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Exploring the SoffTissue of the Archosaurian Feeding System thratgsiutionary and
Developmental Temporal Space

Khanh Hoang Thy To

ABSTRACT

Tetrapods wateto-land transition in the Devonian was accompanied by an array of
morphological modifications aiding in locomotion and food acquisition, which included
diversificaion 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 throudiossil tfeeord,
most frequently in Archosauria. Archosauria, represented today by living crocodylians and birds
and includes extinct neavian dinosaurs and pseudosuchians, first appeared in the early
Mesozoic Eraduring theMiddle Triassic. Archosauriaontinue 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 edentulowsns 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 softssues, we recognize that there are missing gaps in the anatomy, and
modern organisms have been studied as analogs to fill theseTgapes of softissue 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



osteological correlates such as mesattachment scars that are derived from studying modern
homologsto 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 gows through the observable developmental timescale. Ontogenyreoatal
development and postnat@owth, has been utilized as approacho understand how millions
of years ofnatural selection affected the phenotypic expression in an orgamisraugh
improvement of technology and laboratory techniques such as CT scanning and -contrast
enhanced stainingn situ anatomical studies have revealed more information and details about
the softtissue morphology in modern organisms to improve our interpretatio 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 morphdthapy@n
edentuloudeeding 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 novaehollandideo make inferenceaboutpotential influences of feeding function
onthe feeding apparatus during development. | combined microCT scanning, including €ontrast
stained CT scanning, and 3D geometric morphometric analyses to explore how the feeding
apparatus changes through ontogemg highlightintraspecific complexity within skeletally
immature individuals. The second chapter explores the keratin layers making up the simple
rhamphotheca of the chicke@4dllus gallus domesticiend documents the varying mechanical
properties withm 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 rhamphothéeanore



mechanically resistant than others. In the third chapter, | review osteological correlates for
rhamphotheca in modern edentulous taxa, birds and turtles, and in the extinct taxon,
Trilophosaurus buettneria Late Triassic archosauromorph that wwasposed to have both a

beak and transversetyiented teeth, to determine whetfAerbuettnerihad a rhamphotheca and

if so to what extent. This chapter reveals that one of the osteological correlates, foramina
patterns, will benefit from future study thacorporates 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
biomechanicalfunction 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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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 majevelopment 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 animdineages repeatedly lose sowreall of their teeth permanently and gained
a beak Many of these lineages are found within Archosausibich arerepresented by living
crocodylians and birds and extinct lineages like pterosaurs ardvim dinosaurs, e existed
since the Middle Triassic (252 to 201.5 million years agoghosaurs 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 incluaeae 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 organissrmade 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 sefissue information is often lost except in exceptionally preskr
fossils. However, we can use bony correlates, indicaiorshe surface of the bonésr the
presence of a particular seissue, to interpret the missing soft tissues of fossils. In order for us

to study softissue information in an extinct species, we can utilize living organisms as a model.



One advantage in studying modern organisms is that we can watch the soft arsshesdyrow
through their lifetime and document changes in shape and size of pafeetlaies. Growth and
development, or ontogeny, is one way to see how millions of years of evolutiaifeanthe

how an animal look likeWith new technology such as CT scanning, studyingstitand hard
tissuesn tandem has revealed new informatamd 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 beked animals, the jaw muscles, the baweshich 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 doceirergss 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 expldutdre research
The second chapter looked at the variousatike 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, | examiad three bony correlates that are used to infer the presence of a rhamphotheca in
modern archosaurs (birds and turtles) and a stem archosaur Tdlibgdhosaurus buettnerio
determine ifT. buettnerihad a rhamphotheca. This chapter helped establistatttity of old
and new bony correlates and determine that at least one of the bony correlatemareed
sampling in modern taxa fostronger comparison and linkage of morphology between the
modern and extinct taxa hese three chapters showed that thehaweical function of feeding

can influence the anatomy toothless feeding system and how the system develops through

Vi



growth, which can be a way for us to address how the toothless feeding system continuously

developed in the fossil record.
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1. ABSTRACT

In modern birds, the adult skull combines tightly sutured andssdied units with
kinetic flexion zonesife.,t he cr ani of aci al hi nge), serving
osteologyof 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 altricigbrecocial spectrum in modern birds. For exanplis unknown to what
extentdoes different factors such as functional biomechanics or environmefit&nce the
morphological changes observed through ontogeny and whether different lineagéfected in
the same wayWe hypothesize that differenrégions of the skullie., braincase, mandible, and
face) develop skeletally mature featuregy(, suture closure, braincase shape change) through
ontogeny at different rates due to varying effects fioflaences such as feeding mechanism
this stug, we qualitatively describe and quantitatively analyze, through 3D geometric
morphometric (3DGMM) data, an ontogenetic series of 21 eBwmsr(aius novaehollandideas
ordinated by skull length (SL), body mass, and plumage, to examine the timing amd rate
morphological changes in cranial elements through growth. Throughout development, we see a
mediolateral widening of theaudalportion of the braincase accompanied by an increase in
robusticity of thecaudalpart of the mandible. The bones of the brasearencreasinglyfused,
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 largelinfused in midsize specimens. Our 3DGMM analysis
resulted in skeletallynature and sexuaHlgnature adult specimens occupying a distinct region of

morphological space (=morphospace) from the juveniles andaduwibts, showing clear



intraspedic variationduring ontogeny. With respect thifferent factors that could influendke
ontogenetic changes we see, the effects of foodttypeigh ontogenyare likely small because

we controlled fohusbandryconsistency, sampling from emu farnasd emus do not drastically
change how they eat through ontogehlge 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 studi&'e. can further address how postnatal ontogeny can be
affected across other bird spectsthe altricialprecocial specum using this methodallowing

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, Bgpitdiyi
Darwindéds finches, guiding the exploration int
1921, Lauder 1981, Dal e et al. 2005, O6Higgin
function gives us both direct and indirect clues tavhan 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 iglately 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 sud 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



by kinetic flexion zones and moveable synovial joints, highly sifredland derived from their
Mesozoic ancestors (SmitParedes et al. 2018), and powered by a series of jaw muscles, all of
which combine to serve as a multitasking Ohar
with their flight capability, gave ilds 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 variofactors(i.e., environment, diet, genetics), culminating in the
morphological features seen in the adult form (Wassersug and Sperry 1977, Martin 1985, Starc
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 twatural selectiorcan lead todivergene 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. 2017em¢gaz 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 Ravd#l7). 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 morphelagjye to their noravian
archosaur arestors(Bhullar et al. 2012, Bhullar et al. 2016).

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

Neognathae based on many morphological features but notably their palatal configuration



(Pycraft 1900, Jarvis et al. 2014, Rrwet 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, therare 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 traitiseon
altricial-precocial spectrume(g.,from the superprecocial megapodes to the altricial songbirds;
Starck 1993), and where a bird falls on this spectpatentially has a role in shaping their
ontogeny. The altricigbrecocial spectrum is defined basesh 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 ontogenys likely to influencethe development of the skuiGenbrugge et al., 2011b,
Menegaz and Ravosa 201%)Vith the high disparity in life history traits exhibited by birds,
parsing outhow skull morphologyis influenced through growthspecifically the feeding
apparatus, requiresnderstanding 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 alviasngiu)

from simple measurements to full descriptions, covering approximately 50 living avian families
out of roughly 250 $hufeldt1891, Parker 1866, Pycraft 1905, Jollie 1957, Muller 1963, Zusi
and Storer 1969, Bock and Morioka 1971, Richards and B6@8, 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 8062 Mendez and Hofling 2007, Hughes 2008,



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 Hospitalect2019, To et al. 2021, Hadden et al. 2022, Picasso et al. 2023,
Plateau et al. 2023). Yet, morphological studies of-amlldt bird skulls, specifically post
hatching, have remained sparse (Jollie 1957, Muller 1963, Hogg 1983, Genbrugge et al. 2011a,
Sosa ad 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 focuséat tess 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. 200@lyakin 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 consideian: 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 partialyossified, therefore
enabling us to better observe the development of individual trharees qualitatively and
guantitatively (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 Petgnathae and Neognathae. Palaeognaths have been used
in past research as model organisms for-aaan dinosaur studie®.g., Castanet et al. 2000,
Gatesy et al. 2009). Whereas neognaths outnumber palaeognaths in the number of species and

families, the stertaxon relationship of palaeognaths to neognaths and their persistence since the



Cretaceous Period makes investigation into the morphology of Palaeognathae important for
understanding the evolution of extant birds (Prum et al. 2015, Widrig and B2&¥). 2As part of

the rarity of poshatching morphological studies, there is a gap in our knowledge for post
hatching development in palaeognathous birds.

