred to as the odontogenic (enamel) organ. Subsequent deepening of the undersurface of 

the dental organ marks the onset of the bell stage. The epithelial layer separating the dental 

organ and papilla differentiates into the outer dental epithelium and the inner dental 

epithelium. A basement membrane now separates dental epithelia from dental papilla (Ten-

Cate, 1985). The late bell stage marks the onset of dental tissue formation (i.e., pulp, dentine, 

enamel), which forms the crown – these processes are reviewed in detail in the next section. 

Once crown morphogenesis has finished, Hertwig’s epithelial root sheath, which is 

associated with the depletion of epithelial stem cells in the dental root, begins to form 

(Tummers and Thesleff, 2008). This marks the end of tooth development and primary growth 

(Ten-Cate, 1985). 

 Dentinogenesis and Amelogenesis—Dentine is the first dental tissue to form in tooth 

development (Ten-Cate, 1985). Its formation (termed dentinogenesis) is initiated late in the 
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bell stage by the transformation of undifferentiated cells within the internal dental epithelium 

into preameloblasts (precursors to enamel-forming ameloblasts; Frank and Nalbandian, 

1989a). Once preameloblasts are present, peripheral ectomesenchymal cells of the dental 

papilla then differentiate into odontoblasts, which are the main cells responsible for dentine 

formation (Frank and Nalbandian, 1989a). Odontoblasts secrete a collagenous organic matrix 

(termed ‘predentine’) onto the basement membrane, then retreat into the central papilla 

(pulp) cavity behind a continuously forming, unmineralized predentine front (Frank and 

Nalbandian, 1989a). The organic matrix, constituting nearly 20% of mature dentine by 

weight, is composed primarily of Type I collagen (90-95%), with several non-collagenous 

proteins (e.g., proteoglycans, phosphoproteins, osteocalcin), lipids, and citrate forming the 

remaining 5-10% (Frank and Nalbandian, 1989b). 

 Because the organic matrix of dentine must be laid down before calcification can 

commence, there is always a layer of predentine between the odontoblasts and the 

mineralized matrix (Baume, 1980). The cellular processes of the retreating odontoblasts 

(Mjor, 1984) extend through the predentine front and are housed in dentinal tubules (Baume, 

1980). Mineralization of dentine occurs through the progressive linear and globular growth 

of apatite crystallites between and within collagen fibrils, much as in osteogenesis (Ten-Cate, 

1985). Matrix vesicles (which are produced from odontoblasts and accumulate calcium) 

serve as initiation sites for mineralization in mantle dentine, whereas in the circumpulpal 

region, calcospherites (spherical bodies of apatite crystallites; Schmidt and Keil, 1971) are 

responsible for calcification (Jones and Boyde, 1984). Calcospherites expand radially until 

they fuse with other spheres to form the mineralized matrix called intertubular dentine, which 
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exists between the dentinal tubules in circumpulpal dentine (Jones and Boyde, 1984). The 

third pathway is that of peritubular dentine, which grows inside the walls of dentinal tubules 

and becomes hypermineralized through exclusion of organic matter in a matrix of ground 

substance (Smith and Sansom, 2000). The mineral phase of dentine composes nearly 70% of 

the mature tissue by weight (Frank and Nalbandian, 1989b) and is primarily hydroxyapatite 

[Ca10(PO4)6(OH)2] (Hillson, 2005), although additional amorphous calcium phosphates, as 

well as carbonate, Mg, Na, K, and many other trace elements, are present in small quantities 

(Weatherell and Robinson, 1973; Frank and Nalbandian, 1989b). 

Primary dentine is continuously deposited until the external form of the tooth (crown 

and root) is complete; dentine deposition occurring post-root formation and tooth eruption is 

termed secondary dentine (Ten-Cate, 1985). Dental pulp is the connective tissue at the center 

of the tooth, derived from the dental papilla (Ten-Cate, 1985). Formation of pulp is 

coincident with dentine, and the two tissues function throughout life as an integrated 

complex, contributing to tooth sensitivity, as well as normal and reparative growth (Frank 

and Nalbandian, 1989a). Dentine also comprises the bulk of the tooth root (Ten-Cate, 1985). 

Onset of deposition of root dentine occurs ontogenetically later than coronal (crown) dentine 

formation, yet slightly precedes tooth eruption and progresses at a slower rate than dentine 

found in the crown. Root formation is terminated once crown morphogenesis is complete 

(Ten-Cate, 1985). Appearance of Hertwig’s epithelial root sheath is associated the depletion 

of epithelial stem cells and termination of root, and thus tooth, growth (Tummers and 

Thesleff, 2008). 
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Enamel is an ectodermal tissue that covers the external surface of teeth (Hillson, 

2005). Amelogenesis (enamel formation) commences when ameloblasts differentiate within 

the internal dental epithelium of the odontogenic organ shortly after onset of dentine 

formation (Ten-Cate, 1985). Amelogenesis proceeds in a centrifugal direction (opposite of 

odontoblasts) from the internal dental epithelium. Enamel differs from other biomineralized 

tissues (i.e., bone, dentine, cementum) by lacking collagen in its organic matrix and having a 

distinct mineralization pattern (Ten-Cate, 1985). During enamel formation, a non-

collagenous organic matrix, composed mainly of amelogenin and enamelin, is secreted and 

becomes partially (~15%) mineralized instantly. Maturation of the matrix is next, involving 

further growth of mineral crystals resulting in a loss of protein and water. A third addition of 

mineral component completes amelogenesis; thus, three successive stages of mineralization 

result in the hypermineralized tissue (~96% hydroxyapatite; Ten-Cate, 1985) known as 

enamel. Enamel production is terminated once the crown is complete. 

 The Origin and Evolution of Dentine—Dentine is formed centripetally by the 

activity of odontoblasts (Ten-Cate, 1985), and may be recognized by calcospheritic 

mineralization and the presence of odontoblast lacunae and tubules, which house the 

odontoblastic body and processes, respectively. The earliest known vertebrate that preserves 

tissue with these traits is Anatolepis from the late Cambrian, approximately 510 million years 

ago (Smith et al., 1996). The discovery of dentine in this organism modified the long 

accepted minimum age for the origin of dentine in the vertebrate lineage (Smith and Sansom, 

2000), and was further useful in reassessing patterns of evolution within and among calcified 

skeletal elements (i.e., denticles, bone, teeth) in early vertebrates (Smith et al., 1996; Smith 
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and Coates, 1998, 2000; Smith and Sansom, 2000; Donoghue and Sansom, 2002). Because of 

the similarity in organic matrix composition between bone and dentine, the latter was 

traditionally thought to have evolved from a bony origin through a transitional series 

(through mesodentine and semidentine) to metadentine, or dentine proper (Orvig, 1951, 

1967). This hypothesis is now considered invalid, because of evidence that dentine predated 

the first acellular and cellular bony tissues (Smith and Coates, 1998; Smith and Sansom, 

2000). 

Following the appearance of dentine in basal vertebrates, rapid diversification and 

experimentation of the structural organization of this tissue is seen throughout the Ordovician 

and Silurian in fossil ostracoderms (armored jawless fish; Orvig, 1967; Smith and Sansom, 

2000). The diversity of dentines (referred to as dentinous tissues) during this interval greatly 

exceeds that observed over the subsequent 450 million years of vertebrate evolution (Smith 

and Sansom, 2000). Early dentinous tissues are regarded as atypical (relative to higher 

vertebrates) because of the absence of dentinal tubules and cellular structure in some 

varieties (Smith and Sansom, 2000). As a result, many of these early varieties are very 

difficult to classify (Smith and Sansom, 2000). 

Early dentinous tissues exist both in dermal armor and papillary vascular tissues in 

vertebrates (Bradford, 1967; Orvig, 1967; Smith and Sansom, 2000). The functional 

properties of dentine conserved across Vertebrata (from fish to humans) could address the 

original evolutionary advantage of dentine in Cambrian vertebrates; these properties include 

sensitivity (which may have enhanced electroreception in early fish; Lumsden, 1987), 

reactionary (ability to become hypermineralized to counter attrition), continuous growth, 
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reparative ability, and cells acting as a calcium ion modulating layer (Smith and Sansom, 

2000).  

Although previous authors (e.g., Orvig, 1951, 1967) have attempted to reconstruct 

pathways of dentine evolution throughout vertebrate history, the tremendous amount of 

diversity in microstructure near the origin of the tissue confounds the polarization of dentine 

characters (Smith and Sansom, 2000). Additionally, previous classification schemes and 

terminology of dentinous tissues are not standardized. A re-description of all dentinous 

tissues following a revised, standardized terminology is needed before a clear understanding 

of the evolutionary pathways of dentine can be reached. 

The Classification of Dentinous Tissues—For the purposes of this dissertation, I 

will generally follow the classification scheme compiled by Baume (1980), which was 

modified from that of Weidenrich (1925), Orvig (1967), and Moss (1968) and is 

subsequently followed by more current authors (Smith and Sansom, 2000). This model 

classifies different dentine types based on the location of their initial formation and is the 

most inclusive and contemporary classification scheme available for dentinous tissues. 

Primarily, dentine can be divided into three tissue types:  pallial, circumpulpal, and 

intrapulpal. These three divisions, and their respective sub-divisions, will be addressed in 

detail below. 

Pallial dentines can be sub-divided into two categories: enameloid structures and 

mantle dentine.  Enameloid structures refer to highly variable mineralized tissues that 

resemble enamel and cover the placoid scales and tooth surfaces of elasmobranchs and 

teleost fishes (Orvig, 1967). Baume (1980:table 2) identified the numerous terms previously 
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proposed for this tissue by other authors that are synonymized with his definition of 

‘enameloid.’ Some authors now classify this tissue as a form of enamel (called ‘bitypic 

enamel’) rather than dentine (e.g., Sander, 1995). 

Mantle dentine is the peripheral layer of dentine found adjacent to the enamel-dentine 

junction in most tetrapods and contains coarse bundles of collagen fibers in a fan-like 

arrangement known as the fibers of Von Korff (Frank and Nalbandian, 1989a). This tissue is 

generally less mineralized and forms earlier than circumpulpal dentine. 

Circumpulpal dentines are classified as the mineralized collagenous tissues that 

surround a central pulp cavity and are usually found internal to the mantle dentine. 

Circumpulpal dentine is generally divided into three categories: orthodentine, vasodentine, 

plicidentine; Baume, 1980).  Orthodentine is most common and consists of two distinct 

layers; one with parallel tubes contained within an unmineralized ‘predentine’ layer at the 

dentine-pulp junction, and a second with a mineralized matrix that is composed of 

intertubular (and sometimes peritubular) dentine. Orthodentine can be further divided into 

primary, secondary, and tertiary dentine based on the developmental stage of the tooth. 

Bradford (1967) recognized three types of orthodentine: primitive (irregularly sized tubules, 

much branching), intermediate (regular parallel tubules), and advanced (each tubule 

surrounded by peritubular tissue). Vasodentine and plicidentine are controversial tissues in 

terms of their identification and definition (Baume, 1980). The former is defined as 

circumpulpal tissue that contains blood vessels that form a system of arcades in a mineralized 

matrix. Plicidentine is identified as a subvariety of orthodentine that is formed by infolding 

of the walls of the pulp cavity.   
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Intrapulpal dentines are the last tissues to form, left behind as odontoblasts retreat 

during metadentine formation. They are deposited either in the free pulp chamber or 

immediately adjacent to circumpulpal dentine (Bradford, 1967) and include varieties of 

osteodentine and petrodentine (Bradford, 1967; Baume, 1980). Osteodentine is named for its 

histological similarity to bone tissues, and is formed interior to the pallial dentine in the pulp 

cavity (Baume, 1980). This tissue begins as trabecular dentine, consisting initially of simple 

blood vessels in the pulp cavity. Dentinal osteons (denteons), which have a structural 

organization similar to true osteons, then fill in the voids between vessels to create a compact 

tissue (Smith and Sansom, 2000). Petrodentine is found in teeth of lower vertebrates adapted 

to resist wear and is considered a special arrangement of osteodentine (Smith and Sansom, 

2000). Vascular canals are arranged vertically within this tissue and each canal is surrounded 

by a circumvascular dentine that is built onto a hypermineralized matrix. 

Distribution of Dentinous Tissues among Vertebrates—Using the terminology of 

the classification scheme reviewed above, the distribution of dentine as it is known among 

vertebrates is briefly reviewed. Fossils of extinct agnathans, conodonts and ostracoderm fish 

constitute the bulk of the early fossil vertebrate record for mineralized tissues (Smith and 

Coates, 1998, 2000). As noted above, this period of experimentation in dentine structure and 

organization (Smith and Sansom, 2000) makes classification difficult, as the dentinous 

structures of these animals do not fit easily into existing schemes (Baume, 1980). Tissues 

similar to mesodentine, semidentine, and metadentine (Orvig, 1967) are recognized in early 

Paleozoic taxa, with atubular and acellular varieties present (see Smith and Sansom, 2000 for 

a more detailed review). 
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 Chondrichthyes exhibit a wide range of circumpulpal dentines, possessing both 

osteodentine and orthodentine, as well as vasodentine and plicodentine (Peyer, 1968; 

Sasagawa, 1994). Within Elasmobranchii, rays (Dasyatis, Urolophus, Raia) possess both 

primitive orthodentine (Bradford, 1967; Sasagawa, 1994) and osteodentine (Myliobatis, 

Zygobatis; Bradford, 1967). Sharks (Carcharodon, Oxyrhina), on the other hand, possess 

either the primitive or intermediate form of orthodentine (Schmidt and Keil, 1971). 

Osteichthyes most commonly possess primitive and intermediate orthodentine (Peyer, 1968; 

Schmidt and Keil, 1971), although osteodentine and plicidentine are noted in some taxa (e.g., 

Esox, Lepidosteus; Bradford, 1967).  

Among amphibians, intermediate orthodentine is found in extant urodeles (Triturus) 

and anurans (Rana; Schmidt and Keil, 1971). In extinct labyrinthodonts (e.g., 

Mastodonsaurus), the dentinal walls are laterally infolded and appear to be a form of 

plicidentine (Bradford, 1967; Schmidt and Keil, 1971). The vast majority of diapsids 

(including Sphenodon and other extant and fossil squamates) have intermediate orthodentine 

(Bradford, 1967; Schmidt and Keil, 1971). One exception is Varanus, which has a form of 

plicidentine (Bradford, 1967). Archosaurs possess intermediate orthodentine, being found in 

Crocodilus, Alligator (Erickson, 1996a), non-avian dinosaurs (Erickson, 1996b) and even in 

primitive birds (e.g., Hesperornis; Schmidt and Keil, 1971). 

Within Synapsida, sphenacodontids, non-mammalian therapsids, and some mammals 

(i.e., Insectivora, Chiroptera, Rodentia, Lagomorpha) have intermediate orthodentine (Poole, 

1956; Bradford, 1967; Schmidt and Keil, 1971). Other mammals, including Primata, 

Carnivora, Hyracoidea, Perissodactyla, Artiodactyla, Cetacea, Sirenia, and Proboscidea have 
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advanced orthodentine (Bradford, 1954). Members of Tubulidentata (e.g., Orycteropus) have 

an atypical form of dentine consisting of tubules of hexagonal prisms that is difficult to 

classify (Bradford, 1967; Schmidt and Keil, 1971). 

My dissertation focuses on dentine microwear in tetrapods. With few exceptions 

noted above (e.g., labyrinthodonts, Tubulidentata), tetrapods have some form of orthodentine 

(primitive, intermediate, or advanced) as the primary dentinous tissue in their teeth. 

Therefore, orthodentine is the specific class of dentinous tissue that will be analyzed in this 

dissertation and will be discussed in more detail here. 

 The Microstructure and Growth of Orthodentine—Orthodentine is categorized 

according to timing of formation into three categories (Kuttler, 1959).  Primary dentine, 

which consists of mantle and circumpapal dentine, is deposited during normal growth of the 

tooth until the roots are completely developed (Baume, 1980). Mantle dentine mineralizes 

first and lies closest to the tooth crown (Baume, 1980). This layer is variable across taxa in 

terms of its width, organization, and structure (Boyde, 1971). Circumpulpal dentine, 

considered the principal and central portion of orthodentine, is deposited next and fibrils in 

this layer tend to be more interwoven and packed together than in mantle dentine (Frank and 

Nalbandian, 1989a). 

Secondary dentine forms after tooth root formation is complete, and is usually 

deposited in response to normal biological function (e.g., attrition) throughout the remaining 

tooth life (Bradford, 1967), although it can also be found in unworn teeth (Boyde, 1971).  

Secondary dentine has a more densely mineralized matrix, which contains fewer dentinal 
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tubules than its predecessor, and is usually separated from primary dentine by a demarcation 

zone (Kuttler, 1959). 

Tertiary dentine is deposited in response to trauma or injury of the tooth (e.g., dental 

caries, abrasion, fracture) and is referred to as ‘reparative’ or ‘reactive’ dentine (Bradford, 

1967). Unlike primary or secondary tissues, tertiary dentine is only produced locally at the 

site of injury (Frank and Nalbandian, 1989b) and is distinguished from other dental tissues by 

having reduced or absent tubules and a less mineralized matrix (Kuttler, 1959). 

 Dentinal tubules, which house the odontoblastic process, are the most prominent 

structure visible in ground sections of orthodentine. They are generally arranged parallel to 

each other and perpendicular to the periphery of the tooth surface and extend from the 

dentine-pulp junction (DPJ) to the enamel-dentine junction (EDJ; Frank and Nalbandian, 

1989b). These mineralized structures also contain sensory nerve fibers in the 

periodontoblastic space (i.e., the space between the wall of the tubule and odontoblastic 

process; Jones and Boyde, 1984) and are more densely packed at the pulpal surface than at 

the dentine periphery. In longitudinal section, dentinal tubules follow an S-shaped primary 

curvature from EDJ to the DPJ that results from the apical retreat of odontoblasts into the 

pulp cavity (Bradford, 1967). Secondary curvatures can result from the corkscrew curve of 

the odontoblastic process within the dentinal tubule (Bradford, 1967). 

Intertubular dentine refers to the mineralized matrix between dentinal tubules in 

circumpulpal dentine, whereas peritubular dentine lies within the periodontoblastic space 

(Frank and Nalbandian, 1989a). The latter is hypermineralized relative to the former (Jones 

and Boyde, 1984; Frank and Nalbandian, 1989b) and is only present in advanced 
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orthodentine. Both the timing of mineralization (relative to intertubular dentine; Boyde, 

1971) and the distribution of peritubular dentine vary within the dentinal tubule (Boyde and 

Lester, 1967). 

Hardness and elasticity of orthodentine are well studied in some modern mammals 

and values reported here were compiled by Lucas (2004) and references cited therein. 

Young’s (elastic) modulus for human orthodentine ranges from 23-27 GPa, while 

proboscidean dentine has a considerably lower value for Young’s modulus (12.5 dry, 3.5 

wet). Toughness values for human orthodentine are 270 J m-2 across tubules and 550 J m-2 

between tubules. The overall range of hardness of orthodentine in mammals, calculated from 

human, beaver, sheep, pigtail macaque, gibbon and orang-utan, is 250-800 MPa. 

Orthodentine hardness is dependent upon the degree of mineralization of the matrix (Brear et 

al., 1990). As such, mineralization differences make mantle dentine and secondary dentine 

generally softer than primary dentine (Habelitz et al., 2001; Lucas, 2004). 

Some dentinal structures are correlated with biological factors such as health, growth, 

and age. The incomplete fusion of calcospherites during mineralization of the circumpulpal 

region results in islands of unmineralized tissue called interglobular dentine (Bradford, 1967; 

Mjor, 1984). These structures usually occur at the junction between mantle and circumpulpal 

dentine (Mjor, 1984). The presence of interglobular dentine is consistent with metabolic or 

nutritional stress during dentinogenesis (Jones and Boyde, 1984). 

Where dentinal tubules show an abrupt and distinct change in direction and curvature, 

a Schreger line is formed in orthodentine (Bradford, 1967). This change in direction is caused 

by the cessation or slowed deposition of dentine during times of metabolic stress (Bradford, 
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1967). When normal deposition is resumed, new tubules will have a slightly different 

direction and curvature than pre-existing ones, resulting in a Schreger line (Bradford, 1967). 

These structural markings are present in most teeth with orthodentine but are most prominent 

in strongly curved teeth, such as the tusks of proboscideans and walruses (Schmidt and Keil, 

1971; Hillson, 2005). In proboscidean tusks, Schreger lines exist as spiral alignments of 

dentinal tubules that intersect along the length of the tooth, resulting in a checkerboard 

appearance (Schreger pattern) of dentine in transverse section (Fisher et al., 1998). The angle 

of intersection between spiral patterns can differentiate modern elephant tusks (Elephas, 

Loxodonta) from each other, as well as from mammoth (Mammuthus) and mastodon 

(Mammut; Espinoza and Mann, 1993; Fisher et al., 1998). Contour lines of Owen are parallel 

deviations in the course of dentinal tubules that are concentric with the central pulp cavity 

(Hillson, 2005) and are recognized to be irregular (i.e., non-incremental; Boyde, 1989). 

These lines represent accentuated lines of growth associated with disruption, or even normal 

variation, of the natural rhythm of dentine deposition in teeth (Dean and Scandrett, 1996), 

although regular incremental growth lines are still present. 

Two primary incremental lines of growth, resulting from alternating faster and slower 

deposition and mineralization of the organic matrix, are visible in orthodentine: Von Ebner 

lines and Andresen lines. These structures can be studied in terms of not only their 

periodicity, but also their rate of matrix secretion (i.e., thickness). Von Ebner lines are 

concentric with the dentine formational front (i.e., dentine-enamel junction) and, within 

amniotes, have been demonstrated to represent daily increments of dentine deposition during 

tooth formation (Hoffman and Schour, 1940; Yilmaz et al., 1977; Erickson, 1996a). This 
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diurnal periodicity is suggested to be the plesiomorphic rate of dentine deposition for 

Amniota (Erickson, 1996a). Andresen lines are coarser markings than von Ebner lines and 

have a longer periodicity (several days of growth; Dean and Scandrett, 1996), including 

anywhere from four to ten days of deposition (Dean et al., 1993). Schour and Hoffman 

(1939a, 1939b) note that rates of dentine deposition are consistent across many vertebrates, 

with von Ebner lines occurring at regular 16 μm increments in the orthodentine of fish, 

diapsids, and mammals, an observation that has recently been extended to dinosaurs 

(Erickson, 1996b). There is no consistent variation in the growth rate of dentine between 

polyphydont and diphydont dentition (Schour and Hoffman, 1939a). While 16 μm is the 

average rate of dentine apposition, individual rates ranging from 1-30 μm have been recorded 

(Erickson, 1996b). Within primates, the average thickness between von Ebner lines is 4 μm 

(this rate can vary depending on location of sampling both within and among teeth; Dean and 

Scandrett, 1995), while the thickness separating Andresen lines is approximately 20 μm 

(Kawasaki et al., 1980).  Although the thickness between Andresen lines in primates 

(Kawasaki et al., 1980) coincides with that of von Ebner lines in other amniotes (Schour and 

Hoffman, 1939a), the periodicity between the two structures differs. Periradicular bands are 

additional increments noted in orthodentine that record longitudinal growth of teeth (Schmidt 

and Keil, 1971, and references therein). These bands are visible externally on longitudinal 

dentine surfaces and are frequently found in either roots of teeth or, in the case of ever- 

growing rodent incisors, the tooth crown (Rinaldi and Cole, 2004). 

In proboscidean dentine, a three-order hierarchy of incremental growth lines is well-

established for living (Loxodonta, Elephas) and fossil taxa (Mammut, Mammuthus, 
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Gomphotherium; Fisher, 1987, 1988, 1990; Fisher et al., 1998; Koch et al., 1989; Fox, 2000). 

These consist of annual first order increments, fortnight/lunar monthly second order 

increments, and daily third order increments. Annual and bi-weekly increments are also 

noted in the orthodentine of other mammalian groups, including pinnipeds (Mansfield, 1958; 

Laws, 1962), odontocetes (Hohn, 1980), and sirenians (Marsh, 1980). Second order (bi-

weekly) increments in these animals may be homologous with Andresen lines, and have 

greater periodicity in large bodied animals when compared to primates (Dean and Scandrett, 

1996). While this finding suggests a correlation between long-period incremental structures 

and body size in mammals, there is no current explanation for a causal relationship (Dean, 

2000). 

 

ENAMEL-REDUCTION IN TETRAPODS 

 

Definition 

 Enamel-reduction is defined here as a developmental loss of enamel (i.e., not related 

to functional attrition) on oral dentition, at least upon organism maturity. A developmental 

loss of enamel is differentiated from an attritional loss by the absence of enamel on the 

longitudinal axis of a tooth (i.e., from the root to the occlusal surface); functional wear 

usually affects only the occlusal surface and a circumferential layer of enamel will remain at 

the base of the crown. In this definition, the location of enamel-loss on a single tooth is not 

restricted; it can be partial (e.g., enamel lost only on the lingual or labial surface) or total 

(i.e., no enamel remains). Likewise, the extent of enamel-reduction in a taxon is not 
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constrained by this definition; enamel-loss can be present on a single tooth, several teeth, or 

the complete dentition. 

 

Distribution and Evolution 

 Using the above definition, a literature review of all tetrapods with enamel-reduction 

was conducted; the location (i.e., total versus partial) and extent (i.e., one tooth, several teeth, 

all teeth) of enamel loss, along with the growth and replacement pattern of affected teeth 

(e.g., hypselodont, diphydont, polyphydont), was recorded for higher taxa. To provide a 

measure of diversity within each lineage, the estimated number of species in each higher 

taxon was also researched. 

 There are no known occurrences of enamel-reduction in basal tetrapods (Table 1). 

Enamel-reduction in diapsids was confined to two dinosaurian lineages (i.e., Ceratopsidae, 

Hadrosauridae; Table 1), where it affected the entire dentition, but was limited to one side of 

each tooth. There were multiple higher taxa within Synapsida that exhibit enamel-reduction, 

including one non-mammalian therapsid lineage (i.e., Dicynodontia) and at least 12 

mammalian groups (Table 1); the location and extent of enamel loss in taxa spanned the 

range of possibilities listed above (Table 1). 

Evaluating the distribution of enamel-reduction in a phylogenetic context is needed to 

elucidate the number of independent evolutionary origins of this trait in Synapsida. A tree 

topology that includes all taxa in Table 1 is required for this analysis. Because no single 

analysis currently exists that has included all these taxa, a composite synapsid cladogram was 

created by grafting the strict consensus mammal tree of Asher (2007) onto the non-
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mammalian therapsid tree of Rubidge and Sidor (2001) in Mesquite (Maddison and 

Maddison, 2009). Rubidge and Sidor’s (2001) study represents the most recent 

comprehensive summary of extinct non-mammalian therapsid systematics. Asher (2007) 

utilized both morphological as well as molecular data and sampled all extant mammals 

considered in this dissertation. Names of mammalian species or lower-level taxa were 

replaced with higher-level taxon names (e.g., Didelphis changed to Didelphidae; Loxodonta 

changed to Proboscidea; consistent with the taxonomy of McKenna and Bell, 1997). Because 

Asher (2007) did not include dense species-level sampling, more inclusive trees for key 

groups  (i.e., Cetartiodactyla = Price et al., 2005; Carnivora = Bininda-Emonds et al., 1999;  

Marsupialia = Cardillo et al., 2004; Sirenia = Domning, 1994) were grafted onto the main 

tree to create a composite cladogram including all taxa in Table 1. An unordered binary 

character [enamel-reduction in maturity: absent (0), present (1)] was coded for all taxa. 

Variable presence of enamel-reduction within a clade was coded as (0&1). The history of this 

character was traced using maximum parsimony (Fitch) in Mesquite (Fig. 1).  

The character optimization in Figure 1 supports the presence of enamel as 

plesiomorphic for Synapsida, with enamel-reduction evolving at least 13 independent times 

within the clade. Thirteen is a minimum estimate because it is currently ambiguously 

optimized how many times enamel-reduction evolved within Dugongidae, Odobenidae, 

Suidae, and Physeteridae. Optimization within these clades was outside the scope of this 

analysis. Regardless, 13 independent appearances supports the conclusion that enamel-

reduction exhibits homoplasy in Synapsida. 
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The Ontogeny of Enamel-Reduction 

The developmental pathway of enamel-loss is not completely understood in living or 

extinct animals. A review of the distribution of enamel-reduction in synapsids revealed that 

enamel-reduction is always associated with a state of perpetual growth and eruption in 

affected dentition (i.e., hypselodonty; Table 1), in agreement with Gaengler (1986, 2000), 

Janis and Fortelius (1988), and Gaengler and Metzler (1992). However, the converse 

relationship is not always present (e.g., incisors of Procavia and Rhinoceros are hypselodont 

yet retain enamel on all surfaces; Hillson, 2005). Thus, understanding the ontogeny of 

hypselodont teeth is important for identifying the potential timing and sequence of events 

that lead to enamel loss. 

Hypselodont teeth are single-rooted, usually with little or no invagination of the 

dental epithelium during the bell stage of tooth ontogeny (Gaengler, 2000), and are classified 

into two categories: ‘crown’ hypselodont and ‘root’ hypselodont (sensu Janis and Fortelius, 

1988). Crown hypselodont involves the continuous formation of the crown and suppression 

of root development; in this variant, the ‘crown analogue’ of the odontogenic organ, 

surrounding the base of the crown, continuously produces enamel throughout life (Janis and 

Fortelius, 1988). Enamel in crown hypselodont teeth may be produced on the whole crown 

(e.g., notoungulates; Janis and Fortelius, 1988) or only on select areas (e.g., enamel restricted 

to the labial aspect of ever-growing rodent incisors; Janis and Fortelius, 1988). In root 

hypselodont teeth, development of dental tissues is normal in early ontogeny, with dentine 

forming first and a thin basal unit layer of enamel (BUL; sensu Sander, 1995) usually 
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developing second (Janis and Fortelius, 1988), as in cingulates (Martin, 1916), odobenids 

(Mansfield, 1958), orycteropids (Schmidt and Keil, 1971), physeterids (Hillson, 2005), and 

proboscideans (Fisher, 1996). After the bell stage in root hypselodont teeth, Hertwig’s 

epithelial root sheath does not form at the base of the tooth (i.e., dental root remains open) 

and the epithelial stem cells associated with continuous development of root dental tissues 

are retained (Tummers and Thesleff, 2003, 2008); the crown analogue of the odontogenic 

organ (capable of producing enamel) is hypothesized to be suppressed at this stage, resulting 

in a dentine tooth that grows and erupts continuously (Janis and Fortelius, 1988). The BUL 

of crown enamel that was initially present is lost early in ontogeny through wear and is not 

regenerated (Janis and Fotelius, 1988); instead, a thin outer covering of cementum is usually 

deposited during continuous growth (Janis and Fortelius, 1988; Gaengler, 2000), although 

this layer is also quickly lost at the functional surface (Fisher, 1996). 

The physiological pathway of enamel inhibition (i.e., how is the enamel-producing 

crown analogue suppressed?) is still under investigation and our current knowledge is based 

on studies of tooth development in living animals (e.g., rodents). Amar et al. (1986, 1989) 

showed that the lingual dental epithelium in crown hypselodont rodent incisors has lost the 

ability to differentiate into ameloblasts, whereas the labial side retained this competency. 

Wang et al. (2004) demonstrated that the over expression of follistatin negatively impacts the 

ameloblast-inducing activity of bone morphogenetic proteins (BMPs) during rodent incisor 

development. It is possible that this mechanism is also responsible for enamel loss in other 

lineages. In addition, experimental removal of the odontogenic (enamel) organ in rodent 

incisors results in a total loss of enamel, but continuous growth of dentine and eruption of the 
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tooth is not inhibited (Merzel and Novaes, 2006), supporting the hypothesis that suppression  

of the crown analogue is responsible for enamel-reduction. These hypotheses remain to be 

tested; more experimental work on living animals is needed before a robust understanding of 

the biological pathway of enamel-reduction is possible. 

 

Selective Forces Influencing Enamel-Reduction 

 As reviewed above, the onset of amelogenesis is always ontogenetically later than 

dentinogenesis during tooth formation. Because the presence of enamel is plesiomorphic for 

Synapsida (Fig. 1), and this tissue remains widely distributed among living members (Fig. 1), 

the loss of enamel represents a heterochronic (i.e., progenesis) change in tooth development 

in affected taxa. Because there is pronounced homoplasy of this trait in Synapsida, it is 

critical to identify and discuss potential selective forces that have influenced the evolution of 

enamel-reduction. 

Specific factors that select for secondary enamel loss have yet to be identified. In 

mammals, the material properties of food are hypothesized to be a selective force on tooth 

morphology and dental tissue structure (Simpson, 1953; Fortelius, 1985; Janis, 1988; Janis 

and Fortelius, 1988; MacFadden, 1997; Butler, 2000; Rensberger, 2000; Williams and Kay, 

2001; Lucas, 2004; Lucas et al., 2008) and the incorporation of exogenous abrasives (grit) 

during feeding (Kay and Covert, 1983; Janis and Fortelius, 1988; Kay et al., 2001; Williams 

and Kay, 2001; Bargo et al., 2006). These selective pressures require teeth to compensate for 

consuming abrasives (e.g., grit, phytoliths) that increase the rate of dental wear (Kay and 

Covert, 1983). Because enamel-reduction is always associated with hypselodonty, the key to 
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understanding why enamel is secondarily lost may lie in the evolution of ever-growing 

dentition; selection for hypselodonty is currently not well understood but the attainment of 

ever-growing dentition is developmentally constrained by incomplete wear and structural 

integrity of the tooth (Janis and Fortelius, 1988; Bair, 2007). Janis and Fortelius (1988) 

suggest that root hypselodonty and enamel-loss in tubulidentates and cingulates may be an 

adaptation for consuming food covered in exogenous, abrasive grit, which causes excessive 

dental wear; continually regenerating dental tissues helps compensate for this loss. 

 To elucidate possible hypotheses for the evolution of enamel-reduction, selective 

forces (e.g., food texture, dietary composition, incorporation of grit in diet) need to be 

analyzed in a phylogenetic context, targeting basal members of lineages with enamel loss. 

Including sister taxa that retain enamel will provide an evolutionary context for this loss, 

which may shed light on why enamel was independently lost in so many synapsid lineages. 

 

Selection of Taxa for Orthodentine Microwear Analysis 

 An evolutionary trend toward enamel-reduction is present in Synapsida (Fig. 1), 

making this group an ideal target for orthodentine microwear analysis. Because this study is 

focused only on orthodentine scar features, those groups with total enamel-reduction are 

preferential candidates for microwear analysis relative to those with a partial loss (e.g., 

rodents); potential candidates include Dicynodontia, Monodontidae, Odobenidae, 

Physeteridae, Proboscidea, and Xenarthra (note: Tubulidentata is not included because, as 

reviewed above, this group does not have orthodentine). It is also ideal to analyze 

orthodentine microwear in diverse, species-rich clades because these groups will have the 
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largest potential sample of appropriate specimens. The diversity of clades listed above is in 

Table 2. Dicynodontia, Proboscidea, and Xenarthra are the most species-rich clades (Table 2) 

and thus are the primary groups analyzed in this dissertation. The evolutionary history and 

extent of enamel-reduction in each group, along with a summary of how each group will be 

used to address the broad question of this dissertation, is reviewed in more detail below. 

 Xenarthra— This is a diverse clade of placental mammals (Gaudin and McDonald, 

2008) that include living tree sloths (Tardigrada), armadillos (Cingulata) and anteaters 

(Vermilingua). There are only 31 species of extant taxa, diversity that does not mirror the 

abundance of xenarthran taxa preserved in the fossil record (>200), including ground sloths 

(Tardigrada), glyptodonts (Cingulata) and pampatheres (Cingulata), among others (McKenna 

and Bell, 1997). The rich fossil history of Xenarthra spans more than 55 million years 

(Paleocene-Holocene), and this group presumably originated in South America (Vizcaíno 

and Loughry, 2008), where the majority of living representatives are found today (Aguiar 

and Fonseca, 2008). Teeth, in the form of hypselodont molariforms, are only found in 

cingulates and tardigrades (vermilinguas are completely edentulous), and enamel is absent in 

maturity on all extant and extinct members of these groups, with the exception of the Eocene 

cingulate Utaetus (Simpson, 1932).  

 To identify the number of independent origins of enamel-reduction in this clade, a 

composite xenarthran cladogram was created by grafting the strict consensus cingulate tree of 

Gaudin and Wible (2006) and the strict consensus tardigrade tree of Gaudin (2004) onto the 

Xenarthra tree of Englemann (1985) in Mesquite (Maddison and Maddison, 2009). These 

studies represent the most current and comprehensive analyses of xenarthran systematics; 
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because vermilinguas are edentulous, relationships among taxa within this clade are not 

important to the analysis here. Following Gaudin (2004), Pholidota and the palaeanodonts, 

Palaeanodon and Metacheiromys, were chosen as outgroups for Xenarthra. An unordered 

binary character [enamel-reduction in maturity: absent (0), present (1)] was coded for all taxa 

on the resulting composite cladogram (for vermilinguas, this character was coded as missing 

data because these taxa are edentulous), and the history of this character was traced using 

maximum parsimony (Fitch optimization) in Mesquite (Fig. 2). 

The resulting character optimization is ambiguous as to exactly when or how many 

times enamel-reduction evolved leading to the node uniting xenarthrans and palaeonodonts, 

but supports the presence of this trait on both the stem lineage of Xenarthra and within the 

clade (Fig. 2). This supports a single evolutionary loss of enamel in Xenarthra. The 

phylogenetic affinities of Utaetus within Cingulata are currently unknown, and inclusion of 

this enamel-bearing taxon may alter these conclusions. Assignment of another outgroup may 

resolve uncertainty as to the first appearance of enamel-reduction in the clade, but this is 

currently difficult because of controversy surrounding the position of the placental root (e.g., 

Asher, 2007, and references therein). In Figure 1, Xenarthra is in a polytomy with Primata, 

Afrotheria, Rodentia, and an unnamed clade uniting insectivores, carnivores, and ungulates. 

To resolve ambiguity concerning the evolution of enamel loss in xenarthrans, I included 

palaeonodonts as the sister taxon to Xenarthra on the tree in Figure 1, then united this clade 

with each of the four possible outgroups in Mesquite. When Xenarthra+palaeonodonts is 

united with Afrotheria, Primata, or the insectivore+carnivore+ungulate clade, enamel loss is 

optimized as occurring once in xenarthrans. However, if Xenarthra is united with Rodentia, it 
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is ambiguous whether enamel loss evolves once in the common ancestor of these two clades 

or independently in each clade. 

 Xenarthrans are the focus of the first two chapters of this dissertation. Chapter 1 tests 

hypotheses that diet and orthodentine microwear are correlated in extant members of this 

group. This study then uses data from extant animals as a baseline for interpreting paleodiet 

in fossil taxa. Only low-magnification microwear techniques (i.e., modified from Solounias 

and Semprebon, 2002) are used in this dissertation because this methodology is cost-

efficient, non-destructive, and generates a larger data sample (relative to some high-

magnification techniques) that is conducive to rigorous statistical testing (Semprebon et al., 

2004). This method relies on an intra- and intertooth standardized location of sampling. 

Chapter 2 will test the intertooth distribution of microwear features across the tooth row in 

several extant xenarthrans to test the necessity of standardized sampling location in 

microwear studies. 

