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ABSTRACT 

AVRAHAMI, HAVIV MOSHE. Paleobiodiversity of a New Microvertebrate Locality from the 

Upper Cretaceous Mussentuchit Member, Cedar Mountain Formation, Utah: Testing 

Morphometric Multivariate Approaches for Quantifying Shape Variation in Microvertebrate 

Specimens. (Under the direction of Dr. Lindsay Zanno). 

 

When animals die, they can be preserved in a number of ways. It is often the case that the 

fossils of large-bodied animals receive the greatest attention and mainstream focus. However, 

vertebrate microfossil localities (localized concentrations of diminutive vertebrate hard parts 

usually comprised of isolated teeth, bones, scales, and shells) offer the opportunity to collect 

large amounts of data that can be used to rapidly reconstruct terrestrial vertebrate paleofaunas 

and determine the relative abundances of species. Here I report on a newly sampled site with the 

highest microfossil density yet discovered from the Mussentuchit Member of the Cedar 

Mountain Formation in Utah, a poorly understood interval in the early Late Cretaceous. The 

Cliffs of Insanity (COI) locality is one of the most taxonomically rich microvertebrate localities 

in the Mussentuchit Member and preserves osteichthyan, lissamphibian, testudinatan, 

mesoeucrocodylian, dinosaurian, metatherian, and trace fossil remains. Here I use a series of 

qualitative and quantitative approaches to refine taxonomic identifications of microfossils and 

analyze biodiversity. Multivariate analyses on a series of theropod teeth add new data on 

theropod tooth morphodiversity. I also provide the first descriptions of tyrannosauroid 

premaxillary teeth from the Mussentuchit Member. Additionally, I document the earliest 

occurrence of the ancestrally Asian adocid turtles, extending the earliest known appearance of 

this clade in North America by 5 million years. This adds support to studies documenting 

a pre-Cenomanian Laurasian faunal exchange across Beringia.  

The majority of vertebrate remains from the COI are isolated teeth. This is in 

concordance with many other microvertebrate fossil localities. Because of their abundance and 
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high preservation likelihood, isolated teeth have the potential to serve as excellent indicators of 

biodiversity. However, the distribution of tooth traits across various taxonomic divisions is often 

not well understood and without associated skeletal material, it can be difficult to confidently 

refer teeth to the genus or species level. Many previous studies have conducted multivariate 

statistical analyses, utilizing series of linear measurements, in order to discriminate between 

tooth morphologies for the purpose of taxonomic identifications. The traditional method of using 

linear measurements has proven relatively effective at parsing out tooth morphotypes; however, 

this approach often fails to account for a number of morphological tooth features predicted to be 

important indicators of similarity. For example, characteristics such as curvature, regions of 

convexity and concavity, carinae orientation, and other nuances of shape are usually excluded 

from these analyses, or may require additional calculations and arbitrary measurements that may 

not be homologous across all samples. In contrast, geometric morphometrics offers the ability to 

statistically compare the shape of teeth with more refinement, potentially improving taxonomic 

identifications. Unfortunately, geometric morphometric analysis of isolated teeth is challenged 

by the simplicity of archosaurian teeth, which yield few discrete homologous points, and the 

often diminutive size of specimens, which has proven difficult to capture in 3D. Here, I 

characterize the shape of 32 archosaurian (theropodan, phytosaurian, mosasaurid, 

mesocrocodillian) and two osteichthyan teeth using traditional linear measurements, 2D and 3D 

geometric morphometrics, as well as combinations of these techniques, and analyze shape data 

using various multivariate techniques. I compare the effectiveness of these diverse protocols 

based on accuracy (correct placement of teeth in known taxonomic groups), data discrimination 

(ability to reduce convex hull overlap, identify ontogenetic differences, and account for 

preservation quality), and the amount of time, labor, complexity, and investment necessary. 
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Although data collection effort is significantly higher, I find optimum accuracy and data 

discrimination of isolated archosaurian teeth when traditional methods are combined with 

geometric methods, especially when linear measurements are combined with 3D landmarks.  
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Chapter 1 

A new microvertebrate assemblage from the Mussentuchit Member, Cedar 
Mountain Formation: insights into the paleoecology and paleobiogeography of 
early Late Cretaceous ecosystems in western North America 
 

ABSTRACT 

The vertebrate fauna of the Upper Cretaceous Mussentuchit Member of the Cedar 

Mountain Formation has been studied for nearly three decades, yet this fossil-rich rock unit 

continues to produce new faunal information about life in western North America approximately 

98 million years ago. Here I report on the composition of the Cliffs of Insanity (COI) 

microvertebrate locality, a newly sampled site with the highest microfossil density yet 

discovered from the Mussentuchit Member. The COI locality preserves osteichthyes, 

lissamphibia, testudinatan, mesoeucrocodylian, dinosaurian, metatherian, and trace fossil 

remains and is among the most taxonomically rich microvertebrate localities in the Mussentuchit 

Member. Quantitative analyses of theropod teeth from the COI were combined to comprehensive 

databases on theropod tooth measurements in order to refine taxonomic identifications, 

expanding our understanding of theropod tooth morphodiversity during this poorly understood 

interval. Additionally, I provide the first descriptions of tyrannosauroid premaxillary teeth, and 

document the earliest occurrence of North American adocid remains. This extends the earliest 

known appearance of the ancestrally Asian testudinatan clade by 5 million years in western 

North America and adds support to studies of a pre-Cenomaninan Laurasian faunal exchange 

across Beringia. The extreme overabundance of mesoeucrocodylian remains at the COI locality 

produces a comparatively low measure of relative biodiversity when compared to other 

microvertebrate sites in the Mussentuchit and likely records a true paleoenvironmental signal that 

may be linked to transgression of the Western Interior Seaway or microhabitat variation. 
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INTRODUCTION 

The Lower through Upper Cretaceous Cedar Mountain Formation records an important 

interval in the history of life coinciding with global climatic changes (Beherensmeyer et al. 

1992) such as globally high sea levels (Hallam 1992, and Haq et al.1987; Frakes, 1999; Fassell 

and Bralower. 1999), global warming (Barclay et al. 2010), and the emergence of flowering 

plants (Crepet & Friis 1987; Upchurch and Wolfe 1987; Saward 1992). On a more regional 

scale, the Cenomanian of North America records a dynamically changing biodiversity with 

immigration of new species from other continents and increasingly complex topography caused 

the beginning of the Sevier Orogeny.  

Subduction of the Farallon Plate beneath North America’s west coast initiated the Sevier 

Orogeny resulting in the formation of a north-south mountain range from Canada to Mexico. 

Additionally, accessory topographic changes resulted in an eastward migrating forebulge (Currie, 

1998; White et al., 2002; Eberth et al. 2006) followed by the full inception of the foreland basin 

that lead to the formation of the North American Cretaceous Western Interior Seaway (WIS; 

Dickinson & Snyder, 1978; DeCelles, 1986; Neilson, 1986; Kauffman et al., 1993). The flooding 

of North America’s interior during the medial Cretaceous provides a dynamic backdrop to 

paleoecological studies of the Cedar Mountain Formation. In particular, the Mussentuchit 

Member gains progressively more coastal influence throughout its deposition as the KWIS 

transgresses westward across the depositional basin. This is evidenced by the erosional contact 

between the Mussentuchit Member and the overlying Naturita Formation (Young, 1965). 

Though never studied in detail, the faunas living throughout the Mussentuchit Member 

depositional time would have experienced a habitat shift from drier more highland-type environs, 

recorded in the underlying Yellow Cat through Ruby Ranch members (Suarez et al. 2014; 
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Hatzell, 2015), towards more humid and ultimately coastal ecosystems (Cifelli et al. 1997; 

Suarez et al. 2012, 2014). 

In addition to the drastic change in habitat, many authors have documented changes to 

the standing biodiversity attributed to replacement of the indigenous North American fauna with 

Asiatic animals migrating via the Alaskan land bridge (Ostrom 1970; Russell 1993, 1995; Cifelli 

et al. 1997; Kirkland et al. 1997, 1999; Sereno 1999; Ji et al. 2003, 2009; Kobayashi and Azuma 

2003; Carpenter 2006; McDonald et al. 2010; Zanno & Makovicky 2011). This immigration 

resulted in a reorganization of terrestrial fauna at the highest trophic levels and set the stage for 

the iconic Late Cretaceous assemblages and adds great complexity the study of Albian-Turonian 

faunas across North America. 

The Mussentuchit Member (Albian-Cenomanian) of the Cedar Mountain Formation is 

one of the most diverse Mesozoic assemblages in North America to date. Previous studies have 

recognized over 90 species (Gardner 1994, 1996, 1999b; Cifelli et al. 1997, 1999; Fiorillo 1999; 

Gardner & Cifelli 1999; Kirkland et al. 1999, 2016; Nydam 1999, 2000a,b, 2002; Goldberg 

2000; Nydam & Cifelli 2002; Cifelli 2004; Garrison et al. 2007; McDonald et al. 2017); 

however, as documented in this paper, more species are still being discovered (e.g., Makovicky 

et al., 2014; Zanno and Makovicky, 2016; Fredrickson and Cifelli, 2017). The fauna of this unit 

is similar to that of the older Cloverly Formation (Oreska et al. (2013).  

A large proportion of paleoecological data contained in the fossil record is derived from 

vertebrate microfossil bonebeds (defined by Rogers et al. [2017] as “localized concentrations of 

small resilient vertebrate hard parts”), including the majority of vertebrate species known from 

the Mussentuchit Formation (Cifelli & de Muizon 1997; Cifelli 1993, 1999, 2004; Cifelli et al. 

2016, 1997, 1999; Eaton & Cifelli 2001; Fiorillo 1999; Garrison et al. 2007; Goldberg 2000; 
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Kirkland et al. 1999; McDonald et al. 2017; Nydam 2002; Nydam & Cifelli 2002). These are 

concentrations of small fossils, typically 12.5 mm or smaller (Heckert 2004), that reveal broader 

taxonomic sampling of ancient ecosystems because microfossil sites tend to preserve the remains 

of small-bodied vertebrates often overlooked or not preserved in macrovertebrate sites (i.e., those 

fossil sites containing larger animals such as dinosaurs) (Sankey & Baszio, 2008). Extensive 

screen-washing and microvertebrate sampling has been conducted in the Cedar Mountain 

Formation between 1990 and 2000 by the Oklahoma Museum of Natural History (Cifelli 1996; 

Cifelli et al. 1996, 1997, 1999) with a smaller effort aimed at studying the microvertebrates from 

a dinosaur locality by the College of Eastern Utah (Garrison et al., 2007). Microvertebrate data 

collection continues through ongoing research by the North Carolina Museum of Natural 

Sciences and the Field Museum of Natural History. For the first time in over a decade I report on 

a new microvertebrate locality in the Mussentuchit Member—the Cliffs of Insanity (COI) 

microsite. This site adds critical information to the standing biodiversity during this transition 

period as well as provides new insights into immigration patterns of Asian species. Finally, the 

methods used herein combine those from various fields of ecology in order to apply a more 

wholesale quantitative approach to microvertebrate paleoecology. 

  

Abbreviations     

Institutional abbreviations: NCSM = North Carolina Museum of Natural Sciences; OMNH = 

Sam Noble Museum of Natural History, University of Oklahoma.  

Anatomical abbreviations and terminology: ADM = anterior denticles per millimeter, AL = 

apical length, BW = basal width, CBL = crown basal length, CBR = crown base ratio, CBW = 

crown basal width, CH = tooth crown height, CHR = crown height ratio, DC = distocentral 
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denticle density, FABL = fore aft basal length, MC = mesiocentral denticle density, MCL = mid-

crown length, MCR = mid-crown ratio, MCW = mid-crown width, PDM = posterior denticles 

per millimeter. Anatomical terminology follows Hendrickx (2015). 

 

Geologic Setting 

The Cedar Mountain Formation was deposited during the medial Cretaceous in eastern 

and central Utah and is stratigraphically bounded by the Upper Jurassic Brushy Basin Member of 

the Morrison Formation below and by the Upper Cretaceous Naturita Formation above (Kirkland 

et al. 1997, 1999; Carpenter 2014). The Cedar Mountain Formation is divided into six members 

that range from the Barremian/Aptian through the Cenomanian. The five members underlying 

the Mussentuchit record an interval of increasing aridity linked to the rise of the Sevier 

Mountains (Suarez et al. 2014; Hatzell 2015). By contrast, the capping Mussentuchit Member, 

records a rapidly changing paleoclimatic shift toward warmer, more humid conditions resulting 

from the transgression of the Western Interior Seaway (Cifelli et al. 1997; Suarez et al. 2012, 

2014). 

Sedimentologically, the Mussentuchit Member consists predominantly of highly 

smectitic mudstone (formed from altered volcanic ash), containing localized, low grade coal beds 

(Kirkland et al. 1997, 1999) and has been interpreted as either a wet, lacustrine environment 

(Stokes 1944, 1952; Craig 1981; Garrison et al. 2007) or a fluvial environment (Kirkland 1997; 

Goldberg 2000); more specifically, as a distal delta system (Sorenson 2011; Holmes 2017) at the 

western margin of the Western Interior Seaway in what is now central Utah (Figure 1.1 A). 

Radioistopic dates reported by Cifelli et al. (1997), Garrison et al. (2007), and Tucker et al. (in 

press) support a Cenomanian – early Turonian age (98.2 ± 0.6 to 93 Ma) for the Mussentuchit 

Member. 
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The microvertebrate fossils described here were recovered from a fine-grained sandstone 

sandwiched between siltstone-dominated units, approximately 5 meters below the contact with 

the overlying Naturita Formation. Five geologic samples above, within, and below the fossil 

layer were collected along a section ~1 m high (Figure 1.1 E). These samples indicate the COI 

microfossil assemblage displays a coarsening upwards sequence from siltstone below the fossil-

bearing layer to a bentonitic, fine-grained sandstone within it and then a transition back to 

siltstone above the fossil-bearing layer, possibly representing an oxbow lake with an adjacent 

river migrating towards the lake. Precise locality information for this site is recorded at the NC 

Museum of Natural Sciences.  
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Figure 1.1: Index map with stratigraphic and geographic context. 

(A) Map of North America during the Cenomanian showing migration path of Asian Fauna 

(modified from Early Cenomanian 1 (Neogastroplites haasi) -- 98.3 Ma [Blakey 2014]). (B) 

Map of Emery County and part of Sevier County, showing the relative locations of the COI and 

eleven OMNH localities. Colored squares represent inferred depositional environments. Map 

modified and derived from Cifelli et al. (1999) and Goldberg (2000). (C) Simplified stratigraphic 

cross section of the Cedar Mountain Formation with overlying and underlying formations. (D) 

Relative stratigraphic positions of the COI and nine OMNH localities. (1) Near the top, just 

below the Naturita Formation (2) Above the ash layer (3) Immediately below the ash layer (4) 

Near the bottom, above the contact with the Ruby Ranch Member. Colored squares represent 

inferred depositional environments. (E) Stratigraphic section of COI ~1m high, represented by 

five geologic samples. (1) Above fossil-bearing layer. (2) Top of fossil-bearing layer. (3) Middle 

of fossil-bearing layer. (4) Lower transition layer. (5) Below fossil-bearing layer. Scale bar 

equals 1 mm. 
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The Early Cretaceous Laurasian Interchange Event 

Two major dispersal events during the Cretaceous are thought to be responsible for the 

establishment of North America’s Late Cretaceous dinosaur megafauna, which is dominated by 

clades with phylogenetically optimized Asian origins. This is in contrast to the endemic 

assemblages of the Jurassic. The Late Cretaceous Campano-Maastrichtian event has received 

much attention and is well supported (Gates & Sampson 2007; Godefroit et al. 2001; Ji et al. 

2003; Longrich & Currie 2008; Longrich et al. 2010; Makovicky 2001; Maryanska et al. 2004; 

Sereno 1997). However, a number of asiatic taxa were already present in North America prior to 

the Campanian, emplaced during an Early Cretaceous Aptian/Albian dispersal event. (Carpenter 

2006; Cifelli et al. 1997; Ji et al. 2009; Ji et al. 2003; Kirkland et al. 1997; Kirkland et al. 1999; 

Kobayashi & Azuma 2003; McDonald et al. 2010; Ostrom 1970; Russell 1993; Russell 1995; 

Sereno 1999). This interval coincides with the first occurrences of taxa bearing asian affinities 

and is considered one of the major factors leading to the extinction and replacement of much of 

North America’s endemic dinosaur clades (Kirkland et al. 1997, 1999).  

Two possible dispersal routes have been proposed to explain a pre-Cenomanian 

migration of Asiatic taxa into North America: (1) A westward dispersal route via Europe 

(Chinnery et al. 1998; Jerzykiewicz & Russell 1991; Russell 1993), and/or (2) a direct 

connection via the Beringian land bridge (Carpenter 2006; Cifelli et al. 1997; Gangloff 1998; Ji 

et al. 2009; Ji et al. 2003; Kirkland et al. 1997; Kirkland et al. 1999; Kobayashi & Azuma 2003; 

Makovicky et al. 2014; McDonald et al. 2010a; Russell 1993; Sereno 1999; Zanno & Makovicky 

2011). 

The Beringian and trans-European hypotheses are not necessarily mutually exclusive. 

however, the latter would have incurred a number of obstacles. For example, paleogeographic 
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reconstructions of Eastern North America and Western Europe indicate that a connection 

between the two continents probably did not exist during the Aptian (Doré 1991). Additionally, 

during the Aptian (Hay et al. 1999), or possibly as early as the Barremian (Smith et al. 1994), 

much of Europe became a fragmented series of islands and shallow inland seaways. 

Furthermore, the Western Interior Seaway divided North America during the late Albian and 

would have acted as an additional obstacle for westward faunal dispersals (Elder & Kirkland 

1994). Faunal similarities between eastern North America and Europe vary. The presence of 

European aquatic vertebrates in eastern North America, such as paracryptodiran turtles (Lipka et 

al. 2006), does suggest there was some faunal mixing, however Cifelli et al. (1999) note that the 

mammalian fossil record of eastern North America is a mostly endemic composition, and the 

dinosaurian fossil record does not support a large scale dispersal route between these two 

continents (see Zanno & Mackovicky (2011) for citations on the dinosaurian paleobiogeography 

between eastern North America and Europe).  

An Aptian/Albian age, high-latitude connection between eastern Asia and western North 

America has strong paleotectonic support (Plafker & Berg 1994), however, agreement on the 

exact timing of the EKLInE varies due to the region’s complex tectonic history (Dumitru et al. 

1995; Fiorillo 2008; Golonka et al. 2003; Toro et al. 2003; Yakubchuk 2008), which may be 

concurrent with globally low sea levels (Haq et al. 1987) and a sudden cooling event at the end 

of the Aptian (Mutterlose et al. 2009). Nonetheless, a suite of paleontological evidence favors a 

Beringian dispersal route. This includes strong phylogenetic relationships between a number of 

Asian and North American hadrosauroids (McDonald et al. 2010b; Norman 2004), the sudden 

appearance of pachycephalosaurians in the late Albian/Cenomanian (Cifelli et al. 1997; Gangloff 

1998; Garrison et al. 2007), neoceratopsians from the middle to late Albian (Farke et al. 2014), 
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and the first appearance of several Asiatic theropods clades, during the Aptian/Albian (e.g. 

tyrannosaurids [Zanno & Mackovicky 2011], ornithomimids [Longrich 2008], and 

oviraptorosaurids [Makovicky & Sues 1998; Ostrom 1970]).  

 

MATERIALS AND METHODS 

Screen Washing and Recovery 

Approximately 183 kg of in situ sediment was collected from a fossiliferous horizon ~15 

m in width and 30 cm thick. The sediment, composed principally of a grey, highly bentonitic 

mudstone, was screenwashed in loads of 1000 grams using nylon paint sieves and traditional 

nested sieves (Avrahami et al. 2015). A series of aquarium air bubblers was used in conjunction 

with the sieves to expedite breakdown of the matrix. Approximately 95% of the matrix broke 

down in water (99%–100% breakdown of bentonite, with any remaining weight usually 

constituting fossils or sand). Concentrate from the paint sieves was size-sorted in nested sieves 

(4, 2, 1 and 0.5 mm aperture). The smallest mesh size used during screenwashing was number 35 

mesh, with aperture diameters of 0.50 mm. This dimension is similar to the mesh size used to 

screen the 12 microvertebrate fossil assemblages considered in the comparative biodiversity 

analyses (0.59 mm, Cifelli 1996), thus I suggest that the assemblages are broadly comparable 

with regard to size of specimens sampled. Additionally, some surface collecting did occur at the 

COI; however, the vast majority of fossil material was obtained via quarrying-disaggregation 

methods. Specimens were imaged on a Keyence VHX-1000E microscope. A total of ~6339 

fossils were recovered in the year 2014 from state lands in Utah under permit Utah 2014-447 and 

are reposited at the North Carolina Museum of Natural Sciences. 
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It should be noted that the fossil density analyses may not reflect a true assessment of 

each locality due to institutional variation in specimen recovery. One hundred percent of the 

recovered fossils from the COI were counted and catalogued by the NCSM, whereas this same 

approach was not applied for the specimen counts reported in Goldberg (2000). In other words, 

no full, actual accounting of individual fossils exists for the OMNH sites (R. Cifelli, personal 

communication 2018). However, in the biodiversity analyses of the COI locality I did not include 

materials unidentifiable to family level, such as vertebrate bone fragments, and specimens 

unidentifiable to family level were also likely to have been discarded during collection of the 

OMNH sites, rendering the biodiversity sampling more comparable. 

 

Taxonomic Referral and Morphometrics 

Taxonomic referrals are based on comparisons with previously collected specimens from 

the Mussentuchit Member of the Cedar Mountain Formation housed at the OMNH and a variety 

of comprehensive microfaunal studies. I take a conservative approach, using apomorphy-based 

identifications to assign specimens to the most inclusive taxonomic level possible. Fragmentary 

or poorly preserved material lacking autapomorphies was referred using morphological 

similarities and assigned to higher taxonomic levels. Dental terminology follows a number of 

authors depending on faunal group. These can be found in supporting descriptions and references 

therein. 

