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Exploring the Soft Tissue of the Archosaurian Feeding System through Evolutionary and 

Developmental Temporal Space 

Khanh Hoang Thy To 

 

ABSTRACT 

 Tetrapods water-to-land transition in the Devonian was accompanied by an array of 

morphological modifications aiding in locomotion and food acquisition, which included 

diversification in teeth morphology. Different teeth morphology allowed tetrapods to take 

advantage of different ecological niches through food specialization. As useful as teeth are, we 

can see the repeated development of edentulous (=toothless) system throughout the fossil record, 

most frequently in Archosauria. Archosauria, represented today by living crocodylians and birds 

and includes extinct non-avian dinosaurs and pseudosuchians, first appeared in the early 

Mesozoic Era, during the Middle Triassic. Archosauria continue to diversify through the rest of 

the Mesozoic Era and during that time, we see a plethora of modifications made to the feeding 

apparatus in this group, such as dental batteries in hadrosaurids, bone crushing teeth in 

tyrannosaurids, or edentulous jaws covered in a rhamphotheca (=beak) in oviraptors. In the fossil 

record, morphological modifications can be seen in fossilized skeletal remains, but this is an 

incomplete picture of a living organism. The skeletal system of an organism is the housing and 

support, and it is powered by the muscles and ligaments and ultimately controlled by the nervous 

system. Without the soft tissues, we recognize that there are missing gaps in the anatomy, and 

modern organisms have been studied as analogs to fill these gaps. Traces of soft tissue are not 

completely undetectable in the fossil record. In exceptional preservation sites, materials such as 

keratinous integuments and gut materials have been found, but more commonly, we utilize 
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osteological correlates such as muscle attachment scars that are derived from studying modern 

homologs to make inference about the presence of soft tissues. One advantage of using modern 

analogs to study soft tissue morphology is that we are able to incorporate how the targeted 

morphology grows through the observable developmental timescale. Ontogeny, or prenatal 

development and postnatal growth, has been utilized as an approach to understand how millions 

of years of natural selection affected the phenotypic expression in an organism. Through 

improvement of technology and laboratory techniques such as CT scanning and contrast-

enhanced staining, in situ anatomical studies have revealed more information and details about 

the soft-tissue morphology in modern organisms to improve our interpretation of fossil 

organisms and address broader morphological macroevolution questions.  

This dissertation focuses on the construction and ontogenetic changes in the soft tissue 

(i.e., jaw muscles and keratinous sheath or rhamphotheca) and skeletal morphology of the avian 

edentulous feeding system and apply it to extinct edentulous feeding system across reptiles. My 

first chapter describes the ontogenetic changes in the musculoskeletal system of the jaws of emus 

(Dromaius novaehollandiae) to make inferences about potential influences of feeding function 

on the feeding apparatus during development. I combined microCT scanning, including contrast-

stained CT scanning, and 3D geometric morphometric analyses to explore how the feeding 

apparatus changes through ontogeny and highlight intraspecific complexity within skeletally 

immature individuals. The second chapter explores the keratin layers making up the simple 

rhamphotheca of the chicken (Gallus gallus domesticus) and documents the varying mechanical 

properties within a single rhamphothecal sheath. This chapter establishes that biomechanical 

functions such as food and object manipulation affect the keratinous sheathing that covers the 

avian jaw bones by potentially selecting for specific regions of the rhamphotheca to be more 
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mechanically resistant than others. In the third chapter, I review osteological correlates for 

rhamphotheca in modern edentulous taxa, birds and turtles, and in the extinct taxon, 

Trilophosaurus buettneri, a Late Triassic archosauromorph that was proposed to have both a 

beak and transversely-oriented teeth, to determine whether T. buettneri had a rhamphotheca and 

if so to what extent. This chapter reveals that one of the osteological correlates, foramina 

patterns, will benefit from future study that incorporates more turtle species and establishes that 

lack of wear on the oral/occlusal edge might be a valid osteological correlate to use for future 

fossil examination. These chapters showed a possible underlying influence of the feeding 

biomechanical function onto the anatomical construction and ontogeny in both the modern 

edentulous feeding system, providing an avenue for further exploration to address the repeated 

development of the edentulous feeding system.  
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Exploring the Soft Tissue of the Archosaurian Feeding System through Evolutionary and 

Developmental Temporal Space 

Khanh Hoang Thy To 

 

GENERAL AUDIENCE ABSTRACT 

 How an animal obtained and processed food has been changing since animals first started 

to come onto land in the Devonian. One major development in how animals feed was the 

development of teeth, which function as versatile tools that can help crush and tear food items up 

and give animals the ability to eat a variety of food items. As useful as teeth are, however, we 

can find many animal lineages repeatedly lose some or all of their teeth permanently and gained 

a beak. Many of these lineages are found within Archosauria, which are represented by living 

crocodylians and birds and extinct lineages like pterosaurs and non-avian dinosaurs, have existed 

since the Middle Triassic (252 to 201.5 million years ago). Archosaurs saw a major rise and fall 

in the number of lineages through the Mesozoic Era. These archosaurian lineages were diverse in 

how they obtained and processed food, which included bone crushing teeth in tyrannosaurs, 

dental batteries in hadrosaurs, and beaks (toothless jaws covered in keratin sheathing) in 

oviraptors. The fossil record can tell us about the changes to the bony structure of these extinct 

archosaurs, but an organism is made of more than just their bones. In vertebrates, movements are 

powered by the muscles and ligaments attached to them and controlled by the nervous system. In 

the fossil record, that soft-tissue information is often lost except in exceptionally preserved 

fossils. However, we can use bony correlates, indicators on the surface of the bones for the 

presence of a particular soft tissue, to interpret the missing soft tissues of fossils. In order for us 

to study soft tissue information in an extinct species, we can utilize living organisms as a model. 
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One advantage in studying modern organisms is that we can watch the soft and hard tissues grow 

through their lifetime and document changes in shape and size of particular features. Growth and 

development, or ontogeny, is one way to see how millions of years of evolution can affect the 

how an animal look like. With new technology such as CT scanning, studying the soft and hard 

tissues in tandem has revealed new information and allowed us to improve our understanding of 

how different parts of an animal function, but also make better inferences of how extinct animals 

were built. 

 This dissertation focuses on exploring the anatomy and growth of features making up the 

jaws of beaked animals, the jaw muscles, the bones to which they attach, and the keratin sheaths 

covering them. Chapter one focused on a growth series of emu skulls to look at how bones and 

jaw muscles develop and how they are linked together. This chapter documents changes in shape 

and size of the bones and muscles to understand factors that can affect their growth. Chapter one 

also highlights more complexity in younger specimens that should be explored in future research. 

The second chapter looked at the various keratin layers that make up the rhamphothecae, or 

keratin sheaths, that cover the jaw bones in a beak. This chapter tested whether functions like 

grabbing food and other objects affects the hardness of the rhamphotheca in chickens. In chapter 

three, I examined three bony correlates that are used to infer the presence of a rhamphotheca in 

modern archosaurs (birds and turtles) and a stem archosaur called Trilophosaurus buettneri to 

determine if T. buettneri had a rhamphotheca. This chapter helped establish the validity of old 

and new bony correlates and determine that at least one of the bony correlates needs more 

sampling in modern taxa for stronger comparison and linkage of morphology between the 

modern and extinct taxa. These three chapters showed that the mechanical function of feeding 

can influence the anatomy toothless feeding system and how the system develops through 
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growth, which can be a way for us to address how the toothless feeding system continuously 

developed in the fossil record. 



viii  

 

ACKNOWLEDGEMENTS 

First and foremost, I would like to thank my mother, Oanh Quach, for supporting my 

academic journey, even though she has no clue what I am actually doing but just understands 

that I am passionate in what I do. I also want to thank my best friend of more than a decade, 

Elizabeth Pierce, for being next to me through the ups and downs and I am forever grateful for 

her love and support. Without her, I donôt know where I would be right now. 

As I move through my academic journey, I can never forget the academic mentors that 

got me here and the people that helped foster my love for biology and paleobiology. To my first 

academic advisor Andrew Doust and his postdoctoral fellow Margarita Mauro, thank you for 

being wonderful advisors and first to teach me about research. As an undergraduate, I worked 

with Karen McBee, Dustin Lynch, and Enrique Santoyo-Brito in the Oklahoma State University 

Collection of Vertebrates. They were wonderful people who connected me with the Oklahoma 

State University-Center for Health Sciences and their paleontology crew. The OSU-CHS 

paleontology group included my undergraduate advisor Paul Gignac, secondary thesis reader 

Haley OôBrien, Lindsey Yann, Leigha Lynch, Holly Woodward, Anne Weil, and Ian Browne. 

Along with the former graduate students at OSU-CHS, specifically Todd Green and David Kay, I 

want to thank all of them for showing me the many facets of paleontology and guiding my young 

mind through an anatomical lens about the complexity of vertebrate paleontology research.  

ñAlone we can do so little; together we can do so muchò by Helen Keller describes 

perfectly how my science community of current and former graduate students and postdoctoral 

fellows has helped me through my PhD, both personally and professionally. I want to thank 

Chris Griffin, Devin Hoffman, Brenen Wynd, Dana Korneisel, Morrison Nolan, Ben Kligman, 

Erika Goldsmith, Junyao Kang, Jess DePaolis, Emily Keeble, Jack Stack, Natalia Varela, Yezi 



ix 

 

Yang, Laura Szczyrba, Helen Burch, Isaac Pugh, Davide Foffa, Caroline Abbott, Gabriel Santos, 

Khoi Nguyen, Prescott Vayda, and Juliana Okubo. I also want to thank the undergraduate 

students that I mentored. While they did not work on my project directly, it was a delight to be 

able to mentor them on their own projects and career paths, so I thank Camille Do, Julio 

Montenegro, Brittany Bolger, and Elanagh Smith for trusting me and being great mentees.  

Outside of my academic community, I am grateful for my pole family that supported me 

through our love of dance and pole: Tracy Self, Michelle Derrico, Jenni Waters, Laura Savage, 

Brittany Nicole, Marilyn Duncan, Michaela Perdue, Starflower, and Travis Ford. I appreciate 

you all listening to me ramble on about things and being so kind. I also want to thank my friends 

that I have gained through the years for your love and support. A huge thank you to Kayla Penna, 

Giovanni Penna, Jacob Looney, Jared Pierce, Friendly Yang, Courtney Brendal, Nick Green, 

Ankit Singh, and Preshika Patel. Last but not least, to my cousins who were there supporting me 

from within the family, Julia Truong and My Quach, thank you, I love you both, yôall are the 

realest.   

To the faculty and staff that helped me during my time here at VT, thank you to Mary 

Jane Smith, Sharon Collins, Jim Langridge, Mark Lemon, Bera Cuskovic, Shuhai Xiao, and 

Monica Hunt. Thank you to Vicki Yarborough for your assistance with managing the collection 

downstairs and preparing materials, I appreciate that immensely. Some of the specimens that I 

utilized in my study came from Petrified Forest National Park (PEFO), which I want to thank the 

staff and paleontology interns at PEFO and the VT Paleobiology field crew for your collection 

and preparation efforts.  

My research including and not limited to CT scanning and conference traveling would 

not have been possible without the following people and entities that provided funding, both 



x 

 

internal and external funding sources. The internal funding sources include Virginia Tech 

Graduate Student Assembly, Virginia Tech Graduate School, Virginia Tech College of Science, 

Virginia Tech Foundation, Virginia Tech Institute for Creativity, Arts, and Technology, Virginia 

Tech Multicultural Academic Opportunities Program, Virginia Tech Department of Geosciences, 

Heath Robinson-Roy Holden Scholarship Fund, and Charles and Frances Sears Research 

Scholarship. External funding sources include Paleontological Society, Society of Vertebrate 

Paleontology, and American Association of Anatomists. 

I want to especially thank my PhD committee, including Sterling Nesbitt, Josef Uyeda, 

and Larry Witmer, for your expertise and patience through the years, guiding me through my 

academic journey and making me a more well-rounded researcher. Thank you for the 

conversations and discussions which ultimately resulted in this dissertation here. But all of this 

work would not be possible without Michelle Stocker, my academic advisor and PhD committee 

chair. Thank you for believing in my ability as a freshly graduated student right out of undergrad. 

You have been a pivotal part of shaping this dissertation and me as a researcher, for that, thank 

you. I also appreciate your patience, kindness, and expertise throughout the years and putting up 

with five years of my chaotic shenanigans.  

Last but not least, I want to thank my partner, James Lotts, for his kindness and patience 

throughout this time. It was a stressful time for me, but you made it all better with your endless 

patience and thoughtful gestures. Thank you so much, I love you, sweets. 

 



xi 

 

TABLE OF CONTENTS 

Chapter 1: Characterizing ontogenetic changes in the cranial musculoskeletal system of the 

emu (Aves:Palaeognathae)é...ééééééééééééééééééééééééé.1 

1. Abstractéééééééééééééééééééééééééééééé........2 

2. Introductionééééééééééééééééééééééééééééé......3 

3. Materials and Methodsééééééééééééééééééééééééé.é7 

4. Resultséééééééééééééééééééééééééééééééé14 

5. Discussionéééééééééééééééééééééééééééééé..35 

6. Acknowledgementsééééééééééééééééééééééééééé44 

7. Referenceséééééééééééééééééééééééééééééé..45 

8. Tableséééééééééééééééééééééééééééééééé.60 

9. Figuresééééééééééééééééééééééééééééé.é.é..68 

10. Supplementary Materialséééééééééééééééééééééééé.101 

 

Chapter 2: Assessing the microstructure of simple rhamphotheca in chicken (Aves: 

Galliformes).ééééééééééééééééé..éééééééééééééé.143 

1. Abstractéééééééééééééééééééééééé.éééééé...144 

2. Introductionééééééééééééééééééééééé..éééééé144 

3. Materials and Methodsééééééééééééééééééééééééé.147 

4. Resultsééééééééééééééééééééééééééééééé..154 

5. Discussionéééééééééééééééééééééééééééééé160 

6. Acknowledgementséééééééééééééééééééééééééé..165 

7. Referenceséééééééééééééééééééééééééééééé166 

8. Tableséééééééééééééééééééééééééééééé...é174 

9. Figureséééééééééééééééé..ééééééééééééééé182 

10. Supplementary Materialséééééééééééééééééééééééé.193 

 

Chapter 3: Assessing the presence of rhamphotheca in Trilophosaurus buettneri through 

modern sauropsid osteological correlatesééééééééééééééééé..éé..197 

1. Abstractéééééééééééééééééééééééééééééé....198 

2. Introductionééééééééééééééééééééééééééééé..199 

3. Materials and Methodsééééééééééééééééééééééééé.203 

4. Resultsééééééééééééééééééééééééé.éééééé.209 

5. Discussionéééééééééééééééééééééééééééééé214 

6. Acknowledgementséééééééééééééééééééééééééé..221 

7. Referenceséééééééééééééééééééééééééééééé223 

8. Tablesééééééééééééééééééééééééééééééé...233 

9. Figuresééééé..éééééééééééééééééééééééééé236



1 

 

Chapter 1: Characterizing ontogenetic changes in the cranial musculoskeletal system of the 

emu (Aves:Palaeognathae)  

 

Authors:  TO, KHANH H.T.1; GREEN, TODD L.2; WITMER, LAWRENCE M.3; STOCKER, 

MICHELLE R.1 

 

Institutions:  1Department of Geosciences, Virginia Tech, Blacksburg, VA, USA. 2Department 

of Anatomy, New York Institute of Technology College of Osteopathic Medicine, Glen Head, 

NY, USA. 3Department of Biomedical Sciences, Ohio University, Athens, OH, USA. 