 Proboscidea—This group includes living elephants and their extinct relatives. Much 

like Xenarthra, the diversity of extant species (i.e., Elephas maximus, Loxodonta africana, 

Loxodonta cyclotis) is dwarfed by the 179 fossil proboscidean taxa currently recognized 

(Shoshani, 2006). Proboscideans first originated in Africa in the early Eocene and rapidly 

achieved a global distribution (Shoshani, 2006). They retained this distribution until their 

rapid decline at the end of the Pleistocene; the three surviving species are restricted to Africa 

and parts of Asia (Shoshani, 2006). Enamel-reduction in this group is confined to the 

enlarged, hypselodont incisors, or tusks (Tassy, 1996). In living elephants, only the upper 
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tusks are retained, whereas many fossil proboscideans had either upper and lower tusks (e.g., 

amebelodontids) or just lower tusks (e.g., deinotheres)(Shoshani, 2006).  

 The number of independent origins of enamel-reduction in this clade was 

reconstructed on the strict consensus cladogram of Tassy (1996) in Mesquite (Maddison and 

Maddison, 2009). An unordered binary character [enamel-reduction in maturity: absent (0), 

present (1)] was coded for all taxa on the cladogram; in taxa with upper and lower tusks, if 

enamel was present on uppers but not on lowers (and vice versa), the character was coded as 

present because some form of enamel-reduction exists. Tassy (1996) originally used Sirenia 

as the outgroup of Proboscidea; here, this group is divided into Trichechidae and Dugongidae 

(sensu Domning, 1994) because the latter has enamel-reduction where the former does not, 

thereby reducing ambiguity. The history of this character was traced using maximum 

parsimony (Fitch optimization) in Mesquite (Fig. 3). 

 Enamel-reduction in proboscideans evolved once on the stem-lineage of the node 

uniting Deinotheriidae with Elephantiformes (Fig. 3; sensu Tassy, 1996). This node also 

represents the first appearance of ever-growing deciduous incisors in proboscideans 

(character 69 in Tassy, 1996), which were the ontogenetic precursors to permanent tusks. 

This result supports the prior observation that enamel-reduction is always associated with 

hypselodont dentition. Figure 3 supports the single origin and homology of enamel-reduction 

in derived proboscideans. 

 Proboscideans are the partial focus of chapter 3, where the ecological significance of 

orthodentine microwear features on the tusks of extant Loxodonta is analyzed. These patterns 

are compared to tusk microwear in another extant tusk-bearing mammal, Odobenus. 
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Collectively, results from extant taxa are used as a baseline for interpreting the potential 

ecological significance of microwear features on extinct dicynodont tusks (reviewed below). 

 Dicynodontia—This clade of Permo-Triassic non-mammalian therapsids were the 

first vertebrates to dominate the terrestrial herbivorous niche (Hotton, 1986). This group 

originated in the middle Permian and quickly achieved a global distribution (King, 1988), 

and have over 40 recognized extinct taxa (King, 1993). Dicynodonts were also among the 

only synapsids to cross the Permo-Triassic boundary, surviving the largest mass extinction in 

the Phanerozoic (Erwin, 1990). This group is thought to have gone extinct by the late 

Triassic, although some forms apparently survived locally until the Cretaceous (Thulborn and 

Turner, 2003). Although some dicynodonts were completely edentulous, many taxa 

possessed a pair of enlarged, ever-growing maxillary caniniforms that lack enamel (Camp 

and Welles, 1956; Poole, 1956; Colbert, 1974; Sullivan et al., 2003). 

 The number of independent origins of enamel-reduction in Dicynodontia was 

reconstructed on the strict consensus cladogram of Ray (2006) in Mesquite (Maddison and 

Maddison, 2009). Dinocephalia and the anomodont Patranomodon were included as 

outgroups for Dicynodontia (Rubidge and Sidor, 2001; Angielczyk, 2007). An unordered 

binary character [enamel-reduction in maturity: absent (0), present (1)] was coded for all taxa 

on the cladogram. Sources for the absence of enamel in dicynodont tusks include Camp and 

Welles (1956), Poole (1956), Colbert (1974), and Sullivan et al., (2003). The history of this 

character was then traced using maximum parsimony (Fitch) in Mesquite (Fig. 4). Despite 

missing data for numerous taxa, this character optimization supports a single evolutionary 

loss of enamel on the stem lineage leading to Dicynodontia (Fig. 4). 
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 As described above, chapter 3 focuses on comparing orthodentine microwear patterns 

on tusks between dicynodonts and extant Loxodonta and Odobenus. This analysis is used in 

conjunction with phylogeny to test the function of dicynodont tusks, which is currently 

unresolved. 

 This dissertation will provide a test of the potential ecological signal revealed by 

orthodentine microwear. Validation of this method as an ecological proxy will expand the 

number of tools we have available for paleoecological reconstruction and will contribute to 

our understanding of how the texture of food particles affects tooth wear, one of the primary 

selective forces in the evolution of dentition. 
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FIGURE 1. Maximum parsimony (Fitch optimization) of the presence of enamel-reduction in 

synapsids. Numbers next to nodes refer to clades discussed in the text: node 1 = Synapsida; 

node 2 = Therapsida; node 3 = Mammalia; node 4 = Afrotheria; node 5 = Cetartiodactyla. 

Composite cladogram was created by grafting the strict-consensus mammal topology of 

Asher (2007) onto the non-mammalian therapsid tree of Rubidge and Sidor (2001); more 

inclusive trees for key groups (i.e., Cetartiodactyla = Price et al., 2005; Carnivora = Bininda-

Emonds et al., 1999; Marsupialia = Cardillo et al., 2004; Sirenia = Domning, 1994) were 

then grafted onto the main tree to include all taxa in Table 1. Bolded names indicate taxa 

with enamel-reduction; boxes show the state of enamel-reduction for each taxon: absent in all 

members (   ), present in all members (   ), variable presence (   ). 



56 

 

 



57 

 

 

 

FIGURE 2. Maximum parsimony (Fitch) optimization of enamel-reduction within Xenarthra. 

Numbers next to nodes refer to clades discussed in the text: node 1 = Xenarthra; node 2 = 

Cingulata; node 3 = Tardigrada. Composite xenarthran cladogram was created by grafting the 

strict consensus cingulate tree of Gaudin and Wible (2006) and the strict consensus 

tardigrade tree of Gaudin (2004) onto the Xenarthra tree of Englemann (1985). Bolded names 

indicate taxa with enamel-reduction; boxes show the state of enamel-reduction for each 

taxon: absent (   ), present (   ). 
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FIGURE 3. Maximum parsimony (Fitch) optimization of enamel-reduction within 

Proboscidea, using the strict consensus cladogram of Tassy (1996). Numbers next to nodes 

refer to clades discussed in the text: node 1 = Proboscidea. Bolded names indicate taxa with 

enamel-reduction; boxes show state of enamel-reduction for each taxon: absent in all 

members (   ), present in all members (   ), variable presence (   ). 
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FIGURE 4. Maximum parsimony (Fitch) optimization of enamel-reduction within 

Dicynodontia, using the strict consensus cladogram of Ray (2006). Numbers next to nodes 

refer to clades discussed in the text: node 1 = Dicynodontia. Bolded names indicate taxa with 

enamel-reduction; boxes show state of enamel-reduction for each taxon: absent (   ),  

present (   ). 
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TABLE 1. List of tetrapods with enamel-reduction. The tooth category indicates which teeth have enamel-reduction within the 

dentition, and can vary from ‘all teeth’ to a specific category (e.g., upper canines). Location of enamel-reduction refers to where 

enamel is absent on affected teeth: total = no enamel is present in maturity; partial = only the indicated surfaces are enamel-free. 

Dental growth refers to the mode of tooth growth and replacement. 

Taxon Tooth Category Location of Enamel-Reduction Dental Growth Source 

DIAPSIDA     

Hadrosauridae All teeth Partial: upper labial, lower lingual surfaces Polyphydont Sander (1999) 

Ceratopsidae All teeth Partial: upper labial, lower lingual surfaces Polyphydont Sander (1999) 

SYNAPSIDA     

Dicynodontia Upper caniniforms Total Hypselodont Poole (1956); Sullivan et al. (2003) 

Dugongidae Upper incisors Partial: anterior, posterior, lateral surfaces Hypselodont Peyer (1968); Schmidt and Keil (1971) 

Hippopotamidae Canines, incisors  Partial: lingual surface Hypselodont Hillson (2005) 

Monodontidae Upper incisor Total Hypselodont Peyer (1968); Schmidt and Keil (1971) 

Moschidae Upper canines Partial: lingual surface Hypselodont Hillson (2005) 

Odobenidae Upper canines  Total Hypselodont Mansfield (1958) 

Physeteridae All teeth Total Hypselodont Biannuci and Landini (2006) 
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TABLE 1. Continued    

Proboscidea Upper incisors  Total  Hypselodont Tassy (1996) 

Rodentia Incisors Partial: lingual surface Hypselodont Peyer (1968); Hillson (2005) 

Suidae Canines Partial: posterior, lingual surfaces Hypselodont Peyer (1968); Schmidt and Keil (1971) 

Tubulidentata All teeth Total Hypselodont Peyer (1968); Schmidt and Keil (1971) 

Vombatidae Incisors, premolars Partial: anterior, posterior surfaces Hypselodont Dawson (1981) 

Xenarthra All teeth Total Hypselodont Schmidt and Keil (1971); Ferigolo (1985) 
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TABLE 2. Species diversity of clades with total enamel-reduction. Includes the estimated diversity of the entire group, and then the 

estimated number of species with enamel-reduction within that group. Note that Dicynodontia, Proboscidea, and Xenarthra are 

species-rich clades where nearly all members exhibit enamel-reduction. 

 

 

 

Taxon Estimated Total Diversity Species with Enamel-Reduction Source 

Dicynodontia >40 species >40 species King (1993) 

Physeteridae 30 species 10 species Bianucci and Landini (2006) 

Monodontidae 2 species 1 species Schmidt and Keil (1971) 

Odobenidae 17 species 6 species Demere (1994) 

Proboscidea 182 species 176 species Tassy (1996), Shoshani (2006) 

Xenarthra >200 species >200 species McKenna and Bell (1997) 
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CHAPTER 2:  

Dental microwear in the orthodentine of the Xenarthra (Mammalia) and its use in 

reconstructing the paleodiet of extinct taxa: the case study of Nothrotheriops shastensis 

(Xenarthra, Tardigrada, Nothrotheriidae) 
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INTRODUCTION 

 

 The morphology of mammalian teeth and dental tissue (i.e., enamel, dentine, 

cementum) organization and structure is directly influenced by the composition and 

mechanical properties of food (Lucas, 2004). Inferring paleoecology of extinct mammals 

from their dentition remains a subject of interest in vertebrate paleontology and archaeology 

(Hillson, 2005 and references therein). Feeding strategies and dietary composition (i.e., 

browsing, grazing, mixed feeding) of extinct mammals have been ascertained through 

examination of crown height, e.g., hypsodont, brachydont (Stromberg, 2006), occlusal 

surface morphology, e.g., bunodont, selenodont (Lucas & Peters, 2000), stable isotope 

geochemistry (MacFadden, 2000), wear facet morphology (i.e., mesowear; Fortelius & 

Solounias, 1999), and microscopic scar patterns (i.e., dental microwear) on wear facets 

(Solounias & Semprebon, 2002). 

 Previous investigations that have sought to infer mammalian paleoecology based on 

dentition (see above studies and references therein) have targeted enamel because it is 

commonly the external tissue of vertebrate dentition and directly subjected to mastication 

effects of food particles in the oral cavity (Lucas, 2004). In contrast, orthodentine is 

positioned inferior to enamel and thus not directly affected by the material properties of food.  

Few studies have been directed at discerning paleoecology from orthodentine, with the 

exception of geochemical research on proboscidean tusk dentine (Koch, Fisher & Dettman, 

1989; Fisher, 1996). The paleoecological significance of orthodentine remains understudied 
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relative to enamel in mammalian teeth. This gap in paleontological knowledge is exacerbated 

for those taxa that lack enamel in their dentition, e.g., xenarthrans (Ferigolo, 1985). 

 Xenarthrans constitute a clade of placental mammals that includes extant tree sloths 

(Tardigrada), armadillos (Cingulata), anteaters (Vermilingua); extinct relatives of these taxa 

include ground sloths (Tardigrada), glyptodonts (Cingulata), and pampatheres (Cingulata) 

(Gaudin, 2003). With the exception of edentulous anteaters, xenarthrans have hypselodont 

teeth (high crowned, ever-growing) that are composed of a soft, orthovasodentine core 

surrounded by harder orthodentine layer, with cementum covering the exterior of the tooth 

(Schmidt & Keil, 1971; Ferigolo, 1985). Orthovasodentine and cementum are much softer 

and thus wear faster than orthodentine. This differential wear exposes a ridge of hard 

orthodentine on the tooth (analogous with enamel shearing surfaces in other mammals) 

where food processing takes place (Naples, 1982; Vizcaíno , De Iuliis & Bargo, 1998). 

Here, I present an in-depth quantitative and statistical analysis of orthodentine 

microwear patterns in xenarthrans. These data are derived from an extensive survey of 

microwear patterns from extant taxa representing multiple dietary groups. Because multiple 

lines of independent evidence (i.e., fecal contents, functional morphology; see below) 

strongly support an herbivorous dietary strategy in the fossil ground sloth Nothrotheriops 

shastensis (Sinclair, 1905) (see below), microwear patterns in this taxon will be analyzed and 

compared with this extant database to test the utility of orthodentine microwear to reconstruct 

paleodiet of extinct taxa. Understanding both extant and extinct xenarthran ecology will shed 
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light on dietary shifts and ecological changes among sloth and armadillos, which will aid in 

the future conservation of endangered members of this group. 

 

Dental Microwear Analysis and Dentine 

 Abrasion and attrition are the forces that produce wear in dental tissues during 

mastication, and as such, are the primary cause of microwear features, e.g., scratches, pits, 

gouges (Teaford, 1991; Solounias & Semprebon, 2002). Abrasion occurs when food textures 

are tough (grass) and hard objects (seed pods, bone) or exogenous abrasive material (grit) is 

incorporated in the diet (Solounias & Semprebon, 2002). In this scenario, certain scars 

(gouges, coarse textured scratches, large pits) are formed through tooth-food contact and 

produce a rough, irregular wear surface (Solounias & Semprebon, 2002). Attritional features 

(fine textured scratches) are produced through tooth-tooth contact during mastication of soft 

food (browse, leaves) which produces a more polished, even wear surface (Solounias & 

Semprebon, 2002). The distribution and proportion of these scars on teeth can be linked to 

dietary texture (Solounias & Semprebon, 2002), although turnover of these scars is high 

(hours to days), so microwear patterns more reflect an animal’s “last meal” than a life history 

of diet (Teaford & Oyen, 1989) 

 Correlation of dental microwear features and patterns with primary diet in extant 

mammals is well established (Teaford & Oyen, 1989; Strait, 1993; Ungar et al., 1995; 

Solounias & Semprebon, 2002; Semprebon et al., 2004; Hillson, 2005; Organ et al., 2006; 

Scott et al., 2006) and allows for direct comparison of extant microwear patterns with those 
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from fossil taxa as a quantitative tool for paleodietary reconstruction (Van Valkenburgh, 

Teaford & Walker, 1990; Solounias & Semprebon, 2002; Semprebon et al., 2004; Green, 

Semprebon & Solounias, 2005; Scott et al., 2006; Ungar, Merceron & Scott, 2007). 

However, previous studies focused primarily on microwear patterns in enamel (Teaford, 

1991; Solounias & Semprebon, 2002; Green et al., 2005) and orthodentine microwear 

analysis as a proxy for diet in both extant and fossil mammals remains understudied (Lucas, 

2004). 

 Enamel microwear patterns of extant mammals cannot be used to either qualitatively 

or quantitatively elucidate paleodiet in an animal that possesses only orthodentine because of 

vast compositional and structural differences between these tissues. For example, the higher 

mineral content of enamel (~96% hydroxyapatite) relative to orthodentine (~70% 

hydroxyapatite) (Hillson, 2005) makes the former more resistant to abrasion and attrition 

(Lucas, 2004).  Therefore, until fully quantified in extant xenarthrans, orthodentine 

microwear analysis cannot be employed as a paleodietary indicator for extinct members of 

Xenarthra. 

 

Microwear in Xenarthrans 

 Paleodiet of extinct xenarthrans, e.g., ground sloths, glyptodonts, pampatheres, has 

been elucidated using multiple methods and lines of inference, including phylogenetic and 

functional analysis of cranial/mandibular morphology (Naples, 1987, 1989, 1990; Vizcaíno  

& Bargo, 1998; Vizcaíno , De Iuliis & Bargo, 1998; De Iuliis, Bargo & Vizcaíno , 2000; 
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Bargo, 2001; Vizcaíno  & De Iuliis, 2003; Muizon et al., 2004; Vizcaíno  et al., 2004; Bargo, 

Toledo & Vizcaíno , 2006), dental morphology (Ferigolo, 1985; Naples, 1990; Vizcaíno  et 

al., 1998; Muizon et al., 2004; Bargo, De Iuliis & Vizcaíno , 2006; Vizcaíno , Bargo & 

Cassini, 2006), postcranial functional morphology (Farina & Blanco, 1996; Bargo et al., 

2000), stable isotope geochemistry (Ruez, 2005; Grawe DeSantis, Bloch & Hulbert, 2006; 

Kalthoff & Tutken, 2007), and analysis of fecal contents (Hansen, 1978; Poinar et al., 1998; 

Hofrieter et al., 2000, 2003).  

 Few studies have mentioned scar features in the dentine of extant and fossil 

xenarthrans, and most of these studies applied microwear as a proxy for jaw motion (Naples, 

1982, 1987, 1990; Muizon et al., 2004; Edmund, 1985; Vizcaíno  & Bargo, 1998; Vizcaíno  

et al., 1998) rather than diet. Muizon et al. (2004) recognized that large striae visible on wear 

facets of the aquatic sloth, Thalassocnus, resulted from ingesting large quantities of sand 

during feeding. However, this novel interpretation was neither quantified nor statistically 

analyzed between specimens. Oliveira (2001) was able to qualitatively differentiate 

microwear patterns between extant cingulates at high magnification, though the robustness of 

these conclusions was hampered by low sample sizes and taxonomic diversity. In a 

preliminary analysis, Green (2007a) was able to statistically correlate xenarthran diet with 

quantiative microwear patterns. While the results of Olivera (2001) and Green (2007a) 

suggest that dentine microwear can record paleodiet, the utility of quantitative dentine 

microwear analysis to reconstruct feeding habits and dietary strategies for extinct xenarthrans 

remains untested. 
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Case study: Nothrotheriops shastensis 

 Nothrotheriops shastensis (Shasta ground sloth) belongs to the clade Nothrotheriidae; 

the sister taxon to Megatheriidae within Megatheria (sensu Gaudin, 2004). Megatheres are 

united (among other apomorphies) by the presence of strong transverse crests on their 

molariforms; the apex of the crest is formed by hard orthodentine (Naples, 1990; Gaudin, 

2004). N. shastensis thrived in North America during the Pleistocene, surviving until 

approximately 11,000 years BP (Long, Hansen & Martin, 1974) in the American southwest, 

although this taxon is reported from Florida as well (see McDonald, 1985 and references 

therein). 

 Coprolites can provide indirect evidence of paleodiet of fossil animals, provided that 

fecal matter can be linked to a taxon (Chin et al., 2003). Fossil dung attributed to N. 

shastensis is reported from several cave localities, including Rampart Cave, Arizona 

(Harrington, 1933) and Gypsum Cave, Nevada (Laudermilk & Munz, 1934).  At the latter 

locality, fecal mitochondrial DNA sequences were identical to DNA sequences isolated from 

a N. shastensis bone, confirming taxon assignment (Hofreiter et al., 2000). While no analysis 

of fecal DNA from Rampart Cave is currently available, N. shastensis is the only herbivorous 

animal recovered from Rampart cave large enough to produce such fecal matter (Hansen, 

1978). Similarity in dung appearance and composition with Gypsum Cave material further 

supports assignment to N. shastensis (Hansen, 1978). Since they can be linked to a particular 
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taxon, these coprolite specimens provide a rare window into the ecology and paleodiet of N. 

shastensis. 

Dung from Rampart Cave (40,000-11,000 yr BP) revealed a diversity of plants 

adapted to xeric environments, including desert globemallow (Sphaeralcea), mormontea 

(Ephedra), saltbushes (Atriplex), acacia (Acacia), cactus (Cactaceae) and yucca (Yucca), with 

some temporal variation existing in the proportion of genera consumed (Hansen et al., 1978). 

Gypsum Cave dung is available for a smaller temporal range (29,000-11,000 yr BP), yet 

shows more floral taxonomic diversity and temporal variation than Rampart Cave (Hofreiter 

et al., 2000). Like Rampart Cave, the majority of plants found were xeric shrubs, with the 

exception of wild grape (Vitaceae) and willow (Salicaceae) (Poinar et al., 1998). Grasses 

(Poaceae) were also present in dung from the latter locality (Poinar et al., 1998), yet are 

nearly absent from Rampart Cave material (Hansen et al., 1978). Plant composition in N. 

shastensis dung from these localities strongly supports an opportunistic browsing or mixed-

feeding strategy for this ground sloth (Hansen et al., 1978; Poinar et al., 1998; Hofreiter et 

al., 2000), which is corroborated by independent lines of evidence from cranial and dental 

functional morphology in this animal (Naples, 1987, 1990). 

Based upon the multiple independent lines of evidence (outlined above) that confirm 

an herbivorous diet for N. shastensis, I hypothesize that microwear patterns on N. shastensis 

orthodentine are more similar to patterns in tardigrades (herbivorous) than cingulates (non-

herbivorous), and provide evidence that orthodentine microwear analysis can be used to 

estimate paleodietary strategies in fossil xenarthrans. Such analysis provides an ideal starting 
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point in determining the paleoecological significance of orthodentine microwear analysis in 

fossil animals, as well as in elucidating the broader ecological question: what factors 

prompted selection for the loss of enamel within the Xenarthra? 

 

MATERIAL AND METHODS 

 
Specimen Selection 

 A total of 255 xenarthran tooth specimens from 20 extant species were selected for 

microwear analysis from the mammal collections at the following institutions: Smithsonian 

Institution, Washington D.C. (USNM); American Museum of Natural History, New York, 

NY (AMNH); Florida Museum of Natural History, Gainesville, FL (FLMNH); North 

Carolina State University Research Collection, Raleigh, NC (NCS); Museum of Comparative 

Zoology, Harvard University, Cambridge, MA (MCZ). Both young adult and adults were 

included in this analysis; all teeth were in situ in maxillae. Because of the uncertainty of 

dietary composition in captivity (Gilmore, Da Costa & Duarte, 2001), no captive specimens 

were included in this study. 

 Standardized dental nomenclature follows Smith & Dodson (2003). In order to 

provide a standardized location of microwear sampling, the upper second molariform (M2) 

was chosen for analysis for Tardigrada, whereas the upper sixth molariform (M6) was 

analyzed for Cingulata. These specific teeth were selected due to their position at or near the 

middle of the dental row in both groups (Naples, 1982; Smith & Redford, 1990) and both 

teeth develop well-defined wear facets (Naples, 1982; Smith & Redford, 1990; Vizcaíno  et 
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al., 1998) that are target areas of microwear analysis (Solounias & Semprebon, 2002). 

Ideally, a single tooth position should be standardized for the entire sample, but such is not 

feasible due to the reduced dental formula of sloths (Naples, 1982) relative to armadillos 

(Vizcaíno  et al., 1998). To standardize a sampling location, the anterior-most cingulate 

dentition would have to be targeted. However, these teeth are the smallest in series (Smith & 

Redford, 1990), which reduces the size of the area available for examination of microwear 

features under low-magnification (35X). M6 is an ideal choice because of its larger occlusal 

area. 

 In addition to extant specimens, a preliminary sample for fossil taxa (n=3) of isolated 

M3s of the fossil ground sloth, Nothrotheriops shastensis, from the University of California 

Museum of Paleontology, Berkeley, CA (UCMP) were analyzed for microwear patterns. 

Specimens were selected from two Late Pleistocene (Rancholabrean North American Land 

Mammal Age) localities: Potter Creek Cave, Shasta County, CA (Sinclair, 1905) and Hawver 

Cave, El Dorado County, CA (Stock, 1918). Both M3s from Potter Creek are left teeth, 

discounting the possibility of origin from the same individual. While standardization of tooth 

position between extant and extinct taxa in quantitative microwear analysis is ideal, a 

sufficient sample of N. shastensis M2s was not available for this preliminary study. Green 

(2007b) demonstrated that there is no significant statistical difference in specific microwear 

features between different tooth positions in series for extant tardigrades. Based on these 

results, this study assumes that tooth position should not affect microwear results in fossil 
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sloths. Additional investigation of microwear patterns in N. shastensis, using a larger sample 

of teeth from multiple Rancholabrean localities, is needed. 

 

Molding-Casting 

 Each specimen was cleaned, molded, and cast for dental microwear analysis 

following methods modified from Solounias & Semprebon (2002). Specimens were first 

cleaned with acetone or Zip-Strip shellac remover (Star Bronze Company), in order to 

remove fixatives/glues previously applied to the tooth that might obscure the microwear 

signature, and then a 95% ethanol solution was applied; cotton swabs were used as 

applicators. When completely dry, the surfaces of the upper teeth were molded twice with 

polyvinylsiloxane dental impression material (“President Plus Jet Regular Body, Surface 

Activated 4605”; Coltene/Whaledent Inc.). The first mold was applied as a final cleaning 

step and was subsequently discarded. The second was used for casting and microwear 

analysis. A layer of lab putty was applied to the edge of the mold in order to prevent liquid 

casting material from spilling out. Epoxy resin (Epo-kwick – Buehler) was mixed at a resin-

hardener ratio of 5:1 and centrifuged for 4 minutes at 1000 rpm. Resin was poured by 

dribbling liquid along the margin of the mold. The formation of air bubbles during casting 

can completely obscure microwear features. To reduce air-bubble formation, each cast was 

deep-vaccumed at 124 mm Hg for one minute (repeated four times). The resin was then 

allowed to polymerize for at least 24 hours. 
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Data Collection 

Epoxy resin casts were analyzed at 35 times magnification using a Zeiss Stemi 2000-

C stereomicroscope. Microwear features were identified within a standard (0.4 mm²) 

counting square (using an ocular reticle) on the occlusal surface of teeth. The structure of 

xenarthran teeth was previously described as consisting of an orthovasodentine core, a 

middle orthodentine layer, and an external covering of cementum with the orthodentine 

forming an elevated ridge on teeth (Schmidt & Keil, 1971; Ferigolo, 1985). This ridge was 

targeted for microwear analysis, as it is the main area of food processing on the tooth. 

Counting microwear features in areas of cementum and orthovasodentine was avoided due to 

their soft nature (see Introduction). While it is difficult to control the specific location of 

microwear analysis due to differential wear state and preservation between both individuals 

and species, a general strategy of consistently counting features on two different locations 

near the lingual-most and labial-most periphery of orthodentine on the mesial wear surface 

(where cusps can form in many taxa; Naples, 1982, Smith & Redford, 1990; Vizcaíno  et al., 

1998) is followed for extant xenarthrans.  In Nothrotheriops shastensis, the orthodentine 

band is found along the apex of transverse crests (Ferigolo, 1985; Naples, 1987, 1990), so the 

lingual- and labial-most regions along the mesial edge of the anterior crest were targeted. 

A fiberoptic light source was directed across the surface of each tooth cast at a 

shallow angle to the occlusal surface in order to make microwear features stand out in bold 

relief. The angle of the light source was adjusted during analysis to optimize the viewing of 
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different features (see Solounias & Semprebon, 2002 and Semprebon et al., 2004 for further 

discussion on lighting techniques). 

Seven microwear variables were analyzed in this study: (1) number of scratches; (2) 

number of pits; (3) predominant scratch texture (fine, coarse, or a mixture); and the presence 

of (4) hypercoarse scratches; (5) >4 cross-scratches; (6) >4 large pits; (7) gouges. Variables 1 

and 2 were quantified in both counting areas and averaged together as a representation of 

scratch number and pit number per specimen. Variables 3-7 are discrete and were recorded as 

either present (1) if the noted feature existed in at least one of the counting areas, or absent 

(0) if the feature was not seen in either counting area. Criteria for identifying microwear 

features and scoring variables (sensu Solounias & Semprebon, 2002; Semprebon et al., 2004) 

is briefly reviewed below. 

Scratches are identified as being much longer than they are wide. Fine texture 

scratches appear the narrowest, whereas coarse texture scratches are much wider and more 

refractive under illumination. Cross-scratches are defined as those oriented nearly 

perpendicular to the axis of the majority of scratches on the tooth. Hypercoarse scratches are 

wide troughs cut into the tooth surface – these are much wider, though less refractive, than 

coarse scratches. Pits are more uniform in width and length. Small pits tend to be highly 

refractive pin-points of light on the tooth surface, whereas large pits not only have a larger 

diameter, but are also less refractive. Gouges are about 2-3 times larger than the latter 

variable, and are much deeper with ragged, irregular edges and low refractivity. The reader is 
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referred to Solounias & Semprebon (2002) and Semprebon et al. (2004) for a visual reference 

of microwear features described in this study. 

Independent reproducibility of results is important in scientific studies. Semprebon et 

al. (2004) have addressed this issue for the low-magnification microwear method employed 

herein and found that both single- and inter-user reproducibility in counting and identifying 

microwear scars is statistically robust. However, it is important to note that proper training is 

required to ensure consistency in feature identification. The author was trained by the 

original inventors of this method, N. Solounias and G. Semprebon. 

 

Dietary Categories 

Each extant species was assigned to one of four dietary categories: Carnivore-

Omnivore, Folivore, Frugivore-Folivore, and Insectivore based on known diet. All extant 

armadillos (Dasypodidae) were assigned to either Carnivore-Omnivores or Insectivores, 

following the scheme of Redford (1985) for cingulates. While Redford (1985) recognized 

both generalist and specialist insectivores among armadillos, this paper condenses these 

groups into a single category in the interest of reducing variables for statistical analysis. 

Although Dasypus sp. are assigned to Insectivores in this study because the majority of their 

diet is insects (Redford, 1985), these taxa can consume plant and animal material on a varied, 

seasonal basis (Kalmbach, 1943; Taber, 1945; Redford, 1985; Smith & Redford, 1990; Sikes, 

Heidt & Elrod, 1990). 
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Much of our knowledge of sloth diet is limited based on captive animals (Gilmore et 

al., 2001). Bradypus sp. are specialized feeders that almost predominately consume foliage 

(Montgomery & Sunquist, 1975; Chiarello, 1998), whereas Choloepus sp. are more 

generalized herbivores that feed on both leaves and fruit on a regular basis (Meritt, 1973, 

1985a). Therefore, Bradypus sp. are categorized here as Folivores and Choloepus sp. as 

Frugivore-Folivores. 

 

Multivariate Statistics 

 Canonical discriminants functional analysis was applied to determine which 

microwear variables best predict diet among extant xenarthrans. All microwear variables 

were included, with dietary category (Carnivore-Omnivore, Folivore, Frugivore-Folivore, 

Insectivore) as the grouping variable. Wilks’ Lambda test was used as a metric of 

significance for resulting functions.  

Hierarchical cluster analysis was first used to group similar microwear patterns 

among different xenarthran species. A second test was used to gauge similarities in 

microwear patterns between extant taxa and Nothrotheriops shastensis to determine the 

power of orthodentine microwear analysis in predicting diet in fossil xenarthrans. All 

microwear variables were standardized on a 0 to 1 scale then clustered using single linkage 

(nearest neighbor) and Euclidean distance. All tests were conducted in a PC environment 

using SPSS (Statistical Package for Social Sciences, Inc.) version 16.0. 
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RESULTS 

 

 Figure 1A-E illustrates microwear patterns that are representative of each extant 

dietary group. Appendix provides raw data collected for each individual specimen in this 

study; Table 3 documents the mean microwear results for all variables in all species for each 

dietary group in this study. Figure 2 plots mean scratch and pit values for every species 

included and designates ecomorphospace boundaries for all four extant xenarthran dietary 

categories based on peripheral data points for each group. Intragroup trends and disparities in 

microwear variables are reported below. 

 

Carnivore-Omnivore 

 Mean scratch and pit number is consistent between the four Carnivore-Omnivore taxa 

studied. Microwear scars are present on generally irregular and unpolished surfaces in this 

dietary group, with a mixture of fine and coarse scratches and gouges common (Fig. 5A). 

Hypercoarse scratches are only present in Chaetophractus vellerosus (Gray, 1865) and 

Euphractus sexcinctus (Linnaeus, 1758), with the latter species having a higher proportion 

(Table 3). E. sexcinctus also has the highest proportion of >4 cross-scratches, >4 large pits, 

coarse texture scratches, and gouges for the group, with the last variable being present in 

nearly all individuals (Table 3). One-third of Zaedyus pichiy (Desmarest, 1804) individuals 

show predominately fine texture scratches, with this variable being nearly absent in the other 

three taxa (Table 3). 
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Frugivore-Folivore 

 This category represents the two-toed sloths, Choloepus didactylus (Linnaeus, 1758) 

and Choloepus hoffmanni Peters, 1859, and is the smallest dietary group in terms of sample 

size. These species are extremely similar in terms of continuous variables, yet they differ in 

proportion of certain discrete variables (Table 3). Scratches and pits exist on an irregular, 

unpolished wear surface, with gouges and >4 large pits quite common to the group (Fig. 5B), 

yet proportions of both latter variables differ between species (Table 3). C. didactylus 

(Linnaeus, 1758) has a higher percentage of cross-scratches, hypercoarse scratches, gouges, 

and coarse texture scratches than C. hoffmanni Peters, 1859, with more disparity occurring in 

the latter two variables (Table 3). C. hoffmanni shows the greatest frequency of >4 large pits 

(Table 3). 

 

Insectivore 

 The Insectivore group contains ten armadillo species and is the largest and most 

inclusive of the dietary categories. As with the prior two groups, microwear scars are visible 

on a rough, irregular wear surface (Fig. 5C). The range of number of pits is widest for this 

group compared to all others and these values are evenly distributed about the mean (Table 

3). The distribution of number of scratches is right-skewed, ranging from seven in Tolypeutes 

matacus (Desmarest, 1804) to 15 in Cabassous centralis (Miller, 1899) with a mean of ~9 

(Table 3). Compared to other Insectivores in this study (Fig. 5C; Table 3), C. centralis is an 
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outlier based on a high number of scratches visible on a polished, refractive wear surface, 

and the relatively high frequency of hypercoarse scratches (Fig. 5D; Table 3). 

 To the exclusion of C. centralis, the remaining Insectivores are quite variable in terms 

of discrete characters. Cross-scratches are common in Cabassous unicinctus Linnaeus, 1758, 

yet less so in other taxa (Table 3). Gouges are common in most taxa, while less frequent in 

Dasypus novemcinctus Linnaeus, 1758 and Dasypus kappleri Krauss, 1862, and absent in 

Chlamyphorus retusus (Burmeister, 1863) and Chlamyphorus truncatus Harlan, 1825 (Table 

3). Greater than 4 large pits are found in approximately half of Dasypus hybridus (Desmarest, 

1804) and the majority of Dasypus sabanicola Mondolfi, 1968, and Cabassous tatouay 

(Desmarest, 1804) individuals (Table 3). Finally, the proportion of fine texture scratches is 

highest in Chlamyphorus sp. and D. kappleri, while the rest of the species show 

predominately mixed texture scratches (Table 3). Only C. tatouay and D. novemcinctus have 

hypercoarse scratches present (Fig. 5C). 

 

Folivore 

 The three-toed sloths (Bradypus sp.) comprise the Folivore dietary category and are 

relatively uniform in their microwear signature. Besides having the highest number of 

scratches for all four dietary categories (Table 3), this group also possesses the highest 

proportion (~40%) of fine texture scratches on a generally polished, refractive surface (Fig. 

5E) – a feature not common in other dietary groups. While completely absent in Bradypus 

torquatus Illiger, 1811, gouges and >4 large pits occur with low frequency in other Folivores 
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(Table 3). Hypercoarse scratches are uncommon in B. torquatus and absent in Bradypus 

pygmaeus Anderson & Handley, 2001 (Table 3). Relative to the group, Bradypus tridactylus 

Linnaeus, 1758 has the highest proportion of hypercoarse scratches, gouges, and mixed 

texture scratches, whereas B. pygmaeus has the highest proportion of fine texture scratches 

yet the lowest number of individuals with cross scratches (Table 3). The latter variable is 

found in the majority of individuals in the group, being most common in Bradypus 

variegatus Linnaeus, 1758 (Table 3). 

 

Nothrotheriops shastensis 

 Dental microwear patterns in Nothrotheriops shastensis are clearly visible under low 

magnification along the orthodentine ridge of examined casts (Fig. 5F). Individual microwear 

features (i.e., scratches, cross scratches, gouges, hypercoarse scratches) were similar in 

appearance to those in extant xenarthrans (Fig. 5A-E). This species records a high overall 

number of scratches (~14) that are mixed (fine and coarse) in texture on a relatively polished, 

refractive surface (Table 4). Gouges and cross-scratches are present in all three individuals; 

>4 large pits and hypercoarse scratches are only present in one individual. This species also 

possesses the lowest overall number of pits (~49) compared to all extant taxa (Tables 3, 4). 
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DISCUSSION 

 

Can dentine microwear predict diet in extant xenarthrans? 

 The accuracy of a predictive model is statistically determined by measuring the 

deviation of experimental results from a control. In this study, the predictive power of 

dentine microwear analysis to diagnose dietary strategy in extant xenarthrans (for whom diet 

is known) was statistically tested through canonical discriminant function analysis. 

Identifying overall similarity between microwear signatures of different species (with no a 

priori hypothesis) was conducted via hierarchical cluster analysis. 

 In order to discriminate between four extant dietary groups, three canonical functions 

were formed by SPSS for this analysis. Wilks’ Lambda tests indicate each function is 

statistically significant. Function 1 (p<0.01) explains 73.1% of the variance in the data and 

distinguishes Folivores from all other groups. Function 2 (p<0.01) explains 16.9% of the 

variance and distinguishes Frugivore-Folivores from all other groups. Function 3 (p<0.01) 

distinguishes Carnivore-Omnivores from all other groups, yet only accounts for 4.8% of the 

variance. 

 Overall, discriminant function analysis correctly classified 63.1% of xenarthran 

individuals into their dietary group using six of the seven microwear variables (“coarse 

scratch texture” was statistically rejected by SPSS) (Table 5). Classification accuracy is 

deflated by overlap between Carnivore-Omnivore and Insectivore microwear signals and is 

discussed below. Folivores have the highest overall accuracy (76%), indicating the 
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segregation of this microwear signal from other dietary groups (Table 5). Such is reflected in 

the high variance explanatory power of Function 1 (73.1%). Frugivore-Folivores have the 

second highest correct classification rate (71.1%), with Insectivores following (64.5%). Only 

40.4% of Carnivore-Omnivores were classified correctly, labeling this group the most 

difficult to differentiate overall, as indicated by low amount of variance (4.8%) explained by 

Function 3. 

The ability of discriminant function analysis to differentiate between Carnivore-

Omnivores and Insectivores is hindered by overlap in microwear signal between these groups 

(Fig. 6). More Carnivore-Omnivore individuals were misclassified as Insectivores (32.7%), 

and vice versa (16.4%), than in any other dietary group (Table 5). A number of Carnivore-

Omnivores were also misclassified as Frugivore-Folivores (19.2%; Table 5). Thus, dentine 

microwear variables used in this study provide little resolution of dietary relationships 

between Carnivore-Omnivores and Insectivores (this observation is discussed in more detail 

below). This result does not diminish the discriminatory power of dentine microwear 

analysis, but rather redefines the level at which dietary conclusions can be drawn. 