Paleoecological studies of theropods are often difficult to conduct due to the lack of 

multiple specimens. This can be attributable to the propensity for theropod skeletons to be 

osteologically weak and fragile. Theropod teeth, however, are far more mechanically and 

chemically resistant, and often occur in abundance at microfossil localities. Therefore, 



 

 

13 

paleobiological and faunal studies that document the occurrence of isolated teeth is more 

practical than those which rely strictly on skeletal elements (Currie et al. 1990; Fiorillo 1999; 

Sankey 2001; Sankey 2008a; Sankey 2008b; Vullo et al. 2007). Furthermore, due to the wide 

morphological diversity of theropod teeth, they can be used to identify new taxa (Currie et al., 

1990; Baszio 1997a, 1997b; Sankey 2001; Sankey et al. 2002; Larson 2008; Gates et al. 2015). 

Some theropod clades that were present in the Mussentuchit Member such as oviraptorosaurs 

(Makovicky et al. 2015), or likely present such as ornithomimosaurs, were toothless and thus 

would not be represented in microvertebrate samples. 

To better constrain the diversity of theropod species represented in the sample, I followed 

the approach of several recent studies (Gates & Scheetz 2015; Hendrickx et al. 2014; Larson & 

Currie 2013; Smith et al. 2005; Williamson & Brusatte 2014) by performing principal 

component analyses (PCA) and linear discriminant analyses (LDA) in the program PAST 

version 3.19 (Hammer, Ø et al. 2001) on two, independently derived, taxonomically 

comprehensive databases of theropod tooth measurements including the eight theropod teeth 

from the COI. Measurements follow Smith et al. (2005) and Larson and Currie (2013) (Figure 

1.2) and were taken in the program ImageJ (Rasband, W. S. 2011).  
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Figure 1.2: Anatomical Abbreviations:  

All linear measurements and ratios used in the multivariate analyses. (ADM) anterior denticles 

per millimeter, (AL) apical length, (BW) basal width, (CBL) crown basal length, (CBR) crown 

base ratio, (CBW) crown basal width, (CH) tooth crown height, (CHR) crown height ratio, 

(DC) distocentral denticle density, (FABL) fore aft basal length, (MC) mesiocentral denticle 

density, (MCL) mid-crown length, (MCR) mid-crown ratio, (MCW) mid-crown width, (PDM) 

posterior denticles per millimeter. 
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Both PCA and LDA identify the hypothetical variables (components) that account for the 

majority of variation in a multivariable dataset by transforming the new variables into linear 

combinations of the original variables (Davis 1986; Harper 1999). An LDA is a supervised 

analysis, which discriminates according to class, whereas a PCA is an unsupervised analysis that 

ignores class labels (Martínez & Kak 2001).  

I performed an LDA using a taxonomically extensive dataset (Hendrickx et al. 2014) that 

includes eight linear measurements (CBL, CBW, CH, AL, MCL, MCW, MC, DC,) and three 

ratios (CBR, CHR, and MCR). The Hendricks et al. (2014) dataset comprises 995 teeth 

belonging to one of 16 qualitative morphotype categories each representing a clade, family, 

paraphyletic group, or a theropod species of uncertain affinity. All values were log-transformed 

to better reflect a normally distributed multivariate dataset. Three theropod teeth from the COI 

were recovered with missing apices. To account for this uncertainty, I estimated a maximum CH 

for each tooth. Estimated maximum CHs were plotted in independent analyses in order to 

maintain statistical integrity, and resultant data points were then superimposed onto the output of 

prior analyses. Thus, the true point resides somewhere along the line, most likely close to the 

estimated CH point. 

I performed a second series of PCA and LDA using a novel combination of numerical 

data derived from Larson and Currie (2013) and Williamson and Brusatte (2014), modified to 

remove samples missing a measured FABL, CH, or BW. The five principal measurements 

included in the combined database are FABL, CH, BW, PDM, and ADM. The modified dataset 

consists of 1027 teeth belonging to one of six qualitative morphotypes identified to species by 

previous authors. These categories include Dromaeosauridae, Paronychodon, Richardoestesia, 

Saurornitholestinae, Troodontidae, and Tyrannosauroidea. Teeth were further separated into a 
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total of 14 categories based on lithostratigraphic unit and numerical data was log-transformed to 

better reflect a normally distributed multivariate dataset. This independent analysis was 

performed in order to check and contrast the results of the LDA using the Hendricks et al. (2014) 

database. However, the Hendricks et al. (2014) database is superior in terms of theropod 

diversity, tooth completeness, confidence of taxonomic identifications, and number of measured 

principal components. Therefore, I consider the LDA results using the Hendricks et al. (2014) 

database more heavily in my taxonomic identifications than those of the other analyses. 

 

Histology 

I produced and examined paleohistological sections of isolated turtle shell to corroborate 

taxonomic referrals made from gross morphology. Three specimens of adocids and three 

specimens of helochelydrids, formerly referred to as Solemyidae (Joyce et al. 2014) were 

sampled. Specimens were embedded in synthetic resin and ten thin sections were produced 

following standard procedures for the preparation of petrographic thin sections (Scheyer et al., 

2007). Sections were cut using a Buehler IsoMet 1000 Precision Saw and studied using a Nikon 

Eclipse Ci POL microscope equipped with an Iphone 7 camera. 

 

Paleoecology 

 

In order to contrast taphonomic and ecologic signals between microvertebrate localities 

within the Mussentuchit Member I added the faunal information from the Cliffs of Insanity 

locality to the Goldberg (2000) dataset of 12 sites, then reduced taxonomic data to family-level 

and higher using actual counts as opposed to simple presence-absence. Next, we used this 

database to calculate three quantities: fossil densities, the proportion of the total number of 

fossils that each locality contributed to the dataset, and the Shannon-Wiener biodiversity index 



 

 

17 

(Shannon & Weaver 1949; Spellerberg & Fedor 2003). Fossil density for each site was 

calculated as the total number of fossils from a locality divided by the total sediment weight 

sampled from that site. This is not, strictly speaking, a density because volume was not in the 

equation, but total weight of sediment is the most often provided measurement for the amount of 

sediment sampled from a microvertebrate locality. The proportion of fossils in the dataset was 

calculated as the total number of fossils from each locality divided by the total number of fossils 

included in the entire database. The proportion of fossils provides a measure of influence for 

each site when assessing the pie chart of total diversity from microvertebrate localities, 

rarefaction curves, and Shannon-Wiener biodiversity index calculated for the entire dataset.  

 Lastly, rarefaction curves were produced to assess the likelihood of recovering additional 

higher-level taxa from each locality. As mentioned, the database used for this calculation is 

based on family-level taxonomy and above. As such, the rarefaction is calculating the likelihood 

of finding new taxa at those taxonomic levels, not at the species level. Both the Shannon-Wiener 

diversity indices and the rarefaction curves were produced using PAST (version 3.19; Hammer et 

al. 2001). 

It should be noted that the fossil density analyses may not reflect a true assessment of 

each locality due to institutional variation in specimen curation. One hundred percent of the 

recovered fossils from the COI were counted and catalogued by the NCSM, whereas this same 

approach was likely not applied for the specimen counts reported in Goldberg (2000). In other 

words, no full, actual accounting of individual fossils exists for the OMNH sites (R. Cifelli, 

personal communication 2018). Additionally, materials unidentifiable to family level, such as 

vertebrate bone fragments, were not included in the biodiversity analyses.  



 

 

18 

Finally, to assess the impact of geology and stratigraphic position on the preserved fauna, 

I used multivariate techniques to draw comparisons with the other vertebrate microfossil sites in 

the Mussentuchit Member. I produced a correspondence analysis (CA) in PAST version 3.19 

(Hammer et al. 2001), using the same faunal data from the paleoecology analyses. CA is a 

multivariate ordinal technique used to explore relationships among a matrix of categorical or 

continuous variables (Hammer et al. 2001) and has been used by other studies to understand 

diversity changes across gradients (e.g., Gates et al. 2010), because of the method’s robust nature 

to missing data (Hirsch and Jackson 2007). Eleven of the twelve OMNH microsites were 

associated with one of four types of depositional environment, categorized by Goldberg (2000) 

as either fluvial oxbow, floodplain, crevasse splay, or channel deposits. In my analysis, each site 

was categorized according to Goldberg’s assessment whereas COI was categorized as an ox-bow 

lake according to my geologic interpretation. 

 

RESULTS 

First, we present our taxonomic assessment of the assemblage in a traditional “Systematic 

Paleontology” format, followed by subsequent analyses of biodiversity, paleoecology, and 

paleoenvironmental influences, based on comparisons of the COI assemblage with other 

microvertebrate assemblages from the Mussentuchit Member. 

 

SYSTEMATIC PALEONTOLOGY 

OSTEICHTHYES Huxley, 1880 

ACTINOPTERYGII Klein, 1885 

NEOPTERYGII Regan, 1923 

 

Approximately 112 teeth (Figure 1.3 A–Z6), 53 complete or partial scales (Figure 1.3 

Z10–Z12), and skeletal and vertebral fragments were recovered representing Osteichthyes. 
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Amiiform and lepisosteiform teeth constitute the majority of material, whereas only three teeth 

represent pycnodontids. Fish material unidentifiable to lower taxonomic levels are shown in 

Figure 1.3 Z7–Z12. 

AMIIFORMES Hay, 1929 (sensu Grande and Bemis, 1998) 

AMIINAE Bonaparte, 1838 

 

Amiid teeth from the COI possess a suite of characteristics typical of Amiidae as outlined 

by Estes & Sanchíz (1982), including a styliform morphology with a rounded crown situated 

atop a bony pedestal (Figure 1.3 A–E). Well-developed carinae extend from the crown base to 

the apex and the teeth become increasingly transparent towards the apex similar to those 

described by Bryant (1988). 

LEPISOSTEIFORMES Hay, 1929 

LEPISOSTEIFORMES indent 

 

Over 56 partial scales attributable to gars were discovered at the COI site, as is common 

for many nonmarine Cretaceous microvertebrate fossil concentrations. For taxonomic 

assignment I followed Grande (2010) and Brinkman et al. (2013, 2014) in considering isolated 

scales as generically indeterminate. 

 

LEPISOSTEIDAE Cuvier, 1825 

 

There are three morphotypes of lepisosteiform teeth from the COI. Two of these were 

originally described by Bilelo (1969; but see also Estes & Sanchíz, 1982; Fiorillo, 1999) as 

dentary and palatal teeth of lepisosteids from the Paluxy Formation of north-central Texas, and a 

third, lanceolate tooth type was described by Brinkman et al. (2013) from the Kaiparowits 

Formation and the John Henry Member of the Straight Cliffs Formation. McDonald et al. (2017) 

illustrated the first gar tooth from the Mussentuchit Member, which has striking similarities to 
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specimens in the COI such as those in Figure 1.3 L-P. Dentary (marginal?) teeth are short, broad, 

and conical with a smooth, translucent crown, and are occasionally falcate (Figure 1.3 F–H). 

Teeth of the palatine are hemispherical with a smooth, convex crown (Figure 1.3 I–K). The third 

tooth type accounts for the majority of recovered lepisosteiform material and is similar to the 

first type in that they are conical and translucent. However, the crowns possess elongated, 

narrow peduncles that constrict below the apex (Figure 1.3 L–P). The apex is distinguished by 

short, well-developed, mesio-distal carinae. 

PYCNODONTIFORMES Berg, 1940 

Pycnodontiform teeth from the COI are strongly falcate, with a smooth, translucent 

crown (Figure 1.3 Q–Z). They are strongly labiolingually compressed and lack any striations or a 

carinae. They are identical to pycnodont teeth recovered at the Cifelli #2 Eolambia caroljonesa 

Quarry in Mussentuchit Wash of Utah (Garrison et al. 2007) as well as other localities across the 

Cretaceous of North America (Brinkman et al. 2013). 

SALMONIFORMES Greenwood, Rosen, Weitzman, and Myers, 1966 

cf. ENCHODONTIDAE Lydekker, 1889 

NCSM 33308 may represent an Enchodus tooth fragment (Figure 1.3 Z1–Z6), sharing a 

suite of features with those described in Fiorillo (1999) and Winkler et al. (1990). The tooth 

fragment is slender and labiolingually compressed with a lenticular cross section in basal view. It 

is slightly recurved, and the apex is blunt and rounded. The enamel is smooth and thin, lacking 

striations, and there are weakly defined carinae on the mesial and distal margins. The 

fragmentary nature of NCSM 33308 makes an accurate referral to Enchodus tenuous, however 

the presence of three Enchodus teeth that have been previously reported from the Mussentuchit 

Member (OMNH 026333, 026983, and 032537) may add support for this referral.   



 

 

21 

 

 
 

Figure 1.3: Osteichthyan teeth. 

(A–E) (NCSM 33292) Amiid tooth in (A) lingual, (B) labial, (C) mesial?/distal?, (D) occlusal, 

and (E) basal views. (F–G) (NCSM 33279) Lepisosteiform marginal tooth in (F) mesial?/distal?, 

(G) occlusal, and (H) basal views. (I–K) (NCSM 33280) Lepisosteiform vomerine tooth in (I) 

mesial?/distal?, (J) occlusal, and (K) basal views. (L–P) (NCSM 33282) Lepisosteiform tooth in 

(L) labial, (M) lingual, (N) mesial?/distal?, (O) occlusal, and (P) basal views. (Q–U) (NCSM 

33304) Pycnodontiform tooth in (Q–R) labial?/lingual?, (S) distal, (T) basal, and (U) occlusal 

views. (V–Z) (NCSM 33303) Pycnodontiform tooth in (V–W) labial?/lingual?, (X) distal, (Y) 

basal, and (Z) occlusal views. (Z1–Z6) (NCSM 33307) Enchodontid tooth fragment in (Z1) 

labial, (Z2) lingual, (Z3–Z4) mesial?/distal?, (Z5) occlusal, and (Z6) basal views. (Z7–Z9) 

(NCSM 33297) Fish spines in (Z7–Z8) mesiodistal/labiolingual and (Z9) dorsal views. (Z10–

Z12) (NCSM 33361) fish scales. Scale bars equal 1 mm.  
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LISSAMPHIBIA indet. Haeckel, 1866 

ALLOCAUDATA Fox and Naylor, 1982 

ALBANERPETONTIDAE Fox and Naylor, 1982 

ALBANERPETON Estes and Hoffstetter, 1976 

ALBANERPETON, n. sp. 

NCSM 33278 (Figure 1.4) is a lissamphibian dentary bearing three complete teeth and 

one tooth fragment. Much of the jaw is missing and the lack of diagnostic elements makes 

assigning it to a lower taxonomic level difficult. However, Gardner (1999a) describes several 

dental characteristics of Albanerpeton arthridion that NCSM 33278 shares. These include teeth 

with strong labiolingual compression that are non-pedicellate, chisel shaped, and with strong 

pleurodont implantation. Additionally, teeth are straight and arranged closely together along the 

parallel orientations of their lengths. Oreska et al. (2013) describe Albanerpeton material from 

the Cloverly Formation resembling NCSM 33278.

 

Figure 1.4: Albanerpeton dentary 

(NCSM 33278) Lisamphibian dentary fragment likely belonging to a species of Albanerpeton in 

(A) medial, (B) lateral, and (C–D) cross section views. Scale bar equals 1 mm. 
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REPTILIA Linnaeus, 1758 

TESTUDINATA Klein, 1760 

HELOCHELYDRIDAE (SOLEMYDIDAE) Lapparent de Broin and Murelaga, 1996 

The majority of turtle materials from the COI are referable to a new species of 

helochelydrid, previously referred to Naomichelys speciosa (Herzog et al. 2015). Helochelydrid 

shell fragments, characterized by a dense arrangement of raised, cylindrical tubercles, are 

common throughout the Mussentuchit Member (Herzog et al. 2015). Tubercles are typically 0.5–

1 mm tall with planar apices and constricted bases (Figure 1.5 A–B). Microstructurally, COI 

helochelydrid shell samples are similar to Solemys vermiculata and Solemys sp. previously 

reported from Spain, and Naomichelys sp. previously reported from Canada and USA (Scheyer 

et al. 2015). All samples possess a dipole structure with cortices of relatively equal thickness 

(Figure 1.5 C). The external cortex is characterized by an outer zone of ornamental tubercles 

composed of parallel-fibered bone (Figure 1.5 D). The lower zone of the external cortex is 

composed of coarse, interwoven structural bone fibers (Figure 1.5 E). The cancellous bone is 

comprised of long slender trabeculae with large intertrabecular regions (Figure 1.5 F). Secondary 

lamellar bone is often present along the walls of the trabeculae. The internal cortex is made of 

parallel fibered bone and occasionally grades into lamellar zonal bone (Figure 1.5 G).  

 

ADOCIDAE Cope, 1870 

The COI contains shell fragments likely representing a new species of adocid (Figure 1.5 

H–O). Danilov et al. (2011) describes adocid shell sculpturing as having a diagnostic 

arrangement of small and regular grooves and pits or dots. COI shell fragments ascribed to 

Adocidae are similar to those described by Danilov et al. (2011, 2013) and are characterized by a 

smooth surface with small pits and rhomboidal sulci. A few shell fragments are sculptured, 
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bearing small grooves and pits (Figure 1.5 H–J). The identification of these specimens as adocid 

is supported by similarities of internal microstructure (Scheyer et al. 2017). All samples possess 

thick, densely packed external and internal cortical bone with well-developed interior cancellous 

bone (Figure 1.5 K). The external cortex is divided into upper and lower zones. The lower zone 

(bordering the internal cancellous bone) is made of interwoven structural fibers and is 

characterized by a reticular vascular pattern. The upper zone (bordering the external surface) is 

characterized by highly birefringent growth marks exhibiting a wavy pattern, and diagonally 

oriented Sharpey’s fibers (Figure 1.5 L). The cancellous bone is less spongy than found in 

Helochelydra, and is made of coarse, dense, short trabeculae with round to oval intertrabecular 

regions (Figure 1.5 N). Secondary lamellar bone is often present along the walls of the 

trabeculae. The internal cortex is made of parallel-fibered bone and occasionally grades into 

lamellar zonal bone (Figure 1.5 O).  
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Figure 1.5: Helochelydra and adocidae shell histology 

(A–G) Helochelydra. (H–O), Adocidae. (A–B) (NCSM 33383) shell fragment showing external 

ornamentation pattern. (C) (NCSM 33380) Sectioned Helochelydra specimen in polarized light 

and thresholded indicating internal bone density. (D) Close-up of ornamentation in polarized 

light. (E) (NCSM 33388) Close-up of the ECO in polarized light. (F) (NCSM 33380) close-up of 

the CB showing trabeculae and SO, in polarized light. (G) (NCSM 33388) close-up of the 

internal cortex showing PFB, in polarized light. (H–J), shell fragments showing external 

sculpting pattern (NCSM 33387, NCSM 33382). (K) (NCSM 33381) Sectioned Adocidae 

specimen in polarized light and thresholded indicating internal bone density. (L) (NCSM 33387) 

Close-up of ECO in polarized light with ISF in the lower zone and GM and ShF in the upper 

zone. (M) close-up of the RVP in normal transmitted light and polarized light. (N) (NCSM 

33381) close-up of the CB showing SO with lamellar bone around the internal walls, in polarized 

light. (O) (NCSM 33387) close-up of the internal cortex showing PFB, in polarized light. 

Abbreviations: CB, cortical bone; ECO, external cortex; GM, growth mark; ISF, interwoven 

structural fiber bundles; OP, ornamentation pattern; PC, primary vascular canal; PFB, parallel-

fibred bone; RVP, reticular vascularization pattern; SO, secondary osteon; ShF, Sharpey’s 

fibers. Scale bars equal 1 mm unless otherwise noted. 
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SQUAMATA Oppel, 1811 

Squamata is represented by two isolated teeth (Figure 1.6 A–J) and a jaw fragment 

bearing two teeth (Figure 1.6 K–M). The poorly preserved and fragmentary condition of these 

specimens makes confident referrals to lower taxonomic levels difficult, however they share a 

suite of characteristics with squamate dental material described from the Mussentuchit Member 

(Nydam 2002) and other Cretaceous-age sedimentary rocks (Nydam, 2013).  

SCINCOMORPHA Camp, 1923 

NCSM 33293 is a scincomorphan (paramacellodid–cordylid grade) (R. Nydam, personal 

communication 2018) with subpleurodont implantation and deposits of cementum at the base 

(Figure 1.6 A–E). The tooth is tall, narrow, conical, slightly recurved distally, with a weakly 

defined carina and several weakly developed striations on the lingual crown surface.  

SQUAMATA indet. 

NCSM 33295 is a poorly preserved, isolated tooth possibly belonging to Squamata 

(Figure 1.6 F–J). The tooth is tall, narrow, conical, lacks curvature, and is subpleurodont with 

heavy deposits of cementum at the base.  

SQUAMATA indet. 

NCSM 33296 is a possible scincomorphan jaw fragment with two closely placed teeth 

(R. Nydam, personal communication 2018) (Figure 1.6 K–M). The complete tooth is tall, 

conical, lacks curvature, has heavy deposits of cementum at the base. The enamel is poorly 

preserved, improving slightly toward the tooth crown. The tooth crown is rounded and blunt, 

with a weakly defined carina.  
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Figure 1.6: Squamata teeth 

(A–E) (NCSM 33293) scincomorphan tooth in (A) mesial?/distal?, (B) mesial?/distal?, (C) 

lingual, and (D–E) occlusal views. (F–J) (NCSM 33295) Possible squamata tooth in (F–H) 

mesiodistal?/labiolingual?, (I) occlusal view, and (J) basal view (K–M) (NCSM 33296) Possible 

scincomorphan jaw fragment in (K–L) medial?/lateral? view, and (M) dorsal view. Scale bars 

equal 1 mm. 
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ARCHOSAURIA Cope, 1869  

CROCODYLIFORMES Hay, 1930, sensu Benton and Clark, 1988 

MESOEUCROCODYLIA Whetstone and Whybrow, 1983 

By far the most abundant identifiable material from the COI is crocodyliform (Figure 

1.7), constituting approximately 94% of teeth as well as abundant osteoderm fragments. I note 

similarities of these teeth to four Late Cretaceous groups (bernissartids, atoposaurids, 

pholidosaurids, and cf. Dakotosuchus). However, these assignments should be considered 

tentative as there is a great variability within and between tooth morphologies, with many teeth 

possessing a suite of characteristics along a gradational spectrum (Buscalioni et al. 2008). 