 

 



2 

 

 

1.  ABSTRACT 

 In modern birds, the adult skull combines tightly sutured and co-ossified units with 

kinetic flexion zones (i.e., the craniofacial hinge), serving as a multitasking óhandô. How the 

osteology of the kinetic unit changes postnatally across different bird lineages has yet to be fully 

explored, especially in regard to the morphological and physiological changes across the wide 

breadth of the altricial-precocial spectrum in modern birds. For example, it is unknown to what 

extent does different factors such as functional biomechanics or environmental influence the 

morphological changes observed through ontogeny and whether different lineages are affected in 

the same way. We hypothesize that different regions of the skull (i.e., braincase, mandible, and 

face) develop skeletally mature features (e.g., suture closure, braincase shape change) through 

ontogeny at different rates due to varying effects from influences such as feeding mechanism. In 

this study, we qualitatively describe and quantitatively analyze, through 3D geometric-

morphometric (3DGMM) data, an ontogenetic series of 21 emus (Dromaius novaehollandiae), as 

ordinated by skull length (SL), body mass, and plumage, to examine the timing and rate of 

morphological changes in cranial elements through growth. Throughout development, we see a 

mediolateral widening of the caudal portion of the braincase accompanied by an increase in 

robusticity of the caudal part of the mandible. The bones of the braincase are increasingly fused, 

and their sutures obliterate before bones relating to the feeding apparatus in the palatal region 

fuse together. We can also see this pattern in the mandibles, where the articular and angular 

region of the mandible remain largely unfused in midsize specimens. Our 3DGMM analysis 

resulted in skeletally-mature and sexually-mature adult specimens occupying a distinct region of 

morphological space (=morphospace) from the juveniles and sub-adults, showing clear 
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intraspecific variation during ontogeny. With respect to different factors that could influence the 

ontogenetic changes we see, the effects of food type through ontogeny are likely small because 

we controlled for husbandry consistency, sampling from emu farms, and emus do not drastically 

change how they eat through ontogeny. The lack of drastic changes in food acquisition in emus, 

however, may have a larger influence on the ontogenetic differences seen in the series. The 

morphological complexity seen in skeletally immature individuals in our study highlights gaps in 

previous postnatal developmental studies. We can further address how postnatal ontogeny can be 

affected across other bird species on the altricial-precocial spectrum using this method, allowing 

us to investigate the degree to which feeding influences the morphological changes and timing to 

reach the adult condition. 

 

2. INTRODUCTION  

 The relationship between form and function has been inquired and studied, epitomized by 

Darwinôs finches, guiding the exploration into the anatomical diversity of modern taxon (Russell 

1921, Lauder 1981, Dale et al. 2005, OôHiggins et al. 2012, Felice et al. 2019). Relating form to 

function gives us both direct and indirect clues to how an organism interacts with other 

organisms and with its environment, providing a clearer picture of the ecology of not only 

modern ecosystems but also past ecosystems (Sustaita et al. 2013, Pigot et al. 2020). In living 

tetrapods, the studied form is ultimately composed of tight integration of a skeletal structure 

powered by muscles and ligaments, all of which are innervated and controlled by the nervous 

system (Nordin 2020). Therefore, the exploration into the function of one part of the studied 

form such as skeletal structure is not complete without also looking at the system that powers it, 

the musculature. In living birds, the adult skull is a mixture of completely fused unit connected 
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by kinetic flexion zones and moveable synovial joints, highly simplified and derived from their 

Mesozoic ancestors (Smith-Paredes et al. 2018), and powered by a series of jaw muscles, all of 

which combine to serve as a multitasking óhandô (Bhullar et al. 2016). The kinetic skull, along 

with their flight capability, gave birds access to more ecological niches, allowing them to 

diversify their dietary options and achieve their current ecological success (Bhullar et al. 2016). 

Studying the form is complicated by how an organism achieves that form by adulthood.       

Ontogeny, the development of an organism or an anatomical feature, is a key 

phenomenon influenced by various factors (i.e., environment, diet, genetics), culminating in the 

morphological features seen in the adult form (Wassersug and Sperry 1977, Martin 1995, Starck 

1993, Herrel and Gibb 2006, Blob et al. 2008, Cheng and Martin 2012). The ontogenetic 

trajectory can be informative for the evolutionary trajectory for a clade as a whole because 

different populations responding to natural selection can lead to divergence within the clade 

(Fink 1982, Uller et al. 2018). Ontogeny can be divided into embryonic/prehatching and 

postnatal/posthatching; during both of these stages, modularity may be present in different 

regions within one individual (del Castillo et al. 2017, Menegaz and Ravosa 2017, Simon and 

Marroig 2017, Lee et al. 2020). Possible semiautonomous modules within an individual may be 

revealed if we observe that not all components of an organism grow at the same rate (del Castillo 

et al. 2017, Menegaz and Ravosa 2017). This modularity through differential development can 

lead to variations in the adult form of modern birds (Felice and Goswami 2018) and is 

responsible for the paedomorphism that shapes their skull morphology relative to their non-avian 

archosaur ancestors (Bhullar et al. 2012, Bhullar et al. 2016). 

Aves and its over 10,000 extant species are divided into the Palaeognathae and 

Neognathae based on many morphological features but notably their palatal configuration 
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(Pycraft 1900, Jarvis et al. 2014, Prum et al. 2015, Widrig and Field 2022). Palaeognathae 

encompasses many flightless bird families including emus and ostriches, whereas Neognathae 

encompasses birds from chickens to passerines (Jarvis et al. 2014, Prum et al. 2015). Across 

modern Aves, there are various ranges of kinesis seen in the adult skull condition (Bock 1964, 

Gussekloo and Bout 2005), and how the musculoskeletal structures grow into their adult 

condition is not well understood. Modern birds display a full range of life history traits on the 

altricial-precocial spectrum (e.g., from the superprecocial megapodes to the altricial songbirds; 

Starck 1993), and where a bird falls on this spectrum potentially has a role in shaping their 

ontogeny. The altricial-precocial spectrum is defined based on a suite of behavioral, 

physiological, and morphological traits, but the most prominent feature of the spectrum is based 

on how reliant the hatchlings are on the parents to obtain food (Starck 1993). Shifting diet 

through ontogeny is likely to influence the development of the skull (Genbrugge et al., 2011b, 

Menegaz and Ravosa 2017). With the high disparity in life history traits exhibited by birds, 

parsing out how skull morphology is influenced through growth, specifically the feeding 

apparatus, requires understanding how the musculoskeletal system develops before it can be 

compared across the spectrum of avian life history traits (Starck 1993, Ducatez and Field 2021). 

In the past 100 years, there have been extensive osteological studies of the avian skull, ranging 

from simple measurements to full descriptions, covering approximately 50 living avian families 

out of roughly 250 (Shufeldt 1891, Parker 1866, Pycraft 1905, Jollie 1957, Müller 1963, Zusi 

and Storer 1969, Bock and Morioka 1971, Richards and Bock 1973, Burger 1978, Hogg 1983, 

Boev 1988, Barbosa 1991, Donatelli 1992, Donatelli 1996, Storer 1996, Donatelli 1997, 

Brusaferro and Simonetta 1998, Flausino Jr. et al. 1999, Donatelli 2001, Korzun et al. 2003, 

Pascotto and Donatelli 2003, Pascotto et al. 2006, Mendez and Hofling 2007, Hughes 2008, 
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Maxwell 2008, Korzun et al. 2009, Atalgin et al. 2014, Genbrugge et al. 2011b, Posso and 

Ujhelyi 2016, Demmel Ferreira et al. 2018, Sosa and Acosta Hospitaleche 2018, Piro et al. 2019, 

Piro and Acosta Hospitaleche 2019, To et al. 2021, Hadden et al. 2022, Picasso et al. 2023, 

Plateau et al. 2023). Yet, morphological studies of sub-adult bird skulls, specifically post-

hatching, have remained sparse (Jollie 1957, Müller 1963, Hogg 1983, Genbrugge et al. 2011a, 

Sosa and Acosta Hospitaleche 2018, Piro et al. 2019, To et al. 2021, Hadden et al. 2022, Picasso 

et al. 2023, Plateau et al. 2023). This is the same problem when we look for jaw musculature 

descriptions, with those incorporating ontogeny into the study focused on far less often (Zusi and 

Storer 1969, Bock and Morioka 1971, Richards and Bock 1973, Burger 1978,  Donatelli 1992, 

Donatelli 1996, Donatelli 1997, Flausino Jr. et al. 1999, Korzun et al. 2003, Holliday and Witmer 

2007, Sustaita 2008, Korzun et al. 2009, Kalyakin 2011, Donatelli 2012, Donatelli 2013, 

Donatelli et al. 2014, Lautenschlager et al. 2014, Quayle et al. 2014, Carril et al. 2015, Kalyakin 

2015, Demmel Ferreira et al. 2018, da Costa Lima et al. 2019, Hadden et al. 2022; with 

ontogenetic consideration: Genbrugge et al. 2011a, Sosa and Acosta Hospitaleche 2018, To et al. 

2021, Picasso et al. 2023).  

Like many other vertebrates, juvenile bird skulls are partially co-ossified, therefore 

enabling us to better observe the development of individual cranial bones qualitatively and 

quantitatively (Plateau et al. 2023). Whether specific soft tissues like details of the jaw 

musculature are also easier to distinguish in juvenile birds, like their osteology, requires broader 

sampling of modern birds of both Palaeognathae and Neognathae. Palaeognaths have been used 

in past research as model organisms for non-avian dinosaur studies (e.g., Castanet et al. 2000, 

Gatesy et al. 2009). Whereas neognaths outnumber palaeognaths in the number of species and 

families, the sister-taxon relationship of palaeognaths to neognaths and their persistence since the 
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Cretaceous Period makes investigation into the morphology of Palaeognathae important for 

understanding the evolution of extant birds (Prum et al. 2015, Widrig and Field 2022). As part of 

the rarity of post-hatching morphological studies, there is a gap in our knowledge for post-

hatching development in palaeognathous birds.  

 We focus our study on emus (Dromaius novaehollandiae), large-bodied flightless 

palaeognaths that are important in agriculture for their meat, oil, feathers, and leather (AskUSDA 

2023). D. novaehollandiae is the only species left within the genus since the genus first appeared 

in the middle Miocene with a relatively poor fossil record comprising of mostly postcranial 

elements (Patterson and Rich 1987, Widrig and Field 2022). Emus are precocial and as juveniles 

are independent from their parents and able to start foraging at an early age, eating food that is 

similar to that of their parents. The lack of change in food acquisition method and diet of the emu 

might be reflected in the cranial morphology ontogenetic changes. In this study, we examine the 

musculoskeletal changes of the jaw apparatus and cranial morphological variations by using a 

combination of computed tomography (CT) scanning and diffusible iodine-based contrasted-

enhanced computed tomography (diceCT) in an ontogenetic series of emus to identify the 

ontogenetic changes in an avian feeding apparatus. We qualitatively describe and quantitatively 

analyze those musculoskeletal morphological changes through digital dissection and 3D 

geometric morphometrics. The data from this study will add much-needed information to better 

address how postnatal/post-hatching growth affects the adult form in birds.  

 

3. MATERIALS AND METHODS  

Specimen acquisition and categorization process ï We described the osteology of 21 specimens 

and examined a subset of four to describe the associated soft tissues. Of the 21 specimens, 17 are 
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part of the Virginia Tech Paleobiology Extant (VTPE) collection and were collected from the 

Amaroo Hills Farm (North Carolina, USA) by Christopher Griffin. Four of the specimens were 

obtained by one of us (TLG) from Rabbit Creek Emu Ranch (Colorado, USA) and Dream Acres 

Emu Ranch (Wyoming, USA). The 17 VTPE emus had their skulls detached during gross 

dissection.  

Fifteen of the VTPE specimens have total length (snout to tip of tail bone length), mass, 

and femur length available because the postcrania were skeletonized separately using dermestids 

in the VT Paleobiology lab and the Virginia-Maryland College of Veterinary Medicine. The 

specimens are accessioned into the VTPE collection (Table 1). Femur length was taken from the 

most proximal point of the trochanter major to the most distal point of the lateral condyle (Figure 

1C). Two of the specimens (VTPE.AV.0061 (KT-8) and VTPE.AV.0062 (KT-17)) do not have 

postcrania associated with them because they are either lost or not yet skeletonized; therefore, 

the VTPE identifier was only given to the skull, and the postcrania will be reassociated with the 

crania once they are located. The postcrania of VTPE.AV.0042 (KT-4) and VTPE.AV.0041 

(KT-12) unfortunately were mixed during the skeletonization process, and we are unable to 

determine which postcrania went with which skull; therefore, we give two femur lengths for 

these specimens (Table 1).  

All specimens were divided into skeletally-immature, skeletally-mature adults, and 

sexually-mature adults based on their skull length (SL) (Bailleul et al. 2016). Skeletally-

immature was further divided into juvenile and sub-adult categories for analyses. Skull length 

was measured on the physical specimens from the rostralmost point of the beak to the 

caudalmost point of the occipital condyle using digital calipers (Figure 1A). Skull width also was 

taken using digital calipers; skull width here is defined as the widest point of the skull, 
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measuring from where the left quadratojugal articulates with the quadrate to where the right 

quadratojugal articulates with the quadrate (Figure 1A). Foramen magnum width was determined 

to be from where the left otoccipital contacts the supraoccipital to the right otoccipital-

supraoccipital contact on the lateral edge of the foramen magnum (Figure 1B). Foramen magnum 

width was taken on digital data in Meshlab using the ñMeasurementò tool. Our ójuvenileô 

skeletally-immature category includes SL between 55mm and 64.99mm; sub-adult includes SL 

between 65mm and 96.99mm. Skeletally-mature adult specimens include SL between 97mm and 

154.99mm, and sexually-mature adult includes SL of 155mm and larger. These categories and 

specifications for the categories were utilized by Bailleul et al. (2016). Though our single 

sexually-mature adult has a skull length of 153.5mm, which falls into the skeletally-mature adult 

category, we utilize it as the sexually-mature adult because there are both age and behavioral 

data for this specimen indicating that this individual was a sexually-mature adult. The two 

juvenile specimens with known age (TLG E006 and TLG E093) have SL measurements that are 

smaller than our category (less than 55mm). These measurements are smaller than what Bailleul 

et al. (2016) had in their work, which could possibly result from the rhamphotheca missing in the 

skeletal scan, which is where we took the measurements. However, because these specimens also 

have known age and behavioral data associated with them, we are comfortable placing them in 

this category. We recognize that the term ñsub-adultò and ñjuvenileò can be unclear (Griffin et al. 

2021); however, we utilize them here with the parameters defined by a previously published 

study (Bailleul et al. 2016). 