While it is difficult to distinguish between cingulate dietary categories, a clear 

differentiation of Folivores (76.0%) and Frugivore-Folivores (71.1%) is reflected in the 

higher percentage of correct classification for these groups (Table 5) and is visible in Figure 

2. These data show it is possible to quantitatively discern exclusively herbivorous taxa 

(Bradypus, Choloepus) from those that are more omnivorous or carnivorous via dentine 

microwear analysis. 
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Since microwear turnover is high, an animal’s “last meal” may not always provide a 

normal dietary signature (Teaford & Oyen, 1989). Classification using discriminant function 

analysis may be hindered by variability in microwear between individuals of same species. 

When discriminant function analysis is re-run using species average values (see Table 3), 

instead of individual counts, the results are more encouraging. 80.0% of all species are 

classified into their correct dietary group. Both Frugivore-Folivores and Folivores are 

completely differentiable (100% correct classification). Some misclassification still occurs 

for Carnivore-Omnivores (75% correct classification) and Insectivores (70% correct 

classification), yet these values are much higher using species averages rather than individual 

counts (Table 5). For Carnivore-Omnivores, Zaedyus pichiy was misclassified as an 

Insectivore; in the latter group, Cabassous centralis, Dasypus novemcinctus, and Tolypeutes 

matacus were mis-classified as Carnivore-Omnivores. Low classification accuracy occurs 

when individual counts are used in the model; average values based on larger samples better 

reflect the true microwear signal of a species in a dietary group. A single tooth should not be 

used to identify the microwear signal of an entire species (particularly for extinct taxa). 

Hierarchical cluster analysis for all extant species using all microwear variables 

clustered all Folivores (Bradypus sp.) as a distinct group, yet failed to reconstruct other 

dietary categories. Frugivore-Folivores (Choloepus sp.) were more similar to Insectivores 

(Dasypus sp., Cabassous tatouay) than to each other. These taxa, along with all other 

Carnivore-Omnivore and Insectivore species, were lumped together in a large cluster, with 

Cabassous centralis as the basal-most member (Fig. 7). The Insectivores Chlamyphorus 
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retusus and C. truncatus were grouped as a distant outgroup to all other extant species; such 

may be an artifact of low sample size (Table 3). The resolution of Folivores as a group from 

all other species reflects higher proportions of coarse microwear features such as gouges, 

hypercoarse scratches, and large pits that are lacking in Bradypus yet common in Frugivore-

Folivores, Insectivores, and Carnivore-Omnivores (Table 3). 

Discriminant function analysis and hierarchical cluster analysis demonstrate that 

dentine microwear analysis has significant statistical power in distinguishing herbivorous 

diets (particularly Folivores) from non-herbivorous diets within Xenarthra. These results are 

encouraging in the ability of dentine microwear analysis to test paleodietary hypotheses (i.e., 

folivory vs. omnivory, insectivory) of fossil xenarthrans. 

 

Dentine microwear as a proxy for xenarthran diet 

Both a visible (Fig. 6) and statistical (Table 5) correlation exists between dentine 

microwear patterns and primary diet in the orthodentine of extant xenarthrans. While it is 

difficult to distinguish between an insectivorous/omnivorous diet using microwear patterns, 

exclusive herbivory (i.e., Frugivore-Folivores, Folivores) in xenarthrans is defined by a 

higher overall number of scratches (>10) (Table 3; Fig. 6). In contrast, mean number of pits 

shows complete overlap between all four dietary categories (Fig. 6) and, based on these 

results, should not be used to interpret or infer diet in either extant or extinct xenarthran taxa. 

A similar trend was recovered in enamel microwear analysis of extant ungulates – number of 

scratches was more diagnostic of diet than number of pits (Solounias & Semprebon, 2002). 
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Mean scratch number is the most diagnostic dietary variable among extant xenarthrans in this 

study. 

The dietary significance of discrete microwear variables is more complex than 

continuous ones. The presence of a single variable is not exclusively diagnostic of a single 

dietary group. For example, though Folivores tend to have high proportions of fine-textured 

scratches (Table 3), this feature is not independently indicative of a folivorous diet (fine 

scratches are found in the Carnivore-Omnivore, Zaedyus pichiy, and the Insectivores, 

Dasypus kappleri and Chlamyphorus sp.; Table 3). However, a high number (>10) of finely-

textured scratches, coupled with the presence of multiple cross scratches, is more indicative 

of herbivory than an insectivorous or omnivorous diet (Table 3). A suite of both continuous 

and discrete microwear variables is necessary to properly diagnose primary diet in an extinct 

taxon whose diet is unknown. Variables that are diagnostic of dietary groups are summarized 

in Table 6 in order to provide an overall dietary classification template of xenarthran 

microwear patterns. 

 

The Overlap of Microwear Patterns in Cingulata 

Overlap in the dietary dichotomy of extant cingulates (i.e., Insectivores, Carnivore-

Omnivores; Fig. 6) remains interesting and is not without ecological significance. Armadillos 

incidentally ingest large quantities of sediment and grit during fossorial feeding of insects, 

microvertebrates, and plant material (Redford, 1985), as sediment is abundant in the feces 

and stomachs of both Carnivore-Omnivore (Chaetophractus vellerosus; Greegor, 1980), and 



87 

 

Insectivore (Cabassous centralis [Redford, 1985], Dasypus novemcinctus [Kalmbach, 1943; 

Taber, 1945], Tolypeutes matacus [Bolkovic, Caziani & Protomastro, 1995]) armadillos, 

accounting for up to half of stomach contents in some animals (Kalmbach, 1943; Greegor, 

1980). The relatively homogeneous microwear signal between cingulate dietary groups could 

be indicative of the incidental consumption of abrasive grit and sediment, which is more 

denotive of the fossorial lifestyle of armadillos than dietary composition. 

The highly seasonal and/or opportunistic diet of many extant cingulate species 

(Kalmbach, 1943; Taber, 1945; Redford, 1985; Bolkovic et al., 1995) is not considered in the 

generalized dietary classification used herein. Dasypus novemcinctus has already been 

discussed (see Dietary Categories). T. matacus is considered a specialist insectivore, although 

plants/fruit are consumed regularly throughout the winter months (Bolkovic et al., 1995). 

Another example is the Carnivore-Omnivore, C. vellerosus which primarily consumes insects 

in the summer months (Greegor, 1980). Interestingly, the Insectivores D. novemcinctus and 

T. matacus were misclassified as Carnivore-Omnivores by discriminant function analysis 

using species averages. Furthermore, cluster analysis (Fig. 7) revealed D. novemcinctus, D. 

kappleri and T. matacus to be more similar to Carnivore-Omnivore taxa than to each other. 

These results suggest that seasonality of diet in armadillos may be a compromising factor 

when differentiating microwear signals in Cingulata. A current lack of data (i.e., time of 

death) for many specimens precludes a test of the hypothesis that seasonal variation in diet is 

reflected in microwear patterns of armadillos. 
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Without accounting for season of death (which is not necessarily coincident with time 

of collection for museum specimens) in extant cingulates, it is not surprising that so much 

overlap between Carnivore-Omnivores and Insectivores exists. A more in-depth excursion 

into analyzing microwear features in cingulates, using approximated time of death to account 

for seasonal diet or, ideally, direct observation of the last meals ingested by the animal, is 

necessary to differentiate primary diet between species based on dentine microwear patterns. 

On further distinguishing microwear signals in Cingulata, Oliveira (2001) was able to 

distinguish scar patterns not only between Carnivore-Omnivores and Insectivores, but also 

within the latter group. It is difficult to make direct comparisons between the results of this 

study and Oliveira’s (2001) analysis because of the contrasting levels of examination; low-

magnification (35X) analyses are unable to distinguish the same features visible under SEM 

(Semprebon et al., 2004). Nevertheless, Oliveira’s study suggests that detailed resolution of 

microwear patterns within Cingulata is possible under higher magnification, which should be 

considered for future work. The current data from low-magnification analysis supports a 

homogenous signal between Insectivores and Carnivore-Omnivores resulting from incidental 

geophagy (consumption of sediment) and fossorial lifestyle. 

 

Enamel vs. Dentine Microwear 

Microwear features in xenarthran orthodentine are similar in appearance (Fig. 5A-E) 

to those in found in enamel (Solounias & Semprebon, 2002; Semprebon et al., 2004), 

although the proportion of these features differs between the two tissues for different diets. 
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For example, Solounias & Semprebon (2002) noted that extant mammalian grazers typically 

have a scratch count of >17, whereas browsers are represented by significantly fewer 

scratches (<17). In dentine, a high proportion of scratches (13-17) represent a browsing, 

folivorous diet (Table 3; Fig. 6). If dietary correlations based on enamel patterns were 

applied to dentine Bradypus variegatus would likely be classified as a grazer or mixed 

feeder, which is erroneous based on known dietary observations (see Dietary Categories).  

While the proportion of features varies for diet between enamel and dentine, the presence of 

specific scar features or patterns in dentine can still be correlated with dietary texture based 

on enamel microwear research. 

Dentine differs in hardness relative to enamel, yet should still experience the same 

forces (abrasion, attrition) while processing food (Lucas, 2004). Xenarthrans who consume 

hard objects (Carnivore-Omnivores, Insectivores, Frugivore-Folivores) should have 

microwear patterns that reflect more abrasion than attrition, similar to enamel. This 

hypothesis is corroborated herein; the presence of gouges and an irregular wear surface are 

common in fossorial cingulates and Frugivore-Folivore browsers (Fig. 5A-C), yet are less 

frequent in Folivores (Fig. 5E; Table 3). The prevalence of large pits in Frugivore-Folivores 

supports the consumption of seed pods during fruit consumption (Solounias & Semprebon, 

2002); alternatively, the irregular, damaged wear surface and gouge features seen in this 

group (Fig. 5B) could result from acid erosion of hydroxyapatite caused by low pH of 

consumed fruits (Lucas & Corlett, 1991) or from abrasive dust that accumulates on plants in 

tropical rain forest canopies (Ungar et al., 1995). 
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Attrition is expected in primarily soft-food consumers (Folivores). Coarse scratches 

are absent in all 56 Bradypus sp. specimens (Table 3), indicating a lack of abrasive foods in 

diet. A preponderance of fine to mixed scratches on a polished wear surface in Folivores 

supports attritional wear through the consumption of soft food, e.g., leaves. 

 

The Effect of Dentine Microstructure on Microwear 

While primary diet and food texture are interpreted in the previous section as the 

principle component of dentine microwear formation, additional factors such as dental 

microstructure can contribute to microwear formation and affect dietary interpretations. The 

microstructure of enamel has a direct influence on the morphology and distribution of 

microwear features between phylogenetically distinct groups of vertebrates (Maas, 1991). 

For example, the prismless enamel of crocodiles responds differently to abrasion and 

shearing during mastication than mammalian prismatic enamel (Maas, 1991). However, no 

experimental study has yet examined how microstructural differences in dentine can affect 

microwear patterns.  

 Enamel is structurally diverse across all vertebrates, particularly within amniotes. 

(Koenigswald & Sander, 1997; Sander; 1999). With the exception of the agamid lizard, 

Uromastyx sp., prismatic enamel is restricted to mammals and numerous variations on the 

arrangement and orientation of enamel prisms within teeth are recognized (Koenigswald & 

Sander, 1997). Despite its phylogenetic antiquity, orthodentine is a structurally more 

conservative dental tissue than enamel among vertebrates, although some variation is noted 
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within mammals (Bradford, 1967). Ferigolo’s (1985) comparative study of dental structure 

within Xenarthra concluded that orthodentine was structurally similar both between 

cingulates and tardigrades, as well as with other mammals. Differences in orthodentine 

structure within Xenarthra are likely not significant enough to produce false microwear 

signals in this study, though this hypothesis remains to be tested. 

 

The Anomaly of Cabassous centralis 

Cabassous centralis is a nocturnal, fossorial cingulate that inhabits a variety of 

habitats (upper grassland to riparian) in Central America and northern South America 

(Meritt, 1985b; Wetzel, 1985). This armadillo is classified as an ant/termite specialist with 

few exceptions (Redford, 1985 and references cited therein). However, mean number of 

scratches (the most diagnostic dentine microwear feature identified for xenarthrans) and the 

frequency of hypercoarse scratches are higher in C. centralis than all other Insectivores 

(Table 3, Fig. 6). 

A plot of scratch and pit counts for C. centralis individuals reveals a bimodal 

distribution (Fig. 8), with most individuals falling within the Frugivore-Folivore range and 

four specimens placed in or beyond the Folivore range (Fig. 8; Appendix). The latter four 

specimens contribute to the high mean scratch count (>16) for C. centralis. Three of these 

specimens (MCZ 27492-27493, 25922) were all collected from the general locality of 

Alahuela, Panama, with no other C. centralis individuals in this study reported from this 

location. It is possible that high scratch counts are indicative of a different diet or feeding 
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behavior in Panama, suggesting a pattern of geographic variation in diet for C. centralis. An 

additional specimen (USNM 314577) from Pacora, Panama has a much lower scratch count 

(11.5), while a fifth specimen with high scratch counts (USNM 281292) comes from El 

Salado, Colombia, and is not geographically allied MCZ 27492, 27493 or 25922. These 

inconsistencies likely refute geographic variation in diet. Conversely, it is possible that 

soil/sediment composition creates enhanced scarring of dentine at this specific locality 

relative to others. The latter hypothesis should be further investigated, as hardness and other 

physical properties of different sediments that armadillos consume may leave a signature in 

the microwear pattern that can be detected. 

While it is clear these four specimens do contribute to the abnormally high scratch 

count, the remaining C. centralis specimens still have high individual scratch counts (Fig. 8). 

If the four extreme values are excluded, the average scratch count would be 11.93, which is 

higher than the range of Insectivores and more similar to Frugivore-Folivores (Table 3). 

There is no statistical basis for excluding these four values as they constitute ~37% of the 

sample, and they are interpreted herein as part of the true microwear signature of C. centralis. 

Since scratch counts are so high, a statistical assignment to Folivores or Frugivore-Folivores 

is expected. Interestingly, discriminant function analysis using species averages misclassified 

C. centralis as a Carnivore-Omnivore rather than an herbivore. This result could be attributed 

to the higher frequency of hypercoarse scratches (~45%; Table 3) in this taxon, which is a 

variable more characteristic of Carnivore-Omnivores than other dietary groups (Table 6). 

Additionally, cluster analysis did not group C. centralis among extant Folivores (Fig. 7). The 
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combination of a high number of scratches along with the presence of hypercoarse scratches 

in C. centralis is anomalous compared to microwear in all other extant xenarthran species in 

this study. 

There is not enough data to sufficiently explain abnormally high scratch counts in C. 

centralis - there is only suggestion. It is possible this armadillo does not consume large 

amounts of grit; instead, C. centralis only feeds on soft-bodied insects, which explains the 

high number of scratches visible on a polished wear surface (Fig. 5D). This is unlikely due to 

reports of soil in C. centralis feces (Meritt, 1985b).  The microstructure of C. centralis teeth 

has yet to be analyzed. It is possible that significant differences exist in the organization of C. 

centralis orthodentine relative to other armadillos which could affect the distribution and 

proportion of scars on teeth, although the overall homogeneity in orthodentine microstructure 

among extant cingulates does not suggest such an autapomorphic trait (Ferigolo, 1985).  

 Whatever the cause, the microwear signature of C. centralis is clearly enigmatic 

compared with other cingulate Insectivores. Since this is the only extant species that is such, 

it is regarded here as an anomaly and should not affect the overall correlation of orthodentine 

microwear patterns with diet in xenarthrans. Further microwear analysis of additional C. 

centralis specimens from a geographically diverse spectrum may provide insight into this 

anomaly. 
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Using microwear to interpret paleodiet in fossil xenarthrans: summary and caveats 

This study shows that dentine microwear patterns are correlated, to some degree, with 

dietary composition and texture in xenarthrans. The correlation is robust at the level of 

differentiating herbivorous, soft-food (tree sloth) taxa from non-herbivorous, hard-object 

(armadillo) taxa, yet is weaker when attempting to discern specific dietary strategies of non-

herbivorous (insectivory, carnivory, omnivory), fossorial forms. Extant Folivores are 

distinguished from other dietary categories by a high number of scratches (>10) (fine to 

mixed in texture) on a polished surfaced, resulting from attritional (tooth-tooth) contact 

during mastication of soft food, and a lack of coarse features (i.e., gouges, hypercoarse 

scratches). Frugivore-Folivores regularly consume more abrasive food than Folivores, 

resulting in higher proportions of gouges and coarse scratches that are more similar to non-

herbivorous taxa, yet a high overall scratch number (>10) distinguishes this group from 

Carnivore-Omnivores and Insectivores. The latter categories are diagnosed by low numbers 

of scratches (<10) (mixed to coarse in texture) that exist on an irregular surface, with features 

such as gouges, hypercoarse scratches, and large pits common. These features result from 

abrasional (tooth-food/particle) contact and are more difficult to interpret because multiple 

independent origins are possible; ingestion of abrasive food, geophagy, and seasonal diet are 

all possibilities based on data from extant taxa. 

Dentine microwear can be affected by extraneous factors beyond dietary texture and 

composition, e.g., lifestyle, tooth microstructure. An overlap of microwear signal for non-

herbivorous armadillos is probably more indicative of a fossorial lifestyle and the incidental 
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ingestion of sediment than primary diet. The discrimination between arboreal herbivores (tree 

sloths) and fossorial Insectivores/Carnivore-Omnivores is partially the result of lifestyle and 

habitat differences between the two groups. This result does not reduce the paleoecological 

significance of dentine microwear analysis for xenarthrans; it merely redefines the level at 

which dietary strategy can be discerned for taxa with unknown diets (i.e., ground sloths, 

glyptodonts, pampatheres). 

Herbivorous taxa that do not feed below ground level do not ingest grit to the extent 

of fossorial forms. Thus, microwear patterns in these animals should be more akin to extant 

Folivores than armadillos. The hindrance of interpreting dentine microwear in fossil taxa lies 

in the identification of microwear patterns that indicate fossorial activity (i.e., low number of 

scratches; gouges, coarse and hypercoarse scratches common) – such taxa could be solely 

herbivorous (grubbers/rooters), omnivorous, insectivorous, carnivorous, or a conglomerate of 

these feeding habits. Caution should be taken when interpreting the dietary significance of 

microwear consistent with fossoriality in extinct taxa.  

A final note of caution: the range of dietary strategies employed by fossil glyptodonts, 

pampatheres and ground sloths is predicted to be considerably different than their respective 

modern analogues. While extant armadillos are completely insectivorous, carnivorous, or 

omnivorous, fossil glyptodonts and pampatheres were exclusively herbivorous (Vizcaíno  et 

al., 2006). Ground sloths were herbivorous (Vizcaíno  et al., 2006; contra Farina & Blanco, 

1996) like tree sloths, although the predicted dietary strategies of the former group span the 

range of extant mammalian floral consumers, including specialist browsing (Naples, 1987; 
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Bargo et al., 2006b), grazing (Bargo et al., 2006b), mixed feeding (Naples, 1989), 

subterranean grubbing (Bargo et al., 2000), and even aquatic grazing (Muizon et al., 2004). 

Extant cingulates and tardigrades remain the best analogues to reconstruct the paleobiology 

of fossil xenarthrans based on the Extant Phylogenetic Bracket (Witmer, 1995). However, 

features such as the derived arboreal lifestyle of tree sloths and the primitive fossorial niche 

occupied by armadillos do not make extant taxa the best ecological proxy for extinct forms. 

The derived state of enamel loss among all xenarthrans (Gaudin, 2003) prohibits applying the 

enamel-based ecology of other mammalian outgroups as a dietary proxy. Extant xenarthrans 

remain the only available analogues for elucidating aspects of the paleodiet of fossil 

tardigrades and cingulates. 

 

Microwear in Nothrotheriops shastensis: paleodietary implications 

Taphonomic processes, e.g., sedimentary transport, weathering, can result in the loss 

of ecologically significant information in fossilized remains (Behrensmeyer, Kidwell & 

Gastaldo, 2000), and possible taphonomic alteration of microwear patterns should be 

accounted for when examining fossil teeth (Teaford, 1991). Actualistic studies demonstrate 

that post-mortem physical weathering or abrasion of enamel results in total obliteration of the 

original microwear signature, as opposed to creating additional features that might be 

mistaken for food scars (King, Andrews & Boz, 1999). While no comparable actualistic 

studies are currently available for orthodentine, a similar, yet enhanced, obliteration of 

microwear features due to taphonomic weathering is expected for orthodentine due to its less 
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mineralized state compared to enamel, but this hypothesis remains to be tested. Based on the 

presence of features that are similar in appearance and distribution with those in extant taxa, 

this study assumes the Nothrotheriops shastensis microwear patterns analyzed herein are 

original. 

N. shastensis has a high mean number of scratches most consistent with that of extant 

Folivores (Bradypus sp.) (Tables 3, 4; Fig. 9). Although UCMP 19860 falls within the 

Frugivore-Folivore scratch range, the scratch number is still consistent with exclusive 

herbivory. Scratch texture is more consistently mixed (coarse and fine) relative to the 

Folivore category (Tables 3, 4), and scratches are visible on a smooth, slightly polished 

surface which reflects attritional wear through consumption of soft food (browser), similar to 

Bradypus sp. (Fig. 5E, F). When N. shastensis is clustered among extant taxa, the microwear 

signature of this taxon is statistically more similar to Bradypus tridactylus and all other 

Folivores than any other extant species or dietary group (Fig. 10), which strongly advocates 

an herbivorous diet. Qualitative and quantitative comparison of microwear patterns between 

Nothrotheriops shastensis and the anomalous cingulate Cabassous centralis reveals overall 

similarities, yet cluster analysis failed to group these two species together and instead favored 

assignment of N. shastensis among extant Folivores (Fig. 10). The current data fail to reject 

the hypothesis that N. shastensis microwear patterns are most similar to extant xenarthran 

herbivores, implicating orthodentine microwear analysis as a tool for paleodietary 

reconstruction within Xenarthra. 
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While the high scratch values for this species are most consistent with an herbivorous 

lifestyle (Tables 3, 4; Fig. 5E, F), the predominance of a mixed scratch texture (indicating 

coarse scratches are present) and the presence of gouges in this animal relative to Bradypus 

sp. demonstrates that the diet N. shastensis consisted of more abrasive food than extant 

arboreal Folivores (Tables 3, 4). N. shastensis fed at or near the ground surface (Naples, 

1987, 1990), where grit is still likely to incidentally enter the oral cavity, and could account 

for the presence of the coarse features. Consumption of grasses (Poeceae) could also explain 

a more abrasive diet; grass material has been recovered from N. shastensis dung (Poinar et 

al., 1998). A combination of these variables likely contributes to the coarse features noted in 

N. shastensis microwear. 

A larger, more geographically inclusive sample of N. shastensis teeth should be 

analyzed for microwear patterns, in order to provide a statistically more robust definition of 

N. shastensis microwear patterns, which would provide further dietary reconstruction. 

Examination of microwear in other extinct members of Tardigrada, including Megatherioidea 

(i.e., megalonychid and megathere sloths) and the outgroup Mylodontidae (sensu Gaudin, 

2004), would also provide microwear patterns for comparison to further elucidate the feeding 

habits and diet of N. shastensis. 
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CONCLUSIONS 

 

Microwear features in the dentine of extant xenarthrans can be quantitatively 

correlated with dietary strategy, but is also influenced by lifestyle. It is possible to 

statistically differentiate extant fossorial Carnivore-Omnivores and Insectivores (Cingulata) 

from arboreal Folivores and Frugivore-Folivores (Tardigrada) via low-magnification dentine 

microwear analysis. Number of scratches present is the most dietary diagnostic microwear 

variable, with herbivorous sloths characterized by a high number of scratches (>10) and 

cingulates with a lower value (<10). Number of pits bears no dietary significance in this 

study and should neither exclusively nor inclusively be used to elucidate diet in xenarthrans. 

Microwear features in xenarthran dentine are visually similar to those in the enamel 

of ungulates, though differ in relative proportions of variables present for similar diets due to 

the different dental tissues present. Visual similarity is consistent with formation of scars 

through abrasional (tooth-food) and attritional (tooth-tooth) contact. Abrasion creates an 

irregular wear surface, which reflects coarse food or hard object feeding; attrition creates a 

more polished, refractive surface and reflects soft food consumption. 

Folivores have the most distinctive microwear pattern, consisting of a high number of 

fine to mixed texture scratches (>14) and cross-scratches, with a low frequency of coarse 

features, on a polished, refractive wear surface. This group is more statistically robust than 

all other dietary categories (Table 5, Fig. 7). The remaining groups possess coarser features 

(hypercoarse scratches, gouges, coarse texture scratches, large pits) with variable frequency 
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on a rough, irregular wear surface. While Frugivore-Folivores are discriminated from 

Insectivores and Carnviore-Omnivores by their >10 scratch value, the latter groups 

completely overlap in quantitative variables and are difficult to distinguish using this method. 

Such overlap is probably the result of either incidental geophagy during feeding or seasonal 

diet in armadillos, or both. Caution should be exercised when interpreting microwear patterns 

in extinct taxa that are similar to extant fossorial cingulates. These patterns are probably 

more indicative of fossorial feeding (which can include plants, insects, vertebrates or a 

mixture of items) and incidental geophagy than of primary diet. Cabassous centralis bears an 

anomalous microwear signal in relation to all other Insectivores based on a high mean scratch 

number and the presence of hypercoarse scratches. This species is currently considered an 

outlier and requires additional study. 

The Pleistocene ground sloth, Nothrotheriops shastensis, has microwear patterns that 

are visually (Fig. 5E, F) and statistically (Fig. 10) most similar to extant Folivores (>13 

scratches on a polished surface; Tables 4, 6), which corroborates an herbivorous diet 

advocated by multiple independent lines of evidence, e.g., dung composition, dental 

morphology, jaw biomechanics. This result supports the utility of dentine microwear analysis 

in reconstructing the paleodiet of extinct xenarthrans, though much research remains to be 

completed in this field. 
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FUTURE DIRECTIONS 

 

 This study represents the first detailed, quantitative analysis of the correlation 

between dentine microwear and diet in xenarthrans, and the results show that this method can 

be used to predict diet in fossil xenarthrans. It is intended to lay the groundwork needed to 

address other, more specific, questions. There are still many unknowns that remain to be 

addressed concerning dentine microwear research and are as follows: 

1. How different taphonomic processes affect original dentine microwear patterns 

remains untested. Actualistic experiments detailing the effect of sediment 

abrasion, transport, and other post-mortem processes need to be conducted to 

discern what extent microwear on dentine can be destroyed and/or altered. It is 

hypothesized that softer dentine will be more prone to taphonomic alteration than 

harder enamel. Such analyses will help account for altered microwear patterns on 

fossil teeth that can affect paleodietary interpretations. 

2. Due to the high turnover rate for microwear patterns in teeth, low sample size can 

be problematic in identifying a true microwear signature in fossil taxa. 

Standardized tooth selection is also important in order to account for variation 

across the tooth row in microwear studies. However, large samples of a specific 

tooth or teeth are not always available for fossil taxa. It is important to identify 

how microwear can vary both between tooth positions and on a single tooth in an 

individual to determine if standardization of fossil teeth is necessary for analysis. 
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This research was preliminarily begun by Green (2007b) and is currently under 

further investigation by the author. 

3. SEM and low-magnification microwear studies analyze microwear patterns at 

contrasting levels of resolution. While this study has detailed how the low-

magnification method can resolve dietary relationships within Xenarthra, the 

importance of additional microwear methods (i.e., SEM, Teaford, 1991; confocal-

microscopy, Scott et al., 2006; Ungar et al., 2007), in discerning xenarthran 

dietary differences remains untested. Based on the preliminary analysis of 

Oliveira (2001), higher magnification could resolve the overlap of microwear 

patterns between cingulates reported here. A separate study detailing extant 

xenarthran microwear in a large number of taxa using both SEM (Teaford, 1991) 

and confocal-microscopy (Scott et al., 2006) is needed to determine how each 

method can contribute to our understanding of xenarthran paleoecology. 

4. Analysis of seasonality in the microwear patterns of cingulates may also further 

resolve the overlap in dietary signal noted in this study. This investigation 

requires a statistically robust sample, incorporating specimens with known season 

of death from a specific region. Due to their varied seasonal diet and widespread 

geographic distribution, Dasypus novemcinctus would be an ideal target species to 

conduct such as analysis. 
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 While these issues remain to be tested and resolved, several specific tests of current 

hypotheses of paleodiet and feeding habits in extinct xenarthrans are possible using the 

results of this study: 

1. The giant ground sloth Megatherium americanum Cuvier 1796 has traditionally 

been regarded as an herbivore (see Bargo, 2001 and references therein). In the last 

decade, an alternate hypothesis of carnivory based on functional morphology of 

limbs in M. americanum was presented by Farina & Blanco (1996). While the 

current data continue to support this taxon as an herbivorous consumer, the 

alternate hypothesis of Farina & Blanco (1996) should be testable using this 

method. If M. americanum bears microwear patterns more similar to folivorous 

tree sloths than omnivorous armadillos, the carnivory hypothesis could be 

rejected. 

2. Mylodontid ground sloths were active burrowers and possibly dug for food 

(McDonald, 1995; Bargo et al., 2000, 2006a). Feeding through subterranean 

excavation should involve incidental ingestion of sediment, similar to modern 

armadillos. This hypothesis should be easily corroborated or refuted through 

dentine microwear analysis of mylodontid sloth taxa; the finding of scar patterns 

more similar to extant cingulates than tardigrades would lend support to the 

fossorial feeding hypothesis. 

3. Glyptodonts and pampatheres are currently interpreted as herbivores (Vizcaíno  et 

al., 1998). Therefore, their microwear patterns should be more similar to 
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herbivorous sloths than fossorial armadillos; this hypothesis is testable using the 

results presented here, assuming these animals did not also ingest large quantities 

of grit. 

 Overall, application of this method to a large number of extinct xenarthran taxa 

(providing samples are available) would elucidate not only the ecologic similarities and 

differences between extant and fossil forms, but would contribute to our knowledge of 

paleodiet in ground sloths, glyptodonts, and pampatheres. A large database of fossil 

xenarthran microwear could provide evidence of niche partitioning among contemporary 

forms, as well as identify temporal variation and evolution of diet along specific lineages 

(e.g., the transition from an insectivorous/omnivorous diet to exclusive herbivory in 

glyptodonts and pampatheres; Vizcaíno  et al., 1998). In turn, such analyses would shed light 

on the evolution of diet and feeding as it relates to dental form and function in the Xenarthra. 

This study represents a first step in determining the paleoecologic significance of 

orthodentine microwear not only within Xenarthra, but also vertebrates as a whole, and thus 

may contribute to our understanding of enamel-reduction and the ecologic importance of 

orthodentine within Mammalia. 
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FIGURE 5. Low-magnification photographs of orthodentine microwear patterns in extant 

and fossil Xenarthra. A, carnivore-omnivore (Euphractus sexcinctus, M6; MCZ 36741). B, 

frugivore-folivore (Choloepus hoffmanni, M2; MCZ 12341). C, insectivore (Cabassous 

tatouay, M6; MCZ 27871). D, Anomaly (Cabassous centralis, M6; MCZ 27493). E, folivore 

(Bradypus variegatus, M2; MCZ 34333). F, Extinct ground sloth (Nothrotheriops shastensis, 

M2/M3; UCMP 8141). Scale bars equal 0.50 mm. 
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FIGURE 6. Plot of mean scratch and pit values for all extant xenarthran species in this study. 

Ecomorphospace boundaries of all four extant xenarthran dietary categories are included 

based on peripheral data points for each group. Cabassous centralis is not included in the 

Insectivore ecomorphospace because of its anomalous microwear signature (see Discussion). 

Abbreviations: Bp = Bradypus pygmaeus; Bt = Bradypus torquatus; Btr = Bradypus 

tridactylus; Bv = Bradypus variegatus; Cac = Cabassous centralis; Cat = Cabassous 

tatouay; Cau = Cabassous unicinctus; Chd = Choloepus didactylus; Chh = Choloepus 

hoffmanni; Clr = Chlamyphorus retusus; Clt = Chlamyphorus truncatus; Cn = 

Chaetophractus natoni; Cv = Chaetophractus vellerosus; Dh = Dasypus hybridus; Dk = 

Dasypus kappleri; Dn = Dasypus novemcinctus; Ds = Dasypus sabanicola; Es = Euphractus 

sexcinctus; Tm = Tolypeutes matacus; Zp = Zaedyus pichiy. 
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FIGURE 7. Hierarchical cluster dendrogram of microwear variables for all extant xenarthran 

species in this study. Euclidean distance measure is used. Note that folivores (Bradypus) 

cluster together (shaded area). 
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FIGURE 8. Plot of mean scratch and pit values for individual Cabassous centralis specimens 

(N=11) in relation to extant xenarthran dietary ecomorphospaces from Fig. 6. The four 

individuals with highest scratch values are labeled by specimen number for reference within 

text. 
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FIGURE 9. Plot of mean scratch and pit values for the fossil ground sloth, Nothrotheriops 

shastensis, in relation to extant xenarthran dietary ecomorphospaces from Fig. 6.  Open 

circles = individual specimens (UCMP specimen number); closed circle = species mean. 
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FIGURE 10. Hierarchical cluster dendrogram (same method as Fig. 7) including 

Nothrotheriops shastensis among all extant xenarthran taxa. Note that N. shastensis clusters 

with extant folivores (Bradypus).
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TABLE 3. Quantitative microwear results for each extant xenarthran species in each dietary group analyzed in this study.  Dietary 

groups are labeled in bold in the “Species” column.  Abbreviations: N = sample size; Scratch = mean number of scratches (standard 

deviation); %CS = percentage of individuals with >4 cross-scratches; %HS = percentage of individuals with hypercoarse scratches; 

Pit = mean number of pits (standard deviation); %LP = percentage of individuals with >4 large pits; %G = percentage of individuals 

with gouges; %FS = percentage of individuals with predominately fine scratches; %MS = percentage of individuals with 

predominately fine and coarse (mixed) scratches; %CoS = percentage of individuals with predominately coarse scratches. 

 

Species N Scratch %CS %HS Pit %LP %G %FS %MS %CoS 

Carnivore-Omnivore                     

Chaetophractus nationi 2 9.25 (1.06) 0.00 0.00 51.75 (1.77) 0.00 50.00 0.00 100.00 0.00 

Chaetophractus vellerosus 12 8.92 (2.53) 8.33 33.33 62.63 (8.05) 16.67 66.67 8.33 83.33 8.33 

Euphractus sexcinctus 23 7.37 (3.10) 34.78 52.00 59.76 (10.80) 39.13 91.30 4.35 73.91 21.74 

Zaedyus pichiy 15 9.50 (3.34) 33.33 0.00 67.97 (12.50) 20.00 33.33 33.33 66.67 0.00 

Group Average  8.76 26.92 30.77 60.53 25.00 67.31 13.46 75.00 11.54 



128 

 

 TABLE 3. Continued           

Insectivore                     

Cabassous centralis 11 14.86 (4.57) 36.36 45.45 64.05 (7.99) 27.27 72.73 0.00 100.00 0.00 

Cabassous tatouay 5 8.00 (1.17) 20.00 20.00 55.50 (5.37) 60.00 100.00 0.00 80.00 20.00 

Cabassous unicinctus 11 9.95 (2.80) 63.63 0.00 55.32 (9.40) 0.00 81.82 9.09 90.91 0.00 

Chlamyphorus retusus 1 8.50 (-) 0.00 0.00 52.50 (-) 100.00 0.00 100.00 0.00 0.00 

Chlamyphorus truncatus 2 8.00 (0.71) 0.00 0.00 53.25 (2.47) 0.00 0.00 100.00 0.00 0.00 

Dasypus hybridus 2 7.50 (1.41) 0.00 0.00 73.50 (12.70) 50.00 50.00 0.00 100.00 0.00 

Dasypus kappleri 9 8.56 (2.03) 22.22 0.00 64.39 (8.06) 0.00 11.11 33.33 66.67 0.00 

Dasypus novemcinctus 54 7.47 (2.72) 18.52 7.41 65.90 (13.10) 7.41 25.93 9.26 81.48 9.26 

Dasypus sabanicola 3 8.83 (0.76) 33.33 0.00 66.83 (18.10) 66.67 66.67 0.00 100.00 0.00 

Tolypeutes matacus 12 6.88 (2.52) 8.33 0.00 59.50 (7.77) 8.33 66.67 8.33 91.67 0.00 

Group Average  8.86 23.63 9.09 61.07 13.64 43.64 11.81 82.74 5.45 

Folivore                     

Bradypus torquatus 2 15.75 (3.89) 100.00 0.00 53.75 (6.01) 0.00 0.00 50.00 50.00 0.00 

Bradypus tridactylus 13 14.77 (3.64) 69.23 23.08 51.27 (5.83) 23.08 46.15 15.38 84.62 0.00 

Bradypus pygmaeus 8 14.06 (4.37) 62.50 0.00 57.31 (6.27) 37.50 37.50 75.00 25.00 0.00 

Bradypus variegatus 32 17.47 (3.60) 78.12 12.50 61.89 (9.84) 37.50 21.88 40.63 59.38 0.00 

Group Average  15.51 75.00 12.50 56.06 32.14 28.57 39.29 60.71 0.00 
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TABLE 3. Continued 

Frugivore-Folivore                     

Choloepus didactylus 20 10.65 (2.55) 30.00 25.00 60.50 (13.80) 60.00 85.00 5.00 60.00 35.00 

Choloepus hoffmanni 18 12.22 (1.82) 16.67 16.67 62.98 (5.66) 83.33 55.56 5.56 94.44 0.00 

Group Average  11.44 23.68 21.05 61.74 71.05 71.05 5.26 76.32 18.42 
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TABLE 4. Mean microwear data for Nothrotheriops shastensis M3s examined in this study.  All localities are Rancholabrean in age.  

Abbreviations: UCMP = University of California Museum of Paleontology, Berkeley; Scratch = mean number of scratches (standard 

deviation); CS = >4 cross scratches present; HS = hypercoarse scratches present; Pit = mean number of pits; LP = >4 large pits 

present; G = gouges present; FS = predominately fine texture scratches present; MS = predominately fine and coarse (mixed) 

scratches present; CoS = predominately coarse texture scratches present. 

 Specimen 
 

Scratch CS HS Pit LP G FS MS CoS 

UCMP 8141 Potter Creek Cave 16.50 1 1 42.50 0 1 0 1 0 

UCMP 8336 Potter Creek Cave 15.00 1 0 63.50 0 1 0 1 0 

UCMP 19860 Hawver Cave 11.50 1 0 42.00 1 1 0 1 0 

AVERAGE 

 

14.33 (2.57) 100.00 33.33 49.30 (12.27) 33.33 100.00 0.00 100.00 0.00 
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TABLE 5. Probabilities from discriminant function classification matrix using microwear variables for all individuals. 
 

  Diet Carnivore-Omnivore Insectivore Folivore Frugivore-Folivore 

Count Carnivore-Omnivore 21 17 4 10 

 Insectivore 18 71 7 14 

 Folivore 2 5 42 6 

  Frugivore-Folivore 3 6 2 27 

% Correct Carnivore-Omnivore 40.4 32.7 7.7 19.2 

 Insectivore 16.4 64.5 6.4 12.7 

 Folivore 3.6 9.1 76.4 10.9 

 Frugivore-Folivore 7.9 15.8 5.3 71.1 
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 TABLE 6. Combination of microwear variables that are diagnostic for four extant dietary groups (X = feature occurs in 30-49% 

individuals; XX = feature present in >50% individuals).  Note overlap between carnivore-omnivores and insectivores. 