Following the example of McDonald et al. (2017), I simply consider the morphotypes under 

Mesoeucrocodylia with no further speculation to their taxonomic framework. 

 

MESOEUCROCODYLIA indet. 

Teeth I identify as similar in morphology to bernissartids are apico-basally short, mesio-

distally elongate, labiolingually compressed, and slightly reniform in occlusal view (Figure 1.7 

A–J). The crowns often possess an elliptical apical wear facet. The mesial and distal margins 

have poorly defined carinae and the labial and lingual faces are ornamented with widely spaced, 

well-defined, apicobasally oriented striations that converge towards the apex. Teeth matching 

this description have been recovered from the Lower Cretaceous Cloverly Formation of 

Wyoming and Montana and the Rabekke, Jydegård, and Annero formations of Scandinavia 

(Schwarz-Wings et al. 2009; Oreska et al. 2013).  

Teeth resembling atoposaurids from the COI are proportionately taller, labiolingually 

compressed, and reniform in occlusal view (Figure 1.7 K–T). They are constricted toward the 

crown base and have well-developed, sometimes crenulated, mesial and distal carinae. They are 
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typically triangular in mesio-distal view, with a strongly convex labial face and a weakly convex 

lingual face. Tooth crowns range from strongly rounded to moderately acuminate and have 

varying degrees of recurvature. Striations run apicobasally, are sometimes anastomosing, and are 

typically more pronounced on the lingual face. Recent descriptions of similar teeth have come 

from the Cloverly Formation of Wyoming and Montana and other sites in the Mussentuchit 

Member of the Cedar Mountain Formation (Garrison et al. 2007; Oreska et al. 2013; McDonald 

et al. 2017). 

Teeth morphologically similar to those of pholidosaurids are considerably taller, strongly 

conical, and have nearly circular bases (Figure 1.7 Z–Z14). Smaller teeth are tall and slender, 

with slight lingual recurvature and sharp apices (Figure 1.7 Z–Z9). Larger teeth tend to be more 

stout with rounded apices (Figure 1.7 Z10–Z14). Mesial and distal carinae extend from the base 

to the apex and are weakly defined. Striations are strongly defined and run apicobasally, 

sometimes anastomosing towards the apex. Larger, stouter teeth have numerous, thin, well 

defined striations that run apicobasally (Figure 1.7 Z10–Z14). These larger teeth have been 

previously reported from the Cedar Mountain Formation as a fifth group of teleosaurid teeth 

similar to Machimosaurus (Cifelli et al. 1997), which display a nearly complete sinusoidal curve 

outlined by the primary carinae in apical view (R. Nydam, personal communication 2018).  

NCSM 33362 and NCSM 33384 are mesoeucrocodylian osteoderms (Figure 1.7 Z15–

Z16). Due to breakage there is no evidence of an anterior bar or posterior suture to aid 

identification and so I assign these osteoderms to Mesoeucrocodylia indet. NCSM 33384 

possesses a random array of approximately equal-sized round pits, generally similar to the 

morphology on pholidosaurids and goniopholids. One feature on NCSM 33362 is a low median 

keel that barely rises above the level of the dermal body (Figure 1.7 Z15). 
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cf. DAKOTASUCHUS sp. Mehl (1941) 

Teeth I identify as similar to Dakotasuchus are conical, sometimes slightly lingually 

recurved, and typically sub-circular in occlusal view (Figure 1.7 U–Y) (Frederickson 2017). 

They are somewhat labiolingually compressed, with the labial side slightly more convex than the 

lingual. Tooth bases are circular to somewhat elliptical and the crown apices are strongly 

pointed. Both the mesial and distal carinae extend from the base to the apex and are less 

pronounced than those of similar to atoposaurid-like teeth. Enamel ornamentation is 

characterized by multiple, weakly defined, apicobasally oriented, parallel striations. Teeth of 

Dakotasuchus are morphologically similar to goniopholid and pholidosaurid teeth (Garrison et 

al. 2007; Puértolas-Pascual et al. 2015; Frederickson 2017). 
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Figure 1.7: Mesoeucrocodylia teeth and osteoderms 

(A–E) (NCSM 33284) Bernissartid-like tooth in (A) labial, (B) lingual, (C) mesial?/distal?, (D) 

occlusal, and (E) basal views. (F–J) (NCSM 33286) Bernissartid-like tooth in (F) labial, (G) 

lingual, (H) mesial?/distal?, (I) occlusal, and (J) basal views. (K–O) (NCSM 33305) atoposaurid-

like tooth in (K) labial, (L) lingual, (M) mesial?/distal?, (N) occlusal, and (O) basal views. (P–T) 

(NCSM 33315) atoposaurid-like tooth in (P) labial, (Q) lingual, (R) mesial?/distal?, (S) occlusal, 

and (T) basal views. (U–Y) (NCSM 33269) Dakotasuchus teeth in (U) labial, (V) lingual, (W) 

mesial?/distal?, (X) occlusal, and (Y) basal views. (Z–Z4) (NCSM 33290) Pholidosaurid-like 

tooth in (Z) labial, (Z1) lingual, (Z2) mesial?/distal?, (Z3) occlusal, and (Z4) basal views. (Z5–

Z9) (NCSM 33289) Pholidosaurid-like tooth in (Z5) mesial?/distal?, (Z6) lingual, (Z7) 

mesial?/distal?, (Z8) occlusal, and (Z9) basal views. (Z10–Z14) (NCSM 33270) Pholidosaurid-

like teleosaurid tooth in (Z10) labial, (Z11) lingual, (Z12) mesial?/distal?, (Z13) occlusal, and 

(Z14) basal views. (Z15–Z16), (NCSM 33362, NCSM 33384) mesoeucrocodylia osteoderms. 

Scale bars equal 1 mm unless otherwise noted. 
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DINOSAURIA Owen, 1842 

SAURISCHIA Seeley, 1887 

THEROPODA Marsh, 1881  

Theropods from the COI are represented by 8 complete to partially complete teeth, 20 

tooth fragments, and 11 bone fragments. Tooth and bone fragments are too poorly preserved to 

allow for confident lower level taxonomic identifications. Therefore, only the 8 well-preserved 

teeth are described here. These 8 teeth are identified to varying degrees of taxonomic confidence 

based on qualitative features and the results of the morphological analyses (Figure 1.8). 

Qualitative tooth descriptions are based on Hendrickx (2015).  
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Figure 1.8: Linear discriminant analysis of theropod teeth 

Multivariate analysis of eight theropod teeth from the COI and 994 theropod teeth from Hendrickx et al. (2014). All linear 

measurements were log-transformed. The biplot and eigenvectors represent the direction and magnitude of each linear measurement 

and ratio.  
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COELUROSAURIA von Huene, 1914 

COELUROSAURIA indet. 

NCSM 33268 (Figure 1.9 G–N) is the largest theropod tooth recovered from the COI, 

with a preserved crown height of 17.5mm, an estimated crown height of ~20 mm, a FABL of 

8.39 mm, and a basal width of 4.5 mm. The exact crown height is unknown because the apical 

portion of the tooth is missing. The tooth is robust, lacks recurvature in mesial view, and 

possesses a wide elliptical basal cross section. The enamel texture is veined and apicobasally 

oriented. Both the anterior and posterior denticles are subrectangular in shape and centrally 

positioned. The mesial carinae becomes unserrated towards the base as is typical with 

tyrannosaurids (Buckley 2010). When considered as part of the Hendrickx et al. (2014) database 

(Figure 1.8), NCSM 33268 plots within the Coelophysoidea and Nuthetes morphospaces, the 

former being an improbable identification for a Late Cretaceous theropod and the latter, an 

enigmatic theropod of indeterminate affinity, but likely referable to dromaeosaurids or 

tyrannosauroids (Sweetman 2004; Rauhut et al. 2010). However, in the PCA and LDA 

performed with the combined (Larson & Currie 2013; Williamson & Brusatte 2014) database 

NCSM 33268 consistently plots within or adjacent to Tyrannosauroidea and Dromaeosauridae. 

 

TYRANNOSAUROIDEA Osborn, 1906 

NCSM 33276 (Figure 1.9 A–F) is a premaxillary tooth and the only specimen that can be 

confidently referred to as a tyrannosauroid based on a suite of diagnostic characteristics (e.g., 

Currie et al. 1990; Baszio 1997b; Carr & Williamson 2004; Zanno & Makovicky 2011; 

Williamson & Brusatte 2014). These include a D-shaped cross section, a lingually oriented 

carina that arches around the lingual side of the tooth, a greater arc length along the labial face 

than the lingual face, a lack of denticles and serrations, and a prominent ridge on the lingual 
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surface. The tooth has a crown height of 6 mm and part of the lingual surface, near the apex is 

worn away. 

 

MANIRAPTORA Gauthier, 1986 

DROMAEOSAURIDAE Matthew and Brown, 1922 

Two teeth are assigned to Dromaeosauridae from the COI. Diagnostic characteristics of 

dromaeosaurid teeth are outlined in Currie et al. (1990) and Sankey et al. (2002). Maxillary and 

dentary teeth are laterally compressed and recurved in lateral view, lack basal constriction, and 

possess a flattened, oval cross section. Distal denticles are thin, sometimes point apically, and 

larger than mesial serrations, and the distal carina is often positioned towards the lingual margin. 

In both datasets, the dromaeosaurid convex hulls have wide regions that overlap with 

Tyrannosauridae and Richardoestesia. Thus, several teeth may in fact belong to other groups and 

should be considered tentatively assigned.  

NCSM 33267 (Figure 1.9 O–U) has a crown height of 10.15 mm, a FABL of 5.03 mm, 

and a basal width of 3.32 mm. The tooth lacks recurvature in mesial view and has an incrassate 

figure-eight-shaped cross section (sensu Hendrickx [2015]). Wear facets extend along the apical 

portion of the distal carina and across the smooth enamel of the labial surface. The mesial carina 

lacks serrations and twists lingually near the base. The distal denticles are subrectangular and the 

distal carina is positioned towards the lingual margin. When considered as part of the Hendrickx 

et al. (2014) database, NCSM 33267 plots exclusively within Dromaeosauridae (Figure 1.8).  

NCSM 33275 (Figure 1.9 V–Z3) has a crown height of 5.83 mm, a FABL of 3.23 mm, 

and a basal width of 1.36 mm. The tooth is strongly compressed laterally, lacks recurvature in 

mesial view, and has a weakly figure-eight-shaped cross section. The enamel texture is smooth 

and a depression is present on the lingual face. The mesial carina is centrally positioned and the 
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distal carina is positioned centrally at the apex, turning towards the lingual margin near the base. 

Both mesial serrations and distal denticles are subrectangular. When plotted with the Hendrickx 

et al. (2014) database NCSM 33275 plots within Richardoestesia and close to Dromaeosauridae 

(Figure 1.8). However, NCSM 33275 is assigned to Dromaeosauridae because it possesses 

strong recurvature in lateral view, a characteristic of dromaeosaurid teeth that is not accounted 

for in the dataset. 
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Figure 1.9: Tyrannosaur and dromaeosaur teeth 

(A–F) (NCSM 33276) tyrannosaurid premaxillary tooth in (A) mesial?/distal?, (B) labial, (C) 

mesial?/distal?, (D) lingual, (E) occlusal, and (F) basal views. (G–H) (NCSM 33268) 

tyrannosaurid? tooth in (G) lingual, (H) labial, (I) distal, (J) mesial, (K) occlusal, and (L) basal 

views, with close-ups of mesial (M) and distal (N) denticles. (O–U) (NCSM 33267) 

dromaeosaur tooth in (O) lingual, (P) labial, (Q) distal, (R) mesial, (S) occlusal, and (T) basal 

views, with close-up of mesial (U) denticles. (V–Z3) (NCSM 33275) dromaeosaur tooth in (V) 

lingual, (W) labial, (X) distal, (Y) mesial, (Z) occlusal, and (Z1) basal views, with close-ups of 

mesial (Z2) and distal (Z3) denticles. Scale bars equal 1 mm unless otherwise noted.  
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RICHARDOESTESIA Currie, Rigby, and Sloan, 1990 

RICHARDOESTESIA sp. 

NCSM 33274 (Figure 1.10 A–G) is complete and includes part of the root. NCSM 33274 

is ascribed to Richardoestesia based on a suite of characteristics outlined in Currie et al. (1990; 

see also Sankey et al. 2002) and from the results of the LDA (Figure 1.8). NCSM 33274 has a 

crown height of 4.21 mm, a FABL of 1.65 mm, and a basal width of 0.98 mm. The tooth is tall 

and slender, lacks curvature in mesial view, is weakly recurved in lateral view, and has an oval to 

figure-eight-shaped cross section in basal view. The mesial carina lacks serrations and is 

centrally positioned, whereas the distal carina is positioned centrally at the apex, turning towards 

the lingual margin near the base. Distal denticles are small and sub rectangular. There is a 

depression near the base on both the lingual and labial surfaces and the enamel has a weakly 

braided texture (sensu Hendrickx [2015]). When considered as part of the Hendrickx et al. 

(2014) database, NCSM 33274 plots slightly outside of the Richardoestesia convex hull.  

NCSM 33288 (Figure 1.10 H–N) has a crown height of 6.58 mm, an estimated crown 

height of ~9.00 mm, a FABL of 4.05 mm, and a basal width of 1.9 mm. The exact crown height 

is unknown because the apical ~third of the tooth crown is missing. The tooth is laterally 

compressed, weakly recurved in lateral view, lacks recurvature in mesial view, and has an 

elliptical cross section. The enamel texture is smooth and a subtle longitudinal depression is 

present on the lingual face. The mesial carina is centrally positioned, lacks serrations, and is 

worn away except near the base. The distal carina is positioned centrally at the apex, turning 

slightly towards the lingual margin near the base. Denticles along the distal carina are sub-

rectangular to weakly apically oriented. When considered as part of the Hendrickx et al. (2014) 

database, NCSM 33288 plots along a line representative of reconstructed crown height. Nearly 
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all points along the line fall within the overlapping morphospace of Richardoestesia, Nuthetes, 

and Dromaeosauridae (Figure 1.8). 

PARONYCHODON Cope, 1876 

PARONYCHODON sp. 

Three teeth are referred to Paronychodon based on a suite of characters outlined by 

Currie et al. (1990; see also Rauhut 2002; Sankey et al. 2002). These teeth are recurved in lateral 

view, with a flattened lingual face, a convex labial face, numerous longitudinal ridges, oval cross 

section, and lacking denticles or serrations. Previous studies have tentatively referred 

Paronychodon to Dromaeosauridae (Antunes & Sigogneau-Russell 1991), Troodontidae 

(Osmólska & Barsbold 1990), and Aves (Rauhut 2002).  

NCSM 33277 (Figure 1.10 O–T) has a crown height of 2.4 mm, an estimated crown 

height of ~3.3 mm, a FABL of 1.57 mm, and a basal width of 1.00 mm. The exact height is 

unknown because part of the tooth crown is missing. NCSM 33277 is laterally compressed, 

recurved in lateral view, and has an elliptical cross section in basal view. The labial face is 

convex and the lingual face is flattened with a weakly defined longitudinal ridge. The distal 

carina is positioned lingually and lacks denticles. The mesial carina is worn away except at the 

base, positioned lingually, and lacks serrations. The enamel texture is smooth and ornamented by 

numerous longitudinal striations along the lingual and labial surface. When considered as part of 

the Hendrickx et al. (2014) dataset, NCSM 33277 plots slightly outside of the troodontid 

morphospace (Figure 1.8). 

NCSM 33298 (Figure 1.10 U–Z) has a crown height of 2.11 mm, a FABL of 1.16 mm, 

and a basal width of 0.77 mm. It is recurved in lateral view and has an asymmetrically salinon 

cross section (sensu Hendrickx [2015]) in basal view. The labial face is strongly convex and the 

lingual face is flattened with a well-defined longitudinal ridge. Both the distal and mesial carinae 
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are positioned lingually and lack denticles or serrations and the distal carina is deflected inward. 

The enamel texture is smooth and there is a slight constriction at the base. When considered as 

part of the Hendrickx et al. (2014) database, NCSM 33298 plots slightly outside of the 

troodontid morphospace (Figure 1.8). 

NCSM 33308 (Figure 1.10 Z1–Z5) has a crown height of 2.75 mm, a FABL of 1.39 mm, 

and a basal width of 0.85 mm. It is laterally compressed, lacks recurvature, and has a lenticular 

cross-section in basal view. The labial and lingual faces are convex, and the lingual face has a 

weakly defined medial depression near the base. The distal and mesial carinae lack denticles or 

serrations and the mesial carina twists lingually at the base. The enamel texture is ornamented by 

numerous longitudinal striations with no real relief extending baso-apically along the lingual and 

labial surfaces. When considered as part of the Hendrickx et al. (2014) database, NCSM 33308 

plots slightly outside of the troodontid morphospace (Figure 1.8). NCSM 33308 may belong to 

Aves based on a series of characteristics specific to this tooth morphotype that are not accounted 

for in the analysis such as recurvature, flattened lingual surface, absence of denticles, and an oval 

cross section. Therefore, NCSM 33308 may be a morphologically distinct bird tooth or possibly 

a mesially positioned theropod tooth.  
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Figure 1.10: Richardoestesia and Paronychodon teeth 

(A–G) (NCSM 33274) Richardoestesia tooth in (A) lingual, (B) labial, (C) distal, (D) mesial, (E) occlusal, and (F) basal views, with 

close-up of mesial (G) denticles. (H–N) (NCSM 33288) Richardoestesia tooth in (H) lingual, (I) labial, (J) distal, (K) mesial, (L) 

occlusal, and (M) basal views, with close-up of mesial (N) denticles. (O–T) (NCSM 33277) Paronychodon tooth in (O) lingual, (P) 

labial, (Q) distal, (R) mesial, (S) occlusal, and (T) basal views. (U–Z) (NCSM 33298) Paronychodon? tooth in (U) labial, (V) lingual, 

(W) mesial, (X) distal, (Y) occlusal, and (Z) basal views. (Z1–Z5) (NCSM 33308) Paronychodon? tooth in (Z1) labial, (Z2) lingual, 

(Z3) mesial, (Z4) occlusal, and (Z5) basal views. Scale bars equal 1 mm. 
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AVES Linnaeus, 1758 

Gen. et sp. indet. 

Bird material from this locality is difficult to properly discern, as no complete skeletal 

material has been documented and teeth vary widely in morphology (Sankey et al. 2002; Mayr et 

al. 2007; Larson & Currie 2013; Wilson et al. 2016). Two morphologically distinct teeth from 

the COI are tentatively ascribed to Avialae.  

NCSM 33299 (Figure 1.11 A–E) and NCSM 33300 (Figure 1.11 F–J) are similar in 

morphology and size to three teeth from the OMNH referred to Aves: OMNH 28735, 28736, and 

28737. These teeth are very small, measuring ~1 mm in height, are constricted at the base, and 

have circular cross sections. The crowns are asymmetrical, have weakly defined carinae on both 

anterior and posterior edges, and lack serrations or denticles. The enamel is smooth and 

moderately worn, and the crown apex is usually worn flat. 
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Figure 1.11: Possible avian teeth 

(A–E) (NCSM 33299) Bird tooth? in (A) lingual?, (B) labial?, (C) mesial?, (D) occlusal, and (E) 

basal views. (F–J) (NCSM 33300) Bird tooth? in (F) labial, (G) lingual, (H) distal, (I) occlusal, 

and (J) basal views. Scale bars equal 1 mm. 
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DINOSAURIA Owen, 1842 

ORNITHISCHIA Seeley, 1887 

ORNITHISCHIA indet. 

NCSM 33322 (Figure 1.12 A–E) is a heavily worn tooth with a CH of 7.31 mm, a FABL 

of 9.59 mm, and a BW of 5.71 mm. There is a large wear facet that extends across the apical 

portion of the labial surface. Even after accounting for wear, the tooth is mesio-distally elongate 

and apico-basally short. The tooth is constricted below the crown and several worn ridges run 

apicobasally along the lingual surface. Due to the poor preservation, NCSM 33322 cannot be 

confidently referred to a lower taxonomic level. However, NCSM 33322 compares favorably 

with illustrations of worn ankylosaur teeth (e.g., Coombs 1978, fig. 20.6d). Based on the 

megaherbivore clades known to have inhabited the Western Interior Basin of North America 

during the Late Cretaceous, a referral to Ankylosauridae is the most plausible. 

NCSM 33318 (Figure 1.12 F–G) is a 6.8 mm long tooth fragment, preserving five large 

denticles. NCSM 33318 compares most favorably with ankylosaurid teeth (Coombs 1978).  

NCSM 33316 (Figure 1.12 H–L) is a small, triangular tooth with a CH of 1.4 mm, a 

FABL of 1.49 mm, and a BW of 0.79 mm, possibly pertaining to Neornithischia, Ankylosauria, 

or Pachycephalosauria. It has seven cusps, a typical characteristic of premaxillary teeth of basal 

euornithopods (Oreska et al. 2013), and lacks an elevated rim along with the primary and 

secondary ridges present in ornithopod teeth such as Zalmoxes (Virág & Ősi 2017).  