 

DiceCT ï Emu heads first were put into 10% neutral buffered formalin for ~14 days. They then 

were put into 70% EtOH for ~14 to 20 days with periodic fluid flushing before the iodine 
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staining procedure. This was to make sure that the specimens were mostly clear of excess 

formalin and the tissues were not shocked by the rapid changes of chemicals. After an initial 

osteological µCT scan, skulls were then stained in low %w/v I2 EtOH (Lugolôs iodine) solutions 

at varying duration based on their size (Table 2; Gignac and Kley 2014, Gignac et al. 2016). The 

isolated emu heads were weighed and measured both before iodine staining (but after formalin 

fixation) and after iodine staining (Table 2). The specimens were transferred back to 70% EtOH 

for slow destaining process, which can take several months to remove most of the I2 from the 

specimens. As the specimens sat in 70% EtOH, the I2 mixture eventually leached out into the 

surrounding solution. During that time, the 70% EtOH was continuously refreshed until the 

solution was no longer yellow from the I2. The specimens were returned to 70% EtOH for long-

term storage after the destaining process. All scan data for specimens used in the study are listed 

in Table 3. 

The 17 VTPE heads were sent to Ohio University MicroCT Scanning Facility or to The 

University of Texas at Austin High-Resolution X-ray CT Facility (UTCT) for µCT scanning to 

obtain the pre-staining skeletal scans. The stained head were scanned a second time following 

staining for soft-tissue data. Data visualization, digital dissection, and 3D mesh generation were 

all done using Avizo 2020 (To et al. 2021). To reconstruct the skeletal scans, we utilized the 

automatic segmentation and grayscale thresholding for generating the initial skeletal structure. 

We then performed slice-by-slice touch up for cleaning erroneous voxels of dirt, which were 

detected by grayscale thresholding and not part of the CT-generated skeletal structure.  

Following the digital preparation of the skeletal structure, the diceCT image stacks were 

processed. Brightness and contrast were altered within Avizo 2020 in some scans for better 

differentiation of muscle fibers and muscle packages within the jaw musculature. We processed 
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VTPE.AV.0036, VTPE.AV.0046, and VTPE.AV.0062 for the current study, and we plan to 

incorporate the remainder of the emu specimens in a future expansion of this study. We decided 

to process only one side of the jaw musculature and assume that the other side was of equivalent 

volume and mass similar to the process of To et al. (2021). We first isolated each muscle and its 

attachment points in whichever planes were easiest to discern and evaluate, which were usually 

the sagittal and transverse plane. Most of the segmentation was done manually through the 

ñBrushò and ñTraceò tools. We also utilized the thresholding function and ñInterpolationò tool to 

speed up the digitization process by having Avizo fill in intervening data as we moved through 

the muscle bellies. Muscle boundaries were differentiated through sharp differences between 

grayscale values, which can denote either muscles and connective tissues (unstained) or muscles 

and bones (Gignac and Kley 2014, Gignac et al. 2016). Ligaments and other connective tissues 

do not take up Lugolôs iodine well; therefore, they will show up on CT scan as less bright gray 

than muscle fascicles and we can be confident that the muscle bellies are what were segmented 

(Gignac and Kley 2014). Muscle to muscle differentiation comes from monitoring the other 

planes of view in the scan data to determine muscle fiber orientations and their attachment 

points. The following muscles were rendered based on work by Holliday and Witmer (2007), 

Smith-Paredes and Bhullar (2019), and Picasso et al. (2023): Musculus adductor mandibulae 

externus (MAME); M. adductor mandibulae caudal (MAMP); M. depressor mandibulae 

(MDM); M. protractor quadrati (MPQ); M. protractor pterygoidei (MPP); M. pseudotemporalis 

profundus (MPsP); M. pseudotemporalis superficialis (MPsS); and M. pterygoideus ventralis 

(MPtV). Muscle attachment sites for these jaw muscles are listed in Table 3. Once the muscles 

were segmented, the volume (mm3) was determined in Avizo 2020. By using the archosaur 

muscle density of 1.056g/cm3 (Gignac and Erickson 2016), we calculated the mass of the 
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muscles. The mass change and percent mass change were calculated between VTPE.AV.0036 

(juvenile) and VTPE.AV.0062 (skeletally-mature adult) and between VTPE.AV.0046 (juvenile) 

and VTPE.AV.0062 (skeletally-mature adult) (Table 4). Percent mass change is calculated as: 

 

Where M2 is the final mass (the ontogenetically older specimen) and M1 is the initial mass (the 

ontogenetically younger specimen). 

  

Morphometric analysis ï 3D geometric morphometric analysis was performed on all 21 skull 

meshes using 3D Slicer with the package SlicerMorph (https://www.slicer.org/, Rolfe et al. 

2021b). We wanted to determine the morphological variation in the upper skull and the 

mandibles among our ontogenetic series. However, we also wanted to consider the 

morphological variation in the upper skull and the mandible as separate units to determine which 

one contributes more to the overall skull morphological variability. Therefore, six additional 3D 

geometric morphometric analyses were performed. For our 3D geometric morphometric 

analyses, landmarks were randomly generated using a semiautomated procedure in 3D Slicer 

through the PseudoLMGenerator (Module: SlicerMorph: Geometric Morphometrics; Rolfe et al. 

2021a) with a template skull as the base mesh, spacing tolerance of 2, and all other settings left 

as the default. We utilized three different template skulls in our study, each of which was an 

exemplar of an ontogenetic stage with associated age data: 4 days old juvenile (TLG E006); 30 

days old sub-adult (TLG E098); and 8ï10 years old sexually-mature adult (TLG E054). If the 3D 

geometric morphometric analyses using different ontogenetic stage template skulls yielded the 

same or similar trends, then it can be safely assumed that the morphospace clustering recovered 

https://www.slicer.org/
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is a true trend. With all of this considered, a total of nine 3D geometric morphometric analyses 

were conducted: 1) upper skull only using juvenile template skull; 2) upper skull only using sub-

adult template skull; 3) upper skull only using sexually-mature adult template skull; 4) mandible 

only using juvenile template skull; 5) mandible only using sub-adult template skull; 6) mandible 

only using sexually-mature adult template skull; 7) upper skull and mandible using juvenile 

template skull; 8) upper skull and mandible using sub-adult template skull; and 9) upper skull 

and mandible using sexually-mature adult template skull. For the analyses that involved the 

upper skull (1ï3 and 7ï9), the scleral rings, hyoid, and cervical vertebrae were removed from the 

meshes. Once the landmarks were generated in the .fcsv landmark file, they were applied to all 

of the meshes through batch processing within the SlicerMorph extension ALPACA (Porto et al. 

2021). Each 3D skull mesh yielded one .fcsv file with the associated pseudolandmarks and their 

coordinates. We analyzed the files through GPA (Module: SlicerMorph: Geometric 

Morphometrics), which overlays the pseudolandmark coordinates of all the specimens, and we 

performed a Procrustes alignment to deemphasize size of specimens as a factor (e.g., Adams et 

al. 2004). The 3D geometric morphometric data were visualized using principal component 

analysis (PCA) through the R packages SlicerMorphR, Morpho, and geomorph. Morphospaces 

of different ontogenetic stages are represented by colored, transparent polygons or convex hulls 

on the PCA plots. We assess what the principal component axis captures by comparing the 

minimum and maximum meshes generated in R. Overlapping of convex hulls indicates that the 

morphotype categorized in those convex hulls are quantitatively not distinct. 

 

Anatomical abbreviations: an: angular; ar: articular; bo: basioccipital; d: dentary; f: frontal; fm: 

foramen magnum; fnac: foramen nervi ampularis caudalis; fnc: foramem nervi cochlearis; fnf: 
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foramen nervi facialis; fng: foramen nervi glossopharyngealis; fnh: foramen nervi hypoglossus; 

fnm: foramen nervi maxillomandibular; fnv: foramen nervi vagi; fvto: foramen veni transverso-

occipitalis; is: interorbital septum; j: jugal; la: lacrimal; ls: laterosphenoid; MAME: Musculus 

adductor mandibulae externus; MAMP: M. adductor mandibulae caudal; MDM: M. depressor 

mandibulae; MPP: M. protractor pterygoidei; MPQ: M. protractor quadrati; MPsP: M. 

pseudotemporalis profundus; MPsS: M. pseudotemporalis superficialis; MPtV: M. pterygoideus 

ventralis; me: mesethmoid; ms: mandibular symphysis; mx: maxilla; n: nasal; occ: ostium canalis 

carotici; ocoe: ostium canalis ophthalmici externi; oo: otoccipital (exoccipital + opisthotic); p: 

parietal; pa: palatine; par: prearticular; pc: prominentia cerebellaris; pbs: parabasisphenoid; pm: 

premaxilla; pr: prootic; pt: pterygoid; q: quadrate; qj: quadratojugal; psr: parasphenoid rostrum; 

sa: surangular; so: supraoccipital; sp: splenial; v: vomer.  

 

4. RESULTS: 

Osteological Description and Ontogenetic Changes 

Upper skullð The sexually-mature adult in this study (TLG E054) has an almost completely 

fused upper skull, meaning that most of the sutures are obliterated between most skull bones with 

exception to contacts between the following: vomer and pterygoid; maxilla and palatine; 

pterygoid and quadrate; pterygoid and parabasisphenoid; quadrate and otoccipital; quadrate and 

quadratojugal; and quadrate and squamosal (Figure 2). The contacts between these bones are 

either kinetic flexion zones or moveable synovial joints. Overall, the upper skull broadens 

mediolaterally caudal to the orbits through ontogeny, which can be seen in exemplars in Figure 

2. The cranium is dorsoventrally rounder in the skeletally-immature individuals than in the large 

skeletally-mature and sexually-mature adult individuals (Figure 2). The roundness comes from 
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the frontal region of the skull roof being more domed and the mesethmoid-nasal-frontal region 

sharply angling dorsoventrally towards the dorsal nasal bar of the premaxilla which can be seen 

in all of the juvenile and sub-adult specimens. In the skeletally-mature adults, the mesethmoid-

nasal-frontal region raises up through ontogeny and no longer forms a sharp drop with the dorsal 

nasal bar, but connects the bar to the frontals in a straight and gentle slope.  

The premaxilla is a tripartite, midline bone that makes up the rostralmost portion of the 

upper skull (Figure 3). The premaxilla comprises the midline dorsal portion of the beak and 

articulates with the nasal laterally. The premaxilla also articulates with the maxilla and vomer 

caudally in palatal view (Figure 3A). The sutures between the premaxilla and nasal remain 

visible through ontogeny until skeletally-mature adults. Ossification of the premaxilla in 

juveniles is least complete at the most rostral portion around the bill tip organ. The bill tip organ 

in emu has numerous foramina (Crole and Soley 2017). In juveniles, the foramina along the 

lateral edges of the premaxilla are not yet completely surrounded by bone, resulting in a lacey 

appearance to the premaxilla (TLG E098, Figure S2). The foramina on the palatal portion of the 

premaxilla open caudally, and the bone surrounding these foramina is mostly ossified at 

hatching. The dorsal bar of the premaxilla thickens dorsoventrally in the skeletally-mature 

individuals (Figures 2, 3C), but overall, the premaxilla shape showed minimal qualitative change 

through ontogeny. 

The nasal articulates with the mesethmoid and premaxilla medially, lacrimal laterally, 

and frontal caudally (Figure 3B). Some of the nasal sutures remain visible up until large sub-

adult individuals. For example, the sutures between the nasal and lacrimal are partially visible in 

larger sub-adults (VTPE.AV.0061, Figure S11 and VTPE.AV.0027, Figure S17) and are not 

visible in the skeletally-mature adults (VTPE.AV.0058, Figure S19 and VTPE.AV.0062, Figure 
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S20). The sutures between the nasal and the premaxilla and between the nasal and mesethmoid 

remain distinctive in skeletally-mature adults. All nasal sutures are obliterated in the sexually-

mature individual (TLG E054; Figure 1, 2). The nasal does not go through major qualitative 

shape change through ontogeny. 

The lacrimal  articulates with the nasal medially and the frontal rostrally. The sutures 

between the lacrimal and the frontal and between the lacrimal and the nasal become difficult to 

identify in skeletally-mature individuals as the skull roof bones fuse together. The lacrimal has 

three processes: a dorsal process that extends caudally and along the dorsal curvature of the orbit, 

a supraorbital process, and a ventral process that transmits the nasolacrimal foramen (Figure 3E). 

The more lateral process of the two ventral processes is consistently longer than the more medial 

process through ontogeny (Figure 1, 2). In juveniles, the lacrimal is almost fully ossified, with 

the nasolacrimal foramen in varying degrees of complete ossification in some specimens of our 

series (VTPE.AV.0036, Figure S4). In the juvenile and smaller sub-adult specimens, the ventral 

foramen is triangular in shape. In larger sub-adults, skeletally-mature adults, and the sexually -

mature adult, the foramen becomes more teardrop shaped. In lateral view, the supraorbital 

process of the lacrimal becomes dorsoventrally thicker and rostrocaudally longer, forming a 

larger portion of the dorsal edge of the orbit in the sexually-mature adult (TLG E054). The 

medioventral process of the lacrimal eventually connects medially and fuses with the ectethmoid 

(which itself is fused with the mesethmoid) in the sexually-mature adult (TLG E054; Figure 1, 

S21). This fusion of the medioventral process might form the uncinate bone, which is a small 

ossicle that connects the lacrimal and mesethmoid described by Mayr (2022); however, our lack 

of sampled individuals between our skeletally-mature and sexually-mature adults hinders our 
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ability to describe this feature further. In the sexually-mature adult, the sutures between the 

lacrimal and the ectethmoid/mesethmoid are obliterated (Figure 2). 

The lamina dorsalis and the interorbital septum portions of the mesethmoid of the emu 

ossify from the hatching to early sub-adult stages. At the juvenile stage, the dorsal portion of the 

mesethmoid is only ossified at the midline. A fully fused mesethmoid is found in juvenile and 

sub-adult skulls larger than 60mm, and the caudal mesethmoid notch starts to form (Green and 

Gignac 2020). The notch becomes prominent in skeletally-mature individuals (VTPE.AV.0058, 

Figure S19 and VTPE.AV.0062, Figure S20; Green and Gignac 2020). The ossification and 

changing shape of the mesethmoid through ontogeny contributes to the changing slope of the 

mesethmoid-nasal-frontal region. The interorbital septum , the bony divide between the orbits, 

is largely cartilaginous in juveniles, sub-adults, and skeletally-mature adults and sits in the septal 

sulcus of the parabasisphenoid. The rostral portion of the septum is made up by the mesethmoid 

as mentioned above and ossifies earlier in the ontogenetic stage. However, the caudal portion of 

the septum is one of the last bony regions to ossify in the skull, and can only be seen in TLG 

E054 in our sample (Figure 1, 4) because the largest of the skeletally-mature adults 

(VTPE.AV.0058, Figure S19 and VTPE.AV.0062, Figure S20) still do not have a complete 

interorbital septum. When ossified in the sexually-mature adult, the interorbital septum has 

contributions from the mesethmoid, frontal, and laterosphenoid. The amount of contribution of 

those bones to the septum is difficult to determine because of the obliterated sutures and the few 

skeletally-mature and sexually-mature adults in our sample. 

The front al is a paired element that makes up dorsorostral portion of the cranium. The 

frontal articulates rostrally with the lacrimal, nasal, and lamina dorsalis of the mesethmoid 

(Figure 3B). The frontal articulates caudally with the parietal and ventrally with the 
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laterosphenoid. At the juvenile stage (e.g., VTPE.AV.0037, Figure S16), the frontal is fully 

ossified. However, the midline suture between the left and right frontals is not fully fused until 

our skeletally-mature adults. However, VTPE.AV.0038 (Figure S6), which is a juvenile 

according to our skull length measurement, is an exception to this overall trend because the 

majority of the interfrontal suture of that specimen is almost completely obliterated. 