 

 

 

 

 

 

 

 

 

 

Microwear Variable Folivores Frugivore-Folivores Carnivore-Omnivores Insectivores 

<10 Scratches   XX XX 

10 to 13 Scratches  XX   

>13 Scratches XX    

Cross-Scratches XX    

Hypercoarse Scratches   X  

Large Pits X XX   

Gouges  XX XX X 

Fine Scratch Texture X    

Mixed Scratch Texture XX XX XX XX 

Coarse Scratch Texture     
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CHAPTER 3: 

Intertooth variation of orthodentine microwear in extant Bradypus, Choloepus, Dasypus, and 

Euphractus (Xenarthra) 
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INTRODUCTION 

 

Xenarthrans are a diverse clade of placental mammals (Gaudin and McDonald 2008) 

that includes living tree sloths (Tardigrada), armadillos (Cingulata) and anteaters 

(Vermilingua). Extant taxa are represented by only 31 species relative to >200 xenarthran 

taxa preserved in the fossil record (McKenna and Bell 1997), including ground sloths 

(Tardigrada), glyptodonts (Cingulata) and pampatheres (Cingulata). The rich fossil history of 

Xenarthra spans more than 55 million years (Paleocene-Holocene), and the fossil record 

supports a South American origin for the clade (Vizcaíno and Loughry 2008), where the 

majority of living representatives are found (Aguiar and Fonseca 2008). Xenarthrans are 

noted for their unique appearance and biology, including, but not limited to, arboreality and 

low metabolic rate in tree sloths (Gilmore et al. 2008), polyembryony (Enders 2008) and 

leprosy (Truman 2008) in armadillos, massive size in ground sloths (Vizcaíno et al. 2008), 

and dermal armor in glyptodonts (Vizcaíno et al. 2008). 

 

Extant Xenarthran Ecology 

Some aspects of xenarthran life history are not well understood (Vizcaíno and 

Loughry 2008). This section reviews the broad range of ecologies that armadillos and tree 

sloths occupy, though it is not exhaustive. Since anteaters are completely edentulous, they are 

not included in this microwear study and are thus not reviewed in this section. Most 

armadillos are fossorial or even subterranean, although at least one species (Tolypeutes 

matacus, southern three-banded armadillo) is considered cursorial (Vizcaíno et al. 1999; 
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Vizcaíno and Milne 2002). Armadillos are broadly grouped into insectivores and carnivore-

omnivores (Redford 1985), though omnivory is present in the former group (McDonough 

and Loughry 2008). For example, Dasypus novemcinctus (nine-banded armadillo) is 

classified as an insectivore (Redford 1985), yet still consumes plant-animal matter on a 

geographic and seasonally varying basis (see McDonough and Loughry 2008 for review). 

Although Redford’s (1985) broad dietary dichotomy for armadillos (carnivore-omnivore vs. 

insectivore) is followed here, these categories serve to broadly distinguish dietary trends in 

armadillos and are not considered absolute. Tree sloths are strictly arboreal; Bradypus (three-

toed sloths) are primarily folivorous, whereas Choloepus (two-toed sloths) consume foliage 

and fruit (Chiarello 2008). 

 

Extinct Xenarthran Ecology 

Hypotheses about diet in fossil xenarthrans are based on phylogenetic and functional 

analysis of cranial and mandibular morphology (Bargo 2001; Bargo and Vizcaíno 2008; 

Bargo et al. 2006b; Muizon et al. 2004; Naples 1987, 1989, 1990; Vizcaíno and De Iuliis 

2003; Vizcaíno et al. 2004), dental morphology (Bargo and Vizcaíno 2008; Bargo et al. 

2006a; Muizon et al. 2004; Vizcaíno et al. 2006), postcranial morphology (Bargo et al. 2000; 

Fariña and Blanco 1996) and fecal contents (Hansen 1978; Poinar et al. 1998). Recent 

paleoecological research suggests that the range of dietary strategies employed by fossil 

xenarthrans was broader than their respective modern analogues. Glyptodonts and 

pampatheres were herbivores (Vizcaíno et al. 2004, 2006), while some fossil armadillos were 

specialized carnivores (Vizcaíno and De Iuliis 2003). Ground sloths were most likely 
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herbivorous like tree sloths (Bargo 2001; Bargo et al. 2006a, b), but omnivory could have 

been present in some fossil taxa (Bargo and Vizcaíno 2008; Fariña and Blanco 1996). 

Hypothesized herbivorous strategies of ground sloths span the range of extant mammalian 

floral consumers, including specialist browsing (Bargo and Vizcaíno 2008; Bargo et al. 

2006b; Naples 1987), grazing (Bargo and Vizcaíno 2008; Bargo et al. 2006b), mixed feeding 

(Bargo and Vizcaíno 2008; Hansen 1978; Naples 1989; Poinar et al. 1998), subterranean 

grubbing (Bargo et al. 2000), and even aquatic grazing (Muizon et al. 2004). 

Despite the seeming abundance of research on this topic, analysis of paleodiet in 

xenarthrans remains understudied relative to other mammalian groups (Vizcaíno and 

Loughry 2008). In an effort to establish independent lines of dietary inference and to promote 

a better understanding of food consumption in extinct xenarthrans, analysis of patterns of 

microwear in the orthodentine of xenarthran teeth has been supported as a new tool for 

paleodietary reconstruction (Green, in press) to address this deficiency in paleoecological 

knowledge. 

 

Orthodentine Microwear Analysis in Xenarthrans 

During mastication, microscopic scars (e.g., scratches, pits), known as dental 

microwear, form on the occlusal surface of mammal teeth (Solounias and Semprebon 2002; 

Teaford 1991). Distribution and proportion of these scars on dentition is linked with dietary 

texture (i.e., physical properties of ingested food; Lucas 2004), such that dental microwear 

patterns can be correlated with primary diet in extant mammals (Organ et al. 2006; Scott et 

al. 2006; Semprebon et al. 2004; Solounias and Semprebon 2002; Strait 1993; Teaford and 
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Oyen 1989; Townsend and Croft 2008; Ungar et al. 1995). This relationship allows direct 

comparison of extant microwear features with those from fossil taxa, allowing the 

reconstruction of paleodiets (Green et al. 2005; Scott et al. 2006; Semprebon et al. 2004; 

Solounias and Semprebon 2002; Ungar et al. 2007; Van Valkenburgh et al. 1990). Previous 

research has focused primarily on microwear in enamel (e.g., Green et al. 2005; Solounias 

and Semprebon 2002); microwear in other dental tissues such as orthodentine and cementum 

remain understudied (Lucas 2004).  

With the exception of edentulous anteaters and the Eocene armadillo Utaetus 

(Simpson 1932), xenarthrans have hypselodont (high crowned, ever-growing) teeth that lack 

enamel but rather possess a soft orthovasodentine core surrounded by harder orthodentine 

layer, with cementum covering the tooth exterior (Ferigolo 1985; Schmidt and Keil 1971). 

Orthovasodentine and cementum are much softer and wear faster than orthodentine (Ferigolo 

1985). Differential wear of softer tissues exposes a ridge of hard orthodentine on the occlusal 

surface of the tooth where food processing takes place (analogous with enamel shearing 

surfaces in other mammals; Naples 1982; Vizcaíno et al. 1998). This orthodentine ridge 

provides an appropriate location to study the correlation between dental microwear and 

primary diet in these animals, providing a first step in understanding the significance of 

microwear in orthodentine as it relates to diet. Oliveira (2001) and Green (in press) were 

among the first studies to examine the dietary significance of microwear features not only in 

xenarthrans as a group, but also in mammalian orthodentine as a tissue. 

Patterns of microwear observed in a small sample of extant armadillos suggest that 

scar patterns could be qualitatively distinguished between taxa (Oliveira 2001). While the 
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first to define a qualitative relationship between orthodentine microwear and diet in 

xenarthrans, the study was limited by low sample size, number of included taxa, and lack of 

examination of microwear in fossil forms. Green (in press) quantitatively analyzed 

differences in orthodentine microwear between 4 extant xenarthran dietary groups 

(carnivore-omnivores, insectivores, folivores, frugivore-folivores) and the fossil taxon, 

Nothrotheriops shastensis (Shasta ground sloth). Diagnostic variables used to distinguish 

each dietary group (Green, in press) are summarized in Table 7. Orthodentine microwear was 

shown to correlate with diet, supporting its utility for distinguishing herbivory from non-

herbivory in both extant and fossil xenarthrans (Green, in press). These statistically robust 

conclusions were based on comparison of microwear features from standardized sampling 

locations between taxa (i.e., mesial M2 for sloths; mesial M6 for armadillos), but extent of 

orthodentine microwear variation across the tooth row and its effect on dietary conclusions 

was not addressed. 

The significance of evaluating variation in microwear patterns among xenarthrans is 

three-fold. First, it may alleviate the need for standardized comparison of large samples of a 

specific tooth (e.g., M2, M6). Such samples are not always available for fossil specimens in 

museum collections, and identification of isolated xenarthran teeth to a specific tooth 

position can be difficult (e.g., Green, in press); low sample size in orthodentine microwear 

analyses of fossil xenarthrans can hamper conclusions based on statistical testing. If 

microwear features do not differ statistically between teeth, sample sizes can increase for 

fossil taxa. Second, microwear features have been shown to vary substantially both within 

and between teeth in some mammals and this variation can affect dietary conclusions (e.g., 
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Todd et al. 2007). Thus, extent of variation in microwear within a species or given dietary 

group should be ascertained in order to bolster dietary inference from microwear data. Third, 

the future of several extant xenarthran species is in question (Aguiar and Fonseca 2008). 

Understanding intra- and intertooth variation in microwear will elucidate dietary shifts and 

ecological changes among sloth and armadillos, aiding in the future conservation of 

endangered members of this group. 

The current study expands on previous research (Green, in press) by statistically 

evaluating variation of microwear features across the tooth row in 4 extant xenarthran dietary 

groups (i.e., folivore, frugivore-folivore, insectivore, carnivore-omnivore). Here, I evaluate 3 

hypotheses of equal distribution of microwear variables across a series of sampling locations 

on teeth in each group: hypothesis 1) variables are equal between all sampling locations (e.g., 

upper, lower, mesial, distal) across the tooth row; hypothesis 2) variables are equal between 

pooled mesial and distal wear facet locations; hypothesis 3) variables are equal between 

pooled upper and lower tooth locations. Testing these hypotheses will identify significant 

variation in microwear variables across the tooth row, which will help evaluate whether 

dietary classification, based on microwear analysis, is dependent on location of sampling in 

extant xenarthrans. This data will be used to address the necessity of standardized tooth 

comparison in orthodentine microwear analysis. 
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MATERIALS AND METHODS 

 

Specimen Selection 

One extant xenarthran species was chosen to represent each extant dietary group 

(folivores = Bradypus tridactylus [pale-throated three-toed sloth]; frugivore-folivores = 

Choloepus didactylus [Linnaeus’ two-toed sloth]; insectivores = Dasypus novemcinctus 

[nine-banded armadillo]; carnivore-omnivores = Euphractus sexcinctus [six-banded 

armadillo]; Fig. 11). These taxa were selected because they are common in museum mammal 

collections, thus making them ideal targets for future microwear studies. Five skulls from 

each species were sampled from the mammal collection at the American Museum of Natural 

History (AMNH), New York, NY. The following standardized selection criteria were applied 

to each specimen: 1) sub-adult/adult, 2) same sex, 3) collected from same locality, and 4) 

collected within a 12 month period (Table 8). This standardization reduces the chance that 

observed variation in microwear patterns resulted from ontogenetic, sexual, geographic or 

temporal differences within dietary groups. Because of the uncertainty of dietary composition 

in captivity (Superina et al. 2008), captive specimens were not included in this study. 

Dental nomenclature follows Smith and Dodson (2003). A series of three upper-lower 

teeth in full occlusion were selected for tree sloths: B. tridactylus, C. didactylus = M2-

M4/m2-m4 (Figs. 11A-B). Criteria for labeling tooth position and occlusion in tree sloths 

follows Naples (1982). For armadillos, a series of 4 upper-lower teeth in full occlusion were 

selected for study: D. novemcinctus = M3-M6/m3-m6 (Fig. 11C), E. sexcinctus = M3-
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M6/m4-m7 (Fig. 11D). Identification of tooth position and occlusion for armadillo species 

follows criteria of Smith and Redford (1990) and Vizcaíno et al. (1998). 

 

Molding-Casting, Data Collection 

Each dental series was cleaned, molded and cast following methods detailed 

elsewhere (Green, in press; modified from Solounias and Semprebon 2002). Epoxy resin 

casts were analyzed at 35X magnification using a Zeiss Stemi 2000-C stereomicroscope. 

Microwear features were identified within a standard (0.4 mm²) counting square on the 

orthodentine ridge (sensu Ferigolo 1985; Schmidt & Keil 1971). Six of 7 microwear 

variables analyzed by Green (in press) are included in this study: (1) number of scratches 

(Fig. 12A); (2) predominant scratch texture (fine, coarse, or a mixture; Fig. 12A); and 

presence of (3) hypercoarse scratches (Fig. 12B); (4) >4 cross-scratches (Fig. 12A); (5) >4 

large pits (Fig. 12B); (6) gouges (Fig. 12B). The “>4” requirement for scoring presence of 

cross-scratches and gouges follows Solounias and Semprebon (2002). Number of pits was 

not included as this variable has no diagnostic dietary value for any extant xenarthran dietary 

group (Green, in press). For additional information on identifying and distinguishing low-

magnification microwear variables, see Semprebon et al. (2004) and Solounias and 

Semprebon (2002). 

Each variable was counted on two wear facets (mesial and distal) per tooth in each 

specimen. While it is difficult to control the specific location of microwear analysis due to 

differential wear state and preservation between individuals, a general strategy of 

consistently counting features on two different locations near the lingual-most and labial-
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most periphery of orthodentine on each wear facet was followed. Variable 1 was quantified 

in both counting areas and averaged together as a representation of scratch number per 

sampling location. Variables 2-6 were recorded as either present (1) if the noted feature 

existed in at least one of the counting areas, or absent (0) if the feature was not seen in either 

counting area. Sampling locations were identified and labeled according to upper or lower 

position of teeth (i.e., M, m), ordinal position of teeth in series (e.g., 5, 6), and location of 

wear facet (e.g., mesial, distal); i.e., “M6 distal” depicts distal wear facet on upper sixth 

molariform. In Bradypus and Choloepus, 6 teeth were sampled per specimen, with 2 wear 

facets per tooth analyzed. The distal portion of the M4 (Fig. 11B) records little wear due to 

offset tooth occlusion (Naples 1982) and microwear data was not collected at this location in 

tree sloths. In total, 11 sampling loci were analyzed per sloth specimen. For armadillos, 2 

wear facets were analyzed per tooth on 8 total teeth, yielding 16 sampling loci per specimen. 

Raw data are presented in Appendix B. 

Independent reproducibility is important in scientific studies. Semprebon et al. (2004) 

have addressed this for the low-magnification microwear methods employed herein and 

found that both single- and inter-user reproducibility is statistically robust. 

 

Data Analysis and Statistics 

The mean number of scratches and the percentage of individuals possessing discrete 

variables were calculated for each sampling loci in each dietary group. Total (for all 

sampling loci) mean scratch values and total frequencies of discrete variables were computed 

for each species to provide a quantitative estimate of microwear within that dietary group. 
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Mean values for pooled mesial, distal, upper, and lower sampling locations were also 

reported. Total mean values for each dietary group were quantitatively compared to 

respective values from standardized tooth analysis (Table 7) in order to evaluate accuracy of 

predicting diet independent of sampling location in extant xenarthrans.  

A series of multivariate statistical tests (α = 0.05) were used to evaluate significant 

differences in the distribution of microwear variables in each group, bearing on 3 hypotheses: 

1) variables are equal between all sampling loci across the tooth row; 2) variables are equal 

between pooled mesial and distal wear facets; 3) variables are equal between pooled upper 

and lower sampling loci. A Levene test was applied first to test the assumption of equal 

variances between sampling loci for each variable in each group. If variances were equal 

(Levene P > 0.05), a one-way Analysis of Variance (ANOVA) test was run to test for 

significant differences between sampling loci. If variances were unequal (Levene P ≤ 0.05), a 

Welch test for equality of means was used to assess differences. In either analysis, a P ≤ 0.05 

indicated that at least one sampling location varied significantly from others for the target 

microwear variable, thereby refuting the hypothesis in question. For hypothesis 1, either a 

Tukey’s (equal variances) or Games-Howell (unequal variances) post hoc test was run upon 

rejection of null hypothesis to identify specific differences among all pairwise comparisons. 

To test hypotheses 2 and 3 (involving pooled mesial/distal or upper/lower sampling loci, 

respectively) the above procedure was repeated, though post hoc tests were not required as 

only two groups were tested. One Levene and 1 ANOVA/Welch test were applied to each 

variable in each group for all 3 hypotheses. Thus, 6 statistical tests (3 Levene and 3 

ANOVA/Welch) were applied to 8 variables in four dietary groups, totaling 48 tests per 
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group, or 192 total statistical tests. All statistical analyses were conducted using SPSS 

(Statistical Package for Social Sciences, Inc.). 

 

RESULTS 

 

Bradypus tridactylus (Folivores) 

Mean microwear data for pooled mesial, distal, upper, lower and total values for B. 

tridactylus are in Table 9. Statistical testing corroborated hypotheses 1 and 2 for all eight 

microwear variables (Table 10); 7 variables corroborate hypothesis 3. Only gouges are 

significantly more frequent in lower molariform teeth than upper teeth (Tables 9 and 10). 

 

Choloepus didactylus (Frugivore-Folivores) 

Mean microwear data for pooled mesial, distal, upper, lower and total values for C. 

didactylus are in Table 9. Only frequency of >4 large pits is unequally distributed between all 

sampling locations, thereby rejecting hypothesis 1 for this variable (Table 10). A Games-

Howell post hoc test revealed that significant differences in large pit frequency exist between 

M2 mesial and M3 mesial locations (P < 0.01). All variables corroborate hypothesis 2. 

Hypothesis 3 bears the most disparity; mean number of scratches is significantly higher in 

lower teeth than upper molariforms (Tables 9 and 10). Gouges and a predominant mixed 

scratch texture are significantly more frequent in upper teeth relative to lower dentition, 

whereas a predominantly fine scratch texture is significantly more common in lower teeth 

(Tables 9 and 10). 
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Dasypus novemcinctus (Insectivores) 

Mean microwear data for pooled mesial, distal, upper, lower and total values for D. 

novemcinctus are in Table 9. At least one sampling location differs significantly in mean 

number of scratches and frequency of cross-scratches (Table 10), rejecting hypothesis 1 for 

these variables, though subsequent Tukey’s post hoc test for mean scratch number and 

Games-Howell post hoc test for frequency of cross-scratches both revealed no significant 

difference among all pairwise comparisons for either variable. All variables corroborate 

hypothesis 2 (Table 10). For hypothesis 3, lower molariform teeth have a significantly lower 

number of scratches and lower frequency of cross-scratches compared to upper teeth (Tables 

9 and 10). 

 

Euphractus sexcinctus (Carnivore-Omnivores) 

Mean microwear data for pooled mesial, distal, upper, lower and total values for E. 

sexcinctus are in Table 9. Hypothesis 1 is corroborated for all variables except the frequency 

of hypercoarse scratches (Table 10), though a subsequent Games-Howell post hoc test found 

no significant difference in the frequency of hypercoarse scratches among pairs. For 

hypothesis 2, mean number of scratches is significantly higher on distal facets relative to 

mesial locations (Tables 9 and 10). Finally, cross-scratches and hypercoarse scratches are 

significantly more frequent on upper teeth compared to lower dentition (Tables 9 and 10), 

rejecting hypothesis 3 for these variables. 
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DISCUSSION 

 

Within each of the 4 extant xenarthran dietary groups, the majority (81%) of 

comparisons among means fail to reject the null hypothesis of equality among microwear 

variables, revealing overall conservation of microwear patterns across the tooth row in these 

animals. However, each species still records at least 1 microwear variable that varies 

significantly between sampling locations, and even a single departure from equality could 

justify the use of standardized tooth comparison in xenarthran microwear analysis as some 

variables are more diagnostic of diet than others (Table 7). Significance of the unequal 

distribution of microwear variables with respect to diet must be accounted for in order to 

determine whether it affects the use of standardized comparisons to classify diet. For 

example, rejection of null hypothesis for a non-diagnostic variable in the target dietary group 

(e.g., frequency of hypercoarse scratches in folivores; Table 7) may not affect the accuracy of 

dietary classification; in this case, standardized tooth comparison may be unnecessary even 

though significant differences exist. However, if a variable that is diagnostic for the diet of a 

group (i.e., mean number of scratches in folivores; Table 7) is unequally distributed across 

the tooth row, then accuracy of dietary classification may be compromised and standardized 

tooth comparison deemed necessary. The complexity of this situation demands a case-by-

case assessment of the dietary significance of variables that are unequally distributed in each 

group. 
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Folivores 

Among xenarthrans, distribution of microwear patterns are most conserved in 

folivores (Table 10). While gouges are significantly more frequent in lower versus upper 

dentition (Table 10), this variable is not diagnostic of folivores (Table 7). Diagnostic 

variables (i.e., mean scratch number, frequency of cross-scratches; Table 7) confirm 

placement of Bradypus tridactylus in folivores (Tables 7 and 9); the effect of disparity in 

gouge frequency on accuracy of dietary group assignment is negligible. Dietary classification 

based on microwear analysis is not dependent on location of sampling for folivores, thus 

standardized tooth comparison is not required for this group. 

 

Frugivore-Folivores 

With the exception of a predominantly fine texture of scratches, all microwear 

features that vary significantly are diagnostic of diet for frugivore-folivores (Table 7). While 

lower teeth have significantly more scratches than upper teeth, mean values of scratches for 

both upper and lower teeth fall within the diagnostic range of frugivore-folivores (Table 7), 

which reduces the impact of variation on accuracy of dietary classification. Gouges are 

present in all upper teeth, and while this value is significantly higher than ~87% frequency in 

lower teeth (Table 10), both values show >50% gouge frequency in frugivore-folivores 

(Table 9). This is consistent with the classification in Table 7. The same situation holds for 

mixed scratch texture: significant variations exist, yet mean levels fall within the expected 

range of variables for this dietary group (Tables 7 and 9). In contrast, significant differences 

exist between sampling loci for >4 large pit frequency (Tables 9 and 10) and total mean 
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frequency for this variable is <50% for frugivore-folivores (Table 9), which is not consistent 

with the classification in Table 7. Non-diagnostic pit frequencies that vary significantly 

across the tooth row reduce the usefulness of this character in dietary classification. 

Overall, significant variation exists in diagnostic microwear features in frugivore-

folivores. Although variation is confined to diagnostic microwear range of frugivore-

folivores in 3 out of four cases, unequal distribution of diagnostic features could affect 

dietary assignment. Standardized comparison of sampling loci (i.e., M2 mesial) is 

recommended for frugivore-folivores to promote accuracy of dietary classification. 

 

Insectivores 

Disparity in the distribution of microwear variables is also observed in xenarthrans 

traditionally classified as insectivorous (Table 10). The frequency of cross-scratches is not 

diagnostic of insectivores (Table 7) and significant variation in this feature is not critical for 

accuracy of dietary classification. Mean number of scratches, however, is the most dietary 

diagnostic microwear variable in Xenarthra (Green, in press), and the presence of significant 

variation in this characteristic is problematic for accurate classifications of diet. While a post 

hoc test failed to identify significant differences in mean scratch number between all 

sampling locations, rejection of hypothesis 3 indicates that upper teeth have a significantly 

higher mean value of scratches than lower teeth (Tables 9 and 10). The mean value of 

scratches on the upper tooth value is also beyond the maximum limit of the diagnostic 

number for insectivores (Tables 7 and 9). Dasypus novemcinctus specimens used in this 

study were also analyzed in Green’s (in press) standardized analysis. In the latter study, these 
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specimens had mean scratch counts that were above average for both D. novemcinctus as a 

species and insectivores as a group. Data from these specimens should not suggest that either 

the diagnostic <10 scratch estimate for insectivores is incorrect, or that lower teeth 

necessarily provide a more accurate estimation of diet relative to upper teeth. The purpose of 

this study is to determine if microwear is equally distributed across the tooth row, a 

hypothesis which current data do not corroborate. Selection of random sampling loci during 

analysis of insectivores could yield results which do not fit the dietary classification for this 

group (Table 7), thereby increasing the possibility of returning an inaccurate assessment of 

diet. Standardized comparisons between M6 mesial locations in insectivores need to be 

maintained in future microwear studies to control for such variation. 

 

Carnivore-Omnivores 

Similar levels of disparity exist between insectivores and carnivore-omnivores (Table 

10). Cross-scratches are not considered diagnostic of carnivore-omnivores (Table 7), and 

significant variation in this feature should not affect dietary classification. Post hoc tests 

comparing the frequency of hypercoarse scratches failed to corroborate significant 

differences revealed by ANOVA tests, indicating that variation in this variable also should 

not affect dietary classification. However, mean scratch values (the most dietary diagnostic 

microwear variable for xenarthrans; Green, in press) are significantly higher on distal loci 

than mesial loci (Tables 9 and 10), which could influence standardization of intratooth 

sampling location. In addition, pooled distal and total mean scratch values exceed the 

diagnostic upper limit of scratch number for carnivore-omnivores (Tables 7 and 9). 
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Euphractus sexcinctus specimens in this study were included in Green’s (in press) 

standardized analysis and data for these specimens are identical between both studies. Mean 

values of scratches from these 5 specimens are above average relative to other E. sexcinctus 

specimens and carnivore-omnivores as a group (Green, in press). These values do not imply 

that the diagnostic <10 scratch range of carnivore-omnivores is inaccurate, but rather that 

distal wear facets consistently contain higher numbers of scratches than mesial wear facets. 

Significant variation in diagnostic variables complicates dietary classification. Thus, 

standardized comparison between M6 mesial locations is necessary for carnivore-omnivores. 

 

Causes of Microwear Variation 

While the effect of significant variation in xenarthran microwear on dietary 

classification has been discussed, possible origins and explanations of this variation have not 

yet been addressed. One possible source of variation could be dietary texture. 93% of all tests 

that reject the null hypothesis are found in carnivore-omnivores, insectivores, and frugivore-

folivores, dietary groups that are diagnosed by a high frequency of coarse microwear features 

(e.g., gouges, large pits, hypercoarse scratches), resulting from the ingestion of abrasive food 

(Green, in press). In armadillos (carnivore-omnivores, insectivores), fossorial feeding activity 

may result in mastication and consumption of soil or grit. Frugivore-folivores consume hard 

seed pods which result in a higher frequency of large pits and other coarse features (Fig. 12B; 

Green, in press). In contrast, folivores exhibit only 1 instance of significant variation. This 

group is defined by the presence of fine microwear features (e.g., high number scratches on 

an even wear surface; Fig. 12A) and a lack of more coarse features, which results from 
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consumption of relatively soft foods, such as leaves. While correlation is not causation, these 

data suggest a link between dietary texture and variation in microwear features. Abrasive 

food particles may be processed more unevenly in the oral cavity of xenarthrans, resulting in 

an unbalanced distribution of microwear features.  

The diet of xenarthrans can vary greatly between individuals in a single species, 

particularly for armadillos (McDonough and Loughry 2008). While restrictive sampling 

criteria were imposed to reduce intraspecific, seasonal, and geographic variation in diet, it is 

possible that different individuals in the same location consume different foods. Intraspecific 

dietary differences could directly contribute to observed disparity of microwear variable 

distribution across tooth row. Because specific dietary data are not available for each 

individual included in this study, this potential influence can neither be discarded nor 

confirmed. The effect of dietary variation on the microwear of orthodentine should be 

examined further. 

Although variation in and texture of diet could influence disparity in microwear 

distribution across the tooth row in xenarthrans, there is also a possible biomechanical 

explanation. Roberts and Tattersall (1974) proposed that long-faced mammals emphasize 

more horizontal force during chewing relative to short-faced mammals. This creates a more 

uneven distribution of occlusal bite force in long-faced forms as maximum force peaks near 

the mandibular joint and decreases anteriorly. Further studies on living mammals have 

confirmed that bite force increases distally along the tooth row (Thompson et al. 2003). 

Dasypus, Euphractus and Choloepus are long-faced animals relative to Bradypus (Fig. 11A-

D), and thus are predicted to exhibit a stronger anteroposterior gradient in bite force (Naples 
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1982; Smith and Redford 1990). A more equal anteroposterior distribution of bite force is 

predicted for Bradypus compared to other taxa in this study (Naples 1982). The even 

distribution of bite forces on a tooth series allows food to be processed equally on all dental 

surfaces (Lucas 2004), resulting in a more homogenous distribution of microwear features 

across the tooth row. More support is available for this explanation than the dietary texture 

hypothesis, although it is possible that the abrasiveness of food also contributes to unequal 

distribution of microwear signal in xenarthrans. Additional studies that document bite force 

and directly measure the relationship between bite force and microwear are needed. 

 

Standardized Tooth Comparison in Orthodentine Microwear Analysis 

It is important to control for hidden extraneous variables in statistical studies. 

Therefore, standardization during sampling is needed. Quantitative analyses of dental 

microwear traditionally use standardization to improve the accuracy of predicting the diets of 

extinct mammals (e.g., Solounias and Semprebon 2002; Green et al. 2005). However, 

conclusions about diet in quantitative microwear studies are dependent upon sample size 

(e.g., Green, in press). My goal here is to evaluate whether standardization of sampling loci is 

necessary in orthodentine microwear analysis. If standardization is not required, sample sizes 

from available museum collections could increase in future research. This study shows that 

significant variation is present in microwear features across the tooth row in three of 4 extant 

xenarthran dietary groups, supporting the need for standardization of sampling loci to ensure 

accurate assessment of diet. However, three-toed sloths do not express significant variation in 

diagnostic variables, and while such variation is present in two-toed sloths, it is usually 
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confined within the range of diagnostic microwear values for frugivore-folivores. Although 

standardized tooth comparison is strongly recommended for the latter group, it may not be 

critical for accurate dietary assessment. Armadillo species, on the other hand, record 

significant variation of features that critically impact dietary classification and standardized 

comparison is warranted for insectivores and carnivore-omnivores. 

One purpose of studying dental microwear in living mammals is to establish a 

baseline to which extinct taxa can be compared. Although paleodiet in one extinct xenarthran 

taxon (N. shastensis) has been analyzed via analyses of microwear on orthodentine (Green, in 

press), there are >200 other fossil taxa that await examination (McKenna and Bell 1997). 

While extant xenarthrans are not as taxonomically or ecologically diverse as extinct taxa, 

they remain the best analogues for understanding paleodiet through analysis of microwear on 

orthodentine because they lack enamel in maturity. Because standardized tooth comparison is 

necessary for extant armadillos, maintaining a strict location of sampling (i.e., M6 mesial) is 

warranted when studying fossil cingulates (glyptodonts, pampatheres). The situation is less 

critical for tardigrades, though standardized tooth comparison is recommended for fossil 

ground sloths based on the disparity among features of microwear in extant two-toed sloths. 

A case-by-case assessment of necessity of standardization may be required for each extinct 

tardigrade studied. A positive correlation exists between long-faced animals and significant 

variation in microwear patterns across the tooth row, and this observation should be 

considered when judging whether a strict sampling location is required. If standardization is 

applied, then M2 mesial location for tardigrades (Green, in press) should be maintained to 
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facilitate appropriate comparisons between extinct and extant xenarthrans when forming 

hypotheses of paleodiet. 
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TABLE 7.—Dietary classification of 4 extant xenarthran dietary groups based on microwear 

analysis in chapter 2. Diagnostic microwear variables and their respective ranges listed for 

each dietary group are based on standardized tooth comparison between taxa (M2 mesial = 

folivores, frugivore-folivores; M6 mesial = carnivore-omnivores, insectivores). Frequencies 

are expressed as percentage of individuals in dietary group which possess target variable. 

Xenarthran Dietary Group Diagnostic Microwear Variables Range 

Carnivore-omnivores Mean number of scratches 

Frequency of gouges 

Frequency of mixed scratch texture 

Frequency of hypercoarse scratches 

<10 

>50% 

>50% 

30-49% 

Folivores Mean number of scratches 

Frequency of cross-scratches 

Frequency of mixed scratch texture 

Frequency of fine scratch texture 

Frequency of large pits 

>13 

>50% 

>50% 

30-49% 

30-49% 

Frugivore-folivores Mean number of scratches 

Frequency of large pits 

Frequency of gouges 

Frequency of mixed scratch texture 

10-13 

>50% 

>50% 

>50% 

Insectivores Mean number of scratches 

Frequency of gouges 

Frequency of mixed scratch texture 

<10 

>50% 

>50% 
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TABLE 8.—Standardized locality, gender, and collector date information and specimen numbers for each species included in this 

study. 

 

Species AMNH Specimen Number Locality Sex Date 

Bradypus tridactylus 96241, 96242, 96244, 96248, 96251 Brazil, Para, Cameta, Tocantins River, Ilha do Taiuna Female 1931 

Choloepus didactylus 133410, 133414, 133429, 133446, 

133453 
Brazil, Para, llha de Marajo, Curralinho Female 1936 

Dasypus novemcinctus 91706, 91707, 91708, 91710, 92336 Brazil, Amazonas, Borba, Madeira River Male 1930 

Euphractus sexcinctus 133296, 133297, 133302, 133354, 

133391 
Brazil, Goias, Anapolis Male 

1936-

1937 
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TABLE 9.—Mean microwear data for 4 extant xenarthran species sampled in this study, with 

pooled total (average of all sampling locations), mesial, distal, upper, and lower sampling 

locations reported. Raw data are in Appendix B. Abbreviations: X̄ Scratch = mean number of 

scratches (standard deviation); %CS = percentage of individuals with >4 cross-scratches; 

%HS = percentage of individuals with hypercoarse scratches; %G = percentage of 

individuals with gouges; %LP = percentage of individuals with >4 large pits; %FS = 

percentage of individuals with predominately fine scratches; %MS = percentage of 

individuals with predominately fine and coarse (mixed) scratches; %CoS = percentage of 

individuals with predominately coarse scratches. 

 

Sampling Location n X̄ Scratch %CS %HS %G %LP %FS %MS %CoS 

Bradypus tridactylus          

X̄ Mesial 29 16.24 (4.07) 96.55 0.00 37.93 17.24 20.69 79.31 0.00 

X̄ Distal 21 14.90 (4.82) 95.24 0.00 38.10 23.81 9.52 90.48 0.00 

X̄ Upper 25 15.68 (4.38) 92.00 0.00 24.00 20.00 8.00 92.00 0.00 

X̄ Lower 25 15.68 (4.51) 100.00 0.00 52.00 20.00 24.00 76.00 0.00 

X̄ Total 50 15.68 (4.40) 96.00 0.00 38.00 20.00 16.00 84.00 0.00 
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TABLE 9. Continued

Choloepus didactylus          

X̄ Mesial 29 10.98 (2.87) 79.31 27.59 96.55 55.17 13.79 86.21 0.00 

X̄ Distal 24 11.13 (2.72) 83.33 20.83 87.50 41.67 16.67 83.33 0.00 

X̄ Upper 23 10.02 (2.46) 69.57 26.09 100.00 52.17 4.35 95.65 0.00 

X̄ Lower 30 11.83 (2.79) 90.00 23.33 86.67 46.67 23.33 76.67 0.00 

X̄ Total 53 11.01 (2.78) 81.13 28.30 92.45 49.06 15.09 84.91 0.00 

Dasypus novemcinctus          

X̄ Mesial 39 9.92 (2.37) 74.36 2.56 2.56 17.95 0.00 100.00 0.00 

X̄ Distal 39 9.14 (2.15) 56.41 0.00 5.13 10.26 0.00 100.00 0.00 

X̄ Upper 38 10.57 (1.95) 78.95 2.63 7.89 13.16 0.00 100.00 0.00 

X̄ Lower 40 8.55 (2.16) 52.50 0.00 0.00 15.00 0.00 100.00 0.00 

X̄ Total 78 9.54 (2.28) 65.38 1.28 3.85 5.13 0.00 100.00 0.00 
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 TABLE 9. Continued 

Euphractus sexcinctus          

X̄ Mesial 40 9.94 (1.49) 97.50 30.00 97.50 17.50 5.00 95.00 0.00 

X̄ Distal 39 11.18 (1.76) 94.87 35.90 97.44 7.69 0.00 100.00 0.00 

X̄ Upper 39 10.28 (1.72) 100.00 46.15 97.44 10.26 2.56 97.44 0.00 

X̄ Lower 40 10.81 (1.73) 92.50 20.00 97.50 15.00 2.50 97.50 0.00 

X̄ Total 79 10.54 (1.74) 96.20 32.91 97.47 12.66 2.53 97.47 0.00 
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TABLE 10.—Significance values of mean comparison tests for 3 hypotheses at each sampling location in each species. Significant A 

and W values (P≤ 0.05) are bolded. Abbreviations: A = ANOVA, H# = hypothesis being tested, L = Levene test for equality of 

variances, W = Welch test for equality of means. For variable abbreviations, see Table 9. 

 

 
X̄ Scratch %CS %HS %G %LP %FS %MS %CoS 

H1: all tooth locations 
  

 

 

 

   

Bradypus tridactylus L: P=0.03 

W: P=0.17 

L: P<0.01 

W: P=1.00 

- 

- 

L: P<0.01 

W: P=0.12 

L: P=0.11 

A: P=0.95 

L: P<0.01 

W: P=0.75 

L: P<0.01 

W: P=0.75 

- 

- 

Choloepus didactylus L: P=0.31 

A: P=0.56 

L: P<0.01 

W: P=0.62 

L: P<0.01 

W: P=0.18 

L: P<0.01 

W: P=0.96 

L: P<0.01 

W: P<0.01 

L: P<0.01 

W: P=0.68 

L: P<0.01 

W: P=0.68 

- 

- 
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TABLE 10. Continued 

  

 

 

 

   

Dasypus novemcinctus L: P=0.13 

A: P<0.01 

L: P<0.01 

W: P=0.02 

L: P<0.01 

W: P=1.00 

L: P<0.01 

W: P=1.00 

L: P<0.01 

W: P=0.86 

- 

- 

- 

- 

- 

- 

Euphractus sexcinctus L: P=0.47 

A: P=0.07 

L: P<0.01 

W: P=1.00 

L: P<0.01 

W: P=0.05 

L: P<0.01 

W: P=1.00 

L: P<0.01 

W: P=0.92 

L: P<0.01 

W: P=1.00 

L: P<0.01 

W: P=1.00 

- 

- 

H2: mesial versus distal 
  

 

 

 

   

Bradypus tridactylus L: P=0.50 

A: P=0.29 

L: P=0.65 

A: P=0.82 

- 

- 

L: P=0.98 

A: P=0.99 

L: P=0.27 

A: P=0.58 

L: P=0.03 

W: P=0.27 

L: P=0.03 

W: P=0.27 

- 

- 

Choloepus didactylus L: P=0.98 

A: P=0.86 

L: P=0.46 

A: P=0.72 

L: P=0.26 

A: P=0.58 

L: P=0.01 

W: P=0.25 

L: P=0.65 

A: P=0.34 

L: P=0.57 

A: P=0.78 

L: P=0.57 

A: P=0.78 

- 

- 
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TABLE 10. Continued 

  

 

 

 

   

Dasypus novemcinctus L: P<0.01 

W: P=0.10 

L: P=0.23 

A: P=0.55 

L: P=0.04 

W: P=0.32 

L: P=0.24 

A: P=0.56 

L: P=0.05 

W: P=0.34 

- 

- 

- 

- 

- 

- 

Euphractus sexcinctus L: P=0.92 

A: P<0.01 

L: P=0.04 

W: P=0.30 

L: P=0.28 

A: P=0.58 

L: P=0.97 

A: P=0.99 

L: P=0.05 

W: P=0.34 

L: P<0.01 

W: P=0.16 

L: P<0.01 

W: P=0.16 

- 

- 

H3: upper versus lower 
  

 

 

 

   

Bradypus tridactylus L: P=0.63 

A: P=1.00 

L: P<0.01 

W: P=0.17 

- 

- 

L: P=0.01 

W: P=0.04 

L: P=1.00 

A: P=1.00 

L: P<0.01 

A: P=0.13 

L: P<0.01 

A: P=0.13 

- 

- 
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TABLE 10. Continued 

  

 

 

 

   

Choloepus didactylus L: P=0.53 

A: P=0.02 

L: P<0.01 

W: P=0.08 

L: P=0.65 

A: P=0.82 

L: P<0.01 

W: P=0.05 

L: P=0.88 

A: P=0.70 

L: P<0.01 

W: P=0.04 

L: P<0.01 

W: P=0.04 

- 

- 

Dasypus novemcinctus L: P=0.95 

A: P<0.01 

L: P<0.01 

W: P=0.01 

L: P=0.04 

W: P=0.33 

L: P<0.01 

W: P=0.09 

L: P=0.65 

A: P=0.81 

- 

- 

- 

- 

- 

- 

Euphractus sexcinctus L: P=0.63 

A: P=0.18 

L: P<0.01 

W: P=0.04 

L: P<0.01 

W: P=0.01 

L: P=0.97 

A: P=0.99 

L: P=0.21 

A: P=0.53 

L: P=0.97 

A: P=0.99 

L: P=0.97 

A: P=0.99 

- 

- 
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FIGURE 11. Skulls of 4 extant xenarthran species analyzed in this study; first and last tooth 

position of upper and lower dental series selected for microwear analysis are labeled for each 

species. Dental positional terminology follows Naples (1982) for tree sloths and Smith and 

Redford (1990) and Vizcaíno et al. (1998) for armadillos. Scale bar = 5 cm. A) Bradypus 

didactylus, USNM (Smithsonian National Museum of Natural History, Washington D.C.) 