NCSM 33312 (Figure 1.12 M–Q) is possibly the premaxillary tooth of a neornithischian 

(Fanti & Miyashita 2009), with a CH of 0.95 mm, a FABL of 1.18 mm, and a BW of 0.73 mm. It 

is a small, triangular, scoop-shaped tooth with a constriction below the crown. The labial face is 

smooth and strongly convex. The lingual face is concave and possesses ~15 well defined, 

apicobasally oriented ridges.  
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NCSM 33314 (Figure 1.12 R–W) may represent a small ornithischian tooth, with a CH of 

0.45 mm, a FABL of 0.55 mm, and a BW of 0.34 mm. It has a triangular crown that is weakly 

constricted between the base and root, and appears to have seven weakly defined denticles and 

apicobasally oriented striations. 
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Figure 1.12: Ankylosaur and basal ornithischian teeth 

(A–E) (NCSM 33322) Ankylosaur tooth in (A) lingual?, (B) labial?, (C) mesial?/distal?, (D) occlusal, and (E) basal views. (F–G) 

(NCSM 33318) Ankylosaur? tooth fragment in (F) labial?/lingual? and (G) mesial?/distal? views. (H–L) (NCSM 33316) 

Neornithischian tooth in (H) lingual, (I) labial, (J) mesial?/distal?, (K) occlusal, and (L) basal views. (M-Q) (NCSM 33312) 

Neornithischian? tooth in (M) labial, (N) lingual, (O) mesial?/distal?, (P) occlusal, and (Q) basal views. Scale bars equal 1 mm. (R–

W) (NCSM 33314) Ornithischian tooth? in (R) labial?, (S) lingual?, (T-U) mesial?/distal?, (V) occlusal, and (W) basal views. Scale 

bars equal 1 mm unless otherwise noted. 
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ORNITHOPODA Marsh, 1881 

HADROSAUROIDEA Cope, 1863 

NCSM 33320, NCSM 33321, and NCSM 33323 (Figure 1.13 A–O) are hadrosauroid 

teeth possibly referable to Eolambia caroljonesa, the only hadrosauroid yet described from the 

Mussentuchit Member (Cifelli et al. 1997; Kirkland 1998; McDonald et al., 2017)). The teeth 

show considerable wear and are marked by linear and branched tubule ridges along the 

transverse cross section. These tubules produce multiple shearing faces along the chewing 

surface (Erickson et al. 2012). Each tooth possesses a prominent main keel, and NCSM 33321 

(Figure 1.13 F–J) shows two additional smaller ridges running nearly parallel to the primary 

keel. Remnants of denticles on the apical edge of NCSM 33320 and NCSM 33321 demonstrate 

the presence of these features, but they are too worn to make comparisons. 
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Figure 1.13: Hadrosaurid teeth  

(A–E) (NCSM 33320) Possible Eolambia tooth in (A) labial, (B) lingual, (C) mesial?/distal?, (D) 

occlusal, and (E) basal views. (F–J) (NCSM 33321) Possible Eolambia tooth in (F) labial, (G) 

lingual, (H) mesial?/distal?, (I) occlusal, and (J) basal views. (K–O) (NCSM 33323) Possible 

Eolambia tooth in (K) labial?, (L) lingual?, (M) mesial?/distal?, (N) occlusal?, and (O) basal? 

views. Scale bars equal 5 mm. 
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MAMMALIA Linnaeus, 1758 

METATHERIA Thomas Henry Huxley, 1880 

MARSUPIALIA Illiger, 1811 

SINBADELPHYS SCHMIDTI Cifelli 2004 

NCSM 33354 (Figure 1.14 A–C) appears to be the mesial half of a right upper molar at 

the second locus, possibly belonging to Sinbadelphys schmidti but also similar to Adelodelphys 

muizoni (Cifelli 2004). NCSM 33354 lacks a number of dental features except for the ectoflexus, 

post-metacrista, and metacone. This makes its precise taxonomic assignment on the basis of 

dental features difficult. Nonetheless, the dimensions of NCSM 33354 compare favorably to 

those of S. schmidti. The second molar of S. schmidti (OMNH 26451) has an anteroposterior 

length of 1.5 mm, and another possible second molar (OMNH 33088) has an anteroposterior 

length of 1.89 mm. NCSM 33354 has a predicted anteroposterior length ranging from 1.5–1.6 

mm. Therefore, S. schmidti is the most appropriate known taxon to ascribe to NCSM 33354. 

 

MARSUPIALIA indet. 

NCSM 33355 (Figure 1.14 D–G) is the incomplete upper, second premolar of a 

marsupial, most likely belonging to A. muizoni. This assignment to a marsupial clade is based on 

comparisons with illustrations in Lillegraven (1969) and Clemens (1966). The dimensional 

proportions of NCSM 33355 compare favorably with Cretaceous marsupial teeth at the second 

locus, and the height of the principal cusp indicates it is a maxillary tooth. The length of the 

second premolar of Cretaceous marsupials is approximately 80% the length of the first lower 

molar (Lillegraven 1969; Cifelli 2004). If NCSM 33355 was complete it would be approximately 

1.1 mm in length, 0.2 mm smaller than the estimated length of the M1 of A. muizoni (1.3 mm). 

Therefore, NCSM 33355 is mostly likely referable to A. muizoni although the specimen could 
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also belong to the slightly larger S. schmidti, which has lower molars lengths between 1.4–1.7 

mm and estimated premolar lengths between 1.2–1.4 mm.  

 
 

Figure 1.14: Mammalian teeth 

(A–C) (NCSM 33354) mesial half of a right M2 upper molar belonging to a small marsupial, in 

(A) lingual view (showing plane of fracture), (B) labial view, and (C) occlusal view. Dotted line 

and shaded area represent estimated dimensions of complete tooth, based on complete upper left 

M2 molar of Sinbadelphys schmidti (Cifelli 2004). (D–G) (NCSM 33355) marsupial upper 

premolar in (D–E) labial?/lingual?, (F) occlusal, and (G) basal views. Scale bars equal 1 mm. 
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Ichnofossils 

 

ELONGATOOLITHIDAE Zhao, 1975 

MACROELONGATOOLITHUS Li, Yin, and Liu, 1995 

MACROELONGATOOLITHUS SP.  

Twenty-eight fragments of eggshell, belonging to the oogenus Macroelongatoolithus, 

were recovered from the COI. These fragments exhibit varying degrees of wear and range 

between 6–20 mm2 and 1–3 mm thick (Figure 1.15 A–C). Fragments usually possess a subtle 

curvature along a single axis, suggesting an elongated egg morphology (Zelenitsky 2000). Shell 

material displays variation in ornamentation, similar to material previously collected material in 

the Mussentuchit Member (Zelenitsky 2000). These include dispersituberculate and 

linearituberculate ornamentation, with some fragments having well-defined, bulbous nodes and 

tubercles. 
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Figure 1.15: Macroelongatoolithus egg shell 

A-C, (NCSM 33364, NCSM 33363, NCSM 33365) Macroelongatoolithus egg shell fragments. Scale bars equal 5 mm.
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Biodiversity and Paleoecology 

I compared the faunal assemblage of the COI sight to 12 OMNH microvertebrate 

localites from the Mussentuchit. Faunal abundances were sourced from Goldberg (2000) and 

compiled into a database for analyses. 

The results of the analysis reveal that the total proportions of all specimens from all sites 

are skewed toward crocodylomorphs and osteichthyans, which constitute the majority of material 

at 31.7% and 39.3%, while mammals are the third most abundant at 12.6%. Dinosaurian material 

makes up 12.9%, with saurischia at 9.4% and ornithischia at 3.5%. Squamata, Chondrichthyes, 

Chelonia, and Urodela have the lowest abundances, together making up the final 3.4% (Figure 

1.16 and 1.17). There are a number of consistent themes and outliers between sites (Figure. 1.16 

and 1.17). In four sites (COI, 694, 801, and another site not included in this analyses by 

McDonald et al. (2017)) crocodylomorphs are by far the most abundant faunal group. Two sites 

(240 and 695) are dominated by osteichthyan material, while 213 is the only site dominated by 

chondrichthyans at 34.4% and also has the highest abundance of saurischian material at 21.9%.  

Eight of the 13 Mussentuchit sites analyzed are dominated by mesoeucrocodylian 

remains. This pattern is also present at a site not included in this study (McDonald et al. 2017), 

raising that value to nine of 14 sites. The most second most common taxon in 

mesoeucrocodylian-dominated localities are osteichthyan fish, although this proportion is nearly 

equal with sites containing a secondary abundance of mammalian remains (Goldberg 2000; 

McDonald et al. 2017). A large percentage of sites are dominated by fish fossils, principally 

osteichthyans, with secondary abundances represented by mammals, mesoeucrocodylians, and 

saurischian dinosaurs.  
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Three sites (COI, 695, and 794) account for the majority of fossil material, each 

providing nearly a quarter of the total specimens (Figure 1.18). While the COI provides the most 

specimens to the dataset, it is the least sampled site, with only 183 kg of sediment processed. 

This gives the COI a fossil density of 22.4 fossils per kg, 53.3 times higher than the next densest 

site (OMNH 240), with a fossil density of 0.42 fossils per kg (Table 1.1; Figure 1.18).  

Figure 1.19 shows the rarefaction curves of all 13 sites. The curves that have plateaued 

represent the sites that likely will not produce any new vertebrate clades. Conversely, curves that 

have not plateaued represent sites where more vertebrate clades are likely to be found if more 

sampling is conducted. Four sites (OMNH 239, 694, 695, 794) have plateaued and nine sites 

have not. The COI is among those that have not plateaued, however it does appear close to 

leveling off.  

The rarefaction of over 4000 specimens was estimated, and the COI appears equal to 

OMNH V695 in clade representation. The direction of the rarefaction line for the COI locality is 

quite different from the OMNH localities, rising gradually towards the end of the graph. This 

pattern is due to the high number of mesoeucrocodylian and osteichthyes teeth in the sample, 

along with the rarer individual numbers of additional clades. In other words, the rarefaction of 

the COI database continuously provides excessive individuals of mesoeucrocodylians and fish, 

along with occasional other clades, which when considered across the entire resampling protocol 

produces the slowly increasing line. Compared to other OMNH localities there are key clades 

that are missing from the COI site, and recalculation of rarefaction curves at lower taxonomic 

levels may produce different outcomes, yet more refined taxonomic classifications are not yet 

possible. Given the higher potential for COI to yield additional clades through further sampling, 
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the COI locality could be one of the most taxonomically rich microsites yet described from the 

Mussentuchit Member. 

In contrast, the biodiversity calculated via the Shannon-Wiener index produces a low 

value of 0.41 (Table 1.1) compared to other OMNH sites. The Shannon-Wiener index evaluates 

the evenness of a site by considering the number of individuals of each clade in relation to the 

total number of clades present. In other words, the unevenness of a site corresponds to a lower 

the biodiversity. Sampling localities that have a larger number of clades and a relatively equal 

number of individuals per clade will receive a higher biodiversity score than those with either 

low number of clades or sites possessing a large number of clades, yet a very few of those clades 

possess nearly all of the individual abundance. By this measure the COI has the lowest 

biodiversity because 90% of the fossils are mesoeucrocodylia, a similar theme seen with OMNH 

V801, which also has a large skew towards crocodylomorphs. Locality OMNH V868 is the most 

diverse site by this measure, with a biodiversity index of 1.61.  

There appears to be no correlation between the number of fossils collected and the 

Shannon-Wiener biodiversity index. The slope of the correlation was essentially zero (-5.77x10-

5). The four sites with plateaued rarefaction curves (OMNH V239, OMNH V694, OMNH V695, 

and OMNH V794) ranged in biodiversity from 1.05 to 1.40, which are lower than the highest 

biodiversity of 1.61 (OMNH V868). This indicates that extensive sampling and fossil abundance 

are not adequate predictors of the biodiversity of an individual site.  
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Figure 1.16: Biodiversity pie charts of the COI and 5 OMNH microfossil localities 

Pie charts representing the biodiversity from (A) COI, (B) OMNH V213, (C) OMNH V234, (D) 

OMNH V235, (E) OMNH V236, and (F) OMNH V239. 
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Figure 1.17: Biodiversity pie charts of 7 OMNH microfossil localities localities  

Pie charts representing the biodiversity from (G) OMNH V240, (H) OMNH V694, (I) OMNH 

V695, (J) OMNH V696, (K) OMNH V794, (L) OMNH V801, and (M) OMNH V868. 
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Table 1.1: Microfossil locality compilation 

Specimen abundances, quantity of processed matrix, fossil density, and biodiversity indexes from all 13 localities. 
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Figure 1.18: Biodiversity bar charts of the COI and 12 OMNH microfossil localities 

Barcharts representing the biodiversity from (A) COI, (B) OMNH V213, (C) OMNH V234, (D) OMNH V235, (E) OMNH V236, (F) 

OMNH V239, (G) OMNH V240, (H) OMNH V694, (I) OMNH V695, (J) OMNH V696, (K) OMNH V794, (L) OMNH V801, and 

(M) OMNH V868. The dark grey line represents the density of fossils from a single kilogram of sediment at each locality, the medium 

grey line shows the proportion of fossils in this study that come from each site, and the light grey line is the Shannon-Wiener 

biodiversity index for each site. 



 

 

62 

 
 

Figure 1.19: Rarefaction curves for all microfossil localities and biodiversity pie chart of all 13 localities combined 

Rarefaction curves for the 12 OMNH microfossil localities listed in the Goldberg (2000) dataset and the Cliffs of Insanity locality. 

Colors of site names correspond to the rarefaction line of the same color. The pie chart represents the combined percentage of all 13 

site abundances used in the present study.
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Paleoenvironmental Influences 

Goldberg (2000) characterized 11 of the 12 OMNH sites as either fluvial oxbow, 

floodplain, crevasse splay, or channel deposits, basing these inferences on a number of 

sedimentary features such as clast size, lag deposits, clay balls, slickensides, and plant debris. 

Among these localities, OMNH V236 and OMNH V239 were interpreted as channel deposits, 

OMNH V235 and OMNH V240 as splay environments, OMNH V694 and OMNH V695 as 

floodplain deposits, and OMNH V801 as an abandoned oxbow channel. Some uncertainty was 

noted for select sites including OMNH V794 and OMNH V868, which were interpreted as either 

channel deposits or splays, and OMNH V234, which was interpreted as either a floodplain or 

splay deposit.  

Correspondence analysis (CA) of all 13 sites, using faunal data as a predictor of 

depositional environment (Figure 1.20), shows that site faunal compositions can be associated 

with specific depositional environments; this ordination plots the COI close to OMNH V801, 

both of which are interpreted as representing oxbow lake environments. These sites trend to the 

bottom left of the ordination space due to their high concentration of Mesoeucrocodylia and 

Chelonia material. However, for the majority of sites taxonomic content is a poor predictor of 

depositional environment. These include channel or splay deposits and floodplain deposits.  
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Figure 20: Correspondence Analysis of Depositional Environments for 13 Sites Using Faunal Data.  

Correspondence analysis of all 13 sites, using simplified faunal data as a predictor of depositional environment. Blue eigenvectors 

represented by faunal groups.
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Stratigraphic and Geographic Context 

Goldberg (2000) noted that determining the exact stratigraphic position of the OMNH 

localities in the Mussentuchit Member is challenged by difficult terrain, distances between sites, 

and frequently obscured bedding. Nonetheless, Cifelli et al. (1999) and Goldberg (2000) were 

able to place ten of the microsites in relative positions to one another both stratigraphically 

(Figure 1.1 D) and geographically (Figure 1.1 B). The relative stratigraphic positions were based 

on the proximity of a site to the upper or lower contacts of the Mussentuchit Member, or its 

position above or below a specific ash layer used as a marker bed. To this framework, I added 

the stratigraphic position of the COI as determined from the contact with the Naturita Formation. 

The COI and OMNH V239 are the stratigraphically highest units, located in the 

uppermost strata of the Mussentuchit Member. OMNH V235, OMNH V694, and OMNH V794 

are located above the ash layer, whereas OMNH V868 and OMNH V695 are located directly 

below the ash layer. OMNH V240, OMNH V801, and OMNH V234 are all located near the 

bottom of the Mussentuchit Member, just above the contact with the Ruby Ranch Member. 

Geographically, OMNH V801 represents the Northeastern-most locality, while the COI 

represents the Southwestern-most. 

 

DISCUSSION 

Biodiversity 

Prior studies of microvertebrate localities in the Mussentuchit Member of the Cedar 

Mountain Formation reportedly processed 49,295 kg of matrix in total, with individual sites 

contributing between 775–14,580 kg of matrix. These studies have resulted in a total of 13,036 

identifiable specimens (Goldberg 2000). By comparison, the Cliffs of Insanity microvertebrate 
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locality preserves a uniquely high density of fossils, with over 6342 specimens recovered from 

only 183 kg of sediment.  

The majority of Mussentuchit sites sampled, including the COI locality, are dominated by 

mesoeucrocodylian teeth (Goldberg 2000; McDonald et al. 2017), with a large percentage of 

sites alternatively dominated by osteichthyan and chondrichthyan material. The remarkably high 

abundance of mesoeucrocodylia material (90% of recovered fossils) warrants further 

investigation as a potential paleoenvironmental signal within the Mussentuchit Member itself. I 

hypothesize that the general predominance of mesoeucrocodylians in the upper Cedar Mountain 

Formation may represent an authentic paleoecological signal associated with the transgression of 

the Western Interior Seaway during this interval. If specimen NCSM 33308 is indeed an 

enchodontid tooth, then this would support my hypothesis because members of Enchodontidae 

are predominantly marine (Silva & Gallo 2011). However, shed teeth can often over-represent a 

population density, and the fluvial nature of many of the sampled localities, (including the COI) 

can lead to the overrepresentation of aquatic faunal elements compared to terrestrial vertebrate 

elements.  

While marsupial mammals are generally abundant in Mussentuchit localities (Goldberg 

2000), they currently make up only a minor component of the COI diversity. The COI site thus 

far lacks chondrichthyan, and serpent remains; yet, rarefaction curves suggest additional 

sampling efforts will likely produce materials representative of these clades.  

Baenid, helochelydrid (solemydid), glyptopsid, and trionychid turtles have been reported 

previously (Cifelli et al. 1997; Fiorillo 1999; Herzog et al. 2015) from the Mussentuchit 

Member. My histological analysis as well as qualitative assessment of turtle shell fragments from 

the COI add the presence of Adocidae, representing the first occurrence of this taxon from the 
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Cedar Mountain Formation and the earliest occurrence in North America. 

 

Tooth Identifications 

A diverse assemblage of dinosaurian species are known from the Mussentuchit Member 

based on previous microfaunal studies (Eaton 1987; Nelson & Crooks 1987; Cifelli et al. 1999; 

Fiorillo 1999; Kirkland et al. 1999). I find support for some of these identifications in the COI 

sample; however, I take a more conservative approach to isolated tooth identifications because 

the Mussentuchit represents a unique taxonomic diversity, composed predominantly of 

undescribed dinosaurian species (e.g. Makovicky et al. 2015; Zanno et al. 2016) and previous 

studies caution assigning isolated dinosaur teeth to refined taxonomic levels (e.g., Zanno et al. 

2013). Importantly, I provide some of the first detailed descriptions and photographic 

documentation of dinosaurian teeth from the Mussentuchit Member.  

A wide diversity of isolated dinosaurian teeth in the Mussentuchit have been documented 

following multiple screenwashing efforts (Cifelli et al. 1999; Eaton 1987; Fiorillo 1999; 

Kirkland et al. 1999; Nelson & Crooks 1987). Despite these extensive efforts, documentation of 

recovered dinosaurian teeth have been limited to biodiversity studies, and detailed analyses of 

the morphological diversity of dinosaurian teeth have yet to be conducted until this study.  

The gross morphological examination of isolated theropod teeth suggests the presence of 

most major dentigerous coelurosaurian clades known to have inhabited the Western Interior 

Basin of North America during the Late Cretaceous including Tyrannosauroidea, 

Dromaeosauridae, Troodontidae, and Avialae, which is consistent with the diversity reported by 

previous workers. Tyrannosauroidea is definitively represented by the presence of a single 
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premaxillary tooth similar in morphology to tyrannosauroid premaxillary teeth from the Early 

Cretaceous of Asia and North America (Zanno and Makovicky 2011).  

Several morphotypes of ornithischian teeth are represented at COI, suggesting a large 

diversity of herbivorous dinosaurs, most of which are already documented via published or 

undescribed macrovertebrate remains (Kirkland 1998; Carpenter et al. 1999; Makovicky et al. 

2015; Zanno et al. 2016). A quantitative morphological analysis coupled with publication of 

these specimens will aid in producing more refined identifications.  

Marsupial mammals are abundant in Mussentuchit localities generally (Goldberg 2000), 

yet make up only a minor component of the COI diversity. The COI site thus far lacks 

chondrichthyan, and serpent remains; yet, rarefaction curves (Figure 1.19) suggest the likelihood 

of recovering materials representative of these clades with additional sampling efforts. 

It is still difficult to properly ascribe exact taxonomic identifications to many of these 

teeth due to the lack of associated skeletal material, and some tooth diversity may be explained 

by heterodonty and variation along the tooth row (Buckley 2009; Smith 2002; Smith 2005). 

Furthermore, it is still unclear the degree to which ontogeny contributes to dental variation 

among theropods. Ontogeny is noted to have only minor effects on the dental shape of 

Coelophysis bauri teeth, specifically the degree of tooth recurvature; however, variation is noted 

in the presence of discrete tooth traits such as denticles on premaxillary teeth or longitudinal 

ridges on tooth crowns (Buckley 2009), which can affect identifications.  

 

Paleoenvironmental and Taphonomic Considerations 

Taphonomic processes such as transport, sorting, winnowing, reworking, time averaging, 

and other hydrodynamic factors have been suggested to affect the comparability between sites 
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and perhaps introduce significant bias (Wilson 2008). However, Rogers et al. (2017) compared 

six intraformational vertebrate microfossil bonebeds in the Upper Cretaceous Judith River 

Formation, represented by three lacustrine settings and three channel-hosted settings, and found 

them to be largely comparable with regards to taphonomic bias. 