The frontal does go through shape changes throughout ontogeny. In juveniles such as 

VTPE.AV.0037 (Figure S16), in lateral view, the frontal is dome-shaped with a sharp drop 

towards the mesethmoid-nasal-frontal articulation and premaxilla. The cranium is rounder in 

juveniles and sub-adults than in skeletally-mature and sexually-mature individuals. The frontal in 

larger sub-adults like VTPE.AV.0027 (Figure S17) starts to show shape change with the frontal 

lessening the sharp drop into the mesethmoid-nasal-frontal articulation and now having a gentle 

slope towards the premaxilla (Figure 2). In the sexually-mature adult, the frontal is no longer 

dome-shaped (Figure 2). The frontal eventually contributes to the ossification of the interorbital 

septum in the sexually-mature adult.   

The parietal articulates with the frontal rostrally, squamosal ventrolaterally, and the 

supraoccipital ventromedially. The parietal is relatively ossified at juvenile stages with some 

variations that can be seen in VTPE.AV.0035 (Figure S14). In all sub-adults except for 

VTPE.AV.0061, the parietal is fully ossified. The sutures between the parietal and surrounding 

bones remain visible up until the skeletally-mature individuals, in which the sutures between the 

parietal and the squamosal become difficult to distinguish (Figure 4). The sutures between the 

parietal and the frontal around the fontanelle are closed but still visible in skeletally-mature 

individuals, but the more lateral portion of that suture is more obliterated. By the sexually-mature 
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adult, no sutures between the parietal and surrounding bones are visible as the cranium becomes 

a single ossified unit (Figure 2 and 4).  

As in all modern Aves, the postorbital bone is lost, but there is a postorbital process that 

borders the caudal portion of the orbit (Wang and Hu 2017). In emu, the postorbital process of 

the laterosphenoid is small projection and its base seems to be contributed to by the frontal and 

the squamosal. The squamosal articulates with the laterosphenoid rostrally, the frontal dorsally, 

the quadrate ventrorostrally, and the otoccipital mediocaudally, (Figure 3). The squamosal has a 

ventrally projecting process (=the zygomatic process) that is ventral to the postorbital process of 

the laterosphenoid, which is strongly developed in emus and other ratites along with some 

galliforms, piciforms, and passeriforms (Baumel and Witmer 1993). The sutures of the 

squamosal with all of the surrounding bones remain visible up until the skeletally-mature adults 

(VTPE.AV.0058, Figure S19 and VTPE.AV.0062, Figure S20). However, by the sexually-

mature adult stage (TLG E054), no sutures between the squamosal and the other bones of the 

braincase are visible, except for the synovial joints between the squamosal and quadrate. In 

juveniles, the squamosal is in various stages of ossification with a lacey appearance on the lateral 

surface of the bone (Figure 2). In the sub-adults, the squamosal is almost completely ossified.  

Slight changes in the shape of the squamosal can be seen through ontogeny. In the 

juvenile skull in lateral view, the zygomatic process of the squamosal is barely visible (Figure 2). 

The zygomatic process in the larger sub-adults becomes more prominent and starts to flare 

laterally. In skeletally-mature and sexually-mature individuals, the squamosal flares out laterally 

farther than the most lateral extent of the otoccipital, changing the caudal profile of the cranium. 

The jugal bar is comprised of the maxilla, jugal, and quadratojugal. The jugal bar is 

unfused to the quadrate and articulates with the quadrate at hatching through a synovial joint 
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connection (Figure 3A). The jugal is a rod-like bone that connects the maxilla to the 

quadratojugal. Suture lines are clearly seen in all juvenile specimens, and up until the smaller 

sub-adults (e.g VTPE.AV.0042, Figure S7). The sutures between the jugal and the quadratojugal 

are still distinguishable in larger sub-adults (e.g., VTPE.AV.0042 (KT-4)). Sutures between the 

jugal, maxilla, and quadratojugal becomes obliterated in the sexually-mature adult. The 

quadratojugal is a small bone at the caudalmost portion of the jugal bar connecting the jugal 

and the quadrate. The majority of the quadratojugal is seen in the medial side of the jugal bar, but 

can still be identified in lateral view (Figure 3C). The articulation surface of the quadratojugal 

for the quadrate changes to a flatter, medially-cupped surface in skeletally-mature adults 

(VTPE.AV.0058, Figure S19 and VTPE.AV.0062, Figure S20).  The maxilla is mostly visible in 

ventral/palatal view and makes up a small ventral portion of the jugal bar when viewed laterally 

(Figures 2, 3). It articulates with the premaxilla rostroventrally, the palatine and jugal 

caudoventrally, and the vomer medially. The sutures for articulation with all of those bones are 

seen in all juveniles and small sub-adults such as VTPE.AV.0042 (Figure S7) and 

VTPE.AV.0044 (Figure S10). In the larger sub-adults (e.g., VTPE.AV.0027, Figure S17), the 

sutures between the maxilla and the jugal become hard to distinguish. In skeletally-mature 

adults, the sutures between the maxilla, premaxilla, and vomer are obliterated and the separate 

bones are indistinguishable. The maxilla and palatine remain unfused in the sexually-mature 

adult (TLG E054). The ossification of the maxilla appears to have no clear pattern in juveniles 

and sub-adults. The rostral portion of the maxilla near the premaxilla remains somewhat 

unossified up until the sexually-mature stage. 

 The vomer is an elongated bone with bifurcating caudal processes that connects the 

pterygoid and the parabasisphenoid with the maxilla and the palatine through a spade-shaped 
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rostral projection (Figure 3A). In the very small juveniles (e.g., VTPE.AV.0035, Figure S14), the 

midline body of the vomer is ossified, but the spade-shaped rostral projection is not fully 

ossified. The rest of the vomer ossifies by the sub-adult stage with the rostral spade-shaped 

portion being less ossified than the caudal portion. The ossification of the vomer and the palatal 

region as a whole varies, and that variation can be seen across the juvenile and sub-adult stages 

in our sample. Some sub-adults, like VTPE.AV.0044 (Figure S10), have a vomer that is less 

ossified than that of juveniles like VTPE.AV.0034 (Figure S18).  

The palatine articulates with the maxilla rostrally and the vomer mediocaudally (Figure 

x). The sutures between the maxilla do not completely obliterate through ontogeny and can still 

be seen in the sexually-mature adult. The suture between the palatine and the vomer also never 

fuses through ontogeny. The palatine is in various stages of ossification in the juveniles and sub-

adults with varying lacey pattern (Figure 3) and does have shape variations among the 

specimens. Among the juveniles, VTPE.AV.0035 (Figure S14) has a mediolaterally wider 

palatine in comparison to that of VTPE.AV.0038 (Figure S6). In sub-adults, the large opening 

has different shapes and sizes even among specimens with similar skull lengths. For example, 

VTPE.AV.0042 (Figure S7) has a relatively smaller foramen size than VTPE.AV.0041 (Figure 

S15). Other than intraspecies variation, the palatine also does not go through major shape change 

through ontogeny. 

The pterygoid connects the quadrate with the vomer and is an important part of the 

cranial kinetic system (Bock 1964). The pterygoid has a rounded articulation facet with the 

quadrate condylus pterygoideus and a flat flange that articulates the pterygoid to the vomer. In 

juveniles, the rounded articulation facet is more ossified than the flat flange connecting with the 

vomer (Figure 3A). The pterygoid articulation with the vomer is in various stages of ossification 
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in juveniles such as those like VTPE.AV.0035, where the flange is not well ossified (Figure 

S14), to VTPE.AV.0046, which shows the flange quite ossified (Figure S9). In sub-adults 

regardless of skull length, the pterygoid connection with the vomer is fully ossified. The 

pterygoid never obliterates its sutures with the quadrate or the vomer.   

The quadrate in emus is typical of palaeognath quadrates and differs from that of 

galloanserans by having three distinct ventral (mandibular) condyles, the lateral condyle, caudal 

condyle, and medial condyle, instead of two (Kuo et al. 2023). The quadrate articulates with the 

quadratojugal, laterally on the quadratojugal cotyle, with the pterygoid medially on the pterygoid 

condyle, with the prootic on the otic capitulum, and with the squamosal dorsolaterally on the 

squamosal capitulum (Kuo et al. 2023, Figure 3). Several sutures of the quadrate do not 

obliterate through ontogeny except for the quadratojugal-quadrate suture, which is obliterated in 

sexually-mature adult. The quadrate is also another bone that is at least 90% ossified by hatching 

(e.g., TLG E006, Figure S1). All of the juveniles in this study displayed a relatively complete 

quadrate, and the areas that are least ossified are the three condyles on the ventral side of the 

quadrate, which is where the quadrate articulates with the articular. The three quadrate condyles 

go through a mediolateral widening in ontogeny, which broadens the caudal profile of the skull 

(Figure 2). The lateral flaring of the squamosal described above is likely to accommodate the 

mediolateral widening of the quadrate. In the juveniles, the lateral condyle and caudal condyle 

share one ridge and the pterygoid condyle occupies its own circular ridge (VTPE.AV.0034, 

Figure S18). In large juveniles such as VTPE.AV.0034 (Figure S18) and smaller sub-adult 

individuals like VTPE.AV.0045 (Figure S12), the condylus caudalis starts to project more 

caudally, forming a caudally projecting point in the ridge. In larger sub-adults like 
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VTPE.AV.0028 (Figure S8) and skeletally-mature adults, the lateral condyle becomes more 

laterally facing than in juveniles, and the caudal condyle points caudally. 

The back of the skull in caudal view shows major changes in shape through ontogeny. 

The cranium is rounder in juvenile individuals, and in sub-adult individuals, the cranium starts to 

become boxy (Figures 1, 3). In skeletally-mature and sexually-mature adults, the temporal region 

flattens out rostrocaudally, and the attachment site for M. depressor mandibulae becomes more 

prominent with increased rugosity (Figure 4). In skeletally-mature individuals, the quadrate 

flares mediolaterally coupled with the enlargement of the articular in the mandible, changing the 

shape of the back of the skull (Figure 4). The supraoccipital makes up the caudal portion of the 

cranium and articulates with the parietal rostrally and the otoccipital caudally (Figure 3). This 

bone has well developed prominentia cerebellaris that start to appear more prominently in sub-

adult specimens like VTPE.AV.0044 (Figure S10), and this crest becomes prominent in the 

skeletally-mature individuals. The supraoccipital has a domed appearance in the juvenile stage 

(e.g., VTPE.AV.0046, Figure S9) and continues to have the domed appearance until the 

skeletally-mature stage (VTPE.AV.0058, Figure S19; VTPE.AV.0062, Figure S20). At the 

skeletally-mature stage, the flattened supraoccipital surface shows strong rugosity for attachment 

of the cervical muscles M. complexus. This rugosity continues to develop at least until the 

sexually-mature adult in our sample.  

The caudoventral portion of the cranium is formed by the otoccipital, the combination of 

the exoccipital and the opisthotic. The paired element articulates with the basioccipital medially, 

squamosal rostrolaterally, prootic rostromedially, and supraoccipital dorsally. While in medial 

view, the suture between the exoccipital (more caudal element) and the opisthotic is visible in 

juvenile VTPE.AV.0036 (Figure S4) and sub-adult VTPE.AV.0061 (Figure S11), these two 
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bones likely have already achieved full fusion with obliterated sutures (Figure 5E). The sutures 

in the otoccipital fully obliterate in the skeletally-mature specimens (Figure 5D, 5H). The 

otoccipital has foramen nervi vagi, foramen nervi hypoglossus, and the carotid artery (Figure 5E, 

5F). The paired foramen nervi hypoglossus are always lateral to the occipital condyle (Figure 5). 

The otoccipital also houses the large foramen nervi vagi rostrally, which is easily identifiable in 

all ontogenetic stages in medial view (Figure 5).  

The parabasisphenoid is located in the ventral side of the cranium, connecting the 

cranium to the palatal region (Figure 3A). This element is composed of the parasphenoid and the 

basisphenoid; in emu at the juvenile stage, the two bones have no distinguishable suture lines and 

therefore, are regarded as a single element, the parabasisphenoid. The parabasisphenoid rostrum 

(=cultriform process, Figure 4) is a rostrally-pointing keel-like projection that is generally the 

most ossified part of the parabasisphenoid in juveniles (e.g., VTPE.AV.0043, Figure S5). The 

basisphenoid ñwingsò are in various stages of ossification within the juveniles and are almost 

completely to completely ossified in the sub-adults. 

The prootic is a rectangular bone with a ridge running dorsoventrally in medial view and 

can be found medial to the squamosal (Figure 5). The prootic articulates with the parietal 

dorsally, parabasisphenoid and the basioccipital ventrally, laterosphenoid rostrally, 

supraoccipital dorsocaudally, and otoccipital ventrocaudally. The prootic changes little in shape 

through ontogeny. At the juvenile stage, the prootic is fully ossified (Figure 5E). The sutures 

between the prootic and the surrounding elements are fully obliterated in skeletally-mature adults 

(Figure 5). The prootic is where the foramen nervi facialis, foramem nervi cochlearis, and 

foramen nervi ampularis caudalis are located (Figure 5). Though the foramen nervi cochlearis is 

visible in medial view on the prootic of the juvenile VTPE.AV.0036 (Figure 5E), the foramen is 
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not seen in the sub-adult, skeletally-mature adult, and the sexually-mature adult samples in our 

study (Figure 5F,5G, 5H). 

The shape of the foramen magnum changes relatively little through ontogeny. However, 

the dorsal border of the foramen magnum becomes more hooded through the caudal expansion of 

the supraoccipital and the prominentia cerebellaris becoming more prominent in skeletally-

mature individuals (Figure 2D). The foramen magnum width ranges between 5.84mm in the 

juvenile TLG E006 to 10.88mm in the sexually-mature adult TLG E054 (Table 1). The occipital 

condyle comprises three small convex knobs formed from two processes from the otoccipitals 

and a middle portion from the basioccipital process (Figure 2D). This composition does not 

change through ontogeny but rather the three processes fuse and become the occipital condyle 

(Figure 1). In juvenile and sub-adult stages, the otoccipital processes form the lateral portions of 

the condyle. By the sexually-mature individual, the occipital condyle is now one completely 

formed convex structure (Figure 4). The scleral rings in our specimens consistently have 14 

ossicles. In juveniles, the sutures between each ossicle are still clearly defined. In sub-adult 

specimens, the overlaps between the ossicle are less visible in lateral view, but can still be 

distinguished in medial view. Ossification of the ossicles is varied among the juveniles. 

 

Mandibleð The mandible is composed of the dentary, surangular, angular, splenial, prearticular, 

and articular in emu (Figure 6). The mandible mediolaterally widens from hatching to the sub-

adult stage before getting dorsoventrally thicker at the caudal portion in skeletally-mature adults. 

In the juvenile, the dentary at the rostral portion is covered in foraminal pits for the bill tip organ 

up to halfway to the caudal end, with big foramina pitting along the dorsal edge of the dentary 

(Figure 5A, 5B, and 5C). The dentaries are completely fused rostrally in the smallest juvenile 
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specimens. The foramina near the mandibular symphysis are more circular than the caudal 

foramina in the dentary, which are more elongated rostrocaudally and open caudally. These 

bigger foramina in the more caudal portion are covered up by bone in the sub-adult specimens as 

the dentary becomes more ossified (Figure 6). The dorsal edge of the dentary is ossified rostrally 

from sub-adult to skeletally-mature adults. The foramina in the sub-adult (e.g., VTPE.AV.0042, 

Figure S7) start to close up in the caudal areas. By the skeletally-mature adults, the dorsal edge 

of the dentary is completely ossified, and the adult morphology of the dentary foramina pattern is 

fully present. These foramina in the skeletally-mature individuals either appear to be smaller or 

relatively smaller than in the juveniles.  