256676, since zygomatic arch obscures view of M4 and m4, these teeth are not labeled, B) 

Choloepus didactylus, USNM 257009, zygomatic arch is absent in this specimen, allowing 

view of M4 and m4, C) Dasypus novemcinctus, USNM 240091, D) Euphractus sexcinctus, 

USNM 257915. 
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FIGURE 12. Orthodentine microwear variables analyzed in this study (photographs taken at 

50X magnification). A) Numerous scratches on an even wear surface (mixed scratch texture; 

scratch and cross-scratch labeled; AMNH 96244, Bradypus tridactylus), B) coarse microwear 

features on rugged wear surface (hypercoarse scratch, gouge and large pit labeled; AMNH 

133429, Choloepus didactylus). 
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CHAPTER 4: 

Using orthodentine microwear and phylogeny to infer function in dicynodont (Therapsida: 

Anomodontia) tusks 
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INTRODUCTION 

 

Variation in dental morphology among mammals varies from the bunodont molar of 

humans to the carnassials of felids, including extremes such as the completely edentulous 

state of vermillinguas and the huge tusks of proboscideans. This chapter explores the 

function of the latter example in living and fossil synapsids. Tusks are defined here as 

modified anterior teeth (e.g., incisors, canines) that are enlarged outside of the oral cavity and 

are ever-growing (hypselodont) throughout ontogeny, although growth may slow or cease in 

extreme age. Among extant vertebrates, teeth meeting these criteria are only present in 

mammals, including, but not limited to, Hippopotamidae (Hippopotamus), Moschidae 

(Moschus), Odontoceti (Monodon), Pinnipedia (Odobenus), Proboscidea (Elephas, 

Loxodonta), Rhinocerotidae (Rhinoceros), Sirenia (Dugong), and Suidae (Babyrousa, 

Hylochoerus, Phacochoerus, Potamochoerus, Sus) (Mansfield, 1958; Peyer, 1968; Schmidt 

and Keil, 1971; Marsh, 1980; Best, 1981; Haynes, 1991; Hillson, 2005; Mihlbachler, 2005). 

In the above taxa, tusks may serve two possible functions: sexual display (e.g., Geist, 

1966; Barrette, 1977; Silverman and Dunbar, 1980; Haynes, 1991; Anderson, 2002) or food 

procurement (Haynes, 1991; Domning, 2001; Domning and Beatty, 2007). The former 

function is hypothesized to have evolved through sexual selection for enlarged teeth in males 

for intraspecific competitive display and combat (Geist, 1966; Anderson, 2002). Likewise, it 

has been proposed that the feeding function of tusks evolved through adaptive selection for 

enlarged teeth as more efficient foraging structures (e.g., Domning, 2001). Alternatively, 
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exaptation of one or both functions is a possibility (e.g., Gould and Vrba, 1982). The 

paleobiological function of tusks in fossil mammals has been inferred from homology with 

living relatives (e.g., Haynes, 1991; Lambert, 1992; Domning and Beatty, 2007). However, it 

is more difficult to test the hypotheses of tusk function in extinct taxa without extant 

relatives. This conundrum is exemplified by the basal therapsid clade Dicynodontia and is the 

focus of this chapter. 

Dicynodonts were a diverse lineage (>40 taxa; King, 1993) of Anomodontia 

(Therapsida, sensu Rubidge and Sidor, 2001) that first appeared in the Middle Permian 

(King, 1988). They were among the only synapsids to survive the end-Permian mass 

extinction (Smith and Ward, 2001) and eventually went extinct during the Late Triassic 

(King, 1988), although some taxa may have survived locally until the Cretaceous (Thulborn 

and Turner, 2003). Dicynodonts had several apomorphic cranio-mandibular features among 

non-mammalian therapsids, including a quadrate-articular joint that allowed propalinal 

sliding of the lower jaw (Crompton and Hotton, 1967), a keratinous covering on the upper 

and lower jaw (i.e., beak; Watson, 1960), and the presence of two enlarged maxillary 

caniniform tusks (Watson, 1960). The latter structures were ever-growing (although dentine 

apposition may have ceased in the oldest members) with no evidence of replacement 

(Sullivan et al., 2003), consistent with the definition of tusks given above. The acquisition of 

tusks in dicynodonts represents the first temporal and phylogenetic appearance of these 

structures among vertebrates. The acquisition of propaliny and the replacement of post-

canine dentition with keratin are proposed as adaptations for processing the tough vegetation 
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of the Permo-Triassic (Crompton and Hotton, 1967). These features have been proposed to 

be key to the success of dicynodonts as the dominant herbivores of this time (King et al., 

1989). However, the function of the caniniform tusks remains debated. Some authors have 

argued that dicynodont tusks were used in the acquisition of food (e.g., Colbert, 1974; 

Hotton, 1986), while others propose their use in intraspecific display (e.g., Cruickshank, 

1978; Sullivan et al., 2003). 

This chapter investigates alternative hypotheses of tusk-use in dicynodonts using two 

independent analytical methods, including 1) analysis of tusk function in extant taxa in a 

phylogenetic context, and 2) comparison of tusk microwear patterns between selected extant 

tusked mammals (Loxodonta, Odobenus) and dicynodonts. Dicynodont caniniform tusks are 

neomorphic among anomodonts and other non-mammalian therapsids, so these structures are 

not homologous with any of the tusks of mammals (Frӧbisch and Reisz, 2008). However, the 

latter are the only living animals with tusks. 

Beyond determining tusk function in extinct dicynodonts, this research will also 

provide a framework for testing hypotheses of the evolution of feeding and display functions 

in tusks of extant and extinct synapsids. Further, this study will broaden the utility of 

orthodentine microwear analysis as a tool for paleoecological reconstruction and provide a 

means of determining feeding function in tusks of extinct taxa. Analysis of tusk microwear in 

extant Loxodonta provides a baseline for future evaluation of the role of tusks in food 

procurement in extinct proboscideans, which may shed light on the evolution of feeding 

behavior in Proboscidea. 
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Dicynodont Tusks and Their Potential Role in Feeding and Sexual Display 

Tusks first appeared in the basalmost dicynodont, Eodicynodon and were present in 

most other Permian dicynodonts, although some taxa (e.g., Cistecephalus, Endothiodon, 

Myosaurus, Oudenodon) secondarily lost these structures (King, 1988; Angielczyk, 2007). 

However, Triassic kannemeyeriform dicynodonts exhibit an evolutionary trend toward tusk 

reduction (Vega-Dias et al., 2004), with the last forms having either vestigial tusks (e.g., 

Placerias; Camp and Welles, 1956) or being completely edentulous (e.g., Jachaleria; Vega-

Dias et al., 2004).  

Based on comparisons to extant taxa, sexual display has been hypothesized to explain 

tusk function in dicynodonts (Cruickshank, 1978; Sullivan et al., 2003). An intraspecific 

display function in tusks is usually associated with sexual dimorphism in living mammals 

(e.g., Elephas, Loxodonta, Odobenus), either through absence of tusks in females (e.g., 

Elephas), or through presence of larger tusks in males over females (e.g., Loxodonta; 

Odobenus). Sullivan et al. (2003) reported a bivariate distribution in the presence of tusks in 

the Permian dicynodont Diictodon, consistent with sexual dimorphism patterns in Elephas. 

Tusk presence is also variable between individuals of other dicynodonts (e.g., Emydops, 

Pristerodon; King, 1988), although it is currently unclear whether this pattern is related to 

sexual dimorphism or phylogenetic differences. In contrast, tusks are always present in some 

dicynodonts (e.g., Lystrosaurus; Ray, 2005). Thus, if Lystrosaurus tusks functioned in sexual 

display, we expect to see dimorphism in tusk size, similar to patterns in Loxodonta (Haynes, 
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1991). However, no study has identified sexual size dimorphism of tusks in Lystrosaurus or 

any other dicynodont. In fact, Lystrosaurus tusk diameter shows negative allometry relative 

to skull length, a finding which does not support sexual dimorphism (Ray, 2005). 

A feeding role has also been postulated for dicynodont tusks (Colbert, 1974; Hotton, 

1986). Dicynodonts were generally adapted for a semi-fossorial lifestyle based on postcranial 

functional morphology (King, 1988; Ray and Chinsamy, 2003). Some taxa were completely 

fossorial (Cluver, 1978; Ray and Chinsamy, 2003), while others have been proposed to be 

semi-aquatic (King, 1988; Ray et al., 2005). Dicynodonts habitually held their head at an 

angle that directed the mouth and tusks, where present, towards the substrate (Cox, 1962). 

This observation, coupled with adaptations for a digging lifestyle, has led to the conclusion 

that dicynodonts were mainly substrate feeders, using their tusks to rake through sediment for 

algae, fungi, rhizomes, and roots (Hotton, 1986; King, 1990). This argument is questionable 

because dicynodont tusks would have only extended slightly below the lower jaw and thus 

would not make effective digging tools (Cruickshank, 1978). A recent study by Surkov and 

Benton (2008) reveals that many dicynodonts were adapted for an intermediate to high 

feeding level and may have consumed ground-level or higher vegetation. In these taxa, tusks 

may have functioned in vegetation stripping or cutting of seed ferns (e.g., Glossopteris, 

Dicroidium), ferns, conifers, lycopods, and equisetaleans (Hotton, 1986; King, 1990). 

 The presence of wear facets on the distal ends of some dicynodont tusks (Pearson, 

1924; Camp and Welles, 1956; Watson, 1960; Cox, 1968, 1998; Cluver, 1971; Colbert, 1974; 

Damiani et al., 2007) has been used by some to postulate that these structures functioned in 
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feeding (e.g., Colbert 1974). Wear facets on the medial side of dicynodont tusks are common 

in many taxa and result from routine contact with the lower jaw during mastication (Watson, 

1960); thus, the mere presence of medial facets is not indicative of specialized use of tusks 

for food acquisition. However, facets on other regions of the tusks that do not contact the 

mandible (i.e., non-medial) may support a feeding function (Watson, 1960; Colbert, 1974; 

Hotton, 1986; Damiani et al., 2007), yet their presence is variable both intra- and 

interspecifically (Watson, 1960; Colbert, 1974). For example, lateral wear facets are present 

on three tusks of Lystrosaurus from Antarctica, but are lacking on numerous others from the 

same region (Colbert, 1974); likewise, non-medial wear facets are altogether absent on many 

other well-preserved Lystrosaurus tusks from different localities (Cluver, 1971). Further, the 

secondary loss of tusks in many dicynodonts (e.g., Cistecephalus, Endothiodon, Myosaurus, 

Oudenodon) argues against their necessity in acquiring food in those taxa (Watson, 1960). 

Conflicting evidence from prior analyses left a feeding function for dicynodont tusks 

controversial and unresolved. 

 

Testing Hypotheses of Dicynodont Tusk Function 

Extant taxon comparison—This study attempts to elucidate the function of 

dicynodont tusks in a phylogenetic context through comparison of tusk function in living 

mammalian taxa. First, a survey of all living taxa that have tusks, consistent with the 

definition given above, is conducted. Existing observational data for tusk function in these 

taxa is compiled and the results (tusks used only for sexual display, only for feeding, or a 
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combination) optimized on a phylogenetic hypothesis for mammals. The resulting character 

optimization is used to elucidate a pathway for the evolution of tusk function in living 

mammals. If one or both function(s) (sexual display, feeding) of tusks are present in all 

extant taxa, this would support an association between that paleobiological function and 

presence of tusks in dicynodonts. 

Orthodentine microwear analysis—In vertebrates, mastication leaves dental scar 

patterns (microwear) that are primarily influenced by the material properties of food 

(Teaford, 1991); thus direct comparison of microwear between extant and fossil taxa is a well 

established means of reconstructing feeding ecology (e.g., Solounias and Semprebon, 2002; 

Green et al., 2005). However, with the exception of Domning and Beatty (2007), little 

research has been directed toward understanding the ecological significance of microwear 

patterns on teeth without occlusion, such as tusks in extant mammals (e.g., Loxodonta, 

Odobenus) and dicynodonts. Enamel is absent on tusks in mature individuals of the above 

taxa (Poole, 1956; Schmidt and Keil, 1971), so microwear patterns exist on an orthodentine 

surface. Hotton (1986) preliminarily examined dental microwear on the wear facets of tusks 

of Dicynodon and Lystrosaurus and concluded that the proportion and distribution of 

microwear features supports the use of tusks in food procurement. However, this conclusion 

was not based on comparison with orthodentine tusk microwear in living mammalian taxa, 

which is a prerequisite when inferring feeding behavior and diet from dental microwear in 

extinct animals (Teaford, 1991). Possible taphonomic alteration of original scar features 

(Teaford, 1988) and the resulting effect on accuracy of paleoecological conclusions were also 
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not accounted for. Until these prerequisites are addressed, microwear features on dicynodont 

tusks cannot be interpreted in an ecological context. This chapter will expand on the 

ecological significance of orthodentine microwear in general by developing a method to first 

quantify the distribution and proportion of orthodentine microwear patterns on tusks in living 

tusked mammals. Because the present is the key to the past, tusk microwear patterns in extant 

taxa may be used to contextualize and constrain any proposed inferences of tusk function in 

dicynodonts. 

To test whether dicynodont tusk microwear patterns are related to feeding, the 

correlation between tusk microwear and foraging behavior must first be established in living 

mammals. Appropriate taxa must be selected for this research. Although there is much 

variation in the structure, position, and size of tusks among living mammals, there exists no 

living example that exactly matches the dental position (i.e., maxillary caniniform), 

orientation (i.e., ventrally directed) and length (i.e., projecting to or just beyond the lower 

margin of the mandible) of tusks in dicynodonts. Because microwear analysis is dependent 

on comparison between similar dental tissues, selection of taxa is based more on dental 

microstructure of tusks than other criteria. As reviewed above, dicynodonts have maxillary 

caniniform tusks that lack enamel and do not contact other teeth, although the medial surface 

contacts the keratinous beak. Because there can be no comparison between enamel and 

orthodentine microwear (Green, 2009), tusks in selected taxa must completely lack enamel, 

which eliminates Hippopotamus (Hillson, 2005), Dugong (Marsh, 1980), Rhinoceros 

(Mihlbachler, 2005) and suids (Babyrousa, Phacochoerus, Sus; Peyer, 1968; Schmidt and 
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Keil, 1971) from consideration. Of the remaining taxa, the microstructure of the tusk in 

Monodon differs from that of proboscideans, Odobenus, and dicynodonts (Poole, 1956; 

Schmidt and Keil, 1971); significant microstructural differences between two dental tissues 

may affects the density and morphology of microwear scars (Maas, 1991), so Monodon is 

also eliminated, leaving Odobenus and proboscideans as the most suitable extant taxa for 

dicynodont tusk microwear. In Odobenus, both genders have tusks with visible wear surfaces 

(Mansfield, 1958), but these structures are not routinely used for feeding (Levermann et al., 

2003). Wear on walrus tusks is likely produced either by their use as locomotory appendages 

when emerging onto land or ice (Fay, 1985), or from incidental contact with the sediment 

during feeding (i.e., tusks are not used directly for feeding; Levermann et al., 2003). I chose 

Loxodonta to represent extant proboscideans because both genders possess tusks with visible 

wear facets, and these structures are routinely used in foraging activities, (e.g., bark striping, 

digging; Haynes, 1991). 

Microwear patterns on dicynodont tusks are statistically compared to microwear in 

extant taxa; if dicynodont tusks were used for food procurement, microwear patterns are 

expected to be more comparable to scar patterns in Loxodonta than Odobenus. Taphonomic 

alteration of microwear will assessed (sensu Teaford, 1988 and King et al., 1999) and the 

potential use of dicynodont tusks in feeding will be evaluated in context with the associated 

paleoflora and depositional environment of the Permo-Triassic. 

Institutional Abbreviations—AMNH, American Museum of Natural History, New 

York, NY; MCZ, Museum of Comparative Zoology, Cambridge, MA; NCSM, North 
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Carolina Museum of Natural Sciences, Raleigh, NC; USNM, National Museum of Natural 

History, Smithsonian Institution, Washington D.C. 

 

MATERIALS AND METHODS 

 

A literature search was conducted to identify every living taxon that has tusks 

(consistent with the definition above), and the function associated with these structures. The 

tree topology of Asher (2007) was used as the framework for tracing the evolution of tusk 

presence and function in mammals, this study is a recent analysis that incorporates both 

morphological and molecular data and samples extant taxa in this dissertation. Because 

Asher (2007) did not include dense species level sampling, more inclusive trees for key 

groups (i.e., Cetartiodactyla = Price et al., 2005; Carnivora = Bininda-Emonds et al., 1999; 

Sirenia = Domning, 1994) were grafted onto the main tree in Mesquite (Maddison and 

Maddison, 2009) to create a composite cladogram that includes all tusked mammalian taxa. 

The phylogenies chosen represent the most recent, comprehensive hypotheses of 

evolutionary relationships in target groups. An unordered multistate character [function of 

tusks in extant mammals: tusks absent (0), tusks present, used only for feeding (1), tusks 

present, used only for intraspecific display (2), tusks present, used both for feeding and 

intraspecific display (3)] was coded for all taxa, and the history of this character was traced 

using maximum parsimony (Fitch) optimization in Mesquite.  
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To develop a baseline against which to test hypotheses of feeding function in 

dicynodont tusks, dental microwear patterns were analyzed on tusks of extant Loxodonta 

(N=5) and Odobenus (N=6) from the mammal collection at USNM; only tusks from wild 

animals were included. Wear facets on the distal ends of tusks were first cleaned with ethanol 

and cotton swabs to remove dirt and debris that could obscure microwear features, and were 

then molded using polyvinylsiloxane dental impression material (President Plus Jet Regular-

body; Coltene-Whaledent, Inc.). High-quality epoxy resin (Epo-Kwick, Buehler, Inc.) casts 

were made from molds using methods in chapter 2 and were analyzed at 35 times 

magnification using a Zeiss Stemi 2000-C stereomicroscope. A fiberoptic light source was 

directed across the surface of each tooth cast at a shallow angle to the occlusal surface in 

order to make microwear features stand out in bold relief. The angle of the light source was 

adjusted during analysis to optimize the viewing of different features (see Solounias & 

Semprebon, 2002 and Semprebon et al., 2004 for further discussion on lighting techniques). 

Microwear features were identified on each cast within a standard 0.4 mm counting square 

(using an ocular reticle) on sampling loci. The anatomical location and size of tusk wear 

surfaces varied between individuals in this study, so it was not possible to standardize 

sampling loci within wear facets. Instead, five loci were selected at random across the entire 

wear surface to provide a more precise measure of the total microwear signal on each tusk. 

Ten variables were analyzed for each counting location, including number of (1) fine 

scratches (FS), (2) coarse scratches (CS), (3) total (fine+coarse) scratches (TS), (4) small pits 

(SP), (5) large pits (LP), (6) gouges (G); and presence of (7) hypercoarse scratches (HS); and 
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presence of scratches oriented (8) parallel to the long axis of the tusk (PS), (9) oblique to the 

long axis of the tusk (OS), and (10) perpendicular to the long axis of the tusk (PeS). 

Variables 1-6 were continuous, whereas variables 7-10 were recorded as either present (1) if 

the noted feature existed in the counting area, or absent (0) if the feature was not seen. Data 

from all five loci were then averaged together to give a representative estimate of microwear 

for each specimen. 

Scratches are identified as being much longer than they are wide. Fine texture 

scratches appear the narrowest, whereas coarse texture scratches are much wider and more 

refractive under illumination. Cross-scratches are defined as those oriented nearly 

perpendicular to the axis of the majority of scratches on the tooth. Hypercoarse scratches are 

wide troughs cut into the tooth surface – these are wider, though less refractive, than coarse 

scratches. Pits are more uniform in width and length. Small pits tend to be highly refractive 

pin-points of light on the tooth surface, whereas large pits not only have a larger diameter, 

but are also less refractive. Gouges are about 2-3 times larger than the latter variable, and are 

much deeper with ragged, irregular edges and low refractivity. The reader is referred to 

Solounias and Semprebon (2002) and Semprebon et al. (2004) for a visual reference of 

microwear features described in this study. 

Independent reproducibility of results is important in scientific studies. Semprebon et 

al. (2004) have addressed this issue for the low-magnification microwear method employed 

herein and found that both single- and interuser reproducibility in counting and identifying 

microwear scars is statistically robust. However, it is important to note that proper training is 
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required to ensure consistency in feature identification. The author was trained by the 

original inventors of this method, N. Solounias and G. Semprebon. 

For extant animals, canonical discriminant functional analysis was applied to 

determine microwear variables that distinguish Loxodonta (i.e., patterns attributed to feeding) 

from Odobenus (i.e., patterns related to non-feeding or incidental attrition). All microwear 

variables were included, and taxon was the grouping variable. A Wilks’ Lambda test was 

used as a metric of significance for all resulting discriminant functions. All tests were 

conducted in a PC environment using SPSS (Statistical Package for Social Sciences, Inc.) 

version 16.0. 

 Tusks (N=24) of various dicynodont taxa from different localities and geologic ages 

(Table 11) were sampled to provide a broad representation of dicynodont tusk microwear 

patterns. Specimens were selected from the collections of AMNH, MCZ, NCSM, and 

USNM. Cleaning, molding, casting, and analytical regimes mirrored those for extant 

mammals. 

The presence of visible microwear features were first established for each specimen. 

Taphonomic alteration of original microwear patterns should be accounted in fossil 

specimens (Teaford, 1988). Post-mortem physical weathering or abrasion results in 

obliteration of original microwear, instead of creating new features that might be mistaken 

for food scars (King et al., 1999). Also, the presence of similar scar features on both wear 

and non-wear surfaces on a fossil tooth calls into question the originality of microwear 

(Teaford, 1988). The following protocols were used to account for possible suspect patterns: 
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if microwear features were visible both on the wear facet and non-worn surfaces alike, the 

tusk was considered altered and was not included in the analysis. Likewise, if no microwear 

was visible on any portion of the tusk, it was excluded from the study. If microwear features 

were visible only on the wear facet of a tusk, the specimen was considered unaltered. For 

unaltered tusks, scars were counted both on medial and non-medial (i.e., anterior, lateral, 

posterior) wear facets using the protocol described above for extant animals. Where 

applicable, a two-tailed t-test (assuming equal variances) was applied to gauge significant 

differences in the proportion of each variable between medial and non-medial wear surfaces 

in a specimen. This test was also applied to microwear variables on identical facets between 

specimens (e.g., medial facets between specimens) to test for interspecific differences.  

 

RESULTS 

 

Character Optimization of Tusk Function in Extant Mammals 

Table 11 summarizes the literature search on presence and function of tusks in extant 

mammals. This survey revealed no new findings of tusk presence among living taxa (e.g., 

Monodon, Odobenus, proboscideans, suids). Although living tragulids and Mesoplodon have 

enlarged teeth that extend beyond the oral cavity (Nowak, 1991), these structures were not 

referenced as ever-growing and thus are not considered true tusks here. 

Tusks in extant mammals are used for both sexual display and antagonistic intramale 

combat (Silverman and Dunbar, 1980; MacKinnon, 1981; Fay, 1985; Haynes, 1991; 
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Anderson, 2002; Meng et al., 2008), although other gender-specific functions (e.g., tusk 

marking of trees in male Sus; Conley et al., 1972) may also be present. Tusks are never used 

exclusively for feeding in living taxa, although a combined intraspecific display/combat and 

feeding function of tusks is found in proboscideans and the suid Hylochoerus (Table 11). The 

former group uses tusks to strip bark and vegetation from trees and as digging implements 

for mineral licks (Haynes, 1991), whereas Hylochoerus only employs tusks in excavation of 

mineral licks (Oliver, 1993). The optimization of tusk function among living mammals is 

shown in Figure 1. 

 

Tusk Microwear 

Extant Taxa—Microwear features were visible on the wear facets of all sampled 

tusks for extant taxa. On average, Loxodonta tusks had higher counts of all continuous 

microwear variables, plus a higher proportion of hypercoarse scratches and oblique scratches, 

relative to Odobenus tusks (Table 13; Appendix C). To statistically distinguish microwear 

patterns in Loxodonta from Odobenus, one canonical function (explaining 100% of the 

variance) was formed by the SPSS discriminant function analysis. A Wilks’ Lambda test 

indicates this function is statistically significant (p=0.01); the absolute correlation of 

variables with the function is given in Table 14. All individuals of Loxodonta and Odobenus 

were correctly classified by SPSS into their predicted group using this function (Table 15). 

Dicynodonts—Only three of the 24 sampled dicynodont tusks have visible 

microwear on their wear facets (Tables 11, 13); microwear was not present on any unworn 
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surfaces in these specimens. All other tusks had no visible microwear on any surfaces. Each 

of the three analyzed specimens is from a different taxon and fossil locality (Table 11). 

Microwear was visible on the medial and posterior wear facets of NCSM 21735 and on the 

medial and lateral facets of UCMP 42812 (Table 13); scar features were not present on the 

medial surface of AMNH 5582, but were present on the lateral facet (Table 13). For UCMP 

42812, FS was significantly greater on the lateral facet than the medial surface (p=0.01), 

whereas CS was significantly greater on the medial surface (p=0.01); all other variables were 

not significantly different between the medial and lateral surfaces (TS: p=0.50; SP: p=0.31; 

LP: p=0.83; G: p=0.40). No variables were significantly different between posterior and 

medial facets on NCSM 21735 (FS: p=0.95; CS: p=0.57; TS: p=0.77; SP: p=0.07; LP: 

p=0.89; G: p=0.64). No variables were significantly different on the lateral facet between 

AMNH 5582 and UCMP 42812 (FS: p=0.76; CS: p=0.82; TS: p=0.63; SP: p=0.11; LP: 

p=0.25; G: p=0.54), nor on the medial facet between UCMP 42812 and NCSM 21735 (FS: 

p=0.67; CS: p=0.08; TS: p=0.77; SP: p=0.32; LP: p=0.11; G: p=0.54).  

 

 

 

 

 

DISCUSSION 
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Evidence of Dicynodont Tusk Function from Phylogeny 

A character optimization revealed that tusks evolved independently eight times 

among living mammals, including four separate acquisitions in Cetartiodactyla, two in 

Afrotheria, and one each in carnivores and perissodactyls (Fig. 1). Each independent 

acquisition of tusks was associated with a sexual selective function in living mammals (Fig. 

1). In proboscideans, both extant taxa use tusks for feeding and display, although it is unclear 

which function arose first (i.e., the ancestral tusk function for crown-clade Proboscidea is 

optimized as both sexual display and feeding; Fig. 1). However, the ancestral tusk function of 

crown-clade Suidae is optimized as sexual display, with a feeding function arising only in 

Hylochoerus. These results support sexual display as the original function of mammal tusks 

and that feeding use in tusks arose through exaptation in some taxa. These results are 

consistent with the hypothesis that mammal tusks evolved through sexual selection (Geist, 

1966; Anderson, 2002). 

Based on analysis of the evolution of tusk function in living mammals presented here, 

it is most parsimonious to conclude that dicynodont tusks may also have evolved through 

sexual selection and that their original function was for display. This is consistent with 

reports of sexual dimorphism in tusk presence in Diictodon (Sullivan et al., 2003). Data from 

extant taxa allows the possibility that some dicynodonts tusks were co-opted as feeding aids, 

a hypothesis that may be testable via comparison of tusk orthodentine microwear between 

dicynodonts and living mammals. 
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Tusk Microwear as a Proxy for Feeding Behavior 

Extant Taxa—Tusk microwear from living mammals must be used as a baseline for 

interpreting microwear in dicynodont tusks. Discriminant function analysis revealed that 

microwear patterns in extant Loxodonta were statistically different from microwear in extant 

Odobenus (p=0.01). Variables with the highest overall correlation (>0.030; Table 14) to the 

canonical function are the most important in distinguishing a feeding signal in tusk 

microwear. These include the presence of hypercoarse scratches, number of coarse scratches, 

and presence of scratches oriented perpendicular to the long axis of the tusk. Loxodonta has a 

significantly higher proportion of hypercoarse scratches (usually oriented oblique to the tusk 

long axis; Table 13, Fig. 14A) and a higher number of coarse scratches than Odobenus (Fig. 

14B). In the latter, there are fewer coarse scratches and scratch orientation is random (Fig. 

14B), which is supported by nearly equal proportions of parallel, perpendicular, and oblique 

scratches (Table 13). Number of small and large pits and gouges are not useful in 

discriminating tusk microwear between taxa; pit number is also not a distinguishing factor in 

other analyses of orthodentine microwear (Green, 2009). Although tusks in Loxodonta and 

Odobenus are also used for intramale combat, this activity usually results in the distal tip of 

the tusk being broken or damaged, rather than worn (Haynes, 1991). Thus, microwear 

features in Loxodonta tusks are interpreted here to represent feeding behavior. 

The more consistent orientation of scratches (i.e., oblique to the tusk long axis) in 

Loxodonta is likely related to the repeated use of tusks in a given plane of motion for 

foraging (i.e., debarking of Acacia trees; Shannon et al., 2008) or digging in abrasive soil 
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(Haynes, 1991), whereas the randomly oriented scratches on Odobenus tusks support 

incidental use (e.g., Levermann et al., 2003). The texture of microwear scars may also 

elucidate feeding behavior (Solounias and Semprebon, 2002). Coarse microwear features 

(e.g., coarse and hypercoarse scratches) are usually present in taxa that incorporate hard-

objects, e.g., seeds, phytoliths, and/or abrasive elements, e.g., grit, into their diet (Solounias 

and Semprebon, 2002; Green, 2009). This observation was originally made in mammals with 

full dental occlusion, where these features form through routine mastication of hard and/or 

abrasive food between teeth. Although the tusks used in this study lack occlusion, the 

application of pressure to the distal end of the tusk against a hard and/or abrasive surface may 

cause these features to form. For example, some hypercoarse scratches in Loxodonta show a 

gouge at the base of the scratch where a hard/abrasive object punctured the tusk, and then 

scoured the surface in one direction, creating a hypercoarse scratch (Fig. 14A). The high 

frequency of coarse microwear features on Loxodonta tusks supports repeated rubbing of 

tusks on firm or abrasive surfaces (e.g., trees, soil), whereas the opposite condition in 

Odobenus supports more incidental use. Thus, different lifestyle adaptations and feeding 

behaviors between Loxodonta and Odobenus are corroborated by tusk microwear analysis, 

and this method may be useful for discerning paleoecology of extinct animals with tusks. 

Dicynodonts—Extant mammals with tusks provide the only baseline for interpreting 

paleoecology from dental microwear in dicynodonts. If dicynodonts used tusks for foraging, 

we would expect to see a high frequency of coarse microwear features oriented in a 

consistent direction (similar to Loxodonta). Conversely, if dicynodont microwear features are 
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of varying texture and orientation, this would be more consistent with non-feeding, incidental 

patterns seen in Odobenus. Because new microwear features are continuously laid down over 

old features during use, the turnover rate of microwear features on dentition is high (hours to 

days; Teaford and Oyen, 1989). Thus, a large sample of teeth from each taxon needs to be 

analyzed to gauge a representative microwear signal. However, only three of the 24 sampled 

dicynodont tusks yielded microwear results in this study, with each specimen coming from a 

different taxon (Table 13); the remaining tusks did not preserve any visible microwear 

features on lateral and/or medial wear facets (see below). Because this sample is not 

conducive to rigorous statistical testing, the amount of paleoecological information that can 

be deduced is minimal at this time. However, preliminary analysis of these three specimens 

may provide useful data for future investigations into dicynodont tusk microwear. 

It is important to account for taphonomic alteration of microwear in fossil teeth 

(Teaford, 1988). Three dicynodont tusks analyzed here all have microwear features (mainly 

scratches; Fig. 14C–F) that are qualitatively similar to those on the tusks of living mammals 

(Fig. 14A–B). Scar features were also found only on tusk wear facets and were not visible on 

any unworn surface. These observations support the originality of microwear patterns on 

these specimens. 

Because the lower jaw contacts the medial surface of the tusk during mastication in 

dicynodonts (Watson, 1960), microwear patterns in this region are more likely to reflect jaw 

biomechanics than tusk function (Hotton, 1986). If tusks were used for feeding, it is 

predicted here that microwear on the lateral facet would be different from that in medial 
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aspect. This prediction is corroborated in the Kannemeyeria specimen (UCMP 42812), where 

there were significantly more coarse scratches and fewer fine scratches on the medial surface 

relative to the lateral one (Table 13). On the medial facet, scratches were mainly oblique or 

perpendicular (Table 13, Fig. 14C). Kannemeyeria has been interpreted to have a more 

circular, rather than propalinal, masticatory phase, where the vertical crushing and grinding 

component is emphasized over the horizontal shearing bite (Renaut, 2001). This chewing 

motion should produce a variety of scratch orientations (parallel, oblique, and perpendicular). 

Although parallel scratches are present, they are not as common as the coarse oblique and 

perpendicular scratches on the medial surface (Fig. 14C). The heavy perpendicular scratches 

support propalinal mastication, where the lower jaw posteriorly retracts in a plane transverse 

to the tusk long axis, similar to other dicynodonts (Crompton and Hotton, 1967). However, 

these results are based on one specimen; a large sample of Kannemeyeria tusks must be 

studied before jaw biomechanics can be deduced from microwear. Scratches parallel to the 

tusk long axis were common on the medial surface of NCSM 21735, with oblique and 

perpendicular scratches present in respective decreasing abundance (not figured). Microwear 

on the medial facet of AMNH 5582 was not discernable, so no comparisons with other 

specimens can be made at this time. A much larger sample of dicynodont tusks from different 

taxa spanning the temporal range of this clade needs to be analyzed to further reconstruct 

masticatory mechanics. Analysis of these potential changes in a phylogenetic context may 

elucidate the evolution of jaw biomechanics in dicynodonts. 
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The lateral wear facet of UCMP 42812 has intersecting oblique scratches (Fig 14D), 

supporting movement of the head in different planes of motion where the tusk contacted a 

surface. The consistent orientation of scratches here is similar to tusk microwear in 

Loxodonta, although the quantitative range and texture of scratches is more similar to 

Odobenus (Table 13; Fig. 14B, D, 15). It is possible that the tusks were being directly 

employed for some feeding-related activity in this individual, but it is equally possible that 

the tusks were being worn incidentally through motion of the head. On AMNH 5582, oblique 

scratches are common, although high frequencies of perpendicular and parallel scratches are 

also present (Table 13; Fig. 14E). The total number of scratches falls within the range of 

Loxodonta (Table 13; Fig. 15). The posterior wear facet on NCSM 21735 from the Upper 

Triassic bears large hypercoarse scratches oriented parallel to the long axis of the tusk (Fig. 

14F). These features are qualitatively similar to the hypercoarse scratches visible in 

Loxodonta (Fig. 14A). Posterior tusk wear facets similar to that in NCSM 21735 are also 

noted in other dicynodonts (Watson, 1960; Damiani et al., 2007). Although Damiani et al. 

(2007) suggested that these facets may be caused by grubbing, it is not clear why only the 

posterior surface would be affected by this activity; it is more plausible that wear would be 

evident on all surfaces at the distal tip of the anteroventrally projecting tusk. Watson (1960) 

attributed posterior tusk facets to contact between the tusk and a dentary boss during 

mastication. This is a more plausible explanation for the exclusive presence of wear on one 

surface of the tusk, and would also account for parallel hypercoarse striations on the posterior 



202 

 
 
facet. However, the lack of associated cranial and mandibular material with NCSM 21735 

precludes testing whether contact between a dentary boss and tusk was possible. 

In summary, microwear is present on only three of 24 dicynodont tusks examined; 

this sample is too small for rigorous statistical comparison with tusk microwear in extant 

mammals, and thus the solution to whether or not dicynodonts used their tusks in feeding 

currently remains elusive. Results presented above are preliminary, but suggest that 

microwear features on medial facets may be used to reconstruct jaw biomechanics, which 

will be useful in testing hypotheses of evolution of the masticatory apparatus in this clade. 

Microwear features on non-medial tusk wear surfaces may be used to elucidate whether 

dicynodont tusks were used for feeding when compared to extant taxa. Based on tusk 

function in extant mammals, it is possible that a secondary feeding function was present in 

some dicynodonts. However, patterns of variation in tusk microwear both between and 

among different dicynodont taxa must be further established before any interpretations about 

the potential feeding function of dicynodont tusks can be made. 

 

 

 

Preservation of Orthodentine Microwear in the Fossil Record 

 All specimens sampled in this study had visible macrowear facets; the 

macromorphology of wear surfaces in some of these specimens have been described by 

previous authors (e.g., Lystrosaurus from the Fremouw Formation, Colbert, 1974; 
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Dinodontosaurus from the Chañares Formation, Cox, 1968). However, these facets are free 

of microwear features in all but three cases. Because all sampled tusks from living taxa had 

visible microwear features on wear facets, I conclude that if dicynodont tusks were 

taphonomically unaltered, scar features should be present on wear surfaces. Instead, these 

surfaces usually have a pebbled or abraded appearance under magnification (Fig. 16); this is 

consistent with the conclusions of King et al. (1999) that post-mortem taphonomic processes 

obliterate original microwear features, rather than creating artificial scars. I therefore 

consider these tusks altered, and the low yield of microwear (12.5%) in Permo-Triassic 

specimens suggests a taphonomic bias against the preservation of original microwear on 

orthodentine. 