We found little evidence among currently sampled microvertebrate localities in the 

Mussentuchit to support a relationship between depositional environment (Figure 1.20) or 

stratigraphic position (Figure 1.1 D) and faunal abundance data, with the exception of the two 

sites proposed to be oxbow lake environments (COI and OMNH V801). Although ambiguity in 

interpretations of depositional environment for some OMNH localities (e.g., V868, 

794)(Goldberg 2000), if clarified, could extend this result to channel deposits as well. 

The faunal composition of the COI plots closest to OMNH V801 in the correspondence 

analyses; both localities are characterized by a relatively high concentration of turtle and 

mesoeucrocodylian material. This raises the possibility that relative overabundance of 

semiaquatic taxa within these sites represents a true paleoenvironmental signal, yet I note that a 

sample size of two is insufficient to generate much confidence. Moreover, significant differences 

remain between these two localities suggesting that they may be non-isotaphonomic. OMNH 

V801 preserves an abundance of articulated fossils, including complete turtle shells, and 

freshwater invertebrates with mottled coloration, a feature proposed to indicate high biological 

activity (Goldberg 2000). In contrast, I have not recovered freshwater invertebrates or articulated 

fossils from the COI locality, and turtle shell material is fragmentary. These dissimilarities 

suggest that, although depositional environment may be broadly influencing the proportion of 

vertebrate clades preserved at these localities, different taphonomic factors are also at work and 

the sites may not be taphonomically equivalent. 
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Paleobiogeography 

The late Early Cretaceous Laurasian Interchange Event, EKLInE, is marked the first 

occurrences of taxa bearing Asian affinities in North America during the Aptian-Cenomanian 

(Cifelli et al. 1999; Zanno and Makovicky 2011, 2013). These taxa include hadrosauroids 

(Norman 2004; McDonald et al. 2010b), pachycephalosaurians (Cifelli et al. 1997; Gangloff 

1998; Garrison et al. 2007), neoceratopsians (Farke et al. 2014), and theropods (e.g., 

tyrannosauroids [Zanno & Makovicky 2011], ornithomimids [Longrich 2008], and 

oviraptorosaurs [Makovicky & Sues 1998]), mammals (Cuenca-Bescos and Canudo 2003), 

squamates (Nydam 2002, 2013), and trionychid turtles (Hirayama et al. 2000). The introduction 

of these faunal groups is considered one of the major factors leading to the extinction and 

replacement of much of North America’s endemic dinosaur clades (Kirkland et al. 1997, 1999).  

The previous oldest occurrence of adocid turtles in North America derives from the 

Smoky Hollow Member of the Straight Cliffs Formation (Eaton et al. 1999), dated to the 

Turonian (~92 Ma; Titus et al. 2013). Therefore, the presence of adocids in the Cenomanian aged 

(~97 Ma) Mussentuchit Member (Cifelli et al. 1997; Garrison et al. 2007) extends the presence 

of the clade in North America by approximately 5 million years and provides further evidence 

for a Laurasian interchange at or prior to the beginning of the Late Cretaceous. 

The oldest records of adocids derive from the Late Jurassic of Asia (Syromyatnikova & 

Danilov 2009; Danilov et al. 2011), and the clade is notably absent in the fossil record of Europe 

during the Early Cretaceous, suggesting a Beringian dispersal route in concordance with the 

majority of other vertebrate records. It has been suggested that the high-latitude connection 

between eastern Asia and western North America acted as a climatic barrier, resulting in a 

dispersal filter that restricted smaller members of faunal assemblages such as turtles (Lipka et al. 
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2006). The appearance of adocids in North America by at least the Cenomanian, would seem to 

contradict this hypothesis, suggesting that at least some testudinatans were able to disperse 

across high latitude barriers in the Early Cretaceous. This is especially notable given that turtles 

have been suggested to exhibit a high degree of endemism and climatic zonation (Moody 1984; 

Gates et al., 2010; Hirayama et al. 2000), however extant turtles endemic to higher latitudes 

display broader geographic ranges compared to those at lower latitudes (Angielczyk et al. 2015). 

 

CONCLUSION 

The recovery and analyses of over 4000 new fossil specimens from the COI 

microvertebrate site has improved our understanding of the Cenomanian vertebrate fauna from 

Mussentuchit Member of the Cedar Mountain Formation. The site is diverse and is composed of 

the remains of Amiidae, lepisosteiforms, pycnodontiforms, salmoniforms, albanerpetontids, 

helochelydrids, adocids, mesoeucrocodylians, tyrannosauroids, dromaeosaurids, the theropods 

Richardoestesia and Paronychodon,avialans, a variety of ornithischians, metatherians, and trace 

fossils assigned to Macroelongatoolithus. The recovery of adocid turtle material marks a new 

addition to the Mussentuchit assemblage and adds to a growing body of evidence refining the 

pattern and tempo of faunal interchange between Asia and North America prior to and post the 

Early/Late Cretaceous boundary. Additionally, it represents the earliest occurrence of the 

Adocidae in North America, extending the record of this group by 5 million years. Documenting 

the fine-scale patterns of the Mussentuchit taxa can provide a better understanding of the effects 

of biogeographic complexity during the Cretaceous of North America. 

The morphometric analysis of the eight theropod teeth from the COI using the Hendrickx 

et al. (2014) database was informative, yet limited in its ability to accurately predict taxonomic 
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associations. The inconsistencies between where a tooth may plot is likely due to the inability of 

existing databases to account for subtle shape variation and ambiguous taxonomic referrals due 

to their reliance solely on a limited series of linear measurements. Future attempts to refine this 

methodology will incorporate a larger sample set of theropod teeth from the Mussentuchit, 

utilizing landmark data and 3-Dimensional shape analyses.  

Finally, I find no consistent relationship between depositional environment and the 

abundance of vertebrate clades between microvertebrate localities in the Mussentuchit Member 

(with the possible exception of oxbow environments, which may preserve an overabundance of 

semiaquatic taxa). Yet, also caution that detailed taphonomic studies are needed to parse out 

whether the lack of paleoenvironmental signal for most depositional environments is the result of 

non-isotaphonomy or is authentic. 
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CHAPTER 2 

Comparing morphometric methods for quantifying shape variation: best 

practices for archosaurian teeth 

 

ABSTRACT 

Isolated teeth often constitute the majority of identifiable vertebrate remains from 

microvertebrate fossil localities, and are therefore useful indicators of biodiversity. However, 

without associated skeletal material, taxonomic referrals based on isolated teeth can be tenuous. 

For example, although generally considered homodont, the dentitions of some theropod 

dinosaurs display underappreciated morphological disparity within the tooth row. Several studies 

have conducted multivariate statistical analyses, utilizing series of linear measurements, in order 

to discriminate between tooth morphologies for the purpose of taxonomic identifications. The 

traditional method of using linear measurements has proven relatively effective at parsing out 

tooth morphotypes; however, this approach often fails to account for various morphological 

tooth features predicted to be important indicators of similarity. For example, characteristics such 

as curvature, regions of convexity and concavity, carina orientation, and other nuances of shape 

are usually excluded from these analyses, or may require additional calculations and arbitrary 

measurements that may not be homologous across all samples. In contrast, geometric 

morphometrics offers the ability to statistically compare the shape of teeth with more refinement, 

potentially improving taxonomic identifications. Unfortunately, geometric morphometric 

analysis of isolated teeth is challenged by the simplicity of archosaurian teeth, which yield few 

discrete homologous points, and the often-diminutive size of specimens, which have proven 

difficult to capture in 3D. Here I characterized the shape of 32 archosaurian (theropod, 

phytosaurian, mosasaurid, mesocrocodillian) and two osteichthyan teeth using traditional linear 

measurements, 2D and 3D geometric morphometrics, as well as combinations of these 
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techniques, and analyze shape data using various multivariate techniques. I compare the 

effectiveness of these various protocols based on accuracy (correct placement of teeth in known 

taxonomic groups), data discrimination (ability to reduce convex hull overlap, identify 

ontogenetic differences, and account for preservation quality), amount of time and labor 

necessary, and complexity of the approach. Although data collection effort is significantly 

higher, I find optimum accuracy and data discrimination of isolated archosaurian teeth when 2D 

landmarks are used, and find additional value in combining linear measurements with either 2D 

and 3D landmarks. 

 

INTRODUCTION 

Historically, the practice of analyzing biological morphology was a descriptive field 

(Thompson 1917). However, the early 20th century saw a paradigm shift towards quantitative 

approaches, concurrent with the advent of statistical methods such as correlation coefficient 

(Pearson 1895), variance analysis (Fisher 1935), and principal component analysis (Hotelling 

1933; Pearson 1901). The application of various morphometric methods gained increasing favor 

towards the later part of the century (Bookstein 1998; Adams et al. 2004), and morphometrics 

have been utilized in a wide array of fields such as comparative anatomy (Harvati 2003; 

Marugan-Lobon & Buscalioni 2003; Marugán‐Lobón & Buscalioni 2009), functional 

morphology (Andrews 1974; Nickel et al. 2006; Kulemeyer et al. 2009), ontogeny (Fink & 

Zelditch 1995; Rohlf 1998), phylogenetics (Zelditch et al. 1995; Stone 2003; González-José et al. 

2008; Klingenberg & Gidaszewski 2010), and taxonomy (Dodson 1976; Chapman & Brett-

Surman 1990; Naylor & Marcus 1994).  
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Morphometric analyses are conducted using either traditional or geometric 

morphometrics, the former relying on a series of measured variables such as linear 

measurements, angles, volume, area, and ratios (Blackith & Reyment 1971; Bookstein 1978), 

and the latter utilizing a series of 2-dimensional or 3-dimensional landmarks, placed at 

homologous points along a comparable area of interest (Richtsmeier et al. 2002; Small 2012).  

Isolated teeth offer an abundance of biological information, as compared to other 

anatomical structures, and are particularly useful for addressing paleontological questions at the 

community level (Brinkman 1990). Terrestrial vertebrates such as archosaurs and lizards exhibit 

polyphyodonty, continuously shedding their teeth into the environment throughout their lifetime. 

Additionally, teeth are covered in enamel, one of the strongest biological substances (Shellis et 

al. 1998), and are therefore particularly resistant to abrasion and decomposition, preserving much 

of their structural integrity and morphological information (Argast et al. 1987; Teaford 1988). 

Together, these factors lead to high preservation potential and underscore the usefulness of 

isolated teeth for understanding fossil vertebrate assemblages (e.g. Estes 1964; Dodson 1983; 

Dodson et al. 1987; Fiorillo 1989; Evans & Milner 1994; Hasegawa et al. 1995; Long & Murry 

1995; Chinnery et al. 1998; Larsson & Sidor 1999; Lucas et al. 1999; Weishampel et al. 1999; 

Nydam 2000; Papazzoni 2003; Heckert 2004; Zanno & Makovicky 2011; Gates et al. 2013; 

Oreska et al. 2013; Gerke & Wings 2016; Frederickson et al. 2017; Schoch et al. 2018). 

Until recently, the practice of assigning isolated archosaurian teeth has depended largely 

on traditional morphometrics (e.g., Sankey et al. 2002; Smith et al. 2005; Larson & Currie 2013; 

Hendrickx et al. 2014; Williamson & Brusatte 2014; Gerke & Wings 2016). This is because 

archosaurian teeth are simple geometric shapes, with few identifiable homologous points that can 

be associated with manually placed landmarks. Furthermore, until recently, capturing accurate 
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3D data on diminutive objects has been an impractical or impossible task, and by contrast, 

collecting linear measurement data is a relatively low investment in terms of time, labor, and 

complexity. 

Prior to Smith et al. (2005) many studies using isolated teeth based taxonomic referrals 

on gross similarity with the teeth of other dinosaurs (e.g., Fiorillo & Currie 1994; Zinke 1998; 

Fiorillo & Gangloff 2000; Sankey et al. 2002; Buffetaut et al. 2004). Smith et al. (2005) was one 

of the first to apply a rigorous approach at discriminating theropod tooth morphologies using 

quantitative morphometrics. The objective was to determine if isolated theropod teeth could be 

correctly classified to refined taxonomic levels. The researchers created a dataset of 345 teeth, 

comprised of 325 insitu teeth belonging to 20 theropod clades, and 20 isolated cf. Tyrannosaurus 

teeth. Seventeen morphological variables comprised of linear measurements, curvature profiles, 

serration densities, and serration size densities were used in a series of different multivariate 

analyses.  

Smith et al. (2005) performed four analyses of variance (ANOVA) tested the between-

taxon comparisons of four size variables and another four ANOVAs tested the between-taxon 

comparisons of shape and denticle size variables. These tests showed that the individual dental 

characteristics of theropod teeth had high discrimination potential. Next, the authors conducted a 

linear discriminant analysis (LDA), which successfully classified 15 of the 20 theropod groups in 

every case, with the 5 remaining groups correctly classified in over 95% of the cases. Overall, 

97% of specimens were said to be correctly classified. The authors noted that this high success 

rate was surprising, especially due to the high degree of morphological variation along the dental 

row in some theropod groups such as T.rex and Masiakasaurus; a result later linked to a small 
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sample size comprised of a restricted number of taxa with similar dentitions (Hendrickx et al 

2014). 

Despite the small sample size, Smith et al. (2005) showed that most isolated theropod 

teeth can be identified, or at least classified, within a reasonable degree of certainty to the genus 

level using numerical dental information. This work opened up the possibility of utilizing the 

previously ignored collections of abundant isolated theropod teeth to address paleoecological and 

biogeographic questions.  

Larson & Currie (2013) sought to test if isolated coelurosaurian teeth could be reliably 

referred to the species level. In this study, they used teeth that were previously described from 

more complete skeletal material, specifically Dromaeosaurus albertensis, Richardoestesia 

gilmorei, Saurornitholestes langstoni, and Troodon formosus. Additionally, the authors aimed to 

assess the taxonomic diversity of ten western North American lithostratigraphic units, which 

span the last 18 million years of the Cretaceous, in order to determine if faunal turnovers could 

be quantifiably documented.  

The authors compiled a dataset on the measurements of 1183 complete teeth. Each tooth 

was classified as belonging to one of ten Late Cretaceous formations and measured using three 

linear measurements and two denticle density variables. A canonical variate analysis (CVA) was 

performed on 1047 of the teeth (Figure 2.1), and a series of LDAs was performed using the 

entire dataset. 

These analyses parsed the sample into 23 distinct tooth morphotypes, each likely 

representing a distinct theropod taxon from one of the ten formations. When placed in a 

stratigraphic context, these tooth morphotypes revealed two important diversity trends: (1) the 

Late Cretaceous of North America had a far greater diversity of small theropods than previously 
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recognized and therefore hosted multiple theropod faunal turnovers comparable to those 

recognized in other dinosaur lineages (Currie 2003; Ryan & Currie 2005); and (2) theropod 

diversity was higher during the Late Campanian and lower towards the Cretaceous–Paleogene 

(K–Pg) extinction event, in alignment with data derived from a number of other dinosaur clades 

by previous authors (Sloan et al. 1986; Barrett et al. 2009; Campione & Evans 2011; Lloyd 

2011).  

These results suggested that distinct taxa could be identified with high resolution from a 

series of different formations, even if those formations lacked other skeletal material. However, 

the authors noted that referring temporally or geographically isolated material to the species or 

genus level is unwise without quantifying similarities. Additionally, the authors noted three other 

concerns. Some of the difficulties involving distinguishing tooth morphologies in their analysis 

may be attributable to incorrect referrals based on a priori hypotheses. For example, analyses 

were more robust if taxonomic groups were previously described with in situ teeth (e.g., 

dromaeosaurids and some Richardoestesia taxa). Analyses performed with small sample sizes 

(n<10) were often difficult to interpret and produced inconsistent results and analyses performed 

on closely related taxa usually suffered from poor discrimination, due to similar dental 

morphologies. Nonetheless, this study highlighted the potential for similar biodiversity analyses 

to be conducted in other formations across the globe, especially those with poor skeletal 

representations. However, the potential for variation due to ontogeny and heterodonty across the 

tooth row should be taken into consideration, as failure to do so may result in over splitting of 

taxa. 
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Figure 2.1: Canonical variate analysis 

Canonical variate analysis (CVA) of 1047 Late Cretaceous North America theropod teeth using four linear measurements (reproduced 

from Larson & Currie 2013).  
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Williamson & Brusatte (2014) recognized that well documented studies of theropod 

biodiversity using isolated teeth had been primarily focused on faunas of the northern Rockies. 

Therefore, it was unknown whether the southern North America theropod faunas were distinct 

from those in the north. Furthermore, investigating the taxonomic diversity of southern faunas 

was paramount to a more complete understanding of the biodiversity changes occurring in North 

American towards the end of the Cretaceous.  

The authors used the Larson & Currie (2013) dataset and added 116 isolated theropod 

teeth, collected from six lithostratigraphic units in the San Juan Basin of Northwestern New 

Mexico, spanning the Santonian, late Campanian, and late Maastrichtian. A synapomorphy-

based approach was initially used to classify some of the teeth with discrete characters known to 

be phylogenetically distinct. Next, a PCA was performed to see if teeth from the San Juan Basin 

overlapped with teeth that were previously referred to specific groups from other geographic 

regions (Figure 2.2). Finally, a series of LDAs were performed in order to see if there was a 

distinction between tooth morphologies from the San Juan Basin and the better constrained tooth 

morphologies from the northern areas. The authors employed the same five tooth measurement 

variables used in Larson & Currie (2013). 

The sample size of teeth from Santonian-age strata of the San Juan Basin was small and 

revealed the presence of tyrannosaurid and dromaeosaurid teeth. The small tyrannosaurid teeth 

were described as sharing a similar morphology to small tyrannosaurid teeth from the 

contemporaneous Milk River Formation of Alberta, whereas the dromaeosaurid teeth were 

described as possibly distinct from any other western North American dromaeosaurids. 

Similarly, the authors found the specimens from the Campanian age strata of the San Juan Basin 
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to be similar to those of Campanian age strata from the north, with differences being related to 

relative abundance of some taxa, specifically troodontids and a Dromaeosaurus-like taxon. 

Lastly, the tooth morphotypes from the Maastrichtian age strata of the San Juan Basin 

were found to be similar to those of Maastrichtian age strata from the north. However, the 

authors noted that the recovery of an abundant troodontid tooth morphotype, which was not 

present in the northern latest Cretaceous faunas, suggested that some differences may indeed 

exist between the western American faunas of the north and south. Overall, the authors found 

that the San Juan Basin faunas did not seem to indicate major reductions in theropod diversity 

during the Campanian to the Maastrichtian, and the diversity and faunal patterns of the northern 

regions were largely consistent with those in the south.  
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Figure 2.2: Principal component analysis  

(A) Principal component analysis (PCA) of ~1163 Late Cretaceous North America theropod teeth using five linear measurements 

(Williamson & Brusatte 2014). (B) Same analysis with only the San Juan Basin specimens visualized. (reproduced from Williamson 

& Brusatte 2014)
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Hendrickx et al. (2014) aimed to provide a comprehensive description of the dentition of 

Megalosauridae, a clade of large theropod dinosaurs that share a suite of dental similarities with 

other ziphodont theropods. Multivariate approaches were used to compare the teeth of 

megalosaurids to all major theropod clades in order to parse out quantitative distinctions. The 

authors compiled an extensive sample of theropod tooth diversity, including 995 teeth 

represented by 62 theropod taxa and 19 groupings, and performed a series of multivariate 

analyses.  

Hendrickx et al. (2014) performed four linear discriminant analyses, the first of which 

was the most taxonomically inclusive (Figure 2.3 A). A second analysis was performed on a 

reduced dataset of 393 teeth, incorporating only those theropods whose dentition was most 

similar to Megalosauridae (Figure 2.3 B). The third analysis was performed on 232 teeth 

representing seven taxa and separated based on lateral or mesial dental position (Figure 2.3 C). 

The final analysis was performed on 81 teeth representing seven megalosaurid taxa, and one 

indeterminate tetanuran (Figure 2.3 D). All analyses utilized a total of eight morphological 

variables, except for the final analysis, which used 15 (Figure 2.3 D). 

The analyses were able to effectively distinguish Megalosauridae from theropod clades 

with specialized dentitions, such as Coelophysoidea, Spinosauridae, and Tyrannosauroidea. 

However, they failed to significantly distinguish Megalosauridae teeth from other clades with 

morphologically similar dentition, specifically Ceratosauridae, early diverging megalosauroids, 

and Allosauroidea.  

Table 2.1 is derived from the confusion matrix of the LDA represented in Figure 2.3 A 

and shows the percent of correctly identified taxa to each of their respective groupings. In the 

LDA using the entire tooth dataset only 71% of specimens were correctly classified to their 
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correct groupings, a number that dropped to 66.5% in the LDA considering only Megalosauridae 

teeth. Teeth belonging to early diverging theropods, troodontids, spinosaurids, Richardoestesia, 

and Nuthetes had the highest correct classifications at 85% – 94%. In contrast, the analysis had 

the most difficulty classifying ceratosaurid and megalosaurid teeth, with only 15% – 21% 

correctly classified.  

The issues with correct classifications were explained due to the significant amount of 

overlap observed by teeth with similar dental morphologies, such as small teeth with small 

denticles and large teeth with large denticles. This is highlighted further in the LDA produced 

using the reduced dataset of only large ziphodont teeth (Figure 2.3 D), which shows that teeth of 

Megalosauridae and other large ziphodont theropods occupy the same morphospace, even when 

a greater number of measurement variables are incorporated. Some overlap was attributed to the 

degree of variation between mesial and lateral dentitions, highlighted in (Figure 2.3 C), which 

split taxonomic groups between mesial and lateral teeth, resulting in distinct differences in 

morphospace occupation.  