We focus our study on emudDromaius novaehollandige largebodied flightless
palaeognaths thatermportant in agriculture for their meat, oil, feathers, and leather (AskUSDA
2023).D. novaehollandiaés the only species left within the genus since the genus first appeared
in the middle Miocene with a relatively poor fossil record comprising of magsiktcrania
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 parent$he lack ofchange infood acquisition methodnd diet of the emu
might be reflectedh the cranial morphologgntogenetic changel this study, we examine the
musculoskeletal changed the jaw apparatus and cranial morphological variatlmnsising a
combination of computed tomography (CT) scanning and diffusible idzised contrasted
enhanced computed tomography (dice@T)an ontogenetic series of emus to identify the
ontogenetic changes in an avian feeding apparatus. We qualitatively descripgaatitatively
analyze those musculoskeletal morphological changes through digital dissection and 3D
geometric morphometrics. The data from this study will add rmegded information to better

address how postnatal/pgsitching growth affects the aduttrin in birds.

3. MATERIALS AND METHODS
Specimen acquisition and categorization prode¥¥e described the osteology 8l specimens

andexamined a subset @dur to describéhe associated soft tissues. Of the 21 specimens, 17 are



part of the Virginia Teh 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 Ranb (Wyoming, USA). The 17 VTPE emus had their skulls detached during gross
dissection.

Fifteen of the VTPE specimens have total lengtiout to tip of tail bone lengthjnass,
and femur length available because the postcrania were skeletonized sepanagetiermestids
in the VT Paleobiology lab and the VirgirMaryland 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 nulistal point of the lateral condyle (Figure
1C). Two of the specimens (VTPE.AV.0061 (#8) and VTPE.AV.0062 (KT17)) do not have
postcrania associated with them because they are either lost or not yet skeletonized; therefore,
the VTPE identifier was onlyigen to the skull, and the postcrania will be reassociated with the
crania once they are located. The postcrania of VTPE.AV.00424{Kdand VTPE.AV.0041
(KT-12) unfortunately were mixed during the skeletonization process, and we are unable to
determine wiih postcrania went with which skull; therefore, we give two femur lengths for
these specimens (Table 1).

All specimens were divided into skeletallpmature, skeletalynature adults, and
sexuallymature adults based on their skull length (SL) (Bailleul et al. 2016). Skeletally
immature was further divided into juvenile and sdhlt categories for analyseSkull 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 the widest point of the skull,



measuring from where the left quadratojugal articulates with the quadrate to where the right
guadratojugal articulates with the quadrate (Figure 1A). Foramen magnum width was determined
to be from where the left otoccipitalontacts 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 Meshl ab
skeletallyimmature ategory includes SL between 55mm and 64.99mm:asluiit includes SL

between 65mm and 96.99mm. Skeletaligture adult specimens include SL between 97mm and
154.99mm, and sexuatipature adult includes SL of 155mm and larger. These categories and
specificatons for the categories were utilized by Bailleul et al. (2016). Though our single
sexuallymature adult has a skull length of 153.5mm, which falls into the skeletallyre adult
category, we utilize it as the sexuathature adult because there are bage and behavioral

data for this specimen indicating that this individual was a sexoadlyre 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 neaeunts are smaller than what Bailleul

et al. (2016) had in their workvhich couldpossibly 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 beharabdata associated with them, we are comfortable placing them in
this category. We r-adolgnozendhAjfuvedei ted mcésu
2021); however, we utilize them here with the parameters defined by a previously published

study (Bailleul et al. 2016).

DiceCTi 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



staining procedure. This was to make sthrat the specimens were mostly clear of excess
formalin and the tissues were not shocked by the rapid changes of chemicals. After an initial
osteological pCT scan, skulls were then stained in low %ow&vtl OH ( Lugol 6s i odi n
at varying duratiorbased 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 &% tetOH

for slow destaining process, which can take several months to remove most ofrtine the
specimens. As the specimens sat in 70% EtOH, theixture eventually leached out into the
surrounding solution. During that time, the 70% EtOH was naotisly refreshed until the
solution was no longer yellow from the The specimens were returned to 70% EtOH for4ong

term storage after the destaining process. All scan data for specimens used in the study are listed
in Table 3.

The 17 VTPEheadswere £nt to Ohio University MicroCT Scanning Facility or to The
University of Texas at Austin HigResolution Xray CT Facility (UTCT) for uCT scanning to
obtain thepre-stainingskeletal scans. The stainbdadwere scanned a second tirffadlowing
stainingfor 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 skéletal structure.

We then performed sliely-slice touch up for cleaning erroneous voxels of dirt, which were
detected by grayscale thresholding and not part of thgeDi€rated skeletal structure.

Following the digital preparation of the skeletausture, 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 MPE.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 massimilar 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 mtmoalg)h the
ABrusho and fiTraceo tools. We also utilized t
speed up the digitization process by having Avizo filinterveningdata as we moved through

the muscle bellies. Muscle boundaries were diffea¢ed 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 nottake upL u g o Idideswell; tberefore, 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. (2023culus adductomandibulae
externus (MAME); M. adductor mandibulaecaudal (MAMP); M. depressor mandibulae
(MDM); M. protractor quadrati(MPQ); M. protractor pterygoide(MPP); M. pseudotemporalis
profundus(MPsP); M. pseudotemporalis superficial{®PsS); andM. pterygadeus ventralis

(MPtV). Muscle attachment sites for these jaw muscles are listed in Table 3. Once the muscles
were segmented, the volume (f)mvas determined in Avizo 2020. By using the archosaur

muscle density of 1.056g/nfGignac and Erickson 2016), wealculated 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 (skeletatipjature adult) and between VTPE.AV.0046 (juvenile)
and VTPE.AV.0062 (skeletaHynature adult) (Table 4Rercent mass change is calculated as:

_ M2 =My oow
M, °

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

ontogenetically younger specimen).

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

meshes using 3D Slicer with the package SlicerMotptipg://www.slicer.org/ Rolfe et al.

2021b). We wanted taletermine the morphological variation in thgper 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 contribués more to the overall skull morphologieariability. 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 instwdly, each of which was an
exemplar of an ontogenetic stage with associated age data: 4 days old juvenile (TLG E006); 30
days old sukadult (TLG E098); andig.0 years old sexuaHlgnature adult (TLG E054). If the 3D
geometric morphometric analyses usinffedent ontogenetic stage template skulls yielded the

same or similar trends, then it can be safely assumed that the morphospace clustering recovered
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is a true trend. With all of this considered, a total of nine 3D geometric morphometric analyses
were condcted: 1) upper skull only using juvenile template skull; 2) upper skull only using sub
adult template skull; 3) upper skull only using sexuafigture adult template skull; 4) mandible

only using juvenile template skull; 5) mandible only using-adblt emplate skull; 6) mandible

only using sexualymature adult template skull; 7) upper skull and mandible using juvenile
template skull; 8) upper skull and mandible using-adblt template skull; and 9) upper skull

and mandible using sexualigature adultémplate skull. For the analyses that involved the
upper skull (13 and 79), 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 meshethrough 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 &.fackuams et

al. 2004). The 3D geometric morphometric data were visualized usingpatirmomponent
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 plotsWe assess what the principal componaxis captures by comparing the
minimum and maximum meshes generated iORerlapping of convex hulls indicates that the

morphotype categorized in those convex hulls are quantitatively not distinct.

Anatomical abbreviationsan: angular; ar: articular; b&asioccipital; 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 maxibmandibular; fnv: foramen nervi vagi; fvto: foramen veni transverso
occipitalis; is: interorbital septum; j: jugal; la: lacrimal; Is: laterosphenoid; MAMIESculus
adductor mandibulae externus; MAMP: M. adductor mandibotasglaj MDM: M. depressor
mandbulae; 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: oatiahs
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: quateaqgj: quadratojugalpsr: parasphenoid rostrum;

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

4. RESULTS:

Osteological Description and Ontogenetic Changes

Upper skuld The sexuallymature adult in this study (TLG E054) has an almost cetelyl

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; quaddxéoccipital quadrate and
guadratojugaland quadrate and squamosal (FigureT2)e contacts between these bones are
either kinetic flexion zones or moveable synovial joi@aerall, the upper skull broadens
mediolaterally caudal to the orbits thrdugntogeny, which can be seen in exemplars in Figure

2. The cranium is dorsoventrally rounder in the skeletaliypature individuals than in the large

skeletallymature and sexuaHgnature adult individuals (Figure 2). The roundness comes from
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the frontalregion of the skull roof being more domed and the mesethrasdifrontal region
sharply angling dorsoventrally towards the dorsal nasal bar of the premaxilla which can be seen
in all of the juvenile and suédult specimens. In the skeletaftyature adu, the mesethmoid
nasalfrontal 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 te 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)Yhe sutures between the premaxilla and nasal remain
visible through ontogeny until skeletaligature 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 hasnumerous 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 pattitai 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 sketatllye
individuals (Figures 2, 3C), but overall, the premaxilla ghsipowed 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. Foexample, the sutures between the nasal and lacrimal are partially visible in
larger subkadults (VTPE.AV.0061, Figure S11 and VTPE.AV.0027, Figure S17) and are not

visible in the skeletalymature 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 skeletaHgnature adults. All nasal sutures are obliterated in the sexually
mature individual (TLG EO054; Figure 1, 2). The nasal does nohgmugh 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 skeétally-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 procesandaventral procesthat transmits theasolacrimal forame(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 varying degrees of complete ossification in some specimens of our
series (VTPE.AV.0036, Figure S4). In the juvenile and smallefasiuiit specimens, the ventral
foramen is triangular in shape. In larger saults, skeletalymature adults, and the seldya

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 sexumldyureadult (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 sexualbture adult (TLG E054; Figure 1,

S21). This fusion of the medioventral progenight 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 skeletatiature and sexuaHlgnature adults hinders our
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ability to describe His feature further. In the sexualtyature adult, the sutures between the
lacrimal and the ectethmoid/mesethmoid are obliterated (Figure 2).