 The sedimentology of localities where these tusks were recovered may elucidate 

environmental conditions that favor preservation of orthodentine microwear. UCMP 42812 

and AMNH 5582 preserve microwear and were recovered from fluvial channel to floodplain 

deposits (mudstones, siltstones, sandstones) of the Beaufort Series in the Karoo Basin (Smith 

and Ward, 2001; Botha and Smith, 2006); however, other tusks that were recovered from 

similar depositional environments of the Beaufort Series (Diictodon, Lystrosaurus; Smith 

and Ward, 2001; Botha and Smith, 2006), as well as other fluvial floodplain deposits of the 

Chinle Formation (Placerias; Fiorillo et al., 2000), Fremouw Formation (Lystrosaurus; 

Colbert, 1974), and Panchet Formation (Lystrosaurus; Bandyopadhyay et al., 2002), did not 

preserve microwear. Dinodontosaurus specimens sampled here come from the Chañares 

Formation and were encased in carbonate concretions in volcanic ash (Romer, 1966); these 
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specimens were also free of visible microwear. NCSM 21735 retains microwear and was 

found in alluvial to fluvial sediments (siltstones, sandstones, conglomerates) of the Deep 

River Basin in the Newark Supergroup (Huber et al., 1993), although NCSM 19585 comes 

from the same locality, it does not have visible microwear (Fig. 16). 

 Most tusks sampled here come from similar depositional environments (i.e., fluvial 

floodplains, alluvial to fluvial systems), yet some specimens preserve microwear and others 

do not. Therefore, the specific lithologic conditions that favor preservation are not clear at 

this time. Orthodentine microwear therefore has low overall preservation potential, and it is 

possible that original scar features are only retained under localized conditions. In a study on 

enamel microwear in Triassic amniotes, original scar features were present on 18 of 60 (30% 

yield) traversodont teeth and 11 of 16 (69% yield) prosauropod teeth (Goswami et al., 2004). 

Although these yields are higher than those of the current study (probably because enamel is 

hypermineralized relative to orthodentine; Hillson, 2005), they corroborate the trend of poor 

preservation potential of microwear in the fossil record. Future studies of microwear on the 

teeth of dicynodont and other Permo-Triassic or older vertebrates should use robust samples, 

similar to those of Goswami et al. (2004), to compensate for the low yield of unaltered 

microwear patterns. 

 

CONCLUSIONS 
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 The results of this study support the evolution of tusks in mammals through sexual 

selection, rather than adaptation for improved foraging structures. The use of tusks in feeding 

is considered exaptive. Analogous tusks in Permo-Triassic dicynodonts, where present, 

probably evolved under a similar pathway and were primarily used for intraspecific 

competitive display and combat. It is possible that some dicynodonts co-opted tusks as 

feeding aids. Analysis of orthodentine microwear on the tusks of extant taxa (Loxodonta, 

Odobenus) revealed that coarse and hypercoarse scratches oriented in a consistent direction 

was consistent with tusk-use in feeding (Loxodonta), whereas randomly oriented fine and 

coarse scratches supports non-feeding (incidental) attrition (Odobenus). However, only three 

of 24 sampled dicynodont tusks yielded original microwear patterns that could be analyzed; 

this sample is not conducive to rigorous statistical comparison with microwear in extant taxa, 

so a possible secondary feeding function of dicynodont tusks remains unresolved.  
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FIGURE 13. Maximum parsimony optimization of the presence and function of tusks in 

extant mammals. Number next to nodes refer to clades discussed in the text: node 1 = 

Mammalia; node 2 = Afrotheria; node 3 = Cetartiodactyla; node 4 = Suidae. Strict-consensus 

cladograms of Cetartiodactyla (Price et al., 2005), Carnivora (Bininda-Emonds et al., 1999) 

and Sirenia (Domning, 1994) have been grafted onto the strict-consensus mammal topology 

of Asher (2007) to include all taxa listed in Table 12.  Bolded names indicate taxa with tusks; 

boxes next to taxon names show the character state: tusks absent (    ), tusks present and used 

only for intraspecific display (   ), tusks present and used both for feeding and intraspecific 

display (   ); note: the state ‘tusks present and used only for feeding’ was not present in any 

taxa. 
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FIGURE 14. Images of orthodentine microwear features on extant mammal and dicynodont 

tusks. All specimens are oriented with the long axis of the tusk along the vertical axis of the 

figure. A, Loxodonta (USNM 304615), left tusk, hypercoarse and coarse scratches oriented at 

an oblique angle to the tusk long axis. B, Odobenus (USNM 500252), left tusk, fine and 

coarse scratches oriented at random angles to the tusk long axis. C, Kannemeyeria (UCMP 

42812), medial facet, left tusk, coarse scratches oriented mainly perpendicular and parallel to 

tusk long axis. D, Kannemeyeria (UCMP 42812), lateral facet, left tusk, fine scratches 

oriented oblique (at intersecting angles) to the tusk long axis. E, Dicynodon (AMNH 5582), 

lateral facet, left tusk, coarse scratches oriented oblique to the tusk long axis. F, sp. indet. 

(NCSM 21735), posterior facet, left tusk, hypercoarse and coarse scratches oriented parallel 

to the tusk long axis. Scale bare equals 1 mm. Abbreviations: AB, air bubble (artifact); CS, 

coarse scratches; FS, fine scratches; G, gouges; HS, hypercoarse scratches. 
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FIGURE 15. Plot of number of total scratches versus number of small pits for mammals and 

dicynodonts sampled in this study. Feeding and non-feeding ecomorphospaces are drawn 

based on peripheral data points for Loxodonta and Odobenus, respectively. Kannemeyeria 

and sp. indet. dicynodont lie within Odobenus morphospace, whereas Dicynodon falls on the 

boundary between Loxodonta and Odobenus. 
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FIGURE 16. Image of sp. indet. dicynodont tusk (NCSM 19585), posterior wear facet; this 

specimen has an abraded orthodentine surface with no visible microwear, yet hypercoarse 

scratches are preserved on the posterior facet of NCSM 21735 from the same locality. Scale 

bar equals 2 mm.
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TABLE 11. List of dicynodont tusk specimens sampled in this study; organized by taxon then by locality.  

 

 

 

 

Taxon Locality Geology Age Specimens Sampled 

Dicynodon Bethulie, Cape Colony, South 

Africa 

Beaufort Series Upper Permian AMNH 5582 

Diictodon Cape Province, South Africa Beaufort Series, Cistecephalus Zone Upper Permian USNM 22982, 24630 

Dinodontosaurus Argentina Chañares Fm. Middle Triassic MCZ 3452, 3455, 3457, 3613 

Kannemeyeria Bethel Farm, South Africa Beaufort Series, Cynognathus Zone Lower Triassic UCMP 42812 

Lystrosaurus Coalsack Bluff, Antarctica Fremouw Fm. Lower Triassic AMNH 9310, 9329, 9361, 

9363, 9364 

 Daoli, West Bengal State, India Panchet Fm. Lower Triassic AMNH 21411 

 South Africa Beaufort Series, Lystrosaurus Zone Lower Triassic USNM 12688, 12690, 451999 
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TABLE 11. Continued 

 

 

Placerias Placerias Quarry, Arizona, USA Chinle Fm., Petrified Forest Member Upper Triassic UCMP 24891, 24915, 24935, 

32443, 32444 

Species Indeterminate Triangle Brick Quarry, North 

Carolina, USA 

Deep River Basin, Pekin Fm. Upper Triassic NCSM 19585, 21735 
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TABLE 12. List of extant mammals with tusks and their respective function.

Taxon Function Authority 

DUGONGIDAE   

Dugong Sexual display Hillson (2005); Domning and Beatty (2007) 

HIPPOPOTAMIDAE   

Hippopotamus Sexual display Oliver (1993); Hillson (2005) 

MONODONTIDAE   

Monodon Sexual display Silverman and Dunbar (1980); Hillson (2005) 

MOSCHIDAE   

Moschus Sexual display Nowak (1991); Hillson (2005) 

ODOBENIDAE   

Odobenus Sexual display Mansfield (1958) 

PROBOSCIDEA   

Elephas Sexual display, feeding Haynes (1991) 

Loxodonta Sexual display, feeding Haynes (1991) 

RHINOCEROTIDAE   

Rhinoceros Sexual display Hillson (2005); Mihlbachler (2005) 

SUIDAE   

Babyrousa Sexual display Nowak (1991); Schmidt and Keil (1971) 

Hylochoerus Sexual display, feeding Peyer (1968); Oliver (1993) 

Phacochoerus Sexual display Nowak (1991); Schmidt and Keil (1971) 

Potamochoerus Sexual display Peyer (1968); Nowak (1991) 

Sus Sexual display Peyer (1968); Graves (1984) 
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TABLE 13. Results of tusk microwear analysis of extant Loxodonta and Odobenus. Mean values for each specimen are computed 

from data from five loci (see Appendix C for raw data). Abbreviations: FS = number of fine scratches (standard deviation); CS = 

number of coarse scratches (standard deviation); TS = number of total scratches (standard deviation); SP = number of small pits 

(standard deviation); LP = number of large pits (standard deviation); G = number of gouges (standard deviation); HS =  

 presence of hypercoarse scratches; PS = presence of scratches oriented parallel to long axis of tusk; OS = presence of scratches 

oriented oblique to long axis of tusk; PeS = presence of scratches oriented perpendicular to long axis of tusk. 

Taxon FS CS TS SP LP G HS PS OS PeS 

Mammalia 
  

 
       

Loxodonta 
  

 
       

USNM 163318 3.80 (1.92) 7.00 (2.55) 10.80 (3.96) 39.40 (9.56) 2.00 (1.22) 0.00 (0.00) 1.00 0.60 1.00 0.00 

USNM 165176 9.40 (4.16) 3.40 (0.89) 12.80 (5.02) 23.40 (5.94) 1.00 (1.41) 0.00 (0.00) 1.00 0.80 1.00 0.20 

USNM 165499 9.00 (3.67) 4.00 (2.55) 13.00 (2.55) 34.20 (13.29) 0.60 (0.55) 0.60 (0.89) 0.80 0.20 0.60 0.80 

USNM 165501 14.20 (3.35) 3.40 (0.55) 17.60 (3.13) 32.20 (8.20) 1.40 (1.95) 0.00 (0.00) 1.00 1.00 1.00 0.40 

USNM 304615 11.00 (2.92) 4.60 (0.55) 15.60 (2.70) 30.00 (5.61) 0.60 (0.89) 0.00 (0.00) 0.80 0.80 1.00 0.20 

AVERAGE 9.48 (4.57) 4.48 (2.06) 13.96 (4.08) 31.84 (9.78) 1.12 (1.30) 0.12 (0.44) 0.92 0.68 0.92 0.32 
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TABLE 13. Continued          

Odobenus           

USNM 267965 6.40 (2.97) 4.80 (0.84) 11.20 (2.86) 35.60 (6.35) 2.00 (2.00) 0.00 (0.00) 0.80 1.00 0.80 0.40 

USNM 500254 9.60 (1.82) 1.20 (1.10) 10.80 (2.59) 34.00 (9.27) 0.00 (0.00) 0.00 (0.00) 0.00 0.80 0.60 0.60 

USNM 500252 9.20 (3.42) 1.60 (2.07) 10.80 (6.19) 21.60 (6.19) 0.00 (0.00) 0.00 (0.00) 0.20 0.60 1.00 1.00 

USNM 7156 8.20 (4.82) 1.80 (1.30) 10.00 (3.67) 21.60 (9.02) 0.60 (0.89) 0.00 (0.00) 0.40 1.00 1.00 0.80 

USNM 287992 2.40 (3.91) 3.00 (1.22) 5.40 (3.29) 26.60 (4.04) 2.00 (1.41) 0.40 (0.55) 1.00 0.80 0.60 0.60 

USNM 267964 9.40 (4.04) 2.60 (1.67) 12.00 (3.54) 18.20 (4.82) 0.00 (0.00) 0.00 (0.00) 0.00 0.60 1.00 0.80 

AVERAGE 7.53 (4.18) 2.50 (1.78) 10.03 (3.61) 26.67 (9.13) 0.77 (1.33) 0.07 (0.25) 0.40 0.80 0.83 0.70 

Dicynodontia           

Dicynodon           

AMNH 5582           

Lateral facet 6.80 (2.59) 4.60 (1.67) 11.40 (1.82) 40.40 (11.22) 3.20 (2.05) 0.20 (0.45)  0.60 0.60 1.00 0.60 

Kannemeyeria           

UCMP 42812           

Medial facet 2.20 (2.49) 7.20 (1.64) 9.40 (3.91) 36.40 (10.69) 1.80 (1.92) 0.80 (0.84) 0.60 0.20 1.00 0.80 
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TABLE 13. Continued          

Lateral facet 6.40 (1.14) 4.40 (0.89) 10.80 (1.92) 31.00 (3.39) 2.00 (0.71) 0.40 (0.55) 0.60 0.00 1.00 0.00 

Species Indeterminate           

NCSM 21735           

Medial facet 3.40 (5.64) 5.20 (1.28) 8.60 (4.39) 42.40 (6.80) 3.40 (0.55) 1.00 (1.00) 0.80 1.00 0.60 0.40 

Posterior facet 3.20 (3.42) 4.60 (1.67) 7.80 (3.83) 30.60 (10.45) 3.60 (2.97) 1.40 (1.52) 0.60 1.00 0.60 0.20 
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TABLE 14. Pooled within-groups correlations between discriminating variables and canonical 

function 1. Variables are ordered by absolute size of correlation with function.

Variable Correlation 

Hypercoarse scratches 0.040 

Perpendicular scratches -0.037 

Coarse scratches 0.035 

Small pits 0.021 

Fine scratches 0.015 

Parallel scratches -0.012 

Oblique scratches 0.011 

Large pits 0.010 

Gouges 0.006 
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TABLE 15. Probabilities from discriminant function classification matrix using all microwear 

variables for extant Loxodonta and Odobenus. 

 

 

 

 

 

 

 

 

 

 

 

 

 Taxon Loxodonta Odobenus 

Count Loxodonta 5 0 

 Odobenus 0 6 

% Correct Loxodonta 100.00 0.00 

 Odobenus 0.00 100.00 
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CHAPTER 5: 

Limb bone histology and growth in Placerias hesternus (Therapsida: Anomodontia) from the 

Upper Triassic of North America 
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NOTE: a revised version of this chapter has been accepted for publication in a forthcoming 

edition (not yet assigned) of Palaeontology. 

Thanks to the journal and the Palaeontological Association for permission to include this 

manuscript in this dissertation. 
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INTRODUCTION 

 

Dicynodonts, a diverse clade (>40 species; King, 1993) of non-mammalian 

therapsids, arose in the mid-Permian (King, 1988), and by the end of that period were the 

most widespread of terrestrial herbivores (Hotton, 1986). Whereas the end-Permian mass 

extinction severely reduced synapsid diversity globally (Erwin, 1990), dicynodonts were 

among the only therapsids to survive this catastrophic event (King, 1990; Smith and Ward, 

2001). Permian dicynodonts were small (100 mm skull length) and taxonomically diverse 

(King, 1990), but in the Triassic clade diversity decreased even as body size increased within 

surviving taxa (>400 mm skull length; King, 1990). The life histories of Triassic dicynodonts 

are less well studied than are those of their Permian relatives and the evolutionary 

mechanisms that led to increased body size are not well understood. Histological analyses of 

derived Triassic taxa may yield insight into the evolution of growth rates and other life 

history parameters of dicynodonts. 

Because biomineralized tissues faithfully record aspects of biology in fossilized 

remains, the study of bone microstructure, in particular of load-bearing limb bones, can 

elucidate life history parameters in extinct animals (Enlow and Brown, 1957; Ricqlès, 1974a; 

Currey, 1987, 2003; Horner et al., 2000). Bone histology has been analyzed in a variety of 

tetrapods, including avian (Enlow and Brown, 1957; Starck and Chinsamy, 2002; Cubo et al., 

2005) and non-avian dinosaurs (Enlow and Brown, 1957; Cook et al., 1962; Ricqlès, 1980; 

Reid, 1985; Curry, 1999; Horner et al. 1999, 2000; Starck and Chinsamy 2002; Chinsamy-
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Turan 2005; Bybee et al. 2006), basal archosaurs (Ricqlès et al., 2003), metoposaurid 

amphibians (Steyer et al., 2004), lissamphibians (Laurin et al., 2004), crocodilians (Ricqlès et 

al., 2003; Cubo et al., 2005; Tumarkin-Deratsian, 2007), and synapsids, including non-

mammalian therapsids (Ricqlès, 1972, 1974a, 1976; Botha and Chinsamy, 2000, 2004, 2005; 

Germain and Laurin, 2005; Ray et al., 2004, 2005; Kriloff et al., 2008) and mammals (Enlow 

and Brown, 1957; Cook et al., 1962; Fish and Stein, 1991; Germain and Laurin, 2005; 

Chinsamy and Hurum, 2006). 

The evolution of synapsid growth strategy suggests a trend of rapid, sustained growth 

in more derived taxa (e.g., Ray et al., 2004). Basal synapsids (e.g. Dimetrodon, 

Edaphosaurus), had slow, cyclical growth, similar to basal tetrapods (e.g., Steyer et al., 

2004), based on the presence of poorly vascularized lamellar-zonal tissue in the cortex of 

limb bones (Enlow and Brown, 1957; Ricqlès, 1974b). However, an increase in 

vascularization of primary bone in non-mammalian therapsids, including dicynodonts, is 

consistent with rapid growth through ontogeny (Ricqlès, 1972, 1974a, 1976; Botha and 

Chinsamy, 2000, 2004, 2005; Ray et al., 2004). This growth strategy is more comparable to 

the growth strategy of living mammals than basal tetrapods (Ricqlès, 1974a, 1976).  

Analyses of dicynodont bone histology are currently limited to Upper Permian–

Middle Triassic taxa (Gross, 1934; Ricqlès, 1972; Chinsamy and Rubidge, 1993; Ray and 

Chinsamy, 2004; Germain and Laurin, 2005; Ray et al., 2005; Botha and Angielczyk, 2007; 

Kriloff et al., 2008) and do not address potential changes in life history in Upper Triassic 

dicynodonts. Results of earlier studies suggest a rapid, indeterminate growth strategy with 
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periodic interruptions in bone deposition for small to medium-bodied dicynodonts (<400 mm 

skull length), as reflected by primary fibrolamellar bone and growth lines throughout life. 

Secondary remodeling is usually confined to perimedullary and inner cortical regions in long 

bones, and the density of cortical bone is consistent with either amphibious (Germain and 

Laurin, 2005) or terrestrial (Kriloff et al., 2008) lifestyles. 

Bone histology has yet to be studied in the largest dicynodonts (>400 mm skull 

length). These data are critical for assessing broad scale growth patterns across Dicynodontia, 

identifying evolutionary strategies within the lineage, and evaluating how derived taxa 

attained large body size. Here, I present histological analyses of limb elements of the Upper 

Triassic dicynodont Placerias hesternus Lucas, 1904, as a first step in addressing this gap. 

The large (680 mm skull length) dicynodont P. hesternus (=P. gigas; Lucas and Hunt, 

1993) was first identified from the Chinle Formation and Newark Supergroup deposits of 

North America (Camp and Welles, 1956; Lucas, 1998). However, remains of this species are 

not common except from the Placerias Quarry (Petrified Forest Member, Chinle Formation, 

Arizona, USA), a locality named for its relative abundance of P. hesternus remains 

(minimum number of 41 individuals; Fiorillo et al., 2000). Camp and Welles (1956) first 

described the Placerias Quarry as a bog, marsh, or pond deposit, forming a natural trap for 

congregating dicynodonts. However, a lack of aquatic vertebrates, the dominance of strictly 

terrestrial taxa, and a recent, more comprehensive taphonomic and sedimentologic analysis 

(Fiorillo et al., 2000) support a more upland floodplain environment without perennially 

standing water. Because so many disarticulated elements of various taxa are represented, this 
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quarry is hypothesized to represent an attritional mass death assemblage, perhaps caused by 

prolonged environmental degradation (Fiorillo et al., 2000). A census of preserved P. 

hesternus elements from this locality identified a large sample of load-bearing limb bones 

(i.e., humeri, femora, ulnae, radii, tibiae, fibulae). The specimens are not articulated and thus 

cannot be used for intra-individual comparisons; nevertheless, they provide a rare 

opportunity to study growth patterns in several individuals of a single species from one 

locality. 

I conducted histological analyses of limb bones from P. hesternus to attempt to 

reconstruct the growth history of these large Upper Triassic dicynodonts, and compared 

results to those previously obtained by others from geologically older, smaller dicynodonts. I 

hypothesized that bone microstructure would be similar between Upper Triassic dicynodonts 

(represented by P. hesternus) and those of Upper Permian to Middle Triassic forms. 

Institutional abbreviations—UCMP, University of California Museum of 

Paleontology, Berkeley. 

 

MATERIALS AND METHODS 

 

Long bones of P. hesternus from the Placerias Quarry, Arizona (Chinle Formation, 

Upper Triassic; UCMP locality A269) were selected from the vertebrate palaeontology 

collection at UCMP. All long bones were identified according to Camp and Welles (1956). 

To obtain a relative indicator of size and cross-sectional geometry between elements, 
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anteroposterior (AP) and mediolateral (ML) diameters were taken with digital calipers (to a 

precision of 0.01 mm) at mid-diaphysis for each specimen (Fig. 17). Because the orientation 

of the forelimbs was sprawled, dorsoventral (DV) humeral diameter rather than ML was 

measured. A complete ontogenetic sequence was unavailable for P. hesternus, so I sectioned 

specimens of varying proportion within each element class (Fig. 17) to capture different 

stages of growth. The specimen with the greatest ML, or DV for humeri, in each element 

class was selected as a baseline for comparing bone size between specimens. The ML or DV 

of each sampled limb bone was then calculated as a percentage of the largest specimen (LS); 

these values are reported as ‘per cent LS’ in the text. 

Because histological examination involves destructive sampling, specimens were 

selected based on preservational state (partial limb bones were preferentially sampled) and 

type/historical significance (no type or figured specimens from Camp and Welles [1956] 

were sampled). In total, 21 P. hesternus long bones were sampled, including four femora 

(UCMP 25058, 25059, 25060, 25061), three humeri (UCMP 25380, 25386, 25389), three 

tibiae (UCMP 24864, 24869, 24872), three ulnae (UCMP 24854, 24855, 32440), four radii 

(UCMP 24860, 25422, 25426, 25427), and four fibulae (UCMP 24880, 24881, 24886, 

24887). 

Before sampling, all specimens were photographed, measured, illustrated, molded 

and cast to preserve original morphology. Proximal, lateral, and anterior surfaces of bones 

were marked before embedding to ensure anatomical orientation after sectioning. Bones were 

embedded with Silmar resin (Interplastic Corporation, USA) under vacuum and allowed to 
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polymerize overnight. Transverse sections were taken from the mid-diaphysis of each 

specimen. Resulting wafers were affixed to glass slides, ground to desired thickness (0.15–

0.08 mm) and translucency on a series of decreasing grit silicon carbide papers and 

visualized using transmitted and polarized light under Zeiss Axioskop 2 Plus and Zeiss 

Axioskop 40 microscopes, respectively. Sectioning and slide preparation were done at 

palaeohistology laboratories of the Museum of the Rockies, Bozeman, MT, USA and at 

North Carolina State University, Raleigh, NC, USA. 

Transverse sections were examined in four aspects, based on anatomical position 

(anterior, posterior, medial, lateral; dorsal and ventral are used in place of medial and lateral, 

respectively, for humeri; Camp and Welles, 1956), for fiber arrangement, primary osteonal 

canal orientation, and presence/absence of lines of arrested growth (LAGs) and annuli for 

each specimen. Histological terminology and definitions followed Francillon-Vieillot et al. 

(1990). Standard measurement of relative bone wall thickness and porosity was not possible 

because there was no clear delineation between the medullary cavity and cortical bone, and 

any visible transition was obscured by extensive secondary remodeling in the cortex (Ray et 

al., 2005). To estimate degree of secondary remodeling, the thickness of primary bone was 

measured (to nearest 0.01 mm) from the periosteal surface until dense Haversian bone 

appeared in four regions (A = anterior; B = posterior; C = medial; D = lateral). Total AP 

diameter (E) and ML (DV for humeri) diameter (F) was also measured. Per cent secondary 

remodeling was calculated for each transect (X = A+B/E*100; Y = C+D/F*100). Then, total 
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per cent secondary remodeling for the whole section was calculated using the following 

equation: 

= (X)(E/E+F) + (Y)(F/E+F) 

Total per cent secondary remodeling was plotted against total ML diameter for each 

specimen to evaluate bone size relative to extent of remodeling. Both AP and ML diameter 

were measured and provide comparable results when plotted against per cent secondary 

remodeling; however, ML diameter was chosen as a proxy for element size for consistency in 

this analysis. A two-tailed t-test was run using SPSS (Statistical Package for Social Sciences, 

Inc.) v. 16.0 in a PC environment to test for a statistically significant difference in total mean 

per cent remodeling between propodials and epipodials. Digital images were captured with 

an AxioCam MRc5 camera, and secondary bone thickness was measured using Axiovision 

(version 4.6.3) software. 

 

RESULTS 

 

Histological Description 

General features—In transverse section, P. hesternus limb bones consist of a 

compact cortex surrounding a large medullary region at the mid-diaphysis. The medullary 

cavity is completely filled with trabeculae (Fig. 18A), regardless of bone size or element 

class, which grades to dense Haversian bone with enlarged resorption cavities in the 

perimedullary and inner cortical region. This transition obscures the boundary between 
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medullary and cortical regions. The mid-cortex is composed of dense Haversian bone in all 

specimens, regardless of the type or size of element sampled (Fig. 17). Unless otherwise 

noted, the periosteal surface is preserved in all sections. Highly vascularized primary 

fibrolamellar bone is common in the outer cortex of the propodials (e.g., Fig. 18B–C), 

although localized regions of lower vascularity are present (Fig. 18D). Globular osteocyte 

lacunae are present in a woven-fibered matrix, with variable orientation and arrangement of 

osteonal canals. In epipodial elements, the microstructure of the cortex is often remodeled 

Haversian bone from the internal to periosteal surfaces (e.g., Fig. 19A–C), although azonal 

and zonal primary fibrolamellar bone, with variable canal orientation, is sometimes present 

(Fig. 19D). Globular osteocyte lacunae are present in the primary extracellular matrix, and a 

layer of dense, poorly vascularized parallel-fibered bone is often present on the periphery of 

epipodials. Inter-elemental variation in microstructure is noted only within the outer cortex, 

as extensive remodeling has obscured deeper primary tissue, so the following histological 

descriptions for each element focus on microstructure in the outer cortices of sampled 

specimens. Quantitative evaluation of the extent of secondary remodeling follows qualitative 

descriptions of histology. 

Humerus—Outer cortices of three humeri are composed of primary fibrolamellar 

bone. The arrangement of osteonal canals varies among plexiform, reticular, and laminar 

patterns in anterior, dorsal, and ventral aspects. The posterior cortex is not preserved in any 

of the sampled humeri. In the smallest specimen (UCMP 25389; 41.75 per cent LS), 

fibrolamellar tissue with sub-plexiform arrangement of canals is visible anteriorly (Fig. 18B) 
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and ventrally. In the dorsal outer cortex, dense, non-osteonal parallel-fibered bone with 

simple vessels in a sub-reticular pattern is present amid regions of heavy secondary 

remodeling. No growth lines were observed. UCMP 25380 (52.26 per cent LS) is of 

comparable size to UCMP 25389 and shows sub-reticular fibrolamellar bone in the anterior 

outer cortex (Fig. 18C). The outermost tissue grades from sub-reticular to laminar bone with 

longitudinal and circular canals along the anterodorsal and anteroventral margins. The 

primary tissue in the dorsal and ventral outer cortices of UCMP 25380 is similar to the 

respective regions in UCMP 25389. Laminar bone with longitudinal and circular canals, 

indicative of cortical drift, is observed along the posteroventral margin (Fig. 18D). The 

largest sampled humerus (UCMP 25386; 91.24 per cent LS) shows highly vascular sub-

reticular, plexiform and laminar fibrolamellar bone with longitudinal and circular canals in 

the outer cortex. A thin layer of parallel-fibered bone is locally present on the outermost 

anterior surface. The periosteal surface may have been removed through post-mortem 

erosion. Secondary osteons are scattered throughout the outer cortex of UCMP 25386, and 

one annulus is present (data not shown). 

Ulna—Dense Haversian bone extends to the periosteal surface in the outer cortices of 

three ulnae of comparable size (Fig. 19A). A peripheral layer of avascular parallel-fibered 

bone lies externally to secondary tissue in UCMP 24855 (59.08 per cent LS), 24854 (64.04 

per cent LS; Fig. 19A, bracket), and 32440 (72.27 per cent LS), although this layer is not 

continuous and may have been removed by post-mortem erosion or osteoclastic activity in 

some areas. A window of zonal fibrolamellar bone, with longitudinal canals, is visible among 
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secondary tissue in UCMP 24855 at the anteromedial surface (Fig. 19B). No other primary 

bone is present in any ulnae, regardless of size class. 

Radius—A thin peripheral layer of avascular parallel-fibered bone lies on the 

outermost surface of two radii, UCMP 25427 (60.09 per cent LS) and 25426 (68.97 per cent 

LS); extensive secondary remodeling has replaced all primary tissue deep to this layer (Fig. 

19C). UCMP 25422 (64.01 per cent LS) and 24860 (100.00 per cent LS), show dense 

Haversian bone extending to the mid-cortex with only scattered secondary osteons in the 

outer cortex. A thick layer of dense lamellar bone is present circumferentially in UCMP 

25422 near the periosteal surface (Fig. 19D). This lamellar layer is punctuated with 

longitudinal and radial canals in posterior and medial regions (Fig. 19D), yet becomes 

avascular in anterior and lateral aspect (not shown). A peripheral zone of vascular bone with 

longitudinal canals overlies the lamellar layer (Fig. 19D). In the largest radius (UCMP 

24860), sub-plexiform fibrolamellar primary tissue was present in the anterior and lateral 

outer cortex, whereas primary tissue became zonal in medial and posterior aspects (Fig. 

20A). ‘Zones’ in the latter refer to small bands of woven-fibered tissue with longitudinal 

osteons bound by layers of avascular parallel-fibered bone, although the outermost zone is 

nearly avascular (Fig. 20A). At least four annuli (arrowheads, Fig. 20A) are visible in the 

outer cortex of UCMP 24860 (Fig. 20A). The outermost surface of bone in UCMP 24860 is 

irregular and the periosteal surface may have been removed through post-mortem erosion or 

osteoclastic activity. 
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Femur—The outermost cortex of the smallest sampled femur (UCMP 25061; 75.85 

per cent LS) in anterior aspect is dense Haversian bone with a peripheral layer of almost 

avascular parallel-fibered bone on the periosteal surface (Fig. 20B). Lamellar-zonal bone is 

visible laterally, and sub-laminar fibrolamellar bone is present medially and posteriorly. The 

anterior and posterior outer cortex of a larger femur (UCMP 25059; 95.06 per cent LS) is 

composed of zonal fibrolamellar bone with a peripheral layer of parallel-fibered tissue. All 

other outer cortical regions consist of azonal, highly vascularized sub-plexiform fibrolamellar 

bone with large radial and oblique simple canals (Fig. 20C). The cortical microstructure in 

UCMP 25058 (82.04 per cent LS) and 25060 (100.00 per cent LS) was similar to that in 

UCMP 25059, though UCMP 25060 represents the largest femur sampled and was 

distinguished from other specimens by the presence of several LAGs in the outer cortex (Fig. 

20D). The periphery of UCMP 25060 is not preserved, probably because of post-depositional 

erosion, so the presence of parallel-fibered tissue could not be determined. 

Tibia—The microstructure of primary bone in the outer cortex of UCMP 24864 

(63.11 per cent LS), 24869 (69.28 per cent LS), and 24872 (100.00 per cent LS) is generally 

lamellar-zonal, with a peripheral avascular parallel-fibered layer on the periphery (Fig. 21A). 

Scattered secondary osteons are common amid primary tissue in the outer cortex of all 

specimens, although dense remodeling has completely removed all primary bone in localized 

regions. The largest tibia (UCMP 24872) has periodically spaced LAGs in the outer cortex 

(Fig. 21A) where primary bone is visible. Growth lines become densely packed in an external 

fundamental system (EFS; Fig. 21A). 
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Fibula—Dense Haversian bone with a peripheral parallel-fibered layer, similar to that 

seen in ulnae and radii, is observed circumferentially in the outer cortex of two fibulae, 

UCMP 24887 (70.07 per cent LS) and 24886 (74.31 per cent LS). UCMP 24880 (98.60 per 

cent LS) shows dense Haversian bone and a similar parallel-fibered layer in lateral, posterior, 

and anterior aspects (Fig. 21B), yet localized windows of primary zonal fibrolamellar bone 

are present amid secondary bone in medial view. Dense Haversian bone is confined to the 

mid-cortex in another fibulae (UCMP 24881; 93.07 per cent LS), and the peripheral parallel-

fibered layer seen in smaller fibulae is absent (Fig. 21C–D). The outer cortical microstructure 

consists of highly vascular sub-reticular to laminar fibrolamellar bone with longitudinal, 

circular and elongated radial canals (Fig. 21C–D); only one LAG is present. 

Extent of secondary remodeling— Extensive secondary remodeling (>90%) is 

present in the mid-diaphyses of all P. hesternus limb bones sampled (Table 16). No 

correlation exists between element size and extent of remodeling (Fig. 22), although total 

mean per cent remodeling is lower in propodials (94.71%) than epipodials (98.67%). A 

Levene’s test for equality of variance demonstrates that variances are unequal (p=0.01) 

between these mean values. A t-test accounting for unequal variance confirms that epipodials 

were significantly more remodeled than propodials (p=0.01). 
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DISCUSSION 

 

Comparison of Microstructure in Dicynodonts 

Microstructure varies both within and among elements in P. hesternus (Figs. 18–21), 

an observation common in analyses of tetrapod bone histology depending on size and age 

(e.g., Horner et al., 2000; Ray and Chinsamy, 2004). I present a broad dichotomy in primary 

tissue between propodials and epipodials. The outer cortex of the former is composed of 

highly vascularized fibrolamellar bone, with osteonal canals varying in shape and 

arrangement (e.g., Figs. 18B–C, 20C–D). In contrast, fibrolamellar bone in epipodials is 

usually zonal, with zones of woven-fibered bone and longitudinal and radial osteonal canals 

bounded by annuli or LAGs (e.g., Figs. 19B, 20A). The cortex of tibiae consists of lamellar-

zonal tissue (Fig. 21A). A peripheral layer of poorly vascularized parallel-fibered or lamellar 

bone is present in 17 of 21 specimens (e.g., Figs. 19, 20B, 21A–B; exceptions include two 

humeri [UCMP 25380, 25389], one radius [UCMP 25422], and one fibula [UCMP 24881]), 

and extensive secondary remodeling (>90%) is present in all sections (Table 16; Fig. 22). 

These results are consistent with reports of both zonal and azonal fibrolamellar bone in the 

limb bones of other dicynodonts (Chinsamy and Rubidge, 1993; Ray and Chinsamy, 2004; 

Ray et al., 2005; Botha and Angielczyk, 2007). Furthermore, parallel-fibered tissue is present 

on the periphery of limb elements of adult specimens in some taxa (Ray et al., 2005; Botha 

and Angielczyk, 2007), but is absent in mature specimens of others (Chinsamy and Rubidge, 

1993; Ray and Chinsamy, 2004). Previously sampled dicynodonts show extensive secondary 
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reconstruction in at least the perimedullary region in late ontogeny (Ray and Chinsamy, 

2004; Ray et al., 2005); only in Lystrosaurus did extensive remodeling extend to the inner–

mid cortex (Ray et al., 2005). Dense Haversian bone is present in the outermost cortex of P. 

hesternus limb elements. 

I hypothesized that bone microstructure would be similar between P. hesternus and 

Upper Permian–Middle Triassic forms. Our results support similarity in microstructure of 

primary bone between P. hesternus and other dicynodonts, which corroborates this 

hypothesis. However, the extent of secondary remodeling is much greater in P. hesternus 

limb bones relative to those of geologically earlier dicynodonts; this observation does not 

support our hypothesis and suggests differences in growth between P. hesternus and other 

dicynodonts. Inferences of growth patterns and other life history parameters from bone 

microstructure of P. hesternus are discussed below. 

 

Growth Pattern 

The ontogenetic growth history of a species is inferred from the analysis of primary 

bone microstructure of long bones and inter-individual comparison of histological patterns 

(e.g., Horner et al., 2000; Ray and Chinsamy, 2004; Ray et al., 2005). Because P. hesternus 

specimens from the Placerias Quarry were disarticulated, I can only interpret growth history 

from preserved primary bone, rather than through inter-element variation within individuals.  

The microstructure of primary bone in P. hesternus supports overall rapid 

osteogenesis, which is consistent with the results of previous histological studies on other 
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dicynodonts (Gross, 1934; Ricqlès, 1972; Chinsamy and Rubidge, 1993; Ray and Chinsamy, 

2004; Ray et al., 2005; Botha and Angielczyk, 2007) and other non-mammalian therapsids 

(Ricqlès, 1972, 1974a, 1976; Botha and Chinsamy, 2000, 2004, 2005; Ray et al., 2004, 

2005). The absence of growth lines in fibrolamellar bone of small humeri (UCMP 25380, 

25389; 41.75 and 52.26 per cent LS, respectively) and the presence of only one annulus in 

the largest humerus (UCMP 25386; 91.24 per cent LS) suggest that rapid growth was 

sustained in early ontogeny in this element. More growth lines (six total) are observed in the 

primary fibrolamellar tissue of femora than humeri (one total); this has been observed in 

other non-mammalian therapsids, where it was interpreted that the femur experienced more 

periodic interruptions in growth than the humerus (Ray and Chinsamy, 2004; Ray et al., 

2005). In contrast, fibrolamellar bone in epipodials is typically zonal, supporting cyclic rather 

than sustained overall growth (Francillon-Vieillot et al., 1990). Thus, propodials grew more 

rapidly throughout life than epipodials in P. hesternus, a strategy that has also been identified 

in the limb bones of other non-mammalian therapsids (Ray et al., 2004), including 

dicynodonts (Ray and Chinsamy, 2004; Ray et al., 2005), and some dinosaurs (Horner et al., 

2000). 

Uniformly aligned fibers in the extracellular matrix of parallel-fibered tissue suggest 

an overall slower rate of growth than woven-fibered bone (Ricqlès et al., 1991). The presence 

of parallel-fibered tissue on the periphery of skeletal elements was reported in Permian and 

Lower Triassic dicynodonts (Botha and Angielczyk, 2007; Ray et al., 2005), non-mammalian 

cynodonts (Botha and Chinsamy, 2004; Ray et al., 2004), and many other amniotes (Curry, 
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1999; Ricqlès et al., 2003; Ponton et al., 2004, and references therein). The presence of this 

layer in a variety of limb bones of P. hesternus (Figs. 19, 20B, 21A–B) supports an overall 

reduction in growth through ontogeny, which is expected based on comparison with other 

amniotes. 

An external fundamental system (EFS; Cormack, 1987) is present in one tibia 

(UCMP 24872; Fig. 21A). This feature is found in some other amniotes (e.g. Horner et al., 

1999, 2000; Ponton et al., 2004; Chinsamy and Hurum, 2006) and is interpreted as the 

cessation or near cessation of bone growth in these animals. The EFS is usually found in the 

largest individuals in a species (e.g., Horner et al., 2000); UCMP 24872 is by far the largest 

P. hesternus tibia from the Placerias Quarry (Fig. 17; 100 per cent LS), which is consistent 

with this expectation. I interpret the presence of an EFS to indicate that this individual was 

approaching cessation of growth and suggest that this represented the maximum size in this 

species. Multiple occurrences of this feature in other large individuals of P. hesternus would 

support this hypothesis. 

 

Significance of Dense Haversian Bone  

In P. hesternus limb bones, extensive secondary reconstruction of the cortex (Figs. 