The authors state that LDAs should be used cautiously when analyzing large ziphodont 

teeth due to the difficulties in distinguishing tooth dimensions and denticle quantity; suggesting 

quantitive identifications are only reliable for clades with distinct, easily quantified 

morphological characteristics such as those of Troodontidae, Spinosauridae, and 

Tyrannosauridae. Hendrickx et al. 2014 proposed three possibilities that may overcome the 

issues of poor discrimination: using additional morphological variables or measurements, 

increasing sample size, and utilizing geometric morphometrics.  
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Figure 2.3: Linear discriminant analysis 

(A – D) Linear discriminant analyses. (A) Entire dataset of 995 teeth sampled widely across the 

Mesozoic theropod diversity. Eigenvectors correspond to eight measurement variables. (B) 393 

teeth representing 11 groups of large ziphodont theropods. Eigenvectors correspond to eight 

measurement variables.  
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Figure 2.3 (continued): (C) 232 teeth representing 7 taxa. Groupings separated based on lateral 

or mesial dental position. Eigenvectors correspond to eight measurement variables. (D) 81 teeth 

representing 7 taxa of Megalosauridae, and one indeterminate tetanuran. Eigenvectors 

correspond to eight measurement variables. (reproduced from Hendrickx et al. 2014). 
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Table 2.1: Table of misclassification 

Table showing the percent of correctly classified specimens to their true groupings (reproduced 

from Hendrickx et al. 2014). 

  

 

 

  



 

 

107 

Per the concerns mentioned in the previous studies, I sought additional ways of reducing 

or eliminating the overlapping regions in multivariate analyses of tooth morphology. I initially 

considered increasing the number of standard measurements, in order to capture a wider breadth 

of morphological data, by using additional linear measurements, ratios, and angles. However, the 

morphology of archosaurian teeth are relatively simple geometric shapes and the lack of discrete 

homologous points across comparable specimens would potentially introduce a greater degree of 

human error due to inconsistent measurements or poorly quantified tooth features, limiting the 

reliability of this approach. Geometric morphometrics, by comparison, offers a more effective 

means to standardize morphological comparisons. Techniques in geometric morphometrics, such 

as generalized Procrustes superimposition of sliding semilandmarks, allow for the automatic 

placement of equally spaced landmarks across corresponding objects of interest (Polly 2012; 

Pomidor et al. 2016).  

Therefore, the application of geometric morphometrics may allow for a wider breadth of 

morphological information to be considered in studies focusing on the quantitive analysis of 

archosaurian teeth, such as those mentioned previously, which may have been limited by 

utilizing an insufficient quantity of measurement variables. Here I employ a series of various 

approaches to data collection, data processing, and statistical analyses in order to compare and 

contrast the effectiveness of three morphometric methodological approaches, (Traditional linear 

measurements, 2D-landmarks, and 3D landmarks) for parsing out taxonomic referrals on 

archosaurian teeth. Specifically, I address the following two questions: (1) which of these three 

methods produce the least overlap of convex hulls (effectiveness at discriminating data); and (2) 

which methods require the least investment in terms of time and labor? Additionally, the effects 

of tooth preservation quality and variation due to dental placement (teeth with left or right 
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recurvature in mesial view depending on dental position) are important considerations. However, 

addressing these questions confidently is difficult with a sample size of only 34 teeth; where only 

indeterminate theropod tooth #2 and #3 represent the same tooth with different preservation 

quality, and only three troodontid theropod and three dromaeosaurid theropod teeth display 

significant recurvature in mesial view. Nonetheless, the effects of these preservational and 

morphological factors will be addressed briefly.  

Although other derivatives of these approaches exist, such as using various outline 

analyses instead of 2D-landmarks (e.g. Lestrel 1982; 1989; Lohmann 1983; MacLeod 1999; 

Joshi et al. 2011), I focus on those most commonly used by relevant studies.  

 

MATERIALS AND METHODS 

Data Collection 

All analyses were performed using a sample of 34 teeth placed into one of nine groups 

(Figure 2.4). Due to long data collection times required for 3D-landmark approaches, a sample 

size of only 34 teeth was constructed in order to maintain consistent comparisons between all 

analyses. The sample is composed of 18 theropod dinosaur teeth (grouped into sub-categories 

[three dromaeosaurid teeth, three troodontid teeth, three cf. spinosaurid teeth, and nine 

indeterminate theropods]), five phytosaurian teeth, five mosasaurid teeth, four mesocrocodillian 

teeth, and two osteichthyan (Enchodus) teeth. The teeth included in the sample were selected 

because they overlap in general morphology, a particular problem references by the previously 

discussed studies, and therefore allow me to assess which of the methodologies tested results in 

the greatest improvement in data discrimination. 
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Figure 2.4: Tooth taxon chart 

Chart showing taxonomic groupings of all 34 teeth and corresponding colors/symbols used in 

multivariate analyses. Taxon images were labeled for reuse and sourced from Creative 

Commons, Wikimedia Commons, and Google Images; or taken from screenshots of 3D models 

overlain with self-made textures.  
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Figure 2.4: Tooth taxon chart (continued) 
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Linear Measurement Data Collection 

Collection of linear measurements followed Hendrickx et al. (2014), resulting in a total of 

11 variables corresponding to eight linear measurements and three ratios (Figure 2.5): CH = 

tooth crown height, CBL = crown basal length, CBW = crown basal width, AL = apical length, 

MCL = mid-crown length, MCW = mid-crown width, MC = mesiocentral denticle density per 

mm, DC = distocentral denticle density per mm, CBR = crown base ratio, CHR = crown height 

ratio, MCR = mid-crown ratio. Measurements were collected using Starret 798 calipers and a 

free digital Microsoft Windows timer was used to document the duration of each procedure 

(Table 2.2). In order to represent realistic data collection times, external factors influencing 

extended data collection times were included. These mid-data collection disruptions include 

factors such as technical difficulties, momentary distractions, personal hydration breaks, and 

confusion on how to proceed during the middle of the data collection process (e.g. determining 

how to collect certain measurements on fractured tooth #3). Data was opened in a Microsoft 

Excel document, organized and labelled, and pasted into the free statistical program PAST 

(Hammer et al. 2001) for analyses.  
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Figure 2.5: Anatomical Abbreviations 

Directions of all 8 linear measurements. (CH) tooth crown height, (CBL) crown basal length, 

(CBW) crown basal width, (AL) apical length, (MCL) mid-crown length, (MCW) mid-crown 

width, (MC) mesiocentral denticle density per mm, (DC) distocentral denticle density per mm. 
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Table 2.2: Data collection times  

Data collection times for linear measurements, 2D landmarks, and 3D landmarks for all 34 teeth in the sample. 
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2D Procrustes Landmark Data Collection 

Photographing teeth 

Images of all 34 teeth were digitally photographed using an iPhone 7 camera. In order to 

capture both dimensional planes each tooth was imaged twice, corresponding with a lateral view 

and a mesial view (Figure 2.6), resulting in a total of 68 images. Extra care was taken while 

imaging in order to maintain a consistent angle and mitigate possible deformations, as images 

taken at inconsistent angles will result in varying degrees of inaccurate representation and disrupt 

later procedures (see figure 2.7).  
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Figure 2.6: Tooth views with 99 landmarks 

Tooth showing the two views in lateral and mesial view, with 99 landmarks plotted around the 

outline.   
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Figure 2.7: Camera position for 2D photographs 

A, Camera is too close to tooth of that size. B, Camera is at an inappropriate angle. C, Camera is at an appropriate distance and angle 

for a tooth of that size. Smaller teeth will require the camera to be closer.  
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Image modification 

Using the Adobe Photoshop (Photoshop 2015) batch processing with recorded actions, all 

images were slightly downsized (to reduce file size) and thresholded to remove artifacts such as 

shadows, producing an image composed of only white and black pixels (a black tooth 

surrounded by a white background). This was done to ensure accurate capture of outlines in later 

procedures, however it should be noted that this step is not necessarily required. If imaging is 

performed using optimal lighting in front of an appropriately contrasting background and the 

tpsDig outline object tool is calibrated appropriately there will be little to no need for external 

modification of images using accessory software.  

 

Collecting outlines 

2D landmarks were collected using the free program tpsDIG2 (Rohlf 2016), in 

conjunction with the free utility program tpsUtil (Rohlf 2018). Using the tpsUtil operation “build 

tps file from images” a TPS file was created containing all 34 tooth images in lateral view. Next, 

this TPS file was imported into tpsDig and XY coordinate outlines were collected on each tooth 

using the outline object tool.  

There are three important things to consider for the previous step to be performed 

appropriately. First, prior to the collection of any outline, the option “outline lengths in steps” 

must be selected (this ensures all XY coordinates are equally spaced). Second, it is important to 

understand how the outline object tool operates to maintain consistent capture of comparable 

specimens. The outline object tool will search to the left to find the left side of the object and 

circle around the object until it finds its starting point (Rohlf 2016). Therefore, teeth images were 

rotated so that the tooth apex occupied the region of the image furthest to the left and the outline 
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object pointer was placed slightly to the right of the tooth apex (still within the black region of 

the tooth). This allows all specimens to have their first landmark occupy the tooth apex, which is 

arguably the most homologous point across all specimens.  

Lastly, after capturing the outline, which will be denoted as a yellow border around the 

object, XY coordinates must be saved by right clicking on the image and selecting the save 

option. The program will ask for the number of coordinates to be saved, which will be 

transformed into corresponding landmarks in the following operation. Therefore, it would be 

wise to label TPS files with the desired number of landmarks whilst saving a consistent number 

of XY coordinates for all images within.  

 

Creating landmarks from XY coordinates 

After XY coordinates were saved for all 34 images, tpsUtil was used to convert all XY 

coordinates into landmarks by using the “convert tps XY outline to landmarks” operation. Next, 

the tpsUtil operation “delete/reorder landmarks” was used to remove the last landmark, which 

overlaps with the first (e.g. landmark 1 and 100 overlap when n=100) (Figure 2.6). This step is 

not mandatory, however, in analyses with fewer landmarks this redundancy may result in a 

higher chance of improperly weighted variables.  

 

Exporting landmark data  

 Next, the tpsUtil operation “convert tps/nts coordinates file” was used to export a CSV 

file with all landmarks. Two 10-landmark files representing teeth in lateral and mesial views 

were exported, and two 100-landmark files representing teeth in lateral and mesial views were 

exported. Landmark data was opened in a Microsoft Excel document and lateral and mesial view 
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landmarks were combined. It should be notated that for the analyses in PAST to be performed 

correctly, the data must undergo a Procrustes transformation. In order to do this appropriately, 

landmarks corresponding to lateral and mesial views must be Procrustes transformed by rotating 

all landmarks to major axis and disregarding size. This must be done for each view (lateral and 

mesial) separately. For example, when performing an analysis using 10 landmarks in lateral view 

and 10 landmarks in mesial view, all 10 lateral view landmarks must be transformed 

simultaneously, and then all 10 mesial view landmarks must be transformed simultaneously.  

 

3D Procrustes Landmark Analysis Workflow 

Overview of utilized software 

Images of teeth were extracted from video files using the free program Free Video to JPG 

Converter (DVDVideoSoft 2018). Adobe Photoshop (Photoshop 2015) was used for image 

modification, but is not necessarily required for all circumstances. 3D models were rendered 

using Agisoft Photoscan Professional Edition version 1.2.0.2127 (Agisoft & St Petersburg 2014) 

(Figure 2.8). 3D landmarks were collected using the free program Generalized Procrustes 

Surface Superimposition (GPSA) (Pomidor et al. 2016). Additionally, the program Checkpoint 

(Checkpoint 2017) was used to visually verify correct associations between landmark data and 

corresponding labels (Figure 2.9). 3D landmark data was opened in a Microsoft Excel document 

organized with desired labeling, and pasted into the free statistical program PAST (Hammer et 

al. 2001) for analyses.  
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Figure 2.8: 3D models  

(Left) Six of the 34 teeth in the sample, rendered in 3D using Agisoft Photogrammetry. Teeth 

display a wide range of morphological shape diversity. From top left to bottom right: 

Mesocrocodillian tooth #30, troodontid tooth #10, mosasaurid tooth #26, phytosaurian anterior 

tooth #21, spinosaurid tooth #18, and indeterminate theropod tooth #14. (Right) The mean tooth 

shape of all 34 teeth, produced using the GPSA, showing the regions accounting for the greatest 

variation.
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Figure 2.9: Checkpoint landmarks 

Visualization of the generalized procrustes mean tooth with 402 3D landmarks using the Stratovan Checkpoint software. From left to 

right: lateral view, oblique view, mesial view, oblique view and lateral view. 
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Challenges of photographing small objects 

The traditional method of creating accurate 3D models of objects using Agisoft 

Photoscan requires an object to be imaged from multiple sides. The program uses these images to 

reconstruct a 3D model by identifying and matching common points on photographs and finding 

the position of the camera for each picture.  

An abundance of high resolution photographs usually corresponds to the production of 

better-quality models, as higher resolution pictures will offer more common points to be 

identified. Currently however, collecting high resolution images on diminutive objects in the cm 

to sub-cm range can be difficult because many cameras are not able to capture high resolution 

images at such high magnifications; and even cameras equipped with microscopes or macro 

lenses usually suffer from in depth of field distortion, focal length blurring, and decreased 

resolution at higher magnifications. Furthermore, larger objects are typically photographed at a 

distance, using a flat base with various symbols that act as easily identifiable common points. 

Photographing small scale objects requires the camera to be near the object, therefore any 

external symbols often fall out of focus. There are ways to remedy these challenges, such as 

using specialized microscopes and image stacking to correct for depth of field blur. However, I 

have found these approaches tenuous, laborious, impractical, and most importantly, ineffective. 

It should be noted that some details of the following steps are subject to variation and 

modification depending on the research question, objects of interest, and accessibility to the 

tools, items, and software listed previously. For instance, other smartphones equipped with high-

quality cameras may perform comparable to or better than an iPhone 7, and a DSLR camera, 

equipped with a macro lens, is likely to produce higher quality recordings than most 

smartphones, however large cameras offer less maneuverability when using small light boxes. 
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Furthermore, if one does not wish to invest in Agisoft Photoscan, other free photogrammetry 

programs exist such as the SterioMorph package (Olsen & Westneat 2015) for R statistics. The 

practice of capturing, processing, and analyzing 3D information is rapidly evolving, and it is 

likely that future applications will allow for many of the following steps to be simplified or 

eliminated altogether.  

 

A solution: recording video of teeth 

Rather than taking individual images of a stationary tooth, I employ a method using video 

recording of a rotating tooth. A video is essentially a series of images taken in rapid succession. 

This offers a distinct advantage to photographs because hundreds of images can be acquired 

relatively quickly.  

I acquired a low rpm motor from DC Gear Motor, specifically a Bemonoc 3V high 

torque, low speed, reversible worm gear motor with a 6mm shaft rotating at 3rpm. This motor 

was placed inside of an eka Co. portable photo light box.  

Next, I rolled red and green Sculpey polymer clay into two equally sized spheres, 

approximately the size of a pea. The purpose of different colored clay is to help Agisoft 

Photoscan identify camera locations during later processes. The specific colors do not 

necessarily matter; rather it is important that they contrast with each other, and preferably to the 

object of interest. The red ball was placed at the top of the motor shaft and a tooth, with its long 

axis oriented vertically and the apex facing upwards, was securely affixed to the top of the red 

clay ball (Figure 2.10). Teeth with shiny surfaces or solid textures were coated with baby powder 

to remove glare and mitigate lighting issues.  
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Using an iPhone 7 in video recording mode (set to record in 1080p at 30 fps) I distanced 

the camera as close to the tooth as possible without sacrificing focal clarity, increased the zoom 

if necessary, activated the AE/AF lock by holding one finger down on the screen, and increased 

the exposure slightly by swiping upwards. The motor was activated, followed by initiation of the 

video recording. In a slow and steady motion, the camera was raised and lowered as the tooth 

rotated, capturing video of the tooth from multiple angles (Figure 2.11).  

After approximately one full rotation I set the phone down, without ending the recording, 

and removed the tooth so that the red clay ball could be replaced with the green clay ball. The 

tooth was then rotated 180° along its long axis and affixed to the green clay ball with its base 

facing upwards. Video recording resumed for an additional 1-1.5 rotations. This process was 

repeated for each tooth, with video durations usually lasting two to three minutes.  

Procedures varied depending on tooth size. For example: the largest teeth required more 

clay to remain affixed to the motor shaft, whereas a Kingmas phone clip-on macro lens was 

necessary to record the smallest teeth (those with a CH of ~0.5-1 cm).  
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Figure 2.10: Tooth orientations and corresponding clay color for video recording 

A, Red clay corresponding to a tooth oriented apex up and base down. B, Green clay 

corresponding to a tooth oriented apex down and base up.  
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Figure 2.11: Camera motion during video recording 

Arrows show relative motion of camera during video recording. During recording process 

camera can turn and spin in multiple directions as long as all regions of the tooth stay in frame. 

Phone camera is shown with clip on macro lens, however not necessary for a tooth of this size. 

Motor and tooth should be placed deeper into light box than shown.   
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Extracting video frames 

Currently, Agisoft Photoscan does not support video formats and will only accept still 

images. Therefore, I used the Free Video to JPG Converter (DVDVideoSoft 2018) to convert 

videos into jpg image files. Videos files were transferred from my iPhone 7 to my Windows 

computer and uploaded into the program. The program was configured to extract every 15 

frames and export them to a specific file directory.  

Depending on the video length, this can result in 100-400 images. Therefore, it is up to 

the investigator to determine the appropriate number of frames to extract. For example, video 

durations will be longer if motor shaft rotation is slower than 3rpm. In this circumstance 

extracting every 30 (or more) frames may be preferable, otherwise Agisoft Photoscan processes 

may take longer than necessary. In contrast, video durations will be shorter if motor shaft 

rotation is greater than 3rpm. In this circumstance extracting every ten (or less) frames may be 

preferable, otherwise there may not be enough overlap between images for Agisoft Photoscan to 

operate effectively. 

Lastly, images were visually inspected in the file browser, and those that do not include 

the tooth in frame (unnecessary images correspond to the halfway point of each video recording, 

when the clay spheres were exchanged and the tooth was reoriented) were deleted. 

 

Creating masks using batch processing in Photoshop 

For Agisoft Photoscan to operate properly, it must be able to discern the background from 

the object of interest, otherwise dense clouds and meshes may include numerous artifacts. There 

are two methods to creating effective masks, both with advantages and disadvantages.  
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Agisoft Photoscan can import masks directly from a background by selecting an image 

without the object of interest included. Photoscan will then use this image to discern between the 

tooth and the background. I found this method to result in long import times and variable 

reliability.  

Alternatively, masks can be imported from alpha layers. Using Adobe Photoshop batch 

processing. In Photoshop the action window was opened and a tooth image file was imported. In 

the action pane, a new action was created, which I named Background Remover, and began 

recording. First, I unlocked the main layer and created a new layer below it. Then using the wand 

tracing tool, set with a tolerance of 50, I clicked on all four corners of the top layer image, and 

deleted the selection. Next, I saved the image in a new file location as a PNG, which preserves 

the alpha layer. Lastly, I closed the image and ended the action recording.  

Using the batch processing operation, I selected the Background Remover action and 

chose the file location of the jpg images. This process was repeated for all 34 tooth image 

folders, with the save destination for PNG images as the only modification to the Background 

Remover action between operations.  

 

Constructing 3D models using Agisoft Photoscan 

To build 3D models of all 34 teeth, I used batch processing following the steps outlined 

in the Agisoft Photoscan user manual (Agisoft & St Petersburg 2014). This process is relatively 

straightforward. First, images are imported into Photoscan in two separate chunks, corresponding 

to the clay colors/tooth orientation. There should be between 30-150 images for each chunk, as a 

higher quantity of images will cause the program to proceed slowly and too few images may not 

provide enough image overlap, resulting in misalignment. Sometimes it may be easier to run the 
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entire process in a single chunk. However, this will require detailed manual removal of points 

representing the clay, after the dense cloud is constructed.  

Next, the batch processing window was opened and masks were imported as step one. If 

image modification was not performed in Photoshop, then masks were imported from 

background using a tolerance around 50-80, and applied to all images in the workspace. If 

tolerance is set too high, portions of the tooth perimeter will be cropped out and excluded from 

the following operations. This effect is greater with smaller teeth, where image resolution is 

lower and there may be considerable blur around tooth perimeters. If tolerance it too low, 

artifacts from the background may be included during alignment and may result in a deformed 

model or require extra maintenance to clean up the dense field. If images were modified in 

Photoshop to remove backgrounds, then masks were imported from alpha and applied to the 

entire workspace. 

Next, the job title “Align Photos” was selected as the second operation, applied to all 

chunks and with the constrain features by mask setting set to yes. The third job type included in 

the batch process was “Align Chunks”, applied to all chunks, followed by “Build Dense Cloud” 

as the fourth and final operation in the series. 

After the four operations concluded, both dense clouds were inspected to confirm that an 

accurate representation was constructed. Using the free-form selection tool, both clay balls were 

removed from their corresponding dense clouds, and then the two chunks were merged together. 

Lastly, a mesh was built from the merged chunk and the model was exported in the Stanford 

PLY format. This process was repeated for all 34 teeth.  
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GPSA 

After 3D models of all 34 teeth were created, the GPSA program (Pomidor et al. 2016), 

was started. First, a prototype file must be selected. The number of vertices that a prototype 

model has will correspond to the number of landmarks created. Therefore, a separate model of 

tooth six was exported from Photoscan and decimated to a target face count of 18, resulting in 11 

vertices. This model was used as the prototype file in GPSA. Next, all 34 tooth models were 

selected as the surface files, and the GPSA was initiated. After approximately three minutes, a 

data file titled “_gpsa_homologized_points.dat” was created in the same folder as the surface 

files. This data file was opened with a text editor, specifically Notepad++, and all values (3D 

landmarks) were copied into a Microsoft Excel document. Data was organized according to 

desired specifications and labeling, and pasted into PAST for analyses. 

 

Combining traditional and geometric morphometrics 

The 2D and 3D landmark analyses disregard size, however size can be an important 

biological feature that should not necessarily be disregarded. Additionally, the abundance of 

measurement data that has been collected on thousands of teeth from various studies offers a 

great deal of comparative biological information that would necessarily be disregarded in studies 

only utilizing geometric morphometrics. It is possible that analyses combining traditional and 

geometric morphometrics could improve data discrimination. However, there are challenges with 

combining these datasets.  