The lamina dorsalis and the interorbital septum portions ofmisethmoidof the emu
ossify from the hatching tearly subadult 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
subadult skulls larger than 60mm, and tteeudalmesethmoid notch starts to form (Gresamd
Gignac 2020). The notch becomes prominent in skelaetadijure 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 ghsloge of the
mesethmoiehasalfrontal region. Thanterorbital septum, the bony divide between the orbits,
is largely cartilaginous in juveniles, sallults, and skeletalgnature adults and sits in the septal
sulcus of the parabasisphenaltdhe rostralportion of the septum is made up by the mesethmoid
as mentioned above and ossifies earlier in the ontogenetic stage. Halwewadal portion of
the septum is one of the last bony regions to ossify in the skull, and can only be seen in TLG
EO054 in our ample (Figure 1, 4) because the largest of the skeletaltyure adults
(VTPE.AV.0058, Figure S19 and VTPE.AV.0062, Figure S20) still do not have a complete
interorbital septum. When ossified in the sexuatlgture 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
skeletallymature and sexuaHgnature adults in our sample.

Thefrontal 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 viigh t
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laterosphenoid. At the juvenile stage.d., 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 skeletallymature adults. However, VTPE.AV.0038 (Figurd®)Swhich 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 throughttogeny. In juveniles such as
VTPE.AV.0037 (Figure S16), in lateral view, the frontal is deshaped with a sharp drop
towards the mesethmeithsalfrontal articulation and premaxilla. The cranium is rounder in
juveniles and suladults than in skeletaHgnature and sexuaHlgnature individuals. The frontal in
larger subadults like VTPE.AV.0027 (Figure S17) starts to show shape change with the frontal
lessening the sharp drop into the mesethmeaiskifrontal articulation and now having a gentle
slope towads the premaxilla (Figure 2). In the sexualtature adult, the frontal is no longer
domeshaped (Figure 2). The frontal eventually contributes to the ossification of the interorbital
septum in the sexualgature adult.

The parietal articulates with te 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 aHadulis except for
VTPE.AV.0061, theparietal is fully ossified. The sutures between the parietal and surrounding
bones remain visible up until the skeletaiature individuals, in which the sutures between the
parietal and the squamosal become difficult to distinguish (Figure 4). Thesltetween the
parietal and the frontal around the fontanelle are closed but still visible in skefatdllye

individuals, but the more lateral portion of that suture is more obliterated. By the serasliye
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adult, no sutures between the parietal simdtounding bones are visible as the cranium becomes
a single ossified unit (Figure 2 and 4).

As in all modern Aves, thpostorbital bone is lost, but there is a postorbital process that
borders thecaudalportion of the orbit (Wang and Hu 2017). In ernthe postorbital process of
the laterosphenoid is small projection and its base seems to be contributed to by the frontal and
the squamosal. Theguamosalarticulates with the laterosphenoid rostrally, the frontal dorsally,
the quadrate ventrorostrallgndthe otoccipitalmediacaudaly, (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
gdliforms, piciforms, and passeriforms (Baumel and Witmer 1993). The sutures of the
squamosal with all of the surrounding bones remain visiplentil theskeletallymature adults
(VTPE.AV.0058, Figure S19 and VTPE.AV.0062, Figure S28pwever, ly the sexally-
mature adult stage (TLG EO054), no sutures between the squamosal and the other bones of the
braincase are visibleexcept for the synovial joints between the squamosal and quabirate
juveniles, the squamosal is in various stages of ossificationrawétbey appearancm the lateral
surface othe bone (Figure 2). In the swalolults, 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 zygorti@process of the squamosal is barely visible (Figure 2).
The zygomatic process in the larger @dults becomes more prominent and starts to flare
laterally. In skeletallymature and sexuaHsnature individuals, the squamosal flares out laterally
fartherthan the most lateral extent of the otoccipital, changingdhedalprofile 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 hatchinghtlarsyigovial joint
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connection (Figure 3A). Thgugal is a rodlike bone that connects the maxilla to the
guadratojugal. Suture lines are clearly seen in all juvenile specimens, and up until the smaller
subadults (e.g VTPE.AV.0042, Figure S7). The suturesveen the jugal and the quadratojugal
are still distinguishable in larger salolults €.9.,VTPE.AV.0042 (KT4)). Sutures between the
jugal, maxilla, and quadratojugal becomes obliterated in the sexuatlyre adult. The
guadratojugal is a small bone ahe 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 quadkeito
for the quadrate changes to a flatter, mediallpped surface in skeletaligature adults
(VTPE.AV.0058, Figure S19 and VTPE.AV.0062, Figure SZHe maxilla is mostly visible in
ventral/palatal view and makes up a small ventral portion of tred hay 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 sablts such as VTPE.AV.0042 (Figure S7) and
VTPE.AV.0044 (Figure S10). In the larger sablults (e.g., VTPE.AV.0027, Figure S17), the
sutures between the maxilla and the jugal become hard to distinguish. In skebetalig
adults, the sutures between thexiita, premaxilla, and vomer are obliterated and the separate
bones are indistinguishable. The maxilla and palatine remain unfused in the smatallg
adult (TLG EO054). The ossification of the maxilla appears to have no clear pattern in juveniles
and sb-adults. The rostral portion of the maxilla near the premaxilla remains somewhat
unossified up until the sexualiypature stage.

The vomer is an elongated bone with bifurcatimgudal processes that connects the

pterygoid and the parabasisphenoid with thaxilla and the palatine through a spati@ped
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rostralprojection (Figure 3A). In the very small juvenilesd.,VTPE.AV.0035, Figure S14), the
midline body of the vomer is ossified, but the spadapedrostral projection is not fully
ossified. The rdsof the vomer ossifies by the sabult stage with the rostral spasleaped
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 juvesildaddlt stages

in our sample. Some stduults, 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 sexualipature adult. The suture between the palatine and the \alatenever
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) damediolaterally wider
palatine in comparison to that of VTPE.AV.0038 (Figure S6). Inalits, 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 dlmaforamen 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
guadrate condylus pterygoideus and a flat flange that articulates the pterygoid to thelwvomer.
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 fthege is not well ossified (Figure
S14), to VTPE.AV.0046, which shows the flange quite ossified (Figure S9). hadkuts
regardless of skull length, the pterygoid connection with the vomer is fully ossified. The
pterygoid never obliterates its suturesh 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 obt@iKuo et al. 2023). The quadrate articulates with the
guadratojugal, 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
squamodsacapitulum (Kuo et al. 2023, Figure 3). Several sutures of the quadrate do not
obliterate through ontogeny except for the quadratojggatirate suture, which is obliterated in
sexuallymature adult. The quadrate is also another bone that is at leasis808¢d by hatching
(e.g., TLG EO006, Figure S1). All of the juveniles in this study displayed a relatively complete
guadrate, and the areas that are least ossified are the threeesomdthe ventral side of the
guadrate, which is where the quadratécalates with the articular. The three quadratedyles
go through a mediolateral widening in ontogeny, which broadensatidalprofile of the skull
(Figure 2). The lateral flaring of the squamosal described above is likely to accommodate the
mediolateal 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 smalladdtib
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-aguits like
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VTPE.AV.0028 (Figure S8) and skeletallyature adults, the lateral condybecomes 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-adhlt individuals, theranium starts to
become boxy (Figures 1, 3). In skeletaiiyature and sexuaHgnature adults, the temporal region
flattens out rostrocaudally, and the attachment sitd/fodepressor mandibuld@ecomes more
prominent with increased rugosity (Figure 4. skeletallymature 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). Bu@raoccipital makes up the caudal portion of the
cranium and aitulates 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 prorninbe
skeletallymature 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
skeletallymature stage (VTPE.AV.0058, Figure S19; VTPE.AV.0063uf@ S20). At the
skeletallymature stage, the flattened supraoccipital surface shows strong rugosity for attachment
of the cervical muscle$l. complexus This rugosity continues to develop at least until the
sexuallymature adult in our sample.