19, 20B, 21B) is always associated with enlarged resorption cavities in the perimedullary 

region and a dense medullary spongiosa (Fig. 18A). These features contribute to the absence 

of a free medullary cavity. This microstructural pattern was reported for Lystrosaurus (Ray et 

al., 2005), but not for other sampled dicynodonts (Chinsamy and Rubidge, 1993; Ray and 
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Chinsamy, 2004; Botha and Angielczyk, 2007). The presence of dense Haversian bone in the 

outer cortex may suggest other life history traits for P. hesternus besides growth rate. 

Patterns of secondary remodeling in tetrapod load-bearing limb bones vary inter- and 

intra-specifically, as well as within and between different elements (Ricqlès, 1980; Horner et 

al., 2000; Ray et al., 2005). Although the causes of bone remodeling are not fully understood, 

this process appears to be influenced by several in vivo and exogenous variables (Chinsamy-

Turan, 2005). Some factors that could potentially explain the prevalence of highly remodeled 

bone in the P. hesternus sample are evaluated below. 

 Older individuals typically show more secondary reconstruction than younger 

animals within a species (Ricqlès, 1980; Horner et al., 2000; Ray and Chinsamy, 2004; Ray 

et al., 2004). By this reasoning, all sampled bones from the Placerias Quarry are from adults, 

despite the variation in size for the elements studied. However, lack of a complete 

ontogenetic series of P. hesternus precludes age class determination of sampled bones, which 

is needed to determine the ontogenetic onset of secondary remodeling. In addition, larger 

species with larger bones show more secondary remodeling than smaller ones (Ricqlès, 1980; 

Curry, 1999; Horner et al., 2000). This explanation could account for the lack of dense 

Haversian bone in the outer cortex of limb elements of small dicynodonts (e.g. Diictodon, 

Endothiodon; Chinsamy and Rubidge, 1993; Ray and Chinsamy, 2004) relative to P. 

hesternus. From a biomechanical viewpoint, Haversian bone is weaker than primary bone 

(Carter and Spengler, 1978) and more likely to be present in elements with reduced load 

(Ricqlès, 1980). Localized remodeling could repair microcracks resulting from fatigue in 
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load-bearing bones (Currey, 1987, 2003), though this does not explain the extensive 

secondary reconstruction seen in limb bones of P. hesternus. 

In contrast to the above in vivo factors, exogenous variables such as drought or 

starvation influence the rate of secondary remodeling (Richman et al., 1979). Although this 

relationship is not well understood, the biological need for calcium during times of 

environmental and metabolic stress could be satisfied through bone turnover instead of 

external sources. The Placerias Quarry is interpreted as a mass-death assemblage, possibly 

caused by environmental degradation (Fiorillo et al., 2000); thus, this condition may have 

contributed to extensive secondary remodeling observed in P. hesternus long bones. 

However, more research is needed to elucidate the effect of environmental stress on 

remodeling rates in long bones to further corroborate this hypothesis. Additional sampling of 

other Upper Triassic dicynodonts is needed to differentiate between these potential 

influences on secondary remodeling of cortical bone. Histological analysis of a complete 

ontogenetic series with defined age classes would determine the onset and possibly the cause 

of remodeling in these animals. 

 

Lifestyle Adaptations 

The density of compact bone in tetrapods has been correlated with habitat and 

lifestyle (Wall, 1983; Fish and Stein, 1991; Laurin et al., 2004; Steyer et al., 2004; Germain 

and Laurin, 2005; Kriloff et al., 2008). Aquatic taxa generally have dense bones with a large 

medullary cavity infilled with extensive spongiosa to neutralize buoyancy in water (Wall, 
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1983; Germain and Laurin, 2005). Amphibious taxa have a thicker cortical layer and a 

reduced medullary cavity relative to aquatic taxa, whereas terrestrial taxa have more tubular 

bones with large, free medullary cavities (Wall, 1983; Fish and Stein, 1991; Germain and 

Laurin, 2005). A medullary cavity completely infilled with bony trabeculae (Fig. 18A) is 

surrounded by a dense layer of compact bone in the mid-diaphysis of all P. hesternus limb 

bones. This microstructural pattern is often found in taxa with aquatic adaptations (see Ray et 

al., 2005 for review). Thus, histological data support the view of Camp and Welles (1956) of 

P. hesternus as an aquatic animal. However, this hypothesis is not corroborated by the 

hypothesized upland floodplain environment of the Placerias Quarry. The lack of P. 

hesternus fossils from contemporaneous fluvial-floodplain deposits of the Chinle Formation 

(Fiorillo et al., 2000) also does not support an aquatic habit for this taxon. Whereas the 

microstructure of limb bones is broadly correlated with lifestyle, this association is not 

absolute, and potential phylogenetic effects on bone microstructure need to be accounted for 

when using histology to reconstruct life habits in extinct taxa (Laurin et al., 2004; Germain 

and Laurin, 2005; Kriloff et al., 2008). Our study does not account for phylogeny, so I do not 

propose hypotheses of lifestyle for P. hesternus. Microstructural parameters (e.g. thickness 

and density of compact bone, presence of medullary spongiosa) should be optimized across 

Dicynodontia in a phylogenetic framework to account for the effect of evolutionary 

relationships when reconstructing lifestyle adaptations. 
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Inter-Individual Variation in Growth 

Histological data support continuous growth in P. hesternus, with rapid osteogenesis 

early in ontogeny, followed by slowed appositional growth in maturity and near cessation of 

growth as maximum size is reached. Using this proposed growth model, evidence of slowed 

apposition should be limited to larger individuals of P. hesternus, assuming that bone size 

correlates with ontogeny. However, peripheral parallel-fibered or lamellar tissue is present in 

nearly all specimens, regardless of size. This pattern may be attributed to a differential 

growth pattern between individuals of P. hesternus, with some individuals growing 

considerably larger than others. It is possible that this growth pattern, if confirmed, may 

represent sexual dimorphism in P. hesternus, consistent with the conclusions of Camp and 

Welles (1956), or may even be influenced by the interpreted environmental degradation at 

the Placerias Quarry (Fiorillo et al., 2000). Alternatively, the occurrence of large and small 

individuals may reflect the presence of several dicynodont taxa in the Placerias Quarry 

sample. Because all dicynodont material from this locality is disarticulated and dissociated, it 

is currently not possible to test these three hypotheses. Thus, I propose them here as possible 

explanations for the differential growth pattern observed in P. hesternus.  

 

Evolution of Body Size in Dicynodontia 

The evolutionary pathway of increase in body size in Dicynodontia is currently 

unknown, but may have been related to heterochronic changes in either the timing (i.e., 

hypermorphosis) or rate (i.e., acceleration) of growth. These patterns should be reflected by 
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changes in bone deposition and growth through time. However, this hypothesis needs to be 

analyzed in a phylogenetic context using nearly complete ontogenetic sequences of Permian 

and Triassic dicynodonts. I suggest that future histological studies be directed toward 

analyzing the evolutionary pathway of body size change in dicynodonts, but recognize this is 

currently restricted by the lack of complete ontogenetic sequences in Triassic taxa. 

 

CONCLUSIONS 

 

The microstructure of cortical primary bone in limb elements of P. hesternus is 

predominantly fibrolamellar, generally zonal in epipodials and azonal in propodials. A 

peripheral layer of parallel-fibered bone is present in nearly all sections, regardless of size or 

element class. These data suggest rapid osteogenesis in the early life with a reduction in 

growth rate in later ontogeny, similar to the Upper Permian dicynodonts Tropidostoma and 

Oudenodon and the Lower Triassic taxon Lystrosaurus. Dense Haversian bone is present in 

the mid-outer cortex of every specimen of P. hesternus; epipodials show significantly more 

remodeling than propodials. Extensive secondary remodeling in the cortex is likely attributed 

to ontogeny and body size, although biomechanical loading and environmental stress may 

have played a role. The medullary cavity of all limb bones is completely filled with bony 

trabeculae, suggesting an amphibious or even aquatic lifestyle for P. hesternus. However, 

this interpretation is not consistent with depositional environment and sedimentological data; 

further analysis of microstructure in phylogenetic context of other Triassic dicynodont taxa is 
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needed to draw conclusions about lifestyle adaptations in P. hesternus. Finally, the presence 

of slow-growing tissue on the periphery of nearly all limb bones, regardless of size, suggests 

inter-individual variation in growth and body size for P. hesternus, but it is not currently 

possible to explain this pattern. 
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FIGURE 17. Plots of mid-shaft diameters of Placerias hesternus limb bones from Placerias 

Quarry in UCMP collections. Lettered symbols correspond to specimens that were sectioned 

in this study. A, mid-shaft diameters of forelimb elements. For humeri, dorsoventral diameter 

(DV) was measured instead of mediolateral diameter (ML). The latter measurement was used 

for ulnae and radii. UCMP sampled specimens: A=25427; B=25422; C=25426; D=24860; 

E=24855; F=24854; G=32440; H=25389. Note: anteroposterior diameter was not 

measureable on two humeri (25380, 25386) because of incomplete preservation; only DV 

was obtained. For 25380, DV=50.95 mm; for 25386, DV=88.96 mm. B, mid-shaft diameters 

of hindlimb elements. UCMP sampled specimens: A=24887; B=24886; C=24880; D=24881; 

E=24864; F=24869; G=24872; H=25061; I=25058; J=25059; K=25060. 
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FIGURE 18. Transverse sections of radius and humeri showing microstructure of medullary 

cavity and outer cortex in Placerias hesternus. A, dense trabeculae occupying the medullary 

region of radius (UCMP 24860; ML=57.10 mm). This tissue is identical to cancellous bone 

seen in the medullary cavity of all other sectioned elements of P. hesternus. B, ventral region 

of humerus (UCMP 25389; DV=40.71 mm) with highly vascularized sub-plexiform 

fibrolamellar bone. C, sub-reticular fibrolamellar bone in anterior region of humerus (UCMP 

25380; DV=50.95 mm). D, postero-ventral margin of UCMP 25380 with dense, parallel-

fibered tissue with reduced vascularity and osteonal canals arranged in a laminar pattern; this 

microstructure is consistent with cortical drift of the humerus. Scale bars represent 200 µm. 
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FIGURE 19. Transverse sections from ulnae and radii of Placerias hesternus. A, lateral 

region of ulna (UCMP 24854; ML=49.50 mm) with a thin, peripheral layer of parallel-

fibered bone (bracket) on the periosteal surface. Dense Haversian bone lies deep to this layer. 

B, ulna (UCMP 24855; ML=45.66 mm), anteromedial region with zonal bone at the 

outermost surface and dense Haversian bone deep. Zones of woven-fibered bone with 

longitudinal and radial canals (brackets) are bounded by avascular parallel-fibered tissue, or 

annuli (arrowheads). Dark regions represent diagenetic mineral precipitation around osteonal 

canals. C, anterior outer cortex of radius (UCMP 25427; ML=34.31 mm), showing similar 

tissue to ulnae with dense Haversian bone and a continuous peripheral layer of parallel-

fibered tissue (bracket). D, radius (UCMP 25422; ML=36.55 mm), posterior outer cortex 

with dense Haversian bone transitioning to a layer of poorly vascularized lamellar bone 

(bracket) that is circumferential, overlain by a LAG (arrowhead) and then vascularized 

primary tissue with longitudinal canals on periosteal surface. Secondary remodeling extends 

to near periosteal surface in localized areas (arrow). Scale bars represent 200 µm. 
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FIGURE 20. Mid-diaphyseal sections from radii and femora of Placerias hesternus, showing 

outer cortical microstructure. A, zonal bone in medial outer cortex of radius (UCMP 24860; 

ML=57.10 mm), with scattered secondary osteons throughout. Zones (brackets) consist of 

vascular fibrolamellar tissue bounded by of layers of avascular parallel-fibered tissue, or 

annuli (arrowheads). B, femur (UCMP 25061; ML=67.09 mm), anterior region with dense 

Haversian bone transitioning to a circumferential peripheral layer of avascular parallel-

fibered tissue (bracket). C, lateral region of femur (UCMP 25059; ML=84.08 mm) showing 

highly vascularized fibrolamellar bone with longitudinal and enlarged radial-oblique canals. 

One LAG is visible (arrowhead). D, femur (UCMP 25060; ML=88.45 mm), anterior outer 

cortex showing two LAGs. Scale bars represent 200 µm. 
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FIGURE 21. Mid-diaphyseal sections from tibiae and fibulae of Placerias hesternus, 

showing microstructure of outer cortex. A, lateral region of a tibia (UCMP 24872; ML=63.89 

mm) showing zonal fibrolamellar bone with longitudinal canals and scattered primary and 

secondary osteons throughout. Three LAGs (arrowheads) are visible in the outer cortex. 

Growth lines become densely packed in a circumferential avascular external fundamental 

system (EFS; bracket). B, fibula (UCMP 24880; ML=33.73 mm), anterior aspect showing 

dense Haversian bone deep to a continuous, peripheral parallel-fibered layer (bracket). C, 

anterior outer cortex of fibula (UCMP 24881; ML=31.84 mm) consists of highly 

vascularized sub-reticular fibrolamellar bone. D, lateral region of UCMP 24881 showing 

sub-laminar fibrolamellar bone with longitudinal canals and some radial anastomoses 

extending to the periosteal surface and one LAG (arrowhead). Scale bars represent 200 µm. 
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FIGURE 22. Plot of mid-shaft size and per cent secondary remodeling for all Placerias 

hesternus transverse sections. Data are derived from Table 16. Dorsoventral diameter (DV) is 

used as a measure of humeral size, whereas mediolateral diameter (ML) is used for all other 

elements. 
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TABLE 16. Mid-diaphyseal section measurements and calculation of total per cent secondary 

remodeling for long bones of Placerias hesternus. Posterior regions were not preserved in 

selected humeri, precluding anteroposterior measurements; calculation of total per cent 

secondary remodeling of humeri is thus based only on dorsoventral data. For further 

explanation of measurements and formulas, see Materials and Methods section. All 

measurements (A–F) are in mm. Abbreviations: A=anterior thickness of primary bone; 

B=posterior thickness of primary bone; E=anteroposterior diameter; X=fraction of secondary 

bone present along anteroposterior diameter (A+B/E); C=medial thickness of primary bone; 

D=lateral thickness of primary bone; F=mediolateral diameter; Y=fraction of secondary bone 

present along mediolateral diameter (C+D/F); Total=total per cent of secondary remodeling 

per transverse section.  

 

UCMP 

Specimen 
A  B  E  X C D  F Y Total (%) 

Humerus          

25389 - - - - 0.32 3.18 40.71 0.91 91.40 

25380 - - - - 1.38 3.62 50.95 0.90 90.19 

25386 - - - - 1.00 1.82 88.96 0.97 96.83 

Ulna          

32440 0.06 0.00 25.20 1.00 0.00 0.00 55.86 1.00 99.93 

24855 0.00 0.00 26.95 1.00 0.00 0.00 45.66 1.00 100.00 

24854 0.00 0.00 29.75 1.00 0.04 0.07 49.50 1.00 99.86 
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TABLE 16. Continued        

Radius          

25427 0.15 0.00 25.01 0.99 0.11 0.06 34.31 1.00 99.46 

25422 0.32 0.47 26.63 0.97 0.11 0.34 36.55 0.99 98.04 

25426 0.29 0.19 28.40 0.98 0.00 0.13 39.38 1.00 99.10 

24860 1.00 0.00 47.76 0.98 0.71 0.35 57.10 0.98 98.04 

Femur          

25061 0.32 0.32 34.70 0.98 0.63 0.31 67.09 0.99 98.45 

25058 0.73 1.69 46.34 0.95 2.13 2.59 72.56 0.93 93.99 

25059 0.73 0.98 47.98 0.96 2.43 1.11 84.08 0.96 96.02 

25060 0.69 1.05 50.52 0.97 1.37 2.32 88.45 0.96 96.09 

Tibia          

24864 0.30 0.21 34.84 0.99 0.48 0.12 40.32 0.99 98.52 

24869 0.21 0.26 37.67 0.99 0.05 0.10 44.26 1.00 99.24 

24872 0.83 1.36 50.41 0.96 1.01 1.12 63.89 0.97 96.22 

Fibula          

24887 0.00 0.00 19.11 1.00 0.00 0.80 23.97 0.97 98.14 

24886 0.00 0.10 24.38 1.00 0.10 0.00 25.42 1.00 99.60 

24880 0.25 0.00 25.70 0.99 0.22 0.00 33.73 0.99 99.21 

24881 1.22 0.34 29.55 0.95 0.80 0.12 31.84 0.97 95.96 
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CHAPTER 6:  

Conclusions 

 

 

 

 

 

Jeremy L. Green 
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ORTHODENTINE MICROWEAR ANALYSIS 

 

This dissertation is centered on the broad question: are microwear patterns in dentine 

(in the absence of enamel) reliable indicators of the ecology of fossil tetrapods? To address 

this question, chapters 2-4 analyzed orthodentine microwear on the cheek teeth and tusks in 

several synapsid lineages that exhibit total enamel-reduction (i.e., complete absence of 

enamel on teeth in maturity). To test hypotheses about diet and feeding behavior in extinct 

animals, paleoecological inferences must be based on data from living analogues. The 

ecological significance of orthodentine microwear in extant taxa must be established first, 

before microwear can be used to interpret the ecology of extinct ones.  

This dissertation research has shown that orthodentine microwear can be broadly 

correlated with diet and feeding behavior in extant xenarthrans and proboscideans, 

respectively. In the former case, this correlation is robust at a broad level of distinguishing 

herbivory (particularly folivory) from non-herbivorous diets. Mean number of scratches is 

the most reliable indicator of diet in xenarthrans, and herbivorous taxa have significantly 

higher scratch numbers than non-herbivores. However, it is not currently possible to 

distinguish cingulate insectivores from carnivore-omnivores because of their similar fossorial 

lifestyle. Consumption of abrasive grit during fossorial feeding creates similar proportions of 

coarse microwear features (i.e., gouges, coarse scratches) between groups, regardless of diet. 

Although orthodentine microwear cannot distinguish primary diet in cingulates, it can be a 
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proxy for a fossorial lifestyle. For extant tusked taxa, a high number of coarse to hypercoarse 

scratches oriented in a consistent direction is correlated with the use of tusks in feeding (e.g., 

bark stripping in Loxodonta), whereas a mixture of fine and coarse scratches oriented at 

random is more consistent with non-feeding attrition (e.g., incidental wear of tusk surfaces in 

Odobenus). 

Using data from extant animals as a baseline, the broad question of orthodentine 

microwear as an indicator of paleoecology was assessed by examining scar patterns in the 

extinct ground sloth Nothrotheriops shastensis and extinct non-mammalian dicynodonts. In 

the former, microwear patterns on molariforms were statistically more similar to patterns in 

extant xenarthran folivores than non-herbivorous groups (carnivore-omnivores, insectivores), 

corroborating independent evidence that N. shastensis was a browser to mixed feeder. These 

data support the utility of orthodentine microwear patterns as a proxy for paleodiet in fossil 

xenarthrans. However, only one extinct xenarthran taxon has been analyzed to date; there 

remain >200 other fossil xenarthrans awaiting examination. Analysis of microwear in other 

extinct xenarthrans that are hypothesized to be herbivorous may further support orthodentine 

microwear as a paleodietary proxy. Although microwear is an indicator of tusk-use for 

feeding in extant animals, the utility of this method for fossil taxa could not be assessed 

because the yield of original microwear on dicynodont tusks was too low. The usefulness of 

tusk microwear to reconstruct feeding behavior in extinct animals is uncertain at this time. 

Overall, the correlation between paleoecology and orthodentine microwear needs to 

be further studied in molariforms and tusks of other extinct xenarthran, dicynodont, and 
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proboscidean taxa. Although this dissertation research offers a robust quantitative database of 

microwear patterns in extant mammals as a foundation for further research on fossil taxa, 

several caveats need to be considered. First, I have demonstrated that the preservation 

potential of original orthodentine microwear decreases through geological time. Original 

orthodentine microwear was recovered on all Pleistocene Nothrotheriops shastensis teeth, yet 

only 12.5% of Permian and Triassic tusks retained original scar patterns. Taphonomic loss of 

original microwear should be expected when planning orthodentine microwear research and 

analyzing large samples will help offset this complication.  

Second, the high turnover (i.e., hours to days) of dental microwear usually records an 

animal’s last meal, not a life history of diet (Teaford and Oyen, 1989), and some extant 

mammals (e.g., cingulates) exhibit strong geographic and seasonal variation in diet 

(McDonough and Loughry, 2008). Thus, at least several teeth with original microwear 

signature preserved must be examined before drawing paleodietary conclusions for a taxon; a 

single tooth should never be used to infer paleoecology. For N. shastensis, a nearly consistent 

microwear signature was recorded on three teeth; I propose this as the minimum sample size 

required for paleodietary interpretation, although a larger sample size is more conducive to 

rigorous statistical testing. For each fossil taxon under investigation, large samples of teeth 

may need to be sampled to reach the minimum goal (N=3), especially for Mesozoic and 

Paleozoic specimens. 

Chapter 3 emphasizes the necessity of standardized sampling criteria in orthodentine 

microwear analysis. For long-faced xenarthrans, bite force magnitude is unequally distributed 
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across the tooth row, which leads to significantly uneven proportions of scratches and pits 

among teeth. If sampling criteria are not standardized in these animals (i.e., random 

sampling), there is a higher probability of inaccurate assessment of diet. These results require 

standardized tooth sampling in fossil cingulates, which have elongated skulls. For extinct 

tardigrades, standardized sampling may not be necessary, but is strongly recommended. The 

standardization criteria of chapter 2 (i.e., M2 mesial for tardigrades; M6 mesial for 

cingulates) should be imposed in future studies to facilitate comparison with microwear from 

extant taxa provided here. 

 

ENAMEL-REDUCTION, TUSK FUNCTION, AND BONE HISTOLOGY 

 

 In the course of this dissertation research, I collected data and tested hypotheses 

tangential to the broad question, including the evolution of enamel-reduction and tusk 

function in synapsids and analysis of growth patterns in dicynodonts. The former was used to 

frame primary research on orthodentine microwear, while the latter provided insight (beyond 

microwear analysis) into the paleobiology of non-mammalian therapsids. Key conclusions 

and their relevancy to paleobiology are discussed below. 

 This dissertation revealed a strong evolutionary trend toward enamel-reduction within 

Synapsida (chapter 1); dicynodonts mark the earliest geological appearance of enamel loss in 

tetrapods, and this trait exhibits homoplasy among extinct and living mammals (chapter 1). 

However, potential forces that drive selection for enamel loss have not been tested in a 
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phylogenetic framework. Chapter 1 presents a composite cladogram that optimizes 

independent occurrences of enamel-reduction in synapsids. These data may be a useful 

starting point for isolating selective forces that may influence enamel-reduction, such as 

dietary composition or lifestyle adaptation, in synapsid lineages. Potential selective forces 

may be optimized across Synapsida, which may reveal traits that are correlated with enamel-

reduction. 

 Chapters 2 and 3 soley focus on addressing the broad question and are discussed 

above. Chapter 4, however, uses a composite phylogenetic framework to support the 

evolution of mammal tusks through sexual selection, and supports the secondary acquisition 

of a feeding function in suid tusks. I propose a similar evolutionary pathway for feeding use 

in proboscidean tusks. However, only two proboscidean taxa are alive today and both use 

tusks for feeding and sexual display, so it is not currently possible to determine which 

function arose first; fossil members need to be included. If tusk microwear is a reliable proxy 

for feeding behavior in fossil animals, this method could be applied to extinct proboscideans 

to determine which taxa used tusks for feeding. When optimized on a cladogram, these data 

will reveal when and how many times a tusk feeding function evolved among proboscideans. 

Further, this method can be applied to other lineages of tusked animals (e.g., odobenids, 

dicynodonts) to further our understanding of the paleobiological role of tusks and feeding 

behavior in these extinct organisms. 

 Paleobiology involves the study of life histories of extinct vertebrates, including not 

only ecological factors, but also aspects of growth. Bone histology is used to assess growth 
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strategy, lifestyle adaptations, biomechanics, and possibly physiology (see chapter 5 for a 

review and references), providing a useful proxy for life history traits of fossil animals. 

Chapter 5 presents an original investigation into growth patterns deduced from 

paleohistology of the large dicynodont Placerias hesternus from the Upper Triassic. This 

study showed that although the microstructure of primary cortical tissue in limb bones is 

similar between P. hesternus and smaller dicynodonts, the former has a greater extent of 

secondary remodeling, which may be related to ontogenetic factors, body size, biomechanics, 

exogenous variables or some combination of these factors. Increased secondary remodeling 

supports differential growth between Upper Triassic and geologically earlier, smaller 

dicynodonts. However, lack of a complete ontogenetic series for P. hesternus limits the 

amount of information that may be deduced from histology at this time; paleobiological 

hypotheses of the evolution of body size in Dicynodontia may be addressed if more detailed 

records were available. This study emphasizes the need for additional histological sampling 

of large dicynodonts, which will expand our overall knowledge of the paleobiology of non-

mammalian therapsids. 

 

FUTURE DIRECTIONS 

 

 The research presented in this dissertation has revealed many questions that remain to 

be answered in future work. First, how different taphonomic processes (e.g., transport, burial) 

affect the preservation potential of orthodentine microwear remains unclear. Actualistic 
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experiments detailing the effect of post-mortem processes need to be conducted to discern 

the environmental conditions that favor preservation of microwear. Second, this dissertation 

used low-magnification techniques as a starting point to gauge the ecological significance of 

orthodentine microwear. High-magnification methods (e.g., SEM; Teaford, 1991) examine 

microwear patterns at different levels of resolution than low-magnification techniques. A 

combined approach of high- and low-magnification analysis of orthodentine microwear may 

provide a more robust understanding of this relationship. 

 For extant xenarthrans, analysis of the effect of seasonality and geographic variation 

on microwear in cingulates may help resolve overlap between insectivores and carnivore-

omnivores. Because of its seasonal diet, widespread geographic distribution, and common 

presence in museum collections, I propose Dasypus novemcinctus as an ideal species for this 

research. Also, analysis of the effect of variation in bite force on microwear across the tooth 

row, and how this relationship affects dietary interpretations (as discussed in chapter 3), 

needs to be studied further in xenarthrans.  

 Many extinct xenarthrans are hypothesized to be herbivorous, including most ground 

sloths (Bargo et al., 2006), glyptodonts, and pampatheres (Vizcaíno et al., 2004). Hypotheses 

of paleodiet in these animals are testable via orthodentine microwear analysis, and many 

fossil taxa remain to be studied. The potential of stable isotope analysis of orthodentine as a 

proxy for paleodiet in xenarthrans is currently being explored (Ruez, 2005; Grawe DeSantis 

et al., 2006; Kalthoff and Tütken, 2007; DeSantis and MacFadden, 2008; MacFadden and 

DeSantis, 2008); if stable isotopes can be used to reconstruct diet in xenarthrans, then 
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combined data from geochemical and microwear analyses will provide more robust 

conclusions about the paleoecology of these unique animals.  

 The ecological significance of tusk microwear should be further studied in both extant 

and extinct synapsids. Chapter 4 only analyzed tusk microwear from extant Loxodonta; 

microwear on the tusks of extant Elephas remains to be examined. Comparison of dental scar 

patterns in both taxa may expand our understanding of the correlation between orthodentine 

microwear and the use of tusks in feeding in living animals. Because a similar feeding role 

has been hypothesized for tusks in fossil proboscideans (e.g., Mammut, gomphotheriids; 

Haynes, 1991; Lambert, 1992; Green, 2005), microwear in living taxa may be a useful 

baseline against which hypotheses of tusk-use in extinct taxa may be tested. This data will 

provide better resolution on the correlation between feeding behavior and tusk microwear, 

which can then be applied to dicynodonts. Large samples of tusks need to be examined, 

however, to compensate for the taphonomic obliteration of orthodentine microwear in deep 

time. 

 The data presented in this dissertation are a first step in understanding how microwear 

in orthodentine correlates to feeding ecology in extinct animals. Elucidating this relationship 

will ultimately expand the number of tools available for paleoecological reconstruction, 

which will in turn broaden our understanding of the evolution of diet and feeding strategies 

in fossil lineages. 
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APPENDIX A 

 

Raw microwear data for extant and extinct xenarthran tooth specimens examined in 

this study; sorted by species (tooth), then by specimen number.  Abbreviations: AMNH = 

American Museum of Natural History; MCZ = Museum of Comparative Zoology; NCS = 

North Carolina State University Research Collection; UCMP = University of California 

Museum of Paleontology; UF = Florida Museum of Natural History; USNM = Smithsonian 

Institution; S1 = scratch count 1; S2 = scratch count 2; Scratch = mean of S1 and S2; P1 = pit 

count 1; P2 = pit count 2; Pit = mean of P1 and P2; LP = presence of >4 large pits; CS = 

presence of >4 cross scratches; G = presence of gouges; HS = presence of hypercoarse 

scratches; FS = presence of fine scratches predominant; MS = presence of fine and coarse 

(mixed) scratches predominant; CoS = presence of coarse scratches predominant.
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Specimen Number S1 S2 Scratch P1 P2 Pit LP CS G HS FS MS CoS 

Bradypus pygmaeus (M2) 
             

USNM 578413 16 26 21 58 40 49 1 1 1 0 0 1 0 

USNM 579171 17 20 18.5 80 58 69 0 1 0 0 1 0 0 

USNM 579172 10 9 9.5 59 41 50 0 0 0 0 1 0 0 

USNM 579173 17 17 17 60 56 58 1 1 1 0 0 1 0 

USNM 579174 14 14 14 69 52 60.5 0 1 0 0 1 0 0 

USNM 579175 15 9 12 71 45 58 1 1 1 0 1 0 0 

USNM 579177 13 10 11.5 57 54 55.5 0 0 0 0 1 0 0 

USNM 579178 11 7 9 61 56 58.5 0 0 0 0 1 0 0 

Bradypus torquatus (M2) 
             

MCZ 1024 15 11 13 54 45 49.5 0 1 0 0 1 0 0 

USNM 259473 15 22 18.5 52 64 58 0 1 0 0 0 1 0 
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APPENDIX A. Continued 

             
Bradypus tridactylus (M2) 

             
AMNH 130106 20 16 18 67 57 62 0 1 0 1 0 1 0 

AMNH 16135 14 10 12 48 44 46 0 1 1 1 0 1 0 

AMNH 16136 20 19 19.5 49 38 43.5 0 1 0 0 0 1 0 

AMNH 16932 17 18 17.5 45 47 46 0 1 1 0 0 1 0 

AMNH 21305 15 13 14 46 47 46.5 0 0 1 0 0 1 0 

AMNH 21306 12 12 12 53 37 45 0 1 0 0 0 1 0 

AMNH 42872 16 13 14.5 49 59 54 0 1 1 0 0 1 0 

AMNH 48104 19 13 16 46 55 50.5 0 1 1 0 0 1 0 

AMNH 48369 7 11 9 43 61 52 1 0 1 1 0 1 0 

MCZ 19570 17 23 20 54 65 59.5 0 1 0 0 0 1 0 

MCZ 9414 17 18 17.5 61 53 57 0 1 0 0 1 0 0 

USNM 362241 10 9 9.5 52 55 53.5 1 0 0 0 0 1 0 
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APPENDIX A. Continued 

             
USNM 374822 13 12 12.5 56 46 51 1 0 0 0 1 0 0 

Bradypus variegatus (M2) 
             

MCZ 1437 13 15 14 56 43 49.5 1 1 0 0 0 1 0 

MCZ 19844 18 20 19 67 47 57 0 1 0 0 1 0 0 

MCZ 19845 17 16 16.5 63 53 58 0 1 0 0 1 0 0 

MCZ 20575 25 17 21 70 60 65 0 1 0 0 0 1 0 

MCZ 21504 23 16 19.5 47 61 54 0 1 0 0 0 1 0 

MCZ 21506 27 16 21.5 59 57 58 0 1 0 0 1 0 0 

MCZ 21713 20 16 18 58 52 55 0 1 0 0 1 0 0 

MCZ 30993 21 20 20.5 61 68 64.5 1 1 0 0 1 0 0 

MCZ 30995 23 16 19.5 63 66 64.5 1 1 1 1 0 1 0 

MCZ 30996 13 26 19.5 69 72 70.5 0 1 0 0 1 0 0 

MCZ 30997 21 15 18 66 63 64.5 1 1 0 0 0 1 0 
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APPENDIX A. Continued 

             
MCZ 30999 13 20 16.5 46 44 45 1 1 1 0 0 1 0 

MCZ 31000 12 10 11 61 47 54 1 1 0 0 1 0 0 

MCZ 31001 26 19 22.5 63 75 69 0 1 0 0 0 1 0 

MCZ 31002 19 18 18.5 69 68 68.5 0 1 0 0 1 0 0 

MCZ 31731 15 13 14 53 61 57 1 1 1 1 0 1 0 

MCZ 34333 23 14 18.5 74 73 73.5 1 0 0 0 0 1 0 

MCZ 34334 20 19 19.5 39 65 52 0 1 0 0 0 1 0 

MCZ 39567 20 10 15 51 42 46.5 0 0 0 0 1 0 0 

MCZ 57946 16 13 14.5 64 77 70.5 0 0 0 0 1 0 0 

MCZ 8427 12 9 10.5 75 73 74 0 0 0 0 1 0 0 

UF 24821 26 13 19.5 83 57 70 0 1 1 1 0 1 0 

UF 25981 15 17 16 74 64 69 0 0 0 0 0 1 0 

UF 25986 12 18 15 52 75 63.5 0 0 1 1 0 1 0 
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APPENDIX A. Continued 

             
UF 25992 20 16 18 68 79 73.5 1 1 0 0 0 1 0 

USNM 063004 18 11 14.5 61 56 58.5 1 1 1 0 0 1 0 

USNM 111636 10 12 11 73 76 74.5 0 0 0 0 0 1 0 

USNM 239454 20 14 17 46 60 53 0 1 0 0 0 1 0 

USNM 339632 22 14 18 52 50 51 1 1 1 0 0 1 0 

USNM 393816 30 27 28.5 59 55 57 0 1 0 0 1 0 0 

USNM 461731 17 18 17.5 58 46 52 1 1 0 0 0 1 0 

Cabassous centralis (M6) 
             

MCZ 25922 20 19 19.5 64 67 65.5 0 1 0 0 0 1 0 

MCZ 27492 18 16 17 75 51 63 0 1 0 0 0 1 0 

MCZ 27493 20 29 24.5 58 62 60 0 1 0 0 0 1 0 

MCZ B8033 14 12 13 63 37 50 1 0 1 1 0 1 0 

USNM 253986 9 11 10 65 62 63.5 0 0 1 0 0 1 0 
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APPENDIX A. Continued 

             
USNM 281281 11 16 13.5 72 77 74.5 0 0 1 1 0 1 0 

USNM 281282 13 13 13 56 72 64 1 0 1 1 0 1 0 

USNM 281283 12 13 12.5 56 60 58 0 0 1 0 0 1 0 

USNM 281292 21 17 19 56 68 62 0 1 1 1 0 1 0 

USNM 296613 7 13 10 84 77 80.5 0 0 1 0 0 1 0 

USNM 314577 11 12 11.5 74 53 63.5 1 0 1 1 0 1 0 

Cabassous tatouay (M6) 
             

MCZ 1021 6 8 7 48 50 49 1 0 1 0 0 1 0 

MCZ 27871 9 8 8.5 53 49 51 1 0 1 1 0 0 1 

MCZ 30953 5 8 6.5 60 53 56.5 0 0 1 0 0 1 0 

MCZ 5042 12 6 9 53 66 59.5 1 1 1 0 0 1 0 

USNM 283468 7 11 9 60 63 61.5 0 0 1 0 0 1 0 

Cabassous unicinctus (M6) 
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AMNH 133317 8 7 7.5 57 41 49 0 0 1 0 0 1 0 

AMNH 133318 8 3 5.5 44 47 45.5 0 0 1 0 0 1 0 

AMNH 133335 9 10 9.5 46 53 49.5 0 1 0 0 0 1 0 

AMNH 133386 9 10 9.5 52 57 54.5 0 1 1 0 0 1 0 

AMNH 136256 9 12 10.5 45 77 61 0 1 0 0 0 1 0 

AMNH 137196 15 10 12.5 42 43 42.5 0 1 1 0 0 1 0 

AMNH 14863 13 8 10.5 53 57 55 0 1 1 0 0 1 0 

AMNH 209943 10 8 9 63 47 55 0 0 1 0 0 1 0 

AMNH 70173 9 9 9 71 75 73 0 0 1 0 0 1 0 

AMNH 70173 17 16 16.5 72 67 69.5 0 1 1 0 1 0 0 

AMNH 95298 10 9 9.5 58 50 54 0 1 1 0 0 1 0 

Chaetophractus nationi (M6) 
             

MCZ 7393 12 8 10 53 53 53 0 0 1 0 0 1 0 
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UF 23966 9 8 8.5 55 46 50.5 0 0 0 0 0 1 0 

Chaetophractus vellerosus (M6) 
             

MCZ 397 13 7 10 53 55 54 0 0 0 0 0 0 1 

UF 14763 4 9 6.5 50 47 48.5 0 0 1 0 0 1 0 

USNM 096514 8 9 8.5 62 56 59 0 0 0 0 1 0 0 

USNM 096515 6 10 8 55 54 54.5 0 0 1 0 0 1 0 

USNM 172754 14 13 13.5 78 61 69.5 0 0 1 0 0 1 0 

USNM 172755 11 3 7 76 54 65 0 0 1 1 0 1 0 

USNM 172756 11 9 10 83 67 75 0 0 1 0 0 1 0 

USNM 172758 6 5 5.5 68 63 65.5 1 0 1 1 0 1 0 

USNM 172759 7 6 6.5 71 58 64.5 0 0 1 1 0 1 0 

USNM 172760 13 10 11.5 71 60 65.5 0 1 0 0 0 1 0 

USNM 172762 9 12 10.5 61 54 57.5 0 0 0 0 0 1 0 
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USNM 172764 11 8 9.5 74 72 73 1 0 1 1 0 1 0 

Chlamyphorus retusus (M6) 
             

MCZ 283134 6 11 8.5 51 54 52.5 1 0 0 0 1 0 0 

Chlamyphorus truncatus (M6) 
             

MCZ 3207 9 8 8.5 46 57 51.5 0 0 0 0 1 0 0 

MCZ 3210 6 9 7.5 59 51 55 0 0 0 0 1 0 0 

Choloepus didactylus (M2) 
             

AMNH 133414 9 9 9 30 68 49 0 1 1 0 0 1 0 

AMNH 133429 9 10 9.5 70 48 59 0 0 1 0 0 1 0 

AMNH 133446 12 7 9.5 40 54 47 0 1 1 0 0 1 0 

AMNH 133453 15 11 13 39 51 45 0 1 1 0 0 1 0 

MCZ 27222 20 12 16 67 76 71.5 0 0 1 0 0 1 0 

MCZ 31083 14 15 14.5 58 63 60.5 1 0 1 1 0 1 0 
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MCZ 31702 10 7 8.5 84 110 97 1 0 1 0 0 0 1 