The surangular is a lateral element of the mandible that articulates with the dentary 

rostrally, the angular ventromedially, and the prearticular and articular medially (Figure 6A, 6B). 

The surangular changes little through ontogeny, and its more rostrolateral sutures to the dentary 

and angular never obliterate even in the sexually-mature adults (Figure 6). The angular can be 

seen in lateral view to be ventral to the surangular and rostral to the articular. In medial view, the 

angular also articulates with the splenial rostrally and the prearticular medially. The medial 

suture between the angular and the prearticular is visible and obliterates in the sexually-mature 

adult (TLG E054). The angular is fully ossified at hatching (Figure 7, TLG E006, Figure S1). 

The splenial is a thin bone seen in the medial surface of the mandible. It articulates with the 

dentary rostrodorsally and also laterally, the articular caudolaterally, and the prearticular 

caudally. The sutures between the splenial and surrounding elements never obliterate and 

continue to be observed in the sexually-mature individual (Figure 7). 

The prearticular  is found medioventral to the articular and medial to the angular. The 

prearticular is a thin bone that cups the medial surface of the articular and eventually forms the 
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medioventral border to the articular in the sexually-mature adult. At the juvenile stage, the 

prearticular is minimally articulated with the articular medially, seen in the 4-day (TLG E006) 

and 5-day (TLG E093) old juveniles. Through ontogeny, the lateral surface of the prearticular 

starts to fully articulate to the medial surface of the articular first before articulating with the 

ventral surface of the articular. This can be seen in the sub-adult individuals such as 

VTPE.AV.0045 (Figure S12). The sutures between the prearticular and the articular are still 

somewhat visible in the skeletally-mature individuals, but are fully obliterated in the sexually-

mature individual, along with the suture between the prearticular and the angular (Figure 7).  

The articular , which is semi-circular in juveniles, is somewhat fused medially to the 

caudal portion of the prearticular at hatching (Figure 6). At hatching, the mandible is mostly 

ossified with the articular being the least ossified bone (Figure 7, TLG E006, Figure S1). At the 

sub-adult stage, the articular is now more triangular in caudal view and the medial side of the 

articular now mostly fused with the prearticular (Figure 7). At the skeletally-mature stage, the 

articular in caudal view is a triangle with the medial side and lateral side fusing to the 

prearticular and angular, respectively. In the sexually-mature adult, the articular, prearticular, and 

angular are completely fused in both caudal and dorsal view with the angular-articular forming 

the medial mandibular process (Figure 7). The articular surface in caudal view is no longer flat 

li ke it was in the skeletally-mature adults, but is now concave. In dorsal view, the articular goes 

from being a flat semi-circular disk shape to mediolaterally broadening over the angular and 

prearticular into a cup-like structure through the sub-adult and skeletally-mature individuals 

(Figure 7).  

 

Fontanelle Closure 
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The  frontoparietal fontanelle in the nine juvenile specimens is extremely variable, 

regardless of skull length. In two out of nine specimens (VTPE.AV.0034, Figure S18 and 

VTPE.AV.0037, Figure S16), the space between the frontals is still open with only the most 

rostral portion of the midline suture articulated, and the paired parietal elements unossified at the 

midline suture and with significant gapping at the midline. In three out of nine specimens (4 days 

TLG E006, Figure S1; 5 days TLG E093, Figure S2; VTPE.AV.0043, Figure S5), the frontals 

mostly articulate with each other at the midline, and the paired parietal elements have not 

ossified to the midline suture yet, but the midline gapping is much smaller than in 

VTPE.AV.0037 (Figure S16). In three out of nine specimens (VTPE.AV.0036 (Figure S4), 

VTPE.AV.0042 (Figure S7), VTPE.AV.0046 (Figure S9)), the paired frontal elements mostly 

articulate with each other, and the paired parietal elements ossified up to the midline. In these 

specimens, the midline caudal corners of the frontal and the midline rostral corners of the parietal 

have not closed; therefore, the frontoparietal fontanelle is still open. In one out of nine specimens 

(VTPE.AV.0038, Figure S6), the paired frontal elements articulate with each other and the 

rostralmost portion of the midline suture is partially obliterated, and the paired parietal elements 

are ossified up to the midline. In VTPE.AV.0038, the midline caudal corners of the frontal and 

the midline rostral corners of the parietal are closed; therefore, the frontoparietal fontanelle is 

closed (Figure S6).  

This frontoparietal fontanelle closure variation also is seen in sub-adult specimens 

regardless of their skull length measurements. VTPE.AV.0044 (Figure S10), VTPE.AV.0061 

(Figure S11), VTPE.AV.0028 (Figure S8), and VTPE.AV.0041 (Figure S15) exhibit the same 

morphology as 4-day TLG E006, 5-day TLG E093, and VTPE.AV.0043. VTPE.AV.0022 

(Figure S13), VTPE.AV.0042 (Figure S7), and VTPE.AV.0027 (Figure S17) exhibit the same 
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morphology as VTPE.AV.0036, and VTPE.AV.0046. VTPE.AV.0045 (Figure S12) shows the 

most complete obliterated sutures between both the frontal midline suture and the parietal 

midline suture in the sub-adults. The fontanelle is minimally open. However, in our skeletally-

matured specimens, the frontoparietal fontanelle is completely closed with the midline sutures of 

the frontal and parietal being mostly obliterated and no variations in the fontanelle closure 

observed. 

 The squamosal-parietal-supraoccipital-otoccipital fontanelle (Figure 4) is a pair of 

fontanelles, one fontanelle on each lateral side of the braincase and can be seen in caudal oblique 

views. This fontanelle is less variable in appearance in the juvenile specimens than the 

frontoparietal fontanelle. The large opening of the fontanelle is found in the specimens with 

smaller skull length (between 54mm and 62mm): TLG E006, TLG E093, VTPE.AV.0036, 

VTPE.AV.0043, VTPE.AV.0035, and VTPE.AV.0037. Though not fully closed, the fontanelle 

has a much smaller gap coming from mostly the closure of the supraoccipital and the parietal and 

the enlargement of the otoccipital in the juveniles with larger skull length (between 62mm and 

64mm): VTPE.AV.0038, VTPE.AV.0046, and VTPE.AV.0034. In the sub-adult specimens, the 

fontanelle is not fully closed with a gap similar to that of VTPE.AV.0038 as seen in specimens 

with skull length between (65mm and 69mm): VTPE.AV.0042, VTPE.AV.0044, 

VTPE.AV.0045, VTPE.AV.0022, and VTPE.AV.0041 (Figures S7, S10, S12, S13, and S15). 

The sub-adult specimens with larger skull length (>71mm) like TLG E098, VTPE.AV.0028, 

VTPE.AV.0061, and VTPE.AV.0027, and the skeletally-mature specimens (VTPE.AV.0058 and 

VTPE.AV.0062), have full closure of the fontanelle, but the sutures are not fully obliterated. In 

the sexually-mature specimen, the sutures of the fontanelle are fully obliterated. 
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Jaw Musculature Ontogenetic Changes 

Between the three juvenile and skeletally-mature adult specimens, jaw muscle attachment 

sites did not change or vary (Table 4). Jaw muscles are illustrated in Figure 8 for the skeletally-

mature adult specimen (VTPE.AV.0062). When comparing the musculature between the two 

juvenile specimens and the one skeletally-matured adult specimen, the definition between 

adjacent muscles is a bit higher in the skeletally-mature specimens. There was more 

interdigitation seen on the image stack within the muscles in the juvenile specimen 

(VTPE.AV.0046) and the skeletally-mature adult (VTPE.AV.0062), specifically in the M. 

protractors, M. pseudotemporalis profundus, and M. adductor mandibulae caudal, making 

segmentation of these muscles most time-consuming. This can also be seen in Rhea (Picasso et 

al. 2023). While most of the jaw muscle shapes do not change through our ontogenetic 

exemplars, the dorsal attachment site of M. pseudotemporalis superficialis flares out across the 

lateral surface of the squamosal much more in the skeletally-mature adult, VTPE.AV.0062 

(Figure 9). 

The two juvenile specimens showed similar jaw muscle mass to head mass composition. 

The head mass of VTPE.AV.0036 was approximately 37g, and the mass of the left and right jaw 

muscles totaled 1.02g (Table 2, 5), 2.76% of the head mass. The head mass of VTPE.AV.0046 

was approximately 45g, and both sides of the jaw muscles totaled 1.28g (Table 2, 5), comprising 

2.84% of the head mass. However, the skeletally-mature adult specimen displayed a higher jaw 

muscles mass to head mass composition. The head mass of VTPE.AV.0062 was approximately 

209g, and both sides of the jaw muscles totaled 10.51g (Table 2, 5). The mass of jaw muscles in 

VTPE.AV.0062 made up of 5.03% of the head mass.  
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The mass change and percent mass change tells how much mass increased or decreased 

between the compared specimens, or how much the musculature grew across the ontogenetic 

stages. For example, M. mandibulae caudal in the juvenile VTPE.AV.0036 increased in mass by 

almost 12 times (1189.4%) of its own mass to the M. mandibulae caudal mass in the skeletally-

mature adult (Table 5). Overall, the percent mass change of each jaw muscle between the 

juveniles and skeletally-mature adult ranges between 5 to 13 times its own mass (486% and 

1336.7%), varying between muscles. The M. depressor mandibulae showed the lowest percent 

mass change (486%) in comparison between VTPE.AV.0046 and VTPE.AV.0062 out of all the 

jaw muscles. M. pseudotemporalis profundus showed the highest percent mass change between 

VTPE.AV.0036 and VTPE.AV.0062, 1336.7%. The widest range of percent mass change is 

found in M. pseudotemporalis profundus at a range of 606.6% (730.2% between VTPE.AV.0046 

and VTPE.AV.0062; 1336.7% between VTPE.AV.0036 and VTPE.AV.0062) in comparison to 

other muscles such as M. pseudotemporalis superficialis having a range of 1% and M. adductor 

mandibulae externus having a range of around 59% (Table 5). 

 

3D morphometric analyses of bony skull elements 

Without sampling more skeletally-mature and sexually-mature specimens, we cannot 

determine the entire morphospace that would be occupied by the skeletally-mature and sexually-

mature adults. Currently the skeletally-mature and sexually-mature specimens do plot in a 

different area of the morphospace than the skeletally-immature specimens and never overlap the 

convex hulls of the skeletally-immature specimens. In the overlapping morphospaces (juveniles 

and sub-adults) in our analyses, VTPE.AV.0041 (KT-12, skeletally-immature sub-adult) is found 

there most often, in the upper skull analysis using sub-adult template, upper skull analysis using 
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sexually-mature adult template, mandible only using juvenile template, and upper skull and 

mandible using sexually-mature adult template. Outliers are those specimens that visually plot in 

an area that is far out from the others in its category and once that specimen is taken out of the 

analysis, it noticeably changes the results of the analysis. In our shape analyses, TLG E006 was 

recovered as an outlier in some of the analyses, including those that used and did not use that 

specimen as the template skull (Figure 11, 13, 14, and 15).  

 

Upper skull-only analyses ï Within these skull-only analyses, the juvenile and sub-adult 

specimens cluster most closely to each other, and convex hulls often overlap, whereas the 

skeletally-mature and sexually-mature adults consistently plot in their own region of 

morphospace. 1) Upper skull only using juvenile template (Figure 10)ï VTPE.AV.0041 sits 

within the overlapping morphospace of juvenile and sub-adult specimens. VTPE.AV.0027 shows 

some signs of being an outlier in this analysis. Principal component 1 (PC1) captures the rostral 

growth of the premaxilla and dorsal flattening of the skull roof (= 55.94% of the variation, Figure 

10B). PC2 describes dorsoventral changes in the palatal region (= 11.9%, Figure 10C). 2) Upper 

skull only using sub-adult template (Figure 11)ï VTPE.AV.0022 and VTPE.AV.0041 sit 

within the overlapping regions of the juvenile and sub-adult convex hulls in the morphospace. 

Visually, TLG E006 seems to be an outlier in this analysis. PC1 captures the rostral growth of 

the premaxilla and dorsal flattening of the skull roof (= 50.47%, Figure 11B). PC2 describes the 

dorsal changes of the mesethmoid-nasal-frontal region and dorsoventral changes in the palatal 

region (= 16.58%, Figure 11C). 3) Upper skull only using sexually-mature adult template 

(Figure 12)ï VTPE.AV.0041 sits within the overlapping morphospace of juvenile and sub-adult 

specimens. No clear indication of any outliers is seen. PC1 captures the rostral growth of the 
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premaxilla and dorsal flattening of the skull roof (= 33.85%, Figure 12B). PC2 describes the 

doming of the skull roof (= 16.67%, Figure 12C). 

 

Mandible-only analyses ï Regardless of which skull template was used to generate the 

pseudolandmarks, both of the juvenile and sub-adult specimens occupy a relatively broad region 

of morphospace with some specimens sitting just inside the overlap (Figure 13, 14, 15). Both 

skeletally-mature and sexually-mature individuals plotted in a separate region of the 

morphospace, with the sexually-mature adult consistently plotting closer to VTPE.AV.0027 in 

all of our analyses. TLG E006 seems to be an outlier in all of our mandible-only analyses, which 

can either mean that the morphology of the mandible of TLG E006 is unusual or there are rogue 

voxels that are causing distortion to the shape analyses. However, all of the pseudolandmark 

changes that contribute to the morphological variations in all three analyses showed no signs of 

rogue voxels that would contribute to any distortion; therefore, TLG E006 seems to be more 

mediolaterally bowed than our other specimens, which is an unusual mandibular morphology in 

our ontogenetic sampling. 1) Mandible-only using juvenile template (Figure 13)ï 

VTPE.AV.0041 sits within the overlapping region of morphospaces of the juvenile and sub-

adult. PC1 primarily captures the mediolateral broadening of the articular, specifically the 

growth of the medial mandibular process, and the rostral growth of the dentary (PC1 = 55.41%, 

Figure 13B). PC2 captures the mediolateral bowing of the angular and surangular and some 

rostrocaudal growth (=9.32%, Figure 13C). 2) Mandible-only using sub-adult template (Figure 

14)ï VTPE.AV.0046 and VTPE.AV.0022 sit within the overlapping regions of morphospace of 

the juvenile and sub-adult specimens. PC1 primarily captures the mediolateral broadening of the 

articular, specifically the growth of the medial mandibular process, and the rostral growth of the 
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dentary (PC1 = 50.13%, Figure 14B). PC2 captures the mediolateral bowing of the angular and 

surangular and some rostrocaudal growth (=11.23%, Figure 14C). 3) Mandible-only using 

sexually-mature adult template (Figure 15) ï VTPE.AV.0022 sits within the overlapping 

morphospace of juvenile and sub-adult specimens. PC1 primarily captures the mediolateral 

broadening of the articular, specifically the growth of the medial mandibular process, and the 

rostral growth of the dentary (PC1 = 47.79%, Figure 15B). PC2 captures the mediolateral 

bowing of the angular and surangular and some rostrocaudal growth (=12.66%, Figure 15C). 