The caudweentral portion of the cranium is formed by theccipital, the combination of
the exoccipital and the opisthotic. The paired element articulates with the basioccipital medially,
squamosal rostrolaterally, prootic rostromedially, and supraoccipital Jorgétile in medial
view, the suture between the exoccipital (more caudal element) and the opisthotic is visible in

juvenile VTPE.AV.0036 (Figure S4) and sabult VTPE.AV.0061 (Figure S11), these two
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bones likely have already achieved full fusion withitelbhted sutures (Figure 5E). The sutures

in the otoccipital fully obliterate in the skeletaltyature specimens (Figure 5D, 5H). The
otoccipital has foramen nervi vagi, foramen nervi hypoglossus, and the carotid artery (Figure 5E,
5F). The paired foramemervi 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 parabasisphenoidis locatedin 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 rostrafiginting keellike projection that is generally the
most ossified part of the parabasisphenoid in juvendas,(VTPE.AV.0043, Figure S5). The
basi sphenoid fAwingso are in various stages of
completely to completely ossified in the sadults.

Theprootic is a rectangular bone with a ridge running dorsoventrally in medial amnelv
can be found medial to the squamosal (Figure 5). The prootic articulates with the parietal
dorsally, parabasisphenoid and the basioccipital ventrally, laterospherusttaly,
supraoccipital dorsocaudally, and otoccipital ventrocaudally. The prdwinges 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 sketettlle adults
(Figure 5). The prootic is where therdmen 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 irthe subadult, skeletallymature adult, and the sexuatlyature adult samples in our
study (Figure 5F,5G, 5H).

The shape of thteoramen magnumchanges relatively little through ontogeny. However,
the dorsal border of the foramen magnum becomes more httodadh thecaudalexpansion 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 EO06 to 10.88mm in the sexuathature adult TLG E054 (Table 1). Thecipital
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 buthar the three processes fuse and become the occipital condyle
(Figure 1). In juvenile and seddult stages, the otoccipital processes form the lateral portions of
the condyle. By the sexuafiypature individual, the occipital condyle is now one completely
formed convex structure (Figure 4). Theleral rings in our specimens consistently have 14
ossicles. In juveniles, the sutures between each ossicle are still clearly defined-abulsub
specimens, the overlaps between the ossicle are less visibleerial hew, but can still be

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

Mandibled The mandible is composed of the dentary, surangular, angular, splenial, prearticular,
and articular in emu (Figure 6). The mibid mediolaterally widens from hatching to the sub
adult stage before getting dorsoventrally thicker atcthelalportion in skeletallynature adults.

In the juvenile, thelentary at therostralportion 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 inghmallest juvenile
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specimens.The foramina near the mandibular symphysis are mooelar 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 Haglgitilspecimens as

the dentary becomes more ossified (FiguréTe dorsal edge of the dentary is ossifiestraly

from subadult to skeletallymature adults. The foramina in the sadult €.9.,VTPE.AV.0042,

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

of the datary is completely ossified, and the adult morphology of the dentary foramina pattern is
fully present. These foramina in the skeletatigture individualseitherappear to be smaller
relatively smallethan in the juveniles.

The surangular is a lateal 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 tige denta
and angular never obliterate even in the sexuabyure adults (Figure 6). Thagular 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 rostrallyl @ine prearticular medially. The medial
suture between the angular and the prearticular is visible and obliterates in the seataiéy
adult (TLG EO054). The angular is fully ossified at hatching (Figure 7, TLG EO006, Figure S1).
The splenial is a thin bme 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 sexuathature individual (Figure 7).

The preatrticular 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 sexuatigture adult. At the juvenile stage, the
prearticular is minimally articulated with the articular medially, seen in tday4(TLG E006)
and 5day (TLG E093) old juveniles. Through ontogeny, the latereflasa 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 theadulb individuals such as
VTPE.AV.0045 (Figure S12). The suturesteeen the prearticular and the articular are still
somewhat visible in the skeletaligature 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 semcircular in juveniles, is somewhat fused medially to the
caudalportion 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
subadult stage, the articular is now more triangulacandalview and the medial side of the
articular now mostly fused with the prearticular (Figure 7). At the skeletalyre stage, the
articular in caudal view is a triangle with the medial side and lateral side fusing to the
prearticular and angular, respectively the sexuallymature adult, the articular, prearticular, and
angular are completely fused in bathudaland dorsal view with the angufarticular forming
the medial mandibular process (Figure 7). The articular surface in caudal view is no longer flat
like it was in the skeletalgnature adults, but is now concave. In dorsal view, the articular goes
from being a flat semgircular disk shape to mediolaterally broadening over the angular and
prearticular into a cufike structure through the stddult andskeletallymature 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, FigureS16), 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 nicevsges (4 days
TLG EO006, 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 gappiegmuch 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 elentasified 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 cornetedfdntal 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 iraduli specimens
regardless of their skull length mmurements. 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 4lay TLG E006, &day TLG E093, and VTPE.AV.0043. VTPE.AV.0022

(Figure S13), VTPE.AV.0042 (Figure S@Gnd 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 suldults. Tk 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
obseved.

The squamosgbarietalsupraoccipitabtoccipital 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 thenijavepecimens than the
frontoparietal fontanelle. The large opening of the fontanelle is found in the specimens with
smaller skull length (between 54mm and 62mm): TLG EO006, TLG E093, VTPE.AV.0036,
VTPE.AV.0043, VTPE.AV.0035, and VTPE.AV.0037. Though naityf 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.0046nd VTPE.AV.0034. In the subdult 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.AVO@1 (Figures S7, S10, S12, S13, and S15).
The subadult specimens with larger skull length (>71mm) like TLG E098, VTPE.AV.0028,
VTPE.AV.0061, and VTPE.AV.0027, and the skeletatigture specimens (VTPE.AV.0058 and
VTPE.AV.0062), have full closure of therftanelle, but the sutures are not fully obliterated. In

the sexuallymature specimen, the sutures of the fontanelle are fully obliterated.
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Jaw Musculature Ontogenetic Changes

Between the three juvenile and skeletaitgture adult specimens, jaw musclaeiiment
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 skeletallgtured adult specimerthe definition between
adjacent muscles is a bit higher in the skeletaljture specimens. There was more
interdigitation seen on the image stack within the muscles in the juvenile specimen
(VTPE.AV.0046) and the skeletallyjature adult (VTPE.AV.0062)specifically in the M.
protractors M. pseudotemporalis profundusand M. adductor mandibulaecaudal making
segmentation of these muscles most toorsuming. This can also be seerRimea(Picasso et
al. 2023). While most of the jaw muscle shapes do ai@nge through our ontogenetic
exemplars, the dorsal attachment sitevibfpseudotemporalis superficialilares out across the
lateral surface of the squamosal much more in the skeletaltyre adult, VTPE.AV.0062
(Figure 9).

The two juvenile specimensi@wed similar jaw muscle massheadmass composition.
Theheadmass 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% ofttkadmass.The headmass of VTPE.AV.0046
was approximatelysg, and both sides of the jaw muscles totaled 1.28g (Table 2, 5), comprising
2.84% of theheadmass. However, the skeletaltyature adult specimen displayed a higher jaw
muscles mass tbeadmass compositioriThe headmass of VTPE.AV.0062 was approximatel
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 theadmass.
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The mass change and percent mass change tells how much mass increased or decreased
between the compared spmeins, or how much the musculature grew across the ontogenetic
stages. For exampl®. mandibulaecaudalin the juvenile VTPE.AV.0036 increased in mass by
almost 12 times (1189.4%) of its own mass toNhanandibulaecaudalmass in the skeletaHy
mature adlt (Table 5). Overall, the percent mass change of each jaw muscle between the
juveniles and skeletalynature adult ranges between 5 to 13 times its own mass (486% and
1336.7%), varying between muscles. TMe depressor mandibulaghowed the lowest perden
mass change (486%) in comparison between VTPE.AV.0046 and VTPE.AV.0062 out of all the
jaw musclesM. pseudotemporalis profundgtowed the highest percent mass change between
VTPE.AV.0036 and VTPE.AV.0062, 1336.7%. The widest range of percent massecisang
found inM. pseudotemporalis profundas 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 &&. pseudotemporalis superficialigving a range of 1% arM. adductor

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

3D morphometric analyses of bony skull elements

Without sampling more skeletallyature and sexualgnature specimens, we cannot
determine the entire morphospace that would be oedupy the skeletallynature and sexualy
mature adults. Currently the skeletafhature and sexuaHsnature specimens do plot in a
different area of the morphospace than the skeletaltgature specimens and never overlap the
convex hulls of the skeletaHlynmature specimens. In the overlapping morphospaces (juveniles
and subkadults) in our analyses, VTPE.AV.0041 (KR, skeletallymmature sukadult) is found

there most often, in the upper skull analysis usingaziwit template, upper skull analysis using
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sexuallymature adult template, mandible only using juvenile template, and upper skull and
mandible using sexuaHgnature adult template. Outliers are those specimens that visually plot in

an area that is far out from the others in its category and batsgecimen 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 skiiigure 11, 13, 14, and 15).