MCZ 31703 10 12 11 66 67 66.5 0 0 1 0 0 1 0 

MCZ 31704 12 8 10 80 81 80.5 1 0 0 0 0 1 0 

MCZ 34498 9 13 11 64 61 62.5 1 0 1 0 0 0 1 

NCS 1602 13 14 13.5 88 61 74.5 0 1 0 0 0 1 0 

USNM 217263 7 7 7 52 60 56 1 0 1 0 0 0 1 

USNM 241309 18 8 13 65 52 58.5 1 1 1 1 0 0 1 

USNM 256769 8 7 7.5 71 62 66.5 1 0 1 0 0 1 0 

USNM 257009 7 11 9 59 72 65.5 1 0 1 1 0 0 1 

USNM 257436 18 10 14 57 53 55 1 0 1 0 0 1 0 

USNM 307397 6 13 9.5 41 55 48 1 0 1 1 0 0 1 

USNM 393814 7 8 7.5 58 53 55.5 1 0 1 1 0 0 1 

USNM 548401 6 15 10.5 30 40 35 1 1 1 0 0 1 0 
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USNM 589183 9 10 9.5 57 57 57 0 0 0 0 1 0 0 

Choloepus hoffmanni (M2) 
             

MCZ 10169 10 14 12 65 72 68.5 1 0 1 0 0 1 0 

MCZ 10170 11 10 10.5 55 68 61.5 1 0 1 1 0 1 0 

MCZ 12336 15 13 14 60 60 60 1 0 1 0 0 1 0 

MCZ 12337 9 9 9 56 75 65.5 1 0 1 0 0 1 0 

MCZ 12338 13 12 12.5 67 52 59.5 1 0 0 0 0 1 0 

MCZ 12339 14 16 15 56 52 54 1 1 1 0 0 1 0 

MCZ 12341 12 7 9.5 53 96 74.5 0 0 0 0 0 1 0 

MCZ 12342 15 14 14.5 67 71 69 0 0 0 0 0 1 0 

MCZ 12343 12 19 15.5 74 61 67.5 1 1 0 0 1 0 0 

MCZ 12344 13 14 13.5 58 52 55 1 1 1 1 0 1 0 

MCZ 12345 10 14 12 81 47 64 1 0 0 0 0 1 0 
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MCZ 20379 16 7 11.5 66 62 64 1 0 1 0 0 1 0 

MCZ 21503 16 9 12.5 72 51 61.5 1 0 1 0 0 1 0 

MCZ 34332 14 11 12.5 64 70 67 1 0 1 0 0 1 0 

MCZ 7280 13 12 12.5 58 63 60.5 1 0 1 1 0 1 0 

UF 25984 10 14 12 49 57 53 0 0 0 0 0 1 0 

UF 25993 13 8 10.5 64 71 67.5 1 0 0 0 0 1 0 

UF 3374 9 12 10.5 62 60 61 1 0 0 0 0 1 0 

Dasypus hybridus (M6) 
             

USNM 096512 8 9 8.5 83 82 82.5 0 0 1 0 0 1 0 

USNM 364259 7 6 6.5 72 57 64.5 1 0 0 0 0 1 0 

Dasypus kappleri (M6) 
             

AMNH 267011 12 10 11 55 61 58 0 1 0 0 0 1 0 

AMNH 48222 7 7 7 64 55 59.5 0 0 1 0 0 1 0 
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AMNH 64118 5 11 8 62 55 58.5 0 0 0 0 0 1 0 

AMNH 76574 12 9 10.5 71 76 73.5 0 1 0 0 1 0 0 

AMNH 77755 6 4 5 80 53 66.5 0 0 0 0 1 0 0 

AMNH 98464 5 7 6 43 70 56.5 0 0 0 0 0 1 0 

AMNH 98812 10 9 9.5 52 60 56 0 0 0 0 1 0 0 

USNM 256761 10 11 10.5 77 68 72.5 0 0 0 0 0 1 0 

USNM 461932 9 10 9.5 76 81 78.5 0 0 0 0 0 1 0 

Dasypus novemcinctus (M6) 
             

AMNH 91706 12 15 13.5 70 57 63.5 0 1 0 1 0 1 0 

AMNH 91707 13 11 12 53 50 51.5 0 1 0 0 0 1 0 

AMNH 91708 10 10 10 62 61 61.5 0 1 0 0 0 1 0 

AMNH 91709 11 10 10.5 50 46 48 0 1 0 0 0 1 0 

AMNH 91710 12 10 11 56 68 62 0 1 0 0 0 1 0 
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AMNH 92336 14 12 13 59 81 70 0 1 0 0 0 1 0 

AMNH 93118 8 9 8.5 59 50 54.5 0 1 1 0 0 1 0 

AMNH 93734 12 10 11 48 48 48 0 1 1 0 0 1 0 

MCZ 12325 2 3 2.5 83 55 69 0 0 1 0 0 0 1 

MCZ 12326 11 9 10 69 61 65 0 0 0 0 0 1 0 

MCZ 12329 6 8 7 71 79 75 0 0 0 1 0 1 0 

MCZ 12331 2 8 5 84 68 76 0 0 0 0 0 1 0 

MCZ 12332 11 5 8 52 60 56 0 1 1 0 0 1 0 

MCZ 12366 10 13 11.5 67 73 70 0 0 0 0 1 0 0 

MCZ 14571 5 6 5.5 70 63 66.5 0 0 0 0 0 1 0 

MCZ 14572 6 5 5.5 45 50 47.5 0 0 0 0 0 1 0 

MCZ 14914 9 7 8 57 63 60 0 0 0 0 0 1 0 

MCZ 25833 5 4 4.5 96 66 81 0 0 0 0 0 1 0 
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MCZ 2835 8 9 8.5 85 69 77 0 0 0 0 0 1 0 

MCZ 30943 11 8 9.5 61 76 68.5 0 0 1 0 0 1 0 

MCZ 30945 5 5 5 67 64 65.5 0 0 0 0 0 1 0 

MCZ 30946 11 8 9.5 56 63 59.5 0 0 0 0 0 1 0 

MCZ 3699 5 8 6.5 61 44 52.5 0 0 0 0 0 1 0 

MCZ 5136 6 4 5 71 55 63 1 0 0 0 0 1 0 

MCZ 8117 7 8 7.5 67 66 66.5 0 0 0 0 1 0 0 

MCZ 8118 12 10 11 63 59 61 0 0 0 0 1 0 0 

MCZ 8451 5 8 6.5 84 63 73.5 0 0 0 0 0 1 0 

MCZ 8533 6 8 7 109 70 89.5 0 0 0 0 0 1 0 

NCS 1530 8 8 8 75 70 72.5 1 0 0 0 0 1 0 

UF 2264 5 4 4.5 94 91 92.5 0 0 1 0 0 1 0 

UF 28957 6 6 6 37 37 37 0 0 1 0 0 1 0 
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UF 3228 2 2 2 65 65 65 0 0 0 0 0 1 0 

UF 3233 4 9 6.5 72 50 61 0 0 0 0 1 0 0 

UF 3236 0 11 5.5 50 48 49 0 1 1 0 0 1 0 

UF 4928 4 7 5.5 64 74 69 0 0 1 1 0 0 1 

UF 4929 5 6 5.5 62 85 73.5 0 0 0 1 0 1 0 

UF 4934 7 5 6 67 58 62.5 0 0 1 0 0 1 0 

UF 5091 3 2 2.5 38 29 33.5 1 0 1 0 0 0 1 

UF 5092 7 7 7 66 80 73 0 0 0 0 0 1 0 

UF 5093 4 8 6 63 64 63.5 0 0 0 0 0 1 0 

UF 5094 10 4 7 48 46 47 0 0 0 0 0 1 0 

UF 7640 6 4 5 69 53 61 0 0 1 0 0 1 0 

UF 7866 5 4 4.5 83 90 86.5 0 0 0 0 0 1 0 

UF 9237 5 4 4.5 55 79 67 0 0 0 0 0 1 0 
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USNM 010197 4 5 4.5 46 54 50 0 0 1 0 0 0 1 

USNM 033168 9 2 5.5 89 46 67.5 1 0 0 0 0 1 0 

USNM 033169 9 12 10.5 101 72 86.5 0 0 0 0 0 1 0 

USNM 033175 8 10 9 85 79 82 0 0 0 0 0 1 0 

USNM 033176 12 7 9.5 86 77 81.5 0 0 0 0 0 0 1 

USNM 055321 8 11 9.5 62 118 90 0 0 1 0 0 1 0 

USNM 076423 9 8 8.5 69 46 57.5 0 0 0 0 1 0 0 

USNM 271098 13 7 10 85 78 81.5 0 0 0 0 0 1 0 

USNM 509003 8 6 7 78 67 72.5 0 0 0 0 0 1 0 

USNM 553928 10 11 10.5 76 76 76 0 0 0 0 0 1 0 

Dasypus sabanicola (M6) 
             

UF 13343 8 8 8 66 63 64.5 0 0 0 0 0 1 0 

UF 13344 10 8 9 47 53 50 1 1 1 0 0 1 0 
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USNM 372834 10 9 9.5 73 99 86 1 0 1 0 0 1 0 

Euphractus sexcinctus (M6) 
             

AMNH 133296 10 11 10.5 43 57 50 0 1 1 0 0 1 0 

AMNH 133297 13 12 12.5 49 40 44.5 0 1 1 0 1 0 0 

AMNH 133302 8 8 8 56 45 50.5 0 1 1 1 0 1 0 

AMNH 133354 11 8 9.5 45 56 50.5 0 1 1 0 0 1 0 

AMNH 133391 9 12 10.5 50 55 52.5 0 1 1 0 0 1 0 

MCZ 1031 8 6 7 54 58 56 1 0 1 1 0 0 1 

MCZ 19502 6 8 7 53 66 59.5 0 0 1 1 0 0 1 

MCZ 30949 7 11 9 48 77 62.5 0 0 1 1 0 1 0 

MCZ 30950 4 7 5.5 68 67 67.5 0 0 1 1 0 1 0 

MCZ 30951 4 5 4.5 58 54 56 0 0 0 1 0 1 0 

MCZ 30952 4 4 4 62 60 61 1 0 1 1 0 0 1 
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MCZ 36740 2 2 2 72 86 79 1 0 1 1 0 1 0 

MCZ 36741 7 6 6.5 47 52 49.5 0 0 1 1 0 1 0 

MCZ 36742 7 4 5.5 84 75 79.5 1 0 1 1 0 1 0 

MCZ 36743 5 5 5 50 54 52 0 0 1 1 0 1 0 

MCZ 7 7 15 11 84 66 75 0 1 1 1 0 1 0 

MCZ 997 2 7 4.5 44 50 47 1 0 1 0 0 0 1 

USNM 241105 5 6 5.5 62 71 66.5 0 0 1 0 0 1 0 

USNM 256115 7 8 7.5 67 65 66 1 0 1 0 0 1 0 

USNM 257915 17 12 14.5 42 65 53.5 0 1 0 0 0 1 0 

USNM 283464 7 6 6.5 49 65 57 1 0 1 0 0 1 0 

USNM 283465 10 9 9.5 98 64 81 1 1 1 0 0 1 0 

USNM 283466 2 5 3.5 56 60 58 1 0 1 0 0 0 1 

Nothrotheriops shastensis (M2/M3) 
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UCMP 8141 16 17 16.5 54 31 42.5 0 1 1 1 0 1 0 

UCMP 8336 15 15 15 65 62 63.5 0 1 1 0 0 1 0 

UCMP 19860 10 13 11.5 39 45 42 1 1 1 0 0 1 0 

Tolypeutes matacus (M6) 
             

AMNH 146459 5 5 5 68 58 63 0 0 1 0 0 1 0 

AMNH 173550 6 7 6.5 61 69 65 0 1 1 0 0 1 0 

AMNH 246460 5 5 5 65 48 56.5 0 0 1 0 0 1 0 

AMNH 246461 12 10 11 76 55 65.5 0 0 1 0 0 1 0 

AMNH 247658 3 5 4 67 75 71 0 0 1 0 0 1 0 

AMNH 248394 3 2 2.5 55 62 58.5 0 0 1 0 1 0 0 

AMNH 41598 4 11 7.5 67 67 67 0 0 1 0 0 1 0 

MCZ 39828 7 6 6.5 50 58 54 0 0 0 0 0 1 0 

              
APPENDIX A. Continued 
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MCZ 6312 6 9 7.5 46 44 45 1 0 1 0 0 1 0 

USNM 011822 7 13 10 66 55 60.5 0 0 0 0 0 1 0 

USNM 236356 8 7 7.5 45 50 47.5 0 0 0 0 0 1 0 

USNM 291935 9 10 9.5 51 70 60.5 0 0 0 0 0 1 0 

Zaedyus pichiy (M6) 
             

AMNH 17448 11 9 10 43 59 51 0 0 0 0 1 0 0 

AMNH 25667 9 8 8.5 48 58 53 0 0 1 0 0 1 0 

MCZ 19216 6 9 7.5 71 76 73.5 1 0 0 0 1 0 0 

MCZ 19217 12 6 9 68 56 62 0 0 0 0 1 0 0 

MCZ 19218 7 6 6.5 47 66 56.5 0 0 0 0 0 1 0 

MCZ 19588 6 5 5.5 85 72 78.5 1 0 0 0 0 1 0 

MCZ 19589 6 9 7.5 40 60 50 0 0 0 0 0 1 0 

MCZ 5124 27 10 18.5 69 59 64 0 1 0 0 0 1 0 

APPENDIX A. Continued 
             



312 
 
 

 
MCZ 7286 8 9 8.5 73 87 80 0 0 0 0 0 1 0 

USNM 004032 13 6 9.5 82 73 77.5 0 1 0 0 1 0 0 

USNM 12641 13 7 10 78 68 73 0 1 0 0 0 1 0 

USNM 172751 10 7 8.5 67 70 68.5 0 1 1 0 0 1 0 

USNM 236358 11 11 11 67 61 64 0 0 1 0 1 0 0 

USNM 236359 5 9 7 82 64 73 0 0 1 0 0 1 0 

USNM 331057 21 9 15 79 111 95 1 1 1 0 0 1 0 
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APPENDIX B 

 

Raw microwear data for analysis of intertooth variation in extant xenarthrans. 

Abbreviations: AMNH = American Museum of Natural History; S1 = scratch count 1; S2 = 

scratch count 2; Scratch = mean of S1 and S2; CS = presence of >4 cross scratches; HS = 

presence of hypercoarse scratches; G = presence of gouges; LP = presence of >4 large pits;  

FS = presence of fine scratches predominant; MS = presence of fine and coarse (mixed) 

scratches predominant; CoS = presence of coarse scratches predominant. 
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 Sampling 

Location 
S1 S2 Scratch CS HS G LP F M CoS 

Bradypus tridactylus            

AMNH 96241 M2 mesial 31 19 25 1 0 1 0 0 1 0 

 M2 distal 13 14 13.5 1 0 1 1 0 1 0 

 M3 mesial 17 14 15.5 1 0 1 0 0 1 0 

 M3 distal 11 11 11 1 0 0 0 0 1 0 

 M4 mesial 14 13 13.5 1 0 0 1 0 1 0 

 m2 mesial 11 13 12 1 0 1 0 0 1 0 

 m2 distal 20 22 21 1 0 1 1 0 1 0 

 m3 mesial 26 18 22 1 0 1 1 0 1 0 

 m3 distal 21 23 22 1 0 1 0 0 1 0 

 m4 mesial 21 15 18 1 0 1 1 0 1 0 

 m4 distal 17 15 16 1 0 1 0 1 0 0 

AMNH 96242 M2 mesial 14 11 12.5 1 0 0 1 0 1 0 

 M2 distal 14 14 14 1 0 0 0 0 1 0 

 M3 mesial 14 20 17 1 0 0 1 0 1 0 

 M3 distal 9 13 11 1 0 0 1 0 1 0 

 M4 mesial 15 20 17.5 1 0 0 0 0 1 0 

 m2 mesial 13 12 12.5 1 0 1 0 0 1 0 

 m2 distal 10 9 9.5 1 0 0 0 0 1 0 

 m3 mesial 13 13 13 1 0 1 0 0 1 0 

 m3 distal 11 10 10.5 1 0 0 1 0 1 0 

 m4 mesial 20 16 18 1 0 1 0 0 1 0 

 m4 distal 11 11 11 1 0 0 0 0 1 0 
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AMNH 96244 M2 mesial 9 17 13 1 0 0 0 0 1 0 

 M2 distal 16 16 16 1 0 0 0 0 1 0 

 M3 mesial 20 26 23 1 0 0 0 0 1 0 

 M3 distal 15 9 12 1 0 0 0 0 1 0 

 M4 mesial 18 14 16 1 0 0 0 0 1 0 

 m2 mesial 12 13 12.5 1 0 1 0 1 0 0 

 m2 distal 26 21 23.5 1 0 1 1 0 1 0 

 m3 mesial 13 11 12 1 0 0 0 1 0 0 

 m3 distal 24 25 24.5 1 0 1 0 0 1 0 

 m4 mesial 17 12 14.5 1 0 0 0 0 1 0 

 m4 distal 11 14 12.5 1 0 1 0 0 1 0 

AMNH 96248 M2 mesial 23 16 19.5 1 0 0 0 1 0 0 

 M2 distal 23 21 22 1 0 0 0 0 1 0 

 M3 mesial 19 23 21 1 0 1 0 0 1 0 

 M3 distal 15 15 15 1 0 1 0 0 1 0 

 M4 mesial 17 27 22 1 0 0 0 0 1 0 

 m2 mesial 23 20 21.5 1 0 0 0 0 1 0 

 m2 distal - - - - - - - - - - 

 m3 mesial 17 19 18 1 0 0 0 0 1 0 

 m3 distal - - - - - - - - - - 

 m4 mesial - - - - - - - - - - 

 m4 distal - - - - - - - - - - 

AMNH 96251 M2 mesial 11 8 9.5 0 0 1 0 1 0 0 

 M2 distal 15 10 12.5 1 0 0 0 0 1 0 
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 M3 mesial 22 14 18 1 0 0 0 0 1 0 

 M3 distal 10 8 9 0 0 0 0 0 1 0 

 M4 mesial 11 15 13 1 0 0 0 0 1 0 

 m2 mesial 14 12 13 1 0 0 0 1 0 0 

 m2 distal 13 13 13 1 0 0 0 0 1 0 

 m3 mesial 23 10 16.5 1 0 0 0 0 1 0 

 m3 distal 16 11 13.5 1 0 0 0 1 0 0 

 m4 mesial 13 10 11.5 1 0 0 0 1 0 0 

 m4 distal - - - - - - - - - - 

Choloepus didactylus            

AMNH 133410 M2 mesial - - - - - - - - - - 

 M2 distal - - - - - - - - - - 

 M3 mesia 10 11 10.5 0 1 1 1 1 0 0 

 M3 distal 6 6 6 0 0 1 0 0 1 0 

 M4 mesial 6 8 7 0 0 1 1 0 1 0 

 m2 mesial 7 9 8 0 1 1 0 0 1 0 

 m2 distal 9 10 9.5 0 0 1 0 1 0 0 

 m3 mesial 10 12 11 1 0 1 0 0 1 0 

 m3 distal 12 7 9.5 1 0 1 1 0 1 0 

 m4 mesial 15 9 12 1 1 1 0 0 1 0 

 m4 distal 14 16 15 1 0 1 0 0 1 0 

AMNH 133414 M2 mesial 9 9 9 1 0 1 0 0 1 0 

 M2 distal 8 13 10.5 1 0 1 1 0 1 0 

 M3 mesia 15 9 12 1 0 1 1 0 1 0 
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 M3 distal 12 12 12 1 0 1 0 0 1 0 

 M4 mesial 9 10 9.5 1 0 1 1 0 1 0 

 m2 mesial 14 8 11 1 0 1 1 0 1 0 

 m2 distal 7 9 8 1 0 1 1 0 1 0 

 m3 mesial 10 9 9.5 1 0 1 1 0 1 0 

 m3 distal 10 21 15.5 1 0 0 1 1 0 0 

 m4 mesial 11 10 10.5 1 0 1 1 0 1 0 

 m4 distal 11 15 13 1 0 1 1 0 1 0 

AMNH 133429 M2 mesial 9 10 9.5 0 0 1 0 0 1 0 

 M2 distal 8 6 7 0 1 1 0 0 1 0 

 M3 mesia 11 5 8 0 0 1 1 0 1 0 

 M3 distal 8 6 7 1 0 1 0 0 1 0 

 M4 mesial 7 8 7.5 0 0 1 0 0 1 0 

 m2 mesial 9 12 10.5 1 1 1 0 0 1 0 

 m2 distal 11 10 10.5 1 0 1 0 0 1 0 

 m3 mesial 17 10 13.5 1 1 1 0 0 1 0 

 m3 distal 10 9 9.5 0 0 0 1 0 1 0 

 m4 mesial 7 10 8.5 1 0 1 0 0 1 0 

 m4 distal 13 9 11 1 0 1 0 0 1 0 

AMNH 133446 M2 mesial 12 7 9.5 1 0 1 0 0 1 0 

 M2 distal 12 11 11.5 1 1 1 1 0 1 0 

 M3 mesia 10 8 9 1 0 1 1 0 1 0 

 M3 distal 12 9 10.5 1 0 1 0 0 1 0 

 M4 mesial 9 10 9.5 1 0 1 1 0 1 0 
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 m2 mesial 18 23 20.5 1 0 0 0 1 0 0 

 m2 distal 13 16 14.5 1 0 1 0 1 0 0 

 m3 mesial 11 7 9 1 0 1 1 0 1 0 

 m3 distal 10 12 11 1 0 1 0 0 1 0 

 m4 mesial 15 8 11.5 1 0 1 1 1 0 0 

 m4 distal 10 10 10 1 0 0 0 1 0 0 

AMNH 133453 M2 mesial 15 11 13 1 0 1 0 0 1 0 

 M2 distal 11 10 10.5 1 1 1 0 0 1 0 

 M3 mesia 15 18 16.5 1 1 1 1 0 1 0 

 M3 distal 14 13 13.5 1 0 1 1 0 1 0 

 M4 mesial 10 13 11.5 1 1 1 1 0 1 0 

 m2 mesial 15 12 13.5 1 1 1 0 0 1 0 

 m2 distal 11 13 12 1 0 1 1 0 1 0 

 m3 mesial 13 14 13.5 1 0 1 1 0 1 0 

 m3 distal 10 23 16.5 1 1 1 1 0 1 0 

 m4 mesial 13 15 14 1 0 1 1 1 0 0 

 m4 distal 13 13 13 1 1 1 0 0 1 0 

Dasypus novemcinctus            

AMNH 91706 M3 mesial 17 8 12.5 1 0 0 0 0 1 0 

 M3 distal 8 9 8.5 0 0 1 0 0 1 0 

 M4 mesial 12 10 11 1 0 0 0 0 1 0 

 M4 distal 14 9 11.5 1 0 0 0 0 1 0 

 M5 mesial 14 12 13 1 0 0 0 0 1 0 

 M5 distal 11 8 9.5 1 0 0 0 0 1 0 
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 M6 mesial 12 15 13.5 1 1 0 0 0 1 0 

 M6 distal 8 8 8 0 0 0 0 0 1 0 

 m3 mesial 8  8 0 0 0 0 0 1 0 

 m3 distal 10 10 10 1 0 0 0 0 1 0 

 m4 mesial 9 10 9.5 1 0 0 0 0 1 0 

 m4 distal 7 10 8.5 1 0 0 0 0 1 0 

 m5 mesial 10 7 8.5 0 0 0 0 0 1 0 

 m5 distal 8 8 8 0 0 0 0 0 1 0 

 m6 mesial 9 9 9 0 0 0 0 0 1 0 

 m6 distal 4 8 6 0 0 0 0 0 1 0 

AMNH 91707 M3 mesial 14 12 13 1 0 0 0 0 1 0 

 M3 distal 13 10 11.5 1 0 0 0 0 1 0 

 M4 mesial 10 11 10.5 1 0 0 0 0 1 0 

 M4 distal 12 13 12.5 1 0 0 0 0 1 0 

 M5 mesial 12 14 13 1 0 0 0 0 1 0 

 M5 distal 12 8 10 1 0 0 0 0 1 0 

 M6 mesial 13 11 12 1 0 0 0 0 1 0 

 M6 distal 14 12 13 0 0 0 0 0 1 0 

 m3 mesial 8 3 5.5 0 0 0 0 0 1 0 

 m3 distal 9 8 8.5 1 0 0 0 0 1 0 

 m4 mesial 5 7 6 0 0 0 0 0 1 0 

 m4 distal 8 6 7 0 0 0 0 0 1 0 

 m5 mesial 8 7 7.5 1 0 0 0 0 1 0 

 m5 distal 6 5 5.5 0 0 0 0 0 1 0 
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 m6 mesial 7 6 6.5 0 0 0 0 0 1 0 

 m6 distal 4 9 6.5 1 0 0 1 0 1 0 

AMNH 91708 M3 mesial 12 10 11 1 0 0 0 0 1 0 

 M3 distal 15 7 11 1 0 0 0 0 1 0 

 M4 mesial 8 10 9 1 0 0 0 0 1 0 

 M4 distal 8 8 8 0 0 0 0 0 1 0 

 M5 mesial 10 8 9 1 0 0 0 0 1 0 

 M5 distal 8 7 7.5 0 0 0 0 0 1 0 

 M6 mesial 10 10 10 1 0 0 0 0 1 0 

 M6 distal 15 7 11 1 0 0 0 0 1 0 

 m3 mesial 8 11 9.5 1 0 0 0 0 1 0 

 m3 distal 15 10 12.5 1 0 0 0 0 1 0 

 m4 mesial 9 4 6.5 0 0 0 0 0 1 0 

 m4 distal 12 5 8.5 1 0 0 0 0 1 0 

 m5 mesial 8 6 7 0 0 0 0 0 1 0 

 m5 distal 7 10 8.5 1 0 0 0 0 1 0 

 m6 mesial 8 12 10 1 0 0 0 0 1 0 

 m6 distal 13 10 11.5 1 0 0 0 0 1 0 

AMNH 91710 M3 mesial 10 9 9.5 1 0 0 0 0 1 0 

 M3 distal 16 12 14 1 0 0 0 0 1 0 

 M4 mesial 8 12 10 1 0 1 0 0 1 0 

 M4 distal 10 7 8.5 1 0 1 1 0 1 0 

 M5 mesial 8 10 9 1 0 0 0 0 1 0 

 M5 distal 9 5 7 0 0 0 0 0 1 0 
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 M6 mesial 12 10 11 1 0 0 0 0 1 0 

 M6 distal 8 7 7.5 0 0 0 0 0 1 0 

 m3 mesial 9 8 8.5 0 0 0 0 0 1 0 

 m3 distal 8 9 8.5 0 0 0 0 0 1 0 

 m4 mesial 14 13 13.5 1 0 0 0 0 1 0 

 m4 distal 14 10 12 1 0 0 0 0 1 0 

 m5 mesial 8 10 9 1 0 0 1 0 1 0 

 m5 distal 5 9 7 0 0 0 0 0 1 0 

 m6 mesial 8 7 7.5 1 0 0 0 0 1 0 

 m6 distal 6 9 7.5 0 0 0 0 0 1 0 

AMNH 92336 M3 mesial 13 14 13.5 1 0 0 0 0 1 0 

 M3 distal 8 11 9.5 1 0 0 0 0 1 0 

 M4 mesial 11 9 10 1 0 0 1 0 1 0 

 M4 distal 13 9 11 1 0 0 0 0 1 0 

 M5 mesial - - - - - - - - - - 

 M5 distal - - - - - - - - - - 

 M6 mesial 14 12 13 1 0 0 0 0 1 0 

 M6 distal 8 9 8.5 0 0 0 0 0 1 0 

 m3 mesial 13 12 12.5 1 0 0 0 0 1 0 

 m3 distal 12 8 10 1 0 0 0 0 1 0 

 m4 mesial 16 11 13.5 1 0 0 0 0 1 0 

 m4 distal 7 6 6.5 0 0 0 0 0 1 0 

 m5 mesial 10 8 9 1 0 0 0 0 1 0 

 m5 distal 13 7 10 1 0 0 0 0 1 0 
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 m6 mesial 9 4 6.5 0 0 0 0 0 1 0 

 m6 distal 6 6 6 0 0 0 0 0 1 0 

Euphractus sexcinctus            

AMNH 133296 M3 mesial 11 9 10 1 0 1 0 0 1 0 

 M3 distal 10 12 11 1 1 1 1 0 1 0 

 M4 mesial 9 8 8.5 1 1 1 0 0 1 0 

 M4 distal 12 10 11 1 1 1 0 0 1 0 

 M5 mesial 9 8 8.5 1 0 1 0 0 1 0 

 M5 distal 12 12 12 1 0 1 0 0 1 0 

 M6 mesial 11 10 10.5 1 0 1 0 0 1 0 

 M6 distal 10 8 9 1 1 1 0 0 1 0 

 m4 mesial 10 13 11.5 1 0 1 0 0 1 0 

 m4 distal 10 12 11 1 1 1 0 0 1 0 

 m5 mesial 10 8 9 1 0 1 1 0 1 0 

 m5 distal 10 13 11.5 0 1 1 0 0 1 0 

 m6 mesial 12 12 12 1 0 1 0 0 1 0 

 m6 distal 8 14 11 1 1 1 0 0 1 0 

 m7 mesial 14 11 12.5 1 0 1 0 0 1 0 

 m7 distal 16 16 16 1 0 1 0 0 1 0 

AMNH 133297 M3 mesial 10 6 8 1 1 1 0 0 1 0 

 M3 distal 12 11 11.5 1 1 1 0 0 1 0 

 M4 mesial 11 8 9.5 1 1 1 1 0 1 0 

 M4 distal 10 11 10.5 1 0 1 0 0 1 0 

 M5 mesial 13 9 11 1 0 1 0 0 1 0 
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 M5 distal 12 13 12.5 1 0 1 0 0 1 0 

 M6 mesial 13 12 12.5 1 0 1 0 1 0 0 

 M6 distal 9 11 10 1 0 1 0 0 1 0 

 m4 mesial 11 10 10.5 1 0 1 0 0 1 0 

 m4 distal 9 10 9.5 1 1 1 0 0 1 0 

 m5 mesial 11 13 12 1 0 1 0 0 1 0 

 m5 distal 10 9 9.5 1 0 1 0 0 1 0 

 m6 mesial 9 7 8 1 0 1 0 0 1 0 

 m6 distal 9 15 12 1 0 0 0 0 1 0 

 m7 mesial 12 9 10.5 1 0 1 1 0 1 0 

 m7 distal 8 7 7.5 0 0 1 0 0 1 0 

AMNH 133302 M3 mesial 9 5 7 1 0 1 1 0 1 0 

 M3 distal 8 11 9.5 1 1 1 0 0 1 0 

 M4 mesial 14 8 11 1 0 1 0 0 1 0 

 M4 distal 8 10 9 1 1 1 0 0 1 0 

 M5 mesial 6 11 8.5 1 1 1 0 0 1 0 

 M5 distal 13 13 13 1 1 1 0 0 1 0 

 M6 mesial 8 8 8 1 1 1 0 0 1 0 

 M6 distal 13 10 11.5 1 0 1 0 0 1 0 

 m4 mesial 7 10 8.5 1 1 1 0 0 1 0 

 m4 distal 10 10 10 1 0 1 0 0 1 0 

 m5 mesial 9 13 11 1 0 1 0 0 1 0 

 m5 distal 14 8 11 1 0 1 0 0 1 0 

 m6 mesial 10 7 8.5 1 0 1 0 1 0 0 
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 m6 distal 13 10 11.5 1 0 1 1 0 1 0 

 m7 mesial 15 8 11.5 1 1 1 0 0 1 0 

 m7 distal 10 12 11 1 0 1 0 0 1 0 

AMNH 133354 M3 mesial 10 13 11.5 1 1 1 0 0 1 0 

 M3 distal 9 7 8 1 0 1 0 0 1 0 

 M4 mesial 11 12 11.5 1 1 1 0 0 1 0 

 M4 distal 10 9 9.5 1 0 1 0 0 1 0 

 M5 mesial 11 9 10 1 1 1 1 0 1 0 

 M5 distal 11 10 10.5 1 0 1 0 0 1 0 

 M6 mesial 11 8 9.5 1 0 1 0 0 1 0 

 M6 distal 13 10 11.5 1 0 1 0 0 1 0 

 m4 mesial 12 8 10 1 1 1 0 0 1 0 

 m4 distal 11 12 11.5 1 1 1 0 0 1 0 

 m5 mesial 8 9 8.5 0 0 1 0 0 1 0 

 m5 distal 10 14 12 1 0 1 0 0 1 0 

 m6 mesial 13 10 11.5 1 0 1 1 0 1 0 

 m6 distal 15 9 12 1 0 1 0 0 1 0 

 m7 mesial 13 9 11 1 0 1 0 0 1 0 

 m7 distal 10 14 12 1 0 1 0 0 1 0 

AMNH 133391 M3 mesial 11 7 9 1 1 1 0 0 1 0 

 M3 distal - - - - - - - - - - 

 M4 mesial 8 8 8 1 0 0 0 0 1 0 

 M4 distal 19 11 15 1 1 1 0 0 1 0 

 M5 mesial 10 8 9 1 0 1 0 0 1 0 
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 M5 distal 13 14 13.5 1 1 1 0 0 1 0 

 M6 mesial 9 12 10.5 1 0 1 0 0 1 0 

 M6 distal 16 5 10.5 1 0 1 0 0 1 0 

 m4 mesial 7 8 7.5 1 0 1 0 0 1 0 

 m4 distal 10 12 11 1 0 1 0 0 1 0 

 m5 mesial 12 10 11 1 0 1 0 0 1 0 

 m5 distal 12 12 12 1 0 1 1 0 1 0 

 m6 mesial 10 9 9.5 1 0 1 0 0 1 0 

 m6 distal 14 16 15 1 0 1 0 0 1 0 

 m7 mesial 10 12 11 1 0 1 1 0 1 0 

 m7 distal 11 9 10 1 0 1 0 0 1 0 

 



326 
 
 

 
APPENDIX C 

 

 Raw microwear data for Loxodonta, Odobenus and dicynodont tusks. Arranged by 

taxon and sampling loci. Abbreviations: FS = number of fine scratches (standard deviation); 

CS = number of coarse scratches (standard deviation); TS = number of total scratches 

(standard deviation); SP = number of small pits (standard deviation); LP = number of large 

pits (standard deviation); G = number of gouges (standard deviation); HS = presence of 

hypercoarse scratches; PS = presence of scratches oriented parallel to long axis of tusk; OS = 

presence of scratches oriented oblique to long axis of tusk; PeS = presence of scratches 

oriented perpendicular to long axis of the tusk. 
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Specimen Number Loci FS CoS TS SP LP G HS PSO OSO PeSO 

Loxodonta 

           USNM 163318 1 6 11 17 27 0 0 1 1 1 0 

 

2 1 6 7 38 3 0 1 0 1 0 

 

3 3 7 10 52 2 0 1 0 1 0 

 

4 5 7 12 45 3 0 1 1 1 0 

 

5 4 4 8 35 2 0 1 1 1 0 

  
          

USNM 165176 1 13 4 17 19 0 0 1 0 1 0 

 

2 3 2 5 18 2 0 1 1 1 0 

 

3 8 3 11 32 3 0 1 1 1 0 

 

4 10 4 14 21 0 0 1 1 1 1 

 

5 13 4 17 27 0 0 1 1 1 0 

  
          

USNM 165499 1 15 1 16 45 1 0 1 0 0 1 

 

2 6 7 13 20 1 2 1 0 1 1 

 

3 7 6 13 39 1 0 0 0 1 1 
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4 10 4 14 20 0 0 1 0 1 1 

 

5 7 2 9 47 0 1 1 1 0 0 

  
          

USNM 165501 1 20 3 23 43 3 0 1 1 1 1 

 

2 14 3 17 25 0 0 1 1 1 1 

 

3 12 4 16 27 4 0 1 1 1 0 

 

4 12 3 15 39 0 0 1 1 1 0 

 

5 13 4 17 27 0 0 1 1 1 0 

  
          

USNM 304615 1 13 4 17 34 0 0 1 0 1 0 

 

2 9 5 14 27 1 0 0 1 1 0 

 

3 14 5 19 36 0 0 1 1 1 0 

 

4 7 5 12 31 2 0 1 1 1 0 

 

5 12 4 16 22 0 0 1 1 1 1 

Odobenus 

 

          

USNM 7156 1 7 3 10 35 2 0 0 1 1 1 

 

2 6 2 8 26 0 0 0 1 1 1 



329 
 
 

 
APPENDIX C. Continued 

 

          

 

3 12 1 13 17 0 0 1 1 1 1 

 

4 14 0 14 12 1 0 0 1 1 1 

 

5 2 3 5 18 0 0 1 1 1 0 

  
          

USNM 267964 1 5 4 9 14 0 0 0 1 1 1 

 

2 12 0 12 22 0 0 0 0 1 1 

 

3 5 3 8 24 0 0 0 1 1 0 

 

4 13 2 15 18 0 0 0 0 1 1 

 

5 12 4 16 13 0 0 0 1 1 1 

  
          

USNM 267965 1 3 5 8 36 2 0 1 1 0 0 

 

2 5 6 11 25 0 0 1 1 1 0 

 

3 9 4 13 37 4 0 1 1 1 1 

 

4 10 5 15 38 0 0 0 1 1 1 

 

5 5 4 9 42 4 0 1 1 1 0 

  
          

USNM 287992 1 3 2 5 30 2 1 1 1 1 1 
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2 0 3 3 26 4 0 1 1 0 1 

 

3 0 3 3 31 2 0 1 1 0 1 

 

4 9 2 11 21 0 0 1 1 1 0 

 

5 0 5 5 25 2 1 1 0 1 0 

  
          

USNM 500252 1 11 0 11 23 0 0 1 1 1 1 

 

2 8 5 13 24 0 0 0 0 1 1 

 

3 5 2 7 15 0 0 0 0 1 1 

 

4 14 0 14 16 0 0 0 1 1 1 

 

5 8 1 9 30 0 0 0 1 1 1 

  
          

USNM 500254 1 12 2 14 40 0 0 0 1 0 0 

 

2 7 0 7 39 0 0 0 1 0 1 

 

3 10 0 10 19 0 0 0 1 1 1 

 

4 9 2 11 31 0 0 0 1 1 1 

 

5 10 2 12 41 0 0 0 0 1 0 
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           Dicynodontia 

Dicynodon 

           AMNH 5582 

 

          

Lateral facet 1 3 7 10 51 3 1 1 1 1 0 

 

2 10 3 13 25 5 0 0 1 1 1 

 

3 6 3 9 51 5 0 1 0 1 1 

 

4 7 5 12 41 3 0 0 0 1 1 

 

5 8 5 13 34 0 0 1 1 1 0 

Kannemeyeria 

           UCMP 42812 

 

          

Medial facet 1 3 6 9 40 1 0 0 0 1 1  

 

2 0 7 7 43 1 1 0 0 1 1  

 

3 2 7 9 46 5 1 1 0 1 1  

 

4 0 6 6 34 0 2 1 0 1 1  

 

5 6 10 16 19 2 0 1 1 1 0  
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Lateral facet 1 6 4 10 31 2 0 0 0 1 0 

 

2 8 5 13 32 2 0 0 0 1 0 

 

3 7 5 12 27 1 0 1 0 1 0 

 

4 6 5 11 29 3 1 1 0 1 0 

 

5 5 3 8 36 2 1 1 0 1 0 

Species Indeterminate 

           NCSM 21735 

 

          

Medial facet 1 0 7 7 38 3 2 1 1 0 0 

 

2 4 5 9 45 3 1 1 1 1 0 

 

3 13 3 16 50 3 0 0 1 1 0 

 

4 0 5 5 46 4 2 1 1 0 1 

 

5 0 6 6 33 4 0 1 1 1 1 

  
          

Lateral facet 1 0 3 3 44 4 0 1 1 0 0 

 

2 0 5 5 35 0 3 1 1 1 0 

 

3 3 5 8 19 2 1 1 1 0 1 
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4 5 7 12 21 4 0 0 1 1 0 

 

5 8 3 11 34 8 3 0 1 1 0 
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