 

Upper skull and mandible analysis ï Both of the analyses using the juvenile and sub-adult 

templates yielded the most similar PCA plots, with the juvenile and the sub-adult specimens 

plotting closer to each other than to the skeletally-mature and sexually-mature adults (Figure 16, 

17, and 18). There are minimal overlaps of morphospaces in the analyses using the juvenile and 

sub-adult templates, but large portions of the juvenile and sub-adult morphospace regions 

overlapped when we utilized the sexually-mature adult as our template skull (Figure 18). No 

clear outliers were observed in any of the three analyses. 1) Upper skull and mandible using 

juvenile template skull (Figure 16)ï no specimens were found to overlap in the morphospaces. 

PC1 describes the rostral growth of the premaxilla, rostrocaudal growth of the mandibles, and the 

dorsal flattening of the skull roof (= 26.65%, Figure 16B). PC2 describes changes within the 

interorbital septum and surrounding area (= 17.96%, Figure 16C). 2) Upper skull and mandible 

using sub-adult template (Figure 17)ï no specimens were found to overlap in the 

morphospaces. PC1 describes the rostral growth of the premaxilla, rostrocaudal growth of the 

mandibles, and the dorsal flattening of the skull roof (= 25.34%, Figure 17B). PC2 describes 

changes within the interorbital septum and surrounding area (= 19.19%, Figure 17C). 3) Upper 
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skull and mandible using sexually-mature adult template (Figure 18)ï VTPE.AV.0041, 

VTPE.AV.0037, and VTPE.AV.0034 were found to overlap the morphospace of the juvenile and 

sub-adult stages. PC1 describes the rostral growth of the premaxilla, rostrocaudal growth of the 

mandibles, and the dorsal flattening of the skull roof (= 20.69%, Figure 18B). PC2 describes the 

changes within the braincase and curving of the rostrum (= 15.5%, Figure 18C). 

 

5. DISCUSSION  

Methodological precautionsðWe used our combined emu samples to form an ontogenetic series 

to examine ontogenetic changes in the upper and lower portions of the skull. However, the usage 

of the ontogenetic categories used here as based on skull length needs to be taken with some 

caution. Skull length here was measured from the tip of the premaxilla to the caudalmost extent 

of the occipital condyle, as was done by Bailleul and colleagues (2016), in order to make 

comparisons with previously published literature. In many other vertebrates such as 

crocodylians, this would be true skull length because the occipital condyle or condyles are at the 

caudalmost portion of the skull (e.g., Bailleul et al. 2016). However, in emus and modern Aves 

as a whole, their large brains and consequently enlarged crania expand further caudally than the 

occipital condyle (Bhullar et al. 2012, Figure 2). In our emu series, several juveniles with smaller 

skull length (e.g., VTPE.AV.0037 SL=59mm) already have the supraoccipital extending more 

caudally than the occipital condyle (Figure S16), meaning skull length from the rostralmost 

portion of the premaxilla to the occipital condyle might not be the most accurate way to measure 

whole skull length in modern Aves. This caused several specimens (e.g., VTPE.AV.0046, and 

VTPE.AV.0027) in our series to ñshiftò in what ontogenetic category they belonged to when 

using skull length measurement from beak tip to occipital condyle versus beak tip to furthest 
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extent of the supraoccipital. Our skeletal CT scan data also do not reflect the entire skull length 

because often the rhamphotheca does not get visualized in the mesh as easily due to its lower 

density than bone. This might not be a significant issue in emus because the rhamphotheca do 

not grow out further than the jaw bones underlying as much as other birds such as black 

skimmers, but should be considered because the rhamphotheca may change size and shape 

through ontogeny, seasons, or sexual dimorphism (Greenberg et al. 2013). The rhamphotheca 

contributes approximately 1% of the total skull length in most of our specimens, so we highlight 

this as a feature to take precaution to but do not address further without more taxonomic 

sampling. 

 

Ontogenetic changes in the upper skull osteology of Palaeognathae and related AvesïThe emu 

skull shows major changes through ontogeny especially in the skeletally-immature stages in our 

sample. Skull width and skull length experience allometric growth, with the skull width 

expanding mediolaterally almost two times faster than the skull length. These major shape 

changes are observed in: the flattening of the skull roof; mediolateral expansion of the braincase; 

and change of the skull caudal profile. In the skeletally-immature specimens, the skull roof is 

more domed dorsally than in the skeletally-mature specimens (Figure 2). The domed skull roof 

starts to flatten dorsally in the sub-adult with the largest skull length (VTPE.AV.0027) and 

complete dorsal flattening is being observed in the skeletally-mature specimens (e.g., 

VTPE.AV.0062). We also observed that the mediolateral expansion of the caudal portion of the 

skull occurs in tandem with the dorsal flattening of the skull. This pattern is observed in both 

neognaths such as Geospiza fortis, Aptenodytes forsteri, Macronectes giganteus, Pica pica, and 
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palaeognaths like Struthio camelus (Genbrugge et al. 2011, Sosa and Acosta Hospitaleche 2018, 

Piro and Acosta Hospitaleche 2019, Plateau et al. 2023).  

The bones associated with the braincase are more ossified than the palatal bones in the 

skeletally immature specimens. The bones associated with the braincase are also the first to fuse, 

with compound elements of the skull base, like the parabasiphenoid and otoccipital, already 

fused at hatching. This is the opposite from what was observed in Macronectes giganteus, where 

the largest regions with cartilaginous and unfused elements are within the base of the skull, 

specifically the supraoccipital and parabasisphenoid (Piro and Acosta Hospitaleche 2019). Most 

of the bones associated with the skull base in the emus are fully ossified by hatching and showed 

little variation from that. The lateral bones of the braincase like the squamosal and parietal also 

have varied ossification patterns in juvenile individuals, but those variations are not seen in the 

sub-adults. How much ossification is present in a bone varies in the palatal bones and is 

exemplified by the maxilla and the pterygoid. Both of these bones showed no clear patterns with 

how ossified they were in the skeletally-immature specimens of similar sizes. The pattern of 

skull ossification for emus seems to start at the base of skull, then braincase, then facial, and 

finally palatal bones.  

The sutural obliteration in our ontogenetic series follows what was reported by Bailleul et 

al. (2016) and Lee et al. (2020), with no sutural obliteration in the palatal bones in the sexually-

mature adult; this is likely related to cranial kinesis moving the jaw apparatus. The sutural 

closures involving the fontanelles showed new patterns that previously were undescribed in 

emus. Variation in the frontoparietal fontanelle closure is high despite body size similarities 

within the skeletally-immature specimens. While the closure of the skull roof is important for the 

overall growth and development of the skull, the high variation in the frontoparietal fontanelle 
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closure might indicates that this area is not subjected to selective pressures since it is not bearing 

high biomechanical loading, unlike the feeding apparatus. The closure of the frontoparietal 

fontanelle probably happens in specimens between the skull length of 100mm and 120mm, but 

our series does not capture morphological changes in this stage due to lack of sampling. The 

squamosal-parietal-supraoccipital-otoccipital fontanelle closure is closely tied to the skull length 

of the specimens in this study and has fewer variations than the frontoparietal fontanelle. Though 

we do not have exact ages for every specimen, we can still observe that there is variation of 

ossification and bone fusion sequence in different areas of the skull; for example, the braincase is 

observed to be more ossified than the palatal region within one specimen. This variation of one 

area (the braincase) to another area (the palate) within one structure (the skull) shows that 

integration exists and that there is potentially modularity within the emu skull (Klingenberg 

2014).  

 

Ontogenetic changes in the mandibular osteology of Palaeognathae and related AvesðThe 

mandibles of each ontogenetic stage have minimal overlap in their morphospaces, meaning that 

the mandibular shape of each ontogenetic stage is distinct from the others. Overall, all of 

mandible results of the four ontogenetic stages occupy a smaller region of morphospace than in 

comparison to the upper skull morphospace, meaning that the mandibles seem to maintain 

generally similar shapes through ontogeny (Figure 6). The majority of the shape change we 

observe comes from the caudal portion of the mandible as the articular becomes more cup-like 

and the medial mandibular process of the articular becomes more pronounced (Figure 6). Though 

some research has shown that nondietary factors are more likely to influence the shape disparity 

in the avian upper jaw (Bright et al. 2016), certain diets may influence the mandible shape more 
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than it would to the upper jaw, as seen in rodent mandibles where the biomechanical function of 

the jaw muscles exert more force on the mandible than the upper jaw (Menegaz and Ravosa 

2017). For example, in Geospiza fortis, a seed cracking specialist, the main shape change 

variation in the mandible is the heightening of the coronoid process, which is the attachment site 

for M. adductor mandibulae externus rostralis, M. adductor mandibulae externus profundus, and 

M. pseudotemporalis profundus (Genbrugge et al. 2011). Both of the adductor mandibulae 

externus muscles are directly related to mandible closure, whereas M. pseudotemporalis 

profundus performs the simultaneous retraction of the palatal complex and mandible closure 

(Bhattacharyya 2013). Enlargement of this coronoid process allows for the attachment of larger 

mandible closing muscles, resulting in Geospiza fortis having a stronger bite force than Padda 

oryzivora, a non-seed-cracking finch with similar external appearance to G. fortis (Genbrugge et 

al. 2011b). The adult skull morphology attained in Geospiza fortis thus is likely influenced by 

jaw muscle performance, and ultimately may result from their dietary change from being fed by 

their parents as hatchling and nestlings to actively cracking seeds as adults (Genbrugge et al. 

2011a, Genbrugge et al. 2011b).  

Despite these emus coming from different farms, both farms are members of the 

American Emu Association which has guides and feed specificity for their animals. Based on 

those guidelines, the farmers are to provide a diet that contains a balanced feed of grains like 

corn, barley, and wheat with oilseed meals (American Emu Association 2023). Therefore, we 

assumed that the emus grew up in similar environments and with similar dietary inputs. No 

clarification exists on whether emu chicks were provided with different diets, so we assumed that 

our specimens had minimal to no dietary change through ontogeny. Drastic changes in diet or 

food acquisition style are not observed in wild emu populations either (Quin 1996). In emus, 
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ontogenetic dietary changes that require more biomechanical demand on the feeding apparatus 

are not observed, so the lack of major mandibular shape change appears to reflect that. The 

sutures that remain unfused in the mandible of the sexually-mature adult are between: the 

dentary and surangular; dentary and angular; dentary and splenial; and splenial and prearticular. 

The more caudal sutures of the mandible are not only fused but also obliterated in the sexually-

mature adult. This pattern is also seen in other palaeognaths like Struthio camelus (Plateau et al. 

2023). Within Neognathae, the pattern of suture fusion and obliteration is more variable, in 

which some taxa like Aptenodytes forsteri and Ardea cinera (Atalgin et al. 2014, Sosa and 

Acosta Hospitaleche 2018) do not have all obliterated sutures in the mandibles, and others like 

Pica pica, Geospiza fortis, Poephila cincta and species within Momotidae where all sutures in 

the mandible are completely obliterated (Pascotta and Donatelli 2003, Genbrugge et al. 2011, To 

et al. 2021, Plateau et al. 2023). Whether the mandibular suture obliteration patterns relate to 

feeding ecology or to another factor requires more targeted sampling of avian mandibles across 

various feeding ecology with a focus on biomechanical integrity across different diets. 

 

Ontogenetic changes in the jaw musculature of Palaeognathae and related AvesðOverall, the 

jaw musculature does not show much morphological difference between the juvenile and 

skeletally-mature specimens. The attachment sites and the muscle shapes for all the jaw muscles 

remain consistent throughout our juvenile and skeletally-mature specimens. The mediolateral 

expansion of the skull likely contributes to the percent mass change seen in the majority of the 

jaw muscles. This differs in M. depressor mandibulae due to the way the muscle attaches to the 

caudoventral portion of the skull outside of the adductor chamber, which is not dependent on the 

mediolateral expansion of the skull. The jaw musculature in the upper skull in juveniles 
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comprises ~3% of the head mass, whereas in the skeletally-mature adult the jaw musculature is 

~5% of the head mass. This positive allometry in the mass proportions between the jaw 

musculature and head mass, however, is not the trend seen if we take total body mass into 

consideration. Negative allometry is observed between jaw muscle mass and body mass, from .3-

.4% in juveniles to .08% in the skeletally-mature adult; this is a trend that was noted in Rhea 

americana (Picasso et al. 2023). The allometric patterns observed here need testing with a larger 

sample size to properly explore growth patterns of each jaw muscle.  

Musculus pterygoideus ventralis in the emu spans the ventral surface of the pterygoid and 

has no other jaw adductor muscles on either its medial or lateral side (Figure 8 and 9). The high 

percent mass change in M. pterygoideus ventralis likely is due to the mediolateral widening of 

the skull, giving the muscle more space to expand mediolaterally. Musculus pseudotemporalis 

profundus has the widest variation in the percent mass difference in the jaw musculature. Unlike 

M. pterygoideus ventralis, M. pseudotemporalis profundus is bordered laterally and medially by 

other jaw muscles in the adductor chamber. Therefore, though mediolateral expansion of the 

skull would allow space for more adductor chamber expansion, the M. pseudotemporalis 

profundus growth is likely dependent on the development of the orbital process of the quadrate 

because that muscle attaches to the orbital process and how the surrounding muscles grow. More 

data from the emu ontogenetic series is needed before we can assess whether there is a change in 

biomechanical performance between juvenile and adult jaws. 

When it comes to complexity of jaw muscles, palaeognaths have far fewer reported jaw 

muscles than neognaths. Our jaw muscle count in this study combines M. protractor pterygoidei 

and M. protractor quadrati as one M. protractor pterygoidei et quadrati for further comparison 

across Palaeognathae and Neognathae. The placement and myology of the two protractor 
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muscles made them difficult to segment and distinguish in one of the juveniles (VTPE.AV.0046) 

and the skeletally-mature specimen VTPE.AV.0062. The description of the protractor muscles as 

either M. protractor pterygoidei and M. protractor quadrati or as a singular unit, M. protractor 

pterygoidei et quadrati varies from author to author (Zusi and Storer 1969, Bock and Morioka 

1971, Richards and Bock 1973, Burger 1978,  Donatelli 1992, Donatelli 1996, Donatelli 1997, 

Flausino Jr. et al. 1999, Korzun et al. 2003, Holliday and Witmer 2007, Sustaita 2008, Korzun et 

al. 2009, Genbrugge et al. 2011a, Kalyakin 2011, Donatelli 2012, Donatelli 2013, Donatelli et al. 

2014, Lautenschlager et al. 2014, Quayle et al. 2014, Carril et al. 2015, Kalyakin 2015, Demmel 

Ferreira et al. 2018, Sosa and Acosta Hospitaleche 2018, da Costa Lima et al. 2019, To et al. 