Upper skulonly analysesi Within these skulbnly analyses, the juvenile and sathult
specimens cluster most closely to each other, and convex hulls often overlap, whereas the
skeletallymature and sexualgnature adultsconsistently plot in their own region of
morphospacel) Upper skull only using juvenile template(Figure 10j VTPE.AV.0041 sits

within the overlapping morphospace of juvenile andadblt specimens. VTPE.AV.0027 shows
some signs of being an outlier ingtanalysis. 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%, Figur2) 10aper

skull only using subadult template (Figure 11j VTPE.AV.0022 and VTPE.AV.0041 sit
within the overlapping regions of the juvenile and-adilt convex hulls in the morphospace.
Visually, TLG EO006 seems to be an outlier in this analysis. €piures the rostral growth of

the premaxilla and dorsal flattening of the skull roof (= 50.47%, Figure 11B). PC2 describes the
dorsal changes of the mesethmuoakalfrontal region and dorsoventral changes in the palatal
region (= 16.58%, Figure 13C3) Upper skull only using sexuallymature adult template
(Figure 12) VTPE.AV.0041 sits within the overlapping morphospace of juvenile anégulh

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

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

Mandibleonly analysesi Regardless of which skull template was used to generate the
pseudolandmarks, both of the juvenile and-adblt specimens occupy a relatively broad region

of morphospace with some specimens sitting just inside the overlap (Figure 13, 14, 15). Both
skeldgally-mature and sexualsnature individuals plotted in a separate region of the
morphospace, with the sexuahlyature adult consistently plotting closer to VTPE.AV.0027 in

all of our analyses. TLG E006 seems to be an outlier in all of our mayuilyl@ralyses, which

can either mean that the morphology of the mandible of TLG EOQ06 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 variatioral three analyses showed no signs of
rogue voxels that would contribute to any distortion; therefore, TLG E006 seebes rtmre
mediolaterally bowed than our other specimens, whi@nisnusual mandibular morphology in

our ontogenetic samplingl) Mandible-only using juvenile template (Figure 13j
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 manbular 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 13€) Mandible-only using subadult template (Figure

14)i VTPE.AV.0046 and VTPE.AV.0022 sit within the overlapping regions of morphospace of
the juvenile and subdult specimens. PC1 primarily captures the mediolateral broadening of the

articular, specifically the growth of the medial mandibular process, anddtralrgrowth 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 BjQYlandible-only using
sexuallymature adult template (Figure 15)7 VTPE.AV.0022 sits within the overlapping
morphospace of juvenile and sabult 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 (PC1l = 47.79%gure 15B). PC2 captures the mediolateral

bowing of the angular and surangular and some rostrocaudal growth (=12.66%, Figure 15C).

Upper skull and mandible analysis Both of the analyses using the juvenile and-adbit
templates yielded the most siarlPCA plots, with the juvenile and the sathult specimens
plotting closer to each other than to the skeletalture and sexuaHlgnature 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 andaslutit morphospace regions
overlapped when we utilized the sexuaihature adult as our template skull (Figure 18). No
clear outliers were observed in any of the three analf#dddpper skull and mandible using
juvenile template skull (Figure 16) 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%igkre 16B). PC2 describes changes within the
interorbital septum and surrounding area (= 17.96%, Figure 26C)pper skull and mandible

using subadult template (Figure 17) no specimens were found to overlap in the
morphospaces. PC1 describes the rbgrawth 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%, Figur&LUpper
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skull and mandible using sexuallymature adult template (Figure 18j VTPE.AV.0041,
VTPE.AV.0037, and VTPE.AV.(8 were found to overlap the morphospace of the juvenile and
subadult 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 precautiords We used our combined emu samples tonfan 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 measuredrfribie 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 beue skull length because the occipital condyle or condyles are at the
caudalmost portion of the skuk.g.,Bailleul et al. 2016). However, in emus and modern Aves

as a whole, their large brains and consequently enlarged crania expanddauthaly than the

occipital condyle (Bhullar et al. 2012, Figure 2). In our emu series, several juveniles with smaller
skull length €.g.,VTPE.AV.0037 SL=59mm) already have the supraoccipital extending more
caudally than the occipital condyle (Figure S16), meaningl $&ngth 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 specireensTPE.AV.0046, and
VTPE. AV. 0027) inooun whante®ontogésdadiiftc¢ categor

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 feen 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 birdsasuadack
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 ospacimens, 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 relatedih&vesu

skull shows major changes throughageny especially in the skeletalljymature 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 observad the flattening of the skull roof; mediolateral expansion of the braincase;
and change of the skull caudal profile. In the skeleialijpature specimens, the skull roof is
more domed dorsally than in the skeletaltature specimens (Figure 2). The dons&ull roof

starts to flatten dorsally in the sablult with the largest skull length (VTPE.AV.0027) and
complete dorsal flattenings being observed in the skeletallyature specimense(.,
VTPE.AV.0062). We also observed that the mediolateral expan$itire caudal portion of the
skull occurs in tandem with the dorsal flattening of the skull. This pattern is observed in both

neognaths such &3eospiza fortisAptenodytes forsterMacronectes giganteu®ica picg and
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palaeognaths lik&truthio camelugGenbrugge 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 assdcvwitl 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 obserMddronectes giganteusvhere
the largest regionwvith cartilaginous and unfused elements are within the base of the skull,
specifically the supraoccipital and parabasisphen®ich @nd Acosta Hospitaleche 281 Most
of the bones associated with the skull base in the emus are fully ossified by hatzhstgpwed
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
subadults. How much ossification is presant 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 skeletaillgmature specimens of similar sizes. The pattern of
skull ossification foremus 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 obliteratiothé 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 frontoparsétfontanelle closure is high despite body size similarities
within the skeletallyimmature specimen$Vhile 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 apparafime closure of the frontoparietal
fontanelle probably happens in specimens between the skgthl of 200mm and 120mm, but

our series does not capture morphological changes in this stage due to lack of sampling. The
squamosaparietatsupraoccipitabtoccipital fontanelle closure is closely tied to the skull length

of the specimens in this studgdahas 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 skkample, the brainse 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 modulanitthin the emu skull (Klingenberg

2014).

Ontogenetic changes in the mandibular osteology of Palaeognathae and relatédTAees
mandibles of each ontogenetic stage have minimal overlap in their morphospaces, meaning that
the mandibular shape of each ordpgtic 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 simila shapes through ontogeny (Figure 6). The majority of the shape change we
observe comes from thmaudalportion of the mandible as the articular becomes mordikep

and the medial mandibular process of the articular becomes more pronounced (Figusad). Th
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 maggliwhere the biomechanical function of

the jaw muscles exert more force on the mandible than the upper jaw (Menegaz and Ravosa
2017). For example, irGeospiza fortisa seed cracking specialist, the main shape change
variation in the mandible is the heighing of the coronoid process, which is the attachment site
for M. adductor mandibulae externus rostralid. adductor mandibulae externus profundasd

M. pseudotemporalis profundy&enbrugge et al. 2011). Both of the adductor mandibulae
externus muscte are directly related to mandible closure, wherdas pseudotemporalis
profundusperforms the simultaneous retraction of the palatal complex and mandible closure
(Bhattacharyya 2013). Enlargement of this coronoid process allows for the attachmentrof large
mandible closing muscles, resulting@eospiza fortihaving a stronger bite force th&adda
oryzivorg a nonseedcracking finch with similar external appearancéstofortis (Genbrugge et

al. 2011b). The adult skull morphology attained3aospiza fortighus 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 agtieehcking 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 guilelines, 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 digtatg. 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 empuations 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 inetmandible of the sexuatipature 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
matue adult. This pattern is also seen in other palaeognathStlikthio camelugPlateau et al.

2023). Within Neognathae, the pattern of suture fusion and obliteration is more variable, in
which some taxa likeAptenodytes forsterand 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 fortisPoephila cinctaand species within Momotidae where all sutures in

the mandible are completely obliterated @dim 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 feethg ecology with a focus on biomechanical integrity across different diets.