The greatest challenge involved with combing measurement variables and landmark data 

is that the numerical information differs greatly. Analyses performed with a combination of non-

transformed linear measurements and landmark data often result in complete failure or 



 

 

131 

inappropriately loadings and most data transformations are not possible across all three 

morphometric approaches in this study. Log-transforming all data simultaneously is not possible 

because 3D-landmark data contains negative numbers. Likewise, transforming all 11 linear 

measurements into 2D or 3D landmarks is not possible for this study because 2D Procrustes 

transformation requires an even number of variables and 3D Procrustes transformation requires 

variables to be ordered in multiples of three. Nonetheless, preliminary tests did produce 

favorable results when linear measurements were Procrustes transformed into landmark data. 

However, this required some linear measurements to be either completely removed, or 

temporarily removed, transformed separately, and reincluded into the dataset; a labor-intensive 

task that did not allow consistent comparisons between analyses.  

Two transformations included in PAST (converting to ranks and Box-Cox 

transformation) were found to be consistently reliable across all datasets. Converting data to 

ranks is a transformation that replaces numerical and ordinal values with a corresponding rank 

after the data is sorted. This transformation initially seemed to produce the best separation 

potential and balance between the two datatypes, and therefore all PCAs and LDAs combining 

traditional and geometric morphometrics reported here were performed with rank converted data.  

 

Multivariate Approaches 

Although a wide array of multivariate approaches has been utilized in archosaurian tooth 

studies (Sankey et al. 2002; Smith et al. 2005; Larson & Currie 2013; Hendrickx et al. 2014; 

Williamson & Brusatte 2014; Gerke & Wings 2016; de Oliveira & Pinheiro 2017), the most 

widely used are PCAs, LDAs, and CVAs. Complications arise when trying to run LDAs or 

CVAs with some of the geometric morphometric approaches. CVAs are not possible with some 
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datasets because they are unable to handle a large quantity of landmark data without significant 

transformation to the data. LDAs are not possible with some datasets because they require more 

cases than variables. In other words, since the same sample of 34 teeth is used for each analysis, 

each analysis must contain 33 or fewer variables, making an LDA with a large number of 

landmarks impossible. Nonetheless, LDAs have the advantage of providing a confusion matrix, 

which indicates the number of cases that have been misclassified into other groups. Therefore, 

for the purposes of this study, only PCAs and a few LDAs will be performed and primarily 

reported.  

All analyses were performed in PAST version 3.5 (Hammer et al. 2001). Every PCA was 

performed twice, using either disregard-group or between-group. Disregarding groups is useful 

for determining the accuracy (correct placement of the tooth in a known taxonomic group) of 

each morphometric method. In disregard-group only morphological data is considered. 

Therefore, the more isolated and densely packed a group is from other convex hulls, the greater 

the accuracy. For between-group, the eigenanalysis is performed on the group means and usually 

results in better separation. This is more likely to be useful when attempting to estimate the 

correct placement of uncategorized data (i.e. identifying taxonomic referrals of isolated teeth) in 

a dataset with samples belonging to predetermined groups.  

Several graphs contain an associated biplot. The biplot shows the projection of the 

eigenvector principal loadings. The length of an eigenvector (green line) corresponds to the 

magnitude of influence that variable contributes to the analysis. The orientation of an eigenvector 

represents the direction of influence that variable has on the graphical projection. Biplots are 

excluded from analyses that incorporate many variables because the high density of eigenvectors 

is difficult to decipher and manipulate during post-analysis modifications. 
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RESULTS 

PCA Analyses 

Linear Measurements 

Two disregard-group and two between-group analyses were performed using either raw 

measurement data or log-transformed measurement data (Figure 2.12). Data was log-transformed 

to better reflect a normally distributed multivariate dataset. When data is not transformed (Figure 

2.12 A and B), the results are nearly identical for both disregard groups and between-groups 

analysis. Both analyses show seven of the nine groups overlapping with one or more groups. 

Troodontid theropods are densely clustered together, whereas the indeterminate theropod convex 

hull spans the length of the x-axis.  

Group overlap is reduced when data is log-transformed. The most effective separation of 

convex hulls occurs when groups are disregarded, with troodontid theropod, dromaeosaurid 

theropod, and mesocrocodillian completely isolated from other groups. However, mosasaurid 

teeth overlap with both phytosaurian and spinosaurid theropod teeth, and two Enchodus teeth and 

the phytosaurian anterior tooth plot within the indeterminate theropod hull. In both disregard-

group and between-group analyses, indeterminate theropod teeth #2 and #3 plot in close 

proximity to each other. The greatest overlap between sampled teeth occurs in the log-

transformed between-group analysis (Figure 2.12 D), where only troodontid theropod teeth and 

the phytosaurian anterior tooth are completely isolated and the indeterminate theropod group 

overlaps with dromaeosaurid theropod, mesocrocodillian, spinosaurid theropod, mosasaurid, and 

Enchodus teeth.  
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Figure 2.12: PCAs using linear measurement data 
(A) PCA of non-transformed linear measurement data (disregard groups). (B) PCA of non-

transformed linear measurement data (between groups).  
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Figure 2.12 (continued): PCAs using linear measurement data 
(C) PCA of log-transformed linear measurement data (disregard groups). (D) PCA of log-

transformed linear measurement data (between groups).  
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2D-Landmarks 

Two disregard-group and two between-group analyses were performed each using either 

20 2D landmarks (Figure 2.13 A-B) or 200 2D landmarks (Figure 2.13 C-D). As previously 

stated, each analysis contains an equal number of landmarks from both lateral and mesial views 

(i.e., the 20 landmark analyses combine 10 landmarks in lateral view with 10 landmarks in 

mesial view). All graphical outputs show similar results. Troodontid theropod teeth occupy a 

wide, isolated convex hull, with all three teeth showing an equal distance of separation and tooth 

#10 slightly overlapping into the indeterminate theropod hull. Dromaeosaurid theropod teeth 

always overlap with (and is usually contained within) the indeterminate theropod hull. 

Phytosaurian teeth #20 and #19 always overlaps into mosasaurid, except in the 200 2D-landmark 

analysis between-group, where phytosaurian tooth #22 plots slightly outside of mosasaurid. The 

spinosaurid theropod convex hull always overlaps slightly with mesocrocodillian because tooth 

#16 plots closer to mesocrocodillian teeth than the other two spinosaurid teeth. The two 

Enchodus teeth and the phytosaurian anterior tooth never overlap with any other group. 

Mosasaurid teeth always display the widest convex hull, followed by indeterminate theropods 

teeth (an expected result due to these groups containing teeth with the greatest morphological 

diversity). Indeterminate theropod teeth #2 and #3 are always significantly separated from each 

other, plotting closer to Dromaeosaurid tooth #6 and indeterminate theropod tooth #1 

respectively, than to each other.  
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Figure 2.13: PCAs using 2D landmark data  
(A) PCA of 20 2D landmarks (disregard groups). (B) PCA of 20 2D landmarks (between 

groups). (C) PCA of 200 2D landmarks (disregard groups). (D) PCA of 200 2D landmarks 

(between groups) 
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Figure 2.13 (continued): PCAs using 2D landmark data  
(C) PCA of 200 2D landmarks (disregard groups). (D) PCA of 200 2D landmarks (between 

groups) 
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3D-Landmarks 

Three disregard-group and three between-group analyses were performed each using a 

sample of 11, 53, or 402 3D landmarks (Figure 2.14). The results of each analysis vary 

considerably; however, there are several consistent themes. Except for the 402 3D-landmark 

between group analysis, tooth mosasaurid tooth #27 consistently plots far from all other teeth, 

enlarging the mosasaurid convex hull. The phytosaurian anterior tooth consistently plots at the 

furthest regions of morphospace, usually nearest to Enchodus tooth #25 and indeterminate 

theropod tooth #14. Indeterminate theropod teeth #2 and #3 plot relatively close to each other; 

however, they are usually more proximal to other teeth in the sample than they are to each other. 

Enchodus tooth #24 and #25 plot far from each other, with tooth #24 usually overlapping with 

the indeterminate theropod convex hull.  

The analyses of 11 3D-landmarks result in a substantial amount of overlap between all 

groups except the phytosaurian anterior tooth (Figure 2.14 A-B). The 53 3D-landmark analysis 

(Figure 2.14 C-D) shows only slightly reduced convex hull overlap compared to the 11 3D-

landmark analyses. The disregard-group analysis (Figure 2.14 C) results in a significant overlap 

between every group except the phytosaurian and mesocrocodillian convex hulls. The troodontid 

theropod convex hull is small and overlaps slightly with mosasaurid teeth. Indeterminate 

theropod teeth overlap with spinosaurid theropod teeth, dromaeosaurid theropod teeth, and 

Enchodus tooth #24. The between-group analysis (Figure 2.14 D) is similar; however, 

mesocrocodillian teeth overlap slightly with mosasaurid teeth, whereas phytosaurian teeth, 

troodontid theropod teeth, and spinosaurid theropod teeth do not overlap with other groups. The 

402 3D-landmark analysis (Figure 2.14 E-F) results in a similar amount of convex hull 

separation as the 53 3D-landmark analysis, with overlap between every group except spinosaurid 
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theropod in the disregard-group analysis, and overlap between every group except spinosaurid 

theropod and mesocrocodillian in the between-group analysis.  

 

 
Figure 2.14: PCAs using 3D landmark data  
(A) PCA of 11 3D landmarks (disregard groups). (B) PCA of 11 3D landmarks (between 

groups). 
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Figure 2.14 (continued): PCAs using 3D landmark data  
(C) PCA of 53 3D landmarks (disregard groups). (D) PCA of 53 3D landmarks (between 

groups). 
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Figure 2.14 (continued): PCAs using 3D landmark data  
(E) PCA of 402 3D landmarks (disregard groups). (F) PCA of 402 3D landmarks (between 

groups). 
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Combining linear measurements and 2D-Landmarks 

Two disregard-group and two between-group analyses were performed using linear 

measurement combined with either 20 or 200 2D landmarks (Figure 2.15). The results of each 

analysis are similar in the amount of separation of taxonomic groups. The analysis combining 

linear measurements and 20 2D-landmarks (Figure 2.15 A-B) completely separate all theropod 

groups from each other, whereas phytosaurian, and mesocrocodillian overlap with mosasaurid. 

When groups are disregarded (Figure 2.15 A), Enchodus overlaps with indeterminate theropod, 

whereas in the between-group analysis Enchodus is separated from indeterminate theropod.  

Separation seems to increase slightly in the analyses combining linear measurements with 

200 2D-landmarks (Figure 2.15 C-D) compared to the combined linear measurements and 20 

2D-landmarks. In the disregard group analysis (Figure 2.15 C) spinosaurid teeth and 

mesocrocodillian teeth slightly overlap with each other, phytosaurian teeth overlap with 

mosasaurid teeth, and troodontid theropod teeth slightly overlap with indeterminate theropod. In 

the between-group analysis (Figure 2.15 D), nearly all taxonomic groups are separated from each 

other, with only phytosaurian teeth and mesocrocodillian teeth slightly overlapping with 

mosasaurid teeth.  
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Figure 2.15: PCAs using linear measurements combined with 2D landmark data  
(A) PCA of linear measurements combined with 20 2D landmarks (disregard groups). (B) PCA 

of linear measurements combined with 20 2D landmarks (between groups). All data converted to 

ranks. 
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Figure 2.15 (continued): PCAs using linear measurements combined with 2D landmark 

data  
(C) PCA of linear measurements combined with 200 2D landmarks (disregard groups). (D) PCA 

of linear measurements combined with 200 2D landmarks (between groups). All data converted 

to ranks. 
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Combining linear measurements and 3D-Landmarks 

Three disregard-group and three between-group analyses were performed using linear 

measurement combined with either 11, 52 or 402 3D-landmarks (Figure 2.16). The results of 

each analysis show varying degrees of separation. The disregard group and between group 

analyses combining linear measurements and 11 3D-landmarks (Figure 2.16 A-B) are similar to 

each other, however the disregard group analysis (Figure 2.16 A) plots the Enchodus teeth and 

the phytosaurian anterior tooth within indeterminate theropod. The between-group analysis 

(Figure 2.16 B) is slightly more effective at separating all theropod groups from each other, 

whereas phytosaurian teeth and mesocrocodillian teeth overlap with each other, and both slightly 

overlap with mosasaurid teeth. Indeterminate theropod teeth #2 and #3 plot in close proximity to 

each other and the troodontid theropod teeth #8 and #10 (recurved to the right in mesial view) 

plot closer to each other than #11 (recurved to the left in mesial view).  

Separation seems to decrease in the analyses combining linear measurements with 52 3D-

landmarks (Figure 2.16 C-D). In the disregard group analysis (Figure 2.16 C) all groups overlap 

with one or more other groups except for the phytosaurian anterior tooth. However, separation 

increases greatly in the between-group analysis (Figure 2.16 D). Nearly all taxonomic groups are 

separated from each other, except for indeterminate theropod teeth, which overlaps with 

troodontid theropod teeth and slightly with mosasaurid teeth, and mesocrocodillian teeth, which 

overlaps slightly with mosasaurid teeth.  

Group separation in the analyses combining linear measurements with 402 3D-landmarks 

(Figure 2.16 C-D) seems to be greater compared to the analyses with linear measurements 

combined with 52 3D-landmarks, but less than the analyses with linear measurements combined 

with 11 3D-landmarks. In the disregard group analysis (Figure 2.16 E) most groups overlap with 
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one or more other groups except for Enchodus teeth, spinosaurid theropod teeth, and the 

phytosaurian anterior tooth. However, in the between-group analysis (Figure 2.16 F) all 

taxonomic groups are separated from each other, except for troodontid theropod teeth, which 

overlaps slightly with indeterminate theropod teeth.  

  
Figure 2.16: PCAs using linear measurements combined with 3D landmark data  
(A) PCA of linear measurements combined with 11 3D landmarks (disregard groups). (B) PCA 

of linear measurements combined with 11 3D landmarks (between groups). All data converted to 

ranks. 
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Figure 2.16 (continued): PCAs using linear measurements combined with 3D landmark 

data  
(C) PCA of linear measurements combined with 52 3D landmarks (disregard groups). (D) PCA 

of linear measurements combined with 53 3D landmarks (between groups). All data converted to 

ranks. 
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Figure 2.16 (continued): PCAs using linear measurements combined with 3D landmark 

data  
(E) PCA of linear measurements combined with 402 3D landmarks (disregard groups). (F) PCA 

of linear measurements combined with 402 3D landmarks (between groups). All data converted 

to ranks. 
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Linear discriminant analyses 

Only four LDAs were performed due to the requirement that specimens must outnumber 

variables (Figure 2.17). All LDAs produced convex hulls with little to no overlap, separation is 

most pronounced when linear measurements are combined with 11 lateral view 2D-landmarks 

(Figure 2.17 D), however these results do not necessarily represent effective classification of 

teeth into their correct groups. Table 2.3, shows which approaches (linear measurements, 2D, 

3D, or combination) worked best for classifying teeth with an LDA approach.  

The highest correct classifications occurred when using only measurement variables or 

when using ten 2D landmarks. When linear measurements were used alone, 88.24% of 

specimens were correctly classified; increasing to 94.1% and 97.06% when data was converted 

to ranks and log transformed, respectively. The 2D landmark LDA used a total of 10 landmarks 

for each specimen. A higher number of landmarks was not used because every 2D landmark is 

represented by an X and Y coordinate variable, therefore the analysis consisted of 20 total 

variables. This approach showed the highest degree of classification, with 100% of specimens 

correctly classified when data was left untransformed and 100% when data was converted to 

ranks.  

In contrast, the 3D approaches showed the worst classification, with 0% of specimens 

correctly classified when data was left untransformed and 0% when data was converted to ranks. 

When linear measurements were combined with ten 2D landmarks only 29.41% of specimens 

were correctly classified, dropping to 0% when data was converted to ranks.  
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Figure 2.17 (continued): Linear discriminant analyses  

(A) LDA of linear measurements. (B) LDA of 11 lateral view 2D-landmarks.  
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Figure 2.17 (continued): Linear discriminant analyses  

(C) LDA of 11 3D landmarks. (D) LDA of linear measurements combined with 11 lateral view 

2D landmarks (data converted to ranks).  
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Table 2.3: Confusion matrices  
LDA confusion matrices showing the degree of misclassification for each morphometric 

approach. Ideally a highlighted box should contain the total number of teeth from its respective 

taxonomic group. Unhighlighted boxes indicate the degree of failure of classification.  

 

  

Only measurement 

variables. correctly 

classified = 88.24%
Indeterminate 

Theropod

Dromaeosaur 

Theropod

Troodon 

Theropod

Spinosaur? 

Theropod Phytosaur

Phytosaur 

(Anterior Tooth) Enchodus Mosasaur Mesocrocodilia Total

Indeterminate Theropod 7 1 0 0 1 0 0 0 0 9

Dromaeosaur Theropod 0 3 0 0 0 0 0 0 0 3

Troodon Theropod 0 0 3 0 0 0 0 0 0 3

Spinosaur? Theropod 0 0 0 2 0 0 1 0 0 3

Phytosaur 0 0 0 0 4 0 0 0 0 4

Phytosaur (Anterior Tooth) 0 0 0 0 0 1 0 0 0 1

Enchodus 0 0 0 0 0 0 2 0 0 2

Mosasaur 0 0 0 0 1 0 0 4 0 5

Mesocrocodilia 0 0 0 0 0 0 0 0 4 4

Total 7 4 3 2 6 1 3 4 4 34

Only measurement 

variables (data rank 

converted). correctly 

classified = 94.12%
Indeterminate 

Theropod

Dromaeosaur 

Theropod

Troodon 

Theropod

Spinosaur? 

Theropod Phytosaur

Phytosaur 

(Anterior Tooth) Enchodus Mosasaur Mesocrocodilia Total

Indeterminate Theropod 9 0 0 0 0 0 0 0 0 9

Dromaeosaur Theropod 0 3 0 0 0 0 0 0 0 3

Troodon Theropod 0 0 3 0 0 0 0 0 0 3

Spinosaur? Theropod 0 0 0 3 0 0 0 0 0 3

Phytosaur 0 0 0 0 3 0 0 1 0 4

Phytosaur (Anterior Tooth) 0 0 0 0 0 1 0 0 0 1

Enchodus 0 0 0 0 0 0 2 0 0 2

Mosasaur 0 0 0 0 1 0 0 4 0 5

Mesocrocodilia 0 0 0 0 0 0 0 0 4 4

Total 9 3 3 3 4 1 2 5 4 34

Only measurement 

variables (data log 

transformed). correctly 

classified = 97.06%
Indeterminate 

Theropod

Dromaeosaur 

Theropod

Troodon 

Theropod

Spinosaur? 

Theropod Phytosaur

Phytosaur 

(Anterior Tooth) Enchodus Mosasaur Mesocrocodilia Total

Indeterminate Theropod 8 0 0 0 1 0 0 0 0 9

Dromaeosaur Theropod 0 3 0 0 0 0 0 0 0 3

Troodon Theropod 0 0 3 0 0 0 0 0 0 3

Spinosaur? Theropod 0 0 0 3 0 0 0 0 0 3

Phytosaur 0 0 0 0 4 0 0 0 0 4

Phytosaur (Anterior Tooth) 0 0 0 0 0 1 0 0 0 1

Enchodus 0 0 0 0 0 0 2 0 0 2

Mosasaur 0 0 0 0 0 0 0 5 0 5

Mesocrocodilia 0 0 0 0 0 0 0 0 4 4

Total 8 3 3 3 5 1 2 5 4 34

10 2D landmarks. correctly 

classified = 100%
Indeterminate 

Theropod

Dromaeosaur 

Theropod

Troodon 

Theropod

Spinosaur? 

Theropod Phytosaur

Phytosaur 

(Anterior Tooth) Enchodus Mosasaur Mesocrocodilia Total

Indeterminate Theropod 9 0 0 0 0 0 0 0 0 9

Dromaeosaur Theropod 0 3 0 0 0 0 0 0 0 3

Troodon Theropod 0 0 3 0 0 0 0 0 0 3

Spinosaur? Theropod 0 0 0 3 0 0 0 0 0 3

Phytosaur 0 0 0 0 4 0 0 0 0 4

Phytosaur (Anterior Tooth) 0 0 0 0 0 1 0 0 0 1

Enchodus 0 0 0 0 0 0 2 0 0 2

Mosasaur 0 0 0 0 0 0 0 5 0 5

Mesocrocodilia 0 0 0 0 0 0 0 0 4 4

Total 9 3 3 3 4 1 2 5 4 34

10 2D landmarks (data rank 

converted).  correctly 

classified = 100%
Indeterminate 

Theropod

Dromaeosaur 

Theropod

Troodon 

Theropod

Spinosaur? 

Theropod Phytosaur

Phytosaur 

(Anterior Tooth) Enchodus Mosasaur Mesocrocodilia Total

Indeterminate Theropod 9 0 0 0 0 0 0 0 0 9

Dromaeosaur Theropod 0 3 0 0 0 0 0 0 0 3

Troodon Theropod 0 0 3 0 0 0 0 0 0 3

Spinosaur? Theropod 0 0 0 3 0 0 0 0 0 3

Phytosaur 0 0 0 0 4 0 0 0 0 4

Phytosaur (Anterior Tooth) 0 0 0 0 0 1 0 0 0 1

Enchodus 0 0 0 0 0 0 2 0 0 2

Mosasaur 0 0 0 0 0 0 0 5 0 5

Mesocrocodilia 0 0 0 0 0 0 0 0 4 4

Total 9 3 3 3 4 1 2 5 4 34
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 Table 2.3 (continued): Confusion matrices 

 

 
  

10 3D landmarks. correctly 

classified = 0%
Indeterminate 

Theropod

Dromaeosaur 

Theropod

Troodon 

Theropod

Spinosaur? 