2021, Hadden et al. 2022, and Picasso et al. 2023). This variation can come from whether we can 

properly distinguish the muscle fibers of each muscle belly and while we are able to parse out the 

protractors in the juveniles, but the two muscles are harder to distinguish in the skeletally-mature 

adult. In neognaths, jaw muscle count ranges from nine in Guira guira (Pestoni et al. 2018) to 15 

in Momotus momota and various woodpeckers (Zusi and Storer 1969, Bock and Morioka 1971, 

Richards and Bock 1973, Burger 1978, Bock 1985, Donatelli 1992, Donatelli 1996, Donatelli 

1997, Flausino et al. 1999, Korzun et al. 2009, Genbrugge et al. 2011, Donatelli 2012, Donatelli 

2013, Lautenschlager et al. 2014, Quayle et al. 2014, Carril et al. 2015, Kalyakin 2015, Demmel 

Ferreira et al. 2018, To et al. 2021, Hadden et al. 2022). In the palaeognath Rhea americana, 

seven jaw muscles and divisions were reported (Picasso et al. 2023). In various species within 

Tinamiformes, between nine to 11 jaw muscle divisions were reported (Elzanowski 1987). In our 

emu sample we observe seven jaw muscles and divisions (eight if we split the protractor 

muscles). Musculus adductor mandibulae externus in the emu has no distinct subdivisions, 

which is seen in Rhea americana and Podilymbus podiceps (Zusi and Storer 1969, Picasso et al. 



43 

 

2023). This is a less common pattern because M. adductor mandibulae externus often is seen 

with multiple distinct subdivisions in both palaeognaths and neognaths alike (e.g., Melithreptus 

validirostris, Dracelo novaeguineae, Atrichornis clamosus, Buteo buteo, and various tinamou 

species; Bock and Morioka 1971, Bock 1985, Elzanowski 1987, Lautenschlager et al. 2014, 

Quayle et al. 2014). The pterygoideus muscles in emu and palaeognaths as a whole are less 

divided than in neognath birds like Systellura longirostris, Dracelo novaeguineae, Geospiza 

fortis, and Padda oryzivora (Genbrugge et al. 2011, Quayle et al. 2014, Demmel Ferreira et al. 

2018). The overall lack of muscle subdivisions means that emus likely have low 

compartmentalization in their jaw musculature and lack fine control and dexterity of the jaws 

(Richmond et al. 1985, Gans and Gaunt 1992). 

 The emu feeding apparatus showed a wide range of variation, from ossification to 

fontanelle closure pattern, in the osteology of the skeletally-immature stage. In our future work 

we plan on adding more soft-tissue data from exemplars of different ontogenetic stages and 

including more skeletally-immature stages in our analyses to add to the picture of the 

musculoskeletal system. Our ontogenetic musculoskeletal system study showed that the skull 

widening affects the space available for specific jaw muscle growth and potentially jaw muscle 

function through ontogeny. We want to expand the sampling of our emu ontogenetic series to 

include more skeletally-mature individuals to better describe and understand the ontogenetic 

changes in the fontanelle closure and sutural obliteration sequences within this group. Further 

direction of this study will need to incorporate other birds that both have drastic and specialized 

dietary and food acquisition changes through ontogeny along with those that do not into our 

comparison and morphometric analyses in order to test the complex relationship between the jaw 



44 

 

muscles and skeletal system growth further and provide better linkage about possible modularity 

affecting ontogenetic changes in the avian skull. 
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8. TABLES: 

Specimen 

number and 

previous 

identifier  

Skull 

width 

(mm) 

Skull 

length 

(mm) 

Total 

length 

(cm) 

Total 

Mass 

(g) 

Femur 

length 

(mm) 

Foramen 

magnum 

width 

(mm) 

Ontogenetic 

stage 

TLG E006 - 4 

days old 
25.4 54.6 N/A N/A N/A 5.84 Juvenile 

TLG E093 - 5 

days old 
29.2 54.5 N/A N/A N/A 6.26 Juvenile 

VTPE.AV.0036 

(KT-1) 
30.7 58.2 28 257 41 6.55 Juvenile 

VTPE.AV.0043 

(KT-2) 
29.8 61.7 30.5 371 36 6.89 Juvenile 

VTPE.AV.0038 

(KT-3) 
31.1 62 32 250 48.2 6.9 Juvenile 

VTPE.AV.0035 

(KT-11) 
30.8 58.6 31 305 41.1 7.04 Juvenile 

VTPE.AV.0046 

(KT-6) 
33.6 63.4 36 502 53.6 7.59 Juvenile 

VTPE.AV.0034 

(KT-15) 
35.4 64.1 36 527 47.9 6.96 Juvenile 

VTPE.AV.0037 

(KT-13) 
31.5 59 28.5 256 44.2 6.28 Juvenile 

TLG E098 - 30 

days old 
39.77 73.55 N/A N/A N/A 8.07 Sub-adult 

VTPE.AV.0028 

(KT-5) 
41.6 76.9 47 1620 75.8 8.53 Sub-adult 

VTPE.AV.0044 

(KT-7) 
31.9 66 34 370 50.7 7.61 Sub-adult 

VTPE.AV.0061 

(KT-8) 
39.3 65.1 43.5 1286 N/A 8.78 Sub-adult 

VTPE.AV.0045 

(KT-9) 
37.1 68.7 42.5 719 59.8 8.13 Sub-adult 

VTPE.AV.0022 

(KT-10) 
33.5 65.1 39.5 689 51.9 7.23 Sub-adult 

VTPE.AV.0042 

(KT-4) 
35.9 67.4 38 792 

52.9** 

OR 

57.9** 

7.88 Sub-adult 

VTPE.AV.0041 

(KT-12) 
35.4 69 40 715 

52.9** 

OR 

57.9** 

8.12 Sub-adult 

VTPE.AV.0027 

(KT-14) 
48.1 95.8 96 9800 111 9.08 Sub-adult 

VTPE.AV.0058 

(KT-16) 
65.3 126 115 9070 183* 8.74 

Skeletally-

mature adult 

VTPE.AV.0062 65.3 127 125 13000 N/A 9.43 Skeletally-
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(KT-17) mature adult 

TLG E054 - 8-

10 years old 
76.9 153.5 N/A N/A N/A 10.88 

Sexually-

mature adult 

Table 1. Specimens utilized in this study and their associated measurements. N/A indicates that 

the corresponding measurement was not able to be obtained. * this specimenôs postcranial tag 

was lost during the skeletonization process so the postcrania was correlated based on notes left 

from the original dissectors. ** the postcrania of VTPE.AV.0042 (KT-4) and VTPE.AV.0041 

(KT-12) were mixed during the skeletonization process, and we are unable to determine which 

postcrania went with which skull; therefore, we give two femur lengths for these specimens. 
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Specimen Mass before 

staining (g) 

Mass after 

staining (g) 

Stain % 

solution (w/v) 

Duration 

(days) 
VTPE.AV.0036 (KT-1) 37 N/A 2 6 

VTPE.AV.0043 (KT-2) 45 43 2 10 

VTPE.AV.0038 (KT-3) 34 35 2 8 

VTPE.AV.0042 (KT-4) 57 56 2 12 

VTPE.AV.0028 (KT-5) 68 68 2 13 

VTPE.AV.0046 (KT-6) 44 45 2 7 

VTPE.AV.0044 (KT-7) 51 48 2 10 

VTPE.AV.0061 (KT-8) 85 N/A 2 14 

VTPE.AV.0045 (KT-9) 58 58 2 10 

VTPE.AV.0022 (KT-10) 55 54 2 6 

VTPE.AV.0035 (KT-11) 40 38 2 8 

VTPE.AV.0041 (KT-12) 50 50 2 9 

VTPE.AV.0037 (KT-13) 41 41 2 7 

VTPE.AV.0027 (KT-14) 120 119 2 15 

VTPE.AV.0034 (KT-15) 53 50 2 10 

VTPE.AV.0058 (KT-16) 175 169 2 18 

VTPE.AV.0062 (KT-17) 216 209 2 20 

Table 2. Specimen staining information for the diceCT process. Mass relates to only the heads of 

the specimens. Duration is days in solution. N/A indicates that the measurement corresponding 

was unable to be obtained. 
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Specimen Scanning parameters 

Skeletal emu  

VTPE.AV.0036 (KT-1) 

VTPE.AV.0043 (KT-2) 

VTPE.AV.0038 (KT-3) 

VTPE.AV.0035 (KT-11) 

VTPE.AV.0046 (KT-6) 

VTPE.AV.0034 (KT-15) 

VTPE.AV.0037 (KT-13) 

VTPE.AV.0028 (KT-5) 

VTPE.AV.0044 (KT-7) 

VTPE.AV.0061 

(KT-8) 

VTPE.AV.0045 (KT-9) 

VTPE.AV.0022 (KT-10) 

VTPE.AV.0042 (KT-4) 

VTPE.AV.0041 (KT-12) 

VTPE.AV.0027 (KT-14) 

Scanner facility = Ohio University MicroCT Scanning 

Facility (OUɛCT; Athens, OH) 

Scanner = TriFoil Imaging eXplore CT 120 Small Animal X-

Ray CT Scanner 

Energy = 120 kV 

Current = 32 mA 

Exposure = 63 ms 

Views = 1800 

Frame Average = 2 

Voxel Size = 0.0247mm 

Skeletal emu  

VTPE.AV.0058 (KT-16) 

VTPE.AV.0062 (KT-17) 

Scanner facility = UT High-Resolution X-ray CT Facility 

Scanner = NSI scanner.  

Fein Focus High Power source energy = 120 kV 

Current = 0.17 mA 

Voxel size = 90.9 ɛm 

Total slices = 1936. 

diceCT emu  

VTPE.AV.0036 (KT-1) 

VTPE.AV.0043 (KT-2) 

VTPE.AV.0038 (KT-3) 

VTPE.AV.0035 (KT-11) 

VTPE.AV.0046 (KT-6) 

VTPE.AV.0034 (KT-15) 

VTPE.AV.0037 (KT-13) 

VTPE.AV.0028 (KT-5) 

VTPE.AV.0044 (KT-7) 

VTPE.AV.0061 

(KT-8) 

VTPE.AV.0045 (KT-9) 

VTPE.AV.0022 (KT-10) 

VTPE.AV.0042 (KT-4) 

VTPE.AV.0041 (KT-12) 

VTPE.AV.0027 (KT-14) 

Scanner facility = Ohio University MicroCT Scanning 

Facility (OUɛCT; Athens, OH) 

Scanner = TriFoil Imaging eXplore CT 120 Small Animal X-

Ray CT Scanner 

Energy = 120 kV 

Current = 32 mA 

Exposure = 63 ms 

Views = 1800 

Frame Average = 2 

Voxel Size = 0.0247mm 

diceCT emu  

VTPE.AV.0058 (KT-16) 

VTPE.AV.0062 (KT-17) 

Scanner facility = UT High-Resolution X-ray CT Facility 

Scanner = NSI scanner.  

Energy = 150 kV 
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Current = 0.24 mA  

Voxel size = 53.5 ɛm 

Total slices = 4141. 

Skeletal emu TLG E006 Scanner facility = AMNH 

Scanner = 2010 GE phoenix v|tome|x s240 high-resolution 

microfocus computed tomography system (General Electric, 

Fairfield, CT) 

Energy = 110 kV 

Current = 170 mA 

Exposure time = 200 ms 

Voxel size = 72.16 um 

Skeletal emu TLG E093 Scanner facility = MICRO 

Scanner = 2018 Nikon XT H 225 ST ɛCT system 

Energy = 125 kV 

Current = 290 mA 

Exposure time = 267 ms 

Voxel size = 36.63 um 

Skeletal emu TLG E098 Scanner facility = MICRO 

Scanner = 2018 Nikon XT H 225 ST ɛCT system 

Energy = 124 kV 

Current = 333 mA 

Exposure time = 267 ms 

Voxel size = 59.39 um 

Skeletal emu TLG E054 Scanner facility = AMNH 

Scanner = 2010 GE phoenix v|tome|x s240 high-resolution 

microfocus computed tomography system (General Electric, 

Fairfield, CT) 

Energy = 110 kV 

Current = 170 mA 

Exposure time = 200 ms 

Voxel size = 103.82 um 

Table 3. CT scanning parameters for the specimens utilized in the study. Settings for skeletal 

versus diceCT specified when specimens were scanned for both. 
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Muscle 

name 

Dorsal attachments (origin) Ventral attachments (insertion) 

MAME Å Lateral surface of the squamosal, 

wrapping around the zygomatic 

process 

Å Dorsal surface of the surangular 

 

MAMP Å Rostroventral surface of the quadrate, 

more lateral than MPsP 

 

Å Dorsomedial surface of the 

surangular and medial surface of the 

prearticular 

MDM Å Caudal surface of the otoccipital Å Caudoventral surface of the 

articular and angular 

 

MPP Å Dorsal surface of the quadrate orbital 

process 

 

Å Rostral surface of the 

laterosphenoid 

Å Interorbital septum 

MPQ Å Rostral surface of the 

parabasisphenoid alasphenoid wings 

Å Caudal surface of the quadrate 

orbital process 

 

MPsP Å Rostral surface of the orbital process 

of the quadrate, more medial than 

MAMP 

 

Å Medial surface of the prearticular 

and angular 

MPsS Å Lateral surface of the parietal, ventral 

to the postorbital process 

 

Å Medial surface of the surangular 

MPtV Å Ventral surface of the pterygoid and 

palatine 

 

Å Ventromedial surface of the 

angular 

Table 4. Jaw musculature in emus, with attachments sites specified for each. Abbreviations of 

muscles given; full name of musculature is given in the text.
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Table 5. Measurements of the jaw muscles for the specimens included in this study. Volume 

(mm3), mass (mg), mass change, and percent mass change of one side in three specimens: 

VTPE.AV.0036 (left); VTPE.AV.0046 (left); and VTPE.AV.0062 (right). 
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9. FIGURES: 

 

Figure 1. How measurements were taken on the emu skull. A. ventral view of the upper skull 

showing how skull length and skull width measurements are taken. B. caudal view of the upper 

skull showing how foramen magnum width measurement is taken. C. lateral view of the femur 

showing how femur length was taken in this study. 
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Figure 2. Overview of the upper skull and mandible of emu (Dromaius) across ontogenetic 

stages in this study. Juvenile is represented by TLG E006. Sub-adult is represented by 
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VTPE.AV.0061 (KT-8). Skeletally-mature adult is represented by VTPE.AV.0062 (KT-17). 

Sexually-mature specimen is represented by TLG E054. Scale bars indicate 1cm. 
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Figure 3. Upper skull osteology of Dromaius specimen VTPE.AV.0061 (KT-8) without the 

scleral rings. A. palatal view. B. dorsal view. C. left lateral view. D. caudal view. E. left rostro-

oblique view. Scale bar equals 1cm. Abbreviations: bo: basioccipital; f: frontal; fvto: foramen 

veni transverso-occipitalis; j: jugal; la: lacrimal; ls: laterosphenoid; me: mesethmoid; mx: 

maxilla; n: nasal; oo: otoccipital (exoccipital + opisthotic); p: parietal; pa: palatine; pc: 

prominentia cerebellaris; pbs: parabasisphenoid; pm: premaxilla; pt: pterygoid; q: quadrate; qj: 

quadratojugal; psr: parasphenoid rostrum; sa: surangular; so: supraoccipital; v: vomer.  
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Figure 4. Upper skull osteology of emu (Dromaius) across ontogenetic stages in this study. 

Juvenile is represented by TLG E006. Sub-adult is represented by VTPE.AV.0061 (KT-8). 
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Skeletally-mature adult is represented by VTPE.AV.0062 (KT-17). Sexually-mature specimen is 

represented by TLG E054. Scale bars indicate 1cm. 
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Figure 5. Bisected 3D rendering of the ontogenetic series of emu upper skulls and line drawings 

depicting the bones and foramina within the braincase. A-D is a series of bisected 3D renderings 
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in oblique medial view of A. VTPE.AV.0036 (KT-1), B. VTPE.AV.0061 (KT-8), C. 