Ontogenetic changes in the jaw musculature of Palaeognathae and relatéil @Qwesall, the

jaw musculature does not show much morphological difference between the juvenile and
skektally-mature specimens. The attachment sites and the muscle shapes for all the jaw muscles
remain consistent throughout our juvenile and skeletalliyure specimens. The mediolateral
expansion of the skull likely contributes to the percent mass changenstie majority of the

jaw muscles. This differs iM. depressor mandibulague 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. &haw musculature in the upper skull in juveniles
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comprises ~3% of theeadmass, whereas in the skeletathature adult the jaw musculature is

~5% of thehead mass. This positive allometry in the mass proportions between the jaw
musculature andhead 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 skeletaltyature adult; this is a trend that was notedRirea
ameicana (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 ventralisthe 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 hh. pterygoideus ventralibkely is due to the mediolateral widening of
the skull, giving the muscle more space to expand mediolatekdligculus pseudotemporalis
profundushas the widest variation in the percent mass difference in the jaw musculature. Unlike
M. pterygoideus ventralisvl. pseudotemporalis profundisbordered laterally and medially by
other jaw muscles in the adductor oitger. Therefore, though mediolateral expansion of the
skull would allow space for more adductor chamber expansionMheseudotemporalis
profundusgrowth is likely dependent on the development of the orbital process of the quadrate
because that muscleathes to the orbital process dmv thesurrounding musclegrow. 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 complexityf jaw muscles, palaeognaths have far fewer reported jaw
muscles than neognaths. Our jaw muscle count in this study conbirstractor pterygoidei
andM. protractor quadratias oneM. protractor pterygoideet quadratifor further comparison

across Plaeognathae 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 skeletallynature specimen VTPE.AV.0062. The description of the protractoclasuas
eitherM. protractor pterygoideandM. protractor quadratior as a singular unitl. protractor
pterygoidei et quadratvaries from author to author (Zusi and Storer 1969, Bock and Morioka
1971, Richards and Bock 1973, Burger 1978, Donatelli 1B@®atelli 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 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 whetrer we c
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 skelatally

adult. In neognaths, jaw muscle count ranges frora miGuira guira (Pestoni et al. 2018) to 15

in Momotus momotand 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, Korzet 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 palae®irethamericana

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 ivehspprotractor
muscles).Musculus adductor mandibulae externmsthe emu has no distinct subdivisions,

which is seen ifrRhea americanandPodilymbus podicep&usi and Storer 1969, Picasso et al.
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2023). This is a less common pattern becadseadducbr mandibulae externusften is seen
with multiple distinct subdivisions in both palaeognaths and neognaths alikgMelithreptus
validirostris, Dracelo novaeguineaéAtrichornis clamosusButeo butepand various tinamou
species; Bock and Morioka 197Bock 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 likeystellura longirostris Dracelo novaeguineaeGeospiza
fortis, andPadda oryzivorgGenbrugge 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 EHwbe
(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 skeletaligature stage. In our future work
we plan on adding more fetissue data from exemplars of different ontogenetic stages
including more skeletallyimmature stagesn our analysesto add to the picture of the
musculoskeletal system. Our ontogenetic musculoskeletal system study showed that the skull
widening afects 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 skeletallynature individuals to better describe and understand nbegenetic
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 gety along with those that do not into our

comparison and morphometric analyses in order to test the complex relationship between the jaw
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muscles and skeletal system growth further and provide better linkage about possible modularity

affecing ontogenetichanges in the avian skull.
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8. TABLES:

Specimen | o | skull | Total | Total | Femur | TOramen .
number and : magnum | Ontogenetic
; width | length length Mass | length .
previous mm) | (mm) (cm) ) (mm) width stage
identifier (mm)
TLG E006- 4 .
days o 254 | 546 | NIA NA | N/A 5.84 Juvenile
TLGEO093-5 | »45 | 545 | N/A NA | N/A 6.26 Juvenile
days old
VTP('f{TA_\g')OO% 30.7 | 58.2 28 257 a1 6.55 Juvenile
VIPEAV.0043| 595 | 617 | 305 371 36 6.89 Juvenile
(KT-2)
VTPE.AV.0038 .
%) 311 | 62 32 250 | 482 6.9 Juvenile
VTPE.AV.0035 -
1D 30.8 | 58.6 31 305 | 41.1 7.04 Juvenile
VTP('f{TA_\g)OO“G 336 | 634 36 502 | 536 7.59 Juvenile
VTPE.AV.0034 .
KE15) 35.4 | 64.1 36 5207 | 47.9 6.96 Juvenile
VTPE.AV.0037 .
e 315 | 59 28.5 256 | 44.2 6.28 Juvenile
TLGEO098-30 | 5977 | 7355 | N/A NA | NIA 8.07 Subadult
days old
VTP(iTA_\é)joozs 416 | 76.9 47 1620 | 75.8 8.53 Subadult
VTP(iTA_\;')OOM 31.9 | 66 34 370 | 507 761 Subadult
VTP(i'TA_\g)OOGl 303 | 651 | 435 | 1286 | N/A 8.78 Subadult
VTP(iTA_\g)OO“E’ 371 | 687 | 425 719 | 598 8.13 Subadult
VTPE.AV.0022
K10) 335 | 651 | 395 689 | 51.9 7.23 Subadult
VTPE.AV.0042 52.9™
AV. 35.9 | 67.4 38 792 | OR 7.88 Subadult
(KT-4) 57.9%
VTPE.AV.0041 52.9%
AV. 354 | 69 40 715 | OR 8.12 Subadult
(KT-12) &7 o
VTPE.AV.0027
L) 48.1 | 95.8 9 9800 | 111 9.08 Subadult
VTPE.AV.0058 Skeletally
16} 65.3 | 126 115 | 9070 | 183* g7a | SeeaY
VTPE.AV.0062| 653 | 127 125 | 13000 | N/A 9.43 Skeletally
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(KT-17) mature adult

TLGEO54-8 | 69 | 1535 | N/A NA | NA 1088 | Sexually
10 years old mature adult

Table 1. Specimens utilized in this study and their associated measurements. N/A indicates that
the corresponding measurement was not able tc¢
was lost during the skeletonization process so the postcrania was cdrbelagel on notes left

from the original dissectors. ** the postcrania of VTPE.AV.0042 4Tand 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 givtfemur lengths for these specimens.
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Specimen Mass before| Mass after | Stain % | Duration
staining (g) | staining (g) | solution (w/v) | (days)

VTPE.AV.0036 (KT1) 37 N/A 2 6
VTPE.AV.0043 (KF2) 45 43 2 10
VTPE.AV.0038 (KT3) 34 35 2 8
VTPE.AV.0042 (KT4) 57 56 2 12
VTPE.AV.0028 (KT5) 68 68 2 13
VTPE.AV.0046 (KT6) 44 45 2 I
VTPE.AV.0044 (KF7) 51 48 2 10
VTPE.AV.0061 (KT8) 85 N/A 2 14
VTPE.AV.0045 (KT9) 58 58 2 10
VTPE.AV.0022 (KT10) 55 54 2 6
VTPE.AV.0035 (KT11) 40 38 2 8
VTPE.AV.0041 (KT12) 50 50 2 9
VTPE.AV.0037 (KF13) 41 41 2 7
VTPE.AV.0027 (KF14) 120 119 2 15
VTPE.AV.0034 (KT15) 53 50 2 10
VTPE.AV.0058 (KT16) 175 169 2 18
VTPE.AV.0062 (KF17) 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 (KT1)
VTPE.AV.0043 (KT2)
VTPE.AV.0038 (KT3)
VTPE.AV.0035 (KT11)
VTPE.AV.0046 (KT6)
VTPE.AV.0034 (KT-15)
VTPE.AV.0037 (KTF13)
VTPE.AV.0028 (KT5)
VTPE.AV.0044 (KTF7)
VTPE.AV.0061

(KT-8)

VTPE.AV.0045 (KT9)
VTPE.AV.0022 (KTF10)
VTPE.AV.0042 (KT4)
VTPE.AV.0041 (KTF12)
VTPE.AV.0027 (KTF14)

Scanner facility = Ohio University MicroCT Scanni
Facility (OUegCT; Athens,
Scanner = TriFoil Imaging eXplore CT 120 Small Animal
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 (KT16)
VTPE.AV.0062 (KTF17)

Scanner facility = UT HigtResolution Xray CT Facility
Scanner = NSI scanner.

Fein Focus High Power source energy = 120 kV
Current = 0.17 mA

Voxel size = 90.9 &m

Total slices = 1936.

diceCT emu
VTPE.AV.0036 (KTF1)
VTPE.AV.0043 (KT2)
VTPE.AV.0038 (KT3)
VTPE.AV.0035 (KTF11)
VTPE.AV.0046 (KT6)
VTPE.AV.0034 (KTF15)
VTPE.AV.0037 (KT-13)
VTPE.AV.0028 (KT5)
VTPE.AV.0044(KT-7)
VTPE.AV.0061

(KT-8)

VTPE.AV.0045 (KT9)
VTPE.AV.0022 (KT10)
VTPE.AV.0042 (KT4)
VTPE.AV.0041 (KTF12)
VTPE.AV.0027 (KTF14)

Scanner facility = Ohio University MicroCT Scanni
Facility (OUegCT; Athens,
Scanner = TriFoil Imaging eXplo@T 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 (KTF16)
VTPE.AV.0062 (KF17)

Scanner facility = UT HigtResolution Xray CT Facility
Scanmer = NSI scanner.
Energy = 150 kV
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Current = 0.24 mA
Voxel size = 53.5 &m
Total slices = 4141.