Theropod Phytosaur

Phytosaur 

(Anterior Tooth) Enchodus Mosasaur Mesocrocodilia Total

Indeterminate Theropod 0 0 0 0 9 0 0 0 0 9

Dromaeosaur Theropod 0 0 0 0 3 0 0 0 0 3

Troodon Theropod 0 3 0 0 0 0 0 0 0 3

Spinosaur? Theropod 0 0 0 0 3 0 0 0 0 3

Phytosaur 0 4 0 0 0 0 0 0 0 4

Phytosaur (Anterior Tooth) 0 0 0 0 1 0 0 0 0 1

Enchodus 0 0 0 0 2 0 0 0 0 2

Mosasaur 0 0 0 0 5 0 0 0 0 5

Mesocrocodilia 0 4 0 0 0 0 0 0 0 4

Total 0 11 0 0 23 0 0 0 0 34

10 3D landmarks (data rank 

converted). correctly 

classified = 0%
Indeterminate 

Theropod

Dromaeosaur 

Theropod

Troodon 

Theropod

Spinosaur? 

Theropod Phytosaur

Phytosaur 

(Anterior Tooth) Enchodus Mosasaur Mesocrocodilia Total

Indeterminate Theropod 0 0 9 0 0 0 0 0 0 9

Dromaeosaur Theropod 0 0 0 0 0 0 3 0 0 3

Troodon Theropod 0 0 0 0 0 0 3 0 0 3

Spinosaur? Theropod 0 0 0 0 3 0 0 0 0 3

Phytosaur 0 0 0 0 0 0 4 0 0 4

Phytosaur (Anterior Tooth) 0 0 0 0 1 0 0 0 0 1

Enchodus 0 0 0 0 2 0 0 0 0 2

Mosasaur 0 0 0 0 0 0 5 0 0 5

Mesocrocodilia 0 0 0 0 0 0 4 0 0 4

Total 0 0 9 0 6 0 19 0 0 34

Measurement variables + 

20 2D lateral face 

landmarks. correctly 

classified = 29.41%
Indeterminate 

Theropod

Dromaeosaur 

Theropod

Troodon 

Theropod

Spinosaur? 

Theropod Phytosaur

Phytosaur 

(Anterior Tooth) Enchodus Mosasaur Mesocrocodilia Total

Indeterminate Theropod 0 0 9 0 0 0 0 0 0 9

Dromaeosaur Theropod 0 0 3 0 0 0 0 0 0 3

Troodon Theropod 0 0 0 0 0 0 0 3 0 3

Spinosaur? Theropod 0 0 0 0 0 3 0 0 0 3

Phytosaur 0 0 0 0 4 0 0 0 0 4

Phytosaur (Anterior Tooth) 0 0 0 1 0 0 0 0 0 1

Enchodus 0 0 0 0 0 0 2 0 0 2

Mosasaur 0 0 5 0 0 0 0 0 0 5

Mesocrocodilia 0 0 0 0 0 0 0 0 4 4

Total 0 0 17 1 4 3 2 3 4 34

Measurement variables + 

20 2D lateral face 

landmarks.  correctly 

classified = 0%
Indeterminate 

Theropod

Dromaeosaur 

Theropod

Troodon 

Theropod

Spinosaur? 

Theropod Phytosaur

Phytosaur 

(Anterior Tooth) Enchodus Mosasaur Mesocrocodilia Total

Indeterminate Theropod 0 0 0 0 0 0 0 0 9 9

Dromaeosaur Theropod 0 0 0 0 0 0 0 0 3 3

Troodon Theropod 0 0 0 0 3 0 0 0 0 3

Spinosaur? Theropod 0 3 0 0 0 0 0 0 0 3

Phytosaur 0 4 0 0 0 0 0 0 0 4

Phytosaur (Anterior Tooth) 0 0 0 0 0 0 0 0 1 1

Enchodus 0 2 0 0 0 0 0 0 0 2

Mosasaur 0 0 0 0 0 0 0 0 5 5

Mesocrocodilia 0 4 0 0 0 0 0 0 0 4

Total 0 13 0 0 3 0 0 0 18 34
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Time Investment 

Collecting 2D landmarks offered the fastest approach, at 102.6 minutes or approximately 

1.55 hours. Tooth imaging duration took 33.2 minutes and individual operations ranged between 

25 seconds and 2 minutes 25 seconds. Image downsizing and turning all backgrounds white for 

of all 34 teeth (68 total images for both views) was performed simultaneously using Photoshop 

batch processing and took 32 minutes. Using tpsDig and tpsUtil to collect and export landmarks 

for all 34 teeth (68 total images for both views) took 28 minutes (Table 2.2). 

Collection of linear measurements took 102.6 minutes or approximately 1.71 hours with a 

range between 1 and 6 minutes per tooth, depending on the size of the tooth; larger teeth were 

easier to measure with calipers than smaller teeth (Table 2.2).  

Collection of 3D landmarks took 945 minutes or approximately 15.75 hours. Video 

recording of each tooth took 58 minutes and individual operations ranged between 1.5 and 3 

minutes. Importing video files from the iPhone 7 to the computer took 17 minutes. Extracting 

video frames from video files took 34 minutes. Importing masks into Photoscan took 51 minutes, 

with individual operations averaging 1.5 minutes. Aligning both chunks in Photoscan took 340 

minutes, with individual operations averaging 10 minutes. Building dense clouds in Photoscan 

took 272 minutes, with individual operations averaging 8 minutes. Building 3D meshes in 

Photoscan and exporting models took 170 minutes, with individual operations averaging 5 

minutes. Running the GPSA analysis for all 34 models took 3 minutes (Table 2.2). 
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DISCUSSION 

Traditional and geometric morphometric approaches 

Effectiveness at data discrimination and reduction of group overlap 

If only one approach to data collection is taken (disregarding analyses combining 

traditional and geometric morphometrics), the most effective and consistent method of separating 

taxonomic groups is 2D-landmark analyses. These PCAs reliably separate nearly all taxonomic 

groups, with slightly improved results for between-group analyses, and nearly identical results 

when a higher quantity of landmarks are incorporated (200 vs. 20).  

In contrast, linear measurements seem relatively ineffective at discriminating some tooth 

features such as conicality (quantified by MCL and MCW) and curvature (quantified by AL) 

(exampled by the Enchodus and anterior phytosaurian teeth overlapping with indeterminate 

theropod teeth in Figure 2.12 A – C, despite clear shape differences because these differences are 

not picked up by the linear measurements). Nonetheless, linear measurements appear best at 

disregarding preservation quality (when poor preservation is represented by a missing tooth 

apex, as with indeterminate theropod teeth #2 and #3).  

3D landmark analyses show considerable variation in their ability to effectively 

discriminate taxonomic tooth groups. Although the higher landmark analyses appear to be 

slightly more effective at separating tooth groups than linear measurements, they are not as 

effective as any of the 2D-landmark analyses. Furthermore, they often plot a number of 

mosasaurid teeth well outside the bounds of the graph. These inconsistencies are likely the result 

of complications during the GPSA procedure. For example, the GPSA sometimes incorrectly 

aligned and rotated 3D tooth models, and despite attempts to correct these errors, it is possible 

that some anomalies made it into the final multivariate analyses. Furthermore, the GPSA 



 

 

157 

transforms 3D model vertices into landmarks, and this process often produced a greater number 

of landmarks near the basal regions of teeth. Therefore, the basal regions are more heavily 

weighted during analyses. Although the basal regions of teeth may display important biological 

variation, such as the dimensions of pulp cavities, for different taxonomic groups, much of the 

variation may be attributable to factors related to the life cycle (ontogeny) of the tooth. 

Additionally, analyses performed on datasets that exclude or underweight basal regions may 

produce improved results.  

The most effective separation occurred when geometric data was combined with linear 

measurements. However, the confidence of this approach is unclear due to the ambiguity of how 

data transformations effects biological information, which may raise concerns on how the 

multivariate analyses make quantitative assumptions. For example, when 3D-landmark data was 

converted to ranks and inspected using Checkpoint, landmark data appeared to be completely 

corrupted. Nonetheless, this approach seemed to produce unparalleled results in the ability to 

effectively separate taxonomic groups, in both disregard-group and between-group analyses.  

When linear data was combined with 2D landmarks and data was transformed by 

converting to ranks, there was effective separation of nearly every taxonomic group. These 

analyses appear ineffective at distinguishing preservation quality (evidenced by distance between 

indeterminate theropod teeth #2 and #3) and they are unable to differentiate between dental 

position (evidenced by the equal distance between troodontid teeth #8, #10 and #11). However, 

due to the small sample size, these interpretations on the effects of preservation quality and 

dental position should be held with low confidence.  

Separation is most pronounced in the analysis combining linear measurements with 

eleven 3D-landmarks. This analysis may appear effective at disregarding preservation quality 



 

 

158 

(evidenced by the minimum separation between indeterminate theropod teeth #2 and #3), 

however it is unclear whether the analyses is in fact disregarding the discrepancy in preservation 

or if other morphological factors are influencing the close proximity of indeterminate theropod 

teeth #2 and #3. Similarly, this analysis may appear moderately effective at differentiating 

between dental position (evidenced by the moderate proximity of troodontid teeth #10 and #8, 

which both curve to the right in mesial view, unlike troodontid tooth #11 which curves to the 

left), however, whether this effect is in fact the result of effective discrimination is unclear.  

 

Methods requiring the least investment in terms of time and labor 

The amount of time required to collect tooth data on all 34 teeth for the three analyses 

was widely variable (Table 2.2). Unexpectedly, collecting 2D landmarks offered the fastest 

approach, at approximately 1.5 hours. These times can be reduced even further, to only an hour, 

if image modifications are not used. Similarly, collecting linear measurements took 

approximately 1.71 hours.  

In contrast, collecting 3D data was substantially longer than both other methods, at 15.75 

hours. This is largely due in part to long processing times when using Agisoft Photogrammetry 

to build 3D models. However, these long durations are merely representative of a process that 

proceeds in a linear fashion from one step to the next step; this does not reflect a realistic 

workflow, where several steps, such as Photoshop batch processing, Photoscan batch processing, 

and video recording, can be conducted simultaneously. In addition, processing times are 

significantly faster when they are run on computers with higher performance capabilities. The 

majority of Agisoft Photoscan operations were performed on a Dell Inspiron 15-5547 laptop with 

an Intel Core i3 and 6gb of Ram. The longest procedure in the Photoscan process is the initial 
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alignment of both chunks, which usually takes between eight and twelve minutes. When 

operations were conducted on an iMac with a 3GHz 8-Core Intel Xeon E5 processor and 125 GB 

1066 MHz DDR3 of Ram, these operation times were often reduced by more than half.  

 

Linear discriminant analyses 

The linear discriminant analyses show promising results, with dramatic separation of 

taxonomic groups. However, it should be noted that the majority of separation in these analyses 

is influenced by the pre-determined groupings, and the LDA fails dramatically when non-

associated teeth are included. For example, when one tooth from each category is disassociated 

from its group, teeth are more likely to plot far outside the bounds of the morphospace, than 

close to their true corresponding group.  

Additionally, the results of the confusion matrices (Table 2.3) show both promising 

results, with 100% correct classifications in the ten 2D landmarks LDA and discouraging results 

with the 0% correct classifications in the ten 3D landmarks LDA. However, these results should 

not be considered with high confidence, as most analyses were constrained to use only 34 or 

fewer variables. The 3D analysis likely failed with a classification rate of 0% since every 3D 

landmark is represented by a X, Y, and Z coordinate, and ten landmarks represented by 30 

variables is not enough to adequately represent a tooth in 3D. It is also likely that the 

classification failure highlights the need for software that can quickly and effectively place 

constant, equally distanced landmarks across the outer surface of 3D models (see section “Issues 

and improvements to the 3D data collection methods” for an expanded discussion of this issue).  

In contrast to the 3D landmark LDA, it was surprising that the 2D landmark LDA 

produced 100% correct classification rate. Nonetheless, with larger sample sizes, beyond 34 
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teeth and improvements to landmark data collection, the effectiveness of both LDAs and 

between-group PCAs will likely improve dramatically. For example, a sample consisting of over 

156 teeth would allow nearly every PCA in this study to be performed as an LDA.  

If a similar approach was carried out with the Hendrickx et al. (2014) database, which 

consists of 995 teeth, one could combine the eight linear measurements with either 489 2D-

landmarks or 322 3D-landmarks. It is unknown exactly how this type of data integration would 

result. However, it is possible that the rate of group misclassification and the overlap of convex 

hulls could be significantly reduced.  

 

Issues and improvements to the 3D data collection methods 

While the GPSA is effective at quickly processing multiple models, it was not intended 

for simple shapes such as teeth and had issues with correctly aligning models and placing too 

many landmarks near basal regions. Additionally, Checkpoint, which is arguably the best 

software currently available for managing and placing 3D landmarks, is unable to effectively and 

quickly distribute landmarks across certain shapes, specifically tall teeth with strong curvature.  

Ideally, software should be developed that would produce a floating sphere, cylinder, 

stacked lattice, or cloud of available landmarks, which would envelop the object of interest. This 

software should allow for non-sliding landmarks to be manually or automatically anchored to 

one or more homologous anatomical areas, such as the crown apex, basal center, and/or the mid-

length position along the mesial and/or distal carinae. Then, like an object being air sealed in 

plastic wrap, the floating landmarks would move inward toward the object’s centroid or a 

median axis, stopping once they strike the surface. This would allow for multitudes of 

comparable 3D objects to be consistently processed at the same speeds as the linear measurement 
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and 2D landmark data collection methods. Additionally, the software should allow for 3D 

models to be mirrored prior to landmark placement, in order to eliminate some of the variation 

due to dental position, specifically recurvature in mesial view.  

 

Concerns with data transformations 

As discussed previously, all experimental analyses in which traditional and geometric 

morphometrics were combined required data transformations. When data was not transformed, 

PCAs did not consider landmark data as significant, and graphical outputs were identical to 

analyses produced with only measurement variables. While this may be a true reflection of how 

the analyses considers variables accounting for the greatest variation, it does not allow for the 

landmark data to contribute to analyses.  

The converting to ranks transformation was initially used because it is capable of 

handling negative numbers and seemed to show the most promising results, by significantly 

reducing group overlap in morphospace and producing biplots with equally distanced 

eigenvectors. However, I began to question the true effectiveness of this transformation after 

rank converted landmark data was imported into 3D landmark visualizers, which showed the 3D 

models to be completely corrupted into amorphous clouds of landmarks. Additionally, rank 

conversions seemed to have conflicting results regarding the correct classification of specimens 

in the four LDAs; where rank conversions improved correct classification of the linear 

measurement LDA by 6%, lowered correct classification from 30% to 0% in the combination 

dataset, and did not affect classification success rates for the 2D or 3D LDAs.  

These concerns led me to explore Box-Cox transformation, which finds the lowest 

number, raises it to 1, applies the same addition to the entire dataset, and then standardizes the 
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data by maximizing the log likelihood function (Hammer et al. 2001). This produced promising 

results by preserving 3D landmark data in a way that it could be visualized, however some 

artifacts of the transformation did develop, causing several scattered and out of place landmarks.  

A final test was performed on the effects of rank conversion, in relation to the large tooth 

dataset from Hendrickx et al. (2014), which consisted of eleven measurement variables, 

measured across 995 teeth belonging to 62 theropod taxa and 19 groupings. The LDAs showed a 

correct classification rate of 64.12% for non-transformed data, 69.05% for logged data, 67.94% 

for Box-Cox transformed data, and 69.75% when data was converted to ranks. This shows that at 

least for measurement variables, converting to ranks does not negatively affect data, but in fact 

seems the best method transforming data.  

  

Broader Implications 

The results of this study suggest that quantifying the morphology of isolated archosaurian 

teeth using geometric morphometrics has advantages over linear measurements, specifically in 

the ability to discriminate different tooth shapes. Yet these improvements must be considered 

wisely in how they are applied to different biological and ecological questions, especially when 

assigning isolated teeth and/or undiagnosed skeletal material to previously described genera or 

species (e.g. Baszio 1997; Eaton et al. 1999a; Eaton et al. 1999b; Lucas et al. 2000; Sullivan & 

Lucas 2000; Sankey 2001; Sullivan 2006; Sullivan & Lucas 2006; Fanti & Miyashita 2009; 

Oreska et al. 2013; Sues & Averianov 2013; Schoch et al. 2018).  

A number of studies have shown that the morphology of isolated theropod teeth have 

taxonomic utility (Currie et al. 1990; Fiorillo & Currie 1994; Sankey 2001; Sankey et al. 2002; 

Samman et al. 2005; Smith 2005; Larson 2008; Longrich 2008; Hendrickx & Mateus 2014; 
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Gerke & Wings 2016), however these studies focused primarily on (1) referring isolated teeth 

from specific stratigraphic units to previously described species from the same formation based 

on similarities, or (2) the morphological variability of teeth due to ontogeny or dental position.  

Although theropod teeth have been used to document broad scale geographical and 

temporal patterns (e.g. Larson & Currie 2013; Williamson & Brusatte 2014), the confidence of 

tooth referrals in these studies may come into question when considering arguments against the 

taxonomic utility of isolated theropod teeth. For example, the morphologies of isolated 

dromaeosaurid teeth have been shown to display considerable overlap with different genera 

(Farlow et al. 1991; Currie & Varricchio 2004; Hendrickx et al. 2014), and Samman et al. (2005) 

was unable to identify 35 isolated tyrannosaurid teeth from the Judith River Group to the even 

the genus level.  

Additionally, isolated troodontid teeth from the Kaiparowits Formation were originally 

referred to as Troodon sp. (Eaton et al. 1999), however the discovery of Talos sampsoni from the 

Kaiparowits Formation (Zanno et al. 2011) shows that the practice of assigning isolated material 

to the genus or species level across broad geographic regions can be dubious. These concerns are 

further highlighted by data arguing against the assumption that dinosaur taxa from the Western 

Interior Basin had wide geographical ranges spanning Laramidia. In contrast to this assumption, 

dinosaur faunas from contemporary upper Campanian formations show limited geographic 

ranges (Smith et al. 2003; Sampson et al. 2004; Smith et al. 2004; Gates & Evans 2005; Zanno et 

al. 2005b; Sampson et al. 2010; Zanno et al. 2005a; Lucas et al. 2006; Gates & Sampson 2007; 

Zanno 2007; Wagner & Lehman 2009; Gates et al. 2010; Sampson et al. 2010; Sampson et al. 

2013; Zanno et al. 2013).  
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Dentigerous theropod skeletal material displays moderate to significant morphological 

tooth variability due to ontogeny and/or heterodonty along the tooth row (Buckley 2009; 

Buckley et al. 2010). Moderate to extreme dental changes are documented to occur within 

multiple theropod clades (Carr 1999; Rauhut & Fechner 2005; Kundrát et al. 2008; Bever & 

Norell 2009; Wang et al. 2017). If similar patterns are consistent among other theropod clades, it 

is possible that referrals of disparate teeth may in fact belong to the same species. For example, 

the morphological parameters defining Richardoestesia and Paronychodon are consistent with 

the variation of tooth dimensions observed along the dental row for many theropods (Longrich 

2008). Therefore, isolated teeth representing multiple theropod groups may be inappropriately 

lumped into a single genus or species.  

Even with vastly improved discrimination methods and analyses, assigning teeth to 

existing taxa or using teeth to name new species may be unwise. Unless teeth exhibit 

autapomorphic morphology and can be linked via these traits to teeth associated with identifiable 

skeletal materials, teeth should be considered as morphotypes and referred to the supergeneric 

level. 

 Nonetheless, the results of this study suggest that geometric morphometrics and 

combinations of linear measurement data with landmark data could have profound implications 

for studies of paleobiodiversity, paleobiogeography, and species abundance. With improvements 

in the ability to accurately discriminate tooth morphotypes, we can build more complete pictures 

of ancient ecosystems and improve our ability to reconstruct biodiversity and species abundances 

trends.  

Lastly, these morphometric methods have the potential to improve studies of other 

biologically and anatomically significant features that display a relatively simple geometric 
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shape, such as avian beaks (Button 2018) or theropod claws (Birn-Jeffery et al. 2012; 

Lautenschlager 2014), further widening the breadth of these morphometric approaches.  

 

CONCLUSION 

 Studies quantifying archosaurian tooth morphology have overwhelmingly depended on 

traditional morphometrics. However, the application of geometric morphometrics offers a suite 

of advantages including reduced data collection time, consideration of subtle tooth shape features 

during analyses, and improved discrimination of teeth occupying a wide spectrum of 

morphological diversity. Comparing traditional linear morphometrics with geometric 

morphometric methods indicates that 2D geometric morphometric approaches are best at 

discriminating tooth morphology, reducing overlap between taxonomic groups, and offer the 

fastest data collection times. Linear measurements offer similar data collection times as 2D 

landmark approaches, however appear limited in their ability to discriminate morphological data 

and produce moderate to significant overlap between groups. In contrast, 3D geometric 

morphometric approaches display significant variability in their ability to discriminate 

morphological data and reduce overlap between groups, and data collection takes approximately 

10 times longer than the other approaches. 

Additionally, combining traditional and geometric morphometrics may further improve 

the discrimination potential of analyses with large sample sizes. Utilizing geometric 

morphometrics instead of, or in conjunction with, traditional morphometrics may aid future 

studies, such as those focusing on: the identification of novel tooth morphotypes from isolated 

teeth, biodiversity changes through time, and the effects of dental variation due to ontogeny. 

Although the collection of 2D landmarks has been popular for decades, the practice of 
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constructing high resolution 3D representations of real-world objects is still in its infancy, and 

diminutive objects such as fossil teeth present an additional challenge. The methodology 

designed for this study offers a means to capture and evaluate 3D data for diminutive objects that 

can be utilized by researchers; however, improvements in the ability to quickly construct 

accurate 3D models of diminutive objects and collect 3D landmarks will greatly improve the 

practical utilization of 3D geometric morphometrics. Utilizing geometric morphometrics for 

quantifying and analyzing simple biological and anatomical objects such as teeth, beaks, and 

claws has the potential to greatly improve our understanding of biodiversity, paleobiogeography, 

ecological modeling, and ontogeny, throughout Earth’s history.  
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