VTPE.AV.0062 (KT-17), and D. TLG E054. E-H is a series of line drawings based on the 

bisected 3D rendering of the same specimens. Scale bar is 1cm. Abbreviations: bo: basioccipital; 

f: frontal; fm: foramen magnum; fnac: foramen nervi ampularis caudalis; fnc: foramem nervi 

cochlearis; fnf: foramen nervi facialis; fng: foramen nervi glossopharyngealis; fnh: foramen 

nervi hypoglossus; fnm: foramen nervi maxillomandibular; fnv: foramen nervi vagi; fvto: 

foramen veni transverso-occipitalis; is: interorbital septum; ls: laterosphenoid; me: mesethmoid; 

ms: mandibular symphysis; occ: ostium canalis carotici; ocoe: ostium canalis ophthalmici 

externi; oo: otoccipital (exoccipital + opisthotic); pc: prominentia cerebellaris; pbs: 

parabasisphenoid; pr: prootic; psr: parasphenoid rostrum; so: supraoccipital.  
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Figure 6. Mandible of Dromaius VTPE.AV.0061 (KT-8) in A. dorsal view, B. medial view of 

the right side only, C. left lateral view, D. caudoventral view, and E. ventral view. Rostral is to 

the left in A-C and E. Scale bars for A, B, C, and E indicate 1cm. Scale bar for D is 5mm. 

Abbreviations: an: angular; ar: articular; d: dentary; ms: mandibular symphysis; par: prearticular; 

sa: surangular; sp: splenial.  
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Figure 7. Mandible of emu across ontogenetic stages in this study. Juvenile is represented by 

TLG E006. Sub-adult is represented by VTPE.AV.0061 (KT-8). Skeletally-mature adult is 
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represented by VTPE.AV.0062 (KT-17). Sexually-mature specimen is represented by TLG 

E054. Scale bars equal 1cm. 
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Figure 8. Jaw musculature of VTPE.AV.0062 (KT-17) in A. left lateral view (reflected) and B. 

rostro-oblique view (reflected). Scale bar equals 1cm. The skull and jaw muscles were reflected 
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in Illustrator. Abbreviations: MAME: Musculus adductor mandibulae externus; MAMP: M. 

adductor mandibulae caudal; MDM:  M. depressor mandibulae; MPP: M. protractor 

pterygoidei; MPQ: M. protractor quadrati; MPsP: M. pseudotemporalis profundus; MPsS: M. 

pseudotemporalis superficialis; MPtV: M. pterygoideus ventralis.  
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Figure 9. Comparison of the jaw musculature in juvenile and skeletally-mature adult emus in 

rostral, lateral, and medial view. The scale bar indicates 1mm. The arrow points rostrally. 
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Figure 10. Results from the upper skull 3D morphometric analysis using TLG E006 (juvenile) 

upper skull as the template. A. PCA plot of the analysis. Solid line polygon represent convex hull 

that the juvenile morphology occupy. Dashed line polygon represent convex hull that the sub-
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adult morphology occupy. PC1 extremes are represented by the TLG E054 and TLG E093. PC2 

extremes are represented by VTPE.AV.0058 (KT-16) and TLG E054. Specimen found within 

the overlap between the juvenile and sub-adult morphospace is VTPE.AV.0041. B. 

Pseudolandmark changes that contribute to variations captured by PC1, the rostral growth of the 

premaxilla and dorsal flattening of the skull roof, on a skull in lateral view. C. Pseudolandmark 

changes that contribute to variations captured by PC1 on a skull in dorsal view. D. 

Pseudolandmark changes that contribute to variations captured by PC2, dorsoventral changes in 

the palatal region, on a skull in lateral view. E. Pseudolandmark changes that contribute to 

variations captured by PC2 on a skull in dorsal view. 
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Figure 11. Upper skull 3D morphometric PCA plot with 30 days old (sub-adult) upper skull as 

the template. Solid line polygon represent convex hull that the juvenile morphology occupy. 

Dashed line polygon represent convex hull that the sub-adult morphology occupy. The juvenile 
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outlier is TLG E006. PC1 extremes are represented by TLG E093 and TLG E054. PC2 extremes 

are represented by TLG E098 and TLG E006. VTPE.AV.0022 and VTPE.AV.0041 are found in 

the overlapped region of the juvenile and sub-adult morphospaces B. Pseudolandmark changes 

that contribute to variations captured by PC1, the rostral growth of the premaxilla and dorsal 

flattening of the skull roof, on a skull in lateral view. C. Pseudolandmark changes that contribute 

to variations captured by PC1 on a skull in dorsal view. D. Pseudolandmark changes that 

contribute to variations captured by PC2, dorsal changes of the mesethmoid-nasal-frontal region 

and dorsoventral changes in the palatal region, on a skull in lateral view. E. Pseudolandmark 

changes that contribute to variations captured by PC2 on a skull in dorsal view. 
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Figure 12. Results of the upper skull 3D morphometric analysis using PCA plot with 8 to 10 

years old (sexually-mature adult) upper skull as the template. A. PCA plot of the analysis. Solid 
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line polygon represent convex hull that the juvenile morphology occupy. Dashed line polygon 

represent convex hull that the sub-adult morphology occupy. PC1 extremes are represented by 

TLG E054 and TLG E093. PC2 extremes are represented by VTPE.AV.0034 (KT-15) and 

VTPE.AV.0058 (KT-16). Specimen found within the overlap between the juvenile and sub-adult 

morphospace is VTPE.AV.0041. B. Pseudolandmark changes that contribute to variations 

captured by PC1, the rostral growth of the premaxilla and dorsal flattening of the skull roof, on a 

skull in lateral view. C. Pseudolandmark changes that contribute to variations captured by PC1 

on a skull in dorsal view. D. Pseudolandmark changes that contribute to variations captured by 

PC2, the doming of the skull roof, on a skull in lateral view. E. Pseudolandmark changes that 

contribute to variations captured by PC2 on a skull in dorsal view. 
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Figure 13. Results from mandible-only 3D morphometric with TLG E006 4 days old (juvenile) 

mandible as the template. A. PCA plot of the analysis. Solid line polygon represent convex hull 

that the juvenile morphology occupy. Dashed line polygon represent convex hull that the sub-
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adult morphology occupy. PC1 extremes are represented by VTPE.AV.0062 (KT-17) and TLG 

E093. PC2 extremes are represented by TLG E098 and TLG E006. Specimen found within the 

overlap between the juvenile and sub-adult morphospace is VTPE.AV.0041. B. Pseudolandmark 

changes that contribute to variations captured by PC1, the mediolateral broadening of the 

articular, on the mandibles in dorsal view. C. Pseudolandmark changes that contribute to 

variations captured by PC1 on a skull in lateral view. D. Pseudolandmark changes that contribute 

to variations captured by PC2, the mediolateral bowing of the angular and surangular and some 

rostrocaudal growth, on a skull in dorsal view. E. Pseudolandmark changes that contribute to 

variations captured by PC2 on a skull in lateral view. 
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Figure 14.  Results from mandible-only 3D morphometric using 30 days old (sub-adult) 

mandible as the template. A. PCA plot of the analysis. Solid line polygon represent convex hull 

that the juvenile morphology occupy. Dashed line polygon represent convex hull that the sub-
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adult morphology occupy. PC1 extremes are represented by VTPE.AV.0062 (KT-17) and TLG 

E093. PC2 extremes are represented by TLG E006 and TLG E098. Specimens found within the 

overlap between the juvenile and sub-adult morphospace are VTPE.AV.0046 and 

VTPE.AV.0022. B. Pseudolandmark changes that contribute to variations captured by PC1, the 

mediolateral broadening of the articular, on the mandibles in dorsal view. C. Pseudolandmark 

changes that contribute to variations captured by PC1 on a skull in lateral view. D. 

Pseudolandmark changes that contribute to variations captured by PC2, the mediolateral bowing 

of the angular and surangular and some rostrocaudal growth, on a skull in dorsal view. E. 

Pseudolandmark changes that contribute to variations captured by PC2 on a skull in lateral view. 
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Figure 15. Results from mandible-only 3D morphometric using 8 to 10 years old (sexually-

matured) mandible as the template. A. PCA plot of the analysis. Solid line polygon represent 
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convex hull that the juvenile morphology occupy. Dashed line polygon represent convex hull 

that the sub-adult morphology occupy. PC1 extremes are represented by VTPE.AV.0062 (KT-

17) and VTPE.AV.0037 (KT-13). PC2 extremes are represented by TLG E006 and TLG E098. 

Specimen found within the overlap between the juvenile and sub-adult morphospace is 

VTPE.AV.0022. B. Pseudolandmark changes that contribute to variations captured by PC1, the 

mediolateral broadening of the articular, specifically the growth of the medial mandibular 

process, and the rostral growth of the dentary, on the mandibles in dorsal view. C. 

Pseudolandmark changes that contribute to variations captured by PC1 on a skull in lateral view. 

D. Pseudolandmark changes that contribute to variations captured by PC2, the mediolateral 

bowing of the angular and surangular and some rostrocaudal growth, on a skull in dorsal view. 

E. Pseudolandmark changes that contribute to variations captured by PC2 on a skull in lateral 

view. 
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Figure 16. Results from the upper skull and lower jaw (without hyoid and scleral rings) 3D 

morphometric analysis using 4 days old (juvenile) upper skull and mandible as the template. A. 

PCA plot of the analysis. Solid line polygon represent convex hull that the juvenile morphology 
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occupy. Dashed line polygon represent convex hull that the sub-adult morphology occupy. PC1 

extremes are represented by TLG E054 and TLG E093. PC2 extremes are represented by 

VTPE.AV.0028 (KT-5) and VTPE.AV.0027 (KT-14). B. Pseudolandmark changes that 

contribute to variations captured by PC1, the rostral growth of the premaxilla, rostrocaudal 

growth of the mandibles, and the dorsal flattening of the skull roof, on the upper skull and lower 

jaw in lateral view. C. Pseudolandmark changes that contribute to variations captured by PC1 on 

a skull in dorsal view. D. Pseudolandmark changes that contribute to variations captured by PC2, 

changes within the interobital septum and surrounding area, on a skull in lateral view. E. 

Pseudolandmark changes that contribute to variations captured by PC2 on a skull in dorsal view. 
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Figure 17. Results from the upper skull and lower jaw (without hyoid and scleral rings) 3D 

morphometric using 30 days old (sub-adult) upper skull and mandible as the template. A. PCA 
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plot of the analysis. Solid line polygon represent convex hull that the juvenile morphology 

occupy. Dashed line polygon represent convex hull that the sub-adult morphology occupy. PC1 

extremes are represented by TLG E054 and TLG E093. PC2 ends are represented by TLG E006 

and VTPE.AV.0061 (KT-8). B. Pseudolandmark changes that contribute to variations captured 

by PC1, the rostral growth of the premaxilla, rostrocaudal growth of the mandibles, and the 

dorsal flattening of the skull roof, on the upper skull and lower jaw in lateral view. C. 

Pseudolandmark changes that contribute to variations captured by PC1 on a skull in dorsal view. 

D. Pseudolandmark changes that contribute to variations captured by PC2, changes within the 

interobital septum and surrounding area, on a skull in lateral view. E. Pseudolandmark changes 

that contribute to variations captured by PC2 on a skull in dorsal view. 
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Figure 18. Results from upper skull and lower jaw (without hyoid and scleral rings) 3D 

morphometric analysis using 8 to 10 years old upper skull and mandible as the template. A. PCA 
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plot of the analysis. Solid line polygon represent convex hull that the juvenile morphology 

occupy. Dashed line polygon represent convex hull that the sub-adult morphology occupy. PC1 

end points are represented by VTPE.AV.0062 (KT-17) and TLG E093. PC2 end points are 

represented by TLG E054 and VTPE.AV.0035 (KT-11). Specimens found within the overlapped 

juvenile and sub-adult morphospaces are VTPE.AV.0034, VTPE.AV.0037, and VTPE.AV.0041. 

B. Pseudolandmark changes that contribute to variations captured by PC1, the rostral growth of 

the premaxilla, rostrocaudal growth of the mandibles, and the dorsal flattening of the skull roof, 

on the upper skull and lower jaw in lateral view. C. Pseudolandmark changes that contribute to 

variations captured by PC1 on a skull in dorsal view. D. Pseudolandmark changes that contribute 

to variations captured by PC2, changes within the braincase and curving of the rostrum, on a 

skull in lateral view. E. Pseudolandmark changes that contribute to variations captured by PC2 

on a skull in dorsal view. 
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10. SUPPLEMENTARY MATERIALS:  
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Figure S1. TLG E006, 4 days old juvenile emu. Upper skull with scleral ossicles and hyoids 

digitally removed, shown in A. caudal view, B. left oblique caudal view, showing the squamosal-

parietal-supraoccipital-otoccipital fontanelle, C. palatal view, and D. left lateral view. E: dorsal 

view. Mandible in F. ventral view, G. dorsal view, H. ventrocaudal view, and I. left lateral view. 

Scale bar is 5mm. 
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Figure S2. TLG E098, 5 days old juvenile Upper skull with scleral ossicles and hyoids digitally 

removed, shown in A. caudal view, B. left oblique caudal view, showing the squamosal-parietal-
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supraoccipital-otoccipital fontanelle, C. palatal view, and D. left lateral view. E: dorsal view. 

Mandible in F. ventral view, G. dorsal view, H. ventrocaudal view, and I. left lateral view. Scale 

bar is 5mm. 
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Figure S3. TLG E098, 30 days old sub-adult. Upper skull with scleral ossicles and hyoids 

digitally removed, shown in A. caudal view, B. left oblique caudal view, showing the squamosal-

parietal-supraoccipital-otoccipital fontanelle, C. palatal view, and D. left lateral view. E: dorsal 

view. Mandible in F. ventral view, G. dorsal view, H. ventrocaudal view, and I. left lateral view. 

Scale bar is 5mm. 
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Figure S4. VTPE.AV.0036 (KT-1), juvenile. Upper skull with scleral ossicles and hyoids 

digitally removed, shown in A. caudal view, B. left oblique caudal view, showing the squamosal-
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parietal-supraoccipital-otoccipital fontanelle, C. palatal view, and D. left lateral view. E: dorsal 

view. Mandible in F. ventral view, G. dorsal view, H. ventrocaudal view, and I. left lateral view. 

Scale bar is 5mm. 
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Figure S5. VTPE.AV.0043 (KT-2), juvenile. Upper skull with scleral ossicles and hyoids 

digitally removed, shown in A. caudal view, B. left oblique caudal view, showing the squamosal-
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parietal-supraoccipital-otoccipital fontanelle, C. palatal view, and D. left lateral view. E: dorsal 

view. Mandible in F. ventral view, G. dorsal view, H. ventrocaudal view, and I. left lateral view. 

Scale bar is 5mm. 
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Figure S6. VTPE.AV.0038 (KT-3), juvenile. Upper skull with scleral ossicles and hyoids 

digitally removed, shown in A. caudal view, B. left oblique caudal view, showing the squamosal-

parietal-supraoccipital-otoccipital fontanelle, C. palatal view, and D. left lateral view. E: dorsal 
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view. Mandible in F. ventral view, G. dorsal view, H. ventrocaudal view, and I. left lateral view. 

Scale bar is 5mm. 
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