Skeletal emu TLG EO06 | Scanner facility = AMNH

Scanner = 2010 GE phoenix v|tomsp40 highresolution
microfocus computed tomography system (General Eleg
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 Ni kystem XT H
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
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 negolution
microfocus computed tomography system (General Ele¢
Fairfield, CT)

Energy = 110 kV

Current =170 mA

Exposure time = 200 ms

Voxel size = 1082 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 Dorsal attachments (origin) Ventral attachments (insertion)
name
MAME A Lateral wamodalaceA Dorsal surfac
wrapping around the zygomatic
process
MAMP A Rostroventral €A Dorsomedial s
more lateral than MPsP surangulaand medial surface of th
prearticular
MDM A Caudal surface|A Caudoventral
articular and angular
MPP A Dorsal surface |A Rostral surfa
process laterosphenoid
A Ilnterorbital
MPQ A Rostral surfacegA Caudal surfac
parabasisphenoid alasphenoid wingg orbital process
MPsP A  Rostral surfacgA Medial surfac
of the quadrate, more medial than | and angular
MAMP
MPsS AlLateral surface of the parietal, ventf A Me di al sur f ac
to the postorbital process
MPtV A Ventral surfacgA Ventromedi al
palatine angular

Table 4.Jaw musculature in emus, with attachments sites specified for each.

muscles given; full name of musculature is given in the text.
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Muscles | VTPE.A | VTPE.A | VTPE.A | VTPE.A | VTPE.A | VTPE.A | VTPE.A | VTPE.A | VTPE.A
V.0036 | V.0036 |V.0046 |V.0046 |\V.0062 |V.0062 |V.0036 |V.0036 | V.0046
Vol Mass Vol Mass Vol Mass VS Vs Vs
(mmd) (mg) (mm® | (mg) (mmd) (mg) VTPE.A | VTPE.A | VTPEA
V.0062 |V.0062 | V.0062
Mace 0/~Nace Mass
MAME | 78.05 82.42 84.04 88.75 645.37 | 68151 |599.09 |726.9 592.76
MAMP | 20.8 21.97 28.53 30.12 268.25 |283.27 |261.3 1189.4 | 253.15
MPsS | 36.06 38.07 36.02 38.03 33597 |354.79 |316.71 |831.8 316.76
MPsP | 28.43 30.02 49.2 51.95 408.43 | 431.3 401.28 | 1336.7 | 379.35
MPtV 119.5 126.19 | 162.61 | 171.71 | 1685.08 | 1779.45 | 1653.25 | 1310.1 | 1607.73
MPP 35.7 37.70 48.78 51.51 458.33 483.99 446.29 1183.7 432.49
MPQ 4.32 4.56 4.98 5.26 49.07 51.821 | 47.26 1036.7 | 46.57
MDM 158.91 167.81 191.76 202.5 1123.78 1186.71 1018.9 607.2 984.21
Total 481.77 |508.75 | 605.9 639.83 | 4974.28 | 5252.84
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Table 5. Measurements of the jaw muscles for the specimens included in this study. Volume
(mm?®), 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:

skull length

c

femur
[ length

foramen
magnum

Figure 1. How measurements were taken on the emu skulentral view of the upper skull
showing how skull length and skull width measurements are t&eraudal view of the upper
skull showing how foramen magnum width measurement is t&kelateral view of the femur

showing how femur length was taken imstetudy.
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Figure 2. Overview of the upper skull and mandible of enlirgmaiug across ontogenetic

stages in this study. Juvenile is represented by TLG EOO6-a@uib is represented by
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VTPE.AV.0061 (KT-8). Skeletallymature adult is represented by VTRE.0062 (KT-17).

Sexuallymature specimen is represented by TLG E054. Scale bars indicate 1cm.
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Figure 3. Upper skull osteology obromaius specimen VTPE.AV.0061 (K-B) without the
scleral ringsA. palatal view.B. dorsal view.C. left lateral view.D. caudal viewE. left rostrc

oblique view. Scale bar equals 1cm. Abbreviations: bo: basioccipital; f: frontal; fvto: foramen
veni transversaccipitalis; j: jugal; la: lacrimal; Is: laterosphenoid; me: mesethmoid; mx:
maxilla; n: nasal, oo: otoccipital (egcipital + opisthotic); p: parietal; pa: palatine; pc:
prominentia cerebellaris; pbs: parabasisphenoid; pm: premaxilla; pt: pterygoid; q: quadrate; qj:

guadratojugal; psr: parasphenoid rostrum; sa: surangular; so: supraoccipital; v: vomer.
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SL=155+ mm

Figure 4. Upper skull osteology of emuD(omaiug across ontogenetic stages in this study.

Juvenile is represented by TLG EO006. Sdlt is represented by VTPE.AV.0061 (18].
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Skeletallymature adult is represented by VTPE.AV.0062 {K7/). Sexuallymature specimers

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 braincasb.is a series of bisected 3D renderings
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in obligue medial view ofA. VTPE.AV.0036 (KT1), B. VTPE.AV.0061 (KT8), C.
VTPE.AV.0062 (KT17), andD. TLG EO054.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 nemgi; fvto:
foramen veni transversaccipitalis; is: interorbital septum; Is: laterosphenoid; me: mesethmoid;
ms: mandibular symphysis; occ: ostium canalis carotici; ocoe: ostium canalis ophthalmici
externi; 00: otoccipital (exoccipital + opisthotic); p@@rominentia cerebellaris; pbs:

parabasisphenoid; pr: prootic; psr: parasphenoid rostrum; so: supraoccipital.
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Figure 6. Mandible of DromaiusVTPE.AV.0061 (KT8) in A. dorsal view,B. medial view of
the right side onlyC. left lateral view,D. caudoveiral view, andE. ventral view.Rostralis to
the left inA-C andE. Scale bars foA, B, C, andE indicate 1cm. Scale bar f@ is 5mm.

Abbreviations: an: angular; ar: articular; d: dentary; 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 EO006. Sukadult is represented by VTPE.AV.0061 (#8). Skeletallymature adult s
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represented by VTPE.AV.0062 (KI7). Sexuallymature specimen is represented by TLG

EO054. Scale bars equal 1cm.
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MDM

MPtvy MPsP

Figure 8. Jaw musculature of VTPE.AV.0062 (KII7) in A. left lateral view (reflected) anB.

rostreoblique view (reflected). Scale bar edgi 1cm. The skull and jaw muscles were reflected
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in lllustrator. Abbreviations: MAME:Musculus adductor mandibulae externddAMP: M.
adductor mandibulaecaudat MDM: M. depressor mandibulae MPP: M. protractor
pterygoidei;MPQ: M. protractor quadrati;MPsP. M. pseudotemporalis profundubjPsS: M.

pseudotemporalis superficialisMPtV: M. pterygoideus ventralis
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Figure 9. Comparison of the jaw musculature in juvenile and skeletalijure adult emus in

rostral, lateral, and medial view. The scale bdidates 1mm. The arrow points rostrally.
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’ 3 Legend
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Figure 10. Results from the upper skull 3D morphometric analysis using TLG E006 (juvenile)
upper skull as the templat&. PCA plot of the analysisolid line polygorrepresent convex hull

that thejuvenile morphologyoccupy.Dashed line polygon represent conveX tioat the sub
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adult morphology occupy?C1 extremes are represented by the TLG E054 and TLG E093. PC2
extremes are represented by VTPE.AV.0058 -(6) and TLG E054Specimen found within

the overlap between the juvenile and -sudllt morphospace isVTPEAV.0041 B.
Pseudolandmark changes that contribute to variations captured hyhB@dstral growth of the
premaxilla and dorsal flattening of the skull roof a skull in lateral viewC. Pseudolandmark
changes that contribute to variations captured by PC1 on a skufloisal view. D.
Pseudolandmark changes that contribute to variations captured by®&€@ventral changes in

the palatal regionon a skull in lateral viewE. Pseudolandmark changes ttl@ntribute to

variations captured by PC2 on a skulborsalview.
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Figure 11. Upper skull 3D morphometric PCA plot with 30 days old ¢adllt) upper skull as
the templateSolid line polygon represent convex hull that the juvenile morphology occupy.

Dashed line polygon represent convex hull that theaslut morphology occupylhe 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 EOOBPE.AV.0022 and VTPE.AV.0041ra found in

the overlapped region of the juvenile and-suloilt morphospaces. Pseudolandmark changes

that contribute to variations captured by P@fe rostral growth of the premaxilla and dorsal
flattening of the skull rogfon a skull in lateral viewC. Pseudolandmark changes that contribute

to variations captured by PC1 on a skulldaorsal view. D. Pseudolandmark changes that
contribute to variations captured by P@®ysal changes of the mesethmoakaifrontal region

and dorsoventral changes iretpalatal regionon a skull in lateral viewkE. Pseudolandmark

changes that contribute to variations captured by PC2 on a skiolisalview.
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Figure 12. Results of the upper skull 3D morphometric analysis using PCA plot with 8 to 10

years old (sexubl-mature adult) upper skull as the templ@&ePCA plot of the analysisSolid
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line polygon represent convex hull that the juvenile morphology occupy. Dashed line polygon
represent convex hull that the satdult morphology occupyPC1 extremes are repezded by

TLG EO054 and TLG E093. PC2 extremes are represented by VTPE.AV.00345)Kand
VTPE.AV.0058 (KT16). Specimen found within the overlap between the juvenile anédgulh
morphospace iSVTPE.AV.0041 B. Pseudolandmarichanges that contribute to variations
captured by PClhe rostral growth of the premaxilla and dorsal flattening of the skul] cooé

skull in lateral view.C. Pseudolandmark changes that contribute to variations captured by PC1
on a skull in dorsaliew. D. Pseudolandmark changes that contribute to variations captured by
PC2,the doming of the skull ropfon a skull in lateral viewk. Pseudolandmark changes that

contribute to variations captured by PC2 on a skull in dorsal view.
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Figure 13. Resuls from mandibleonly 3D morphometric with TLG E006 4 days old (juvenile)
mandible as the templatA. PCA plot of the analysisSolid line polygon represent convex hull

that the juvenile morphology occupy. Dashed line polygon represent convex hull tisatythe
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adult morphology occupyP?C1 extremes are represented by VTPE.AV.0062-1Kand TLG
E093. PC2 extremes are represented by TLG E098 and TLG BEf66imen found within the
overlap between the juvenile and sadult morphospace MTPE.AV.0041 B. Psaidolandmark
changes that contribute to variations captured by RRd,mediolateral broadening of the
articular on the mandibles in dorsal viewC. Pseudolandmark changes that contribute to
variations captured by PC1 on a skull in lateral vibwPseudaindmark changes that contribute

to variations captured by PChe mediolateral bowing of the angular and surangular and some
rostrocaudal growthon a skull in dorsal viewE. Pseudolandmark changes that contribute to

variations captured by PC2 on a skallateral view.
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Figure 14. Results from mandiblenly 3D morphometric using 30 days old (sadult)
mandible as the templata. PCA plot of the analysisSolid line polygon represent convex hull

that the juvenile morphology occupy. Dashed line pofygepresent convex hull that the sub
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adult morphology occupyP?C1 extremes are represented by VTPE.AV.0062-1Kand TLG
E093. PC2 extremes are represented by TLG E006 and TLG §p88imens found within the
overlap between the juvenile and sadult norphospace areVTPE.AV.0046 and
VTPE.AV.0022.B. Pseudolandmark changes that contribute to variations captured hbyheC1
mediolateral broadening of the articylan the mandibles in dorsal vie®. Pseudolandmark
changes that contribute to variations captured by PC1 on a skull in lateral Diew.
Pseudolandmark changes that contribute to variations captured byhe@2ediolateral bowing
of the angular and surangular and some rostrocaudal grontla skull in dosal 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 mandiblenly 3D morphometric using 8 to 10 years old (sexually

matured) mandible as the template. PCA plot of theanalysis.Solid line polygon represent

93



convex hull that the juvenile morphology occupy. Dashed line polygon represent convex hull
that the sukadult morphology occupyPC1 extremes are represented by VTPE.AV.0062- (KT
17) and VTPE.AV.0037 (K113). PC2 extmmes are represented by TLG E006 and TLG E098.
Specimen found within the overlap between the juvenile andadulh morphospace is
VTPE.AV.0022.B. Pseudolandmark changes that contribute to variations captured byheC1,
mediolateral broadening of the artlar, specifically the growth of the medial mandibular
process, and the rostral growth of the dentasyp the mandibles in dorsal viewC.
Pseudolandmark changes that contribute to variations captured by PC1 on a skull in lateral view.
D. Pseudolandmarkhanges that contribute to variations captured by RE2,mediolateral
bowing of the angular and surangular and some rostrocaudal gmwthskull in dorsal view.

E. Pseudolandmark changes that contribute to variations captured by PC2 on a skulalin later

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 tefplate.

PCA plot of the analysisSolid line polygon represent ceex hull that the juvenile morphology
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occupy. Dashed line polygon represent convex hull that theduilb morphology occupyPC1
extremes are represented by TLG E054 and TLG E093. PC2 extremes are represented by
VTPE.AV.0028 (KTF5) and VTPE.AV.0027 (K714). B. Pseudolandmark changes that
contribute to variations captured by PQhe rostral growth of the premaxilla, rostrocaudal
growth of the mandibles, and the dorsal flattening of the skul] mothe upper skull and lower

jaw in lateral viewC. Pseudandmark changes that contribute to variations captured by PC1 on

a skull in dorsal viewD. Pseudolandmark changes that contribute to variations captured by PC2,
changes within the interobital septum and surrounding, aeaa skull in lateral viewE.

Psudolandmark 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 (sadult) upper skull and mandible as the templatePCA
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plot of the analysisSolid line polygon represent convex hull that the juvenilerpiology

occupy. Dashed line polygon represent convex hull that theduilb morphology occupyPC1
extremes are represented by TLG E054 and TLG E093. PC2 ends are represented by TLG E006
and VTPE.AV.0061 (KT8). B. Pseudolandmark changes that contridoteariations captured

by PC1,the rostral growth of the premaxilla, rostrocaudal growth of the mandibles, and the
dorsal flattening of the skull ropfon the upper skull and lower jaw in lateral vie@.
Pseudolandmark changes that contribute to vargtiaptured by PC1 on a skull in dorsal view.

D. Pseudolandmark changes that contribute to variations captured byl @es within the
interobital septum and surrounding area a skull in lateral viewe. Pseudolandmark changes

that contribute to varteons 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 tefpaa.
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plot of the analysisSolid line polygon represent convex hull that the juvenile morphology
occupy. Dashed line polygon represent convex hull that theduilb morphology occupyPC1

end points are represented by VTPE.AV.0062 () and TLG E093. PC2 end points are
representetty TLG E054 and VTPE.AV.0035 (KI1). Specimens found within the overlapped
juvenile and swadult morphospaces are VTPE.AV.0034, VTPE.AV.0037, and VTPE.AV.0041.
B. Pseudolandmark changes that contribute to variations captured byheCastral growth fo

the premaxilla, rostrocaudal growth of the mandibles, and the dorsal flattening of the skull roof
on the upper skull and lower jaw in lateral vig®i. Pseudolandmark changes that contribute to
variations captured by PC1 on a skull in dorsal viewPseidolandmark changes that contribute

to variations captured by PCe@hanges within the braincase and curving of the rostamma

skull in lateral viewE. 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 EO006, 4 days old juvenile emu. Upper skull with scleral ossicles and hyoids
digitally removed, shown iA. caudal viewB. left oblique caudal view, showing the squamesal
parietatlsupraoccipitabtoccipital fontaelle, C. palatal view, and. left lateral view. E: dorsal
view. Mandible inF. ventral view,G. dorsal viewH. ventrocaudal view, and 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 i. caudal viewB. left oblique caudal view, showing the squamqsaiietal
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supraoccipitabtoccipital fontanelleC. palatal view, andD. left lateral view. E: dorsal view.
Mandible inF. ventral view,G. dorsal viewH. ventrocaudal view, and left lateral view. Scale

bar is 5mm.
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Figure S3. TLG E098, 30 days old swuddult. Upper skull with scleral ossicles and hyoids
digitally removed, shown iA. caudal viewB. left oblique caudal view, showing the squamesal
parietatlsupraoccipitabtoccipital fontanelleC. palatal view, and. left lateral view. E: dorsal
view. Mandible inF. ventral view,G. dorsal viewH. ventrocaudal view, and left lateral view.

Scale bar is 5mm.
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Figure S4. VTPE.AV.0036 (KT1), juvenile. Upper skull with scleral ossicles and hyoids

digitally removed, shown iA. caudal viewB. left oblique caudal view, showing the squamesal
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parietalsupraoccipitabtoccipital fontanelleC. palatal view, and. left lateral view. E: dorsal
view. Mandible inF. ventral view,G. dorsal viewH. ventrocaudal view, and left laterl view.

Scale bar is 5mm.
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Figure S5. VTPE.AV.0043 (KT2), juvenile. Upper skull with scleral ossicles and hyoids
digitally removed, shown iA. caudal viewB. left oblique caudal view, showing the squamesal
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parietalsupraoccipitabtoccipital fontandé, C. palatal view, and. left lateral view. E: dorsal
view. Mandible inF. ventral view,G. dorsal view H. ventrocaudal view, and left lateral view.

Scale bar is 5mm.
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Figure S6. VTPE.AV.0038 (KT3), juvenile. Upper skull with scleral ossicles and hyoids
digitally removed, shown iA. caudal viewB. left oblique caudal view, showing the squamesal

parietatsupraoccipitabtoccipital fontanelleC. palatal view, an®D. left lateralview. E: dorsal
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view. Mandible inF. ventral view,G. dorsal viewH. ventrocaudal view, and left lateral view.

Scale bar is 5mm.
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